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Abstract

We investigate the effect of extremely rough bathymetry on energy dissipation and mixing in a coastal region characterized by

small-scale seafloor features penetrating a strongly-stratified density interface of comparable vertical scale. Our data from the

non-tidal Baltic Sea include shear microstructure measurements and observations from a broadband echosounder, here used to

resolve the extreme variability and intermittency of stratified turbulence in the vicinity of obstacles. Scale analysis and acoustic

imaging of small-scale turbulent motions suggest that the underlying mixing mechanisms are related to topographic wake eddies

and, to a smaller extent, to breaking internal waves near the bathymetric features. Vertical diffusivities exceed those at a nearby

reference station with smooth bathymetry by up to two orders of magnitude. Our study emphasizes the importance of rough

small-scale (< 1 km) bathymetric features for energy dissipation and vertical turbulent transport in coastal areas shaped by

e.g., glacial, tectonic, or volcanic processes.
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Key Points: 16 

• High-resolution turbulence observations in a shallow, strongly stratified region with 17 
extremely rough seafloor topography 18 

• Acoustic turbulence imaging shows highly intermittent and localized mixing due to wake 19 
eddies and internal-wave breaking near obstacles 20 

• Strongly enhanced mixing due to bathymetric features, causing hotspots of mixing in the 21 
Baltic Sea 22 

  23 
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Abstract 24 

We investigate the effect of extremely rough bathymetry on energy dissipation and mixing in a 25 

coastal region characterized by small-scale seafloor features penetrating a strongly-stratified 26 

density interface of comparable vertical scale. Our data from the non-tidal Baltic Sea include 27 

shear microstructure measurements and observations from a broadband echosounder, here used 28 

to resolve the extreme variability and intermittency of stratified turbulence in the vicinity of 29 

obstacles. Scale analysis and acoustic imaging of small-scale turbulent motions suggest that the 30 

underlying mixing mechanisms are related to topographic wake eddies and, to a smaller extent, 31 

to breaking internal waves near the bathymetric features. Vertical diffusivities exceed those at a 32 

nearby reference station with smooth bathymetry by up to two orders of magnitude. Our study 33 

emphasizes the importance of rough small-scale (< 1 km) bathymetric features for energy 34 

dissipation and vertical turbulent transport in coastal areas shaped by e.g., glacial, tectonic, or 35 

volcanic processes. 36 

 37 

Plain Language Summary 38 

Mixing of water across density interfaces is important for ecosystems and the circulation 39 

between basins. However, mixing related to rough small-scale bathymetry is often not resolved 40 

in models and difficult to measure. In this study, we show high-resolution acoustic observations 41 

of intense vertical mixing across a strong density interface, that separates the saltier bottom water 42 

from the fresher surface water in the northern Baltic Sea. In the study region, steep underwater 43 

hills and ridges extend into the density interface. As water flows over the region, the hills and 44 

ridges cause the water to mix. Measured values of mixing and vertical salt fluxes in this region 45 

are up to two orders of magnitude higher than at a nearby reference station with smooth 46 

bathymetry. Our analysis suggests that the observed high mixing is mainly caused by eddies in 47 

the wake of obstacles and secondarily by breaking internal waves, which are waves within the 48 

water that occur on interfaces between layers with different properties. Understanding mixing 49 

mechanisms and estimating their contribution is needed to implement mixing into ocean models. 50 

This study highlights the importance of rough small-scale seafloor features (< 1 km) for mixing 51 

and vertical transport of heat and matter. 52 
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1 Introduction 57 
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Rough bathymetry is known to considerably increase vertical mixing in the deep ocean (Polzin et 58 

al. 1997; Ledwell et al. 2000; Garabato et al. 2004; Kunze et al. 2006; Nikurashin and Legg 59 

2011; Waterhouse et al. 2014), in fjords (Arneborg & Jansson, 2017), and in lakes (Wüest & 60 

Lorke, 2003). Several mechanisms have been shown to result in enhanced mixing near rough 61 

bathymetry. Processes related to internal-wave generation (Alford et al., 2011; Garrett & Kunze, 62 

2007; MacKinnon et al., 2017; Nycander, 2005), hydraulic effects (Alford et al., 2013; Arneborg 63 

& Jansson, 2017; Legg & Klymak, 2008), and the shedding of eddies in the wake of topographic 64 

obstacles (Caldeira et al., 2005; MacKinnon et al., 2019; Pawlak et al., 2003; Perfect et al., 2020) 65 

are believed to be particularly relevant. However, field studies of these processes, typically based 66 

on in-situ profiling measurements, were generally unable to capture the extreme spatial 67 

heterogeneity and intermittency of turbulence near bathymetric features, and focused only on 68 

individual obstacles rather than the overall effect in regions with extremely rough bathymetry.  69 

Here, we combine traditional turbulence microstructure profiling measurements with a new type 70 

of high-resolution broadband acoustic turbulence observations to investigate the effect of 71 

extremely rough bathymetry on energy dissipation and mixing in a coastal region characterized 72 

by a large number of topographic features (hills and ridges) penetrating into a strongly stratified 73 

density interface. Our study area in the Southern Quark, northern Baltic Sea, is known for its 74 

rough small-scale bathymetry (Jakobsson et al., 2019) with horizontal scales Oh(100 m) and a 75 

large potential for enhanced mixing (Nohr & Gustafsson, 2009). While most previous studies 76 

that investigate mixing related to rough bathymetry have focused on tidal currents, we present a 77 

dataset practically not influenced by tides. Our study points at the relevance of seafloor-ocean 78 

interactions in coastal regions with strongly corrugated bathymetry which lead to enhanced 79 

energy dissipation and vertical transports of nutrients and oxygen and therefore may have an 80 

important regulatory effect on the development of oxygen minimum zones.   81 

 82 

2 Study Area and Methods 83 
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The study area in the Southern Quark is located at the border between the Bothnian and Åland 84 

seas (Fig. 1). It constitutes a major oceanographic bottleneck in which the bathymetry controls 85 

water exchange between two of the Baltic Sea’s main basins (Elken & Matthäus, 2008). The 86 

particularly rough seafloor is due to the underlying bedrock geology, tectonic lineaments 87 

(Beckholmen & Tiren, 2009), and interaction between the seafloor and the Scandinavian Ice 88 

Sheet (Greenwood et al., 2017). Here we use the gridded bathymetric model compiled by 89 

EMODnet at a grid-cell resolution of 1/16 arc minute (EMODnet Bathymetry Consortium, in 90 

prep) to assess the seafloor morphology. The version we use is scheduled to be published before 91 

the end of 2022 and includes multibeam bathymetry in the Southern Quark acquired with 92 

Stockholm University’s Research Vessel R/V Electra in 2017 (Jakobsson et al., 2019).       93 

Oceanographic and acoustic data presented in this study were collected during a cruise with R/V 94 

Electra on 2-3 March 2020 on six transects in a region of particularly rough bathymetry and a 95 

reference station located in a deeper and topographically smooth basin bounding the study area 96 

in the east and south (Fig. 1). Oceanographic data were collected with a free-falling MSS-90L 97 

microstructure profiler (MSS) from Sea&Sun Technology (SST, Germany), equipped with two 98 

PNS06 airfoil shear probes for estimates of the dissipation rate of turbulent kinetic energy, a 99 

FP07 fast-response thermistor, precision CTD (Conductivity, Temperature, Depth) sensors, and 100 

an oxygen sensor. All sensors were sampled at 1024 Hz and digitized at 16-bit resolution. The 101 

sinking velocity of the profiler was adjusted to about 0.7 m s-1. In total, 50 MSS casts were 102 

collected, of which 47 casts are located in the study region and three casts at the reference station 103 

(Fig. 1 a and c). From the MSS profiles, conservative temperature Θ, absolute salinity SA, and 104 

buoyancy frequency N were computed according to the international TEOS-10 standard for 105 

seawater (IOC et al. 2010). Detailed information on the processing of MSS shear microstructure 106 

data is found in (Muchowski et al., 2022). The location of the transects and positioning of the 107 

MSS casts was based on real-time acoustic observations as described in the next section.  108 

Acoustic observations were conducted with a Simrad ES70-7C (45-90 kHz) split beam 109 

transducer (Kongsberg, Norway) in combination with a Simrad EK80 wideband transceiver, 110 

using a ping rate of 1 Hz and a pulse duration of 4.1 ms. The received signal was processed using 111 

pulse compression and compensated for spherical spreading and absorption. The system was 112 

calibrated in the study area during the measuring campaign with a 38.1-mm tungsten carbide 113 
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sphere, as described in Demer et al. (2015). R/V Electra’s Seapath 330+ RTK GPS unit and a 114 

MRU5+ motion sensor were used for accurate positioning and compensation of (wave-induced) 115 

heave in the acoustic observations. We show calibrated acoustic backscatter strength per volume 116 

(Sv) in dB re 1μPa. 117 

While the MSS profiler measures small-scale turbulent velocity fluctuations, the EK80 measures 118 

acoustic backscatter from density and sound speed fluctuations, caused by temperature and 119 

salinity fluctuations (e.g. Lavery et al. 2013). Therefore, acoustics only register turbulent 120 

structures in regions with existing background temperature and salinity gradients, where 121 

turbulent stirring induces temperature and salinity microstructure and thus increased acoustic 122 

backscatter (Muchowski et al., 2022), whereas MSS measurements show dissipation rates also in 123 

well-mixed parts of the water column. Thus, the acoustic observations indicate regions where 124 

mixing of different water masses occurs and where the diapycnal transport of salt and/or heat is 125 

increased. Additionally, the EK80 records strong backscatter from biological scatterers, such as 126 

zooplankton and fish, in this dataset. Muchowski et al. (2022) showed that in areas where 127 

biological scattering does not dominate the signal, turbulent microstructure is the primary source 128 

of acoustic backscatter recorded with the R/V Electra EK80 system in this region and time of 129 

year. In this study, we conducted acoustic surveys to identify regions of increased stratified 130 

mixing prior to our MSS measurements. These real-time acoustic observations enabled us to plan 131 

positions of the MSS measurements and to target local mixing hotspots in a region with complex 132 

and highly intermittent turbulence. 133 

Acoustic Doppler Current Profiler (ADCP) data were collected using Electra’s hull-mounted 600 134 

kHz Workhorse ADCP (Teledyne RDI, USA) (see Supplementary Fig. S1). This instrument 135 

provided reliable data down to 40-50 m water depth and therefore did not include most of the 136 

halocline region below approximately 50 m depth.  137 
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where z is defined positive upward and ρ is the water density.  153 

3 Results and Discussion  154 

3.1 In-situ measurements 155 

Microstructure (MSS) profiles of conservative temperature Θ, absolute salinity SA, and buoyancy 156 

frequency N show that the stratification in the study area (transect T1-T7, Fig. 1c) is 157 

characterized by a halocline between 50-80 m water depth, which separates warmer and saltier 158 

deep water from a cooler and fresher surface layer (Fig. 2). The entire water column is stably 159 

stratified with a buoyancy frequency that ranges from N2 = 10-6 s-2 in the surface- and bottom 160 

layers to N2 = 10-3 s-2 in the halocline.  161 

To isolate the effect of the corrugated topography in the study area, we compare our data to 162 

reference transect T7, south of the study region (Fig. 1a, in red), where we expect a similar 163 

meteorological forcing but no significant topographic effects due to the larger water depth and 164 

the smooth seafloor. At this reference station, the halocline is shallower and broader but shows 165 

comparable maximum values for N2 (Fig. 2). The vertical offset in halocline depth implies a 166 

baroclinic pressure gradient favoring a northward transport of deep water. This transport, and the 167 

mixing processes studied in the following, are important components of the estuarine circulation 168 

of the Northern Baltic Sea, determining water mass properties and ventilation of the deep water.   169 

MSS profiles of kinetic energy dissipation rates, ε, vertical turbulent diffusivity, kz, and vertical 170 

salt flux, FzS, show that all three quantities are increased by up to two orders of magnitude in the 171 

halocline of the study region (Fig. 2d-f). The average dissipation rate in the halocline of all 47 172 

MSS profiles in the study region is ≈ 1.1 ∙10-7 W kg-1 and thereby two orders of magnitude above 173 

measurements at the reference station. Average vertical diffusivities are ≈ 7∙10-4 m2 s-1 in the 174 

halocline of the study area, while average vertical diffusivities at the reference station as well as 175 

in other parts of the Baltic Sea are measured to be 1-2 orders of magnitude lower. For example, 176 

kz < 10-5 m2 s-1 in the halocline of the Eastern Gotland Basin (Lass, 2003). The mean salinity flux 177 

through the halocline (50-80 m depth), calculated from (2) and averaged over all MSS profiles in 178 

the study region is FzS = 0.01 kg m-2 s-1. While salinities in the study area are overall lower than 179 

in the Baltic Proper, the diapycnal salinity flux is one order of magnitude above the average in 180 
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the entire Baltic Sea, including upwelling (Reissmann et al. 2009), as well as in the Bornholm 181 

(van der Lee & Umlauf, 2011) and Eastern Gotland Basin (Rahm 1985).  182 

To investigate the impact of the observed mixing rates on the evolution of the halocline and the 183 

adjacent surface and deep-water layers, we numerically solved the one-dimensional diffusion 184 

equation with a vertically variable diffusivity, approximated as k = min(αN-1, kmax) (Stigebrandt 185 

1987, equation 2.2), with α = 5∙10-6 and kmax = 10-2 m2 s-1. With these parameters, the model 186 

reproduces the observed diffusivities in the halocline, and has the advantage, compared to a 187 

model with a prescribed (fixed) diffusivity profile, that the diffusivity dynamically adapts to the 188 

evolution of the halocline. The initial conditions are chosen to approximate the observed salinity 189 

profile by an inverse tangent function. Model results show (Fig. 3) that the halocline width 190 

nearly doubles and that salinities in the layers above and below the halocline are modified by 191 

about 0.1 g kg-1 over a period of 5 days, which would correspond to a typical residence time for 192 

surface-layer waters in the study area (horizontal scale: 20 km) for typical current speeds of 0.05 193 

m s-1 (see supplementary Fig. S1). As the larger-scale forcing of deep-water flow in the area is 194 

predominantly northward, the modification of the water below the halocline due to the observed 195 

mixing may be relevant for the deep-water conditions in the Bothnian Sea, adjacent to the north 196 

of the study region.  197 
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 198 

Figure 2: (a) Conservative temperature (Θ), (b) absolute salinity (SA), (c) buoyancy frequency (N2),  (d) dissipation rate of 199 
turbulent kinetic energy (ε), (e) vertical turbulent diffusivity (kz) and vertical salt flux (Fzs)  from 47 MSS casts in the study region 200 
(black) and 3 MSS casts at the reference station (red) together with their arithmetic mean values (bold). Positions of MSS casts 201 
are shown on map in Fig. 1 (MSS 76-125). Grey shaded patch marks the halocline in the study region.  202 
 203 

 204 
Figure 3: Diffusion model of the study region. (a) initial salinity profile and corresponding buoyancy frequency, (b) initial 205 
turbulent vertical diffusivity profile (blue) and its development over time, (c) initial salinity profile (blue) and its development 206 
over time. 207 

3.2 Broadband acoustic observations 208 
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(b) conservative temperature (turquoise) and absolute salinity (black) profile from MSS 86, (c) dissipation rate ε from MSS cast 222 
86 (black) and inferred from acoustic backscatter (green) in combination with temperature and salinity profile shown in (b).  223 
 224 

Quantitative estimates of energy dissipation rates from acoustic observations in between 225 

microstructure profiles are complicated by the lack of commensurate observations of temperature 226 

and salinity stratification (extrapolations are highly inaccurate due to the strong spatial variability 227 

in this region). Additionally, the acoustic signal is often dominated by biological scattering, 228 

especially in the deeper layers below 70 m. We therefore avoid quantitative estimates and 229 

integration of dissipation rates based on acoustic backscatter. Nevertheless, the acoustic 230 

measurements provide a tool to visualize and map turbulent mixing at high resolution which 231 

would not be achievable with any of the traditional techniques to observe turbulence.  232 

3.3 Mixing mechanisms 233 

Local mixing hotspots seen in Figure 4 are likely caused by a combination of mixing 234 

mechanisms related to the rough bathymetric features. To analyze the relevance of different 235 

potential mixing mechanisms, we define the most important bulk parameters characterizing the 236 

study area: h = 20 m as a typical vertical scale of the bathymetric features (as seen in Fig. 4a), LN 237 

= 30 m as the thickness of the halocline (Fig. 2b), N = 0.015 s-1 for the average buoyancy 238 

frequency in the halocline (Fig. 2c), 𝑓 = 1.26 ∙ 10  s  for the Coriolis parameter,  and u = 239 

0.05 m s-1 for typical velocities at the bottom of the ADCP range, i.e. at the upper end of the 240 

halocline region (see Supplementary Fig. S1). The latter estimate is the most uncertain as the 241 

currents are fluctuating and measurements in the core of the halocline are lacking. Finally, the 242 

lateral scales of bathymetric features in this study are anisotropic, ranging from values of the 243 

order d = 500 m in the cross-ridge (west-east) direction to d = 2000 m in the along-ridge (north-244 

south) direction, respectively (Fig. 1c).  245 

Based on the above defined parameters, the non-dimensional topographic Froude number 246 𝐹𝑟 = 𝑢 (𝑁ℎ)⁄  can be estimated to ≈ 0.17. The small Froude number suggests that much of the 247 

flow is blocked or, where possible, flows around the bathymetric features. Near the hilltops, 248 

however, overflow could be possible. The Rossby number is Ro = 𝑢 (𝑓𝑑)⁄ ≈ 0.2 − 0.8, where 249 

the smaller and larger values of Ro correspond to our along-ridge and cross-ridge estimates of d. 250 

These small to moderate values suggest that the flow is significantly affected by rotation. The 251 

intrinsic frequency of lee waves, ω = 2πu/d, is about (1.6 − 6.3) ∙ 10  s  which is larger than f 252 
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but much smaller than N, meaning that lee waves are possible but propagate with nearly 253 

horizontal phase lines. Possible mixing mechanisms are therefore to some extent breaking 254 

internal lee waves due to flow over bathymetric features, but more importantly, lee vortices or 255 

wake eddies due to flow around them and nonlinear hydraulic effects due to topographic 256 

blocking. Our observations show similarities to model studies of wake eddies from Puthan et al. 257 

(2020 and 2022), carried out at a topographic Froude number of 0.2 and 0.15, respectively but 258 

for a single hill and at a much larger Rossby number where rotation is less important. Puthan et 259 

al. (2022) pointed out that consistently higher dissipation rates are observed inside the thin 260 

hydraulic jet evolving at the apex of an obstacle for low Fr (see their figure 7). The thin, banded 261 

structures of enhanced backscatter visible in both our EK80 and shear-microstructure 262 

measurements near the top of obstacles (Fig. 4) could be interpreted as evidence for this process 263 

(unfortunately, our ship ADCP data do not reach down to this region).  264 

 265 

These qualitative arguments can be substantiated with the help of shear microstructure 266 

measurements and theoretical energy dissipation estimates. Energy dissipation due to 267 

topographic wake eddies is suggested to scale as 𝑢 /𝑑 (e.g., Puthan et al. 2022), yielding 268 

dissipation rates in the range [0.6 - 2.5] ∙10-7 W kg-1, i.e. of the same order of magnitude as our 269 

observations (≈ 1.1 ∙10-7 W kg-1). The integrated dissipation rate (based on the average 270 

dissipation rate 𝜀 ̅of all 47 MSS profiles) in the halocline of the study region is  271 
 272 

 𝐷 =    𝜀 ̅𝜌 d𝑧 ≈ 3.4mW m  . (3) 273 

 274 

Assuming that the dissipation rate scaling u3/d is relevant for the halocline, the depth integrated 275 

dissipation, corresponding to (3), would scale as 𝜌𝑢 𝐿 /𝑑, where LN is the thickness of the 276 

halocline. With the parameters defined above, the resulting integrated dissipation rates are in the 277 

range [1.3-5.2] mW m-2, close to the observed value. Note that this parametrization for wake 278 

eddies is independent of stratification.  279 

Integrated energy dissipation due to internal wave generation at topography in the ocean and the 280 

atmosphere is suggested to scale as 𝜌𝑁𝑢 ℎ /𝑑 in the linear limit, e.g. (Arneborg & Jansson, 281 

2017; St. Laurent et al., 2002; Stigebrandt, 1976; Welch et al., 2001) and includes stratification. 282 

Using this scaling results in values of 𝐷  in the range [8-31] mW m-2, i.e. larger than the 283 
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observed value (3). Previous studies of tidal stratified flow over steep topography (Arneborg & 284 

Jansson, 2017; St. Laurent et al., 2002) have shown that about 20% to 30% of the energy flux 285 

calculated with this scaling is dissipated locally. This leads to estimates of 𝐷  in the right order of 286 

magnitude as (3), with more comparable values for horizontal scales of 2000 m. Studies of 287 

atmospheric lee-waves also show a strong decrease in integrated energy conversion to lee waves 288 

relative to the linear limit for small Froude numbers (e.g. Welch et al. 2001) which means that 289 

the observed value can be in agreement with those results. There are, however, no clear signs of 290 

oblique bands that would be expected from breaking internal lee waves. This suggests either that 291 

these are not present or that they are horizontal due to the perpendicular transect relative to the 292 

northward flow. 293 

 294 

4 Conclusions 295 

We present in-situ microstructure measurements of dynamic turbulent diapycnal mixing near 296 

steep small-scale bathymetric hills and ridges that reach into stratified flow. Collocated acoustic 297 

observations of stratified mixing are consistent with shear-microstructure measurements but have 298 

much higher vertical and horizontal resolution. Thus, providing insights into the complex 299 

anatomy of the mixing, including hotspots of mixing near the summits and crests of the 300 

particularly rough bathymetric features. The acoustic observations thereby enable us to map 301 

turbulent mixing at unprecedented resolution and to plan in-situ measurements accordingly. We 302 

suggest that the observed mixing mechanisms, which here increase dissipation rates by one to 303 

two orders of magnitude, could play an important role beyond our study region, such as in large 304 

parts of the Bothnian Sea as well as coastal areas in the Baltic Sea and around the globe where 305 

rough, small-scale bathymetry reaches into stratified flow. 306 

 307 

Energy conversion and turbulence scalings for both, topographic wake eddies and internal 308 

waves, are to some degree supported by our integrated measured dissipation rates. However, the 309 

acoustically observed thin, horizontal, laterally coherent bands of high dissipation are similar to 310 

what has been shown for idealized stratified flow around seamounts. Additionally, the estimated 311 

Froude number of 0.17 points towards the process of wake eddy generation from flow around 312 

obstacles more than that of breaking lee waves from flow over obstacles. This could have large 313 

impacts on parametrizations, as the scaling of energy dissipation due to wake eddies is 314 
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fundamentally different from that of internal wave generation, which has usually been assumed 315 

to cause mixing above rough seafloor topography. Besides the potential to improve 316 

parameterizations of this kind of mixing in models which do not resolve the flow above such 317 

bathymetry, a better understanding of the underlying mechanisms may even lead to improved 318 

drag parameterizations and thereby more accurate currents and transports in the models, as has 319 

been shown to be the case for atmospheric models (Alexander et al., 2010).  320 

The combination of a bathymetry roughness index based on high-resolution multibeam data with 321 

suitable mixing parameterizations based on stratification and current velocities could potentially 322 

improve the ocean component of global, regional, and coastal climate models significantly. 323 

 324 

More observational data as well as model studies of stratified flow over small-scale bathymetry 325 

are needed to fully capture the extent of the described processes, discriminate between them and 326 

gauge their importance. Future studies could involve a portable autonomous broadband 327 

echosounders, either towed, mounted on a CTD rosette, or mounted on gliders for measurements 328 

at greater depths.  329 
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