
Experiment Experiment Air temp. Water temp. Wind speed
number type (°C) (°C) (ms-1)

1 non-freezing, 9 6  3-4
KMnO4 only

2 non-freezing, 11 8  2-3
KMnO4+dots

3 freezing -10 at freezing  2-3
KMnO4+ice

4 freezing, -4 at freezing  5-7
KMnO4+ice

5 freezing, -12.3 at freezing  5-7
sediment+ice

Dethleff et al.

Table 1: Experiment parameters.

table 1
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Abstract 25 

A series of tank experiments in non-freezing and freezing conditions was conducted to 26 

determine the development of Langmuir circulation (Lc) and to investigate how Lc may enhance 27 

the process of suspension freezing (incorporation of suspended sediment into newly formed ice). 28 

In non-freezing tank experiments, paired, counter rotating Lc cells were outlined by streaks of 29 

KMnO4 dye at bottom convergence zones, and by lines of positively buoyant particles at surface 30 

convergences. In freezing experiments, Lc was visualized by bottom KMnO4 and sediment 31 

streaks, and by surface windrows of frazil crystals. Our results demonstrate the complex helical 32 

flow of microscale Langmuir trajectories using individual frazil crystals and KMnO4 dye 33 

striations as Lagrangian tracers visualized by photos and digital video mapping. Though 34 

individual helical Lc trajectories in our tank experiments are temporary and short-lived, we 35 

conclude that the development of bottom streaks, and the continuous rotary motion of frazil and 36 

KMnO4 dye striations indicate a permanent helical flow. A conceptual model bolstered by 37 

dimensional analysis of frazil and suspended sediment motion demonstrates the potential of Lc 38 

driving the interaction between frazil ice and sediment in the water column. The amount of 39 

sediment entrained into newly formed ice in our experiments exceeded the suspended particle 40 

concentration of tank water by a factor of >2. From our results we conjecture potential for Lc-41 

induced sediment entrainment into grease ice in natural freezing waters. 42 

 43 

Keywords: Langmuir circulation, tank ice formation, frazil ice, suspension freezing, sediment 44 

entrainment 45 

46 
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1. Introduction 46 

Langmuir circulation (Lc) cells consist of wind-wave induced, counter rotating, wind-47 

parallel helical vortex pairs that transport mass and momentum down into the water column, 48 

thereby enhancing vertical mixing (Langmuir, 1938; Scott et al., 1969; Weller et al., 1985). Lc 49 

cells are visualized in natural water bodies by the presence of parallel windrows of buoyant 50 

particles collected at Lc surface convergence zones. The formative processes and kinematics of 51 

Lc are detailed in various reviews (Leibovich, 1983; Smith, 2001; Thorpe, 2004). In addition to 52 

physical mixing, Lc plays an important role in the distribution of microorganisms and dispersion 53 

of pollutants in the water column (Sutcliff et al., 1971; Barstow, 1983; Farmer and Li, 1994; Bees 54 

et al., 1998; Rye, 2000). Recently, Lc-related mechanisms like continental shelf sediment re-55 

suspension and transport (Gargett et al., 2004), and entrainment of sediment into newly forming 56 

ice (‘suspension freezing’) in shallow Arctic coastal waters and lakes (Dethleff, 2005; Kempema 57 

and Dethleff, 2006; Dethleff and Kempema, 2007) have attracted increasing attention. 58 

In tank experiments, Lc results from the superimposition of wind-wave induced surface 59 

stress and the longitudinal primary flow consisting of the surface downwind flow and the upwind 60 

bottom return flow components (Figure 1). The superimposed helical Lc vortices are considered 61 

as secondary flow (Mizuno and Cheng, 1992; Mizuno et al., 1998; Uzaki and Matsunaga, 2000). 62 

Most field and tank studies utilize either surface or bottom tracers to demonstrate the convergent, 63 

helical Lc flow pattern (Faller, 1978; Faller and Caponi, 1978; Weller, 1985). Investigations on 64 

subsurface, flow interior Lc particle trajectories are limited to very few attempts (e.g. D’Asaro et 65 

al., 1996), and provided no clear evidence for a helical flow structure (Thorpe, 2004). 66 

Dethleff and Kempema (2007) have already shown the presence of Lc in freezing tank 67 

experiments and the related incorporation of sediment particles into newly forming frazil ice. The 68 

present tank study documents the subsurface interior flow of Lc both in non-freezing and freezing 69 

experiments, the latter again associated with frazil and grease ice formation. The main focus of 70 
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this paper thus investigates the nature of Lc trajectories in the tank water column using dissolved 71 

KMnO4 (potassium permanganate) dye and frazil platelets as nearly Lagrangian tracers, and we 72 

support our observations by digitally mapped video material and dimensional analysis of forces 73 

acting on frazil and sediment particles. We moreover quantify the content of sediment in the tank 74 

grease ice and in the underlying water column. The results of our tank experiments suggest the 75 

potential of helical Lc flow to cause the entrainment of fine grained sediment by frazil ice 76 

(‘suspension freezing’) in freezing waters. The process of suspension freezing implies turbulent 77 

interaction of frazil and suspended sediment in the water column leading to the incorporation of 78 

sediment from the shallow seabed into the developing ice (Campbell and Collin, 1958; 79 

Osterkamp and Gosink, 1984; Reimnitz et al., 1993a; Dethleff, 2005). This process is most 80 

effective during fall freeze-up storms when supercooling of the water column results in frazil 81 

formation, and is restricted to coastal flaw leads (extended open water between fast ice and 82 

drifting ice) and polynyas when the annual ice cover forms in winter (Reimnitz et al., 1993a; 83 

Dethleff and Kempema, 2007). 84 

85 
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2. Material and methods 85 

2.1 Experimental design 86 

Five tank experiments (two under non-freezing conditions, experiments 1-2; three under 87 

freezing conditions, experiments 3-5) were conducted at the Hamburg Ship Model Basin (HSVA) 88 

in Hamburg, Germany (Table 1). The experiments were carried out in a styrofoam-insulated tank 89 

measuring 3.2 m long by 0.5 m wide by 0.12 m deep (Figure 2). The tank was installed in a 2 m 90 

by 5 m wind tunnel constructed in a walk-in freezer. The experiments were conducted with 4 cm 91 

deep salt water at a salinity of ~33.5. 92 

Air temperature, water temperature, and wind speeds for the non-freezing and freezing 93 

experiments are given in Table 1. The wind was directed onto the water surface by a deflector 94 

panel (Figure 2). In non freezing experiments, we used KMnO4 as a bottom tracer, and floating 95 

5.5 mm diameter paper disks on the water surface to visualize the Lc bottom and surface 96 

convergence zones, respectively. In freezing experiments, helical Lc flow paths were visualized 97 

by sediment distributed on the tank floor (bottom), KMnO4 (bottom, water column), and newly 98 

formed frazil crystals (water column, surface). 99 

The experiment results were documented using a still camera (top view), an analog video 100 

camera (top view: camera 1; Figure 2), a digital video camera for the side view, and an 101 

underwater video camera (back view: camera 2; Figure 2, Figure 3A). Wavelength, period, and 102 

amplitude of resulting surface waves as well as tracer velocities of dye and frazil crystals were 103 

determined from the video recordings. 104 

 105 

2.2 Digital video analyses 106 

For digital video analysis purposes, the KMnO4 dye patterns and tracer motions originating 107 

in the tank related to Lc were simultaneously recorded by camera 1 and by the digital side view 108 

camera, and also partly by camera 2 (Figure 2). Camera 1 was mounted above the tank and 109 
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recorded movement in the x-y plane. The digital side view camera recorded movements in the y-z 110 

plane, and camera 2 was moved by hand in the x-direction along the y=0 line (Figure 3A) thereby 111 

recording tracer motions in the x-z plane and in the y-direction from the back view (Figure 3C, E-112 

G). Cameras 1 and 2 were calibrated against the 10 cm rectangular grid on the tank bottom. The 113 

analog recordings of camera 1 were digitally re-mastered and projected onto the bottom grid by 114 

the process of 2D homography mapping (Hartley and Zisserman, 2003) using the BIAS software 115 

developed at the University of Kiel (Koch, 2001-2007; http://www.mip.informatik.uni-kiel.de). 116 

This method allowed us to digitally analyze the motion of individual KMnO4 dye loops in three 117 

dimensions (Figure 3; see also additional video material 1). 118 

The 1.5 m height of camera 1 above the tank bottom was large compared to the water depth 119 

(0.04 m), so optical distortion of the bottom grid lines was small. This allowed mapping of the 120 

absolute position of the Lc-driven dye patterns in the x-y plane against the tank-bottom grid. 121 

Camera 2 (back view) recorded both the development of the dye circulation in the x-z 122 

plane, and the helix progression in y-direction. Because both the camera and the dye were in 123 

motion (in different directions) at the same time, a computer-based stabilization of the camera 124 

movement and a digital video projection onto a virtual plane were performed. For the camera 125 

stabilization process we referenced the grid etched on the tank bottom. Inter-calibration of 126 

cameras 1 and 2 to the metric coordinate system of the tank bottom grid allowed us to reliably 127 

estimate individual dye vortex parameters like rotation velocity, extension in the x-z plane, 128 

progression in the y-direction over time, and dye band thickness. The estimates were impeded by 129 

the perspective foreshortening (~1/y), which increases with distance from the camera focus and 130 

makes dye helix motions in the y-direction appear to be smaller than they are. 131 

 132 

2.3 Sediment sampling 133 

The sediment used in tank experiment 5 was obtained by Ekman-Birge grab from the 134 
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surface of the 40 m deep southwestern Kara Sea shelf, Siberian Arctic, where ice formation 135 

recurrently takes place in the coastal flaw leads throughout the winter (Pavlov et al., 1994; 136 

Dethleff et al., 2000). The sediment grain size distribution was determined by wet sieving, 137 

gravitational separation, and dry weighing of the sand, silt and clay fraction. Particle composition 138 

was examined using a binocular microscope. 139 

Concentration of tank water SPM (suspended particulate material) was determined from a 140 

sample collected with a 100 ml syringe. Tank grease ice was sampled with a 1.5 mm square-mesh 141 

dip net. Interstitial water (IW) drained from the grease ice sample was collected in a beaker. The 142 

ice was melted and all samples were filtered through pre-weighed 0.45 µm Millipore filters. The 143 

filters were oven-dried at 63 °C and weighed, and sample weights and water volumes were used 144 

to calculate particle concentrations per liter ice, IW, and tank water. Grain-size distributions and 145 

particle compositions of the samples were determined semi-quantitatively in area percentage by 146 

examining the filter surface with a binocular microscope at 40-fold magnification. 147 

148 
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3. Results 148 

3.1 Lc during non-freezing - KMnO4 and surface floaters 149 

In the first experiment, we spread KMnO4 powder in a line perpendicular to the wind 150 

direction into the filled tank before the fans were started. The KMnO4 sank to the bottom and 151 

slowly dissolved, creating a layer of denser dyed water near the tank bottom. Four seconds after 152 

turning on the fans (fan start: t = 0 s), the wind front reached the KMnO4 line. The tank water 153 

surface film which contained KMnO4 dust trapped by surface tension accelerated downwind in 154 

response to the wind stress, and at t = 12 s the bottom dye began to spread upwind in a planar 155 

sheet along the bed indicating primary longitudinal flow consisting of surface downwind and 156 

bottom upwind directed components (Figure 1, Figure 3A). The first visible wave crests passed 157 

the test section at t = 26 s. We immediately observed evidence of Lc indicated by the 158 

convergence of the bottom velocity field causing inhomogeneities in the dye concentration, 159 

which resulted in streaks separating from the bottom dye sheet and advancing upstream at Lc 160 

upwelling locations. The Lc circulation was superimposed on the primary downwind surface 161 

current/upwind bottom current circulation. 162 

At t = 41 s, there were alternating, wind-parallel bands of dye and clear water visible across 163 

the width of the tank. Five well defined, upwind directed bottom dye streaks at t = 2 min 7 s 164 

(Figure 3A) indicated the formation of four fully developed convergent Lc cells. Individual Lc 165 

vortex diameter was 4-5 cm, roughly the still water depth of 4 cm. The width of one Lc cell was 166 

thus about 10 cm and four Lc cells filled the tank width. The wavelength of the surface waves 167 

was regularly 5 cm (determined from wave crests irradiance), and the wave frequency was 6 s-1. 168 

In experiment 2 (Figure 3B), we randomly sprinkled buoyant paper disks upwind from the 169 

test section on the water surface after the bottom dye streaks fully developed. Additional 170 

evidence of Lc was provided from the divergence of the surface velocity field indicated by 171 

inhomogeneities in the disk distribution, which resulted in disk-free regions marking areas of 172 
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surface divergence. Finally, the disks drifted downwind and were aligned in four parallel rows in 173 

areas of surface convergence within a period of 15 seconds. The disk-free regions between rows 174 

were situated above KMnO4 bottom streaks in Lc bottom convergences; the surface row and 175 

bottom streak arrangement confirmed the existence of four Lc cells. 176 

 177 

3.2 Lc during freezing - Ice formation and KMnO4 178 

Side view. In experiment 3 (not shown in Figure 3), KMnO4 was again placed in the tank. 179 

The water temperature was near freezing. The fans where started (t = 0 s), and at t = 9 s the first 180 

small frazil were visible. Frazil crystals grew rapidly and formed aggregates of 1-2 cm diameter. 181 

At t = 66 s, bottom dye streaks indicated the full development of Lc cells. 182 

Frazil crystals following helical trajectories advected down toward the tank bottom at Lc 183 

surface convergences, and upward again at bottom convergences. Large ice crystals or aggregates 184 

were not advected deep into the interior flow and, thus, did not follow the fully helical Lc 185 

trajectory. Instead, they were entrained to about 2 cm depth downward at surface convergence 186 

zones, and then ascended back to the surface after they were advected laterally out from under the 187 

surface convergence. 188 

The wavelength of surface waves was about 5 cm and the wave frequency was ~8 s-1 (both 189 

determined from wave crest reflections at the tank bottom). Lc cell dimensions were similar to 190 

the previous experiments. Upwind bottom velocities of dye bands in Lc bottom convergences 191 

were 2.5-3 cm s-1, and vertical upward dye motions were about 2 cm s-1. Frazil rotation speeds in 192 

Lc cells were in the range of 2-3 cm s-1. 193 

Back view. In experiment 4 (Figure 3C), we again seeded the tank bottom with a flow-194 

perpendicular line of KMnO4 as in the previous experiments. Lc cells were fully developed 195 

within 90 s after the fans were started. Wave length and frequency were 8 cm and ~4-5 s-1, 196 

respectively. Lc cell dimensions were similar to previous experiments. 197 
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The back view clearly showed thin Lc-induced KMnO4 tendrils extruded upward into the 198 

flow on helical trajectories from the upwind migrating bottom dye streaks. Frazil began forming 199 

after the Lc vortices were fully developed. We observed frazil crystals moving upward and 200 

downward through circular Lc flow paths (in the x-z plane perpendicular to the flow direction). 201 

Crystals grew from few mm to about 1 cm while rotating in Lc cells within 3-4 min. Some 202 

crystals agglomerated into flocs of ~1.5 cm in diameter. The depth of frazil penetration depended 203 

on the size of the individual frazil crystals (see additional video material 2). Larger frazil crystals 204 

were advected sideways out of convergence at about 2 cm depth in the turbulent flow beneath 205 

downwelling surface water zones. Downward ice crystal velocities were 1 to 1.5 cm s-1. Figure 206 

3D summarizes the dye and frazil flow paths from our analysis of the back and side-view videos. 207 

 208 

3.3 Lagrangian tracing of helical Lc 209 

Besides frazil, KMnO4 dye was used as a Lagrangian tracer for helical Lc flow in 210 

experiment 4. Figures 3C and E-G illustrate the development of one individual dye helix, which 211 

is shown in motion in the additional video stream (see additional video material 1). 212 

Analysis of the video sequence showed a complex dye helix, which left the tank bottom at 213 

x = 34 cm / y = 15 cm (initial point, Figure 3C and F). At t = 0.8 s (from beginning of video 214 

stream: t = 0 s), the head of the dye helix hit the tank bottom (Figure 3G), lifted up again at t = 215 

1.3 s, and then further flowed helically along the y-axis (t = 1.3 s to t = 1.6 s; see also Figure 3C). 216 

Based on the pixel count of the video stream we determined a total loop diameter of 3-4 cm 217 

in the x-z plane (Figure 3G, solid line), and an upwind loop displacement of about 5-6 cm in the 218 

y-direction (Figure 3G, dashed line). The total oblique translocation of the loop from the initial 219 

point to the place where the loop-head returned to the bed (x = 30.5 cm / y = 21 cm) was about 220 

6.5 cm (Figure 3G, stippled line). The rotational velocity of the loop head was 3.5 to 4 cm s-1. 221 

Downward velocities were greater than upward velocities. 222 
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During helix development the front section of the dye band thinned from an initial 223 

thickness of ~0.8 cm to 0.4 cm (Figs. 3E-G), and the early stage part of the helix close to the 224 

initial point slimmed to a few mm. The front half of the band was clearly fed by the former dye 225 

bulge (Figure 3E). Through time, the entire helical dye band became increasingly diffuse and 226 

irregular in shape through extension and distortion by the helical flow and mixing with the 227 

surrounding water. 228 

 229 

3.4 Ice formation, Lc and sediments 230 

In experiment 5 (Figure 3H), fine-grained sediment was introduced to the tank bottom 231 

when the water temperature was close to freezing. Seven minutes after turning on the fans (t = 0), 232 

frazil ice crystals of 1-1.5 cm diameter formed rapidly, and surface windrows of frazil indicated 233 

the occurrence of Lc cells. Frazil crystals were continuously entrained into the water column in 234 

surface Lc convergences and advected down to the bottom, where they rested or crept on the 235 

flume floor for few seconds before floating up again in a helical path. Parallel sediment streaks 236 

formed below bottom convergences, and at t = 13 min the pattern of bottom streaks and surface 237 

windrows had developed as shown in Figure 3H. 238 

There were four stable Lc cells (similar to the non-freezing conditions) indicated by the 239 

alternating sequence of 4 bottom sediment streaks and 5 surface frazil windrows (Figure 3H). 240 

Bottom and surface features were more regular on the right hand of the tank than on the left. The 241 

diameter of one Lc vortex was 4-5 cm, creating a Lc cell width of about 10 cm (Figure 3J). 242 

The wind-driven surface flow advected floating frazil to the downwind end of the tank, 243 

where the ice accumulated in a thickening grease ice wedge. The windward edge of the floating 244 

grease-ice layer migrated upwind through time as frazil accumulated at the downwind end of the 245 

tank. In the upwind open water area with wind parallel surface frazil streaks, the surface wave 246 

length was 8-10 cm, while the wave frequency was about 4 s-1. However, the surface waves were 247 
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completely damped in the downwind, grease-ice covered end of the tank. No evidence of Lc 248 

circulation was observed in the water column under the continuous grease ice layer. 249 

The sediment used in experiment 5 consisted of 13% sand, 59% silt, and 28% clay, and was 250 

by 80% composed of quartz, feldspar and rock fragments. The other 20% consisted of dark 251 

minerals, mica, other rock material, and biogenic material. 252 

The SPM particle load in experiment 5 was 13.43 mg l-1. The sediment concentration in the 253 

IW was 20.11 mg l-1, and the ice sample contained 29.32 mg l-1 sediment. The sand content in 254 

SPM (10%), IW (5%), and grease ice (<1%) was depleted relative to the tank bottom material 255 

(13%). The silt fraction was increased both in the IW (80%) and the grease ice (70%) compared 256 

to the bottom material and the SPM (both ~60%). The clay fraction had about the same 257 

abundance in grease ice and SPM as in the bottom material (30%), whereas clay was less 258 

common in the IW (15%). Grease ice and IW sediments as well as SPM were composed to as 259 

much as 75-95% quartz and feldspar particles, while other components like rock fragments, dark 260 

minerals and biogenic material were less common or of minor abundance. 261 

262 
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4. Discussion 262 

4.1 Development of Lc 263 

The regular and consistent Lc evolution could be traced with dye and sediment streaks 264 

advancing upwind in Lc bottom convergences, and from spatially alternating windrows of 265 

surface tracers like paper disks and frazil. The number of Lc cells (4) was identical in the freezing 266 

and non-freezing experiments, even though there was some variation in wave period and velocity. 267 

The diameter of individual Lc vortices scaled with water depth in all experiments, as seen in 268 

previous non-freezing experiments (Matsunaga and Uzaki, 2004). 269 

For the first time the helical path of an individual Langmuir vortex could be visualized by 270 

video stream analysis. The short-live Lagrangian dye flow observed in the tank (Figure E-G; see 271 

additional video material 1) shows that individual parts of the Lc vortices are transient in 272 

character. Individual water parcels in Lc cells loose their identity through diffusion and turbulent 273 

mixing. However, continuous development and existence of dye streaks, sediment line patterns, 274 

and surface windrows indicate that the Lc cells are long-lived, which may result from coherent 275 

water motions traveling at different rates along distinct flow paths through the Lc vortex making 276 

the Lc flow sustainable and persistent (Figure 3D). 277 

 278 

4.2 Particle orbits in Lc and the process of suspension freezing 279 

Stommel (1949) deduced that non-neutrally buoyant particles, whether sinking or rising, 280 

will describe closed, convergent elliptic trajectories within a ‘zone of retention’ in upwelling and 281 

down welling areas of Lc cells. Buoyant particles (like frazil) tend to be trapped in paired 282 

retention zones under downwelling Lc surface convergences, while sinking particles (e.g. 283 

sediment) are retained at upwelling Lc surface divergences. Neutrally buoyant particles (very 284 

small frazil and sediment particles) follow the water trajectories around Lc cells. 285 
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From these initial thoughts developed by Stommel (1949) - later also applied and modified 286 

in various studies for microbiological purposes by Stavn (1971), Titman and Kilham (1976), and 287 

Ledbetter (1979) - and from our tank experiments we developed a conceptual model (Figure 4) of 288 

how suspended sediment and frazil move in Lc cells, and are brought together in the water 289 

column to finally produce sediment-laden ice. We particularly stress trajectories of frazil and 290 

sediment in their individual zones of retention (Figure 4 A, A`, B, B`), and in the overlap of both 291 

zones (Figure 4 C; dark shaded area). Suspended sediment and frazil, both observed in the tank 292 

water during experiment 5, are brought into contact in all three areas and we propose that the 293 

effectiveness of suspension freezing is thus enhanced by the presence of Lc. 294 

In box A of Figure 4, the observed behavior of frazil in Lc surface convergences is shown, 295 

and in box A` the related acting Archimedean buoyancy force (  

! 

r 
B ) and the dynamic pressure 296 

force (
  

! 

r 
F flow ) are sketched. Depending on size and density, a frazil crystal will be introduced into 297 

the water column along downward Lc streamlines (bold circles) to a certain depth. At that point, 298 

where the buoyancy of the individual crystal exceeds the downward velocity component (point 299 

a), the frazil is released from the Lc streamlines and rises following the dotted lines through 300 

regions where the downward velocity is lower. When the frazil then again reaches a region where 301 

the downwelling velocity exceeds the frazil rise velocity, the frazil re-circulates again. Thus, 302 

individual frazil crystals are ‘trapped’ in retention zones and may - in the simple two-dimensional 303 

case - theoretically execute an endless number of circuits on their individual retention trajectories 304 

(dashed line) until growth-related buoyancy-increase (assuming supercooled water) forces the 305 

crystals to take a smaller retention trajectory or lifts them finally up to the surface. Small ice 306 

crystals are carried further down into the water column, and describe larger retention circuits, 307 

while larger crystals rise earlier from the downward Lc streamlines and thus follow smaller near-308 

surface circuits. We observed this latter phenomenon when larger frazil formed in the tank (see 309 

additional video material 2). The retention trajectories of these crystals clearly described smaller 310 
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diameters than the Lc cells deduced from the pattern of bottom streaks and surface rows, and 311 

from the helical paths of smaller ice crystals and the dye striations. 312 

In box B of Figure 4, we conceptualize the motion of sinking sediment particles in the 313 

upward flow of Lc surface divergences (bottom convergences) following the model thoughts of 314 

Stommel (1949) and Ledbetter (1997), while the related forces are sketched in box B`. Large 315 

and/or dense suspended sediment particles, which are entrained by the upward Lc motion at 316 

bottom convergent zones settle out e.g. at point b (dotted lines). Smaller or less dense sediment 317 

particles travel further along Lc streamlines and fall finally out into a curve towards the bottom at 318 

point b` (stippled lines). 319 

Sediment particles with low enough settling velocity may be caught up again into the 320 

ascending Lc flow in the lower water column, and will re-circulate again and again through their 321 

individual retention trajectories (schematized by dashed lines). Small sediment particles may be 322 

transported via b`` toward adjacent zones of surface convergence, where the particles can be 323 

extracted from the water by filtration processes when the water is forced through the ‘porous 324 

layer’ of surface grease ice (Osterkamp and Gosink, 1984), and finally drift downwind (Figure 4, 325 

see box A and A`). Increased sediment concentration in Lc-induced surface grease ice rows 326 

compared to the underlying water column has been reported on various occasions (Martin and 327 

Kauffman, 1981; Kempema and Dethleff, 2006), and the Lc-induced filtration of fine particles in 328 

grease ice surface rows was proposed by Dethleff (2005) from sedimentological analysis of 329 

Arctic sea ice samples. 330 

Individual frazil crystals moving through sediment-laden water can efficiently scavenge 331 

suspended sediment particles (Osterkamp and Gosink, 1984). In Figure 4 (part C), we suggest 332 

that sediment particles and frazil interact in the region where their retention zones overlap. If the 333 

frazil has gained enough buoyancy through further ice growth to float up from this region even 334 

with a sediment load (see section 4.3), the ice/particle aggregates may rise to the surface, drift 335 
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toward Lc surface convergences, get trapped in the grease ice windrows, and be transported 336 

downwind. 337 

 338 

4.3 Analysis of forces acting on frazil and suspended sediment in Lc flow 339 

The above conceptual model of frazil and sediment motion in Lc (Figure 4) is supported by 340 

a simple one-dimensional analysis of the vertical flow forces in the helical trajectories observed. 341 

The velocities of frazil and sediment particles observed in the experiments result from the 342 

balance of the forces acting on the particles. These forces are vertically-acting gravity gF
r

 and 343 

Archimedean buoyancy force 
Arch
F
r

, and the dynamic pressure or drag force 
  

! 

r 
F flow , directed 344 

against the motion of the particles relative to the surrounding water in Lc upwelling and down 345 

welling zones, respectively. The sum of the first two forces makes up the resulting force, 346 

  

! 

r 
B  =  

r 
F g  "  

r 
F Arch  =  (#p  "  #w )  $  Vp  $  

r 
g , which is directed always upward for frazil, and 347 

always downward for suspended sediment (here, 
p

!  and pV  are the particle density and volume, 348 

w
!  is the water density, and gr  is the acceleration due to gravity). The third force (dynamic 349 

pressure force) is proportional to the difference of the local Lc fluid velocity 
Lc
u
r and the particle 350 

velocity 
p
u
r . For frazil, which is less dense than water and forced downward at Lc surface 351 

convergences (Figure 1, Figure 4), this force is directed downward, whilst for denser suspended 352 

sediment at rising bottom Lc convergence the force is directed upward. 353 

Commonly, this relation is expressed by 

! 

Fflow  =  1 2  "  #w  "  v
2

 "  S  "  Cx (Re), where 354 

  

! 

v   =  
r 
u Lc  "  

r 
u p  represents the particle-relative flow velocity, and S is the cross-flow particle 355 

area. The term (Re)
x
C  represent the particle resistance coefficient, which is a function of the 356 

particle Reynolds number 

! 

Re = vL
"
w

, where L is a characteristic particle size, and 

! 

"
w
 is the 357 

kinematic water viscosity. This coefficient also accounts for additional dissipative viscous 358 
friction. 359 
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The range of Reynolds numbers for frazil and suspended sediment at their characteristic 360 

size in the process of suspension freezing varies from Re ~0.001-100 in both tank experiments 361 

and natural flows, as it is based on similar values: relative particle-flow velocities of 362 

! 

v ~ 10
"3
"10

"2
ms

"1 , characteristic particle sizes of 

! 

L ~ 10
"6
"10

"2
m , and the kinematic viscosity 363 

of water at the freezing point of 126
10~

!!
sm

w
" . Due to the similar (and small) size of both frazil 364 

and sediment in experimental and natural conditions, the interaction of either particles with the 365 

flow is based on ambient water properties rather than on turbulent features of larger-scale flow. 366 

Thus, values of (Re)
x
C  are similar in both laboratory and in natural flows. 367 

In accordance with Newton’s second law, the force balance gives the acceleration ar  of the 368 

particle of mass 
p

m : 369 

  

! 

m p  "  
r 
a  =  

r 
B  +  

r 
F flow  (1) 370 

Applying this equation to the vertical frazil motion in Lc downwelling zones (i.e., buoyancy 371 

moves frazil upward against the flow, and this upward motion is not yet balanced by drag), we 372 

obtain the expression for frazil acceleration 373 

! 

a  =  " g  +  
#w
# f

 $  g  +  
v

2
 $ Cx

2h f

% 

& 
' 

( 

) 
*  (2) 374 

where the ratio of the individual frazil volume to its cross-sectional area is denoted as f
f h
S

V
= , 375 

representing a characteristic frazil thickness. Thus, the vertical frazil acceleration depends on its 376 

relative density ( wf !! : we have changed from subscript ‘p’ to subscript ‘f’ here to indicate that 377 

we are considering frazil particles), shape and size (
x
C , fh ). Applied to the process of suspension 378 

freezing this means that different size frazil describe different trajectories through the Lc roll 379 

vortices, as observed in the tank experiments. 380 
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Analysis of equation (2) for different frazil size is not straightforward: the expression 381 

contains both the size fh  and the drag coefficient 
x
C . Assuming, however, that 

x
C , by physical 382 

reasoning, depends non-linearly on the particle size (typically at small speeds, 2
~ hC

x
), we 383 

obtain that tiny frazil (small fh , the same density) should have smaller upward accelerations. 384 

This results in smaller frazil being transported deeper into the water column and having longer 385 

path lengths through the Lc vortices. 386 

Similar logic applied to suspended sediment grains shows that smaller sediment will be 387 

entrained higher into the water column at bottom convergence zones, and will travel through 388 

longer Lc trajectories than larger sediment particles. Collision of frazil and sediment in the water 389 

column leads to suspension freezing. The fact that smaller particles (frazil and sediment) have 390 

longer trajectories suggests that they are more likely to collide in the water column and adhere. 391 

Once a frazil crystal and sediment grain collide and adhere (either by stickiness, adhesion or 392 

mechanical trapping), they form a new aggregate that is intermediate in size and density 393 

compared to the original parent particles. This aggregate will follow its own trajectory through 394 

the Lc vortice. Due to the supercooled water, the ice in the aggregate will continue to grow until 395 

the buoyancy of the aggregate is large enough to keep it on the surface. In this way, fine grained 396 

sediment is incorporated into the growing ice cover (see also section 4.2). 397 

 398 

4.4 Application to freezing water conditions 399 

Melville et al. (1998) point to the relevance of small-scale laboratory Lc experiments for 400 

application to oceanic water bodies. According to their findings, the mean-square vorticity of 401 

small-scale Lc (a few cm diameter) correlate with - or even exceeded - values from ocean 402 

observations of larger scale Lc. Veron and Melville (2001) also discussed the comparability of Lc 403 

phenomena in tank experiments and field studies. Transitional processes of Lc generation by 404 
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currents and waves documented in the laboratory were also observed under comparable wind 405 

conditions in the field. Moreover, these authors found significantly increased heat exchange 406 

across the surface through Lc, which mixes the water and accelerates atmospheric heat transfer, 407 

and finally may amplify frazil formation under cold, turbulent conditions. 408 

Typically, in ‘infinite’ domains like a continental shelf sea far from shore, downwind near-409 

surface flows are not constrained to return in the same plane, as is the case in our Lc tank 410 

experiments and shown in other tank studies (Mizuno and Cheng 1992, Melville et al. 1998, 411 

Veron and Melville 2001). However, Kempema and Dethleff (2006) reported water in Lc roll 412 

vortices forced onshore by the wind in a freezing lake, and an offshore return flow balancing set-413 

up at the shoreline. The net current structure in the lake was similar to our tank experiments and 414 

to the tank Lc flow reported by Mizuno and Cheng (1992), with the Lc vortices superimposed on 415 

a primary downwind flow at the surface and return flow near the bed. We assume that the same 416 

process may occur on extremely shallow freezing shelves in the Arctic. 417 

Gargett et al. (2004) found that ‘Langmuir supercell’ turbulence penetrating to the seabed 418 

in shallow shelf waters is a major control for vertical sediment removal and transport from the 419 

bottom boundary layer. Dmitrenko et al. (2005) found that the probability of convective 420 

penetration to the seafloor may exceed 70% in the 10 to 40 m deep western Laptev Sea flaw lead 421 

during winter, and thus may play a role in seafloor sediment dynamics, particularly in sediment 422 

resuspension in Siberian shelf poylnyas. Pavlov et al. (1994) also reported convective penetration 423 

in shallow coastal areas of the western Kara Sea and concluded that rapid cooling and ice 424 

formation result in convective penetration to depths of 50-70 m. Drucker et al. (2003) showed for 425 

the St. Laurence Island polynya (Bering Sea) that winter convective mixing is higher when Lc is 426 

present. Sherwood (2000) pointed out that wave-induced resuspension can be a crucial 427 

synchronous or alternative mechanism for sediment mobilization from the bottom of shallow 428 
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Arctic shelf polynyas. 429 

‘Langmuir supercells’ penetrating down to the tank bottom were undoubtedly present in 430 

our experiments. The sedimentological results from experiment 5 show that the enrichment of 431 

particles in the IW and the frazil was 1.65 and 2.18 fold compared to the tank SPM concentration, 432 

and thus was in the range of findings from other laboratory and field studies (Kempema et al., 433 

1989; Reimnitz et al., 1993a, Reimnitz et al., 1993b, Smedsrud, 2001). The particle composition 434 

in all our tank samples was very similar, with slightly increased abundances of silt, and a 435 

depletion of sand in the IW and grease ice sediments. We propose that the particle enrichment 436 

and the increase of fine grained material in IW and grease ice was supported by the presence of 437 

Lc. Based on the above observations on Lc-induced sediment dynamics and convective mixing in 438 

shallow coastal seas, and supported by various tank studies we conjecture that Lc cells can 439 

penetrate at least 10 to 40 m deep into the Arctic shelf water column, vertically entrain sediment 440 

into the water column, and drive sediment entrainment into frazil and grease ice through the 441 

process of suspension freezing. 442 

443 
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5. Conclusions 443 

From our tank studies we draw the following conclusions: 444 

1) The circulation pattern, the cell spacing, and the sense of Lc cell rotation was very similar in 445 

both freezing and non-freezing experiments. We conclude that water temperature and frazil 446 

formation as well as the presence of dye, bottom sediment and suspended particles do not 447 

significantly influence the formation of Lc cells in the tank. 448 

2) For the first time the helical flow path of individual Langmuir vortices - highlighted by 449 

subsurface KMnO4 dye striations - were visualized with a video stream. The observed 450 

temporary and short-lived occurrence of the dye striations supports the statement made by 451 

Thorpe (2004) that ‘The subsurface motions (of Lc flow) appear transient and variable’, 452 

however, we conclude that coherent individual water motion make the Lc helix finally 453 

continuous. 454 

3) Our Lagrangian observations of circulating frazil crystals and upwind advancing helical dye 455 

tendrils provide new insights to the potential of Lc driving the process of suspension freezing. 456 

We conclude that the role of Lc in the process of suspension freezing in our tank experiments 457 

is: (i) to remove sediment from close to the bottom and maintain particles (frazil and 458 

sediment) in suspension through various retention trajectories depending on particle size and 459 

density, (ii) forcing frazil and sediment of different sizes to re-circulate on various retention 460 

trajectories, and (iii) bringing frazil and sediment particles into contact, thereby promoting the 461 

sediment entrainment into newly formed frazil and grease ice. 462 

 463 

6. Supplementary material 464 

Two videos accompanying this paper supporting Figure 3C,E,F,G can be viewed at…… 465 

466 
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Figure Captions 573 

Figure 1: Sketch of tank experiment showing surface velocity fields, deflection of surface flow at 574 

the downwind basin wall, upwind bottom return flow and resulting primary flow, and finally 575 

the secondary Lc flow highlighted by the development of surface floater rows and streaks of 576 

dye on the bottom. 577 

Figure 2: Sketch of the Lc tank apparatus constructed in a walk-in freezer. The upwind-directed 578 

left-handed x-y-z coordinate system is indicated at the position of ‘Camera 2’. X-direction 579 

relates to the track of camera 2, and y-direction relates to the along-tank motion (and 580 

extension) of bottom dye and sediment, surface paper dots, and the helical Lc flow detailed in 581 

Figure 3. 582 

Figure 3: (A) Development of Lc under non-freezing conditions after an experiment run of 2 min 583 

and 7 s. Camera 2 is indicated as detailed in the text. (B) displays the alternating surface 584 

floater rows and bottom dye streaks. (C) Helical dye tendrils (highlighted by stippled lines) in 585 

the y-z plane. (D) Cartoon of dye streaks shown in (C) and labeled L and R, together with 586 

individual frazil flow paths (arrow heads). (E) shows the helix dye bulge at t = 0 s of the video 587 

stream (see additional video material 1). (F) illustrates the dye helix in an intermediate 588 

position at t = 0.5 s after the start of the video stream, and (G) displays the loop at t = 0.8 s. 589 

(H) shows sediment streaks aligned in bottom Lc convergence zones, and frazil rows in 590 

surface convergences both highlighted by stippled lines. The number and rotation sense of Lc 591 

cells in the tank is schematized in (J), where stipples on the floor indicate sediment and oval 592 

surface dots represent frazil. 593 

Figure 4: Idealized cross section of frazil and suspended sediment retention trajectories, and 594 

sediment-frazil interactions (suspension freezing) in shallow water Lc vortices. (A) - 595 

trajectories of buoyant ice crystals in retention zones beneath Lc surface convergences, (A`) - 596 

forces acting on frazil; (B) - trajectories of sinking sediment particles in surface divergent 597 
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retention zones, (B`) - forces acting on sediment particles; (C) - the dark gray shaded area is 598 

the zone of potential sediment-frazil interaction in overlaps of adjacent frazil and particle 599 

retention zones (light gray shaded areas). See text for more detail. 600 



Side wall

5 m
Roof

Fans

Bottom
Test basin

Styrofoam

Deflector panel

Dethleff et al. Fig. 2

Camera 1

Camera 2

0.
9m

z

yx

digital camera

5. Figure(s)




