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Abstract

Despite a multitude of models predicting sediment transport dynamics in an open-channel flow, the interaction between
fluid and sediment, so to produce self-organized vertical density stratification, has not been robustly investigated and
as such is poorly understood. This two-phase phenomenon develops in channels that possess low channel-bed slope
and high sediment concentration. As the Yellow River, China, maintains one of the highest sediment loads in the
world for a low sloping system, this location is ideal for documenting particle and fluid interactions that give rise
to density stratification. Herein, we present analyses from a study conducted over a range of discharge conditions
(e.g., low flow, rising limb, and flood peak) from a lower reach of the Yellow River, whereby isokinetic water samples
were collected at targeted depths to measure sediment concentration and, simultaneously, velocity measurements were
collected throughout the flow depth. Importantly, sediment concentration varied by an order of magnitude between
base and flood flows. By comparing measured concentration and velocity profiles to predictive models, we show that
the magnitude of density stratification increases with sediment concentration. Furthermore, a steady-state simulation
of sediment suspension is used to determine that sediment diffusivity increases with grain size. Finally, we use this
model to simulate concentration and velocity profiles over a spectrum of conditions that represent typical global river
conditions during bankfull flow. We determine that the magnitude of density stratification can be predicted by a

function that considers an entertainment parameter, sediment concentration, and bed slope.

1 Introduction

The interaction of sediment and water is a fundamental topic of sedimentology, and yet the development and
effects of density stratification and the budget for turbulent kinetic energy in natural rivers are not well understood (e.g.,
M. H. Garcia, 2008). Stratification develops where differences in fluid density arise due to, for example, temperature
or salinity gradients (Turner, 1979). A stable stratification develops where a lower density fluid is positioned above
a higher density fluid, and vertical mixing is inhibited. Suspended sediment in flows creates a stable stratification,
because higher sediment-induced effective density is located near the bed (Turner, 1979). However, turbulent mixing
disrupts density stratification, rendering it weak and often ephemeral in rivers (e.g., van Rijn, 1984). Measurements
of stratification dynamics are limited, and so physical models are poorly constrained (Wright & Parker, 2004a). This
research aims to assess predictions of flow velocity and sediment concentration dynamics, thereby advancing models

for studies that seek to constrain sediment fluxes in lowland rivers and coastal deltas (Ma et al., 2020).

Sediment discharge in large, low-lying rivers is dominated by suspended transport (Milliman & Meade, 1983;
Wright & Parker, 2004a, 2004b; Nittrouer et al., 2008). Suspended load is calculated by integrating the product of

velocity and concentration over the cross-sectional area of flow:

qs = /H i(z)e(z) dz, 1)

where z is a quasi-vertical coordinate (i.e., assuming a low channel slope), H is the flow depth, i is the streamwise
velocity (time-averaged), and ¢ is the volumetric sediment concentration (time-averaged). Thus, accurate prediction
of sediment transport in low-lying rivers and delivery to coastal deltas requires determining velocity and suspended

sediment concentration depth-profiles.

Traditionally, models of velocity and concentration assume a dilute suspension, that is, a flow with small depth-
averaged concentration (Rouse, 1937), whereby particles do not modulate flow. Experimental testing revealed that
suspended sediment inhibits turbulent mixing due to density stratification, which increases the vertical velocity gradi-

ent, and changes the equilibrium sediment concentration profile (e.g., Vanoni, 1941, 1946; Einstein & Chien, 1955).



Stratified suspensions are known to exist in the field (e.g., Colby & Hembree, 1955; Nordin & Dempster, 1963), but
have not been systematically explored, so as to determine the necessary conditions for the development of density

stratification.

Herein, we present measurements of flow velocity and sediment concentration from the Yellow River, China,
collected at river discharges varying over several orders of magnitude. We measured the grain-size distribution of each
sample to determine grain-size specific effects of turbulent kinetic energy distribution, and used these measurements
to improve theory for profiles of velocity and sediment concentration. In particular, we evaluate various models
for concentration profiles in open-channel flow under stratified conditions, the behavior of sediment diffusivity with
respect to fluid over flow depth and changes in sediment concentration, and modulation of sediment entrainment rates
due to stratification. To our knowledge, this is the most detailed and comprehensive study of density stratification in a

natural river system, to date.

2 Modeling the effects of density stratification

Open-channel flow structure is due to momentum redistribution through turbulent mixing (Turner, 1979). The
Prandt]l mixing length analogy is often utilized to close turbulent fluxes in one-dimensional profile modeling, which
assumes an eddy viscosity profile (Kj,) that varies parabolically with distance above the bed (Rouse, 1937; Doshi &
Gill, 1970):

K = oxu,z(1—(z/H)), )

where u, = \/W is the fluid shear velocity (a representation of basal shear stress 7, in units of LT~!, where p is
fluid density), k = 0.41 is the von Kédrmén constant (Einstein & Chien, 1955; Nezu & Rodi, 1986), and « is a depth-
averaged adjustment to the eddy-viscosity profile which accounts for density-stratification effects due to sediment
entrainment (Einstein & Chien, 1955; Wright & Parker, 2004b). A clear-water eddy viscosity profile (K,) is defined
by the eddy viscosity adjustment coefficient ¢ = 1.

Integrating the eddy viscosity profile over z, and applying empirical closure for an integration constant zg = k, /30

gives the log-law velocity profile for a steady, uniform, and hydraulically rough flow:
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where k; = 3D is the roughness height, and Dyj is the 90™ percentile of the cumulative grain-size distribution of bed
sediment (Nikuradse, 1926; van Rijn, 1984).

The vertical profile of sediment concentration for grain size i is (Rouse, 1937):
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where ¢p; is the time-averaged near-bed concentration for grain size i (at z = b, where b is a near bed elevation), and Zg;
is the Rouse number for grain size i. The Rouse number characterizes the balance between particle settling velocity
(wsi; computed herein via Dietrich, 1982) and the upward advection of sediment by turbulent eddies, which scales
with shear velocity (u,) (Figure 1b; Rouse, 1937; Vanoni, 1946). As Zg — oo, sediment is concentrated near the bed,

and as Zg — 0 sediment concentration is vertically uniform (Figure 1b).
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Figure 1: a) Dimensionless (normalized) log-law velocity profile calculated by Equation 3 for a shear
velocity u, = 0.1 m/s, flow depth H = 3 m, and roughness height k; = 4.8 x 107* m. A decrease in «
causes an increase in the velocity gradient. b) Dimensionless (normalized) Rouse profiles calculated by
Equation 4. A decrease in o increases the Rouse number.

Numerous researchers have tested the velocity log-law and Rouse suspended sediment concentration profile
relations with data collected from laboratory experiments (Vanoni, 1941; van Ingen, 1981; Coleman, 1986; Lyn, 1986;
Nezu & Rodi, 1986; Villaret & Trowbridge, 1991; McLean et al., 1994; Ghoshal & Mazumder, 2005; Vanoni, 2006;
Cornell, 2007), the field (Anderson, 1942; Barton & Lin, 1955; Colby & Hembree, 1955; Colby, 1964; Coleman,
1970; Smith, 1977; Smith & McLean, 1977a, 1977b; Vanoni, 1980; Coleman, 1981; van Rijn, 1984; Nittrouer et al.,
2011), and through numerical simulations (Hsu et al., 2004; Amoudry, 2005; Chan-Braun et al., 2010). The log-law
velocity and Rouse concentration relations are intended for dilute suspensions (Villaret & Trowbridge, 1991; Vanoni,
2006; M. H. Garcia, 2008), and several assumptions, described in the following sections, are invalid for flows with
high sediment concentration or a low channel-bed slope (van Rijn, 1984; Parker & Coleman, 1986; Wright & Parker,
2004a).

2.1 Density stratification

Suspended sediment increases the effective density of the fluid, and higher sediment concentration near the bed
produces a vertical density gradient that induces a negative buoyancy and modulates eddy viscosity by increasing
the dissipation of turbulent eddies. Hence, density stratification limits redistribution of momentum and sediment and
invalidates the Prandtl mixing length assumption and parabolic eddy viscosity profile (Equation 2 Rouse, 1937; Wright
& Parker, 2004a).

The gradient Richardson number characterizes the strength of density stratification (Smith & McLean, 1977b;
Gelfenbaum & Smith, 1986; McLean, 1991, 1992; Wright & Parker, 2004b) by quantifying the balance of energy lost
working against a density gradient to the turbulent kinetic energy generated by fluid shear:

Ri— Rg Y\ wyiCi
ut(1—(z/H))(di/dz)’

(6)



where R = (ps — p)/p is the submerged specific gravity of sediment, p; is the sediment density, g is the gravitational
acceleration constant, and 7 is the total number of grain sizes in suspension (Turner, 1979; Wright & Parker, 2004b;
Lamb & Parsons, 2005). A non-dimensionalized, depth-averaged, and cumulative grain-size (i.e., bulk) version of
Equation 6 is given by the sand-river Richardson number (Wright & Parker, 2004a), where:

C
Rig, = RWSSO Cm

© So’ (N

An alternative turbulence closure scheme that retains buoyancy effects demonstrates that density stratification is
governed by the sediment dimensionless settling velocity (wy/u.), sediment concentration (¢), and water-surface slope
(So) (i.e., Equation 7; Mellor & Yamada, 1982; Villaret & Trowbridge, 1991; Wright & Parker, 2004a). The sand-river
Richardson governing parameters from several natural rivers show that the dimensionless settling velocity (w; so/u.)
varies independently of discharge and slope (Figure 2b). In contrast, the ratio of discharge-weighted sediment concen-
tration to slope (C,,/So, Figure 2a) increases significantly from low to high discharge in low-sloping rivers, but only
mildly in steeper rivers. Further, Wright and Parker (2004a) identified a reduction in the depth-averaged eddy viscos-
ity correlated with a decrease in C,, /Sy ratio (Figure 2c), and thus concluded that a low channel bed slope enhances
density stratification effects (Wright & Parker, 2004a). However, for a given river, sediment concentration may vary
by up to two orders of magnitude, whereas slope varies minimally over a wide range of discharges (Figure 2a). Thus,
while the potential for density stratification is modulated by the channel-bed slope (Wright & Parker, 2004a), the ac-
tual magnitude of density stratification is principally dependent on sediment concentration. However, development of
density stratification as a function of water discharge and sediment concentration in natural open-channel flows lacks

complete understanding due to a lack of data.

A change in eddy viscosity over the flow depth is often parameterized as a function of the Richardson number
(i.e., K = Ko f(Ri)) (Smith & McLean, 1977b; Gelfenbaum & Smith, 1986; McLean, 1991, 1992; Wright &
Parker, 2004b). Here, the eddy viscosity profile adjustment from Wright and Parker (2004b) is used: let K,.q =
Kn /Ko, the ratio of the depth-averaged sediment-laden fluid eddy viscosity (K,,) to the depth-averaged clear-water
eddy viscosity (K,,0). Wright and Parker (2004b) cast the depth-averaged eddy viscosity reduction as the density-
stratification adjustment coefficient owpoy (Figure 2d):

1—0.06(¢,/80)%7"  for (¢,/Sy) < 10
— { (¢/S0) (¢5/S0) < ®

0.67 —0.0025(¢,/So)  for (¢,/Sg) > 10

Decreasing « increases the vertical velocity gradient and lowers the suspended sediment concentration. The obser-
vations used to develop owpos (Equation 8) arise from applying a buoyancy-stratified model to solve for a sediment
concentration profile using depth-averaged data, and then computing the depth-averaged eddy viscosity adjustment co-
efficient (Wright & Parker, 2004a, 2004b). However, the buoyancy-stratified model (Mellor & Yamada, 1982; Wright
& Parker, 2004a) has not been rigorously tested against concentration or velocity profiles from natural river systems.
A detailed description of this model is given by Yeh and Parker (2013).

We compare three models for velocity and concentration throughout the text: (i) Equations 3-5 for & = 1 yield a
dilute suspension prediction (denoted by variables with subscript 1.0), (ii) Equations 3-5 for ot = f(wy/us, C, So) yield
an o-stratified prediction (where a subscript on ¢ denotes a specific prediction or analytical approach; Equation 8),
and (iii) a buoyancy-stratified model that assumes Reynolds-averaged turbulent characteristics are in local equilibrium
(the “Level 2-1/2” model; Mellor & Yamada, 1982; Galperin et al., 1988; Yeh & Parker, 2013) (denoted by variables
with subscript MY).
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Figure 2: Selected figures after Wright and Parker (2004a, 2004b), displaying trends from six sand-bed
rivers, and estimated values at 5% exceedance discharge. a) Ratio of total discharge-weighted suspended

sediment concentration to slope versus slope. b) Dimensionless settling velocity versus slope. c¢) depth-

averaged reduction in eddy viscosity versus slope. d) Predictive relationship for depth-averaged reduction

in eddy viscosity (Equation 8).



2.2 Sediment diffusivity

The Rouse sediment concentration profile (Equation 4) and and buoyancy-stratified models assume that sedi-
ment diffusivity is equal to the kinematic eddy viscosity, whereby the sediment diffusivity coefficient f = K, /K, = 1
(Rouse, 1937; Rouse, Hunter, 1939). This definition implies that sediment diffusivity is not independent from density
stratification, because each depends on eddy viscosity (K,), which is modulated by stratification. Indeed, if the effects
are assumed to interact linearly to modulate the Rouse number (i.e., if Zg ; = wy ; / B atv ku..), then the sediment diffusiv-
ity can be identified in the discrepancy between field measured concentration profile and velocity profile adjustments

(B =oy/ow).

The behavior of sediment diffusivity § is frequently debated (Murray, 1970; Coleman, 1970; Jobson, 1970;
Lees, 1981; van Rijn, 1984; Whitehouse, 1995; Cellino & Graf, 1999; Rose & Thorne, 2001; Graf & Cellino, 2002).
Some suggest that higher sediment inertia (due to greater density) prevents an immediate response to turbulent velocity
fluctuations (8 < 1). Alternatively, higher sediment momentum could also thrust particles from eddies, and thus have a
diffusive effect (8 > 1). In actuality, the behavior of 3 likely varies with depth, and is dependent on both grain size and
sediment concentration (Lees, 1981; Cellino & Graf, 1999; Greimann et al., 1999; Graf & Cellino, 2002; Amoudry,
2005; Ghoshal & Pal, 2014). The buoyancy-stratified model assumes a sediment diffusivity of § = 1, which enables
a comparison between field data and modeled profiles to reveal the behavior of sediment diffusivity with respect to

turbulence, as a function of grain size.

2.3 Sediment entrainment

The net vertical sediment flux near the bed depends on the balance of upward flux of sediment from the bed
(the entrainment rate, E,) as a function of transport stage, and a downward flux (the deposition rate, D,) dependent on

sediment concentration and settling velocity:
Fz:b :Er_Dr:Ws(ES_Eb)a 9

where E; = E,/w; is a dimensionless entrainment rate (i.e., volume per-unit-bed-area per unit time; M. H. Garcia,
2008). At equilibrium, the net sediment flux (F,—, = 0) is zero, and the dimensionless entrainment rate is equivalent to
the near-bed concentration, Es = . As transport stage of the flow changes, entrainment and the near-bed concentration

are modulated.

It remains unclear how turbulent dampening modulates sediment entrainment. Intuitively, it may be expected that
the sediment entrainment rate is reduced by dampening of turbulence intensity and magnitude of entraining turbulent
eddies; however, a near-bed sediment-laden fluid layer could minimize drag from the channel bed, and thus sustain
a shear velocity consistent with an unstratified flow (Vanoni, 1941). Turbulent kinetic energy is consumed by the
near-bed density gradient over a shortened length (height) scale, and energy is utilized to keep sediment in suspension
(e.g., M. Garcia & Parker, 1991, 1993). The relationship between density stratification and entrainment has not been
explored experimentally or with data from natural open-channel flows.

Many entrainment relations exist in the literature, with a wide range of necessary parameters (reviewed in
M. H. Garcia, 2008). The relations are typically of the form: E; = f(1,D,...), where parameters other than 7,
and D include critical stress of mobility (7.,), slope (S), and/or Richardson number (Ri) (van Rijn, 1984; M. H. Garcia,
2008). Wright and Parker (2004b) develop a relation that depends on the channel bed slope and thus incorporates the



effects of density stratification:

B(AX;)®
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where X; is the entrainment parameter of grain class i, A = 1 — 0.2804 where 0y is the standard deviation of the
channel-bed sediment in the sedimentological ¢ scale, B = 7.8 x 10~ is an empirical constant, Uy sk = +/ T skR8Ds0
is the component of shear velocity partitioned as skin friction on the bed and 7, 4 = 0.05 + 0.7(7,Fr%7)08 where

Fr=U/\/gH, Rep; = (/RgD:D;) / v is the particle Reynolds number of grain class i, where v is the kinematic
viscosity of the fluid, D; is the characteristic diameter of grain-class i, and Dsg is the median grain diameter of the
bed sediment (M. Garcia & Parker, 1991, 1993). A potential problem with this approach is that density stratification
effects are fixed for a given slope (in contrast to Figure 2b; Wright & Parker, 2004a). This model provides some
consideration of density stratification effects through the Froude number and shear stress partitioning; however, it is

not clear whether this will capture the full range of density stratification in a river.

3 Yellow River fluvial system

Density stratification is expected to develop in low-slope and high sediment concentration flows (Wright &
Parker, 2004a). The Yellow River is thus an ideal natural laboratory to explore the development and effects of density
stratification on hydrodynamics and sediment transport. The Yellow River flows across northern China, generally from
west to east, draining an area of 752,000 km? over a river length of 5,460 km, before entering the Bohai Sea (Figure
3) (van Gelder et al., 1994; Ren & Walker, 1998; Saito et al., 2000). The drainage basin includes the Loess Plateau, an
unconsolidated sediment deposit ~100 m thick comprised of very-fine sand and silt (Saito et al., 2001; Yu, 2002; Ma
et al., 2017), which is readily eroded and contributes to the large sediment discharge of the Yellow River (1 Gt/yr Yu,
2002). With a bankfull discharge of 3,000-4,000 m3/s, sediment concentration in the lower Yellow River is remarkably
high, approximately one to two orders of magnitude greater than other large lowland rivers (e.g., Mississippi River
and Amazon River) (Wang & Liang, 2000; Yu, 2002). In the lower Yellow River (lowermost ~200 km) bankfull
flow depth ranges 2—6 m, and channel width averages 400 m. Channel bed slope in the lower Yellow River takes
the approximately constant value 6.4 x 1075 (Moodie et al., 2019). Yellow River sediment concentration varies by
several orders of magnitude as a function of water discharge (Ma et al., 2017; Moodie et al., 2019), which provides
the opportunity to study development of density stratification with progressively changing sediment concentration.

3.1 Field measurements

Three field campaigns in the summers of 2015, 2016, and 2018 were conducted between 80—-100 km upstream
of the river mouth, near the cities of Kenli and Lijin (Figures 3, 4a; Moodie, 2019). This reach of channel is upstream
of backwater influence (Ganti et al., 2014; Moodie et al., 2019). Field survey objectives included collecting water
column velocity and concentration measurements over a range of water discharge conditions from 21 stations (Figure
4).

During the 2015 survey, a single point-integrated water sample (1 liter) was collected at three fixed heights above

the bed (z/H = 0.05, 0.25, and 0.5), and a channel bed grab sediment sample was collected to assess bed material



Bohai Sea

Figure 3: Map of the lower Yellow River; inset shows drainage basin and course of Yellow River across
mainland of China. The study area is 80—-100 km upstream of the river mouth, the yellow box contains the

map areas shown in Figure 4.

grain size (Figure 5a). In the 2016 and 2018 surveys, a bed sediment sample and three water and suspended sediment
samples were collected at five points above the bed (z/H = 0.05, 0.15, 0.25, 0.5, and 0.9) for a total of 15 samples at
each station (Figure 5b—c). Suspended sediment samples were collected using a temporal window of 15-30 seconds.
Three samples collected at each height provided a means to accurately constrain the mean sediment concentration and

grain-size distribution in the flow (Gitto et al., 2017).

Water samples were processed to determine sediment concentration by measuring total sample water volume,
weighing the dried samples, and assuming a sediment density of 2650 kg/m3. The grain-size distribution of each
sample (suspended sediment and channel bed samples) was determined by laser diffraction in a Malvern Mastersizer
2000 instrument. The washload fraction of the suspended sediment samples was removed by excluding the fraction
of sediment less than 15 um (Figure Sa—c; Ma et al., 2017), and the grain-size distributions were renormalized and
cast into a logarithmically-spaced six-class distribution. Stations where the cumulative concentration profile did not

monotonically increase with depth were identified as outliers (n=7), and plotted as open symbols in figures herein.

Sample processing resulted in more than 1,700 grain-size specific sediment concentration measurements that
span the range of flow depth and discharge of the lower Yellow River. In order to evaluate the data on a per-station basis,
grain-size specific profile statistics are combined by a weighted average (based on the probability density function of

the grain-size distribution) to yield a single bulk statistic characterizing the station.

3.2 Survey measurements

The samples in this study are all collected from the same reach; water surface slope, So = 6.4 x 1073, is measured
from a shipboard navigation system (Moodie et al., 2019). Measured sediment concentration from all surveys are
shown in Figure 5d—f. Floods during the 2015 and 2018 field surveys (>2,000 m3/s) generated near-bed sediment
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Figure 4: a) Overview of survey reaches from this study, Lijin (upstream) and Kenli (downstream), located
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which three stations are located (2015 survey). KC- refers to a station from 2016 or 2018. c) Field survey
map of the Lijin survey reach. LT- refers to a transect along which 2-3 stations are located (2015). Images

from Sentinel 2 satellite, February 10 2016. d) Composite hydrograph from three survey years; symbols
denote timing of station surveys, which cover the full range of the hydrograph.
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sediment concentration as a function of normalized collection height, for each survey year. g—i) Boxplots

of Ds, D5, and Dq for all suspended sediment and channel-bed samples, for each survey year.
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concentration in excess of 30 g/L. In contrast, without a flood, the near-bed concentration during the 2016 survey is,
on average, 80% lower than 2015 and 2018. Overall, the measured concentration decreases with increasing distance
above the bed (Figure 5d—f). Multiple samples collected from the same depth show little variability in concentration or
grain-size distribution (Figure 5), which provides evidence that the concentration profiles reflect time-averaged values.
Velocity profiles were fit with a log-law model (Equation 3) to determine local shear velocity (Nittrouer et al., 2012,

Supplementary Material).

The median grain size of the bed sediment is 90—120 pm across all survey years (Figure 5g—i). Bed material sam-
ples from 2015 are finer than 2016 and 2018. This may be the result of a different collection technique that introduced
very-fine suspended sediment into the sample. Overall, the grain-size distributions of measured suspended sediment
fine with increasing distance from the bed. Additionally, the percentage of washload measured in the suspended
sediment samples increases with distance above the bed, from 20-30% near the bed, to 50-60% near the surface (Sup-
plementary Material). At the Kenli reach, the Yellow River channel bed is remarkably flat: long-wavelength bedforms

do little to disrupt or extract momentum from the flow (Ma et al., 2017).

3.3 Shear velocity calibration

In 2016 and 2018, water velocity profile measurements were made at each station with an acoustic Doppler
current profiler (aDcp) and a mechanical propeller-driven velocimeter. Local shear velocity was determined by a best-
fit regression to the measured velocity profiles, and combined with water discharge data (collected ~10 km upstream
at a nearby gauging station operated by the Yellow River Hydrological Bureau), to produce a reach-scale relationship
for shear-velocity (Figure 6):

s calib = —0.064[log 0] [H]%042, (12)

This method of fitting is sensitive to measurements made by the mechanical velocimeter near the bed, and could lead
to overestimates of the shear velocity. The effects of form drag on shear stress partitioning (Wright & Parker, 2004a),
including bedforms (McLean, 1991, 1992; McLean et al., 1994), are ignored in computing shear velocity, except
where the stress is reduced to the skin-friction stress value (denoted by the subscript sk), for exploring entrainment

rates.

Velocity profile data were not collected in the 2015 survey, and so a relationship for flow depth and shear velocity
was initially substituted (i.e., depth slope product, u, = +/gHSp; Leopold et al., 1995). However, the only varying
parameter in the DSP calculations is the flow depth (H), and local variability in flow depth is poorly correlated to

reach-averaged shear stress and suspended sediment concentration (e.g., An et al., 2018, Figure 6).

4 Measuring effects of density stratification

4.1 Density stratification

Density stratification was identified by comparing measured concentration profiles (¢y) to predictions from a
dilute-suspension model (¢1,0). The measured sediment concentration profiles of each grain-size class (cy,;) were fit
with Equation 4, where ¢;,; and Zg; are free parameters. The grain-size specific models were cumulated to produce a
best-fit concentration profile for the station (¢y), where the bulk Rouse number (Zg) is a weighted average of the grain-

size class Rouse numbers (Figure 5a—c). The measured near-bed grain-size distribution and concentration data were

—12—



50 0.25 50
a A o 2015 C A
=2 40 © 201611 _ oo P S
o5 A 2018|| = N o0
= A g N = A
10 ~— 10
30 0.15 30
S o DD A T A 8 E||:|D A
o [m] g o 5] o
) Ej B © B o
< 20 g5 Ag m{ £ 01 = 20 B% gg B A @
2 8 (@) 2 B g o
o 4 : ¢ : = L
g 108Fon 0N A S 0.05 g 10 o 7% o4
8o 8 o 8.8
0 0 0
2 4 6 8 0 005 01 015 02 0.05 0.1 0.15

flow depth H (m) u, measured from profiles (m/s) u, calibrated (m/s)
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the local flow depth. b) a calibration (Equation 12) using u, derived from velocity profiles in 2016 and
2018, and discharge measured at Lijin station. The calibration smooths local variations in depth and shear
velocity that may not be reflected in corresponding suspensions, and ¢) improves correlation between shear
velocity and near bed concentration.

used to evaluate grain-size specific concentration profiles according to the (i) dilute-suspension (C1.¢;), (i1) Owpoa-
stratified (€wpos,;), and (iii) buoyancy-stratified (ury,;) models. These grain-size specific predictions were cumulated

according to the same procedure as the fit profiles to produce bulk statistics.

The normalized mean signed deviation for grain size class i (6 /i) between a dilute-suspension (¢i,) and
best-fit (¢,;) model pair was calculated as:
6 YL [cr0i(0) —cri@)]/p

= - ; 13)
Ch,i Ch,i

where Z is a discrete mapping of vertical coordinate z, and p = 51 is the number of points where the models are
evaluated. Similarly, the mean signed deviation was calculated between a cumulated dilute-suspension (¢ o) and best-
fit (¢7) model pair. This statistic characterizes the degree of error for the dilute-suspension model, where 6 /¢, >0

implies a density stratification effect (Figure 7a).

The error between the cumulated dilute-suspension model is approximately zero for low values of the dimen-
sionless shear velocity, but a mis-prediction persists for stations with larger dimensionless shear velocity values,
which correlate to higher sediment concentrations (Figure 7a). There is a positive relationship between dimen-
sionless shear velocity and normalized mean signed deviation for each grain-size class (note the symbol sequence,
circle—square—triangle, for each grain-size class, Figure 7b). However, the grain-size specific normalized mean
signed deviation scales predominantly with dimensionless shear velocity due to the different grain-size classes, rather
than variable flow conditions. Specifically, o; /Cp.; increases with dimensionless shear velocity, from approximately
zero for the coarsest grain-size class, but decreases in the smallest two grain-size classes (Figure 7b).

The adjustment coefficient in the Rouse number (Equation 5) necessary to produce a measured sediment con-
centration profile is given by ots; = Zgy; /ZR1 .0, for each grain-size class i, because ¢ is assumed to be unity in the
dilute-suspension model ¢ o;. The grain-size specific concentration profile ar; values were cumulated to a bulk o
statistic for each station, which was compared to the regression for & (Equation 8, Figure 8a; Wright & Parker, 2004b).
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A larger density stratification effect (decreasing &) occurs with increasing near-bed concentration-to-slope ratios
(Figure 8a). The Yellow River data provide much higher ¢,/Sy ratios than previously measured in the field, and
coincide with the ogypos prediction (Equation 8; Wright & Parker, 2004b). The grain-size specific calculations show
a similar trend, but the os; coefficient for different grain-size classes decreases as the grain size decreases (Figure
8b): smaller grains are more stratified for the same ¢, /Sy ratio. The grain-size specific stratification calculation is
sensitive to poorly-fitting concentration profiles of the coarsest and finest grain-size classes. For example, a very low
concentration of sediment > 208 um yielded oy ; values that are > 10 (Figure 8b). Similarly, the finest grain-size
class yielded spurious o ; values due to the minute concentration of fine sediment in suspension (recall that washload

< 15 um was removed from the calculations).

The o4ypos model consistently over-predicts the cumulative concentration profile, especially so in the upper
portions of the water column (Figure 5, Supplementary Material). This is the result of applying a single o value to
each individual grain-size profile prediction: the concentration profiles are mismatched to the measured profiles in the
coarsest and finest grain-size classes. However, the concentration of sediment in the coarse grain-size class is relatively

small, and so the over-prediction results from applying too large an ¢ value for the finer grain-size classes.

Larger sand-river Richardson numbers correspond to increasing density stratification (Figure 9a). Interestingly,
the trend of the Wright and Parker (2004a) model for sand-bed rivers is extended by adding the Yellow River data.

The shape of the concentration profile was characterized by the recovery coefficient

rOZEb/Cmy (14)
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Figure 9: a) Sand-river Richardson number (Equation 7) and b) recovery coefficient (Equation 14) as a

function of the depth-averaged reduction in eddy viscosity.

where a value > 1 is expected for open-channel flows, but this value varies considerably as a function of environmental
parameters (Zhang et al., 2013; Duan & Nanda, 2006; Cao et al., 2006; Zhang & Duan, 2011). Each grain-size class
shows an increase in the recovery coefficient with increasing stratification effects (decreasing o ;). The ry values for
the finest grain-size class are > 1 (i.e., stratified) for all measured conditions. rq values for coarser grains-size classes
(> 122 pum) increase approximately exponentially as a function of the density stratification increase, reaching an ry
value of ~12 for the coarsest grain-size classes. The exponential trend for each grain-size class trend has a different

intercept (i.e., a different ro for ay; = 1).

4.2 Sediment diffusivity

The measured concentration profiles are also modulated by the sediment diffusivity coefficient (), which de-
scribes the relationship between sediment and water transport in turbulent eddies. Thus, the metrics above incorporate
both sediment density stratification and sediment diffusivity; herein the impact of sediment diffusivity is examined.
The sediment diffusivity coefficient was elucidated by comparing the o value derived from the sediment concen-
tration profiles with an adjustment coefficient derived from the measured velocity profiles at the same station (o).
Note that this is a functionally equivalent approach to the “apparent von Karman number” k,, from Einstein and Chien
(1955), where x, = kay (Wright & Parker, 2004b). oy was determined by the slope of a best-fit line to the velocity

profile measurements in log-linear space while holding the shear velocity fixed (Figure 10a, Supplementary Material).

The stratification coefficients derived from the velocity and concentration profiles were approximately equal and
near unity for the 2016 data, which show minimal density stratification (cty =~ a¢, Figure 10a). Both profile adjustments
are less than unity for 2018, when there was considerable density stratification. Interestingly, the adjustment to the

concentration profile exceeds the adjustment to the velocity profile (Figure 10a).

The sediment diffusivity coefficient can be directly recovered from the density stratification adjustment coeffi-

cient oy, if the effects are assumed to interact linearly to modulate the Rouse number (i.e., if Zg ; = wy; /B oy ku.).
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over the concentration predicted by the buoyancy-stratified model.

Under this assumption, B = os/ay. The sediment diffusivity coefficient of each grain-size class decreases with in-

creasing near-bed concentration (Figure 10b).

The buoyancy-stratified model assumes that the sediment diffusivity coefficient is equal to unity (8 = 1); the
ms-match between the measured and buoyancy-stratified concentrations thus informs the actual sediment diffusiv-
ity in the flow. The fractional error with respect to the measured samples is calculated for each grain-size class
((¢ i cmy,i)/< i) and examined as a function of distance above the bed (Figure 10c). A fractional-error value of
zero indicates that the buoyancy-stratified model matches the measurement, a fractional-error value < 0 implies sed-
iment inertia leads to diffusivity less than the fluid eddy diffusivity (f < 1), and a fractional-error value > O implies

momentum carries sediment beyond fluid eddies (8 > 1).

There is an overall increase in the variability of the fractional error metric (positive and negative) with increasing
distance above the bed (Figure 10c). Additionally, the finer grain-sizes tend slightly towards negative fractional error
values, whereas the coarser grain-size classes tend towards the upper limit value of 1 (Figure 10c). Note that the
buoyancy-stratified model uses the field-measured near-bed concentration and grain-size distribution as boundary
conditions. The prediction thus matches the data measured near the channel bed due to proximity to the boundary.The
precise fractional error value should be interpreted with caution, because the metric has an upper bound at unity, and

is sensitive to low concentration predictions from the buoyancy-stratified model.
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in Figure 7.

4.3 Sediment entrainment

The entrainment parameter X; (Equation 11) is calculated for each grain-size class i of the near-bed suspended
sediment samples, and plotted against the measured concentrations, where E; = ¢, ; /F; (Figure 11a). The Yellow River
data generally agree with the Wright and Parker (2004b) prediction (Equation 10): most measurements are within an
order of magnitude of the predicted value. The largest and smallest grain-size classes show the largest deviation
from the prediction (Figure 11b). In particular, Ey; of the smallest grain-size class (25 um) extends several orders
of magnitude below prediction, and the second-smallest class (43 um) E;; exceeds the hypothetical limit of a fluid
of 0.3 (Wright & Parker, 2004a, recall that E; is a distribution-normalized measured concentration and not the true
measured concentration).

On visual inspection of Figure 11a, it appears that the entrainment rates for samples collected in 2016 (circles,
minor stratification effects) exceed prediction, whereas the entrainment rate for samples collected in 2018 (triangles,
significant stratification) fall below prediction. This observation is quantified by the inset boxplots in Figure 11b. The
median oy is 0.60 when the measured concentration exceeds the predicted value by a factor of two (meas./pred.>2),
whereas the median oy is 0.36 when the measurement was less than half of the prediction (meas./pred.<0.5). These

sample groups are statistically different, as determined by a Wilcoxon rank sum test (p = 5.4 x 107°).
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5 Discussion

5.1 Density stratification and sediment diffusivity

Direct measures of sediment-induced density stratification, both in laboratory and field settings, are limited.
The normalized mean signed deviation and o statistics (Figures 7-8) confirm the presence of density stratification in
the Yellow River, particularly at high sediment concentration. Furthermore, the grain-size specific calculations of the

mean signed deviation and o ; show that sediment grain size is not uniformly stratified.

However, the patterns of density stratification documented herein (as oy and @ ;) are confounded by sediment
diffusivity, which also varies according to grain size and concentration. It is difficult to isolate these effects in nat-
ural flows, because sediment concentration and density stratification evolve non-linearly with increasing shear stress
(Winterwerp, 2006). However, experimental studies have quantified sediment diffusivity coefficients in dilute suspen-
sion conditions, and concluded that 3 is predominately a function of grain size (van Rijn, 1984; Rose & Thorne, 2001;
Graf & Cellino, 2002). Observations from the Yellow River confirm a grain-size dependence of sediment diffusivity
(Figure 10b), as well as a dependence on concentration. A decrease in B with increasing concentration is consistent
with observations of grain-grain collisions in the flow (Nezu & Azuma, 2004). Grain-size classes > 122 um consis-
tently have positive fractional error values, and finer grain-size classes typically have negative fractional error values,
as characterized by sediment diffusivity coefficient # > 1 for coarse sediments and 8 < 1 for fine sediment (e.g., van
Rijn, 1984).

There is controversy surrounding the variability of § with distance above the bed. Rose and Thorne (2001)
demonstrated 3 is independent of distance above the bed, yet Bennett et al. (1998) identified a pattern of variation of
B with distance above the bed. Unfortunately, comparison of Rouse numbers (Figure 10a,b) and boundary condition
effects of the buoyancy-stratified model (¢ysy, Figure 10c) preclude elucidating depth dependence in the Yellow River
data. Buoyancy-stratified simulations using the Mellor and Yamada (1982) model and river concentration profiles,

which allow a flexible boundary condition, may help to inform about sediment diffusivity behavior.

The variability in the behavior of sediment diffusivity has a net-zero effect on the adjustment coefficient (otr)
of the cumulative concentration profile, as seen by the agreement with the Wright and Parker (2004b) prediction
(Figure 8a, Equation 8). However, grain-size profile adjustments scatter around the oyypos prediction (Figure 8b),
likely because this assumes 8 = 1. This suggests that sediment diffusivity is a second-order control on the shape of

the concentration profile.

Density stratification is the primary control on the adjustment coefficient. There is a large change in ay as
concentration changes and suspended grain size is relatively fixed (Figures 5g—i, 8a). It might be expected that with
increasing stress, a given grain size is more uniformly distributed. However, the trends in rg indicate that turbulence
suppression due to density stratification overwhelms the concomitant increase in the u, /w; ratio; near-bed concen-
tration increases significantly with increasing shear stress, but sediment is not distributed to the entire water column
because turbulent mixing is inhibited. Thus, despite sediment diffusivity variability modulating grain-size specific
concentration profiles, stratification is the primary control on profile shape and magnitude. Nevertheless, as a value of
o greater than unity has no reasonable physical meaning (Wright & Parker, 2004a), oy and o ; values greater than
one are likely influenced by sediment diffusivity effects. Thus, when concentration is sufficiently low that stratification
effects are minimal (i.e., the 2016 survey), the dominant control on profile shape is sediment diffusivity (Figures 8b
and 10b).
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5.2 Sediment entrainment

Entrainment relations seek to link flow and bed material properties to predict near-bed sediment concentration.
Generally, the measured Yellow River sediment concentrations agree with the trend of the Wright and Parker (2004b)

model (Equation 10) across grain-size classes, barring the largest and smallest grain-size classes (Figure 11a).

The increased variability of the largest grain-size class could be due to the distribution-normalizing procedure
used to determine E; ;. Alternatively, increasing sediment diffusivity of coarse grain sizes leads to higher than expected
near-bed concentration, although, this would be inconsistent with the physical interpretation that increased sediment
diffusivity requires particles be elevated from the bed by decaying turbulent eddies. Otherwise, larger variability in

the instantaneous near-bed concentration may be due to the larger grain sizes concentrated there (Gitto et al., 2017).

The sediment entrainment rate of the finest grain-size class is approximately two orders of magnitude lower than
predicted (Figure 11a). This is not a consequence of the treatment of washload sediment (< 15 um), because F; in the
distribution-normalizing procedure to determine E; ; is the fraction of the washload-free suspended sediment samples.
Instead, the lower than predicted entrainment is interpreted to result from sediment supply limitation in this grain-size
class—consistent with the an expectation for sediment found in limited quantity on the bed. However, the sediment
concentration in this class is positively correlated with AX;, implying that sediment is indeed sourced from the bed.

The implications of these observations are discussed in further detail below.

Variability in entrainment is correlated with density stratification (Figure 11b). Specifically, the samples col-
lected in a flow with weaker density stratification show higher entrainment rates than predicted, whereas stratified
flows reduce entrainment rates. This supports the notion that suppressed turbulence due to density stratification lowers
entrainment (Vanoni, 1941).

5.3 Grain-size specific effects of stratification, and defining washload

There are varying definitions of washload (Woo et al., 1986), such as a combination of criteria including: 1)
proportionally small quantities on the channel bed, 2) supply limitation, 3) a Rouse number suggesting uniform con-
centration (Hill et al., 2017), 4) finer than a defined grain size threshold (Partheniades, 1977), or 5) lack of contri-
bution to change in channel-bed slope (Paola et al., 1999). In the Yellow River, fine sediment displays unexpected
and interesting behavior that deviates from coarser grain-size classes (e.g., Figures 8b, 9b, and 11a). Specifically, the
entrainment observations provide contradictory evidence for supply- and transport-limited sediment transport (Figure
11a), and the recovery coefficient (rp) indicates that the finest grain-size class is non-uniformly distributed and strat-
ified, which questions the appropriate definition of washload for this system. A supply limited finest grain-size class
implies that the washload threshold used in this study (15 gm) is too fine, whereas non-uniform vertical distribution

and stratification of the finest grain-size class suggests that the washload threshold may be too coarse.

The 5 percentile of the channel bed grain-size distribution has been recognized to demarcate the threshold to
washload (e.g., Woo et al., 1986). Based on this criterion, the Yellow River washload threshold would be 40-50 um
(Figure 5g-i). However, the upper-extent of supply limitation observed in entrainment measurements is between
25 um and 43 pum (Figure 11a). The finest grain-size class has extremely small Rouse numbers (Figure 8b), yet
this sediment contributes to the turbulent kinetic energy budget, and is not uniformly distributed in the flow (Figure
9b). Taken together, the observations are most consistent with a washload definition that incorporates a dimensionless
shear velocity (e.g., a Rouse number, Equation 5; Hill et al., 2017). These observations underscore the importance of

establishing a washload cutoff based on the research question of interest: it is necessary to consider even the finest
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Figure 12: Correlation between grain-size specific ay; and predicted concentration profile adjustment

from Equation 15.

sediment to study the turbulent energy budget for a flow, yet, a definition that considers material comprising the bed
is appropriate for morphodynamic modeling, as this considers only material that affects the transport capacity of the
flow (Paola et al., 1999; Li et al., 2015; Dong et al., 2019). This highlights the need to reexamine the behavior of fine

sediment in open channel flows.

5.4 Adjustment to Rouse profiles

The oy pos model (Equation 8) over-estimates the concentration in the upper half of the water column (Figure
Sa—c, Supplementary Material) because the oy pos model ignores grain-size specific variability in stratification effects
(i.e., applies the same adjustment to each concentration profile). To address the grain-size dependent variability in
stratification conditions, a modified prediction is proposed. The ¢;,/Sy ratio correlates strongly with bulk density
stratification effects, and this ratio offers an independent variable in the ogypos relation (Equation 8), but precludes
grain-size specific stratification effects. The data from this study are recast in terms of a multivariate linear regression,
whereby the eddy viscosity adjustment coefficient (s ;) is dependent on the sand-river Richardson number (Equation

7, Figure 12). The regression equation obtained is:

~ b
Uy Cp
OyRj=4a { ] (15)
Ws.i So
where a = 7.3 and b = —0.39 (r> = 0.51). The finest and coarsest grain-size classes are omitted from the regression,

because they often have extreme values. Nevertheless, these data plot along the same trend as the center-distribution
grain-size classes (Figure 12). The relation predicts the tofal adjustment to the concentration profile, and so includes
density stratification and sediment diffusivity. The formulation depicts the distribution of turbulent kinetic energy
specifically in the case of the Yellow River, and should therefore be applied cautiously to other rivers.

The bulk stratification coefficient remains a useful metric in other rivers, and a relation incorporating grain size,

concentration, and slope is generated for a constant slope, by defining auxiliary variables m and n:

o, = 1— [m (@Re; %0Y", (16)
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Figure 13: a) Depth-averaged reduction in eddy viscosity as a function of near-bed concentration and
particle Reynolds number. Rivers separate along contours of channel-bed slope. b) Correlation between
measured and predicted « by Equation 16.

where m = —2.2(log;(So) — 5.2 and n = 0.017(log; So) + 0.40, and Reps is the particle Reynolds number of the
median grain size of bed material (> = 0.82, Figure 13). For the purposes of this regression, the data from Wright and
Parker (2004a, 2004b) are treated as field-validated data. A larger dataset of concentration profiles from global rivers
is likely to improve predictions.

Simulations were performed with the buoyancy-stratified model, using a global dataset of river properties as
the boundary condition (Li et al., 2015); the sediment mixture is assumed to be single-size and entrainment follows
Equation 10 (Wright & Parker, 2004b). This set of simulations follows similar trends to the separation identified
by as, (Equation 16). Additional ¢py simulations are randomly sampled from the parameter space of the dataset
of global rivers from Li et al. (2015), and the depth-averaged eddy viscosity is never reduced below K,.; = 0.25
(Supplementary Material). This is consistent with the Yellow River measurements, where oy ~ 0.2 was the minimum
value. This may represent a physical limit to the reduction of the eddy viscosity profile, and could inform turbulent
kinetic energy budgets of other river systems. Alternatively, this may be a numerical artifact relating to extinguished
turbulence (e.g., Wright & Parker, 2004a). An area of focus for future work is to systematically explore this lower

limit, by manipulating suspension properties like grain size, slope, and concentration.

5.5 Predicting sediment transport

The suspended sediment flux in a river is impacted by density stratification (Figure 14; Vanoni, 1941, 1946;
Wright & Parker, 2004a), whereby sediment flux is less than predicted using log-law velocity and Rouse concentra-
tion profiles (a¢ = 1, Equations 3-5). Predicting the depth-averaged density stratification coefficient o and applying
the adjusted log-law velocity and Rouse concentration profiles improves sediment flux calculations. However, more

velocity and concentration profile data are needed for a wide range of rivers to provide further validation.

Density stratification reduces sediment concentration in the upper portion of the water column, and when com-

bined with sediment diffusivity, modulates the grain size distribution. This is important because engineered sediment
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Figure 14: Ratio of width-averaged sediment transport (Equation 1) under density-stratified flow to pre-

dicted transport assuming a dilute suspension (& = 1 in Equations 3—4).

diversions typically off-take the upper portion of flow (e.g., Nittrouer & Viparelli, 2014). Yet, to maximize coarse ma-
terial flux, should draw water from the lower region of flow, where coarse material is focused. In the Yellow River, the
grain-size distribution in the upper 20% of the flow is finer than predicted by the dilute-suspension model (validated

by Wilcoxon signed rank test, Supplementary Material) and the overall sediment concentration is 18 + 10% lower.

The buoyancy stratified model of Mellor and Yamada (1982) accurately predicts the cumulative grain-size con-
centration profiles across the full range of observed density stratification (Supplementary Material). The stratification
conditions documented in this study are among the strongest observed in any natural open-channel flow, which means
that the buoyancy-stratified model is likely accurate for other flow and sediment-mixture conditions. While the Mellor
and Yamada (1982) model is analytically complex, software packages provide a simple method to predict suspension
conditions (e.g., Yeh & Parker, 2013). These packages should be widely adopted when designing sediment diver-
sion structures, because projects targeting large low-sloping rivers are prone to density stratification effects (Wright &
Parker, 2004a, 2004b).

6 Conclusions

Density stratification is found in suspended sediment concentration profiles in the Yellow River. The density
stratification effect is enhanced for fine sediment relative to coarse sediment, whereby the coarsest sediment is rela-
tively unaffected. Measured concentration profiles are modulated by both density stratification and sediment diffusiv-
ity, however, density stratification exerts a primary control on the velocity and concentration profiles. However, at low
sediment concentration, variation in the sediment diffusivity significantly impacts the vertical distribution of sediment
grain size. The sediment diffusivity documented in the Yellow river is consistent with an momentum effect for coarser
sediment (8 > 1) and a lagging inertial effect impacts finer sediment. Sediment entrainment is correlated with density
stratification, whereby entrainment is reduced by suppressed turbulence near the bed in stratified flow. Fine sediment
suspended in the river appears to be supply limited and is only sparsely present on the channel bed, yet this material
is not uniformly distributed in the vertical and changes concentration with increasing shear stress. This suggests that
even very fine sediment extracts turbulent energy from the flow, and that the washload threshold grain-size in the
Yellow River is fine (< 25 yum).
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