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ABSTRACT

What is the nature of flow reflection, deflection and combined-flow behaviour when gravity
flows interact with slopes? In turn, how do these flow dynamics control sedimentation on
slopes? Here, these questions are addressed using physical experiments, with low-density
unconfined gravity flows interacting with slopes of varying gradients, at a range of flow
incidence angles. The present paradigm for gravity current interaction with slopes was based
on experiments with high-density flows, conducted in narrow 2D flume tanks, in small (1 m?
planform) 3D tanks, or in large 3D tanks where flows can surmount the topography. Here,
larger-scale physical experiments were undertaken in unconfined settings where the flow
cannot surmount a planar topographic slope. The experiments show that the dominant flow-
process transitions from divergence-dominated, through reflection-dominated to deflection-
dominated as the flow incidence angle varies from 90<to 15<and the slope gradient changes
from 20°to 40< Also, patterns of velocity pulsing at the base of, and on, the slope vary as a
function of both the flow incidence angle and slope gradient. Furthermore, in all configurations
complex multidirectional combined flows are observed on, or at the base of, the slope, and are
shown to vary spatially across the slope. The findings challenge the paradigm of flow deflection
and reflection in existing flow-topography process models that has stood for three decades. A
new process model for flow-slope interactions is presented, that provides new mechanics for
the frequent observation of palaeocurrents from sole marks at high angles to those in the
associated ripple division. Results provide insights into the formation and spatial distribution
of distinctive combined-flow bedforms, sediment dispersal patterns, and process controls on
onlap termination styles in deep-sea settings, which can be applied to refine interpretations of

exhumed successions.

Keywords: unconfined turbidity current, topographic slope, incidence angle, slope gradient,

flow deflection, flow reflection, combined flow, velocity pulsing
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INTRODUCTION

Turbidity currents are subaqueous gravity-driven turbulent flows that serve as important
mechanisms for the transfer of large volumes of clastic sediments from the continental shelf to
the deep oceans (e.g., Kuenen and Migliorini, 1950; Dzulynski et al., 1959; Sestini, 1970;
Normark et al., 1993; Kneller and Buckee, 2000). Seafloor topography influences turbidity
current behaviour, and therefore the distribution and nature of their deposits. The interplay of
several factors need to be considered in the interaction of turbidity currents and topography
(Tinterri, 2011; Patacci et al., 2015; Tinterri et al., 2022 and references therein), including flow
duration (surge versus sustained or quasi-steady flow), the relative volume of the flow versus
the size of the basin (‘flow confinement’, hereafter; sensu Tékés and Patacci, 2018; cf.
Pickering and Hiscott, 1985; Southern et al., 2015), and the configuration of the containing
topography (e.g., slope gradient, orientation and geometry; ‘topographic containment’,
hereafter). When the volume of the flow is small relative to the size of the basin, the flow can
expand in the basin freely, which is referred to as unconfined flow in this work. In the presence
of seafloor topography, flows can be reflected, deflected and/or constricted depending on the
configuration of the containing topography and the flow properties (e.g., thickness, viscosity,

and velocity).

A better understanding of the complicated interactions between turbidity currents and seafloor
topography, and the links to depositional character, is critical in a wide range of situations. For
example, palaeogeographic reconstruction of ancient deep-water basins (e.g., Sinclair, 1994;
Lomas and Joseph, 2004; Bell et al., 2018), hydrocarbon or CO2 reservoir characterisation in
the subsurface (e.g., McCaffrey and Kneller, 2001; Chadwick et al., 2004; Bakke et al., 2013;
Lloyd et al., 2021), modern mass-flow geohazard assessment in deep-water environments (e.g.,

Bruschi et al., 2006; Carter et al., 2014), prediction of plastic litter and other pollutant
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distribution in the deep sea (e.g., Haward et al., 2018; Kane et al., 2020) and de-risking

management of sedimentation in modern human-made water reservoirs (e.g., Wei et al., 2013).

The opaque nature of natural turbidity currents and limited field instrumental measurements
have restricted the understanding on the interaction between turbidity currents and containing
topography. Advances have been made mainly through scaled-down physical experiments
(e.g., Pantin and Leeder, 1987; Muck and Underwood, 1990; Alexander and Morris, 1994;
Kneller et al., 1991; Edwards et al., 1994; Amy et al., 2004; Patacci et al., 2015; Soutter et al.,
2021), numerical modelling (e.g., Athmer et al., 2010; Howlett et al., 2019) and facies analysis
of exhumed systems (e.g., Kneller et al., 1991; Haughton 2000; Tinterri et al., 2016, 2022).
The previous experimental studies have been conducted either in narrow 2D flume tanks (e.g.,
Edwards et al., 1994; Amy et al., 2004; Patacci et al., 2015), in small (1 m? planform) 3D tanks
(Kneller et al., 1991; Kneller, 1995), or in large 3D tanks with low-relief topographic
configurations that are surmounted by the flows (Soutter et al., 2021). Field outcrop-based
models of confined and contained turbidites are derived from purely theoretical analysis with
limited 3D constraints (e.g., Kneller and McCaffrey, 1999; Hodgson and Haughton, 2004), or
from linking to existing 2D flume experimental data (e.g., Tinterri et al., 2016, 2022).
Therefore, their significance in understanding the temporal and spatial variability in the
dynamics of flow-topography interactions is limited. Hence, the behaviour of 3D unconfined
turbidity currents that interact with different configurations of topographic slopes has not been

investigated.

Combined flows and the formation of hummock-like or sigmoidal bedforms in deep-water
systems have previously been linked to the interaction of turbidity currents with topography
and the superposition of a unidirectional parental turbidity current with an oscillatory
component due to the reflections of the internal waves or bores against a topographic slope

(Kneller et al., 1991; Edwards et al., 1994; Patacci et al., 2015; Tinterri, 2011; Tinterri et al.,
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2016, 2022), largely based on the observations from 2D or qualitative 3D reflected density
current experiments (e.g., Kneller et al., 1991; Edwards et al., 1994). Based on experimental
observations of 3D, unconfined density currents interacting with an orthogonal planar slope,
Keavney et al. (2024) propose a new mechanism for the generation of combined flows on
slopes, with the absence of internal waves. However, whether the new mechanism holds in
cases where 3D, unconfined density currents interact with an oblique topographic slope has not

been investigated experimentally.

In this work, a series of Froude-scaled 3D physical experiments were conducted using
sustained, unconfined saline density currents, where the flow was partially contained by a rigid
planar slope. The flows did not overtop the barrier but were able to flow downstream around
the slope. Here, dissolved salt acts as a surrogate for fine mud in suspension that does not easily
settle out, and moves in bypass mode, and therefore flows used in this work can be considered
to model low-density turbidity currents (Sequeiros et al., 2010). The overall aim of this work
is to systematically investigate the effects of different configurations of topographic slopes on
the flow behaviour, including incidence angle of the flow onto the slope and slope gradient. To
achieve this, the following three objectives are undertaken: (i) to investigate the influence of
containing topography on the general flow behaviour, including flow decoupling and stripping,
lateral flow expansion on the slope surface, and the relative strength between flow deflection
versus reflection; (ii) to explore the effect of containing topography on the temporal near-bed
velocity pulsation patterns, a property that is crucial for sediment erosion and deposition; and
(i) to assess the effect of containing topography on the temporal variability of near-bed flow

directions.

The results are subsequently discussed considering their implications for the development of
new models of flow-topography interactions, and the generation and spatial distribution of

complex, multidirectional combined flows in deep-water settings. Finally, these findings are
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used to provide insights into the formation and spatial distribution of distinctive combined-
flow bedforms, such as hummock-like and sigmoidal bedforms, sediment dispersal patterns,
and process controls on onlap termination styles, which can be applied to the interpretation of

exhumed successions in deep-sea settings.

METHODOLOGY

Experimental design and data collection

Experiments were conducted in the Sorby Environmental Fluid Dynamics Laboratory,
University of Leeds. The flume tank used is 10 m long, 2.5 m wide and 1 m deep, with a flat
basin floor (Fig. 1A). A 1.8 m long straight input channel section was centred in the upstream
end of the main tank, through which the saline density currents entered the tank. The first
experiment was run without any basin-floor topography (unconfined experiment) and served
as a base-case experiment for scaling. Eighteen subsequent ramp experiments were conducted
with a non-erodible, smooth, planar ramp (1.5 m wide and 1.2 m long) placed on the base of
the flume tank. The ramp had a tapered leading edge at the foot abutting the basin floor, which
minimized any step discontinuity. The leading edge at the foot of the ramp was placed 3 m
downstream from the channel mouth (black dashed line in Fig. 1A), with its centrepoint located
on the channel-basin centreline (red circle in Fig. 1A). This position was chosen as the density
current had lost the effects of upstream confinement and was relatively unconfined (see
Turbidity current evolution in the unconfined experiment subsection). In these ramp
experiments, the slope gradient (S) and incidence angle (IN) were systematically varied. Each
experiment (Table 1) considers a different combination of incidence angle relative to the
incoming flow (i.e., 90< 75< 60< 45< 30°and 15< Fig. 1B) and ramp slope gradient (i.e., 20<

30<°and 40< Fig. 1C-E). The maximum barrier height in these topographic configurations is
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0.410 m, 0.585 m, and 0.76 m, respectively, and was tested to be able to fully contain the flow

vertically, i.e., the density current did not surmount the topography.

@ 2 51;00 IL UVP, ADV & siphon position
= 0 s&line for the unconfined experiment
Centrifugal ~ Flow

um meter
pump Open straight
e channel section

Mixing tank

Flow diffuser pipe

Base of
the slope

1m £
= ©
o
25m |
=== To the drain
O ADV position 0.1
for ramp experiments
14 Straight-sided —
inlet channel Water table, E
ey
2 Flow front =)
Channel mouth| _ (ADVs 2-4) L
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34 (ADV 1) © 20° slope 0
0.1
44
: D .
Al S N B £
c . R=2
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61 ADV3\ AN\ 600 ow direcion .
\ 'Q,\fs"IN45° 0 30° slope 0
7 .I‘N‘1I5r3|30° 0.1
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94 5]
\ I
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10 \“} Y‘-]/)( Ramp @) 40° slope 0
-1.25 -0 126 /———————
Width (m) Distance from the channel mouth: 3 m

Fig. 1. (A) Schematic sketch of the experimental facility. Note that the base of the containing
topographic ramp is indicated as a black dashed line. Position of the Ultrasonic Velocity
Profiler (UVP), Acoustic Doppler Velocimeter (ADV) and siphoning system for the unconfined
experiment is also indicated. (B-E) Topographic configurations of the ramp experiments with

different combinations of slope gradients and incidence angles relative to the incoming flow.
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(B) Ramp with different incidence angles relative to the incoming flow shown in a plan view.
The left-side and right-side of the tank are relative to the incoming flow. (C-E) Ramp with
different slope gradients shown in a side view. Measuring localities of the four ADVs (ADVs
1-4) for each ramp experiment are illustrated. Two sets of Cartesian coordinate systems are

adopted: relative to the basin floor (A) or to the ramp (F).

Before each experiment, the main tank was filled with fresh tap water to 0.6 m deep. A saline
solution of excess density 2.5% (1025 kg m=) was prepared in a 2 m*® mixing tank with an
electric rotary mixer utilised to ensure a uniform salt concentration. The saline density current
was subsequently pumped into the main tank at a constant discharge rate of 3.6 Ls™ (Table 1).
Water density and temperature were measured using a portable densimeter (DMAS35, Anton
Parr, Graz, Austria; a resolution of 0.1 kg m2and 0.1 °C, respectively) in both the main tank
and the mixing tank before each experimental run (Table 1). The discharge rate was controlled
by an inverter-governed centrifugal pump and monitored in real time by an electromagnetic
flowmeter (Fig. 1A). The density current entered the main tank through a diffuser pipe, and
then flowed through the straight channel. The diffuser prevented development of a jet flow
being directed straight down the tank. Each experiment started with the release of the flow

from the mixing tank to the main tank and ended after a total run time of 130 s.

Unconfined experiment

In the unconfined experiment, four repeats were run using near identical initial conditions but
for different purposes (Fig. 1A): i) flow visualisation with an overhead camera; ii) velocity
profiling using an ultrasonic velocity profiler (UVP); iii) velocity profiling using an acoustic
Doppler velocity profiler (ADV); and iv) density profiling using a siphon array. In the flow
visualisation run, overhead images were taken by a Fujifilm X-T4 camera with Fujifilm 14 mm

f/2.8R XF lens to capture the whole view of the experiment every second. Fluorescent purple
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TABLE 1. Experimental parameters. Tinfiow Water temperature in mixing tank. Tmaintank Water temperature in main tank. Note that four repeats were
conducted for the unconfined experiment and three repeats for each ramp experiment, respectively, due to experimental constraints.

. Slope Incidence Mean flow rate .
Experiment | angle Data collected 1 Tinflow () Tmaintank () Inlet flow density (kg m™)
3 angle (9 (Ls?)
Flow visualisation; a
UVP, ADV & density
_ siph_o_ning system 361 3.60. 3.60

Unconfined | N/A N/A positioned at 3 m S Se0 | 1827512960 138,7.9,1356.8 | 10251025, 10251025

downstream from the '

channel mouth along the
channel-basin centreline

S209N90° | 20 90 3.60, 3.61, 3.60 9.3,9.6,9.8 9.9, 10.0, 9.7 1025.1, 1025, 1024.9
S209N75° | 20 75 3.59, 3.61, 3.60 20.9, 20.2, 20.0 21, 20.4, 20.7 1025, 1024.6, 1025
S209N60° | 20 60 3.59, 3.60, 3.59 19.8, 19.4, 19.0 20, 19.6, 19.6 1025, 1024.6, 1024.9
S209N45° | 20 45 3.59, 3.59, 3.59 18.5,18.4, 18.4 19.0, 18.7, 18.7 1025.2, 1024.8, 1025
S209N30° | 20 30 3.59, 3.60, 3.60 18.4,18.8, 18.5 19.1, 19.0, 19.0 1025, 1025.2, 1024.8
S209N15° | 20 15 Flow visualisation: 4 3.60, 3.59, 3.59 18.9, 19.0, 19.2 19.4,19.4, 19.6 1024.8, 1024.9, 1025
S309N90° | 30 90 ADVs (one positioned at |__3:59, 3.59, 3.60 7.4,8.0,7.9 7.7,7.8,8.3 1024.9, 1024.9, 1025
S309N75° | 30 75 the base of the slope 3.60, 3.59, 3.59 19.2, 18.9, 19.9 19.5, 19.2, 20.1 1025.4, 1024.5, 1024.5
S309N60° | 30 60 along the channel-basin | 3.60, 3.60, 3.60 19.8,19.8, 20.8 20.2,21.1,21.1 1025.2, 1024.8, 1025
S309N45° | 30 45 centreline and the other | 3.59, 3.60, 3.59 20.1, 20.1, 20.2 20.8, 20.8, 20.6 1025, 1024.8, 1024.5
S309N30° | 30 30 three at the flow front 3.60, 3.60, 3.60 20.0, 19.4, 19.6 20.4, 19.8, 20.0 1024.9, 1025, 1024.6
S309N15° | 30 15 positions above the slope | 359 359 360 | 20.0,19.8,19.8 | 20.4,20.2,20.1 1024.7, 1025, 1024.9
S409N90° | 40 90 surface) 3.58, 3.59, 3.59 9.6,9.7,9.8 10.1, 10.0 10.2 1025, 1024.9, 1025
S409N75° | 40 75 3.60, 3.60, 3.62 19.4,19.1, 19.3 19.8,19.4, 19.6 1024.3, 1025.3, 1025.3
S409N60° | 40 60 3.60, 3.60, 3.60 19.9, 19.6, 19.7 20.0, 20.0, 20.1 1024.9, 1025.3, 1025.3
S409N45° | 40 45 3.59, 3.60, 3.59 16.9, 16.9, 16.7 17.2,17.0, 17.0 1024.9, 1025, 1025
S409N30° | 40 30 3.59, 3.59, 3.60 18.8,17.8,17.8 19.1,18.1, 18.2 1024.9, 1025.3, 1025
S409N15° | 40 15 3.60, 3.59, 3.60 18.7,18.7,17.8 19.0, 19.1, 18.2 1025.3, 1025, 1025
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dye was added to the input density current to aid flow visualisation. To monitor the real-time
flow properties (velocity and density) and provide a reference for the subsequent ramp
experiments, velocity profiles collected by UVP and ADV systems and density profiles by a
siphon system were obtained for flows at 3 m downstream from the channel mouth along the
channel-basin centreline (i.e., the position of the base of the ramp in subsequent experiments;

Fig. 1A).

UVP (Met-Flow, UVP DUO, 4 MHz; Met-Flow SA, Lausanne, Switzerland; Fig. 2A) was
utilised to record the velocity field of the entire density current (cf. Takeda, 1991, 1993; Best
et al., 2001; Lusseyran et al., 2003; Keevil et al., 2006). A vertical array of 10 UVP probes was
oriented parallel to the basin floor and positioned at 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07,
0.09, 0.11 and 0.13 m respectively above the basin floor (Fig. 2A). Each UVP probe recorded
the instantaneous downstream flow velocity at 128 measurement positions along its axis
extending 10 to 29 cm from the probe head in the configuration used (see Table S1 for details

of the UVP set-up).

@ Eo.wm

_‘ 0.11m
Probe array—_ || Transmitter

Connection to the

peristaltic pump
———

UVP

\
o o09m Receiver

0.094 m
0.085m
0.07m 0.077 m
- 0.070 m

0.06 m Blanking
distance 0.063 m
Probe 0.05m (0.04 m) 0.055m
g 0.04 m 0.047 m

0.03m 0.038 m
z 0.03m

z
Data acquisition 0.029 m
0.02m window (0.03 m) 0.020m
P 0.015m 5 mm
Y X 0.01m Y X 0.005m _ Noisy data diameter tube

_ _ — removed 0.005 m
Basin floor Basin floor/slope surface Basin floor

Fig. 2. Set up of (A) the UVP, (B) ADV and (C) siphoning systems in this study to measure the

velocity and density profiles, respectively. All profiles were measured vertical to the basin
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floor, irrespective of whether the instrument was mounted above the basin floor or the slope

surface.

ADV (Nortek Vectrino Profiler; Nortek Inc., Rud, Norway; Fig. 2B) was used to capture the
temporal evolution of the 3D velocities of the flows at a near-bed region (i.e., a coverage of
0.03 m height above the basin floor or slope surface). ADV records 3-components of velocity
in bins with a vertical resolution of 1 mm (see Table S1 for the details of the ADV set-up). The
ADV data constrain the 3D velocity structure of the flows through 100 Hz measurements of
instantaneous velocities (cf. 4 Hz for the UVP; Table S1). The measurements of the near-bed
velocity are critical to understanding the conditions that effect sediment transport and
deposition. Therefore, ADV was utilised in the subsequent ramp experiments to capture the
near-bed velocity field of the saline density currents. During the experimental runs for the
velocity profiling collection, a mixture of neutrally buoyant hollow glass spheres (Sphericel
110-P8; 10 um diameter) were seeded into the inlet flow at a constant discharge rate via a
peristaltic pump throughout the experimental run (cf. Thomas et al., 2017; Ho et al., 2019).
This was undertaken to enhance the reflection of the ultrasound or acoustic signal. Additionally,
prior to each run, the ambient water in front of the UVP or ADV probes was also seeded with

the same glass spheres to increase the signal-to-noise ratio to ca. 30 dB.

The fluid flow samples were collected by a siphoning system (Fig. 2C). The siphons were
positioned along a vertical line and located at 0.005, 0.015, 0.020, 0.029, 0.038, 0.047, 0.055,
0.063, 0.070, 0.077, 0.085 and 0.094 m respectively above the basin floor. During the
experimental run, the fluid flow was extracted from the tank via a peristaltic pump at a constant
flow rate (3.9 mL s per siphon tube). This specific value was chosen to balance obtaining

enough fluid samples whilst minimising perturbations to the in-situ flow structure. After each



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

This is a non-peer reviewed preprint submitted to EarthArxiv

run, the density of the collected fluid samples was measured by the aforementioned portable

densimeter.

Ramp experiments
In each ramp experimental configuration, three repeats were run using identical initial
conditions but with different purposes, i.e., flow visualisation and velocity profiling by ADV

systems.

In the flow visualisation runs, each experiment was recorded using up to four high-resolution
video cameras (GoPro, HERO 10; GoPro, Inc., USA). One was mounted at ca. 2 m downstream
from the channel mouth along the channel-basin centreline to capture the front view of the
density current encountering the containing topography (i.e., ramp), two along the side of the
ramp to capture the side view, and one directly on the top of the ramp surface to capture the
top view. No dye was added to the inlet flow as it would provide little information on the
internal fluid motion within the current. Instead, Pliolite, a low density and highly reflective
polymer, and a small amount of white paint were added to the input current to help visualisation
(cf. Edwards et al., 1994). The Pliolite has a subspherical shape, with a mean grain size of 1.5
mm and density of 1050 kg m=. To improve the visualisation of the density current interacting
with the topographic ramp, fluorescent yellow dye was injected via a series of tubes mounted
from the rear of the ramp and flush with its surface. These tubes were located at three different
elevations and distributed evenly on the ramp surface (i.e., 0.15 m, 0.30 m, and 0.45 m away

from the base of the ramp, respectively).

In each ramp experimental configuration, four ADVs were utilised to record the 3D flow
velocity field at the near-bed region (Fig. 1B-E and Fig. 2B). One was positioned above the

basin floor, at 0.02 m upstream from the base of the ramp along the channel-basin centreline
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(ADV1) to capture the basal flow reversals. The other three (ADVs 2-4) were placed above the
slope surface to capture the temporal evolution of the velocity field near the flow front position
(see General flow behaviour subsection). The exact locations of these three ADVs were
carefully chosen based on the position of the flow front observed from the flow visualisation
videos, which varied across different experiments. The transducers of the ADVs 1-4 were
mounted vertically 0.07 m above the slope surface and recorded the velocity profile in thirty-
one 1-mm-high cells ranging from 0 to 0.03 m above the slope surface (Fig. 2B). Due to
experimental constraints, two sets of ADV data (ADVs 1-2 and ADVs 3-4) were collected in
separate runs with the same initial conditions, varying the measurement locations of the ADVs
in each case. The 4 ADVs were subsequently integrated to visualize the velocity field of the
whole flow. During each measurement, synchronization of the two ADVs was achieved using
Nortek’s MIDAS data acquisition software (Nortek 2015) and the recording started from the

release of the inlet flow until the flow ceased.

Experimental data analysis

All the raw instantaneous velocity data collected by the UVP and ADV systems were initially
filtered in Matlab before further analysis (cf. Buckee et al., 2001; Keevil et al., 2006). First,
data spikes in the time series that were more than two standard deviations from the mean were
removed; here, the mean was estimated as an 11-point moving average. Second, the removed
spike points were replaced by a 3-point moving mean. The ADV data closest to the boundary
were affected by excess noise because of reflections. Consequently, the plotted data were
clipped so that the bottom 5 data points (< 0.5 cm) were removed (Fig. 2B). This excess noise
sometimes affected points as high as 0.7 cm above the bed, and thus for data analysis only the

section between 0.7-3.0 cm above the basin floor or slope surface were utilised.
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In this work, two sets of Cartesian coordinate systems were adopted, either relative to the basin
floor or to the ramp (Fig. 1A and 1F). The filtered 3D velocity data after the first step were
corrected based on either of these two coordinate systems. When the former coordinate system
is adopted, the 3D velocity components ( , , ) are termed as streamwise, cross-stream and
vertical velocities, respectively. Otherwise, they are termed as down-dip, along-strike, and

vertical velocities, respectively.

The filtered instantaneous velocity data collected by the ADV system are presented as velocity
time-series profiles. In these plots, positive values of the down-dip velocity depict flows
travelling towards the ramp (outbound flow), whereas negative ones depict flows travelling
away from the ramp and back towards the inlet (return flow). The maximum velocity (Umax)
up/down the ramp, is taken as the highest value over the measured height range (0.7-3.0 cm)
of the ADV profiles. The fluctuations in Umax are shown on the time series panels and serve as

a representative flow down-dip velocity magnitude.

Flow scaling and characterisation

As only saline density currents are utilised in this work, Froude scaling (Yalin, 1971; Peakall
et al., 1996) is used to ensure that both the dimensionless Froude and Reynolds numbers of the
laboratory turbidity currents reside within appropriate flow regimes compared to natural
systems (in the Froude scaling approach, the Froude number in the experimental flows should
be similar to that of natural systems, while the Reynolds number is relaxed). When these scaling
conditions are met, the laboratory turbidity currents can be considered scalable to natural

systems.

The Reynolds number, Re, is used to characterize whether the flow is laminar or turbulent and

is expressed by the ratio between the inertial forces to the viscous forces. It is given by
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-— O

where  represents the depth-averaged density of the current, is the depth-averaged velocity
over the flow height, is the flow height, and is dynamic viscosity. Typically, flows with Re
> 2000 are considered fully turbulent, flows with Re < 500 are laminar, and flows with Re =

500-2000 are transitional.

The Froude number, Fr, describes the ratio between inertial- and gravitational-forces, and is

expressed as

where  denotes gravitational acceleration. Typically, flows with Fr > 1 are considered
supercritical whereas flows with Fr < 1 are subcritical, though this critical value might be
different in strongly stratified density currents (e.g., Sumner et al., 2013; Cartigny et al., 2014).
For experiments involving density difference, such as turbidity currents, the densimetric

Froude number is more physically relevant, defined by

where " represents the reduced gravitational acceleration and  denotes the density of the

ambient fluid.

Based on the unconfined control experiment, the experimental density currents recorded at 3
m downstream from the channel mouth along the channel-basin centreline (i.e., the position
where the centrepoint of the base of the slope resides; Fig. 1A) were demonstrated to have a

Reynolds number of 3203 and densimetric Froude number of 0.505 (Table 2), and therefore
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were fully turbulent and subcritical. Estimation of these two parameters is detailed in

Supporting Information 1.

TABLE 2. Summary of the flow characteristics for the experimental density current recorded
at 3 m downstream from the channel mouth along the channel-basin centreline in the
unconfined reference experiment. Calculations of the mean depth-averaged downstream

velocity and current density are detailed in Supporting Information 1.

Parameter Value Unit
Density of the ambient fluid () 999.58 kg m?
Dynamic viscosity () 0.001 Pas
Gravitational acceleration ( ) 9.81 m s
Reduced gravitational acceleration ( ) 0.030 m s
Flow depth () 0.11 m
Mean depth-averaged density of the current () 1002.6 kg m?
Mean depth-averaged downstream velocity ( ) 0.029 ms?
Maximum downstream velocity () 0.059 m st
Height of the maximum downstream velocity above the 0.02 m
basin floor ()
Reynolds number () 3203 none
Densimetric Froude number () 0.505 none
RESULTS

Turbidity current evolution in the unconfined experiment

In the unconfined experiment, the saline density current enters the confined channel section as
a highly turbulent flow with a well-developed head region, which is followed by a stable, quasi-
steady body region during the rest of the experimental run (Fig. 3A). On exiting the confined
channel section, the flow starts to spread radially and symmetrically above the flat basin floor
(Fig. 3B). Multiple lobes and clefts can be observed at the propagating head of the density
currents. A radial hydraulic jump can be observed immediately downstream of the channel-

mouth location (Fig. 3D), suggesting that the flow regime has transitioned from a supercritical
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state in the channel section to a subcritical state in the horizontal basin floor (see also Flow
scaling and characterisation subsection). Finally, the termination of the inlet leads to a rapid

decrease in current velocity and causes the current body to diminish quickly.

The representative time-averaged UVP downstream velocity profile obtained from the body
region of the flows (averaging over 30 s; Fig. 3G) was recorded at 3 m downstream from the
channel mouth along the channel-basin centreline. The velocity profile reveals a mean depth-
averaged downstream velocity of 0.029 m s, a mean depth-averaged current density of 1002.6
kg m? (i.e., 0.3% excess density) and a flow height or thickness of ca. 0.11 m (Table 2;
Supporting Information 1). The downstream velocity reaches its maximum value (u, = 0.059

m s1) at a height of 0.02 m above the basin floor (h, = 0.02 m).

The time-averaged flow density profile at the same position (Fig. 3G) exhibits a noticeable
exponential decrease in excess density upward, with a highest flow density (psi = 1009 kg m™;
0.9% excess density) near the basin floor (hi = 0.005 m). The density currents at 3 m
downstream from the channel mouth along the basin centreline are demonstrated to be density-
stratified (cf. Stacey and Bowen, 1988) throughout the experimental run: the density time-
series plot for the flow current at this position (Fig. 3H) exhibits a distinct dense region near

the basal part of the flow and a dilute region at the upper part of the flow.
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Fig. 3. (A-F) Set of overhead photographs illustrating the evolution of the saline density
currents from the channel section to the basin floor in the unconfined reference experiment.
Note that a radial hydraulic jump was observed immediately downstream of the channel mouth.
(G) Profiles of time-averaged flow downstream velocity and density for the experimental
density current recorded at 3 m downstream of the channel mouth along the channel-basin

centreline in the unconfined reference experiment. Both measurements were initiated 5 s after
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the current head passed and lasted for 30 s. The flow depth , maximum downstream velocity

, its height above the basin floor , depth-averaged downstream velocity and depth-
averaged density  are shown in the panel as red squares. The ambient water density was
measured at 12°C. (H) Time-series profiles of flow density measured at 3 m downstream of the
channel mouth along the channel-basin centreline, the position of which is shown as a red circle

in Figure 1A.

Interaction of turbidity currents with containing topography in the ramp experiments
General flow behaviour

Here, experimental observations for Experiment S20IN75<(Fig. 4) are described in detail to
summarize the general flow behaviour when flows encounter the topographic slope. Once the
flow exits the channel, it propagates along the basin as an unconfined underflow until
encountering the containing slope (Fig. 4A). Upon incidence with the topographic slope, the
flow decelerates and becomes strongly multidirectional on the slope surface (Fig. 4B).
Simultaneously, flow stratification promotes the original flow to be decoupled into two parts:
a lower denser part, and an upper less dense part. The dilute upper part of the flow runs up the
slope surface and thins until reaching its maximum height Hmax (‘maximum run-up height’,
hereafter; cf. Pantin and Leeder, 1987; Edwards et al., 1994; Fig. 4C). This is termed as flow
thinning and stripping on the slope surface hereafter. In contrast, the dense, lower part of the
flow collapses back down the slope and is either deflected parallel to the slope and/or reflected
towards the inlet at the base of the slope (Fig. 4C). The zone of flow stripping on the slope
surface can be quantified by the height of the initial reversal of the dense lower flow Hmin and
the maximum run-up height Hmax. Specifically, the lower limit of the flow stripping zone is
quantified by the height upslope at which the basal region of the flow reverses downslope

because this marks the onset of flow thinning upslope. The initial reversal of the dense lower
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Initial flow incidence with the slope

m—'f == Flow inflation due to the collapsed flow
undercutting the primary outbound flow

Flat-topped suspension cloud

Fig. 4. Representative side-view photographs depicting the temporal evolution of density
currents upon incidence with an oblique topographic slope (Experiment S20°IN75° for
example). Hmax denotes the maximum height that the dilute, upper part of the flow can run up
on the slope surface. t denotes the experimental time since the release of the flow from the

mixing tank.

part of the flow can undercut the primary outbound flow and migrate upstream from the slope
before eventually dissipating in the basin. This initial flow reversal of the basal part of the flow
just above the containing slope leads to a thickening of the entire body of the density current

(Fig. 4D), which is termed as an unsteady ‘inflation’ phase of the suspension cloud by Patacci
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et al. (2015). Subsequently, as the parental flow re-establishes, the suspension cloud in the
basin becomes flat-topped (i.e., a sharp, subhorizontal interface with the ambient water) and a
quasi-stable flow front develops on the slope surface (Fig. 4F). This is termed a quasi-steady
phase by Patacci et al. (2015). Finally, the waning of the inlet flow causes the suspension cloud
to collapse. Note that no trains of upstream-migrating solitons or bores are observed throughout
the experiments (cf. Pantin and Leeder, 1987; Edwards et al., 1994). Flow behaviour, including
the degree of lateral flow expansion on the slope surface, the degree of flow thinning and
stripping, and the relative strength between flow deflection and reflection, varies as a function

of both the slope gradient and the incidence angle of the flow onto the slope.

Variation of incidence angles of the current onto the slope

The effects of containing slope orientation, with respect to flow direction, on flow behaviour
were explored by systematically changing the incidence angles of the flow to the slope with
the same slope gradient. Here, the results for 3 of the 18 experiments are presented: S40IN75<

S40IN60=and S40IN15=(Videos 1-3).

In Experiment S409N75<(Video 1), upon encountering the topographic slope, the flow runs
into the slope strongly and results in a wide divergence in flow velocity directions on the slope
surface. The area of lateral flow expansion on the slope surface is the largest among the three
experiments. The maximum run-up height (Hmax = 0.29 m) occurs in the middle of the ramp,
whereas the height of initial flow reversal develops at ca. 0.13 m. Due to the high degree of
topographic containment generated by the obliqgue ramp orientation in this experiment,
reflection of the dense, basal part of the current is the strongest among these three experiments.
Part of the dense, basal part of the flow is deflected and runs parallel to the slope. This basal

flow is diverted at the point of incidence to the slope into two directions towards the lateral
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edges of the slope, with the dividing streamline or plane (cf. Kneller and McCaffrey, 1999) at

ca. 0.56 m from the right edge of the ramp.

INote: placeholder image for video (see video 1

Video 1. Annotated video illustrating the behaviour of density currents upon incidence with an

oblique topographic slope (Experiment S40°IN75°).

In Experiment S40IN60°(Video 2), relatively less flow is observed to be able to run up the
slope and more of the flow is deflected towards the lateral edge of the slope, compared to
Experiment S40IN75< The divergence in flow velocity directions on the slope surface is also
less pronounced. The area of lateral flow expansion on the slope surface decreases markedly.
Hmax develops at the right edge of the ramp, at ca. 0.24 m upslope; the height of initial flow
reversal is 0.13 m upslope. Flow reflection at the basal part of the slope is less pronounced due
to a decrease in the topographic containment (see also Temporal velocity pulsing subsection).
Hence, basal flow deflection is stronger relative to flow reflection, in contrast to Experiment
S409IN75< The dividing streamline of the deflected dense, basal region of the flow is ca. 0.37

m from the right edge of the ramp.
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)

Note: placeholder image for video (see video 2)

Video 2. Annotated video illustrating the behaviour of density currents upon incidence with an

oblique topographic slope (S40°IN60°).

In Experiment S40IN15°(Video 3), the highly oblique ramp orientation results in the current
mainly being deflected parallel to the base of the slope with extremely limited interaction
between the current and slope surface (i.e., limited flow reflection or lateral flow expansion).
The zone of flow thinning and stripping on the slope surface is negligible, with the height of

initial flow reversal located at 0.12 m upslope and maximum run-up height at 0.16 m upslope.

Note: placeholder image for video (see video 3

Video 3. Annotated video illustrating the behaviour of density currents upon incidence with an

oblique topographic slope (Experiment S40°IN15°).
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Variation of slope gradients

The effects of slope gradient on flow behaviour were investigated using a single oblique
incidence angle. Here, the results for 3 of the 18 ramp experiments are presented: S20IN75<

S309IN75<and S409IN75°(Fig. 4, Videos 1 and 4).

] Note: placeholder image for video (see video 4)

Video 4. Annotated video illustrating the behaviour of density currents upon incidence with an

oblique topographic slope (Experiment S30°IN75°).

Results in Experiment S40TN75<were described in the preceding section. In Experiment
S309IN75°(Video 4), upon encountering the containing slope, the flow strikes the slope less
strongly and becomes multidirectional on the slope surface but with a much larger area of
lateral flow expansion, compared to Experiment S40IN75< Hmax 0ccurs laterally at ca. 0.37 m
away from the right edge of the ramp, and ca. 0.36 m upslope; the height of initial flow reversal
is ca. 0.12 m upslope. The strength of the flow reflection is not apparent in the visualisation
video. However, the deflection of the dense, basal part of the flow can be identified. The basal
flow is deflected into two directions towards the two lateral edges of the slope, respectively,

with the dividing streamline ca. 0.56 m from the right edge of the ramp.
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465  In Experiment S20IN75°(Fig. 4), a much larger area of lateral flow expansion on the slope
466  surface is observed, compared to former experiments. Hmax OCcurs laterally at ca. 0.37 m away
467  from the right edge of the ramp, and ca. 0.26 m upslope; the height of initial flow reversal is
468 ca. 0.1 m upslope. Like the case in Experiment S30IN75< the strength of flow reflection

469  cannot be identified visually, but part of the basal flow is deflected to run parallel to the slope.

470

471 Temporal velocity pulsing

472 From the flow visualisation videos, a series of upstream-migrating velocity reversals in the
473  basal part of the flow can be identified, above the flat basin floor near the base of slope, and on
474  the slope surface (Videos 1-4). Furthermore, the depth-constrained ADV down-dip velocity

475  time-series profiles (Figs 5-8) capture the velocity reversals quantitatively at a point.

0.1

E 0.03[[s20°IN90° [[S20°IN75° "o
e E
8 0.025[ I =
< 10.05 £
£ o002 fe]

(0]
(] >
3 0015 {1, =
Qo 3
° =
= 001f E
2 ©
0]
® 0.005 -0.05=
— e 0.1 ~—~
é 0.03 ||s20°IN60° S20°IN45° »
5 E
S 0.025[ =
f) 10.05 £
£ 0o02f fe!
o g
> L
80'015 PR 1, &
© 3
= 001f E
2 %
Q
© 0.005 0052
- - 01 ~
E : . " ‘ T r | T =
E 003[[s20°IN30 i ' !jl E a
(] F -
o]
= | | o
o 0.05 g
£ $
4 >
o E
= =1
o £
= =
=) i @©
% 0.005 i i i i k . in . M r 0052

0 20 40 80 80 100 120 0 20 40 80 80 100 120
Run time (s) Run time (s)
-0.05 Return 0 Qutbound 0.05
[ | T

476 Down-dip velocity (m s ")



477

478

479

480

481

482

483

484

485

486

487

488

This is a non-peer reviewed preprint submitted to EarthArxiv

Fig. 5. Down-dip velocity time series of the density currents recorded at the base of the slope
along the channel-basin centreline (ADV1 in Figure 1) for the ramp experiments (i.e.,
S20°IN90°, S20°IN75°, S20°IN60°, S20°IN45°, S20°IN30° and S20°IN15°). For
visualisation, the data are clipped at z ~0.5 cm due to excess noise, caused by reflections. The
temporal evolution of maximum velocity up/down the ramp, Umay, [i.€., the highest value over

the measured height range (0.7-3.0 cm) of the ADV profiles] is also shown (blue solid lines).
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Fig. 6. Down-dip velocity time series of the density currents recorded at the base of the slope
along the channel-basin centreline (ADV1 in Figure 1) for the ramp experiments (i.e.,
S20°IN90°, S30°IN90° and S40°IN90°). For visualisation, the data are clipped at z ~0.5 cm

due to excess noise, caused by reflections. Positive values of the down-dip velocity depict flows
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travelling towards the ramp, whereas negative values depict flows travelling away from the
ramp and back towards the inlet. The temporal evolution of maximum velocity up/down the
ramp, Umax, [i.e., the highest value over the measured height range (0.7-3.0 cm) of the ADV

profiles] is also shown (blue solid lines).
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Fig. 7. Down-dip velocity time series of the density currents recorded at the flow front position
just above the slope surface (ADV3 in Figure 1) for the ramp experiments (i.e., S20°IN75°,
S30°IN75° and S40°IN75°). For visualisation, the data are clipped at z ~0.5 cm due to excess
noise, caused by reflections. The temporal evolution of maximum velocity up/down the ramp,
Unmax, [i.€., the highest value over the measured height range (0.7-3.0 cm) of the ADV profiles]

is also shown (blue solid lines).
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Fig. 8. Down-dip velocity time series of the density currents recorded at the flow front position
just above the slope surface (ADV3 in Figure 1) for the ramp experiments (i.e., S20°IN60°,
S20°IN45°, S20°IN30° and S20°IN15°). For visualisation, the data are clipped at z ~0.5 cm
due to excess noise, caused by reflections. The temporal evolution of maximum velocity
up/down the ramp, Unmax, [i.€., the highest value over the measured height range (0.7-3.0 cm)

of the ADV profiles] is also shown (blue solid lines).

Base of slope: Reflection and basal flow reversal

Down-dip velocity time-series profiles of the flow recorded near the base of slope along the
channel-basin centreline (Figs 5-6) exhibit multiple basal flow reversals when the flow
encounters the topographic slope. Notably, the first basal flow reversal is of high-velocity and
highly turbulent, which is succeeded by a series of weaker basal flow reversals. After the first
basal flow reversal diminishes, the second reversal typically re-establishes from an initially
very low velocity to a final high velocity. The velocity of each reversal is generally lower than

the preceding one. Nevertheless, the magnitude of the velocity, the number of velocity pulses,
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and the duration of each pulse are different across the ramp experiments, as a function of both

incidence angle and slope gradient.
Base of slope: Variation of incidence angles of the current onto the slope

Variation of incidence angle as a function of a single slope gradient (20 is examined for
experiments S20TN90< S20IN75< S20TN60 < S20TN45< S209N30<and S20IN15°(Fig.
5). Notably, for lower incidence angles, the magnitude of the maximum down-dip velocity Umax
markedly decreases (Umax = 0.06 ~ 0.008 m s* for the basal flow reversals in Experiment
S209IN90°and Umax = 0.03 ~ 0.01 m s in Experiment S209N159. Furthermore, the velocity
pattern tends to be characterised by more pulses (N = 3 for the basal flow reversals in
Experiment S20IN90<and N > 7 in Experiment S20 TN15<) and shorter time duration of each
pulse (T = 8 ~ 12 s for the basal flow reversals in Experiment S20IN90°and T =2 ~ 7 sin

Experiment S20TN159.
Base of slope: Variation of slope gradients

For cases across different slope gradients, results of the experiments S209N90< S30TN90°
and S409IN90<are presented (Fig. 6). In Experiment S20IN90°(Fig. 6A), the first basal flow
reversal begins ca. 13 s after the arrival of the first outbound flow and subsequently sustains
for ca. 10 s until the re-establishment of the second outbound flow. The maximum magnitude
of the first velocity reversal reaches ca. 0.06 m s™. This is followed by four weaker flow
reversals, with time duration of each pulse of 11, 12, 3, and 1.4 s respectively and Umax ranging
from 0.005 to 0.026 m s™. In Experiment S309N90°(Fig. 6B), the first basal flow reversal
arrives at 9 s after the first outbound flow initially establishes, which then sustains for ca. 8 s
with a recorded downdip maximum velocity over height of 0.06 m s™. This is succeeded by
three weaker flow reversals, with time duration of each pulse of 14, 6 and 4 s respectively and

Umax ranging from 0.011 to 0.023 m s*. In Experiment S409N90°(Fig. 6C), the first basal
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flow reversal starts to develop at 10 s after the arrival of the first outbound flow, which then
sustains for ca. 5.5 s with a recorded downdip maximum velocity over height of 0.04 m s™.
This is succeeded by seven weaker flow reversals, with time duration of each pulse of 4, 4.4,
6, 5, 3, 2 and 3 s respectively and Umax ranging from 0.008 to 0.026 m s™. For cases across
different slope gradients, the magnitude of the maximum velocity shows minimal difference.
However, experiments with a higher angle of slope gradient are demonstrated to be dominated

by more velocity pulses and shorter time duration of each pulse.

In summary, the incidence angle of the current relative to the containing slope exerts a much
stronger control on the velocity pulsing pattern of the flow near the base of the slope (e.g., the

strength and time duration of each basal flow reversal) than the slope gradient.

On the slope: Flow front velocity fluctuation

During the quasi-steady phase of each ramp experiment, a quasi-stable flow front develops on
the slope surface, which fluctuates over a short distance up slope (Fig. 4F). Fluctuations of the
flow front velocity are examined quantitatively via the depth-constrained ADV down-dip
velocity time-series profiles positioned at the centreline of the ramp (ADV3 in Figure 1; Figs
7-8). Compared to measurements located at the base of the slope, the velocity magnitude of the
flow front is lower. The velocity structure, number of velocity pulses, and time duration of each

pulse (Figs 7-8) are a function of both the incidence angle of the flow and the slope gradient.

For cases with different slope gradients (S20IN75< S309N75° and S409N759, the
magnitude of the maximum down-dip velocity Umax exhibits only small variation, between -
0.05 and 0.07 m s (Fig. 7). Experiments with a steeper slope gradient configuration are
associated with relatively more velocity pulses and shorter time duration of each pulse albeit

the differences are small.
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Considering experiments S20IN75< S209IN60< S209IN45< S209IN30°and S209IN15%
those with a lower flow incidence angle tend to show comparatively fewer and longer duration
velocity pulses (Fig. 8). The velocity pulse patterns are irregular, i.e., non-periodic. Umax does
not vary markedly between cases with different incidence angle configurations. For example,

-0.035 ~ 0.05 m st in Experiment S20IN75and -0.04 ~ 0.03 m s in Experiment S209N15<

Temporal variability of flow direction at the near-bed region

Temporal variability of the flow velocity vector (based on streamwise and cross-stream
velocity, i.e., projected in the horizontal basin-floor plane) of the current recorded at 0.01 m
above the basin floor and/or the slope surface is examined for each ramp experiment (Figs 9-
12). A specific height of 0.01 m was chosen, to avoid any possible noise-induced interference,
whilst focusing on the near-bed velocity as this is critical for sediment transport and deposition

processes.
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Fig. 9. Compass plots illustrating the spatial and temporal variability of the flow velocity vector
(projected in the horizontal basin-floor) of the current within the quasi-steady phase (34 ~ 120
s) recorded at 0.01 m above the basin floor and/or the slope surface in Experiment S20°IN75°.
‘bc’ denotes the measurements at the base of slope along the channel-basin centreline and ‘ml’,
‘mc’ and ‘mr’ denote the measurements at the left, central and right flow front positions (in the
flow direction), respectively (ADV4, ADV3 and ADV2 in Figure 1). In each compass plot, the
arrow length denotes the velocity magnitude, and the direction denotes the velocity direction
relative to the basin. Each arrow is colour coded as time. Black dashed line indicates the slope
orientation. For presentation purposes, in each compass plot, the original 100 Hz ADV velocity

data are decimated to 10 Hz.

Flow directions at the guasi-steady phase (34 ~ 120 s)

Measurements during the quasi-steady phase of the current (Figs 9-11) indicate that all ramp
experimental configurations record complex patterns of flow direction and magnitude,
including the presence of multidirectional combined flow regimes above the slope surface and

near the base of slope.

For the ramp experiments (Fig. 9), flow velocity is higher at the base of slope than that at the
flow front positions above the slope surface (e.g., maximum velocity of ca. 0.09 m s? vs. ca.
0.05 m st in Experiment S20°IN75°). Current directions recorded at the flow front positions
all exhibit a radial dispersal pattern whilst those recorded at the base of slope along the channel-
basin centreline demonstrate diverse dispersal patterns including a radial dispersal and more
unidirectional distribution pattern (Figs 9-11, see the descriptions below). In a single slope

configuration (e.g., Experiment S20°IN75°), downstream current data above the slope typically
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Fig. 10. Compass plots illustrating the temporal variability of the flow velocity vector
(projected in the horizontal basin-floor) of the current recorded at 0.01 m above the basin floor
and/or the slope surface within the quasi-steady phase (34 ~ 120 s) in Experiments S20°IN90°
(A, E), S20°IN75° (B, F), S20°IN45° (C, G) and S20°IN15° (D, H). ‘bc’ denotes the
measurements at the base of slope and ‘mc’ denotes the measurements at the central flow front
position (ADV3 in Figure 1). In each compass plot, the arrow length denotes the velocity
magnitude, and the direction denotes the velocity direction relative to the basin. Each arrow is
colour coded as time. Black dashed line indicates the slope orientation. For presentation, in
each compass plot, the original 100 Hz ADV velocity data are decimated to 10 Hz. See Figure

9 for the legend of this figure.

show an increased unidirectional component in flow direction distribution, compared to those
recorded upstream (reverse flow; e.g., Fig. 9A, C).

Across experiments with different flow incidence angles onto the slope (Fig. 10), base of slope
flow directions show a gradual transition from a radial to a more unidirectional dispersal pattern
(oriented to the along-strike direction parallel to the slope) as the flow incidence angle

decreases (Fig. 10E-H; 0° ~ 360° in Experiment S20°IN90° vs. 320° ~ 30° clockwise in
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Experiment S20°IN15°). On the slope, the unidirectional component of the flow recorded at
the central flow front position increases with a lower incidence angle, although all
configurations exhibit a radial dispersal pattern (Fig. 10A-D). However, the overall radial
dispersal pattern above the slope surface is established in different ways. The flow direction in
a highly oblique experimental configuration predominantly rotates with time, whereas in a less

oblique experiment the flow velocity direction tends to maintain a radial pattern through time.

Across experiments with different slope gradients (Fig. 11), the velocity magnitude and the
flow direction distribution do not vary markedly. Notably, with a steeper slope gradient, the
velocity magnitude recorded at the base of slope or near the flow front tends to be slightly
larger. Furthermore, for steeper slopes, typically the current data exhibit a slightly wider spread
in both overall flow directions throughout the experiment (290° ~ 15° clockwise in Experiment
S20°IN45° vs. 290° ~ 30° clockwise in Experiment S40°IN45°) and flow directions over a

given period, compared to gentler topographic slopes.

In summary, the incidence angle of the current relative to the containing slope appears to
influence the temporal variability of the flow direction at the near-bed region more strongly
than the slope gradient. This holds true both for the flow at the base of slope and the flow front

position along the channel-basin centreline.
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Fig. 11. Compass plots illustrating the temporal variability of the flow velocity vector
(projected in the horizontal basin-floor) of the current within the quasi-steady phase (34 ~ 120
s) recorded at 0.01 m above the basin floor and/or the slope surface in Experiments S20°IN45°
(A, D), S30°IN45° (B, E) and S40°IN45° (C, F).