
University of Alberta  
 

 

 

Characterization of Suspended Frazil and Surface Ice in Rivers 

Using Sonars 

 
by 

 

Tadros Ibrahim Riad Ghobrial 
 

 

 

 

A thesis submitted to the Faculty of Graduate Studies and Research 

in partial fulfillment of the requirements for the degree of 

 

 

Doctor of Philosophy 

in 

Water Resources Engineering 
 

 

 

 

Civil and Environmental Engineering Department 
 

 

 

 

 

©Tadros Ibrahim Riad Ghobrial 

Fall 2012 

Edmonton, Alberta 

 

 

 

 

 
Permission is hereby granted to the University of Alberta Libraries to reproduce single copies of this thesis 

and to lend or sell such copies for private, scholarly or scientific research purposes only. Where the thesis is 

converted to, or otherwise made available in digital form, the University of Alberta will advise potential users 

of the thesis of these terms. 

 

The author reserves all other publication and other rights in association with the copyright in the thesis and, 

except as herein before provided, neither the thesis nor any substantial portion thereof may be printed or 

otherwise reproduced in any material form whatsoever without the author's prior written permission.



Abstract 

This research describes laboratory and field experiments aiming at developing 

techniques for obtaining quantitative measurements of suspended frazil ice and 

surface ice characteristics in rivers using sonars. A series of laboratory 

experiments were conducted to correlate the sonar backscatter signal from a high 

(546 kHz) and low (235 kHz) frequency units with direct measurements of frazil 

concentration. The sonar measurements showed that the high frequency unit is 

more sensitive to the presence of suspended frazil particles than the low frequency 

unit, especially at lower concentrations. A strong correlation was found between 

the acoustic relative backscatter from both sonar units and the measured 

concentrations. This calibration was conducted over a range of frazil mass 

concentrations between 0.012 and 0.135 % and the majority of observed frazil 

particles were disk shaped, varying in diameter from 0.25 to 4.25 mm. 

An algorithm has been developed to measure surface ice characteristics using 

field data from the high and low frequency sonars, a 2 MHz current profiler, and a 

monitoring station, deployed on the North Saskatchewan River in the north east of 

Edmonton, AB, Canada, during the 2009/2010 freeze-up season. The validity and 

the accuracy of these measurements were tested and results are presented. Over 

the entire season, pans/rafts drafts ranging from 0.1 to 1.0 m and pan/raft lengths 

ranging from 0.6 to 8.0 m were measured. The sonar proved to be very accurate in 

detecting the exact surface ice conditions locally above the sonar beam. 



Acoustic field data gathered during suspended frazil events have been processed 

and analyzed to provide estimates of frazil concentration and particle sizes using 

laboratory regression equations and fluid disk scattering model. In total, eight 

frazil events were detected with the sonars during the field deployment. 

Preliminary linkages between the meteorological (air and water temperatures) and 

surface ice conditions measured at the site, and the duration and magnitude of the 

detected frazil events are presented. Concentrations ranging between 0.01 and 

0.05% and disk radii between 0.13 and 0.21 mm have been estimated from the 

field data.  



Acknowledgments 

I sincerely express my gratitude to my supervisors, Dr. Mark Loewen and Dr. 

Faye Hicks, whose expertise, understanding, and patience, added considerably to 

my graduate experience. I learned from them how to think critically, 

professionally and most of all how to conduct high quality research. I appreciate 

the long periods of time they spent on revisions and discussions to help improve 

the outputs of this research. I deeply thank Dr. Loewen for his day-to-day 

directions to my research and whose vast knowledge with laboratory 

instrumentations and data analysis was a major key to the success for this 

research. Iôm very grateful to Dr. Hicks, one of Canadaôs leading river ice experts, 

who introduced me to the world of River Ice engineering, and because of her, I 

got the chance to work on one of the most demanding areas of research in this 

field. Iôm very thankful to my supervisors for provided me with the opportunity to 

participate in several conferences and workshops and to interact directly with 

other ice researchers. I highly appreciate Dr. Peter Steffl er, Dr. Mark Loewen, Dr. 

Faye Hicks, Dr. Steven Daly, Dr. Yang Liu, and Dr. Lorenz Sigurdson for sitting 

on the final oral examination committee and providing me with their valuable 

suggestions regarding my Ph.D. thesis. 

This research was mainly funded by the Natural Sciences and Engineering 

Research Council of Canada (NSERC) through a Collaborative Research and 

Development (CRD) Grant and through NSERC Discovery Grants to Dr. Mark 

Loewen and Dr. Faye Hicks. Iôm grateful for that support and the efforts that Dr. 

Loewen and Dr. Hicks did to assure continuous funding for me and my family 

during the entire PhD duration. Also I acknowledge the financial support and 

advices of the industrial partners: BC Hydro, Manitoba Hydro, Ontario Power 

Generation, CEATI International Inc., and ASL Environmental Sciences. I thank 

Professor Dave Sego and Christine Hereygers for providing access to the cold 

room facility at the University of Alberta, and Perry Fedun for his technical 

support in the laboratory setup. I also thank Chris Krath, Josh Maxwell, Robyn 

Andrishak, and David Watson, for their assistance with the field deployment, and 

Vincent McFarlane for helping me with the laboratory experiments during 

summer 2010. A special thanks to my friend Samy Soliman from the department 

of Electrical and Computer Engineering at the University of Alberta for helping 

me with MATLAB programming. Iôm also grateful to H. Haag and M. Cummings 

from EPCOR for providing access to the deployment site. 

My deepest appreciation and love goes to my wife and best friend, Mariam, for 

her never-ending support and unconditional love which gave me the confidence to 

complete this research to my best performance. I also want to express my love and 



gratitude to my parents: my father Dr. Ibrahim Ghobrial for inspiring me to 

pursue my graduate studies since the first day of my undergraduate program, my 

mother Mary, my sister Irene, and my brother Riad, for the continuous prayers, 

support, love and encouragement they provided me through my entire life. I also 

extend my heartfelt thanks to my in-laws, relatives and friends who were always 

keen to be updated about my research and wished me luck all the time.  

Finally, I express my sincerest gratitude to Jesus Christ my God who made this 

dream come true and was always giving me the strength and support especially 

during the darkest moments of my life.  

 



Table of Contents 
 

CHAPTER 1: Introduction  .................................................................................. 1 

1.1 Background and Motivation ..................................................................... 1 

1.2 Research Objectives and Brief Methodology ........................................... 7 

1.3 Organization of the Thesis ....................................................................... 8 

References ......................................................................................................... 10 

 

CHAPTER 2: Laboratory Calibration of Sonars for Measuring Suspended 

Frazil Ice Concentration ..................................................................................... 16 

2.1 Introduction ............................................................................................ 16 

2.2 Sonar Instrument .................................................................................... 18 

2.2.1 Principle of Operation ..................................................................... 18 

2.2.2 Specifications ................................................................................... 19 

2.2.3 Signal Pre-Processing ..................................................................... 20 

2.2.4 Signal Processing ............................................................................ 21 

2.3 Experimental Setup ................................................................................ 27 

2.4 Experimental Procedures ........................................................................ 29 

2.4.1 Preliminary Experiments ................................................................. 29 

2.4.2 Frazil Experiments ........................................................................... 30 

2.5 Results and Discussion ........................................................................... 32 

2.5.1 Frazil Production and Concentrations ............................................ 32 

2.5.2 Frazil Size Measurements ................................................................ 33 

2.5.3 Sonar Results ................................................................................... 34 

2.6 Summary and Conclusions ..................................................................... 38 

Tables ................................................................................................................ 40 

Figures ............................................................................................................... 44 

References ......................................................................................................... 57 

 

CHAPTER 3: Monitoring of River Surface Ice Using Sonars ....................... 61 

3.1 Introduction ............................................................................................ 61 



3.2 Site Description ...................................................................................... 64 

3.3 Instrumentation and Methods ................................................................. 65 

3.3.1 In Stream Instrumentation ............................................................... 65 

3.3.2 Supplemental Instrumentation ......................................................... 67 

3.4 Data Processing ...................................................................................... 67 

3.5 Data Validation ...................................................................................... 71 

3.6 Results and Discussion ........................................................................... 73 

3.6.1 Synopsis of Freeze-up Season .......................................................... 73 

3.6.2 Frazil Pans....................................................................................... 75 

3.6.3 Ice Cover .......................................................................................... 81 

3.6.4 Open Lead ........................................................................................ 81 

3.7 Summary and Conclusions ..................................................................... 83 

Tables ................................................................................................................ 85 

Figures ............................................................................................................... 86 

References ....................................................................................................... 105 

 

CHAPTER 4: Characterizing Suspended Frazil Ice in Rivers Using Sonars

 ............................................................................................................................. 108 

4.1 Introduction .......................................................................................... 108 

4.2 Site Description, Instrumentation and Methods ................................... 113 

4.3 Data Processing .................................................................................... 115 

4.4 Scattering Models ................................................................................. 116 

4.4.1 Background .................................................................................... 116 

4.4.2 Sphere Model ................................................................................. 119 

4.4.3 Prolate Spheroid Model ................................................................. 121 

4.4.4 Disk Model ..................................................................................... 123 

4.4.5 Estimation of Concentration and Particle Size Using Scattering 

Models ééé..éé..ééééééééééééééééé125 

4.5 Applicability of Scattering Models to Laboratory Results ................... 128 

4.6 Field Results ......................................................................................... 131 

4.6.1 Synopsis of Frazil Events and Sonar Results ................................. 131 



4.6.2 Quantifying Suspended Frazil from the Sonar Outputs ................. 133 

4.7 Summary and Conclusions ................................................................... 136 

Tables .............................................................................................................. 138 

Figures ............................................................................................................. 140 

References ....................................................................................................... 150 

 

CHAPTER 5: Conclusions and Recommendations ....................................... 154 

5.1 Summary and Conclusions ................................................................... 154 

5.2 Recommendations for Future Research ............................................... 157 

 

Appendices ......................................................................................................... 159 

Appendix A. Slush Layer Experiments ........................................................... 159 

     Motivation and Background ....................................................................... 159 

     Experimental Methods ................................................................................ 160 

     Results and Discussion ............................................................................... 162 

    Summary and Conclusions .......................................................................... 164 

Appendix B. Heat Transfer Modeling of Frazil Experiments ......................... 172 

Appendix C. Matlab Codes Developed for Processing and Analyzing Dataset

 ......................................................................................................................... 180 

 

  



List of Tables 

 

Table 2.1. Instrument specifications for the high and low frequency sonar 

units. ........................................................................................................ 40 

Table 2.2. SWIPS parameters used for the frazil ice experiments ..................... 41 

Table 2.3.Summary of frazil experiments results showing the Experiment 

number, the mass of sieved ice Mice (g), the Coefficient of 

Variation, COV, between the three sieved samples, the calculated 

concentration, C (%), the measured supercooling, Tsp (°C), the rate 

of supercooling dT/dt (°C/min), and the measured depth average 

volume backscatter strength Svd (dB) at the end of the experiment. ..... 42 

Table 3.1 Sonar parameters used for field deployment. ..................................... 85 

Table 3.2 Comparison of pan/raft drafts tp (m) measured with the 

underwater video and with the sonar on 26-Nov-09............................... 85 

Table 4.1 Time and duration of the frazil events detected during the 

2009/2010 freeze-up field deployment and the peak depth average 

volume backscatter strength, Svd (dB) for each frazil event, 

measured with the high (546 kHz) and the low (235 kHz) frequency 

sonars. Also, the air temperature, Ta (°C) and the water temperature, 

Tw (°C), averaged over the duration of the event are listed. Events 

F1 to F7 were detected during the frazil pans period, and event F8 

was detected in the open lead. .............................................................. 138 

Table 4.2 Peak estimated suspended frazil concentration, C (%) and the 

corresponding deduced frazil disk radius, a (mm) from the high (546 

kHz) and the low (235 kHz) frequency sonar data for the frazil 

events detected during the 2009 freeze-up field deployment. .............. 139 

Table A.1 SWIPS parameters used for the slush experiments. ........................ 166 

Table A.2 Summary of results of the slush layer experiments. ........................ 166 

 

  



   
 

List of Figure 

 

Fig. 1.1. Schematic diagram of frazil ice evolution in rivers during freeze-

up, adapted from Michel (1978) and Daly (2008). .................................... 9 

Fig. 2.1. Simplified schematic diagram showing the signal path through the 

SWIPS electronic (adapted from Lemon et al. 2008). ............................ 44 

Fig. 2.2. (a) Front view of the frazil ice tank. (b) top view of the frazil ice 

tank setup showing the high and low frequency sonar units, the 

Plexiglas base plate, and cables inside the hollow PVC tubes; two of 

the side mounted propellers and the four bottom mounted propellers 

are also shown. ........................................................................................ 45 

Fig. 2.3. A schematic diagram showing the sieving technique used for frazil 

ice concentration measurements. ............................................................ 46 

Fig. 2.4. Plot showing (ȹ) the measured supercooling water temperatures 

Tsp (ÜC) and (Ǐ) the corresponding sieve concentrations C (%) 

versus the duration of supercooling tsp (min). The dotted line 

represents the average observed supercooling rate dT/dt of 0.01 

(ºC/min). ................................................................................................. 47 

Fig. 2.5. Images of frazil particles under the microscope (scale on the top is 

in mm) ..................................................................................................... 48 

Fig. 2.6. Histograms of the number of frazil particles Nf  versus particle 

diameter D (mm) for 12 frazil experiments. ........................................... 49 

Fig. 2.7. Combined histogram from 12 frazil experiments showing the 

number of frazil particles Nf versus frazil ice particle diameter D 

(mm)........................................................................................................ 50 

Fig. 2.8. Time series data from Exp 55 (C = 0.12 %): (a) water temperature 

Tw (ºC), (b) and (d) 2-D plot of Sv (dB color coded) data, range R 

(m) versus time t (min), (c) and (e) depth averaged volume 

backscattered strength Svd (dB); for the high and low frequency 

sonars, respectively, (f) the ratio of the high to the low frequency 

backscatter coefficient (sv1/sv2). The blue thin line and the thick red 

line and in (c) and (e) are the instantaneous and the low pass filtered 

time series data, respectively. ................................................................. 51 

Fig. 2.9. Range, R (m) versus volume backscatter strength, Sv (dB) from 

Exp 55 (C = 0.12 %)  averaged over 20 seconds of the experiment 

showing the background signal (thin line) and returns due to frazil 

ice (thick line) for (a) the low and (b) the high frequency sonars. ......... 52 

Fig. 2.10. Concentration C (%) versus the relative backscatter RB (dB ï 

lower axis) and depth averaged volume backscatter strength Svd (dB 



ï upper axis). High frequency sonar experimental data points (ȹ), 

regression Eq. (2.22) (thick line) and the 95% confidence limits of 

Eq.(2.22) (thin line). ............................................................................... 53 

Fig. 2.11. Concentration C (%) versus the relative backscatter RB (dB ï 

lower axis) and depth averaged volume backscatter strength Svd (dB 

ï upper axis). Low frequency sonar experimental data points (ƺ), 

regression Eq. (2.23) (thick line) and the 95% confidence limits of 

Eq. (2.23) (thin line). .............................................................................. 54 

Fig. 2.12. The ratio of the high to the low frequency backscatter cross 

section (ůbs1 /ůbs2) versus particle radius a (mm) computed using 

Johnsonôs (1977) model. ......................................................................... 55 

Fig. 2.13. Frazil concentration C (%), versus the ratio r of the high to the 

low backscatter coefficients (sv1 / sv2) calculated using Eqs. (2.22) 

and (2.23), respectively. .......................................................................... 56 

Fig. 3.1. Initial stages of ice cover formation on large rivers: (a) pancake ice, 

also known as ñpan iceò or ñfrazil pansò, and frazil rafts (picture 

taken on the North Saskatchewan River in Edmonton), (b) bridging 

(picture taken on the Athabasca River, downstream of Fort 

McMurray). ............................................................................................. 86 

Fig. 3.2. Satellite Google ® Map of the North Saskatchewan River in the 

vicinity of Edmonton showing: the deployment site, the city centre 

airport, and the city Gold Bar waste water treatment plant. ................... 87 

Fig. 3.3. An aerial photograph of the deployment site with the bathymetric 

survey in 0.5 m increments plotted in color showing the locations of 

the instrument platform, temperature sensor, monitoring station 

(Webcam) and trailer. The power stationôs cooling water outfall and 

the river-water pump house are also shown............................................ 88 

Fig. 3.4. (a) picture of the deployment platform used to hold the in-stream 

instruments showing both the high and the low frequency sonar 

units, the water current profiler, and the underwater video camera 

and light. (b) A picture of the monitoring station pointing at the 

water surface and equipped with a webcam and a wireless antenna 

for sending images and water and air temperatures wirelessly to the 

University of Alberta website. ................................................................ 89 

Fig. 3.5. Plot showing the detected bottom of the pans (black solid line) on a 

2-D plot of raw counts (color coded) for a 2 min time interval 

showing range R (m) versus time t (min) at two extreme conditions: 

(a) high suspended frazil concentration on 1-Jan-10, and at (b) high 

pan concentration on 3-Dec-09. The white dotted line and the red 



ovals in (a) and (b) indicate the water surface and false targets, 

respectively. ............................................................................................ 90 

Fig. 3.6. Histograms of calculated pans drafts tp (m) versus the number of 

sonar pings with pans np , pan lengths lp(m) versus number of 

individual pans Np (both sampled every 1 Hz for a 24 hour period on 

14-Nov-09), and surface concentration Cs (%) versus number of 

samples ns , (sampled every 30 minute for seven daysô time period 

from 14-Nov-09 to 20-Nov-09) from the low frequency unit in (a), 

(b), and (c) and from the high frequency unit in (d), (e), and (f). ........... 91 

Fig. 3.7. A sample webcam image taken with the monitoring station on 13-

Nov-09 at 14:00 for the river ice condition showing an example of a 

raft length scaled from the image. Only pans/rafts below the dash 

line were used for these measurements. The blue star indicates the 

approximate location of the instrumentôs platform................................. 92 

Fig. 3.8. The underwater camera setup on the Trimaran on 26-Nov-09 for 

measuring pans drafts; (a) the underwater camera pointing at the 

scaled ruler, and (b) while pushing the Trimaran towards a passing 

frazil raft. ................................................................................................ 93 

Fig. 3.9. An overview of the hydro-meteorological conditions measured at 

the deployment site during the freeze-up season from 3-Nov-09 to 

12-Jan-10 showing a time series of: (a) air temperature, Ta (ºC), (b) 

water temperature, Tw (ºC), at the instrument platform, (c) water 

depth, h (m), mean current velocity, u (m/s), and the snow depth, ds 

(cm). Also the different ice periods are labeled. ..................................... 94 

Fig. 3.10. Time series of (a) surface ice concentration, Cs (%), (b) pan 

drafts, tp (m), (c) pan/raft lengths, lp (m), and (d) the ratio of pan 

drafts over pan length, tp/lp measured at the deployment site from 

03-Nov-09 to 12-Jan-10 and labeled with the different ice periods. ...... 95 

Fig. 3.11. Series of daily webcam images taken for the surface ice 

conditions at the deployment site from the monitoring station located 

on the east bank during the pan initiation period from 8-Nov-09 to 

15-Nov-09. The blue star in the images shows an approximate 

location of the instrumentsô platform on the river bed. .......................... 96 

Fig. 3.12. Series of daily webcam images taken for the surface ice 

conditions at the deployment site from the monitoring station located 

on the east bank during the transition from pan period to the ice 

cover period from 1-Dec-09 to 8-Dec-09. The blue star in the images 

shows an approximate location of the instrumentsô platform on the 

river bed. ................................................................................................. 97 



Fig. 3.13. Plot of the transition phase between the surface pan and the ice 

cover periods from 1-Dec-09 to 8-Dec-09 showing: (a) 2-D plot 

(range above transducer R (m) on y-axis, and time on x-axis) of 

profiles of the sonar raw count (color coded) and (b) the 

corresponding calculated surface ice concentration, Cs (%) labeled 

with the different ice phases. .................................................................. 98 

Fig. 3.14. Three-hoursô time average velocity profiles from 00:00 to 03:00 

on 2 and 3-Dec-09 showing velocity, u (m/s) versus water depth, h 

(m). .......................................................................................................... 99 

Fig. 3.15. A scatter plot of the non-dimensional ice velocity (ui / u) versus 

the corresponding surface concentration, Cs (%). The two dotted 

lines represent an envelope for the data using Eq. (3.2). ...................... 100 

Fig. 3.16. Aerial photograph of the river ice conditions taken at 12:00 on 3-

Dec-09 showing: the flow direction, the location of the instrument 

platform, and the channel constriction upstream of the deployment 

site. ........................................................................................................ 101 

Fig. 3.17. Time series of: (a) water depth, h (m), (b) surface concentration, 

Cs (%), and pan draft, tp (m), measured at the deployment site from 

12:00 on 3-Dec-09 until 00:00 on 4-Dec-09. The two dotted lines 

highlight the effect the constriction upstream had on the 

measurements at the site. ...................................................................... 102 

Fig. 3.18. A typical webcam image of the river surface ice conditions during 

the open lead period showing freshly formed submerged frazil pans. 

The red star shows the approximate location of the instruments 

platform. ................................................................................................ 103 

Fig. 3.19. Time series of (a) the water temperature, Tw (°C), and (b) the 

surface concentration, Cs (%), measured at the deployment site 

during the open lead period from 18-Dec-09 until 12-Jan-10. ............. 104 

Fig. 4.1. An aerial photograph of the deployment site with the bathymetric 

survey in 0.5 m increments plotted in color showing the locations of 

the instrument platform, temperature sensor, monitoring station 

(Webcam) and trailer. The power stationôs cooling water outfall and 

the river-water pump house are also shown.......................................... 140 

Fig. 4.2. Picture of the deployment platform used to hold the high and the 

low frequency sonar units, the water current profiler, and the 

underwater video camera and light. ...................................................... 141 

Fig. 4.3. A schematic diagram illustrating the basic geometry and the 

definition of the different dimensions used by the scattering models 

for each shape: a is the radius of sphere, the semi-minor axis of the 

prolate spheroid, and the disk radius; b is the semi major axis of the 



prolate spheroid; and t is the disk thickness. Note: the disk geometry 

and angles were adapted from Coussios (2002). .................................. 142 

Fig.4.4. plot of the non-dimensional backscatter cross section, ůbs / ˊa2, 

versus the non-dimensional particle size, ka, estimated using 

Rayleigh (1896), Anderson (1950), and Johnsonôs (1977) sphere 

models for: (a) typical fluid target (euphausiid) of Rɟ = 1.016 and Rc 

= 1.033 (adapted from Johnson, 1977), and (b) frazil ice particles  of 

Rɟ = 0.92 and Rc = 1.82. ...................................................................... 143 

Fig. 4.5. plot of the non-dimensional particle size, ka versus: (a) the non-

dimensional backscatter cross section, ůbs / ˊb2,  calculated using an 

aspect ratio of 10 for b / a for the prolate spheroid (Stanton, 1989), 

and (b) the non-dimensional backscatter cross section, ůbs / ˊa2,  

calculated using an aspect ratio of 10 for 2a / t for the disk model 

(Coussios, 2002); computed for frazil ice particles (Rɟ = 0.92 and Rc 

= 1.82). .................................................................................................. 144 

Fig.4.6. Plot of the ratio of the backscatter coefficient, ůr , from the high to 

the low frequency data, versus the dominant radius, Ǖ  (mm) for 

Johnsonôs (1977) sphere model and Stantonôs (1989) prolate 

spheroid model. ..................................................................................... 145 

Fig. 4.7. Depth averaged volume backscattered strength, Svd (dB) versus 

Concentrations, C (%) estimated for three particle sizes for the 

sphere mode in (a) and (b), the prolate spheroid model in (c) and (d), 

and for the disk model in (e) and (f). Also the experimental data 

points: (ƺ) for the low frequency in (a), (c) and (e) and (ȹ) for the 

the high frequency in (b), (d), and (f) together with their 

corresponding regression equations (solid black line) are plotted. ....... 146 

Fig. 4.8. Time series of 30 minutes moving average of: (a) air temperature, 

Ta (ºC), and (b) water temperature, Tw (ºC), measured at the 

deployment site from 03-Nov-09 to 12-Jan-10 and labeled with the 

observed surface ice conditions. The red dotted vertical arrows 

indicate approximately the dates of the detected frazil events. ............ 147 

Fig. 4.9. Time series data of 24 hrs time period on 14-Nov-09 showing 2-D 

plot of Sv (dB, color coded) data, range R (m) above the transducer 

versus time (hrs) for (a) the high and (b) the low frequency data; (c) 

the depth average volume backscatter strength, Svd (dB) computed 

from the high (546 kHz) and the low frequency (235 kHz) data in (a) 

and (b). Note: the two frazil events on 14-Nov-09 were only detected 

with the high frequency sonar and the low frequency signal did not 

show any variation from the background noise. ................................... 148 



Fig. 4.10. Time series of concentrations, C (%) estimated using the 

laboratory regression equations (solid black line), and using the disk 

model for various disk radii, a (mm) for: (a) the high frequency data 

from the frazil event on 28-Nov-09 (event F4), (b) and (c) the high 

and the low frequency data, respectively, for the frazil event on 1-

Jan-10 (event F8). ................................................................................. 149 

Fig. A.1. Image of the top half of the frazil tank with the slush layer formed 

at the surface. The slush has been squeezed to the center using 

Plexiglas paddles................................................................................... 167 

Fig. A.2. A picture taken from the tank top showing a sample of sieved 

slush to be used for porosity calculations. ............................................ 168 

Fig. A.3. 2D plot showing different steps of a typical slush experiment 

(Exp#98); range R (m) versus time t (min) and processed Sv (dB) 

color coded. A box is pointing at the stabilizing surface slush layer. ... 169 

Fig. A.4. 2D plot of processed sv (m-1) color coded for a typical slush 

experiment (Exp#98) zooming at the stabilized slush layer; range R 

(m) versus time t (min) for (a) the high frequency, and (b) for the 

low frequency. Note: tslush and tdep are illustrated for the high 

frequency. ............................................................................................. 170 

Fig. B.1 Comparison of experimental supercooling temperatures and 

concentrations with the modeled supercooling curve and the 

corresponding frazil production curve for different initial seeding 

concentrations, Mo, of 1E-4, 1E-7, and 1E-12. Water temperature, 

Tw (°C), is on left y-axis and frazil concentration, C (%), is on right 

y-axis, versus time tsp (min) from the start of the supercooling. ......... 177 

Fig. B.2 Comparison between measured frazil concentration CLab (%), and 

the corresponding modeled concentration CModel (%) using the heat 

transfer model. ...................................................................................... 178 
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CHAPTER 1: Introduction  

 

1.1 Background and Motivation 

The first and most important stage of ice cover formation over northern rivers is 

frazil ice generation. Fig. 1.1 shows a schematic diagram of frazil ice evolution in 

rivers during freeze-up. If the air temperature is below 0̄C for a significant period 

of time, the water body loses heat to the atmosphere until the water becomes 

supercooled (i.e. cooled to slightly below 0C̄). Once seed particles of ice (e.g. 

snow, frozen water droplets) are introduced into turbulent supercooled flow, large 

quantities of frazil ice particles are created very quickly (Daly, 2008). Latent heat 

released by the production of new frazil particles causes the water temperature to 

rise again and reach ~0 C̄ (Michel, 1978). Typically, frazil particles are disk 

shaped and range in diameter from a fraction of a millimeter up to several 

millimeters and from 1 to 100 µm in thickness (Martin, 1981). 

In supercooled water, frazil particles are very adhesive (termed óactiveô frazil), 

and tend to stick to each other and form frazil flocs. Eventually these frazil flocs 

reach a sufficient size for buoyant effects to overcome the entraining effects of 

fluid turbulence and they float to the surface and form frazil slush (Martin, 1981). 

As ice is less dense than water, a portion of the floating frazil slush is exposed 

above the water and soon freezes, creating ópancake iceô (also known as ópan iceô 

or ófrazil pansô), as illustrated in Fig. 1.1. Frazil pans frequently slide on top of 

one another during collisions, creating longer floating pan accumulations known 

as frazil rafts or floes (Tsang, 1982). Frazil pans/rafts can exceed 2 m in diameter 

and 1 m in thickness (Osterkamp and Gosink, 1983). As surface concentrations of 

frazil pans/rafts approach 100%, congestion occurs and óbridgingô becomes likely. 

Bridging is the phenomenon that occurs when congestion of ice floes becomes so 

severe that their movement ceases at a site along the river (Hicks, 2009). Typical 

bridging locations are at tight bends and at locations where the channel narrows, 



2 
 

such as between bridge piers, at natural flow constrictions, or at constrictions 

created by border ice growth (Beltaos, 1995). 

Once bridging occurs, incoming pans lengthen the accumulation in the upstream 

direction.  This may occur by juxtapositioning (pans configured edge to edge) or 

by hydraulic thickening caused by entrainment and/or under turning of surface ice 

(Dow Ambtman et al., 2011).  In both cases, the leading edge of the ice 

accumulation propagates upstream, although the rate will be much higher in the 

case of juxtapositioning. After the frazil pans and rafts come to rest, the 

underlying frazil slush may also stop moving. However, if the mean water 

velocity and turbulence are strong enough, frazil slush may be dislodged and 

move along the underside of the stationary ice cover or become re-entrained in the 

flow (Shen and Wang, 1995).  

Frazil ice particles often cause severe problems at hydraulic structures during 

freeze-up in rivers. They can form thick slush layers that interfere with 

navigation, block water intakes used for drinking water, manufacturing, and oil 

refining by accumulating over the intakes screens (Clark and Doering, 2006; 

Ettema et al., 2009). One of the most adverse impacts is the blockage of water 

intakes at hydroelectric power plants that can cause a complete shutdown of the 

generators for significant amounts of time. Many engineering solutions have been 

investigated and developed to minimize intake blockage by frazil ice (Daly, 

1991). Reviews of frazil ice characteristics and mechanism of formation are 

available in the literature (Martin, 1981; Tsang, 1982; Ettema et al., 1984; Daly, 

1984, 1994, and 2008); however, development of effective solutions to mitigate 

frazil ice problems has proven difficult because of a lack of accurate frazil ice 

concentration and particle size measurements in rivers. Also, numerical models 

(e.g. CRISSP, HEC-RAS, River2D) that have been widely used to study ice cover 

formation and progression (e.g. Andrishak and Hicks, 2008; Beltaos and Burrell, 

2010; Shen, 2010), have never been validated with continuous surface ice field 

measurements; and, in these models frazil ice properties such as particles size and 

rise velocity are computed empirically, or treated as calibration parameters (Shen, 
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2002). The fundamental problem was that there was no practical and robust 

method to measure suspended frazil and surface ice characteristics during freeze-

up in rivers. 

A method to accurately measure frazil ice concentrations and surface ice 

properties (i.e. pans drafts, lengths, and surface concentration) in rivers would be 

very beneficial. For the first time, frazil ice formation and evolution theories 

(upon which numerical models are built) could be validated using field data. 

Hydroelectric power generation companies could use the system to monitor frazil 

ice concentrations near water intake structures in rivers; which would allow them 

to take remedial actions before concentrations reach critical levels and intakes 

become completely blocked. The method could also be used to provide real time 

measurements of surface ice drafts and concentrations that have the potential to 

interfere with navigation in rivers and canals. 

Frazil concentrations observed in laboratory studies ranged between: 0.065 to 

0.609% in a flume (Ettema et al. 2003); 0.10 to 0.17 % in a counter-rotating flume 

(Ye et al. 2004); and 0.012 % to 0.135 % in a frazil tank (Ghobrial et al., 2012).  

A number of methods have been developed to measure frazil ice concentration in 

rivers. These include methods based on: laser Doppler velocimetry (Schmidt and 

Glover, 1975); water conductivity (Tsang, 1985), pumping water samples (Lever 

et al., 1992), and electromagnetic pulses (Yankielun and Gagnon, 1999). 

However, thus far all of these have proven to be impractical for use in the field. 

Frazil concentration in rivers (often expressed as the number of particles per unit 

volume) was estimated to be in the order of 10
4
 to 10

7
 particles/m

3
 (Osterkamp 

and Gosink, 1983; Daly, 1994). The only direct measurement of frazil ice 

concentration in the field was reported by Tsang (1984 and 1986) and ranged 

from 0 to 0.25% on the Beauharnois Canal, Quebec and from 0 to 0.03% on the 

Lachine Rapids on the St. Lawrence River, Quebec.  

Frazil disk diameters ranging from 0.04 to 6.00 mm have been measured in 

laboratory experiments (Daly and Colbeck, 1986; Clark and Doering, 2006; 
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McFarlane et al., 2012) and it was found that the particles size distributions could 

be fitted by a log-normal distribution with a mean diameter ranging between 0.2 

and 1.3 mm. Frazil particles sampled in rivers ranged between 0.1 and 5.0 mm in 

diameter (Osterkamp, 1978; Osterkamp and Gosink, 1982 & 1983; Wueben, 

1984; Morse and Richard, 2009). However, in these field studies limited numbers 

of frazil particles were manually sampled and as a result there is large 

uncertainties associated with these measurements. Other than these grab sample 

measurements there have been no in-situ measurements of frazil ice particles size 

distribution in rivers that have been reported in the literature.  

A variety of methods have been developed to monitor surface ice conditions (i.e. 

pan concentrations, pan sizes and ice cover formation) such as: observations by 

personnel (Calkins and Gooch, 1982; Osterkamp and Gosink, 1983; Michel, 

1984), satellite remote sensing, such as RADARSAT (Weber et al., 2003; Tracy 

and Daly, 2003; Unterschultz et al., 2009), aerial photographs (Erb, 1986; Daly et 

al., 1986), and web-based cameras (Vuyovich et al., 2009). However, each 

method has its limitations: the observations by personnel is the most accurate but 

very costly and most of the time the sites are in remote areas that are very hard to 

access; satellite remote sensing using high resolution Synthetic Aperture Radar 

(e.g. RADARSAT 2) has the potential to provide good data on surface ice 

concentrations, however this application has not yet been explored extensively; 

the photographic methods require no fog, snow or condensation on the camera 

lenses, but these are a common problem in winter. Any of these methods cannot 

be used solely to provide a complete monitoring of freeze-up processes, especially 

that none of these methods can measure ice thicknesses. Accurate and continuous 

measurements of surface ice characteristics, such as pan formation and ice cover 

consolidation, are needed both for model validation, and to advance our 

fundamental understanding of these processes (Shen, 2010). 

Ice Profiling Sonars (IPS) [ASL Environmental Sciences Inc., Canada] were 

originally developed in 1990 to measure ice drafts in the polar ocean regions 

(Melling and Riedel, 1995). A 420 kHz version of the IPS was used for the first 
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time to continuously monitor river  ice (as opposed to sea ice) drafts and surface 

concentrations on the St Lawrence River, Quebec starting in the 2000/2001 winter 

season (Hessami and Morse, 2001; Morse et al., 2003; Richard and Morse, 

2008a).  A shallow water version of the Ice Profiling Sonar (SWIPS) [ASL 

Environmental Sciences Inc., Canada] designed to be installed on the river bed 

and to transmit acoustic pulses up through the water column for a maximum water 

depth of 20 m was introduced in 2004.  The first generation of these sonars was 

available commercially in two acoustic frequencies: one low (235 kHz) and one 

high (546 kHz) frequency. These instruments have been deployed successfully in 

the Peace River, Alberta since the 2004/2005 winter season. These field studies 

showed that these sonar instruments can detect suspended frazil particles as well 

as surface ice drafts (Jasek et al., 2005). Jasek and Marko (2007) were able to 

extract time series measurements of ice drafts and surface ice concentrations on 

the Peace River using data from both low and high frequency SWIPS. A recent 

comparison of measured (using the SWIPS instrument) versus modeled (using the 

CRISSP model) surface ice characteristics by Jasek et al. (2011) showed that 

using calibrated model parameters, the CRISSP model predictions were in very 

good agreement with sonar measured drafts and surface ice concentrations. It is 

important to note that, an algorithm to compute ice drafts and surface 

concentration from sonar data have never been proposed; and continuous 

measurements of surface pan/raft lengths using sonar data have never been 

reported in the literature. 

Jasek et al. (2005) were the first to report the detection of fresh water suspended 

frazil ice using a 235 kHz SWIPS in the Peace River, Alberta. Marko et al. (2006) 

described the simultaneous deployment of 235 and 546 kHz frequency sonars in 

the Peace River and found that the high frequency sonar was more sensitive to 

suspended frazil ice than the lower frequency sonar. Richard and Morse (2008b) 

used a 420 kHz IPS to detect suspended frazil events near a water intake on the St 

Lawrence River, Quebec. The severity and duration of the detected frazil events 

were linked to the possibility of ice blockage of the nearby water intake. Morse 
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and Richard (2009) used sonar data from a 420 kHz IPS to estimate profiles of 

relative frazil ice concentration (i.e. concentration in arbitrary units) since the 

relationship between the acoustic signal and the volumetric concentration was not 

known.  

Researchers studying sediment transport and aquatic organisms in rivers and 

estuaries have been using acoustic backscatter measurements to estimate the 

concentration and particle sizes of suspended materials for more than two decades 

(e.g.: Greenlaw, 1979; Kristensen and Dalen, 1986; Thorne et al., 1993; Thevenot 

and Kraus, 1993). The acoustic pulses from the sonar are reflected by targets in 

the water column, and the intensity of the reflected signals is related to the type, 

size and number of the acoustic targets in the insonified volume (Urick, 1983). 

Two methods have been used to estimate particles sizes and concentrations from 

acoustic measurements. The first consisted of establishing regression equation 

between laboratory sampled concentrations, and the corresponding acoustic signal 

(Kristensen and Dalen, 1986). However, this method has never been applied to 

suspended frazil ice. The second method uses theoretical or empirical scattering 

models that have been developed for different target shapes (e.g. Rayleigh, 1896; 

Bowman et al., 1969; Stanton, 1989) to predict the particles sizes and 

concentration from the acoustic signal. This method was used by Marko and Jasek 

(2010a, b & c) and Richard et al. (2010) to estimate frazil characteristics from 

sonar data sampled during freeze-up. Marko and Jasek (2010a, b & c) used 

Rayleighôs (1896) scattering model for small spheres to estimate particle sizes and 

concentrations using data from both the high (546 kHz) and low (235 kHz) 

frequency sonars deployed in the Peace River. Richard et al. (2010) deployed a 

420 kHz IPS, and a 1228 kHz ADCP in the St. Lawrence River, Canada. The 

sonar signals were analyzed using Johnsonôs (1977) scattering model for fluid 

spheres to estimate the frazil disk radii of the óacoustically equivalentô spheres 

and the corresponding frazil concentrations. However, the model predictions 

presented in these studies could not be validated because in-situ measurements of 

suspended frazil ice properties were not feasible. 
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1.2 Research Objectives and Brief Methodology 

The primary objective of this research was to develop a technique for obtaining 

quantitative measurements of suspended frazil ice, and surface ice characteristics 

using upward looking sonars.  The specific objectives of the proposed study are 

to:  

¶ Use laboratory experiments to determine an empirical relation between the 

backscattered sonar signals from suspended populations of frazil ice 

particles and frazil ice concentration.  

¶ Develop an accurate algorithm to compute surface ice drafts, lengths, and 

concentrations from sonar data. 

¶ Validate the algorithm by visual observations, time lapse photography, and 

direct measurements of surface ice characteristics in the field.  

¶ Investigate the applicability of the empirical relations derived in the 

laboratory for estimating suspended frazil concentrations in the field. 

¶ Investigate the applicability of theoretical acoustic scattering models for 

different particle shapes to estimate frazil ice concentrations and particle 

sizes.  

In order to achieve the above objectives, a series of laboratory controlled 

experiments were conducted in a specially designed frazil ice tank located in the 

University of Alberta Cold Room Facility. Two shallow water ice profiling 

sonars: one low (235 kHz) and one high (546 kHz) frequency were deployed on 

the bottom of the frazil tank, and direct sieve measurements of frazil ice 

concentrations were correlated with the corresponding sonar backscatter signal. In 

addition, field experiments were conducted during the 2009/2010 freeze-up 

season on the North Saskatchewan River in Edmonton, Alberta.  The high and the 

low frequency sonars, an acoustic Doppler current profiler, and an on-shore 

monitoring station equipped with digital cameras and temperature sensors were 

deployed at a site.  This field data was used to develop and validate an algorithm 

that computes the drafts, lengths and surface concentrations of frazil pans and 
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rafts. During this field deployment, several frazil events were detected by the 

sonar. The laboratory regression equations were used to estimate frazil 

concentration from the field sonar data, and the scattering models were used to 

deduce the corresponding particle sizes.  

1.3 Organization of the Thesis 

This thesis is in paper format. Each chapter has its own introduction, literature 

review and list of references. Chapter 2 provides a detail description of the sonar 

instrumentsô specifications, principle of operation, and signal processing. Also it 

describes the experimental setup and the laboratory measurements of suspended 

frazil ice used to develop the empirical relation that correlate the sonar signal with 

suspended frazil concentration. Chapter 3 describes the field deployment program 

(site description, instrumentation, and setup) of the sonar units and presents an 

algorithm to compute surface ice characteristics from the sonar data. The 

calibration and validation of this algorithm is also discussed. This chapter also 

includes a detailed discussion of the freeze-up season and the factors affecting 

surface ice measured at the site. Chapter 4 presents a review of suggested 

theoretical scattering models, their applicability to the laboratory results and to the 

field detected frazil ice. Also the validity of the laboratory achieved correlations 

to estimate suspended frazil concentration in the field is discussed in this chapter. 

Conclusions and recommendations for future work were summarized in Chapter 

5.  

There are three appendices to the thesis: Appendix A describes a preliminary 

investigation of the porosity and sound speed of frazil slush layer in the 

laboratory. Appendix B presents results of a simplified heat transfer model to 

compute frazil concentration in the laboratory conditions. Appendix C contains all 

of the MATLAB programs developed in this study.   
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Fig. 1.1. Schematic diagram of frazil ice evolution in rivers during freeze-up, 

adapted from Michel (1978) and Daly (2008). 
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CHAPTER 2: Laboratory Calibration of Sonars for Measuring 

Suspended Frazil Ice Concentration
1
 

 

2.1 Introduction  

Frazil ice particles often cause severe problems at hydraulic structures during 

freeze-up in rivers. Active frazil readily adheres to trash racks and screens, 

blocking municipal and industrial water intakes. Frazil can also form thick slush 

layers that interfere with navigation or can precipitate freeze-up ice jams.  A key 

factor limiting our ability to predict river ice cover development processes, and to 

design appropriate mitigation schemes, is the inability to actually measure 

suspended frazil ice particle concentrations in rivers. Many methods for 

measuring frazil ice concentrations have been investigated, including techniques 

based on: changes in electrical conductivity (Tsang, 1985); laser Doppler 

velocimetry (Schmidt and Glover, 1975); pumping water samples (Lever et al,. 

1992); electromagnetic pulses (Yankielun and Gagnon, 1999); underwater 

photography (Daly and Colbeck, 1986) and image processing systems (Doering 

and Morris, 2003). However, none of these methods have been proven sufficiently 

accurate or robust for use in the field. Thus at present, there is no practical method 

to measure suspended frazil ice concentrations during freeze-up in rivers. 

An upward looking sonar; called the Shallow Water Ice Profiling Sonar (SWIPS) 

[ASL Environmental Sciences Inc., Canada] was originally developed to measure 

ice drafts in rivers. This device is designed to be installed on the river bed and to 

transmit acoustic pulses up through the water column. The acoustic signals are 

reflected by targets in the water column and the intensities of these reflected 

signals are used to differentiate between different targets types. Currently shallow 

water ice profiling sonars with two different acoustic transmitting frequencies are 

                                                           
1
 A slightly modified version of this chapter was published in the journal of Cold Reg. Sci. Technol. 

(70): 19-31 
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available commercially: a low frequency unit (235 kHz) and a high frequency unit 

(546 kHz).   

Ice profiling sonars have been deployed successfully in the Peace River, Canada 

each winter since 2004-2005 (Jasek et al., 2005).Those field studies were the first 

to show that the 235 kHz unit could detect the presence of suspended frazil ice; 

however, they found that the acoustic returns from suspended frazil particles were 

somewhat weak at this frequency. Marko et al. (2006) described the simultaneous 

deployment of the 235 and 546 kHz frequency units in the Peace River. They 

found that the high frequency sonar was more sensitive to suspended frazil ice 

than the lower frequency sonar.  However, they observed that the lower frequency 

unit was better for measuring slush layer properties.  

Richard and Morse (2008) used a 420 kHz Ice Profiling Sonar (IPS) designed for 

deep water use, to monitor frazil ice blockage at a water intake in the St. 

Lawrence River. Morse and Richard (2009) conducted a detailed study of 

hydraulic, meteorological and ice data on the St. Lawrence River. In this study 

sonar data from the 420 kHz IPS was used to estimate relative frazil ice 

concentrations (i.e. concentration in arbitrary units) since the relationship between 

the acoustic signal and the frazil concentration was unknown. Marko and Jasek 

(2010a, b & c) monitored surface ice growth and relative changes in frazil 

concentration using sonar data from both the high and low frequency units 

deployed in the Peace River. They used the ratio of the signal strength from the 

high and low frequency sonars to estimate frazil ice particle diameters using 

Rayleighôs (1896) scattering theory for small spherical particles. Richard et al. 

(2010) deployed a 420 kHz IPS and a 1228 kHz ADCP in the St. Lawrence River, 

Canada, and used the ratio of the acoustic signal to estimate frazil ice 

concentration and particles diameters using Johnsonôs (1977) scattering theory.  

The objective of this study was to investigate whether it is possible to calibrate the 

shallow water ice profiling sonar to quantitatively measure frazil ice concentration 

in rivers.  To achieve this, a laboratory study was conducted in the Civil 
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Engineering Cold Room Facility at the University of Alberta. The experiments 

consisted of generating frazil ice in a turbulent tank while deploying both the high 

and low frequency sonars to detect the suspended frazil ice particles. Preliminary 

results from this study, reported by Ghobrial et al. (2009), showed that a 

correlation does exist between frazil concentration and the intensity of the raw 

sonar signals. 

2.2 Sonar Instrument 

2.2.1 Principle of Operation 

The ice profiling sonar transmits acoustic pulses into the water column at a 

specific frequency and records the intensity of reflected sound at the transducer as 

function of time with respect to the transmitted pulse. For monostatic sonars (i.e. 

transmitter and receiver are in the same transducer) such as these; the reflected 

sound from targets is referred to as the backscattered sound (Urick, 1983). The 

instrument records the time for the acoustic pulse to be transmitted to, and 

reflected from, an insonified target and converts this into range (distance) above 

the transducer as follows, 

 
 

2

c t
R

³
=          (2.1) 

where R is the range in meters (m), t is the time after transmission, in seconds (s), 

at which the echo arrives and c is the sound speed in water (m/s) that can be 

specified by the user.  

Fig.2.1 presents a schematic diagram of the signal path through the ice profiling 

sonarôs electronics. The supply input voltage is first transmitted through a pulse 

generator, then through a power amplifier, before it arrives at the piezoelectric 

transducer. The transducer then emits sound pressure waves into the water column 

with a user specified pulse length, Ű, which is the duration of the transmitted 

pulse. The sound waves are then reflected by the insonified targets and 

backscattered sound arrives back at the transducer where the pressure amplitude is 
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converted to a voltage signal. This voltage signal then passes through a band pass 

filter and then a Time-Varying Gain (TVG) board. The TVG board amplifies the 

backscattered signals as a function of time (i.e. range) to approximately 

compensate for losses due to spherical spreading of the acoustic beam and 

absorption of the sound in the water (Lemon et al., 2008). Both sonar units are 

equipped with variable gain boards. A gain level can be selected from 1 to 4 to 

adjust the amount of amplification applied to the signal at the receiver. The TVG 

is an analog circuit and the amplification it provides is based on an assumed speed 

of sound and absorption coefficient; therefore, its compensation for spreading and 

absorption losses is only approximate. Further corrections must be implemented 

by adjusting the medium absorption coefficient and sound speed (Lemon et al., 

2008). 

After amplification by the TVG, the signal passes through an envelope detector to 

a 16-bit A/D (analogue to digital) converter.  The A/D converter converts the 

signal amplitude in volts to raw digital counts, Nr, ranging from 0 to 65535 (16-

bit). The raw counts were then processed to correct for a number of factors, 

including the TVG effect and signal losses, and produce calibrated results. 

2.2.2 Specifications 

Detailed calibrations of both sonars were performed by the manufacturer and the 

results of these tests and the transducer specifications are summarized in Table 

2.1. The instruments can ping (emit a sound pulse) at rates as fast as 1 Hz and 

have a maximum sampling rate of 64 kHz which corresponds to a cell size of 

0.011 m and an accuracy of ± 0.05 m for ice target measurements (Buermans et 

al., 2010). For the beam-width and transducer diameter listed in Table 2.1, at a 

water depth of 1.0 m centred above the transducer head, the sampling volume was 

averaged over a cylinder of approximately 23.54 cm and 42.47 cm in diameter (in 

the horizontal direction) for the high and the low frequency units, respectively; 

and 1.1 cm in height (i.e. the cell size in the vertical). This implies that spatial 

variations less than those numbers in both the horizontal and the vertical 
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directions will not be detected. The travel time the signal takes to reach the 

surface and be reflected back to the transducer is approximately 1.4 × 10
-3

 sec. 

Variations in the composition of the sampling volume within this time scale is 

negligible when compared to the mean river velocity of 0.5 m/s or the sampling 

frequency of 1 sample/sec (1 Hz).  

The user specifies the maximum range at which the units receive and record 

acoustic echoes. The pulse length, Ű, can be varied between 10 and 1000 ɛs. The 

instrument is equipped with a tilt sensor (range ± 20º, accuracy ± 1.0º, precision 

0.1º), a temperature sensor (accuracy 0.1 ºC, precision 0.01 ºC), and an absolute 

pressure sensor (range 0-206 kPa, accuracy ± 0.2 kPa). The instrument electronics 

are installed in a steel pressure case that is 25 cm long, 15 cm wide and 15 cm 

deep.  

2.2.3 Signal Pre-Processing 

Two pre-processing steps were applied to the raw counts, Nr, to correct for two 

factors. The first step was to correct for non-linearity of the envelope detector and 

the second was to correct for differences in the frequency response of the high and 

low frequency sonarsô receiver electronics. The acquisition software supplied by 

the manufacturer assumes that the envelope detector behaves linearly (i.e. that 

there is a linear relationship between the received input voltage and the detected 

output voltage). However, upon measuring input and detected voltages 

simultaneously, the manufacturer found that the envelope detector was behaving 

non-linearly at low input voltages. This test data was used to create a table of raw 

count corrections as a function of input voltage that was then used to correct for 

this nonlinear behaviour.  

In order to quantitatively compare the calibrated output of the high and low 

frequency sonars, the two instruments must have the same frequency response. 

However, the manufacturer measured the step responses of the receiver 

electronics of the two sonars and discovered that the 546 kHz sonar had a faster 
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frequency response compared to the 235 kHz sonar. Therefore, a second pre-

processing step was required to ensure the data from both instruments had the 

same frequency bandwidth. The measured step responses were used to compute 

the transfer functions of the two receivers. The transfer functions were used to 

design a low pass filter that was applied to the high frequency sonar data to reduce 

its bandwidth so that it matched the low frequency sonar data.  

2.2.4 Signal Processing 

To convert the pre-processed counts, N, into calibrated units, the transducer 

specifications and the calibration data must be used. The calibrated quantity of 

interest is the volume backscatter strength, Sv, as it can be analyzed for 

information about the suspended particle concentration and size distribution 

(Urick, 1983). Sv is expressed in decibels (dB) per unit volume and is given by, 

1010log r
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=         (2.2) 

where Ir (W/m
2
) is the reflected acoustic intensity and I i (W/m

2
)  is the incident 

acoustic intensity. The acoustic intensity is defined as the rate at which acoustic 

energy passes through a unit area perpendicular to the direction of propagation 

(Leighton, 1994). Note that the acoustic intensity is proportional to the square of 

the sound pressure amplitude. 

The sonar transducer records the Echo Level, EL (dB), which is the intensity of 

backscattered sound at the transducer. EL is related to Sv by the sonar equation 

(Urick, 1983) as follows, 

102 1  0log ( )v geoEL SL TL S V= - + +       (2.3) 

where SL (dB) is the source level defined as the intensity of sound emitted by the 

transducer, TL (dB) is the one way transmission loss of sound in the water, and 
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Vgeo is the insonified geometric volume created by the sound pulse at a specific 

range (m
3
). EL is also given by, 

2

1010log rP
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=         (2.4) 

where Pr is the reflected sound pressure at the receiver (Pa) and Po is a reference 

pressure 1.0 m away from the receiver (usually taken as 1 µPa) (Clay and 

Medwin,1977). The transducer converts the reflected pressure Pr at the receiver to 

an electrical signal in volts. Using a logarithmic scale, the factor ɓ for converting 

the recorded counts to detector voltage, consists of two components: the 

conversion from peak-to-peak voltage (Vp-p) to root mean square voltage (VRMS) 

and theA/D scaling. The relation between Vp-p and VRMS is given by, 

 2 2 p p RMSV V- =         (2.5) 

The analog to digital scaling factor for both sonars is 65535 counts for 2.5 volts 

full -scale input (personal communication with David Lemon, ASL Environmental 

Inc.). Therefore the factor ɓ is a constant and can be calculated as follows, 

10

65535
 20log 2 2      97.4 dB
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     (2.6) 

Eq. (2.4) is then modified to include the transducer receiving response to the 

applied sound pressure and the factor ɓ (Buermans et al., 2010) as follows, 

10 20log ( )VrEL OCV Pb+ + =        (2.7) 

where, OCV (the Open Current Voltage) is the transducer receiving response in 

(dB), and PVr is the sound pressure at the receiver, expressed in terms of the 

voltage produced by the transducer relative to a pressure wave of 1.0 µPa. PVr is 

given by  
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=          (2.8) 

where, N are the pre-processed digital counts, and g[R] is the total amplification 

applied to the signal (gain at the receiver) as a function of range (Buermans et al., 

2010). 

Using Eq. (2.7) and (2.8), EL can be expressed as, 

1020log ( ) [ ]EL N G R OCV b= - - -      (2.9) 

where G[R] = 20 log10(g[R]), is the receiver gain (dB) as a function of range that 

was measured by the manufacturer during the calibration tests (i.e. the so-called 

gain curves).  

The source level SL (dB) is a function of the applied voltage to the transducer and 

is given by, 

1020log ( )TxSL TVR V= +        (2.10) 

where, TVR(dB) is the Transmit Voltage Response of the transducer, and VTx is 

the actual RMS voltage (VRMS) applied to the transducer as a function of the 

supply voltage (Safari and Koray, 2008). TVR is the sound pressure, in dB, that 

the transducer emits for an applied RMS voltage of 1.0 VRMS. The manufacturer 

calibrated both sonar transmitters, and provided VTx values as a function of the 

supply voltage (V).  

The transmission loss TL (dB) is due to the spherical spreading of the beam and 

the absorption of the sound in the water.  TL for one trajectory is calculated as, 

1020log ( )    TL R Ra= +        (2.11) 

where Ŭ is the absorption coefficient expressed in dB/m (Urick, 1983). For fresh 

water at ranges as short as 1.5 m (maximum range in the frazil ice laboratory 
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tank), or even in shallow river water (~2.5 m deep), the absorption effect will be 

negligible (Ainslie and McColm, 1998).  

The insonified geometric volume Vgeo (m
3
) is given by, 

21
         
2

geoV c Rty=         (2.12) 

where Ű is the user specific pulse length (s), and ̞  the transducer beamwidth 

defined as the angle separating the two -3 dB points on opposite sides of the sonar 

transducer beam pattern expressed in steradian (Sr) (Urick, 1983). Backscattered 

signal power levels are proportional to the pulse length, which is the duration of 

the transmitted pulse. Therefore, shortening the pulse length decreases the power 

of the emitted signal. A pulse length of 68 ɛs is recommended by the 

manufacturer for field deployments to ensure that enough energy is emitted in the 

acoustic pulse to overcome signal losses.  

Using Eqs. (2.3) through (2.12), the volume backscatter strength, Sv (dB) at a 

range, R, can be calculated as a function of pre-processed digital count, N, as 

follows (Lemon et al., 2008), 
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Sv calculations are accurate to within ± 1.5 dB when using the transducer 

calibration data provided by the manufacturer (personal communication David 

Lemon, ASL Environmental Sciences). 

If a single target or particle exists in the insonified volume, Sv is expressed as, 

1010 log bs
v
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        (2.14) 
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where, ůbs (m
2
) is the acoustic backscatter cross-sectional area at a distance of 1.0 

m from the targetôs acoustic center, and Aref  is a reference area (usually taken as 1 

m
2
). The backscatter cross section, ůbs, is the ratio of the power reflected by the 

target (W) to the incident intensity, I i (W/m
2
). In other words, it is the area which, 

when multiplied by the intensity, equals the power removed from the incident 

wave and reradiating in all directions. ůbs is a function of the particle size and 

shape, as well as the particle density and compressibility relative to the medium 

(Urick, 1983).  

If a population of targets (particles) exists within the insonified volume (e.g. 

multiple frazil particles), Sv (dB) can be expressed in terms of the volume 

backscattering coefficient sv (m
-1

) as follows, 

1010 log ( )v v oS s R=         (2.15) 

where Ro is a reference distance (usually 1 m), and sv is the volume backscatter 

coefficient or backscattering cross sectional area per unit volume (m
-1

) for a 

population of particles (Clay and Medwin,1977). Note that sv is the linear form of 

the volume backscatter strength, Sv, and can be arithmetically averaged in time or 

space.  

In the case of multiple particles, the scattering cross sections of individual 

particles are simply summed. Therefore, sv at a specific range R (m) can then be 

expressed as, 

( )  
iv vi bs

i

s N s=ä         (2.16) 

where Nvi is the number of the ith size of particles per unit volume (m
-3

) having a 

backscatter cross section of ůbsi (m
2
). This concept is only valid under the 

condition that individual particles are not in close proximity to each other, such 

that their scattering fields do not interfere. If the particles are close enough 

together for their scattering fields to interact (e.g. a high concentration of frazil 
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particles), the resonance curve of a single particle is broadened and the scattering 

cross section of a group of particles is less than the sum of individual cross 

sections (Clay and Medwin,1977). 

The objective of this study is to relate the backscattered sonar signals to measured 

suspended frazil concentrations. Researchers studying sediment transport in rivers 

and estuaries have been using acoustic backscatter measurements to estimate 

suspended sediment concentration for more than two decades (e.g.: Thorne et 

al.,1991; Thevenot and Kraus, 1993). It is not possible to measure and quantify all 

the acoustic and material characteristics of suspended material required to directly 

model the volume backscatter strength Sv for particles concentrations (Thevenot et 

al., 1992; Reichel and Nachtnebel, 1994). As a result, assumptions and 

simplifications to the problem must be invoked. Following the approach reported 

by Thevenot et al. (1992), the sonar equation can be rewritten as,  

102 1  0log ( )geo vRB EL TL SL V S= + = + +     (2.17) 

where RB (dB) is the relative backscatter. At a given range R, the relative 

backscatter RB is shifted from the volume backscatter strength Sv by a constant 

that is a function of the transducer source level and beam width. Accordingly, this 

constant is different for the high and low frequency sonar units. This approach 

assumes that the population of particles are homogeneous (i.e. have the same 

material characteristics), are uniform in shape, and are all the same size. 

Therefore, the backscatter cross section ůbs is a constant value and, from Eq. 

(2.16), the volume backscatter coefficient sv is directly proportional to the number 

of particles per unit volume, Nv. For particles of uniform size, Nv is directly 

proportional to particle mass or volume concentration, C and, the volume 

backscatter strength Sv (dB) is proportional to log10(C). After appropriate 

substitutions, Eq. (2.17) can be written in terms of concentration C and relative 

backscatter RB (dB) as, 

1 2 10log ( )RB K K C= + ³        (2.18) 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6M-4D9D9J9-1&_user=1067472&_coverDate=10%2F30%2F2004&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1618518590&_rerunOrigin=google&_acct=C000051251&_version=1&_urlVersion=0&_userid=1067472&md5=a8e9b151fe373658f924c71dcf853cee&searchtype=a#bbib29
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6M-4D9D9J9-1&_user=1067472&_coverDate=10%2F30%2F2004&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1618518590&_rerunOrigin=google&_acct=C000051251&_version=1&_urlVersion=0&_userid=1067472&md5=a8e9b151fe373658f924c71dcf853cee&searchtype=a#bbib29
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V6M-4D9D9J9-1&_user=1067472&_coverDate=10%2F30%2F2004&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_searchStrId=1618518590&_rerunOrigin=google&_acct=C000051251&_version=1&_urlVersion=0&_userid=1067472&md5=a8e9b151fe373658f924c71dcf853cee&searchtype=a#bbib27
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where K1 is a constant that includes terms for the source level and insonified 

volume; and K2 is a constant that includes terms for the volume backscatter 

strength and the particles mass or volume. To estimate the concentration, Eq. 

(2.18) can be rearranged as follows, 

( * )1  0n m RBC +=         (2.19) 

where n and m are intercept and slope terms, respectively, that are determined by 

regression of RB with known C (Gartner, 2002 and 2004). According to the model 

proposed by Thevenot et al. (1992), Sv is proportional to log10 (C). In Eq. (2.13), 

at a given range, R, all of the transducer dependent parameters are constants; 

accordingly, Sv is proportional to log10 (N
2
). Therefore, C is proportional to the 

square of the pre-processed counts, N
2
, and to the square of reflected pressure, Pr

2
. 

2.3 Experimental Setup 

The frazil experiments were conducted using a frazil ice tank located in the 

University of Alberta Cold Room Facility. The cold room is approximately 10 m 

long by 3 m wide and the air temperature can be varied between +20 °C and -40 

°C with ± 2 °C fluctuations. Fig. 2.2 (a) shows a photograph of the custom made 

frazil ice tank inside the cold room facility. The minimum water depth required 

for the sonar to operate correctly, and to sample sufficient suspended frazil 

particles was approximately 1.0 m, therefore the tank depth was set to 1.5 m. 

Preliminary acoustic tests showed that for a water depth of 1.5 m, a minimum 

tank width of 0.8 m was needed to avoid acoustic reverberation from the tank side 

walls. Therefore, the tank was built 0.8 m wide and 1.2 m long. Tempered glass, 

19 mm thick (selected because of its excellent optical qualities, resistance to 

scratching and high tensile strength) was used for the two 1.2 m by 1.5 m side 

walls to allow imaging and viewing of the frazil ice. Stainless steel plates, 6 mm 

in thickness, were used for the other two side walls and the tank bottom.  This 

material ensured that corrosion would not be a problem and facilitated the 
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installation of drains, and connections for mixing propellers. The tank frame was 

constructed using 75 mm steel channel sections.  

As Fig. 2.2 (b) shows, the sonar instruments were mounted on the bottom of the 

tank pointing upwards, and were held in place with a Plexiglas base plate. Eight, 

25 cm diameter plastic trolling motor propellers [Minn Kota, MKP-33Weedless 

Wedge 2, USA] were used to produce turbulence, two on each side wall and four 

on the bottom. Four variable speed [Pacific Scientific Inc., NEMA 34 DC, USA] 

electric motors (1/3 H.P., 15.4 kg.cm of torque, max speed 1750 rpm), were used 

to drive the propellers. A laser tachometer was used to precisely control the motor 

speed in order to vary the intensity of the turbulence in the tank. The four electric 

motors could be attached to any of the 8 propeller couplers, thus making it 

possible to optimize the turbulence generated inside the tank. Preliminary tests 

using 3 mm diameter polystyrene beads (specific gravity of 1.04) showed that 

using only the four bottom propellers produced the most uniform mixing and 

minimized air bubble entrainment at the surface (which was necessary since air 

bubbles corrupt the sonar signals). Hollow PVC tubes were used to secure the 

instruments cables to prevent them from being caught in the propellers or 

interfering with the sonar signals. 

The high and low frequency sonar units were each connected to a personal 

computer (PC), located outside of the cold room, using 10 m long data cables. 

Both PCs were equipped with IPS5Link software [ASL Environmental Sciences 

Inc., Canada] that was used to communicate with the sonars and to set the various 

sonar parameters such as the pulse length, gain level, sound speed and ping 

frequency. The tank was filled with tap water and the water temperature was 

recorded using the high frequency sonarôs thermometer. An RTD (Resistance 

Temperature Detector) electronic thermometer [Fisher Scientific Inc., Traceable 

RTD Platinum Thermometer, USA], (accuracy ± 0.2 ºC, and resolution of 0.01 

ºC) connected to a third PC, was used to record the air temperatures in the cold 

room. The clocks on the three PCs, and thus the instruments, were synchronized 

to within one second before each experiment. 
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The tank was positioned in the cold room between two freezer fans. Ice particles 

blowing from the cold room freezer fans most likely seeded the supercooled water 

and initiated frazil formation at different supercooling durations and temperatures. 

The frazil concentration in supercooled water depends principally on the initial ice 

seeding volume and the temperature of supercooling at the instant of seeding 

(Ettema et al., 1984). During the frazil experiments, the initial frazil seeding 

concentration could not be controlled due to the large size of the experiments. 

2.4 Experimental Procedures 

2.4.1 Preliminary Experiments 

A total of 19 preliminary experiments were conducted to determine the correct 

sonar settings and to optimize experimental procedures. Different propellers 

speeds ranging from 100 to 800 rpm were tested and it was found that a speed of 

300 rpm was optimum. This speed was high enough to ensure that skim ice did 

not form on the water surface, but was not so high that air bubbles became 

entrained. The effect of the cold room air temperature on frazil production was 

tested at -5,-10, -15 and -20 °C. At -15 and -20 °C the rate of frazil production was 

very large and the frazil concentration reached a maximum value too rapidly, such 

that surface skim ice started to form immediately after the propellers were 

stopped. At -5 °C the frazil concentrations produced did not vary much from one 

experiment to another. A value of -10 °C was found to be optimal because the rate 

of frazil production was slow enough to allow time for manual measurements to 

be conducted and a wide range of final concentrations could be generated. Each 

experiment was ended at different timing in order to achieve different suspended 

frazil concentrations. 

Direct measurements of frazil ice mass concentration were made using a sieving 

technique. Three 15.5 cm diameter stainless steel sieves, having a cross sectional 

area of 0.019 m
2
 and mesh size of 1.8 mm, were used for sampling. Three samples 

were taken from different quadrants of the tank during each test. Sieves with 

smaller mesh sizes (150 to 750 µm) were tested but they drained too slowly, and 
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the samples froze before they had drained completely. In order to eliminate any 

bias error in the sieving measurements caused by capillary water attaching to the 

mesh of the sieve, 30 sieving experiments were conducted at zero ice 

concentration (i.e. no frazil ice was present).  From these tests, the mass of the 

water adhering to the sieves was found to range between 5.20 and 8.90 g, with an 

arithmetic mean of 7.20 g and a standard deviation of 0.92 g. This average 

adhered ice mass was then subtracted from the measured ice mass to determine 

the net mass of sieved frazil ice for each sample. 

The acoustic pulse length and the gain setting are the main user adjustable 

parameters affecting the amplitude of the backscattered signal from the sonar 

units. The preliminary experiments showed that using a pulse length of 68 µs and 

the maximum gain of four for the low frequency sonar still produced relatively 

low amplitude returns from suspended frazil. The experiments also showed that, 

for the high frequency unit, a gain of one and a pulse length of 17 µs were needed 

to avoid signal saturation. A sound speed of 1403 m/s was used for both units, 

assuming fresh water at 0 ºC. The maximum ping rate of 1.0 Hz was used for both 

sonar transducers and sensor data was also collected at the same rate. Table 2.2 

summarizes the sonar parameters used during the experiments. 

2.4.2 Frazil Experiments 

The same procedure was followed during each frazil experiment. First the cold 

room temperature was set to -10 ºC and the four bottom mounted propellers were 

set to rotate at 300 rpm. Both sonar units were deployed (i.e. data acquisition was 

initiated) using the settings summarized in Table 2.2. The water was continuously 

mixed until it supercooled and frazil ice particles began to appear in the water. 

The experiment was allowed to run until the frazil ice concentration in the tank 

reached a specified value (low, medium, or high) based on visual observations. 

Once the desired concentration of suspended frazil was reached, the propellers 

were turned off, sonar data acquisition was stopped and independent 

measurements of frazil concentration and particle sizes were conducted. 
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The sieving technique was used for direct measurements of frazil concentration. 

Before the surface started to freeze, the three sieves were lowered down to the 

tank bottom using strings, moved to an undisturbed spot, and then pulled up 

vertically to the water surface as illustrated in Fig. 2.3. Each sample was then 

weighed on a scale [Sartorius, BP12000S, USA] with a resolution of 0.01 g. This 

sampling method assumed that each sieve collected all the frazil ice particles from 

a volume of water equal to the area of the sieve times the height of the water 

column being sieved (see Fig. 2.3). The three sieved samples were weighed and 

averaged and the mass concentration C (%) of frazil ice was then calculated using 

the following equation 
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where Mi is the average ice mass collected by the three sieves (g), ɟi is the ice 

density (0.92 g/cm
3
), Mtot is the total mass (g), Vtot is the total volume (cm

3
) of 

water plus ice in the sieved water column, ɟw is the water density (1 g/cm
3
) and Vw 

is the water volume (cm
3
). The sieved water depth was maintained at 

approximately 1.25 m during each experiment, thus Eq. (2.20) reduces to, 
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To independently determine the size and shape of the frazil ice particles, samples 

of the sieved frazil ice were examined under a microscope [Carl Zeiss, SteREO 

Discovery V.8, Germany]. The microscope was located inside the cold room to 

avoid melting the samples. Metal tweezers were used to sample frazil particles 

from the sieve and place them carefully on a microscope viewing slide. For 

scaling purposes, a clear plastic ruler was taped to the viewing slide with 

approximately 6 mm of the ruler scale visible. The microscope was equipped with 

a digital camera mounted directly to the viewing lens to enable direct imaging of 

the magnified particles.  
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2.5 Results and Discussion 

Following the preliminary testing, a total of 47 complete frazil experiments were 

conducted.  During each experiment, the coefficient of variation (COV) of the 

three sieve samples masses was calculated and frazil experiments with sieve 

samples having a COV > 0.2 were rejected. This value of the COV was selected to 

minimize the effect of anomalous sieve samples on the final frazil concentrations 

estimates. At concentrations higher than 0.15 %, frazil flocculation was observed 

in the tank and frazil flocs began sticking to the tank walls and floating to the 

surface. Flocs have very complex shapes and are much larger in size than 

individual particles. As a result the acoustic backscatter from suspended flocs was 

expected to be significantly different than from suspended frazil ice particles. In 

order to avoid this additional complexity, frazil experiments with concentrations 

greater than 0.15%, were excluded from further analysis. This screening 

eliminated 13 frazil experiments, leaving 34 successful experiments. 

Occasionally, one of the sonar units (either the high or low frequency) failed to 

acquire data during an experiment. This happened twice for the high frequency 

sonar and three times for the low frequency sonar. Therefore, there were 29 

experiments when both units were acquiring data, two experiments with only low 

frequency sonar data and three experiments with only data from the high 

frequency sonar. A summary of the experimental results is presented in Table 2.3. 

2.5.1 Frazil Production and Concentrations 

During each experiment, frazil particles started to appear in the tank shortly after 

the water became supercooled. In Fig. 2.4 the measured concentrations C (%) and 

the corresponding supercooling temperatures Tsp (°C) are plotted as a function of 

the supercooling duration, tsp (min). The supercooling duration is the time from 

when the water first became supercooled until the moment the sonar data 

sampling stopped and sieve concentration measurements started. For the frazil 

experiments, tsp varied from 4 to 21 min. The supercooling water temperature Tsp 

(°C) defined as the final water temperature for each experiment, varied from -0.04 
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to -0.16 °C. The observed cooling rates, dT/dt ranged from 0.006 to 0.012 °C/min 

with an average value of ~0.01 °C/min. These values are close to the cooling rates 

of 0.003 to 0.008 °C/min reported by Ye et al. (2004) for frazil experiments in a 

counter-rotating flume at -10 °C. The data in Fig. 2.4 demonstrates that the 

cooling rate was approximately constant and that the supercooling temperature 

was proportional to the supercooling duration. The mass concentration for each 

experiment was calculated using Eq. (2.21) and was found to range between 0.012 

% and 0.135 %. These concentrations are comparable to those observed in 

previous laboratory studies: e.g., 0.065 to 0.609% (Ettema et al., 2003), and 0.10 

to 0.17 % (Ye et al., 2004). 

Fig. 2.4 shows that there is no correlation between the supercooling temperature, 

Tsp, and the corresponding suspended frazil ice concentration, C (%), measured at 

the end of the experiment. This is likely due to variations in the timing and 

amount of initial seeding particles from one experiment to another.  

2.5.2 Frazil Size Measurements 

Microscopic images of sieved frazil ice particles were used to determine the size 

range and shapes of the particles. Particle size measurements were taken during 

12 experiments, and 4 to 5 microscope slide samples were imaged in each case. In 

total, 316 individual frazil ice particles were measured from 70 microscopic 

images. Fig. 2.5 shows three typical microscopic images of frazil particles 

samples taken with 10X magnification. The majority of the particles were 

observed to be circular disks and the average particle diameter was found to be 

1.97 mm with a standard deviation of 0.89 mm. The smallest clearly visible 

particles were 0.25 mm in diameter and the largest particles were approximately 

4.25 mm. These sizes are comparable to observations in prior studies; for 

example: 0.1 to 1.0 mm (Gosink and Osterkamp, 1983), 1 to 6 mm (Beltaos and 

Dean, 1981), 0.05 to 0.6 mm (Daly and Colbeck, 1986), 1 to 5 mm (Daly, 1994), 

and 0.04 to 5 mm (Clark and Doering, 2006).  
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A limitation of these measurements is that the sample sizes were relatively small. 

At most, five samples could be gathered during an experiment before the particles 

began to freeze together in the sieve and on the microscope slide. Small sample 

sizes caused size distributions from individual experiments to vary significantly 

from one experiment to the next (see Fig. 2.6). For this reason, the individual 

histograms from the 12 experiments were combined to form a single more 

statistically significant particle size histogram. This combined particle size 

histogram is plotted in Fig. 2.7. It is likely bimodal because, even after combining 

all the data, the sample size is still relatively small. It was believed that this 

sampling method underestimated the number of small frazil particles for two 

reasons. First the sieve mesh size of 1.8 mm allows small particles to pass through 

the sieve, and second, the fact that frazil particles were manually sampled from 

the sieve and placed under the microscope, limited the minimum particle sizes 

that were visible and measured. As a result, this technique only provided an 

approximate range of particle sizes and not a representative size distribution.  

2.5.3 Sonar Results 

A MATLAB [Mathworks Inc.] code was developed to process the sonar pre-

processed counts, N, using Eq. (2.13) to calculate the volume backscatter strength, 

Sv. Fig. 2.8 presents time series of the water temperature Tw (°C) and sonar data 

from both the high and the low frequency units for a typical frazil experiment, 

starting at the onset of supercooling and continuing until the experiment was 

stopped. Sv is a function of range, R and time, t and its magnitude is indicated by a 

color scale. The Tw (°C) time series in Fig. 2.8 (a) exhibits the typical 

supercooling rate dT/dt of 0.01 °C/min during this experiment. Fig. 2.9 presents 

time averaged profiles of Sv of the background signal (when no frazil was present) 

and at the end of the experiment (frazil profiles), averaged over 20 seconds (20 

profiles) for both sonar units. Profiles presented in Fig. 2.9 and the 2-D time series 

plots of Sv presented in Fig. 2.8 (b & d) show that the backscatter signal 

amplitudes did not vary significantly with range above the minimum lookout 

distance and below the water surface. This indicates that frazil particles were 
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uniformly distributed throughout the water column. Therefore, the sonar signal 

was depth averaged from a range of 0.5 to 1.0 m above the transducer. Averaging 

over this depth range ensures that reverberations from the water surface are not 

included in the averaging and that all the data is above the minimum lookout 

distance. Time series of the depth averaged volume backscatter strength Svd (dB) 

are plotted in Fig. 2.8 (c & e). A low pass filter with a cutoff frequency of 0.033 

Hz was applied to the time series data of Svd (dB). The values of the filtered Svd 

(dB) time series at the end of an experiment were taken as the representative 

values for that experiment. Fig. 2.8 (f) is a time series plot of the ratio of the (high 

to low) volume backscatter coefficients. At the start of the experiment (i.e. t = 0 

min) the ratio was approximately 3 and it did not increase significantly until t ~ 8 

min when frazil ice first appeared in the tank. As the frazil ice concentration 

increased, the ratio increased, reaching a value of ~90 by the end of this 

experiment.   

As is evident in Fig. 2.8, the high frequency unit was found to be more sensitive 

than the low frequency unit to the presence of small frazil concentrations in the 

tank and, as a result, Sv and Svd increased earlier in Fig. 2.8 (b & c) compared to 

Fig. 2.8 (d & e). The low frequency sonar was less sensitive to the presence of 

frazil particles due to its lower signal to noise ratio. When a relatively high 

concentration of 0.12 % was reached, the low frequency signal was ~15 dB above 

the background noise level, compared to the high frequency unit which was ~35 

dB above the noise floor as shown in Fig. 2.9 (a & b). The profiles plotted in Fig. 

2.9 also show that for this experiment, Sv values for the high frequency sonar were 

~20 dB higher in magnitude compared to the low frequency sonar. 

For measured concentrations, C, ranging from 0.012 to 0.135 %, the 

corresponding Svd values varied from -60 to -45 dB and from -49 to -26 dB for the 

low and high frequency sonars, respectively (see Table 2.3). Following the 

approach proposed by Thevenot et al. (1992) (see section 2.2.4); the relative 

backscatter, RB was calculated from the representative Svd value for each of the 

frazil experiments using Eq. (2.17). A linear least squares regression algorithm 
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was used to fit Eq. (2.19) to the measured concentrations, C and corresponding 

RB values. The resulting regression equations for the high and low frequency 

sonars, respectively, are 

8.015+0.04* )8(1  0 RBC -=         (2.22) 

and 

9.363+0.06* )6(1  0 RBC -=         (2.23) 

Values of the intercept and slope in Eqs. (2.22) and (2.23) are of the same order of 

magnitude as values reported in the sediment transport literature (e.g. Thevenot et 

al., 1992 and Gartner, 2004). These regression equations and their 95% 

confidence limits are plotted in Fig. 2.10 and 2.11, together with the measured 

values of C and the corresponding RB and Svd for the low and the high frequency 

sonars, respectively. The coefficients of determination, R
2
, were 0.96 and 0.93 for 

Eqs. (2.22) and (2.23), respectively. The low frequency data had a lower 

coefficient of determination likely due to its lower signal to noise ratio.  The 95% 

confidence limits for predicting C from RB using Eqs. (2.22) and (2.23), varied 

from ±0.005% to ±0.025% and from ±0.007% to ±0.033%, for the high and the 

low frequency sonars, respectively. 

The background noise levels (i.e. Svd values when no frazil ice is present in the 

tank) were found to be -58 dB and -62 dB for the high and low frequency sonars, 

respectively (see Fig. 2.9). These noise levels correspond to relative backscatter 

values of 116 dB and 113 dB, respectively. Using these background values, Eqs. 

(2.22) and (2.23) predict minimum detectable concentrations of 0.0034% and 

0.017% for the high and low frequency sonars, respectively. Frazil ice 

concentrations below these limits will not be detectable.  

At concentrations higher than 0.15 %, the high frequency sonar raw counts were 

sometimes saturated (i.e. N = 65335), although the unit was operated at the lowest 
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gain of one. The effect of this data saturation is that the high frequency can only 

be used to measure frazil concentrations less than ~0.15 %. Note that these high 

signal levels at concentrations greater than 0.15% may be in part caused by floc 

formation. Data saturation was not a problem with the low frequency sonar even 

when flocculation occurred in the frazil tank.  

In addition to the practical limitations mentioned above, it should be noted that 

single frequency sonars cannot differentiate between changes in ice concentration 

and particle size distribution (Gartner, 2004). Thus, a change in the size 

distribution could be misinterpreted as a change in concentration. As a result, Eqs. 

(2.22) and (2.23) are applicable only for the frazil particle sizes and shapes for 

which the instruments were calibrated. That is, if the particle size distribution or 

shapes are significantly different, additional calibration experiments might need to 

be conducted and new regression equations derived. In this study, the assumption 

that the backscatter signal was primarily a function of the frazil concentration was 

tested. The validity of this assumption is the subject of future experiments. 

A number of theoretical acoustic backscatter models have been developed relating 

the backscatter cross section ůbs of an individual particle, to its size, shape, 

material properties and the acoustic wavelength (Bowman et al., 1969). The most 

widely used models were developed for single spherical particles (e.g. Rayleigh, 

1896; Anderson, 1950; and Johnson, 1977). These models have been used to 

predict size distributions and concentration of suspended sediments and marine 

organisms in estuaries and oceans using acoustic devices (e.g. Kristensen and 

Dalen, 1986; Gartner, 2004). Richard et al. (2010) and Marko and Jasek (2010a, b 

& c)  predicted frazil ice properties (concentration and particle size) from sonar 

data using the models of Johnson (1977) and Rayleigh (1896), respectively. Both 

assumed that the scattering targets were uniform in size and that the concentration 

of particles is relatively low so that the scattering fields of individual particles did 

not interfere.  The assumption of a uniform particle size means that the volume 

backscatter coefficient, sv, is proportional to the backscatter cross section, ůbs, of 

an individual particle (see Eq. 2.16). Therefore, the ratio of the volume 
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backscatter coefficients is equal to the ratio of the backscatter cross sections at the 

two frequencies (i.e. sv1/sv2 = ůbs1 /ůbs2 where indices 1 and 2 denote the high and 

low frequencies, respectively). Measurements of the ratio sv1/sv2 can then be used 

to provide estimates of the particle radius, a, using theoretical predictions of ůbs1 

/ůbs2. The plot of ůbs1 /ůbs2 shown in Fig. 2.12, predicted using Johnsonôs (1977) 

model, can be used to estimate frazil ice particle sizes (Richard et al., 2010). In 

Fig. 2.12 at small radii (Rayleigh scattering; ka << 1, where k is the wave number) 

ůbs1 /ůbs2 is proportional to (k1 / k2)
4
 and as a result the curve approaches an 

asymptotic limit of 29.1. At large radii (geometric scattering; ka > 1) it reaches an 

asymptotic limit of 1.0.  

For this approach to be applicable the ratio must be between the two asymptotic 

limits (i.e. 1.0 Ò sv1 / sv2 Ò 29. The typical time series of sv1 / sv2 plotted in Fig. 

2.8(f) shows the general trend observed in all of the experiments, and in all but a 

few cases (only 4 experiments) sv1 / sv2 exceeded the asymptotic limit of 29.1 by 

the end of the experiment. In Fig. 2.13 the ratio of sv1 / sv2 calculated using Eqs. 

(2.22) and (2.23) is plotted versus frazil concentration C (%). This plot shows that 

sv1 / sv2 increased with frazil concentration which is consistent with the general 

trend observed in the time series data of the ratio sv1 / sv2 in all experiments.  

According to Fig. 2.13, the ratio is less than 29.1 for frazil concentrations below 

0.025 %. Therefore, prediction of particle diameters using this technique may 

only be applicable at concentrations below this limit. 

2.6 Summary and Conclusions 

High and low frequency sonars were used to insonify suspended frazil ice 

particles in a custom built water tank located in the University of Alberta cold 

room facility. Direct measurements of frazil ice mass concentrations were 

conducted using a sieving technique. The measured concentrations ranged from 

0.012 % to 0.135 %. Sieved frazil ice particles were examined under a microscope 

to determine the average shape and size of the particles. The majority of the 
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observed frazil ice particles were disk shaped and ranged from 0.25 to 4.25 mm in 

diameter.  

A significant correlation was observed between the sonar signals and the frazil 

concentration measurements. A linear least square regression analysis was used to 

fit equations proposed by Thevenot et al. (1992) to relate the relative backscatter 

to the frazil concentration. The resulting coefficients of determination, R
2
, were 

0.96 and 0.93 for the high and low frequency data, respectively. The maximum 

concentration that can be measured before saturating the high frequency sonar 

signal was found to be ~0.15 %. The low frequency sonar signal was never 

saturated even when frazil flocs were present in the tank. The regression equations 

predict that the minimum concentrations that can be measured using the high and 

the low frequency sonars is 0.0034 % and 0.017 %, respectively, due to the 

background noise level. The data used to produce the empirical regression 

equations was obtained in a laboratory frazil ice tank under idealized controlled 

conditions. Therefore, their validity and accuracy when applied to field data is 

currently unknown and is the subject of ongoing research. The ratio of the volume 

backscatter coefficient was found to increase with frazil concentration and 

exceeds the asymptotic limit for ka <<1 at concentrations greater than 0.025%. 

This implies that the approach used by Richard et al. (2010) and Marko and Jasek 

(2010c) to predict frazil ice properties may only be valid at low concentrations. 
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Tables 

Table 2.1. Instrument specifications for the high and low frequency sonar units. 

 

Parameter Low freq High freq 

Frequency, f (kHz) 235 546 

Transducer diameter (mm) 36 25.4 

-3dB beamwidth, ̞  (degrees, steradian Sr) (11, 0.02893) (6, 0.00861) 

Transmitting Voltage Response, TVR (dB re 1ɛPa @ 

1m) 
165 176 

Open Current Voltage, OCV (dB re 1V per 1ɛPa) -187.5 -192 

Insertion Loss, IL (TVR +OCV) (dB) -22.5 -16 

Source Level, SL (dB re 1ɛPa @ 1m) for 15 V supply 202 213 

Wave Length, ɚ (mm) for sound speed of 1403 m/s 5.97 2.57 

Maximum Range (m) 20 20 

Minimum Lookout
a
 (m) 0.5 0.4 

Gain Setting Variable (1 to 4) 

 

a
 The minimum lookout, is the minimum distance above the transducer below 

which targets cannot be detected 
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Table 2.2. SWIPS parameters used for the frazil ice experiments 

 

Parameter Low freq High freq 

Pulse length (ɛs) 68 17 

Gain level 4 1 

Ping frequency (Hz) 1 1 

Sensor sampling frequency (Hz) 1 1 

Sound speed (m/s) 1403 1403 

Input voltage (Vsupply) 15 15 
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Table 2.3.Summary of frazil experiments results showing the Experiment 

number, the mass of sieved ice Mice (g), the Coefficient of Variation, COV, 

between the three sieved samples, the calculated concentration, C (%), the 

measured supercooling, Tsp (°C), the rate of supercooling dT/dt (°C/min), and the 

measured depth average volume backscatter strength Svd (dB) at the end of the 

experiment. 

Exp# 
Mice (g) 

Average 

COV = 

ů/ɛ 
C% 

Tsp 

(°C) 

tsp 

(min) 

dT/dt 

(°C/min) 

Svd (dB) 

Low Freq High Freq 

20 17.47 0.06 0.044 -0.09 9 0.01 -53.91 -36.09 

25 23.8 0.2 0.07 -0.11 10.83 0.01 -50.72 -32.59 

28 21.23 0.08 0.06 -0.05 7.67 0.007 -51.89 -33.01 

29 31.67 0.2 0.104 -0.07 6.83 0.01 -48.23 -29.47 

30 22 0.16 0.063 - - - -50.36 - 

32 25.9 0.2 0.079 -0.05 5.73 0.009 -51.98 -33.02 

33 18.17 0.11 0.046 -0.04 4.33 0.01 -52.00 -34.69 

36 23.07 0.12 0.067 -0.11 10.83 0.01 -48.11 -34.11 

41 11.33 0.18 0.018 -0.15 14.37 0.01 -58.20 -41.11 

42 11.67 0.18 0.019 -0.12 11.55 0.01 -59.78 -42.76 

43 12.33 0.19 0.022 -0.13 11.48 0.011 -56.97 -44.04 

44 10 0.1 0.012 -0.13 12.72 0.01 - -47.55 

45 10.67 0.2 0.015 -0.12 10.57 0.011 -55.33 -49.12 

46 12.01 0 0.02 -0.13 11.92 0.011 -55.73 -45.24 

47 11.67 0.13 0.019 -0.15 13.92 0.011 -58.95 -43.96 

48 12.67 0.12 0.023 -0.15 12.5 0.012 -58.24 -41.13 

49 18.33 0.18 0.047 -0.16 15.83 0.01 -51.83 -33.24 

50 19.33 0.06 0.051 -0.16 16.5 0.01 -53.19 -32.28 

51 33.67 0.14 0.112 -0.13 12.28 0.011 -48.74 -29.09 

52 23.67 0.05 0.07 -0.13 12.72 0.01 -51.67 -32.84 

53 35.67 0.18 0.121 -0.11 12.97 0.008 -47.09 -27.99 

54 21.33 0.18 0.06 -0.12 12.37 0.01 -52.17 -32.28 

55 36.33 0.11 0.124 -0.13 13.62 0.01 -44.52 -26.63 

56 32.33 0.07 0.107 -0.12 12.65 0.01 -48.86 -29.26 
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57 29.67 0.1 0.095 -0.13 12.65 0.01 -50.84 -31.79 

58 29.33 0.1 0.094 -0.13 10.5 0.012 - -29.25 

59 34 0.16 0.114 -0.13 14.58 0.009 -47.64 -28.37 

60 26 0.2 0.08 -0.14 15.28 0.009 -48.04 -29.83 

61 13.67 0.08 0.027 -0.12 12.77 0.009 -56.36 -36.99 

72 12 0.14 0.02 -0.09 9.43 0.009 - -38.84 

76 28.33 0.09 0.09 -0.13 20 0.007 -49.58 -28.36 

79 30.33 0.14 0.098 -0.12 21 0.006 -49.27 -28.10 

80 39 0.16 0.135 -0.15 13.92 0.011 -45.59 -28.57 

96 12.83 0.02 0.024 - - - -59.67 - 
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Figures 

 

Fig. 2.1. Simplified schematic diagram showing the signal path through the 

SWIPS electronic (adapted from Lemon et al. 2008). 
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Fig. 2.2. (a) Front view of the frazil ice tank. (b) top view of the frazil ice tank 

setup showing the high and low frequency sonar units, the Plexiglas base plate, 

and cables inside the hollow PVC tubes; two of the side mounted propellers and 

the four bottom mounted propellers are also shown. 
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Fig. 2.3. A schematic diagram showing the sieving technique used for frazil ice 

concentration measurements. 
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Fig. 2.4. Plot showing (ȹ) the measured supercooling water temperatures Tsp (ºC) 

and (Ǐ) the corresponding sieve concentrations C (%) versus the duration of 

supercooling tsp (min). The dotted line represents the average observed 

supercooling rate dT/dt of 0.01 (ºC/min). 
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Fig. 2.5. Images of frazil particles under the microscope (scale on the top is in 

mm)  
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Fig. 2.6. Histograms of the number of frazil particles Nf  versus particle diameter 

D (mm) for 12 frazil experiments. 
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Fig. 2.7. Combined histogram from 12 frazil experiments showing the number of 

frazil particles Nf versus frazil ice particle diameter D (mm). 
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Fig. 2.8. Time series data from Exp 55 (C = 0.12 %): (a) water temperature Tw 

(ºC), (b) and (d) 2-D plot of Sv (dB color coded) data, range R (m) versus time t 

(min), (c) and (e) depth averaged volume backscattered strength Svd (dB); for the 

high and low frequency sonars, respectively, (f) the ratio of the high to the low 

frequency backscatter coefficient (sv1/sv2). The blue thin line and the thick red line 

and in (c) and (e) are the instantaneous and the low pass filtered time series data, 

respectively. 

 




































































































































































































































































