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ABSTRACT 12 

This study presents field observations of fluid mud and the flow instabilities that result 13 

from the interaction between mud-induced density stratification and current shear. Data 14 

collected by ship-borne and bottom-mounted instruments in a hyperturbid estuarine tidal 15 

channel reveal the details of turbulent sheared layers in the fluid mud which persists 16 

throughout the tidal cycle. Shear instabilities form during periods of intense shear and strong 17 

mud-induced stratification, particularly with gradient Richardson number smaller than or 18 

fluctuating around the critical value of 0.25. Turbulent mixing plays a significant role in the 19 

vertical entrainment of fine sediment over the tidal cycle. 20 

The vertical extent of the billows identified seen in the acoustic images is the basis for 21 

two useful parameterizations. First, the aspect ratio (billow height/wavelength) is indicative 22 

of the initial Richardson number that characterizes the shear flow from which the billows 23 

grew. Second, we describe a scaling for the turbulent dissipation rate ε that holds for both 24 

observed and simulated K-H billows. Estimates for the present observations imply, however, 25 

that billows growing on a lutocline obey an altered scaling whose origin remains to be 26 

explained. 27 

1. Introduction 28 

Turbidity maxima with high concentrations of suspended sediment are ubiquitous in 29 

estuaries due to a combination of hydrodynamic and sediment dynamic processes (Burchard 30 

et al., 2018, and references therein). In hyperturbid estuaries, the near-bottom layer of high-31 

concentration, fine (particle size < 63 um) suspended sediment is generally referred to as 32 

fluid mud (FM, McAnally et al., 2007). The motion of estuarine FM is modulated by the tidal 33 

cycle (Bruens et al., 2012), with resuspension and entrainment during phases of high flow 34 

velocity and settling in slower flow. Current shear, induced by bottom friction, provides an 35 

energy source for shear instability, while stratification induced by concentrated sediment 36 

(e.g., Becker et al., 2018; Tu et al., 2019) tends to stabilize the flow. Although this process 37 

has been reproduced in the laboratory (Scarlatos and Mehta, 1993), field observations of 38 

shear instability in FM remain scarce. In the turbid Ems Estuary, Held et al. (2013, 2019) 39 

observed cusped waves suggestive of asymmetric Holmboe instability (Carpenter et al., 40 

2007). Tu et al. (2020) observed symmetric Kelvin-Helmholtz (K-H) billows on an estuarine 41 

lutocline for the first time using echosounder images. They showed that the instabilities might 42 
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play an important role in sediment entrainment and mixing across the lutocline. However, 43 

detailed measurements of FM and/or lutoclines linking shear instabilities and turbulent 44 

mixing are scarce due to technical challenges (Becker et al., 2018; Sottolichio et al., 2011). In 45 

this paper we analyze measurements, including the turbulent kinetic energy dissipation rate, 46 

from the Changjiang estuary through which the Yangtze river empties into the East China 47 

Sea.  48 

K-H billows have been well observed in the laboratory (e.g., Thorpe, 1973). In the ocean, 49 

observations were successfully carried out photographically (Woods, 1969), acoustically 50 

(e.g., Moum et al., 2003) and using finely-spaced temperature sensor arrays (e.g., Hebert et 51 

al., 1992; Van Haren and Gostiaux, 2010). Echosounder images have been used to identify 52 

shear instabilities in salt-wedge estuaries by Geyer et al. (2010) and Tedford et al. (2009). K-53 

H instability is also observed throughout the Earth’s atmosphere (Lee, 1997; Fukao et al., 54 

2011; Fritts et al., 2014), where they often form banded clouds. 55 

These observations have shown that billows can be interpreted using the gradient 56 

Richardson number Ri = N2/S2, where 𝑁! = − "
#
$#	
$&
 is the squared buoyancy frequency and 57 

𝑆! = ($'
$&
)! + ($(

$&
)! is the squared vertical shear of the mean horizontal current. The 58 

coordinate z points vertically upward, opposite to the gravitational acceleration g; ρ is the 59 

density (determined in this case by salinity, temperature, and suspended sediment 60 

concentration), and u and v are horizontal velocity components to be specified later.  61 

In the limit of inviscid, non-diffusive, steady flow, K-H instability may arise if the shear 62 

is sufficiently strong, relative to stratification, that the minimum value of Ri < 0.25 (Miles, 63 

1961; Howard, 1961). Observations of fully turbulent KH billows also suggest a critical Ri of 64 

0.25 (e.g., Chang et al., 2016). However, under-resolution might cause the Ri estimates to be 65 

too high compared to the canonical value of 0.25 (e.g., Moum et al., 2003). In forced shear 66 

flows, Ri can fluctuate around 0.25 due to the repetitive growing, breaking, and decaying of 67 

the billows (e.g., Tu et al., 2020), a state often referred to as marginal instability (e.g., Smyth 68 

et al., 2019; Smyth, 2020). 69 

Shear instability is a major mechanism of turbulent mixing in oceanic stratified flow 70 

(Smyth and Moum, 2012). Observations in the ocean interior (Chang et al., 2016; Moum et 71 

al., 2003; Seim and Gregg, 1994) and in estuarine flows (Geyer et al., 2010) reveal elevated 72 

turbulence levels coinciding with the billows that result from the instability. Estimation of 73 
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turbulent quantities such as the turbulent kinetic energy dissipation rate is challenging due to 74 

the need to measure fluctuating quantities accurately on fine spatiotemporal scales (Caulfield, 75 

2021), often from a moving platform. Thus, it is useful to parameterize mixing using readily 76 

measured quantities (e.g., Klymak and Legg, 2010). Here we discuss a parameterization based 77 

on the billow height as registered by an echosounder. 78 

We present observations of shear instabilities within an estuarine FM as it interacts with 79 

the oscillating tidal flow. We use measurements from a shipboard echosounder and CTD-80 

OBS casts (conductivity, temperature, depth, and optical backscatter sensor), as well as water 81 

samples. A bottom mounted tripod system was added in order to measure the tidal flow using 82 

an ADCP (acoustic Doppler current profiler) and near-bed turbulence via high-resolution 83 

acoustic pulse-coherent Doppler velocity profiles. Acoustic imagery of the billows is 84 

presented, together with analyses of their properties and formation mechanisms. The billows’ 85 

aspect ratio can be used to infer the initial flow condition prior to billows’ formation. The 86 

echograms are further used to quantify the turbulent mixing, which may explain the exchange 87 

of the FM with the overlying, less turbid water. We discuss the possibility of a turbulent 88 

mixing parameterization based on readily-obtained quantities: the density profile and the 89 

vertical scale of the billows as shown in the acoustic images. 90 

This study extends the previous work of Tu et al. (2020, hereafter T20). In that work, we 91 

analyzed observations from the Jiaojiang estuary, examining hydrographic variations (e.g., 92 

tidal current, salinity, SSC, etc.) during a 25-hr tidal cycle, echosounder images showing 93 

internal wave and instabilities, and velocity and density profiles synchronous with typical 94 

billow trains. Here, using new observations made in the Changjiang estuary, we repeat those 95 

analyses and in addition measure the turbulence associated with the shear instabilities. We 96 

also combine previous and present observations with DNS results and propose 97 

parameterizations for the TKE dissipation rate and the initial Richardson number based on 98 

the vertical extent of the observed billows. 99 

In section 2 we describe observational details and analysis methods. Results are described 100 

and discussed in the context of existing knowledge and research questions in sections 3-6. 101 

We focus in turn on variations over the tidal cycle (section 3), on the physical mechanisms 102 

for individual instability events (section 4), on the turbulent mixing that results (section 5), 103 

and on the applicability of ε parameterization to the lutocline case (section 6). While shear 104 

instability is the underlying mechanism, we find significant differences between these 105 
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observations and instances of shear instability in other geophysical regimes. In section 7 we 106 

summarize the major findings and suggest future work. 107 

 108 

2. Data and methods 109 

The North Branch of the Changjiang estuary (the lowest reach of the Yangtze River, 110 

Figure 1) in SE China is a shallow, tidally-dominated distributary with mean water depth up 111 

to ~ 8 m (Dai et al., 2016). The sea bed is mainly mud with mean grain size ~ 8 μm. 112 

Approximately 25 hours of data were measured starting from 10:00, 2 October 2018 (local 113 

time) in the main tidal channel of the North Branch. The mean water depth was ~ 6m during 114 

the observational period.  115 

 116 

Fig. 1. Study area, satellite image courtesy of USGS. The red circle shows the location of 117 
observational site. 118 

 119 

A dual frequency echosounder (24/200 kHz) was deployed on the vessel side at 0.6 m 120 

below the sea surface to measure water depth and collect acoustic images. Vertical profiles of 121 

salinity, temperature, and turbidity were measured every 0.5 hr using a CTD with a built-in 122 

OBS 3+, sampling at 2 Hz. The OBS outputs were converted to suspended sediment 123 

concentration (SSC) using the filtered water samples. The water-sediment mixture density 124 

was determined combining SSC, salinity, and temperature. The buoyancy frequency was 125 
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calculated using this density, which was dominated by high SSC. The determination of SSC 126 

and density is described in Text S1 in the supplemental material. The salinity and temperature 127 

measured by CTD are used to calculate seawater density ρsw. The density of the water-128 

sediment mixture is then estimated using the SSC via 𝜌 = 𝜌)* )1 − +
++,
#!
,- + 𝑆𝑆𝐶 (Wright et 129 

al., 1986), where ρs= 2650 kg m-3 is the sediment density. 130 

Concurrent near-bed observations were carried out using a bottom mounted tripod. A 131 

downward-looking 2 MHz Aquadopp HR profiler (referred to as ADP hereafter) was set to 132 

burst mode, collecting 1024 profiles at 300-s intervals with a sampling rate of 4 Hz, so that 133 

the burst duration was 256s. The ADP collected velocity profiles between 0.04-0.92 mab 134 

(meters above consolidated bed) with a vertical bin size of 0.04 m. An up-looking acoustic 135 

Doppler current profiler (ADCP) was deployed at 1.9 meters above consolidated bed (mab) 136 

sampling at 0.5 Hz and recording an average over 180s with a vertical resolution of 0.5m. A 137 

2-D electro-magnetic current meter (EMCM) was deployed at 1 mab sampling at 1 Hz and 138 

recording horizontal velocity components averaged over 30s. More details of the 139 

instrumentation are summarized in Table 1.  140 

Table 1. Summary of Instrumentation 141 

Instrument 

Nominal 

Sampling 

range (mab) 

Bin 

size 

(m) 

Sampling 

Interval 

(s) 

Range 
 

Accuracy 

Looking 

direction 

Aquadopp  0.04-0.96 0.04 1/4 0-0.84 m s-1 ± 0.5% Downward 

EMCM 1 - 30 0-5 m s-1 ± 2% Downward 

ADCP 1.9- 0.5 180 0-5 m s-1 ± 0.3% Upward 

Echosounder Water column 0.01 1/16 - - Downward 

CTD-OBS 3+ Water column - 1/2 

Con.: 0-90 mS cm-1 

Temp.: -5-35 ℃ 

OBS: 0-4000 NTU 

± 0.05% 

0.002 ℃ 

± 2% 

- 

 142 

Observations by ADP with a pulse-to-pulse correlation c<50 and/or backscatter amplitude 143 

a<30 are excluded. If the number of excluded values exceeds 50% of the total data points in a 144 

segment, the segment is rejected. The ADP data can suffer from signal attenuation under high 145 
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sediment concentration due to its high operating frequency and is therefore quality controlled 146 

(QC-ed) prior to further analysis. More details of quality control of the ADP data are given in 147 

Text S2 in the supplemental material. The QC-ed ADP along beam velocities were used to 148 

determine the turbulent kinetic energy dissipation rate, ε, in the bottom layer 0.04-0.92 mab, 149 

using the structure function method (see Appendix A for details). The velocity records are 150 

rotated into streamwise (u, positive upstream) and spanwise (v, positive toward the south 151 

bank) velocities. The shear production 𝑃 = −〈𝑢′𝑤′〉 $'
$&
, where u’ and w’ are streamwise and 152 

vertical velocity perturbations, was calculated independently for comparison. Estimates of P 153 

and ε roughly agree (see Appendix A), and differences are consistent with expected buoyancy 154 

effects, suggesting that the structure function method provides reliable dissipation estimates.  155 

Interpretation of these data was aided by three-dimensional DNS (direct numerical 156 

simulations) of turbulent K-H billows. The simulations focus on a single wavelength of an 157 

infinite K-H wave train as it grows, breaks down into turbulence and ultimately dissipates. 158 

From the DNS output we estimate echo strength, billow height, and various turbulence 159 

statistics. Details are given in Appendix B. 160 

3. Intra-tidal variations in hydrographic structure and fluid mud 161 

distribution 162 

As indicated by velocities measured at mid-water-column (3.4 mab, Figure 2d), the 163 

durations and magnitude of flood and ebb currents are comparable. A persistent presence of 164 

FM is evident throughout the entire ~ 25-hr tidal cycle (Figure 2b). The thickness of the FM 165 

layer (defined by SSC > 10g/L, black contour, Figure 2b) varies between 1-2.5 m depending 166 

on the tidal phase. Another lutocline was observed between 0-1 mab (red contour, Figure 2b) 167 

with SSC greater than 100 g/L, suggesting that the viscosity of FM may be elevated (Mehta, 168 

2013). However, this effect is expected to be minor as we focus on the layers with internal 169 

waves and instabilities where SSCs are mainly O (10) kg m-3 (See Figure a2-f2 and Appendix 170 

C for further discussion). 171 

It appears that, during high flow periods (Hour 11-16 and Hour 22-28), the FM layer 172 

thickens and serves as a sediment source for the overlying water (Figure 2c). Note that during 173 

periods of flow transition (Hour 16-19 and 29-36), the upper layer water slows down and 174 

changes from flood to ebb, and velocity within FM is close to zero, suggesting that the FM 175 

was not mixing with the overlying water. Thus, the fresher water is trapped in the lower FM 176 
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layer while the salty upper layer continues to flow upstream. As a consequence, reduced 177 

salinity was observed in lower water column compared to the water immediately above, 178 

especially within the FM (e.g., Hour 16-20, Figure 2a), a phenomenon frequently observed in 179 

estuarine FM environments (e.g., the Huanghe, Wang and Wang, 2010); the Gironde, 180 

Sottolichio et al., 2011; or the Ems, Becker et al., 2018). The decreased salinity might be 181 

artificial as the CTD conductivity cell could be affected by high sediment concentration 182 

(Kineke and Sternberg, 1995). However, experimental studies indicate this effect is negligible 183 

at low salinity (< 10 psu) (Dai et al., 2011, Figure S1 in the supplemental material), as is the 184 

case in this study. Thus, we believe that the salinity reduction in the near bed region is 185 

associated with separate flow regimes within and out of FM as discussed above. 186 

 187 

 188 

Fig. 2. Depth-time variations in (a) salinity and (b) SSC, and time series of SSC (c) and streamwise 189 
velocities (d) at different elevations. Near bed structure of (e) streamwise velocities measured by ADP, (f) 190 
buoyancy frequency squared, (g) shear squared, and (h) gradient Richardson number are also presented. 191 
Shadowed areas represent the approximate periods wherein the internal waves and billows are identified 192 
from the echosounder images. 193 

 194 
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Flow regimes within the FM layer were investigated using the near-bed ADP data. 195 

Although the nominal range of ADP was 0.04-0.96 mab, the available velocity profile range 196 

is reduced due to acoustical signal attenuation by FM (Figure 2e). The buoyancy frequency N 197 

(Figure 2f) varies approximately between 0.3-1.7 s-1, indicating strong sediment stratification. 198 

Stratification is usually stronger in estuaries than in the open ocean, but these values are well 199 

above a typical value (N = 0.3 s-1) for salt wedge estuaries (Geyer et al., 2010) as well as that 200 

at a lutocline in hypertidal estuary (tidally averaged value of ~ 0.4 s-1 and maximum value of 201 

0.7 s-1, Becker et al., 2018). The squared shear S2 ranges from 10-4 to 2.5 s-2 (Figure 2g). Low 202 

values of Ri generally coincide with observations of instability and turbulence. The greater 203 

variation in shear compared to stratification indicates that the temporal variations in Ri 204 

(Figure 2h) are dominated by shear, i.e., low Ri values correspond primarily to strong shear, 205 

and vice versa. 206 

Around peak flood and peak ebb, large velocity differences were observed between 1 mab 207 

and 3.4 mab (Figure 2d). Remarkable SSC differences occur between 1 and 2 mab, indicating 208 

the presence of a sharp density interface at this region (Figure 2c). The interaction between 209 

current shear and mud-induced stratification might lead to the formation of internal waves 210 

and/or billows (Tu et al., 2020). Such is the case in this study as well-defined billows were 211 

identified from the echosounder image at several periods covering both flood and ebb phase 212 

(Hour 11.5-12.5; Hour 14-17; Hour 20-23; Hour 24-25.5, gray shading areas in Figure 2). 213 

These periods were also characterized by Ri below or fluctuating around 0.25 at regions 214 

below 1 mab (gray shaded areas in Figure 2h), a condition favoring shear instability. Periods 215 

with extremely high Ri values suggest reduced flow (e.g., Hour 17-19; Hour 30-32) or 216 

turbulence dampening by high SSC (e.g., Hour 32-35 when current is not weak). 217 

 218 

4. Internal waves, instability and billows 219 

Echosounder images often reveal wavelike structures suggestive of shear instability 220 

(Figure 3, shaded bands) in the near-bed region. No surface waves (Trowbridge and 221 

Traykovski, 2015) or bed forms (Tedford et al., 2009) were present during the observational 222 

period.  223 
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Fig. 3. Echosounder images and profiles of water-sediment mixture density, streamwise velocity, 225 
shear, and buoyancy frequency. Zoomed-in views for typical structures are shown in the mid-panel. For 226 
disturbances interpreted as K-H billows, braids are indicated as white dashed curves and symbol “B” and 227 
cores represented as “C”. Shaded bands show the depth range of the acoustic image at left. Gray dots 228 
indicate cubic spline interpolations using the lowest two data points from ADCP and the 3 uppermost data 229 
points from ADP. Densities of water-sediment mixture are represented by σt = ρ-1000. SSC values > 100 230 
g/L (the upper limit of the measurements) were indicated by red dots. Black and red dotted lines in a3-f3 231 
represent S2/4 and N2, respectively. Note that S2/4 > N2, is equivalent to Ri<1/4. Gray dots in a3-f3 indicate 232 
S2/4 based on interpolated velocities. On the frames at the right, horizontal grey bands indicate the depth 233 
range shown in the images at left. 234 

 235 

a. Stratification, shear, and instability 236 

We next describe six examples of wavelike disturbances in the echogram as illustrated in 237 

Figure 3. Interpretation of these results is subject to three important caveats. First, the time 238 

dependence of the echogram represents an unknown combination of true time evolution and 239 

advection by the horizontal mean flow. Second, the incomplete velocity measurements are 240 

often interpolated through regions of interest. Third, neither density nor velocity profiles 241 

represent the initial state prior to instability growth. The latter is a challenge because the 242 

initial state is used to define the particular shear instability mechanism in theoretical, 243 

numerical and laboratory studies (e.g. Smyth and Carpenter, 2019). We return to this issue in 244 

section 4b. 245 

• At Hour 11.5 (Figure 3a), the acoustic signal was enhanced, indicating the growth 246 

of wavelike disturbances and small-scale structure centered at ~ 0.7 mab. 247 

Following the growth phase, braid-core structures are visible (Figure 3a1). Stable 248 

stratification was localized in the layer 0.4-1.2 mab, a region with significant 249 

shear as well, resulting in Ri < 0.25 at some depths (Figure 2h; Figure 3a3). In the 250 

later part of the measurement, a wavelike signal emerged. The asymmetric form 251 

suggests wave steepening and resembles the distinctive S-shape identified by 252 

Geyer et al. (2010) and others in observations of K-H billows. We therefore 253 

interpret this event as resulting from shear instability. 254 

● At Hour 12, billows appeared at a greater height, 1.2-2 mab (Figure 3b). 255 

Steepening is evident, with sharp cusps on both crests and troughs. Although no 256 
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direct velocity measurements are available in this region, large shear is implied by 257 

the interpolated velocities in Figure 3b2.  258 

● The most beautiful, well-organized billows with clear, symmetric braid-core 259 

structures (K-H category) occur at Hour 16 at 0.8-1.6 mab (Figure 3c). This 260 

vertical range corresponds approximately to the stratified layer. Note that, 261 

although the sign of the shear is reversed in this case (Figure 3c3), the polarity of 262 

the billow structures remains the same, with the braids (the brightest red regions) 263 

descending in time. This is because the mean flow direction reverses with the tidal 264 

phase, i.e., the product of u and du/dz has the same sign in all cases. 265 

● At Hour 20.5, the acoustic image suggests internal wave-like structures with no 266 

sign of steepening that would indicate instability (Figure 3d). The Ri values below 267 

0.9 mab appear to change from a stable (Ri > 0.25) to an unstable regime (Ri < 268 

0.25) (Figure 2h). It is interesting that the Ri values tend to decrease to values < 269 

0.25 at the top and base of the layer containing the billows (Figure 2d4). Note that 270 

the lowest S2/4 data point in Figure 2d4 is likely unreliable as the flow velocities 271 

inside this particular FM layer decay sharply toward the bottom and remains low, 272 

hence the vertical gradient vanishes. This is also true for other times with 273 

extremely large Ri values caused by small S2 at the lowest heights approaching the 274 

(hydrodynamic) bed (i.e., u ~ 0m/s).   275 

● At Hour 21 (Figure 3e), the wavelike features resemble K-H billows, with 276 

discernible roll-up structure. The interpolated velocity profile suggests that the 277 

shear increased while the density gradient remained comparable to Hour 20.5, 278 

resulting in decreased Ri (Figure 3e4).  279 

● At Hour 25 (Figure 3f), the echosounder signal reveals a combination of 280 

overturning billows and small-scale density variations which suggest turbulent 281 

breakdown of the billows. The shear layer appears to coincide with the density 282 

interface, resulting in shear instabilities occurring at 0.6-1.2 mab.  283 

In summary, the six examples shown in Figure 3 exhibit shear instabilities, (breaking) 284 

internal waves, and small-scale structure. The Ri values (estimated over 256s) in the regions 285 

with billows are well below 0.25 at Hour 11.5 and Hour 25. For other periods, instability 286 

coincides with near-bed Ri below or fluctuating around 0.25. These periods were also 287 

characterized by large (interpolated) current shear in the mid-upper water column. The 288 
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approximated Ri values are found to fluctuate around or slightly above 0.25 during these 289 

periods. 290 

b. Aspect ratio and the initial Ri 291 

The ratio of maximum billow height to wavelength has been called the aspect ratio (e.g., 292 

Tu et al., 2020), and is equivalent to the steepness as defined in the original lab experiments 293 

of Thorpe (1973). The aspect ratio is known to be a strong function of Ri0, the minimum 294 

gradient Richardson number that existed when the instability first began to grow (Thorpe, 295 

1973). Ri0 is difficult to define in nature but is crucial for connecting observations with the 296 

theory of idealized linear instabilities (e.g., Miles, 1961; Smyth and Carpenter, 2019), with 297 

lab experiments (e.g., Thorpe, 1973) and with numerical simulations (e.g., Mashayek et al., 298 

2017; Kaminski and Smyth 2019). The aspect ratio is defined as hes/λ. In this ratio, hes is the 299 

billow height, measured graphically from the echosounder image. The wavelength λ is the 300 

product of the wave period, measured from the echosounder image, and the mean velocity at 301 

the height of the billows. In this subsection we explore the variability of the aspect ratio and 302 

see how it can be used to infer Ri0. 303 

The dimensions of observed oceanic billows are highly site-specific, with wavelength 304 

varying over two decades: O (1) m on estuarine lutoclines (Held et al., 2019; Tu et al., 2020), 305 

several meters to over 100 m in estuarine pycnoclines (Geyer et al., 2017; Tedford et al., 306 

2009) and 75-700 m in the deep ocean (Chang et al., 2016; Van Haren and Gostiaux, 2010). 307 

Atmospheric K-H billows can be even larger, with wavelengths of several km (Fukao et al., 308 

2011). In contrast to this wide variation, the aspect ratio is relatively constant. T20 309 

summarized 10 oceanic cases with thermohaline stratification and found that the aspect ratio 310 

ranges between 0.08 and 0.31 with mean 0.15 and standard deviation 0.08. Cases with a near-311 

bed lutocline have yielded larger values (0.28-0.62, Jiang and Wolanski, 1998; 0.34-0.53, 312 

Held et al., 2019); and 0.14-0.58, T20).  313 

A first estimate of hes/λ may be obtained by assuming that the billow height equals the 314 

thickness of the shear layer. DNS and lab experiments show that this is approximately true, 315 

though mature billows can be larger by factors of 2-3 (e.g., Smyth and Moum, 2000). For a K-316 

H billow growing on an idealized shear layer, the wavelength is ~ 7 times the shear layer 317 

thickness prior to the onset of the instabilities (Moum et al., 2011; Smyth and Carpenter, 318 

2019), suggesting an aspect ratio of 1/7=0.14. The average value 0.15 found by T20 for the 319 

oceanic cases is close to this, but the lutocline aspect ratios are significantly larger. 320 
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Echosounder images (e.g., Figure 3) permit straightforward graphical measurement of the 321 

height and the period of a train of billows. The wavelength of the billows is approximated by 322 

multiplying the period with an estimate of the velocity at the height of maximum shear 323 

(Smyth and Carpenter, 2019; Tu et al., 2020). The billows observed here have periods of 5-8 324 

s. A large range of horizontal propagation velocities leads to wavelength estimates varying 325 

between 0.7-3.6 m. Aspect ratios estimated from the 6 cases described in Figure 3 vary 326 

between 0.2 and 0.71, with mean value of 0.4 and standard deviation of 0.2. Thus, both 327 

previous and present observations agree that the billow aspect ratio on near-bed lutoclines is 328 

elevated compared to that of the oceanic thermohaline cases.  329 

A possible explanation for the increased aspect ratio of the lutocline billows is reduced 330 

Ri0 associated with flow over the boundary. Compiling published results from previous 331 

laboratory (Thorpe, 1973) and DNS studies (Fritts et al., 2011), as well as the present DNS 332 

(see details in section 5 and Appendix B), we obtain an empirical approximation 333 

Ri0=0.25-0.39 hes/λ,     (1) 334 

as shown in Figure 4. 335 

Based on (1), the range of oceanic values compiled by T20, hes/λ=0.15±0.08, suggests that 336 

those billows correspond to lab or DNS models with Ri0 between 0.15 and 0.20 (thick 337 

shading on Figure 4). In the lutocline case, the well-developed K-H billows with clear braid-338 

core structures have hes/λ= 0.58, 0.41, 0.69, 0.24 and 0.54 (Figure 3a4 in Tu et al., 2020, 339 

Figures 3a, 3c, 3e and 3f in this study). These values are uncertain by ~50% due to our 340 

limited knowledge of the mean flow velocity, but they illustrate the use of (1), suggesting Ri0 341 

= 0.02, 0.09, 0, 0.15 and 0.04, respectively. These Ri0 values are well below the Miles-342 

Howard threshold for inviscid shear instability (Ri0=1/4; Miles 1961; Howard 1961) and are 343 

consistent with the proximity of the benthic boundary, where shear is produced directly via 344 

bed friction and the fluid is typically well mixed. In a Monin-Obukhov boundary layer, for 345 

example, Ri drops linearly to zero at the boundary (e.g., Grachev et al., 2015; Scotti and 346 

White, 2016). 347 

 348 
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 349 

Fig. 4. Aspect ratio versus initial minimum Richardson number Ri0. Symbols represent results from lab 350 
experiments and DNS as indicated in the legend. The straight line shows the least-squares fit (1). Shaded 351 
bars indicate in situ observations of aspect ratio, from which we infer Ri0 using (1). 352 

 353 

Jiang and Mehta (2002) made a similar comparison based on a “global Richardson 354 

number”, measured directly in flows where waves already existed (whereas our parameter Ri0 355 

is the initial value and is measurable only in lab and DNS experiments). Jiang and Mehta 356 

found that the wave height decreases with increasing global Ri while the wavelength 357 

increases, i.e. the aspect ratio decreases. Insofar as these two variants of the Richardson 358 

number are related, the present results support those of Jiang and Mehta. Our objective here 359 

is to use the aspect ratio is to infer Ri0, a parameter that is otherwise unmeasurable in flows 360 

where billows are already present. 361 

5. Turbulent mixing 362 

a. Effects of shear and stratification 363 
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To investigate the turbulent mixing associated with shear instabilities, we focus on Hour 364 

11.5, when well-defined billows are identified and profiles of density and high frequency 365 

velocity cover the billows’ vertical extent (Figure 3a). Figure 5b shows the time dependence 366 

of the echogram from which the wave-like billows’ heights were approximated (Figure 5a). 367 

Although this evolution represents an unknown combination of temporal and spatial 368 

variability, it is broadly consistent with the growth, breaking and decay of a long train of K-H 369 

billows advected past an observer (e.g., Smyth et al., 2001; Mashayek et al., 2017). From 0 to 370 

25s, the acoustic signal is enhanced and wavelike features appear. From 25 to 50s the billows 371 

grow. From 50 to 100s clear braid-core structures are identified (also in Figure 5c), indicative 372 

of classic K-H instability; after 100s the billows appears to break down into small scale 373 

turbulence.  374 

The squared shear, averaged vertically over ~ 0.7-1 mab, appears to correspond to the 375 

apparent billows’ variability, especially an increase at ~100 s as wavelike motions become K-376 

H billows (Figure 5d, black curve). Because the density profiles were obtained only every 377 

0.5hr, we are obliged to assume a constant N2 (i.e., the observed vertically averaged value) 378 

during the 150s-long period described here. The resulting Ri values fluctuated around 0.25 at 379 

0-50s, identified as a pre-billow period, and drop below 0.25 after 50s when fully developed 380 

billows emerged, suggesting enhanced turbulent mixing (Figure 5e). The time-averaged S2 381 

appears to decrease towards the bed, whereas the N2 increases toward bed (Figure 5f), 382 

resulting in Ri close to 0.25 at the mid-elevation (~ 0.8 mab, Figure 5g) which is 383 

approximately the central elevation of the observed billows.  384 

In a standard (e.g. Monin-Obukhuv) bottom boundary layer, the shear is expected to reach 385 

its maximum at the bed. However, in our case the shear decreases towards bed. This, as 386 

observed in other FM environments (e.g., Jaramillo et al., 2009), is likely because the 387 

velocity inside the FM layer decays abruptly and remains low, hence the vertical gradient of 388 

current velocity is low within that layer. 389 

b. Energy dissipation and the turbulent mass flux 390 

The ADP measurements, analyzed using the structure function method (Appendix A), 391 

allow us to estimate values of the turbulent kinetic energy dissipation rate ε in the bottom 392 

meter of the water column in 256-second averages. This interval encompasses the passage of 393 

a train of a train of about 20 billows, together with calmer periods before and after (figure 394 
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5b). The dissipation rate varies between 7×10-6 and 2.5×10-5 m2 s-3(Figure 5g, appendix A) 395 

and is balanced mainly by shear production (Appendix A, figure A1c, A1d).  396 

It is useful to examine some diagnostics that originated in the analysis of unsheared 397 

stratified turbulence. The Ozmidov scale 𝐿- = + .
/"
,
0 !⁄
 is an estimate of the largest scale at 398 

which eddies can remain isotropic against the flattening effect of buoyancy. The buoyancy 399 

Reynolds number 𝑅𝑒2 =
.

(4/#)
, where ν is the kinematic viscosity, is the four-thirds power of 400 

the ratio of 𝐿- to the Kolmogorov scale, and thus measures the extent of the inertial subrange. 401 

𝑅𝑒2 must exceed 20-30 for turbulence to be maintained (Stillinger et al., 1983), which is the 402 

case for the present observations (30 < Reb <150, Figure 5h). 403 

 404 

Fig. 5. Echosounder images and profiles of water-sediment mixture density and streamwise velocity 405 
for 150s near hour 11.5 (Figure 3a). (a) Billow heights as approximated by taking the vertical extent of 406 
each billow as identified from the echosounder image in (b). (c) A close-up of (b) showing the well-407 
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defined braid-core structures as signatures of K-H billows during 50-100s. (d) time series of high-408 
frequency, vertically averaged shear squared based on ADP velocity profiles and an assumed constant 409 
buoyancy frequency squared based on the density profiling data with the resulting Ri shown in (e). Vertical 410 
variations in shear and N2, Ri, ε, and Reb are shown in (f), (g), (h), and (i), respectively. These are time-411 
averages over a 256s burst of the ADP.  412 

 413 

The turbulent vertical buoyancy flux can be estimated as Γε, where Γ is the flux 414 

coefficient (e.g., Moum, 1996b). The flux coefficient can be approximated by the constant 415 

value 0.2 in the intermediate mixing regime with 7 < Reb < 100 (Osborn, 1980; Shih et al., 416 

2005; Smyth, 2020), which pertains to this study. Thus, the turbulent mass flux is 𝐽# = 𝛤𝜀 #
"
. 417 

Inserting Γ = 0.2, ε = 2×10-5 m2 s-3, ρ ≈ 1015 kg m-3 and g = 9.8 m s-2, we obtain a mass flux 418 

per unit area Jρ = 4×10-4 kg s-1 m-2. If this flux acts at the height of 1 mab, the resulting mass 419 

loss in the bottom meter is 4×10-4 kg s-1 m-3. As can be seen from Figure 3a2, a typical SSC in 420 

the bottom meter is 15 kg m-3. With our estimated mass flux, this would take ~10.4 h to erase 421 

completely. This is close to the semi-diurnal tidal period, i.e., the duration of the flood and 422 

the ebb phase. As the instabilities have been identified during both flood and ebb phases, they 423 

are expected to play a significant role in sediment transport/exchange. 424 

c. Estimating the dissipation rate from echosounder imagery 425 

While echosounder imagery can provide a convenient and comprehensive view of a 426 

billow train, extracting quantitative information can be challenging. Lavery et al. (2010) use 427 

measurements of high-frequency broadband (160-590 kHz) acoustic backscattering spectra to 428 

estimate the dissipation rate associated with K-H instabilities by fitting the observed spectra 429 

to established models. Here we explore an alternative approach that allows us to estimate the 430 

turbulent kinetic energy dissipation rate ε based on an echosounder image.  431 

We assume that, when billows are clearly visible in an echosounder image (e.g. Figure 432 

3c), their height is related to LO. We therefore approximate the ratio 6$!7%   by a constant C, and 433 

rearrange the definition of the Ozmidov scale, 𝐿- = + .
/"
,
&
#, to give  434 

𝜀 = 𝐶8!ℎ9)! 𝑁:.       (2) 435 

But is the assumption hes/LO = constant valid? And if so what is its value? We address 436 

these questions using both observational and numerical data. In the Connecticut River 437 
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estuary, Geyer et al. (2010) observed K-H billows with hes = 2 m, ε = 2.4×10-4 m2s-3, and N = 438 

0.19 s-1, yielding LO = 0.19 m and therefore hes/LO = 11. (The estimate of LO is sensitive to the 439 

calculation method. Here we averaged values of 𝜀, and of N, from nine locations in a billow 440 

train as given in Geyer et al. (2010) ’s table 1, then combined the averages to get LO. If the 441 

values are combined first, then the resulting LO averaged, the result is 50% higher.) In the 442 

same estuary, Holleman et al. (2016) found hes/LO = 3m / 0.24m = 12.5. In the Kuroshio, 443 

Chang et al. (2016) observed large scale K-H instabilities with hes ~ 100 m. Combining 444 

estimates of N2 = 10-4 s-2 and ε = 5×10-5 m2s-3, we obtain LO = 7m and hes/LO = 14. Averaging 445 

these three estimates gives C=hes/LO ≈ 12.5, or C-2 ≈ 0.0064 in (2). 446 

We now explore the relationship between billow height and Ozmidov scale further using 447 

a suite of 18 DNS experiments, each covering the growth, breaking and decay of a K-H 448 

billow train. These experiments are described in Appendix B, and in more detail in Kaminski 449 

and Smyth (2019).  Figure 6 shows the growth and breakdown of the billows as observed by a 450 

“virtual echosounder” (Appendix B), as well as the temporal variations in LO and hes. The 451 

billow height hes increases initially then levels off at a time that is close to t2d (the time at 452 

which the kinetic energy in two-dimensional motions is a maximum, or roughly the time of 453 

maximum amplitude for the primary K-H billow; see Appendix B). Beyond this stage, hes 454 

increases but only slightly. On the other hand, LO is small during the initial growth of hes but 455 

then increases rapidly to a maximum near the time t3d (when 3d motions are most energetic), 456 

then decreases rapidly back to zero. Because that maximum is the only non-arbitrary value of 457 

LO that can be defined for a K-H event, our goal in this DNS analysis is to predict its value, 458 

and ultimately that of the corresponding ε. In the observational analyses discussed above, LO 459 

is a typical value for the region containing the instability, defined subjectively. The 460 

distinction between this and the maximum value of LO is secondary and cannot be made with 461 

the available data. In the example shown in Figure 6, hes and 10LO are nearly equal for t~t3d, 462 

suggesting hes/LO ~10, very similar to the observational estimates.  463 
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 464 

Fig. 6. Results from example DNS with Re=2000, Ri0=0.12, Pr=1 (from Kaminski and Smyth, 2019). 465 
Details of the DNS are given in Appendix B. (a) Proxy echosounder image extracted from DNS. The 466 
nondimensional squared vertical density gradient is plotted. (b) Nondimensional length scales 10 LO and 467 
hes versus nondimensional time. Vertical lines show t2d and t3d, the times of maximum kinetic energy in 2d 468 
and 3d motions (Smyth et al., 2005). 469 

 470 

The ratio hes/LO in a DNS also depends on other parameters of the initial state: the initial 471 

Richardson and Reynolds numbers and the amplitude of the initial noise field. Combining 472 

results for various values of these parameters (Figure 7) we find that the ratio is generally ~O 473 

(10) but can vary significantly. We conclude that (2), with C=12.5 as suggested previously 474 

(or C-2=0.0064) gives a useful first estimate of the maximum dissipation rate attained by a 475 

breaking K-H billow. 476 
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 477 

Fig. 7. Ozmidov scale LO at t3d versus billow height hes at t=t2d, from 18 DNS runs as described by 478 
Kaminski and Smyth (2019). An example is shown in figure 6. Re and Ri are as given in the legend. Each 479 
symbol type represents three simulations with initial turbulence amplitude A=0.0025, 0.01 and 0.05. 480 

 481 

6. Discussion 482 

The present observations lie in an extreme parameter regime and therefore offer an 483 

interesting test of (2). Unfortunately, only one of the examples shown in figure 3 has billows 484 

located in the lowermost meter of the flow, where ADP measurements are available (figure 485 

3a). Moreover, the structure function estimate of ε is available only as an average over the 486 

256-second ADP burst, in which billows are present only part of the time. The Ozmidov 487 

scale, based on segment-averaged value of ε, and N, is LO = 0.01m, an order of magnitude 488 

smaller even than the other estuarine cases (Geyer et al., 2010; Holleman et al., 2016). The 489 

disturbance height ranges between 0.5m (when billows are present) and 0.2m (when they are 490 

not). Using the value measured when billows are clearly present, we find hes/LO ~50. Phrased 491 

differently, the structure function estimate of ε is smaller by an order of magnitude than the 492 

value predicted by the scaling (2) with C=12.5. 493 
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In summary, previous observations supported by the present DNS give consistent values 494 

of hes/LO near 12.5. This suggests that (2), with C=12.5, is a useful approximation for ε. In 495 

contrast, our lutocline observation at hour 11.5 gives a much larger value hes/LO ~ 50. This 496 

distinction may be interpreted in three ways: 497 

1. Uncertainty in the structure function estimate of e: The structure function method 498 

(Appendix A) may underestimate e. The method is based on Kolmogorov’s theory of the 499 

inertial subrange, and thus neglects the potentially important effects of stratification and 500 

boundary proximity. The required measurements of the fluctuating velocity are missing 501 

from some parts of the water column. But the deficit in e needed to account for the 502 

discrepancy in hes/LO is an order of magnitude, whereas the turbulent kinetic energy 503 

balance used to test the method suggests at most a factor-of-two deficit (Appendix A). 504 

2. Time dependence of billow length scales: Our hour 11.5 observation may represent a time 505 

interval not characteristic of turbulent billows. As shown by the DNS (Figure 6), young 506 

billows are tall and clearly visible in echosounder images, precisely because they are not 507 

yet fully turbulent (Smyth et al., 2001). Graphical estimates of hes are often made at this 508 

stage. In contrast, our estimate of e for the lutocline case is an average over a 256-second 509 

period that includes young billows, mature billows in which e is larger, and quiescent 510 

periods in which e is again small.  511 

3. Differences in near-lutocline flows: There may be a genuine physical difference in the 512 

lutocline case. This possibility is consistent with the tendency of the aspect ratio hes/l to 513 

be relatively large in lutocline cases (section 4.2), which appears to be real. As one 514 

explanation, one may think of hes as a measure of the potential energy stored in a young 515 

billow. More specifically, the potential energy is ~ hes2N2 (Dillon and Park, 1987). When 516 

the billow breaks, that potential energy is converted to turbulent kinetic energy and, 517 

ultimately, to internal energy via e. So in the lutocline case, e is smaller than would be 518 

expected given the amount of potential energy available. It could be that the lutocline 519 

billows lose energy to some other mechanism besides viscous dissipation, such as 520 

radiation of gravity waves into the surrounding sediment-stratified fluid.  521 

 522 

7. Summary and future work 523 
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After a shipboard observational campaign in a hyperturbid estuarine tidal channel, we 524 

analyzed echosounder images, vertical profiles of velocity and suspended sediment-525 

dominated density, as well as the dissipation rate of turbulent kinetic energy 𝜀 as derived 526 

using the structure function method. The main findings are summarized as follows, 527 

● Waves, instability, and turbulence are seen within FM layers at both flood and ebb 528 

tide. 529 

● Echosounder images, together with mean velocity profiles, allow estimation of the 530 

aspect ratio and therefore of the initial Richardson number characterizing the flow 531 

prior to instability growth. 532 

● The aspect ratio is larger for billows on estuarine lutoclines than those observed in 533 

oceanic interior. This may be related to the smaller initial minimum Richardson 534 

number. 535 

● The turbulent mass flux can be significant in suspending sediment over a tidal cycle. 536 

● Echosounder images, together with density profiles, allow estimates of the turbulent 537 

dissipation rate 𝜀. While valid for a broad range of oceanic conditions, this estimate 538 

appears to be too small when applied to the lutocline observations. The difference 539 

may reflect insufficient measurements or it may indicate a physical difference in 540 

lutocline billows. 541 

These results, including details of the interactions between velocity shear and mud-542 

induced stratification, periodic occurrence and collapse of shear instability, and turbulent 543 

mixing, have broadened our understanding of fluid dynamics in a hyperturbid boundary layer. 544 

Our results may also suggest realistic modeling scenarios and allow for better predictions of 545 

sediment entrainment, mixing, and dispersion of FM in hyperturbid estuarine channels.  546 

Three caveats suggest lines of future investigation. 547 

• Though rare, our observations include regions where SSC values approach 100g/L, 548 

suggesting the possibility of variable viscosity (Appendix C).  549 

• In interpreting the observations in terms of shear instability and the gradient 550 

Richardson number, we implicitly assume that these sediment-stratified flows respect 551 

the Boussinesq approximation. In our observations, that density typically changes by 552 

no more than 8% over the lowest meter of the water column (Fig. 3). While this 553 

change is small compared with previous cases where the Boussinesq approximation 554 
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has been assumed (e.g., Daly and Pracht, 1968; Schatzmann and Policastro, 1984), 555 

and in particular where the Boussinesq value 1/4 for the critical Richardson number 556 

has been applied (Trowbridge and Kineke, 1994), it is possible that this and other 557 

parameter values are affected by non-Boussinesq effects. Future research should 558 

address this question. 559 

• While the parameterization (2) is useful, we must understand its boundaries of 560 

validity, beginning with why it requires adjustment in the lutocline case. This will 561 

require more extensive DNS explorations as well as more targeted observations. The 562 

present turbulent mixing estimates are time-averaged over a few minutes thus are not 563 

able to resolve the details of individual billows (period ~ 5 - 8 seconds). Future work 564 

should focus on resolving the fine temporal and spatial scales of motion within the 565 

braid and core areas, and velocity measurements should cover the water column more 566 

completely. 567 
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TKE dissipation rate estimates using structure function 585 

Following Wiles et al. (2006), the TKE dissipation rate εi was estimated along beam i 586 

using the second order structure function, 587 

 𝐷(𝑧, 𝑟) = [𝑏;(𝑧) − 𝑏;(𝑧 − 𝑟)]! (A1) 

Where b’(z) is the along beam velocity fluctuation at a height z above the bed, r is the 588 

along-beam distance between velocity measurements and the overbar denotes a segment time 589 

average (256s).  590 

According to the Kolmogorov’s inertial subrange theory, the structure function can be 591 

expressed as 592 

 𝐷(𝑧, 𝑟) = 𝐶(!𝜀!/:𝑟!/: (A2) 

Where 𝐶(! = 2.1 is an empirical constant (Pope, 2000). To obtain estimates of ε, the 593 

second-order structure function 𝐷(𝑧, 𝑟) is fitted to a linear equation using MATLAB’s robust 594 

fit algorithm, 595 

 𝐷(𝑧, 𝑟) = 𝐴𝑟!/: + 𝑛 (A3) 

The slope of the regression, A, is related to the dissipation by 596 

 𝐴 = 𝐶(!𝜀!/: (A4) 

and n is an offset related to the Aquadopp noise variance, which is assumed to be 597 

independent of r. TKE dissipation rates were estimated from the 256s segment detrended 598 

velocity records (data points =1024) using equations A2-A4. The separation distance r was 599 

limited to the distance to the boundary (Mullarney and Henderson, 2012). Following 600 

Thomson (2012), n is obtained as a free parameter in the fit and further used for quality 601 

control by accepting only n < 2σu’2 and n << A r2/3, where σu’ = 0.0175 m/s is a nominal 602 

velocity uncertainty (see Text2 in the supplemental material). The goodness of the fit is 603 

assessed by adjusted R squared 𝑅=>?! 	= 1 − (08@#)(A80)
A8B80

 and normalized standard error by the 604 

mean value (NSE = SE/MEAN). Here R2 is the ordinary square of correlation coefficient 605 

between observed and fitted structure functions, m is the total sample size, k = 1 is the 606 

number of variables. Only estimates with Radj2 > 0.7 and NSE < 0.3 were retained for further 607 
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analysis. Though somewhat subjective, visual comparison of the observed and fitted data 608 

indicates that the threshold values defined above assure good data quality. Dissipation 609 

estimates from three beams were log-averaged to provide a single dissipation estimate for 610 

each elevation for a given segment. An example of the estimation of dissipation using 611 

structure function is shown in Figure A1a and A1b. As the available velocity records of ADP 612 

were limited by signal attenuation by the FM. Therefore, available dissipation estimates were 613 

even less given that at least three velocity points were required to obtain a dissipation 614 

estimate, and some of the obtained dissipation rates were further excluded if they failed to 615 

pass the quality control described earlier. 616 

 617 

 618 

Fig. A1. (a) Velocity measurements of Aquadopp HR on 2 October 11:20 local time (segment 35, 619 
indicated by dashed line in (c)). (b) Structure function and associated fits (lines) to Eq.4 for a single beam 620 
from Aquadopp HR at the same segment as (a). zb represents distance below the Aquadopp HR transducer 621 
(m). Comparisons between the estimated dissipation and production are also shown in (c) and (d). 622 

The shear production (𝑃 = −〈𝑢′𝑤′〉 $'
$&
) was calculated as an independent parameter for 623 

comparison. The estimate of current shear $'
$&
 is straightforward using the segment averaged 624 

streamwise velocities at different elevations. However, the calculation of Reynolds stress  625 
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〈𝑢′𝑤′〉	can be complicated by nonturbulent motions, counter-gradient flux, and noise floor 626 

(Scully et al., 2011; Walter et al., 2011). To address these issues, we fit the observed 627 

cospectra to the model proposed by Kaimal et al. (1972): 628 

 
𝑘𝑆'*(𝑘)
〈𝑢′𝑤′〉 =

0.88( 𝑘𝑘C
)

1 + 1.5( 𝑘𝑘C
)
D
:
 (A5) 

where 𝑆'* is the cospectra of each ADP segment estimated using the Welch method 629 

(Welch, 1967) with 50% overlap and applying a Hamming window. The frequency f is then 630 

converted to wavenumber k via 𝑘 = 2𝜋𝑓/𝑈, making Taylor’s frozen turbulence assumption. 631 

A two-parameter least-square fitting can be used with the observed 𝑆'*(𝑘), to obtain 632 

estimates of Reynolds stress 〈𝑢′𝑤′〉 and the runoff wavenumber k0. We refer the reader to Tu 633 

et al. (2019) for a detailed description of the Kaimal fitting method. As can be seen from 634 

Figure A1c and A1d, the dissipation rate derived from structure function and the shear 635 

production obtained from independent Kaimal fit method roughly agree with each other, 636 

suggesting that the structure function method provides reliable dissipation estimates.  637 

Figure A1d shows that the shear production is somewhat larger than dissipation rate with 638 

a mean value of P/ε being 1.7. Given that the fluid flow is strongly stratified by the 639 

suspended sediment, it is likely that the imbalance between P and ε is attributable to 640 

buoyancy destruction by sediment. Assuming stationary, homogeneous turbulence, the 641 

energy balance is given by P = B+ ε. Jones and Monismith (2008) found that P/ε = 3.3 and 642 

argued that the sediment concentration gradient near bed might account for the disparity 643 

between P and ε. If the sediment settling flux and the vertical turbulent flux of sediment are 644 

balanced (consistent with the assumption of stationarity), the turbulent buoyancy flux B can 645 

be written as minus the settling flux (Green and McCave 1995),  646 

 
𝐵 =

𝑔(𝜌) − 𝜌*)
𝜌)𝜌*

𝑆𝑆𝐶 ∙ 𝑤) (A6) 

where g is gravity acceleration, ρs is sediment density, ρw is the fluid density, and ws is the 647 

sediment settling velocity. Using a ws = 4.6×10-4 m s-1, ρs=1320 kg m-3 for the flocculated 648 

sediment in Changjiang estuary (Tang, 2007), and SSC = 20 kg m-3 (Figure 2a1) we obtain an 649 

estimate of B~ 2×10-5 m2 s-3. This value is at the same magnitude as P (4.9×10-5 m2 s-3) and ε 650 

(2.8×10-5 m2 s-3). Although just an estimate of order of magnitude, the buoyancy flux by 651 
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mixing of suspended sediment explains the discrepancy between shear production and 652 

dissipation. This suggests that the structure function estimate of ε is reliable for the present 653 

observations. 654 

 655 

APPENDIX B 656 

DNS methods 657 

The direct numerical simulations are based on the Boussinesq approximation to the 658 

Navier-Stokes equations. The computation domain is rectilinear. Boundary conditions are 659 

periodic in both horizontal directions, free-slip, permeable and constant-buoyancy at the top 660 

and bottom. The streamwise periodicity length matches the wavelength of the fastest-growing 661 

shear instability.  662 

The initial state is a stratified shear layer with mean streamwise velocity and buoyancy 663 

defined by 664 

                                         E
∆E
= G

∆G
= tanh	 &

6
                                          (A8) 665 

For the example shown in figure 6, the constants ∆𝑈, ∆𝐵and ℎ are chosen such that the 666 

initial Reynolds number 𝑅𝑒 = ℎ∆𝑈/𝜈 = 2000, the Prandtl number 𝑃𝑟 = 𝜈/𝜅 = 1	and the 667 

initial Richardson number 𝑅𝑖 = ℎ ∆G
∆E#
 = 0.12. To this initial state is added a small-amplitude, 668 

quasi-random noise field to trigger the instability. Further details may be found in Kaminski 669 

and Smyth (2019), where the simulation shown in figure 6 is entry #10 in table 1. 670 

Echosounder response is approximated by the squared buoyancy gradient +$2
$&
,
!
. To 671 

approximate the response of a fixed echosounder to instabilities advecting downstream at 672 

speed ∆𝑈, we compute a profile of the squared buoyancy gradient at a point that moves 673 

upstream at a constant speed ∆𝑈, viz: +$2
$&
,
!
]HI8∆EJ. If the observation point 𝑥 = −∆𝑈𝑡 674 

encounters a boundary, it is moved a distance 𝐿H to the right in accordance with the periodic 675 

boundary condition. 676 

At any given time, the billow height hes is computed as the vertical distance between the 677 

upper and lower maxima in the buoyancy gradient +$2
$&
,
!
. The dissipation rate ε is calculated 678 

from the strain rate tensor at each point in space and averaged both horizontally and over the 679 
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vertical extent of the turbulent shear layer. The corresponding squared buoyancy frequency 680 

N2 is calculated from the mean buoyancy profile and similarly averaged over the shear layer. 681 

The latter two quantities are combined to obtain the Ozmidov scale. 682 

Another useful diagnostic is the specific kinetic energies (one half the squared velocity) 683 

contained in various components of the motion (Smyth et al., 2005). The mean kinetic energy 684 

is the volume average of U2/2, where U(z,t) is the streamwise velocity averaged over the 685 

horizontal directions x and y. Subtracting U from the total velocity field and averaging over y 686 

gives 𝑢]⃗ !>(𝑥, 𝑧, 𝑡), the 2d component of the motion that is dominated by the K-H billow. 687 

Subtracting U and 𝑢]⃗ !> , from the total velocity field isolates the 3d motions associated with 688 

secondary instabilities and turbulence. At the beginning of an instability event, the mean flow 689 

is dominant. The 2d component associated with the primary K-H billows grows exponentially 690 

then saturates, reaching its maximum amplitude at time t2d. As secondary instabilities sap the 691 

energy of the billows, the 3d component of the motion grows, and its kinetic energy reaches a 692 

maximum at the later time t3d. In the end, the disturbances dissipate and the energy is again 693 

contained in the mean flow. 694 

 695 

APPENDIX C 696 

The impact of SSC on viscosity 697 

Although numerous empirical formulas express the relationship between SSC and 698 

viscosity, there is no consensus on a general expression (Mehta, 2013). Thomas (1963) 699 

proposed a formula for viscosity that can be applied to SSC exceeding several hundreds of 700 

g/L with particles in the size range between 0.1 and 20 μm (close to mean grain size of 8μm 701 

in this study), 702 

η = η* `1 + 2.5Ф(K + 10.05Ф(K
! + 0.062exp	( 0.MNDФ'(

080.DPDФ'(
)f, where η* is the dynamic 703 

viscosity of water, Ф(K =
++,(#!8#))
#!(#(8#))

 is the floc volume fraction (Mehta, 2013). Here, 704 

𝜌)=2650 g/L is the sediment particle density, 𝜌* is the water density, and 𝜌K is the floc 705 

density. In the same estuary, Guo et al. (2017) found 𝜌K ~ 1300 g/L.  706 

As can be seen in Figure 3, the SSC at the billows elevation generally varies between 707 

10-100 g/L, this gives a viscosity between 1.1η* and 2η*. Wang (2021) conducted 708 
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rheological experiments using mud from the same estuary and found Q
Q)
 ~ 1.3 at SSC ~ 100 709 

g/L. Similarly, Fei (1982) compiled experimental results using fine sediment with similar size 710 

(d50 = 6-9 μm) as present study. They found Q
Q)
 values varying between 1.02-1.65 given SSC 711 

of 10-100 g/L. Regarding the DNS, Harang et al. (2014) show that, at large Reynolds 712 

number (Re > ~1000), the mud viscosity has no influence on the development of the primary 713 

instability, which is used to derived key parameters (e.g., wave height) for the inference of 714 

turbulence. The relevant Reynolds number is Re = uδ/ν, where u, δ and ν are half-velocity 715 

difference across the layer, half-thickness of the shear layer, and fluid kinematic viscosity. 716 

Given typical values of u~ 0.25 m/s, δ ~0.5 m (See the six cases in Figure 3), and ν < 2νw = 717 

2×10-6 estimated above (where νw is the kinematic viscosity of clear water), we arrive at Re > 718 

6×104, indicating turbulent flow. 719 

From an observational perspective, researchers may use SSC and velocity profiles to 720 

infer the depth-dependent viscosity on basis of momentum equation (e.g., Vinzon and Mehta, 721 

2000; Traykovski et al., 2015). The viscosity derived using this method, however, is termed 722 

as a total viscosity including turbulent eddy viscosity (νt) and fluid-mud viscosity (νm); Thus, 723 

in turbulent flows, νt dominates while in laminar flows νm dominates (Traykovski et al., 724 

2015). The Reynolds number Re > 6×104 estimated above indicates that the periods with 725 

shear instabilities and internal waves are generally turbulent, hence eddy viscosity plays a key 726 

role. Therefore, it is likely that the suspended sediment has minor impact on the total 727 

viscosity, and thus on flow dynamics, except very few periods with extremely high SSC 728 

approaching 100g/L. 729 
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