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Preface 

This Report was intended to complete a trilogy of publications on applications of acoustic technology to the study 
of ice formation in larger rivers. The first part (Marko and Topham, 2015) verified the utilized basic acoustic 
measurement technique through laboratory experiments on suspensions of precision-cut plastic discs. The second 
part (Marko et al., 2015) reported actual acoustic data obtained on frazil ice formation and content in the Peace 
River. The Technical Report presented here represents the third part of the trilogy, which interprets a broader 
body of Peace River acoustic and other data in terms of physical processes active during the initial stages of freeze-
up. 
 
An earlier version of this Report was submitted to Cold Regions Science and Technology in April, 2015.Three 
additional versions of the document were subsequently successively submitted to CRST implementing reviewer-
requested revisions and additions. These changes significantly improved the manuscript and allowed introduction 
of new information which greatly clarified interpretation of the included results. Nevertheless, in early January, 
2017, the manuscript was finally rejected by a majority vote of a closely split panel of five reviewers. The 
justification for this decision was that, although the work was of some interest, the utilized acoustic techniques 
were not validated in the field and the offered interpretations were overly speculative.  

The authors have full confidence in the utilized acoustic measurements since the applied techniques have been 
well established in other, closely- related, fields. Additionally, the demonstrated consistency of a broad range of 
acoustic and non-acoustic data with the offered interpretations provides strong arguments for the suggested 
revisions in the relationships assumed to link frazil-, anchor- and river surface-ice. Consequently, we believe the 
current manuscript is worthy of wide distribution as a replacement and extension of a December, 2015 ASL 
Technical Report previously posted on the ResearchGate site.  

Marko, J. R. Topham, D.R., 2015. Laboratory measurements of acoustic backscattering from polystyrene pseudo-ice particles as 
a basis for quantitative frazil characterization. Cold Reg. Sci. Technol. 112, 66-86.  
 
Marko, J.R., Jasek, M.,Topham, D.T, 2015.Multifrequency Analyses of 2011-2012 Peace River SWIPS frazil backscattering data. 
Cold Reg. Sci. Technol. 110, 102-119. 
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1. Introduction 

Anchor ice presence in freezing rivers has been established by direct observations (Arden and Wigle, 
1972; Hirayama et al., 1997; Liu et al., 2004; Kempema, 2008) as well as from the impacts of such ice 
on hydroelectric power production (Marcotte and Robert, 1986) and deployed instrumentation 
(Jasek et al., 2005; Marko and Jasek, 2010a). Rare quantitative measures of this presence include 
reports of 0.3 m to 0.5 m layers on a submerged wire screen (Arden and Wigle, 1972) and 2 to 3 m 
anchor ice dams in a shallow river (Liu et al., 2004). Ice slabs as thick as 80 cm were observed 
(Parkinson, 1984) rising off the St Lawrence River riverbed. Nevertheless, the absence of quantitative 
field data linking anchor ice to frazil and other ice forms in medium- and larger-sized rivers has 
inhibited its confident inclusion in river ice models. This situation is partly due to the lack, until 
recently (Marko and Topham, 2015; Marko et al., 2015a), of a reliable methodology for obtaining 
detailed sub-surface ice data, particularly in rivers deep enough to support heavy ice cover growth. 
This problem is addressed in the present work by detailed analyses of 2011-2012 Peace River SWIPS 
(Shallow Water Ice Profiling Sonar) data.  

Recent considerations of such data focused on evidence (Marko et al., 2015a) that estimated peak 
values of frazil fractional volume were, roughly, 40 times smaller than values simulated with a BC 
Hydro Operational CRISSP1D ice growth model (Shen, 2005; Jasek et al., 2011). The latter model was 
tuned to approximately reproduce volumes and upstream advance rates of surface ice as estimated 
from several years of Peace River observational data. Obtaining satisfactory agreement required 
disabling the CRISSP1D anchor ice simulation module and attributing consequent ice cover growth 
solely to surface accumulations of rising frazil (Jasek et al., 2011). The low concentrations of frazil 
detected in the SWIPS measurements raised possibilities for an alternative interpretation in which 
anchor ice plays a dominant role in ice cover development. This role would require intense anchor ice 
growth during all supercooling intervals followed by subsequent buoyancy- and sub-strata erosion-
driven upward movement (Liu et al., 2008) toward the river surface. Physical connections between 
anchor ice and surface ice cover development are explored through detailed analyses of the Marko et 
al. (2015a) results which, in addition to frazil fractional volumes and atmospheric parameters, 
included previously unreported water-temperature and -level data and quantitative evidence of 
anchor ice impacts on SWIPS measurements. The objective of these efforts will be to clarify and 
quantify interlinkages among the ice constituents of current river ice models.  

2. Methodology 

Ice profiling measurements were carried out, as described  by Marko et al. (2015a), using 
backscattered returns from sound pulses emitted at four different  acoustic frequencies (Table 1) by 
an upward-looking ASL Environmental Sciences SWIPS instrument.  

Table 1. Basic acoustic details of the four utilized SWIPS channels 

Channel Acoustic Frequency (kHz) -3 dB Beamwidth (°) 

1 125 8 

2 235 6 

3 455 7 

4 774 7 

 

The transducers for three of the channels (1, 3 and 4) were mounted in a common head while the 
channel 2 transducer was displaced horizontally and positioned separately about 18 cm from the 
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treatment of energy and mass exchanges among different river ice components. The origins of such 
deficiencies are sought below in comparisons of measurement-derived- and simulated-frazil 
contents. 
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Fig. 2. Comparisons between the measured and simulated water temperatures at the SWIPS site plus water 
temperature data  (upstream b.c.) measured at the upstream dam outlet. Vertical markers denote beginnings 
of frazil Intervals. 

Although the model predicts the onset of surface ice formation on time scales suitable for 
operational forecasting (within one day or so), the attained precisions are insufficient to reliably 
match the timings of the observed frazil intervals. This limitation is a consequence of the large 
geographical extent of the modelled region and the sparse network of environmental inputs. Thus, 
although atmospheric data were acquired at sites along the extensive reach of river separating the 
dam outlet from the SWIPS site, local conditions between these sites may deviate considerably from 
interpolated model outputs due to unrepresented local variations in cloud cover, wind chill and 
snowfall. Additional variability can arise from heat exchanges between river bed sediments and the 
water column which were neglected in the simulations. The principal impacts of these higher order 
influences are to introduce errors in the timings of simulated initial crossings of the 0°C water 
isotherm.  

These limitations of the operational model complicated direct comparisons of simulations with 
SWIPS-based estimates of frazil fractional volume. In particular, for timing differences in excess of 1 
or 2 hours, simulations may have been driven by atmospheric and upstream boundary conditions 
which differed significantly from those attained in corresponding observed frazil events. As a 
consequence, simulation/observation differences in frazil content could include contributions from 
mismatches in, assumed and actual forcing conditions.  

The sensitivity of simulated timing accuracy to differences between simulated and actual water 
temperatures is evident in the data plotted in Fig. 3.  
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streamwise sampling regions. Oscillatory behaviour in such data is suggestive of synchronous anchor 
ice growth and release on relatively large spatial scales. It is also likely that there are random and 
quasi-continuous components of this upward anchor ice flux. Such transport was mimicked in the 
CRISSP1D simulations by the excessive concentrations of rising frazil required to reproduce observed 
levels of surface ice production.  

It was not surprising that the most pronounced oscillations in water column frazil content occurred 
during Interval 3 (see Fig. 5) which coincided with the most prolonged and intense observed freezing 
event (Fig. 8b). The resulting, maximally rapid, anchor ice growth was likely to have shortened the 
time required for riverbed ice to thicken sufficiently to trigger buoyancy-driven release and transport 
to the river surface. Within this interpretation, sensitivities to cooling rates would appear to be most 
evident in the time dependences as opposed to the magnitudes of frazil fractional volume. The 
origins of Interval to Interval differences in frazil content time dependences will be examined in more 
detail in Section 4.2.2. 

Within the context of linkages between changes in frazil content and degrees of supercooling, it is 
worth noting theoretical expectations (Daly, 1984) and observations (Osterkamp and Gosink, 1983) 
suggesting that reduced supercooling increases the particle sizes required for sustained frazil 
production. Evidence for this is presented in Fig. 9 in terms of changes in median effective particle 
radii at times coincident with peaking of fractional volumes during Interval 3 (Fig. 5). It can be seen 
that this measure of particle size (determined (Marko et al., 2015a) by SWIPS RUNSWIPS optimization 
of frazil population parameters) decreased during the peaking intervals before increasing again with 
subsequent decreases in supercooling and frazil content.  
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Fig. 9.  Coincident variations in median frazil particle effective radius (am) and fractional volume (F(meas)) during 
frazil Interval 3. 

In concluding this Section, it is acknowledged that other, less quantifiable, explanations for multi-
peaked fractional volume variations might be constructed in terms of unspecified stochastic river 
phenomena which locally introduce bodies of unexpectedly cold or warm water. Such possibilities 
provided impetus for seeking additional, more direct, signatures of in situ growth in Sections 3.2 and 
4. 










































