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Abstract The behavior of a two-dimensional (2-D) gravity current impinging upon a density step in a
two-layered stratified basin is analyzed using a high-resolution Reynolds-Averaged Navier-Stokes model.
The gravity current splits at the density step, and the portion of the buoyancy flux becoming an interflow is
largely controlled by the vertical distribution of velocity and density within the gravity current and the mag-
nitude of the density step between the two ambient layers. This is in agreement with recent laboratory
observations. The strongest changes in the ambient density profiles occur as a result of the impingement of
supercritical currents with strong density contrasts, for which a large portion of the gravity current detaches
from the bottom and becomes an interflow. We characterize the current partition process in the simulated
experiments using the densimetric Froude number of the current (Fr) across the density step (upstream and
downstream). When underflows are formed, more supercritical currents are observed downstream of the
density step compared to upstream (Fru< Frd), and thus, stronger mixing of the current with the ambient
water downstream. However, when split flows and interflows are formed, smaller Fr values are identified
after the current crosses the density step (Fru> Frd), which indicates lower mixing between the current and
ambient water after the impingement due to the significant stripping of interfacial material at the density
step.

1. Introduction

Gravity currents entering density stratified water bodies frequently introduce suspended and dissolved par-
ticles into the system (sediments, pollutants, salt, nutrients), which can affect the biogeochemical processes
in the water ecosystem. Therefore, both understanding the vertical distribution of the gravity currents in
the water column and quantifying the fate of contaminants are crucial for managing water quality in fresh-
water systems [An et al., 2012]. Similarly, oceanic gravity currents flowing into the stratified ocean can split
at sharp density steps [Wobus et al., 2013], and understanding the level at which temperature and salt
intrude into ocean basins is important for accurate climate modeling [Legg et al., 2009]. In addition, the
delivery of sediment to the ocean is largely driven by sediment-laden gravity currents, which are often
observed to form interflows in the presence of density stratification, especially for supercritical currents [Tal-
ling et al., 2013]. A large number of theoretical and experimental studies have been conducted to under-
stand mixing in gravity currents and their interaction with either an ambient linear stratification in a closed
basin [Baines, 2001; Fernandez and Imberger, 2008; Wells and Nadarajah, 2009] or with a two-layer stratifica-
tion, where a well-mixed surface layer is separated by a sharp density step from the deep denser waters
[Monaghan et al., 1999; Samothrakis and Cotel, 2006a, 2006b; Wells and Wettlaufer, 2007]. When a gravity
current enters a two-layered stratification, two inflow behaviors have been widely studied [Fischer et al.,
1979]. If the impinging current is lighter than the lower layer, then an intrusion forms on the thermocline
(‘‘interflow,’’ Figure 1a); otherwise, the current will intrude at the very base of the basin (‘‘underflow,’’ Figure
1c). What has not been widely studied is the process whereby gravity currents can also split as they impinge
upon a density step to form two intrusions (Figure 1b) [Monaghan, 2007]. This behavior has been previously
observed in laboratory experiments with vertical plumes [Kulkarni et al., 1993; Cotel and Breidenthal, 1997]
and turbidity currents [Rimoldi et al., 1996; De Cesare et al., 2006]. However, these observations gave no gen-
eral indication of when splitting gravity currents should occur. Samothrakis and Cotel [2006a, 2006b] used
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laboratory experiments in two-layered sys-
tems to quantify the effects of the
impingement on the change in the current
velocity across the density step, and pro-
posed empirical relationships to express
these velocity differences as a function of
the density stratification. Wobus et al.
[2013] showed in their numerical results
the three inflow behaviors (see their Figure
5), and characterized them in terms of the
increase in potential energy in the system.
Field observations in a Mediterranean res-
ervoir by Cort�es et al. [2014a] showed that
a cold river inflow could split into two
intrusions at the base of the surface mixed
layer (SML). The latter authors stressed the
biogeochemical significance of the forma-
tion of near-surface intrusions at a density
step, since their entrainment into the top
layers of the reservoir could result in fluxes
of river-borne nutrients readily used for
phytoplankton growth. Thus, it is critical to
quantify the portion of gravity currents
that could reach the surface layers when
entering a stratified system, as well as to
understand the conditions controlling the
partition of the current at a density step.

Although the splitting of a gravity current
when entering a stratified water body has
been observed in field, laboratory, and
numerical experiments [Monaghan et al.,
1999; De Cesare et al., 2006; Wobus et al.,
2013], very little has been done to under-
stand why the actual partitioning of the
current occurs. The seminal work of
Aagaard et al. [1985] is one of the earliest
references observing the splitting or
‘‘shaving’’ gravity current behavior, by
which part of the dense shelf water in the
Arctic flowing down the continental mar-
gin detached at a variety of depths within

the main Arctic basin. They described how the upper portion of the dense down-flow can be continuously
mixed with the ambient water until it can ‘‘shave off (or detrained) to interleave along isopycnal surfaces.’’ The
detrainment process has been also shown and quantified by Baines [2001] through experimental studies in
linearly stratified systems. Recent laboratory observations of a two-dimensional (2-D) gravity current flowing
downslope into a two-layered stratified system stressed the significance of the gravity current internal prop-
erties, as well as the ambient stratification, in determining how a gravity current intrudes into the stratified
water body [Cort�es et al., 2014b]. The strength of the stratification was quantified in terms of the density
Richardson number (Riq) [Wells and Wettlaufer, 2007]. For values of Riq above a given threshold Riq* (�21–
27), the gravity current should form an interflow at the density step. For Riq< Riq*, it should penetrate
through the density step forming an underflow. For Riq � Riq*, Wells and Wettlaufer [2007] observed
that part of the gravity current flowing into the density step would leak to the bottom as an underflow
and form multiple intrusions. The internal gradients within the gravity currents can be characterized in
terms of the densimetric Froude number (Fr). Based on these two nondimensional numbers (Riq and Fr),

Figure 1. Behavior of a 2-D gravity current of average density qG in a two-
layered stratified environment, with densities q1 and q2. The colors represent
the internal gradients of density within the gravity current. (a) Interflows
occur when q1< qG< q2. (b) Split flows form if the gravity current has
significant internal density gradients, and a mean density such that qG 5 q2.
(c) Underflows occur if qG> q2.
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Cort�es et al. [2014b] developed an analytical theory to quantify the portions of the buoyancy flux per unit
width from the current that become interflow or underflow (this will subsequently be termed the ‘‘flux parti-
tion’’). They approached this in two ways: (1) experimentally, from the changes in the ambient density pro-
files observed in a tank after the gravity current injection; and (2) theoretically, based upon the density
excess Dq(z) and velocity gradients uG(z) within the gravity current. They found that, in general, split flows
were likely to occur for supercritical flows (Fr> 1) and sharp density steps (Riq> 20–30). Despite the good
fits between experimental and theoretical estimations of flux partition, there are still sources of uncertainty
in their laboratory results, since measuring continuous time series of the study variables (velocity and den-
sity) in the whole domain was not feasible in the laboratory. In addition, justification of the actual fate of
the gravity current material at a density step, or wider ranges of current regimes could not be tested experi-
mentally. In this regard, numerical modeling is a powerful tool which, once validated, could be used to fur-
ther investigate the dynamics of gravity currents impinging a density step.

An appropriate solver of mixing processes in small-scale (laboratory) flows [Zedler and Street, 2001; Fringer
and Street, 2003; Arthur and Fringer, 2014] is the code developed by Zang et al. [1994]. This code employs
the nonhydrostatic fractional-step method to solve the Navier-Stokes equations with the Boussinesq
approximation with second-order accuracy in time and space using a finite-volume formulation on a curvi-
linear coordinate (boundary-fitted) grid. Although this code is typically employed as a large-eddy simulation
(LES) code using the dynamic-mixed model of Zang et al. [1993], computational resources beyond our
means were required to resolve the scales of turbulence needed for a true LES of our experiments. There-
fore, rather than perform LES, we have replaced the LES subgrid-scale model with a traditional Reynolds-
Averaged Navier-Stokes (RANS) approach. Typical RANS models used for environmental flow applications
are equivalent, as was shown by Warner et al. [2005]. When simulating stratified flows in a salt-wedge estu-
ary, Wang et al. [2011a] showed that there was very little difference between three different RANS models
(Mellor-Yamada level 2.5, k-e, k-x), but the stability functions which parameterize the effect of stratification
had a noticeable effect. Given the importance of the stability functions, our strategy is to assume equilib-
rium turbulence via a balance between production and dissipation, which gives a parabolic turbulent or
eddy-viscosity, mt. The effects of stratification are parameterized through algebraic expressions in terms of
local gradient Richardson numbers Rig [Strang and Fernando, 2001], that modify mt much in the same way
that the stability functions alter the eddy-viscosity in more complex RANS closure schemes. In RANS models,
the resolution is dictated by the need to resolve the important vertical gradients, in order to obtain a rea-
sonable prediction of Rig needed to parameterize the vertical mixing. Warner et al. [2005] presents some
test cases for RANS modeling, and the vertical resolution we employ in this work is at least as high as the
resolution employed in those cases.

In this study, we employ the parallel Navier-Stokes code by Cui [1999], which is the parallel version of the
code of Zang et al. [1994], to characterize the impinging process of a 2-D gravity current at a density step.
Previous laboratory experiments of Cort�es et al. [2014b] successfully developed a theory to describe the par-
titioning of the flow, but could not measure all the internal dynamics of gravity currents, and therefore had
to make certain assumptions that can now be tested numerically. Furthermore, using the solver we can con-
firm the validity of the experimental theory over parameter ranges relevant for the ocean and lakes, which
are not easily achieved in laboratory. This work is organized as follows. First, we present the available labo-
ratory data, numerical model, and computational setup. Second, we show the model results and confirm
the assumptions made in the laboratory to develop the partition theory of the current material at the den-
sity step. In the discussion, we evaluate the uncertainties in both the experimental and numerical predic-
tions of flux partition. Then, we characterize the current partition process for a wide range of gravity current
regimes through the changes in the densimetric Froude number across the density. Finally, we state the
conclusions of our work.

2. Methods

2.1. Laboratory Experiments and Available Data
In the laboratory experiments of Cort�es et al. [2014b], a dense 2-D gravity current flowed down a slope of
angle h 5 258 into a rectangular stratified water body, where the initial densities of the two ambient layers
were q1 in the surface, and q2 in the bottom layer (Figure 2). The lower layer was denser than the top layer
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(i.e., q2> q1), and the density step between the layers was defined as Dq12 5 (q2 2 q1). They also defined H
as the vertical distance from the initial depth of the gravity current to the density step, Z as the total depth
of the water column, and L as the total length of the tank. Here the coordinate system is relative to the
beginning of the ramp, being x the horizontal coordinate relative to the slopeless bottom, S the along-slope
coordinate, and z the vertical coordinate. The gravity current, in turn, was initially characterized in terms of
its inflow rate Q0, density q0, width W, inflow reduced gravity g00 5 g (q0 – q1)/q1, and its inflow buoyancy
flux per unit width B0 5 g00 Q0/W (m3 s23) (g 5 gravitational acceleration). Tank dimensions and inflow varia-
bles were constant in all the experiments, and they are summarized in Table 1. Note that inflow velocity
and thickness (U0 and h0) could not be measured in the laboratory. The strength of the stratification was
quantified in terms of the density Richardson number (Riq) [Wells and Wettlaufer, 2007], calculated as,

Riq5
g012H
B0

2=3
(1)

where g012 5 g Dq12/q1 represents the reduced gravity of the ambient water density step. On the other
hand, the densimetric Froude number (Fr) of the current was calculated from the average velocity U, thick-
ness h, and reduced gravity G’ of the current, as follows,

Fr5
U

G’hð Þ1=2
(2)

where G’ 5 g DP/q1, and DP (5 qG 2 q1) is the average density excess of the gravity current with average
density qG. The average variables of the gravity current (h, U, and G0) were calculated following Ellison and
Turner [1959] from the gravity current velocity profile uG(z) and density excess profile Dq(z) 5 (q(z) 2 q1).

Figure 2. Computational domain depicting the dimensions for the simulations corresponding to the 2-D experimental runs (not scaled).
The vertical thick solid line marks the location where ambient density profiles were measured (x 5 1.17 m). The vertical thick dashed line
at the slope (SN 5 0.32 m) marks the location where gravity current profiles where measured. We also mark with dots the location of the
density step (S12 5 0.52 m), and the cross sections upstream (xu 5 0.25 m) and downstream (xd 5 0.75 m) of Dq12 (Figure 9).

Table 1. Tank Dimensions and Constant Inflow Conditions of the 2-D Gravity Currents in Laboratory and Simulations

Variable Units

Laboratory Simulations

Subcritical Supercritical Subcritical Supercritical

Tank Conditions
Length, L m 2.5 2.87
Density of the fresh water, q1 kg m23 998 998–1000
Total water column depth, Z m 0.45 0.48
Thickness of the top layer, H m 0.22 0.22
Thickness of the bottom layer m 0.22 0.22
Inflow Conditions
Inflow rate, Q0 m3 s21 8.57 3 1026 8.57 3 1026 1.08 3 1025 1.68 3 1025

Inflow velocity, U0 m3 s21 N/A N/A 0.016 0.016
Inflow thickness, h0 M N/A N/A 3.4 3 1023 5.1 3 1023

Inflow density, q0 kg m23 1199 1199 1160 1103
Inflow reduced gravity, g’0 m s22 1.97 1.97 1.568 1.009
Inflow buoyancy flux per unit width, B0 m3 s23 7.68 3 1025 7.68 3 1025 7.68 3 1025 7.68 3 1025
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The laboratory experiments consisted of two sets of experiments with different gravity current regimes
(subcritical with Fr 5 0.69, and supercritical with Fr 5 1.31), and the density in the bottom layer (q2) was sys-
tematically varied in order to attain different Dq12, and thus Riq, since B0 and H were held constant (equa-
tion 1). Similar values of Riq were tested for both subcritical and supercritical gravity currents (Table 2). Both
types of currents were achieved by modifying the initial conditions of the inflowing 2-D plume, but conserv-
ing the buoyancy flux per unit width at the current.

The available laboratory data to validate model results consist of: (1) density profiles of the ambient water
column at the end of the slope (x 5 1.17 m, Figure 2, thick solid line) measured before and after the injec-
tion of the dense current (qint(z) and qobs(z), respectively) during �7 min; and (2) velocity uG(z) and density
excess Dq(z) profiles within the gravity current measured at a site 0.20 m upstream of the density step
located at S12 5 0.52 m (i.e., SN 5 0.32 m, Figure 2, thick dashed line). Measured gravity current profiles cov-
ered a control volume of 3 cm above the bottom slope with a resolution which ranged between 1 and
0.05 mm for velocity and density, respectively. Here we use equivalent simulated data to apply equations
(6)–(12) from Cort�es et al. [2014b] in order to quantify the flux portions from the simulated current that
become interflow and/or underflow (b1 and b2) from both experimental and theoretical approaches.

2.2. Numerical Model
The incompressible Navier-Stokes equations for conservation of momentum with the ||Boussinessq approxi-
mation, the continuity equation for conservation of mass, and the density transport equation were solved
using the nonhydrostatic code developed by Cui [1999] in the domain shown in Figure 2. This code employs
the fractional-step method of Zang et al. [1994] using a finite-volume formulation on a generalized curvilin-
ear coordinate, nonstaggered grid and second-order accurate in both space and time. Momentum advec-
tion is accomplished with the QUICK scheme of Leonard [1979] and scalar advection is accomplished with
the SHARP scheme [Leonard, 1987]. This code has been used for many environmental flow applications,
including upwelling flow [Cui and Street, 2001, 2004], buoyant jets [Wang et al., 2011b], sediment transport
[Zedler and Street, 2001, 2006; Chou and Fringer, 2010], internal gravity waves [Fringer and Street, 2003; Arthur
and Fringer, 2014], and internal bolus formation [Venayagamoorthy and Fringer, 2007]. Thus, we can assert
that this code has been successfully used to study the gravity current hydrodynamics within stratified sys-
tems. However, in contrast to these studies which employ the LES technique, we employ a computationally
efficient two-dimensional RANS approach which uses roughly 4 times less grid resolution than dictated by
LES in our domain (Figure 2). Note that the code requires at least 16 points in the lateral direction because
of the multigrid solver, although there is no lateral variability in our calculations. The RANS approach
accounts for all of the unresolved turbulence, so inclusion of the third dimension is not needed to resolve
the essentially two-dimensional laboratory experiments that we study. We will demonstrate the adequacy
of our RANS approach to model the laboratory-scale gravity currents and we will show that the RANS code
yields simulation results in good agreement with the laboratory data.

In our RANS implementation, we employ a parabolic eddy-viscosity mt as a function of the flow depth
k (5 z 2 Z) referred to the tank surface by assuming a momentum balance between the horizontal

Table 2. Specifications of the Simulated Subcritical (Fr< 1) and Supercritical (Fr> 1) Runsa

Subcritical, Fr< 1 Supercritical, Fr> 1

Run Dq12
b (kg m23) Riq

c Run Dq12
b (kg m23) Riq

c

A-1 64.60 77.34 B-21 66.29 79.36
A-3 51.93 62.17
A-4 45.88 54.92
A-5 34.28 41.03 B-22 38.33 45.89
A-10 24.28 29.07 B-26 24.01 28.74
A-13 15.69 18.78 B-29 17.05 20.41
A-15 9.03 10.81 B-32 8.89 10.64
A-17 6.15 7.36 B-34 5.32 6.37

B-35 3.80 4.55

aWe mark in bold the experiments whose results are shown in Figure 4.
bDq12—Density difference at the density step.
cRiq—Density Richardson number.
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pressure gradient and turbulent shear stress (zero-equation turbulence closure scheme) in conjunc-
tion with the Boussinesq turbulent-viscosity hypothesis as [Rodi, 1993],

mtðkÞ5Cjus
2k
Dk

� �
Dk1kð Þ (3)

where Cj is the von Karman constant (5 0.41), k is a negative downward distance from the free surface of
the domain, and Dk is the depth of each domain column. Following the practice in many RANS models [e.g.,
Fringer et al., 2006], us is the friction velocity calculated with us

2 5 CD u1
2, where CD is the drag coefficient,

u1 is the magnitude of the horizontal velocity in the bottom grid cell. Since the experimental tank surfaces
were smooth (acrylic), we assume an average value of CD 5 0.0015 which is within the range reported by
Deacon and Webb [2005].

To model the damping effect of stratification on the eddy-viscosity, we employ the model of Munk and
Anderson [1948] who modify the parabolic eddy-viscosity from equation (3) using the gradient Richardson
number Rig and the depth of the system k, with,

mt jmod ðkÞ5mtðkÞ � 11b RigðkÞ
� �a

(4)

Here Rig 5 N2/S2, where the buoyancy frequency is N 5 [(2g/q0)(dq/dk)]1/2, S 5 du/dz is the vertical velocity gra-
dient, and a and b are experimentally determined constants with given values of 20.5 and 10, respectively
[Munk and Anderson, 1948]. Note that Strang and Fernando [2001] proposed different values for the parameters,
as a 5 21.5 and b 5 5. However, results from our simulations where the latter values are used yielded higher
root-mean-square error (RMSE) [Jin et al., 2000] when comparing laboratory and simulated results. Thus, we
keep values of a 5 20.5 and b 5 10 in our RANS implementation. In addition, turbulent diffusion in the scalar
transport equation is parameterized through the eddy-diffusivity Kt(k), using the fundamental relationship,

KtðkÞ5
mtðkÞ

Prt
(5)

where Prt is the turbulent Prandtl number. This parameterization has been applied to model turbulent flows
since the earliest work of Ellison and Turner [1959] to recent studies [Bouffard and Boegman, 2013], which
allows modeling significant reduction of the vertical turbulent mixing that occurs in a strongly stratified sys-
tem. In addition, the turbulent Prandtl number Prt has been reported as a direct function of the gradient
Richardson number, Rig [see Elliott and Venayagamoorthy, 2011, Figure 2]. Note that in the experimental
gravity currents studied here, it was always observed an average Rig> 0.25 below the current-ambient inter-
face layer [see Cort�es et al., 2014b, Figures 10c and 10f]. Thus, in this work, we use the following parameter-
ization of Prt [Strang and Fernando, 2001],

Prt5
5 � 115 � Rig
� �21:5

10:2

5 � 115 � Rig
� �22:5

10:01
(6)

where average gradient Richardson number values below the interface are Rig 5 [3.85, 0.61] in the labora-
tory subcritical and supercritical gravity currents, respectively, which we are aiming to reproduce. As a
result, equation (6) yields average values of turbulent Prandtl number Prt � [20, 5] for each regime, respec-
tively. According to this parameterization, turbulent scalar mixing is enhanced in supercritical gravity cur-
rents (lower Rig values).

2.3. Computational Setup
The 2-D tank geometry (li, lk) 5 (2.86, 0.48) m is discretized using a number of grid cells (ni, nk) 5 (256, 128)
in the longitudinal, and vertical direction, respectively (Figure 2). Note that the length and height of the
simulated domain is larger than in the laboratory experiments, since no water exists below the sloping bot-
tom in the simulated runs (Table 1). Each model run simulates the continuous injection of a dyed gravity
current over a period of 7 min with a time step of 0.003 s, resulting in a maximum Courant number of
�0.16. Model results consist of time-evolution of velocity, density, and a passive tracer saved every 6 s or
every 2000 time steps.

Prior to the injection of the gravity current, the initial velocity field is quiescent and the initial background
two-layered stratification is given by,
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q
q1
ðkÞ512

Dq12

2q1
tanh

2 k2Hð Þ
d12

tanh 21ða12Þ
� �

(7)

where q1 5 1000 kg m23 is the reference density measured at the top layer with a constant thickness
H 5 0.22 m, d12 5 0.03 m is the interface thickness between the two layers, and a12 5 0.99 defines the sharp-
ness of the interface. In order to minimize interface thickening due to numerical diffusion, we choose d12 �
10DkZ/2, where DkZ/2 corresponds to the grid spacing at middepth. In each run (a total of 15), we vary Dq12/q1,
defined as the nondimensional density step between the two layers, according to Table 2.

At the left-hand boundary of the domain shown in Figure 2, we prescribe a vertically uniform dense inflow
with constant inflow velocity U0, density q0/q1, and thickness h0. We vary those values to obtain subcritical
and supercritical gravity currents downslope (Table 1), but with the same buoyancy inflow flux per unit
width, B0 5 g ((q0 2 q1)/q1) U0 h0. The reader should note that both U0 and h0 could not be measured in the
laboratory, and thus, we have estimated those values in the simulations in order to conserve the experimen-
tal value of B0. In addition, we simulate the injection in all currents of a passive tracer with an initial concen-
tration of C0 5 1 kg m23. The right wall is a no-flux boundary, and at the bottom we impose a quadratic
drag law with CD 5 0.0015, as discussed above. Scalar boundary conditions at all boundaries other than the
left boundary are gradient-free. The vertical fluxes at the top boundary are adjusted to conserve mass in the
domain (i.e., the inflow flux due to the gravity current on the left boundary is spread along the top bound-
ary as an outflow flux to conserve mass).

We use minimum values of viscosity and diffusivity equal to m 5 1025 m2 s21, and K 5 1028 m2 s21, respec-
tively, in order to account for the fact that density variation in the laboratory experiments was achieved by
salinity changes [Cui and Street, 2004].

3. Results

Simulation results document how both the internal gradients within the gravity current (of average density
qG) and the strength of the stratification control the fate of the detraining water masses into the ambient.
Figure 1a shows that interflows can form when q1<qG< q2, and most of the material flows along the base
of the top layer. Split flows occur if the gravity current has significant internal density gradients, and a mean
density such that qG 5 q2 (Figure 1b). Underflows form if qG> q2, so the majority of the material penetrates
the density step and flows along the bottom of the system (Figure 1c). In this section, we first present the
results from the numerical model, which we further use to demonstrate the assumptions made in the labo-
ratory to develop the experimental gravity current partition theory at a sharp density step.

3.1. Model Validation
The experimental results by Cort�es et al. [2014b] showed that gravity currents are more likely to detrain into
two parts at a density step when they have a diffuse interface layer at the top of the current (supercritical
currents), while they tend to intrude as a single intrusion when the current have a sharp, more step-like
density profile (subcritical currents). We have successfully reproduced these gravity current patterns using
numerical experiments. RANS simulated velocity uG(z) and density excess Dq(z) profiles within the gravity
current measured at SN (Figure 2, thick dashed line) exhibit differences which are consistent with those
observed in the laboratory at the same location (Figure 3). The supercritical gravity currents have larger val-
ues of h and U, but lower DP than subcritical currents (Figures 3a and 3b). Also, gradients in the density
excess profiles tend to be sharper in the subcritical currents, while the current-ambient interface layer is
more diffuse and thicker for the supercritical flows (Figures 3c and 3d). Our runs have been able to repro-
duce a subcritical gravity current (Fr< 1) of similar average thickness h and velocity U as in the laboratory,
but 31% lower average density excess DP, which yields simulated values of Fr slightly higher (5 0.86) than
in the laboratory (Table 3). On the other hand, simulated supercritical currents (Fr> 1) are 5.3% thinner and
have 14.9% lower velocity than in the laboratory, but they have similar density excess, resulting in a simu-
lated Fr value smaller (5 1.10) than the laboratory (Table 3). These differences between experimental and
RANS simulated experiments are likely associated with: (1) the ability to correctly represent entrainment by
the described parameterization of Munk and Anderson [1948]; and (2) the uniform initial conditions assumed
on the west boundary which may not exactly reproduce what was done in the laboratory. In addition, our
simulated profiles for both regimes are comparable to the analytical profiles of velocity and density excess
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determined from the empirical relationships
proposed by Sequeiros [2012] (Figure 3,
dashed lines). Finally, we have found good
agreement between the simulated current
profiles obtained with our implemented
RANS turbulence approach and those repro-
duced when using the scaled down LES sim-
ulations, in which we used a simulated
domain where dimensions in all directions
were reduced by a factor of 4 (Figure 3, red
solid line). Densimetric Froude numbers at
the current only change by a maximum of
3.2% depending on the turbulence closure
scheme for both current regimes. Thus, we
can assume that our RANS implementation in
the Navier-Stokes solver of Cui [1999] can
correctly model the hydrodynamics of the
experimental gravity currents in two-layered
stratified systems. In addition, we estimated
the effective Reynolds number at the gravity
current defined as Regc 5 (U h)/mt, where
U and h are the simulated average thickness
and velocity of the current at the slope (Table
3), and the eddy-viscosity at the gravity cur-
rent mt was on average of O(1024) m2 s21

(equation (3)). The resulting effective Regc �
8.5 in our simulations is much lower than typ-
ical field-scale values observed in oceanic
currents of Regc � O(107), where h � 150 m,
U � 0.5 m s21, and m 5 1026 m2 s21 [Peters
and Johns, 2005; Fer et al., 2010].

Regarding the ambient water density changes,
simulated profiles measured at x 5 1.17 m at
the beginning qint(z, t 5 0 min) and at the end
qobs(z, t 5 7 min) of the current injection in a
set of numerical experiments show good
agreement with experimental results (Figure 4).

As in the laboratory, simulated interflows are thicker for larger Riq, since a higher fraction of current flux has
been added to the top layer, while for lower values of Riq underflows tend to increase (for example, Figures 4d
and 4f). Furthermore, different gravity current regimes result in different initial and final density profiles for simi-
lar Riq, observing larger portions of the inflow current added to the top layer when Fr> 1 compared to Fr< 1
(for example, Figures 4d and 4a). The major differences between simulated and experimental ambient water
density profiles are observed near the density step, likely associated with the numerical diffusion. We quantify
the error in the simulated profiles by normalizing the root-mean-square error (RMSE) [Jin et al., 2000] by the max-
imum density value (i.e., nRMSE 5 [RMSE /max(Dq)] 3 100), which yields maximum values of only nRMSE �
16.6%. Finally, both simulated RANS and LES ambient profiles in two runs with different Fr but similar Riq values
are very similar to experimental profiles, which again support the use of our RANS implementation in this work.
In summary, the successful comparison of numerical and experimental measurements justifies the further use of
the numerical model to confirm the experimental buoyancy flux partition theory.

3.2. Buoyancy Flux Partition From Experimental and Simulated Results
Figure 4 has illustrated good agreement between the simulated and experimental vertical distribution of
the material from a 2-D gravity current entering a stratified system. Figure 5 shows the simulated spatial dis-
tribution of the tracer concentration in the tank after 7 min injection of the two simulated gravity currents

Figure 3. Simulated (RANS and LES), experimental, and analytical
[Sequeiros, 2012] profiles of the two gravity currents gathered at the slope
before the current hits the density step (SN), with (a and b) subcritical
(Fr< 1) and (c and d) supercritical (Fr> 1) regimes, where (a and c) are
velocity profile, uG(z), and (b and d) density excess profile, Dq(z). Error
bars mark the standard deviation of the simulated RANS profiles due to
the point of measurement at the slope.
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(Fr< 1 in Figures 5a and 5c, and Fr> 1 in Figures 5b and 5d) into a two-layered stratified system with differ-
ent density step (Riq � 42 in Figures 5a and 5b, and Riq � 7 in Figures 5c and 5d). As in the laboratory
experiments, we observe thicker interflows for larger values of Riq (compare Figures 5a and 5c), and also in
response to supercritical currents (compare Figures 5b and 5a).

Regarding the partition of the current material, Figure 6 shows good agreement between the laboratory
and simulated buoyancy flux portions as a function of the density Richardson number (b versus Riq) for the
two types of gravity current regimes. Note that simulation results yield similar estimations of buoyancy flux
portions from the two approaches, which use simulated ambient density changes and simulated gravity
current profiles, respectively. Nevertheless, simulated and experimental results associated to similar values
of Fr and Riq have a maximum difference of 16.8%. This difference is more obvious in the supercritical cur-
rent regime (Figures 6b and 6d). For instance, the maximum Riq value required for a pure interflow, named

Table 3. Average Gravity Current Properties From Laboratory and Simulations Results for the Two Current Regimes (Subcritical Fr< 1,
and Supercritical Fr> 1)a

hb (cm) Uc (cm s21) DPd (kg m23) Fre

Laboratory Subcritical 1.68 3.3 14 0.69
Supercritical 2.06 5.1 8 1.31

Simulations and analytical Subcritical 1.61 3.36 9.5 0.86
Supercritical 1.95 4.34 8.1 1.1

aWe use the same values as in the simulations to dimensionalize analytical profiles by Sequeiros [2012].
bh—Average thickness of the gravity current (g.c.).
cU—Average velocity of the g.c.
dDP—Average density excess of the g.c.
eFr—Densimetric Froude number of the g.c.

Figure 4. Experimental (lab.) and RANS simulated (sim.) ambient water density profiles before the gravity current injection (qint) and after �7 min since the beginning of the injection
(qobs), gathered at x 5 1.17 m in the tank (Figure 2) during the experiments mark in bold in Table 2. Maximum standard deviations in the simulated profiles (due to the point of measure-
ment in the tank) are marked in the lower right corner of the graph with horizontal bars. Values of the normalized RMSE (nRMSE), Fr, and Riq are also included in each subplot. We also
added LES final ambient profiles in two runs (red dashed lines).
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Riq* (i.e., b1(Riq*) 5 1), is 12.5% larger in our supercritical simulations, while it is the same value both in experi-
mental and simulated results from the subcritical regime. The difference is likely due to the fact that we
could not reproduce a more accurate representation of the internal gradients of the gravity currents
observed in the laboratory (i.e., different Fr). However, simulation results provide complete time and spatial
series of velocity and density excess, which allow us to confirm assumptions made in the laboratory to
develop the partition theory of the current material at the density step, which could not be demonstrated
in the laboratory.

We have simulated the injection of different tracers within the vertical profile of the gravity current in order to
demonstrate that there is a height at the current z 5 zi such that Dq(z) 5 Dq12, which divides the injected current
buoyancy flux in two portions (b1 and b2). Thus, at t 5 2 min (experiments marked in bold in Table 2), we simulate
the injection of two pulses of different tracers (named, C1 and C2) with the same concentration (5 2 kg m23) dur-
ing a period of 1 min. Both tracers are injected at the same longitudinal location (SN 5 0.32 m), but throughout a
different set of cells in the vertical direction: C2 from the bottom to zi, and C1 between zi and the top of the current
(defined by h). Figure 7 shows the simulated tracer concentration distribution of C1 and C2 by the end of the pulse
injections (t� 3 min), for the two studied gravity currents (subcritical in Figures 7a and 7c, and supercritical in Fig-
ures 7b and 7d) and similar density steps, Riq � 20. For both current regimes, higher concentrations of C1 are
observed flowing along the density step (Figures 7a and 7b), while C2 values are larger along the bottom of the
system (Figures 7c and 7d). As a result, we observe by the end of the pulse injections a maximum of 89% of the
injected mass by tracer 1 retained at the density step (C1, standard deviation of 9%), while we measure up to 81%
of the injected mass by tracer 2 flowing along the bottom of the tank (C2, standard deviation of 5%). Thus, we
can confirm the assumptions made in the experimental partition theory based on the internal gravity current gra-
dients as physically possible.

4. Discussion

The numerical simulations are able to give us more insight into the physical process that characterize the
current partition using densimetric Froude number changes across the density step. We have shown that
the flux partitioning is well modeled by the numerical simulations, even though we have identified some
uncertainties. Thus, now we use further simulations to cover a wider range of gravity current regimes than
those studied in the laboratory, and include more field-relevant values of Fr.

4.1. Sources of Uncertainty
Two sources of error in the buoyancy flux portion estimations were identified in the laboratory: (1) the mea-
surement location of the density excess Dq(z) and velocity uG(z) profiles within the gravity current at the

Figure 5. Simulated spatial distribution of the tracer concentration (conc.) in the tank after 7 min of injection of the two simulated gravity
currents: (a and c) subcritical and (b and d) supercritical, into a stratified system with different density step (a and b) Riq � 42 and (c and d)
Riq � 7.
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slope (SN 5 0.32 m) before reaching the density step (S12 5 0.52 m, Figure 2), and (2) the measurement loca-
tion of the ambient density changes (x 5 1.17 m). Due to restrictions in the laboratory, Cort�es et al. [2014b]
showed only one characteristic profile at each location. However, in this work, we use simulation results to
evaluate the possible errors in the buoyancy flux portion estimates when profiles are taken over a range of
S and x locations at the slope and further from the ramp, respectively. Horizontal error bars in Figures 3 and
4 represent the maximum standard deviation of profiles gathered over a given range (S 5 [0.32 2 0.5] m,
and x 5 [1.17 2 1.67] m). As a result, vertical error bars and shaded regions in Figures 6c and 6d show uncer-
tainty of simulated b values, which ranged between 0.1 and 10%.

In addition to the errors associated with the location of profile measurements, simulation results have inher-
ent numerical errors or uncertainties. Thus, model performance evaluation is crucial in assessing modeling
efficacy [Bennett et al., 2013]. A complete analysis of uncertainty in the simulation can be found as a sup-
porting information document associated with this paper. Herein, we focus on the errors associated with
the vertical resolution, which we observed to significantly affect the modeled gravity current
hydrodynamics.

Numerical simulations by Legg et al. [2006] suggested that coarse resolutions could cause excessive mixing
within the downslope current. Our simulation results support this argument, since larger portions of the cur-
rent buoyancy flux are retained at the density step as an interflow (b1) for the same pair of Fr and Riq values

Figure 6. (a and b) Laboratory and (c and d) simulated buoyancy flux portions as a function of the density Richardson number (b versus
Riq) for the two types of gravity current: (a and c) subcritical (Fr< 1) and (b and d) supercritical (Fr> 1). Portions flowing as interflows and
underflows are named b1 and b2, respectively. Portions from current profiles are marked with lines (theoretical predictions), while portions
from ambient density changes in the tank (ambient observations) are represented by squares. The black dot marks the critical value of Riq*.

The shaded regions show the range of predicted values of b due to the error associated with the measurement location of current profiles
at the slope (Figure 2). Vertical lines on top of squares represent the maximum standard deviation in the portion values due to errors asso-
ciated to the location of the ambient density measurements in the tank.
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at coarser vertical resolutions (nk 5 32 and 64) than when using the actual (and finer) vertical grid spacing
chosen in this study, nk 5 128 (Figure 8). In addition, experimental portions of b1 measured in the laboratory
are almost coincident with those simulated considering nk 5 128 (Figure 8, compare with dashed lines), jus-
tifying our choice of nk. Furthermore, we have performed an additional set of simulations with finer vertical
resolution, nk 5 256, which show similar b1 to those yielded by runs with nk 5 128 (Figure 8). This confirms
the effectiveness of the turbulence model in controlling the observed mixing. We also observe larger incre-
ments of simulated b1 portions with coarser resolution when the supercritical currents (Fr> 1) enter weak
stratified water columns (Riq �7). As a result, we should carefully define the vertical resolution of the simu-
lated domain in order to provide a correct representation of the inflow behavior and its partition when
entering a two-layered system. Assuming that simulation results yield the sort of errors described in this

Figure 8. Uncertainty in the estimations of the buoyancy flux portion flowing as an interflow (b1) as a function of the vertical grid cells (nk).
Results are shown from the injection of two different current regimes (subcritical in 8a and supercritical in 8b) into a stratified system with
density step Riq. The dashed lines mark the experimental portion b1 measured in the laboratory for each pair of values Fr and Riq.

Figure 7. Simulated spatial distribution of the two pulses of different tracers (C1 and C2) injected into different vertical locations at SN after 3
min release of the two gravity currents, (a and c) subcritical and (b and d) supercritical, into a stratified system with a density step Riq � 20. Con-
centration of the tracer injected at the top of the current (C1) is shown in Figures 7a and 7b, while concentration of the tracer injected at the
bottom of the current (C2) is shown in Figures 7c and 7d.
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section, we will now use the model to characterize the impinging process of a wider range of gravity cur-
rent regimes (Fr) and stratification strengths (Riq), which are likely to find in lakes and the ocean.

4.2. Behavior of Gravity Currents With Extreme Regimes
A wide range of published field measurements [Peters and Johns, 2005; Arneborg et al., 2007; Fer et al., 2010]
have shown more dramatic velocity and density vertical gradients within gravity currents than those shown
in the laboratory currents studied by Cort�es et al. [2014b]. Here we have run new sets of simulations where
inflow conditions (thickness h0, velocity U0, and density q0) are varied but the experimental inflow B0 is kept
constant, in order to create gravity currents with more extreme regimes than in the laboratory. As a result,
we aim to characterize the effects of the impingement on the vertical structure of five different gravity cur-
rents (Fr 5 [0.61, 0.78, 0.86, 1.1, 1.22]) into five stratifications Riq � [5, 20, 30, 40, 60].

4.2.1. Changes of the Internal Gradients Within the Current Due to Its Impingement
Our simulation results presented in Figure 9 show significant changes of the vertical current velocity uG(z)
and density excess Dq(z) profiles at two different cross sections located upstream (xu 5 0.25 m) and down-
stream (xd 5 0.75 m) of the density step S12 (Figure 2). In general, the current reduces its velocity due to the

Figure 9. Vertical profiles of (a and c) velocity uG(z), and (b and d) density excess Dq(z) at two different locations in the slope (Figure 2):
upstream (u) and downstream (d) of the density step (S12). Each horizontal pair of plots corresponds to a different run with characteristic Fr
and Riq values and gravity current behavior: (a and b) underflow when Fru 5 0.78 and Riq 5 5; (c and d) split flow when Fru 5 0.86 and
Riq 5 30. We also mark the average properties at the current (thickness h, velocity U, density excess DP, and Froude number Fr) for each
experiment and location.
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impingement. However, the changes in the variables depend both on the current regime (Fr) and density
stratification (Riq). For instance, when the current forms underflows after crossing the density step (e.g., Fig-
ures 9a and 9b, Fru 5 0.78 and Riq 5 5), it suffers both a reduction in the average velocity and density excess
(DPu 5 19.2 kg m23>DPd 5 14.1 kg m23), while the current becomes thicker downstream (hu 5 1.35
cm< hd 5 1.44 cm). As a result, the modified current after S12 presents a Frd larger than upstream
(Fru 5 0.78< Frd 5 0.83). However, when a split flow is observed in our simulations (e.g., Figures 9c and 9d,
Fru 5 0.86 and Riq 5 30), the average current density excess increases when crossing the Dq12 (DPu 5 16.5 kg
m23<DPd 5 17.8 kg m23), while it becomes thinner downstream (hu 5 1.5 cm> hd 5 1.2 cm), and thus the
modified current downstream is characterized by smaller densimetric Froude number than upstream
(Fru 5 0.86> Frd 5 0.61). As a result, we propose to evaluate the changes of the densimetric Froude number
across the density step, in order to diagnose the changes of the current properties due to its impingement
depending on the formation of underflows, split flows or interflows in our simulated experiments (Figure 1).
4.2.2. Changes of Densimetric Froude Numbers Across the Density Step
Many field, laboratory and numerical studies of gravity currents have used the densimetric Froude number
(or its inverse-related Richardson number, Ri 5 Fr22) as a measure of the importance of inertial to buoyancy
forces [Dallimore et al., 2001; Sequeiros et al., 2010; Venayagamoorthy and Fringer, 2012]. Here we quantified
the normalized variation in Fr upstream and downstream of the density step, as DFrud/Fr 5 (Fru 2 Frd)/Fru, in
order to evaluate the changes suffered by the current when crossing a density step, and resulting in differ-
ent vertical distributions of the current material in the ambient water column (Figure 1). In addition, we
used the theoretical partition of the inflowing buoyancy flux (b portions) determined by the different simu-
lated current profiles to characterize the different gravity current behaviors. We have assumed that under-
flows are formed when the theoretical b1 ranges between 0 and 35%, split flows could be observed if b1 �
35–75%, and interflows will be related with b1> 75% (Figure 10a).

We have observed different ranges of the normalized change in Fr across the density step depending on the
resulting current behavior (Figure 10b). Underflows are formed in those runs characterized by DFrud/Fr< 0,
since a larger value of the densimetric Froude number is measured downstream Dq12 (Fru< Frd). We associ-
ated this fact with the low flow stripping of the lighter interfacial material at the density step, observing a
more supercritical current downstream the density step, which presents thicker interface layers at the top of
the current and smaller average density excess of the current after it crosses S12 (hu< hd, and DPu>DPd). All
these changes are indicative of a strong mixing of the current with the ambient water downstream.

Split flows and interflows are observed when DFrud/Fr> 0 (Figure 10b) due to the fact that smaller values of
Fr are estimated after S12 (Fru> Frd). We relate this observation with a significant stripping of interfacial
material at the density step, which results in a downstream current with a thinner interface layer and larger
density excess (hu> hd, and DPu<DPd). In this case, these observations indicate lower mixing between the
current and ambient water after its impingement. We have identified split flows when DFrud/Fr 5 [0, 0.5]
and interflows if DFrud/Fr 5 [0.5, 1].

In general, the described differences in DFrud/Fr across the density step can be associated with the system-
atic changes in density profiles. As shown by Cort�es et al. [2014b, Figure 2], low Froude number flows have
less diffuse velocity and density gradient than high Froude number flows. This is driven by the increase in

Figure 10. Theoretical predictions (from simulated current profiles) of buoyancy flux portions flowing as interflow (b1) as a function of: (a) den-
sity Richardson number, Riq, (b) normalized changes of the densimetric Froude number across the density step, DFrud/Fr. Dashed rectangles
mark the range of values of b1 associated with split flows. Different symbols represent different gravity current regimes.
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interfacial entrainment rates as a function of Froude numbers [Ellison and Turner, 1959; Cenedese and
Adduce, 2010]. We have estimated the entrainment coefficient as the change in the average current thick-
ness downslope, E 5 dh/dS [Ellison and Turner, 1959], which yields different values of E depending on the
measurement location respect to S12 (upstream and downstream) and the observed current behavior.
The current described in Figures 9a and 9b (forming an underflow) yields Eu 5 0.058 and Ed 5 0.062, while
the current associated with the split flow (Figures 9c and 9d) shows Eu 5 0.064 and Ed 5 0.046. Thus, higher
levels of mixing between current-ambient after the impingement water are expected when underflows are
formed (Fru< Frd) while lower mixing downstream is quantified when we observe split flows or interflows
(Fru> Frd).

5. Conclusions and Implications

We have shown that the vertical distribution of a 2-D gravity current entering a stratified system is critical to
determining how material is portioned upon encountering a sharp density step. Simulated results repro-
duce recent experimental observations of buoyancy flux partition, which quantify the portion of a gravity
current which flows as interflow and/or underflow after its impingement with a density step. In addition,
our simulation results show good agreement with laboratory data on reproducing both: (1) the internal gra-
dients of the two study gravity current regimes (characterized by the densimetric Froude number, Fr, as
subcritical and supercritical), and (2) the change in the ambient stratification of the two-layered system
(with different stratification strengths or density Richardson number, Riq) after the injection of the dense
inflow. The physical validation of the modified parallel nonhydrostatic Navier-Stokes’ solver of Cui [1999]
with our implementation of a zero-equation turbulence model, allowed us to (1) successfully confirm,
through tracer experiments, the experimental assumptions of buoyancy flux partition of the gravity current
suggested in the laboratory, and (2) evaluate errors in the analytical partition theory due to both the mea-
surement location of the available laboratory data, and numerical uncertainties associated with the vertical
resolution of the computational domain. According to simulation results, changes in the locations where
laboratory data were gathered did not significantly modify the predicted portions of the current that flows
as interflow or/and underflow after impinging a sharp density step. Regarding numerical uncertainties, we
found that vertical resolution is the key parameter to determining the internal structure of gravity currents,
and hence their splitting behavior. Of secondary importance is the exact form of parameterizing diffusivity
as a function of Richardson numbers, as we found only small differences between using constant values
from Munk and Anderson [1948] versus Strang and Fernando [2001]. In addition, particular attention should
be taken for the simulation of supercritical currents into weakly stratified systems, since the lower the reso-
lution, the larger the portion flowing as interflow, even tending to hide the actual splitting of the current.

Our simulations are very relevant for many natural lakes where relatively weak density steps can develop at
the thermocline. For example, in Mediterranean stratified reservoirs during the late summer-early fall. Cort�es
et al. [2014a] observed small density steps (Dq12 5 0.07 kg m23) within the stratified column of Lake B�eznar
(Spain) by the end of the stratification season (September 2009, see their Figure 5), when they reported the
formation of split flows. Similar density steps were also observed in Lake Geneva during the field study of
Halder et al. [2013, Figure 6] in October 2010, when they used an isotopic analysis of Rhône river water to
identify interflows below the surface-mixed layer. Our simulations should motivate more careful field-work
to determine if there could be significant flow splitting occurring in cases where any interflows are
detected.

We have characterized the current partition process of a wide range of current regimes (0.61< Fr < 1.22)
through the changes in the densimetric Froude number across the density step in order to diagnose the
changes in the current when crossing Dq12. When underflows are formed, more supercritical currents are
observed downstream the density step compared to upstream (Fru< Frd), and thus, strongest mixing of the
current with the ambient water has been identified after the impingement. The large values of Fr down-
stream are associated with thicker interface layers and smaller average current density excess due to the
low flow stripping of the lighter interfacial material at the density step.

However, when split flows and interflows are formed, smaller Fr values are identified after the current
crosses the density step (Fru> Frd), which indicates lower mixing between the current and ambient water
downstream. The formation of more subcritical currents after the impingement is due to the significant
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stripping of interfacial material at the density step, which results in a downstream current with a thinner
interface layer and larger density excess. As a result, flow stripping at the density step can actually increase
the average density excess of the remaining fluid that intrudes below the surface layers. A direct conse-
quence of this observation is that the material flows deeper than expected from just the average properties
of the gravity current. Aagaard et al. [1985] suggested this point when showing how temperature and salin-
ity relationships of water in the Arctic Ocean changed as the masses flowed deeper.

Large-scale oceanographic gravity currents are highly turbulent and are strongly influenced by Coriolis
forces that arise from the Earth’s rotation. To gain some understanding of the implications of our results
when dealing with highly turbulent currents, we have run new numerical experiments in which a gravity
current of Regc � 10 entered into a two-layered stratified system with three different density steps (Riq � [5,
10, 20]). The resulting b1 portions flowing as an interflow increased 5–8% compared to those yielded by a
previously simulated current with Regc � 8.5 (Table 3). These results suggest that highly turbulent oceanic
currents with Regc almost six orders of magnitude larger than our laboratory-scale currents are likely to
detrain even larger buoyancy flux portions at a density step than those presented in this study. This trend
in increasing entrainment rate with increases in Reynolds number has also been described by Cenedese and
Adduce [2010] and Wells et al. [2010].

The influence of Coriolis forces on oceanographic gravity currents results in changes to the downward tra-
jectory, velocity, and the internal circulation. The deflection of downslope gravity currents due to the Corio-
lis force in a rotating system is well documented, and in the Northern Hemisphere the deflection is to the
right-hand side (looking downstream) so that a curved trajectory will result for gravity currents flowing
down on a uniform slope [Cenedese et al., 2004; Davies et al., 2006]. The Burger number can be used to
determine the relative importance of rotation on gravity current dynamics, which is defined as Bu 5 (g00H)/
(f L), where f is the Coriolis parameter. Thus, Bu represents the ratio of the time scale over which rotational
effects become important to the advective time scale of the gravity current. Our laboratory-scale simula-
tions clearly yield values of Bu� 1, and thus we do not consider the effects of rotation on the development
of intrusions in our numerical study. However, interflows formed in the ocean or large lakes may have
Bu< 1.

To first order, oceanographic gravity currents are in a geostrophic balance, and their depth averaged veloc-
ity U is reduced in comparison to a similar nonrotating flow [Nof, 1996; Cossu et al., 2010]. Thus, the Froude
number of these geostrophic flows is generally lower than similar nonrotating flows, which implies that
there will be lower entrainment rates [Turner, 1986; Wells et al., 2010]. A reduction in entrainment with
increasing rotation rate has also been seen experimentally [Cenedese et al., 2004; Wells and Wettlaufer,
2007]. Thus, one impact of Coriolis forces is that a smaller fraction of the gravity current flowing as interflow
may split at the density step due to the decrease in entrainment, compared to a similar nonrotating gravity
current. The presence of entrainment at the upper interface of the gravity current, and drag at the lower
boundary, means that oceanographic gravity currents are not in a pure geostrophic balance, and the result-
ing upper and lower Ekman layers result in a transverse secondary circulation, as reported in the Faroe Bank
Channel by Johnson and Sanford [1992], and in experimental studies [Cossu et al., 2010]. This transverse cir-
culation is at most 10% of the downstream flow, and should not change the basic splitting processes we
have discussed in this paper. However, it is likely that this transverse circulation will make subtle changes to
the vertical distribution of both density and downstream velocity compared to the nonrotating gravity cur-
rents. These changes in secondary circulation and a decrease in the bulk downstream velocity that are both
due to Coriolis forces, mean that the predicted partition theory by Cort�es et al. [2014b] from nonrotating
laboratory experiments may need to be modified for use in large-scale quasi-geostrophic gravity currents.
Hence, we suggest further numerical work considering more turbulent currents (higher Regc), as well as the
influence of the Coriolis force on the exact details of density and velocity profiles, in order to gain more
insight into the formation of multiple intrusions in large lakes or the ocean.

The numerical model presented here can be also extended to predict the partition of a wide range of grav-
ity current regimes entering different stratified systems (e.g., linearly density stratified). Our results show
that it is critically important to resolve the internal density gradients of the gravity current in order to cor-
rectly model mixing. The simulation of excessive mixing would result in the failure to correctly predict the
river inflow partition in field settings, which has strong implications for the fate of dissolved substance (e.g.,
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nutrients) in the cold river water entering natural water bodies or in dense gravity currents flowing into the
deep ocean.
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