
#153 AMA» - IN 4-ANA wfiTer_'r J/teec.rwenf7§ 
1: 

Environment Environne - 

.C'ana'da Canada ‘
K 

:3. 

'” 

Q 

0 ~ 

" ” (Q :5’ 3 .
° 

C5b°=.°o 5‘-3° °QQ‘°o°Q"j§“&3‘lg& 
° & f; 

q ” °
‘

~ 

V ',:M . 

‘r. 
.7. 

I 

.1’ 

I“ 
"y L‘ 

. 

airs»- «
, B. gr,-‘_‘$_°ClEANT|FlC SERIES _NQ.15_2 ‘_ . . 

,.
9 

“J "A 

“(5),l.5'se.rvations on Ice Ccjver and Streamflow in the Yukon River 
near Whitehorse g_uriflg 

»M.E. Alfgrd and EC‘. Carmaék 
dll‘ 

I- 

95. 
707 
C335 ..

' 

‘-5: ‘I'IO.152.E



Environment 
Canada [It Canada 

Environnement 

National Hydrology Research Institute 

ky 

Nl'1‘|.R...l PAPER NO. 3.2 
IWD 3.C.lE.NTI.F|C SERIES NO. 152 

Observations on Ice Cover and Streamflow in the Yukon River 
near Whitehorse during 1983/84 

A|ford* and E.C. Carmacki 

* Formerly with: 
Water‘ Su'r\'/'e”y of Canada 
Water Respurces .B.ra.n.c.h 
‘Inland Waters Directorate 
Pacific and Yukon Region 
Whitehorse, Yukon Territory 

T |n|a'n'd Waters Directorate 
Natiofiali Hiydirblogy Research Institute 
National" Hydrology .Re-search Centre 
Saskatoon, S.as.kat.c.hewan 

Current address; 
Yukon Expeditions 
127 Alsek 
Whitehorse, Yukon Territory 

Current address: 
Fisheries and Oceans Canada 
Institute of Ocean Sciences 
9860 West Saanich Road 
Sidney, British Columbia 

INLAND w,A,T.§E.Rs/L-ANDs DIRECTORATE 
NATIQNAL HYDROLOGY F_{E'Sl—E;ARCH INSTITUTE 
NATIONAL HYDRO_LO_GY RESEARCH c’EN;TRE 

SASKATOON, SASKATcHEWAN,1987 
(D'ispo‘ni__ble e"r"i frangais sur demande)

' J



Published by authority of 
the ‘Minister of the Environment 

© Minister of supply and Services Canada 1987 

Cat. No. En 3'5-502/152E 

[saw 0-662-15452-5



Contents 
Page 

ABSTRACT. . . ... . . . . . . . . . . . . . . . . . . . . . ..— . . . . . . . . . . . . . . . . . . . . . .S 
viii 

RESUME . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix 

MANAGEMENT PERSPECTIVE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .— .— . . . x 

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Xi 

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . .1 . . . . . . . . . . . . . . . . . . . . 1 

Ra'tion’a|"e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1 

Regional description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

Engineering concerns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Floodinfg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 
Icedamage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 3 
Waste management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Obje_ctives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . _. . . 3 
Organization . . . . . . . . . . . . . . . . . . . . . . . . . ._ S. 

S 
. . . . . . .« . . . . . .S . . . . . . . . 3 

2. EXPERIMENTAL DESIGN AND METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
Streamflow and water levels . . . . . . . . S. . . . . . .; . _. . .¢ . . . . . . . . . . . . . . . . . 5 
|cSestaSte . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 6 
Background meteorology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 

'3. OBSERVATIONS ON THE WINTERS CYCLE: 198,3/84 . . . . . . . . . . . . . . . . . . . . . 17 
General trends . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
Freeze-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . .— . . . . . . . .- . . . . . . . . . . . . . 8 
Midwinter ice cover . . . . . . . . . . . . . . ._ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
Breakup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 
Ice cover and tShicSkSness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .— . S. . . 

14 

4. HANGING DAM FORMATION AND DECAY. . . . . . . . . 
S 
. . . . . . . . . . . . . . . . . . 16 

General principles of formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 
Frazil darn profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

.' 
. . . . . . . . . . . . S. . 16 

Historical data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .3 . . . . . . . . . 16 
Growth a_nd decay at Marvvell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 
Occurrence through the reach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 

Associated flow conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 
Physical characteristics . . . . . . . . . . . . . . . S. . . . . . . . . . . . . . . . . . . . . . . . 17 
Optical characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 
Percolation. . . S. 

V 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

5_. HEAT BUDGET CONSIDERATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
Meteorological observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

S 
. . . . . . 23 

Basic considerations. . 
_ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

.' 
. . . . . . . . . 

P 24 
Heat flux calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

2141 

Surface heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . V 

. . . . . . . . . . . . 24 
Adve"ctive heat fIuSx . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . 28 
Frictional heating . . . . . . . . . . . . . . . . . . . . . . 

~ 

. . . . . . . . . . . . . . . . . . . . 28 
Heat exchange with the bed . . . . . . . . . . . . . . . . . . . 

S 

. . . . . . . . . . . . . . . . . 28 
Heat exchange associated with snowfall . . . V. 

S 
. . . . . . . . . . . . . . . . . . . . . .S S. .



4 \ Contents (Cont) 
Page 

Heatbudge'tresults..' . . . . . . . . . . . . . . . . . . . . . . . . . . .. 29 
The degree-day method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 
Linear heat flux approximation . . . . . .- . . 

V . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 
Interior heat transfer: river to ice_ . . . . . . . . . . . . . . . . . . 

.__ 
. . . . . . . . . . . 34 

6. HYDROLQGY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 
Water levels and streamflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .— 35 
Velocity distributions . . . . . . . 

- . . . . . . _. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 
Hydraulic resistance . . . . . . . . . . . . . . . . . . . 

.' 

.; .; _. 
‘. 

. . . . . . . . . . . . . . . . . L . 37 
Bulk resistance coefficients . . . . . . . . . . . . . . . . . . . . ._ 

.- 
; 
. . . . . . . . . . . . . . 37 

General formulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . —. . . . , 37 
Method-of calculation . . . . . . . .- 

;. 
.- . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 

Seasonal patterns in the Chezy coefficient . . . -. . . .y . . . . 
.‘ 

. . . . . . . . . . 39 
Analysis of velocity p'ro‘fiIes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

General formulation. . 
; 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.6 

Two-power lawlanalysis‘ . . . . . . . . . . . . . V. -. .1 . . ,: 
. 

t 
. . . . . . . . . . . . . . . 47 

Loga_rithmic—la'w analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . t. . ; . 49 

7. DISCUSSION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 
General trends of the ice cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

; 
. . . . . . 50 

Freeze-up. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . ._ 50 
Midwinter . . . . . . . . . . . . . . . . . . . . . . .y ;. . . . . . . . . . . . . . . . . . . . . . . . 50 
Br'eak’up. . ._ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .~ 

. . . . 51 
Operational concerns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .y 51 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . ..;.v. . -. . .-. . . . . . . . . . . . . . . . . .. 52 

APPENDIX A. Maps showing the distribution of ice cover during 1983/84. . . _. . .y ;. . , 55 

APPENDIX B. Saturation vapour pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 

Tables 

1. Ice cover in the Whitehorse reach . . . . . . . . . . . . .* . . . . . . . . . . . . . . . . . . . . . . . 15 

2. Cross-sectional areas and flow parame'ter's at Marwell . . . . . . . . . . . . . . . . . . . . . . . 18 

3. Comparison of streamflow measurement_s.- .- . .- .‘. . . . . . . . . . . . . . . . . . . . . . . . . . 21 

4. Meteorological observations . . . . . . . . . . . . . . . . . . . .— 
;. ; 

. . . . . . . . . . . . . . . . . . . 25 

5,. Surface heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 

6. Channel geometry . . . . . . . . . . . . . . . . . . . . . . . . _. 
. . . . . . . . . . . . . . . . . . . . . 40 

7. Hydraulic parameters. . . .- . . . . . . . . . . . . . . . . I. . . . ._ 
.- . . . . . . . . . . . . .. 43 

8. Vertical velocity profiles—.power-law‘ analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 
9. Stress and r‘o'u'gh‘ne'ss values from log-lavv ahalysis . . . . . . . . . . . . . . . . . . . . . . . . . , 48



Illustrations (Cont.) 
Page 

Figure 1 Schematic of the seasonal ice cycle on an interconnected lake-river system. . 1 

Figure 2 Area map . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
Figure 3 Station locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 
Figure 4 Relationship _between streamflow and water level at Marwell . .- . . 

2 
. . . . . .; . 3 

Figure 5. Current meter and weight assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
Figure 6. Portable heated metering sled . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 
Figure 7 Rammsonde assembly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 
Figure 8 Streamflow records for the Yukon River at- Whitehorse. . . .« . . . . . . . . . 7 
Figure 9. Historical freeze-up and breakup dates . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
Figure 10. Ice conditions at the approximate time of m’a_xAimurr"i water level 

at Marwell in three winters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 
Figure 11. Freezing sequence observed in 1983/84 . . . . . . . . . . . . . . . . . . . . . . . . . 8 
Figure 12. Frazil floe and slush . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 
Figure 13. Shore ice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .- . . . . . . . . . . . . . . 9 
Figure 14. lce front . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 
Figure 15. Open channel and advancing ice front . . . . . . . . . . . . . . . . . . . . . . . . . . 10 
Figure 16. Breakup sequence observed in 1983/84 . . . . . . . . . . .« . . . . . . . . . . . . . . 11 
Figure 17. Plate formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 
Figure 18. Ripple formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 
Figure 19. Overflow at Marwell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

V . . . . . . 13 
Figure 20. Breakup jams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 

Figure 21. lce—free area (November 1983 to February 1984) . . . . . . . . . . . . . . . . . . 14 
Figure 22. Mean ice thickness and volume at Marwell (November 1983 to 

March 1984) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14 
Figure 23. Historical frazil dam profiles at Marwell . . . . . . . . . . . . . . . . . . . . . . . . . 17 
Figure 24. Lateral frazil darn profiles at Marwell showing ice and slush horizons . . . . . . 18 
Figure 25. Longitudinal frazil dam profilesalong study reach . . . . . . . . . . . . . . . . . . 19 
Figure 26. Mean velocity at Marwell and Froude number as functions of time . . . . . . . 19 
Figure 27. Mean velocity at Marwell in relation to hanging d_am area and ope_n 

channel area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 
Figure 28. Schematic of frazil dam ‘deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

_ 

19 
Figure 29. Hardness of slush in relation to depth . . . . . . . . . . . . . . . . . . . . . . . . . . 20 
Figure 30. Solar radiation profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 
Figure 31, Ai_r temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
Figure 32. Wind speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
Figure 33. 

' 

Barometric pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
Figure 34. Relative humidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

« 

. . . . . . . . . 23 
Figure 35. Net shortwave radiation . . . . . . .- V 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 
Figure 36. Cloud cover . . . . . . . _. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 
Figure _37. Schematic of heat budget para_meters . . . . . . . . . . . . . . . . . . . . . . . . . . 24 
Figure 38. Radiative heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Figure 39. Evaporative a_nd conductive heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . 29 
Figure 40. Summary of individual heat flux components . . . . . . . . . . . . . . . . . . . . . 29 
Figure 41. Surface heat flux . . . . . .— .- . . . . . . . . .- . . . . . . . . . . . . . . . . . . . . . . . . 29 
Figure 42. Total heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 
Figure 43.; Degree-days vs. time . . . . . . . . . . 

* 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . 

‘ 33 
Figure 44. Degree-days in relation to ice thickness . . . . . . . . . . . . . . . . . . . . . . . . . 33 
Figure 45. 1 Linear heat flux approximation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 
Figure 46. Daily water levels at AM, M, and BM . . . . . . . . . . . . . . . . . . . . . . . . . . 2. 

Figure Surface slope between AM and M, and M and BM . . . . . . . . . . . . . . . . . . 35 
Figure 48. Water level at AM relative to ice front position . . . . . . . . . . . . . . . . . . . . 36*



vi 

Illuestrationst (Cont.) 
Page 

Figure 49. Effect of advancing ice front on h_ydrau_lic gra_c_!,ie_n_t_ ._ .. . ._ .; . . . . .- .- v.- . ._ . 36 
Figure 50. Velocity section . . . . . . . . . . . . . . . . . . . . . . . . . ; . . . . . . . . . . . . E37 

Figu_re 51; \_/e|o‘cit_y profiiiles beneath clean ‘e and slush ice" in a section 
normal to t'he.fr,azi|AdAam. . . .g./-. g. . . . . :.; , 

v. V. 
_. V. 

.» 
.; _._ ._ . . . . . _. . 

.—.' 38 
Figure 52. Example of velocity fluctuation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 
Figure 53. Che;-y coefficient vs_._ time v.- . .- . . . . . I‘ . . . . . . M. . . . . . . . . . . . . . 39 
Figure 54, Cor'rel5tion cur've's for Chezy coefficient vs. water" level_. .- . . . . . . . . . . . , 

.‘ 45 
Figure 55. Vertical profiles of velocity for profiles listed, in Table 8. _. . . .- . . . , . . . . . 

349 

Figure 56. Vertical profile of velocity fo_r'mean profile at" Man/vell . . . . . . . . . . . . . . . 

' 49 
Figure S7. Schematic ‘of seas'on'al ice cycle on the Yukon River near MarweI'l. . . . . .

5°



Abstract 

The objective of the Yukon Ice Seasonality Experi- 

ment (YISEX) is to obtain an understanding of physical 
processes affecting ice cover on northern lake and river 

systems. This report focuses on the winter cycle of hydro- 
logy and ice regime along a reach ofrthe Yukon River near 
Whitehorse, based on studies carried out in the winter of 
1983/84. The reach is of practical concern because of its 
location immediately below the Whitehorse Rapids hydro 
site, and because of the ri_sk of flooding at freeze-up. 

Covered in this report are: (1) a review of historic_al 

data from the study area, (2) a quantitative description of 
surface ice andfrazil dam growth -and decay, (3) a descrip- 
tion of the meteorological conditions a_nd t_he associated 

heat budget for the reach, and (4) an analysis of the effects 
of ice cover on the hydraulic resistance of the reach 
throughout winter.

' 

The Whitehorse reach is ice-covered from about 
December to April each year, and is further characterized 

by the annual formation of an extensive frazil dam. The 
initial freeze-up period is characterized by two processes: 
first, the growth of static ice outwards from the shore, 
lea'ving‘ an open, fast-flowing channel within which frazil ice 
forms and runs with the current; and second, the bridging 
at certain sites, particularly at the constriction below 
Marwell, of frazil pans and floes that results in an ice front 
that progresses upstream. Midwinter is characterized by a 

condition of stability and an overall decrease in the rough- 
ness of the ice cover. The period of breakup is marked by 
several related phenomena, including the formation of ice 
ripples, the creation of a variety of ice forms that run with 

I 

the flow, the opening up of thermal leads along the velocity 
core, the occurrence of overflow runs at various locations 
along the reach, and ice jamming. 

viii 

Examination of historical dates of freeze-‘up and 
breakup shows that altered streamflow subsequent to con- 
struction ofthe Whitehorse Rapids hydro site has decreased 
the period of ice cover by five to six, weeks. 

The frazil dam form_s as frazil accuirfiulates below the 
ice cover behind the advancing ice front. The dam that 
formed in 1983/84 was similar in size and form to those 
observed in earlier surveys. It was found to lie off to the 
side of the velocity core, except at the Below Manlvell 

section, where it was found to lie directly above the veloc- 
ity core. The dam was observed to have reached its maxi- 
mum volume immediately after freeze-up. A comparison of 
streamflow measurements upstream and directly under 
the frazil darn verifies that virtually no percolation of flow 
takes place. 

Heat budget terms were computed primarily for the 
purpose of future application to numerical models of ice 

growth. Net heat loss typically varies between 50 and 
400 W m‘2, with the largest losses being due to outgoing 
longwave radiation and the conductive flu_x_. For engi- 

neering applications, coefficients were found for the 
Stefan equation relating ice thickness to degree-days of 
freezing air temperatures, and_ to the linear heat flux 
approximation relating heat loss to air temperature».- 

The hydraulicresistance of the reach was found to 
vary with seasonal and local ice conditions; that is, in 

relation to the advancing ice front during‘ freeze-up, to the 
presence of frazil acc_umulations within the channel, and to 
the formation of irregularities in the ice cover during" break- 
up. During freeze-up, the channel conveyance capacity is 

lowest, and flood risk is highest. Furthermore, ice irregu- 
larities were found to influence the shape of vertical pro-‘ 
files of velocity.

‘



Résumé 

L’objectif de l’Expérience de saisonnalité glacielle 
du Yukon (ESAGY) est d'en arriver 5 comprendre les pro- 
cessus physiques qui affectent le manteau glaciel sur les lacs 
'et réseaux hydrographiques du Nord. Le rapport porte 
surtout sur le cycle hivernal du régime hydrologique et 
glaciel dans un bief du fleuve Yu_kon pres de Whitehorse, 
a partir d’études effectuées pendant |'hiver 1983-1984. 
Le bief présente un intérét particulier du fait qu'i| se t'rou've 
imrnédliaterhent en aval du site hydroélectrique des rapides 
de Whitehorse et en raison du risque de crues au moment de 
la prise des glaces. 

Le ‘rapport comprend Ies éléments suivants:(1) un 
exarnen des données chronologiques qui proviennent de la 
-zone observée, (2) une description quantitative de la glace 
de surface «at de la croissance et de la décroissance des 
barrages de afrasil, (3) les conditions météorologiques et le 
bilan thermique connexe pour le bief, et (4) une analyse 
des effets du manteau glaciel sur la résistance hydraulique 
du bief pe'nda'n't l"'hiv'e‘r. 

Le bief de Whitehorse est couvert de glace d’environ 
décembre 2‘: avril de chaque année et il se caractérise notam- 
ment par la for‘ma'tion annuelle d'u_n grand barrage de frasil. 
La période initiale de prise des glaces s_e caractérise par deux 
processus: premiérement, la croissance de glaces statiques en 
direction du large a partir de la rive, ce qui laisse un chenal 
ouvert. et a débit rapide a l'intérieur duquel du frasil se 
forme, pour erhprunter ensuite le courant; et deuxiéme- 
ment, la forrfiation de ponts a certains endroits, particu|ié-

\ 
‘ rement a l'étranglement en aval de Marwell, de pans de 
frasil et de floes qui donnent une falaise de glace en pro- 
gression‘ vers |'amont. Le milieu de l’hiver se caractérise 
par un'ét'at de stabilité et une diminution générale dans la 
r’ug‘osité du‘ manteau glaciel. La période de la débécle est 
rfia_rquée par plusieurs p_hénomén‘es connexes, dont la forma- 
-t_ion de rides de’ glace, la création de diverses formes de 
glace courant dans le sens de l’écoulement, l’ouverture de 
chen‘aux_ thermiques le long du noyau de vitesse, la pré- 
sence ,de_ ruisselets de débordement 5 divers endroits le long 
du bief et la blocade des glaces. 

L’examen de la chronologie de la prise des glaces 
et de la débécle montre que le débit modifié par suite de 
l’aménagement du site hydroélectrique des rapides de 
Whitehorse a réduit Ia durée du manteau glaciel de cinq a 
six semaines. 

Le barrage de frasil se forme lorsque le frasil 
s'accumule sous le manteau glaciel derriére la falaise de 
glace en progression. Le barrage qui s’est forrné en 1983? 
1984 avait une forme et une taille semblables a ceux 
observes au cours de relevés plus anciens. Les auteurs 
ont constaté qu’i| était situé a cété du noyau de vitesse 
sauf sur les lieux de la section en aval de Marwell, ou il se 
trouvait juste en amont du noyau de vitesse. Les auteurs 
ont aussi constaté que le barrage avait atteint son volume 
maximal immédiatement aprés la prise des glaces. La com-_ 
paraison des mesures de débit en amont et directe‘me’n't en 
aval du barrage de frasil permet de vérifier q’u’i| n’ex_ist_e 

é peu prés aucune percolation de l’écoulement. 

Les termes du bilan thermique ont été calculés 
principalement_ pour les besoins d’applications futures a 
des modéles numériques de la croissance des glaces. Une 
perte de chaleur nette’ varie ordinairement entre 50 et 
400 W m‘2, les pertes les plus considérables étant d_ue_s au 
rayonnement a grandes ondes de sortie et au flux de con- 
duction. Pour les besoins d’applications techniques, des 
coefficients ont été trouvés pour |'éq’uation de Stefan m,et« 
tant en relation |’épaisseur de la glace aux degrés-jours de 
températures de gel atmosphérique et 5 I’approximation du 
flux thermique linéaire mettant en relation la perte de 
chaleur par rapport 5 la température de l’air. 

II a été constaté que la résistance hydraulique du 
bief variait en fonction des conditions glacielles saisonniéres 
et locales, soit par rapport 5 la falaise de glace en progres- 
sion pendant la prise, 5 la présence d’accumu|ations de frasil 
a |’intérieur du chenal et a la formation d’irrégularités dans 
le manteau glaciel pendant la débécle. La capacité de trans- 
port du chenal est plus faible pendant la prise, et» les risques 
de crue sont plus grands. Les auteurs ont en outre constaté 
que les irrégularités glacielles influaient sur la forme des 
profils verticaux de la vitesse.



Management Perspective 

The rivers and large lakes in Canada's North have long 
histories as exploration, trade, and transportation routes. 

They have played, and in some cases still play, a significant 
part- in the economic development and well-being of the ter- 
ritories. The roles they play" in the future’ may change, but 
will be‘ no less important. As the population grows and 
the _industrial base increases, the demand for recreational 
opportunities and for more energy will also increase. The 
potential for using the lakes for natural water storage 

behind s_mal|_ st'ructu'r‘es at their outlets, for erecting new 
dams and creating new reservoirs on rivers, or for diverting 
water within and between basins to use it more effectively 
for generating power has already been investigated and 
proposals have been made. 

Our experience managing water resource develop- 
ments in southern British Columbia prepares us inadequately 
for managing similar dervelopments in the North, where the 
climate is much more severe and a thick ice cover persists 
for half the year. Alterations to the annual cycle of lake 
levels and river flows imposed by artificial control and the 
changed timing and magnitude of dischar’g’e and drawdown 
will have an effect of unknown degree on the ecologies of 
the affected lakes and rivers. Some of these consequences 
can be related, directly to changes in the processes control- 
ling ice growth and decay and to the nature of the _ice itself. 

Wise management of" the wealth of resources in 

Canada's North is imperative if the tyv_i_n goals of conserva- 
tion and sustained growth are to be reached. Such manage.-. 
ment requires a broad range of information, else the 
potential is high for either overlooking seri‘ou‘s cor'iseq‘ue‘nces 
or adopting an ‘overly conservative approach. 

In this report, based on field observations taken over 
one complete winter cycle, an important step is taken to.- 
wards understanding the physical processes affecting ice 

cover on nor'the_rn, conrdiileran lakes and rivers., The data 
and observations will provide a basis for _pla'nnin‘g future 
studies, a starting point for predicting the rerivironrnental 
and_ ecological consequences of regulated levels and flows, 
and an early, as yet undefined, basis for modelling ice- 

covered systems. ' 

C.H. Pharo, Acting Chief 
National Water Research institute 
Pacific and Yukon Region 

July 19, 198.5
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Introduction 

RATIONALE 

ice cover on the rivers a_nd lakes of northern Canada 
affects’ water levels, streamflows, and many human activ- 
ities. Knowledge of ice-‘covered systems is so poor, however, 
that predicting the environmental effects of development 
and water management practices is very difficult. For this 
reason, the Yukon lce Seasonality Experiment (YISEX) 
was designed to provide information about the processes 
of ice growth and decay on a large northern river, especially 
in reaches that are populated, that are subject to ice jam- 
ming or flooding, or that a_re downstream from lakes a_nd 
reservoirs (Fig. 1). 

in this report we discuss the ice regime and hydrol- 
ogy of the Yukon River near Whitehorse in the Yukon 
Territory using hydro_logica|, meteorological, and ice 
distribution data obtained over a complete winter cycle. 
These data will allow the development and testing of 
ma'thema"tic'al models for ice—covered systems. 

CHAPTER 1 

REGIONAL DESCRIPTION 

The Yuk_on River rises in northwestern British 
Columbia, passes through a series of headwater lakes (Atlin, 
Tagish, Bennett, and Marsh lakes), and flows in_ a_ north- 
westerly direction across the Yukon (Fig. 2). At Whitehorse 
the river drains an area of approximately 19 400 km’ and 
has a mean annual streamflow of about 240 m3 s_'1 . 

That part of the Yukon River selected for study 
through the winter of 1983/84 extends from the Robert 
Campbell Bridge (at the south end of Whitehorse) to the 
narrows located 4.3 km downstream (Fig. 3). Along this 
reach the river changes from a single-channel stream to one 
including sections with islands that offers one main channel 
and several small ‘secondary channels. Water depth varie_s 
a great deal through the reach, with an average depth of 
3.2 m at high stage. Average flow velocities are reasonably 
high, about 1.8 m s‘1 in summer and 0.7 m s" in winter. 
The average slope of the river through the reach is 
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0.5 >_<'10'3. The relationship between streamflow and 
water level at the Marwell section is shown in Figure 4». 

During the course of a year, streamflow varies between 
about 120 and 500 m3 541, and t_he correspondinig water 
_le_ve| varies by about 2 rn. However, because of increased 
hydraulic resi_stance during the period of ice. cover, the 

reach displays a backwater effect, shown by deviations 
from -the open water curve. 

There are two main constrictions within the reach; 
these are indicated as the Marwell and Below ll/larwell sec- 
tions in Figure 3. The latter‘ is considered to be the hydrau- 
lic co'ntr‘o| for this reach under ice-free conditions. 

The flow of the Yukon River has been modified by 
the construction of two dams upstream from Whitehorse. 
Marsh Lake Dam was rebuilt in 1951/52. An earlier version, 
built in 1902, served to hasten the breakup of ice on Lake 
Laberge and thus advance t_he_ date of steamer navigation. 

Its main purpose now is storage, e.g., to provide increased 
winter flows for hydroelectric power generation. In 1957/ 
58 the Northern Canada Power Con'1m’i‘ssion (NCF>c) built- 

a ’’run of ‘river”lda,m near Whit_e_h_orse Rapids». |ni','_ally, only 
two generating units were installed. Later additional units 
wereadded,‘ one in 1969 and one in 1983, to use w‘t'nrer 
flows more efficiently. ‘At present th_e streamflow ‘is, 

regulated at the lower dam, subject to structural and legal 
limit'atio'ns. Specifically, water‘ lév_e'ls behind the dam 
lschwatka Lake) cannot exceed 653.34 m not go b_elow 
652.27 rn.
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ENGINEERING CONCERNS 

Flooding, ‘ice damage, and waste management are 
practical reasons for investigating flow a_nd ice conditions 
in the‘ Yukon River at Wthitehborse. 

Flooding 

While there is no evidence of flooding within the 
reach caused by high runoff in summer (maximum stream- 
fl_ow of up to 640 m3 5“ ), flooding a_'s_soci_ated with ice 
formation in’ November and December has resulted in 
damage to. priivate and commercial property. The area 
near Marwell is especially susceptible to winter flooding. 
(A water level above .631 m at Marwell is considered a flood.) 
Prior to the construction of the‘ NCPC darn, flooding often 
ex-te_nded as far south as‘ Main Street; a record high flood 
level of 634 m o'c'c’u'rr'e’d in November 1935. Since the 
construction of the dam, which allows flow regulation 
during the 'c“ritf_i'caJ -freeze-up period, flooding has been con- 
fined to the Marwell area. 

River channel c'o‘nve’yance capacity during ice-cover 
periods is crificfial to the optimization of available water for 
power ge_nera_tion. A fourth generating unit was installed 
at the dam in 1983, wh_icl_i doubled the plant's capacity to 
40 MW. Should ad.€.|,i?fional upstream storage be developed 
and u_s_ed_, the need to rel'ea‘se' greater volumes of water in 
winter will increase flood risk, especially during the criti- 
cal. freeze-up period. 

Ice Damage 

The river at’Whitehorse rarely freezes over upstream 
from t_he bend immediately above the Robert Campbell 
Bridge because of the nearby dam. High heat losses in this 
open reach of the river result in the production_ of-_fra_z,i_l, a_nd 
slush ice over significant periods of time. There have been 
occasions when ice has accumulated on the bridge ‘pier, 
causing concern among city engineers. In 1973 the origi_na_| 
Robert Campbell Bridge was damaged beyond repair by 
ice pressure. 

Waste Management 

In 1978 a sewage pumping stat_ion was built on the 
west bank of the river near Marwell. To pump sewage to 
a lagoon located, on the east bank 2.5 km downstream, a 
pipe was laid across the river. Because/ of concerns about 
its effect on the ice‘ cover, the pipe was buried the following 
year. While direct disposal of wastes does not appear’ to be 
a problem within the study reach, it is of concern down- 
stream from the sewage outfall, and the general question‘ of 
material dispersion in an Vice-covered system is an important 
subject in water resource management. 

OBJECTIVES 

The objectives of this report are: 

(1) to provide an account of the formation and sub- 
sequent behaviour of the ice cover of the Yukon 
River at Whitehorse through the winter of 1983/84; 

(2) to relate measurements of water level and stream- 
flow to the distribution of frazil, the-for‘rn”a't_io_n of 
frazil dam_s, overall ice cover, and changes in chan_nel 
resistance; 

(3) » to describe the effect of ice jams and ice dams on 
channel capacity; and 

(4) to relate the processes of ice formation, structural 
change over a period of time, and decay to prevail- 
ing meteorological conditions. 

ORGANIZATION 

Each chapter of this report is intended as a self- 
contained, descriptive summary of one aspect of the sea- 
sonal ice cycle. In Chapter 2 the experimental design’ and 
methods are described. Chapter 3 describes the ice cover



during t_h_eAfreeze-up,‘ midwinter, and breakup periods. In‘ Chapter 6 examines the effects of ice formation on the 
Chapter 4 data are presented on the occurrence and pro- hydra.u,|ics of the reach. Finally, Chapter 7 summarize_s 

Deities of the hanging dam formed within the reach. theseobservatifons from both _scbiierfrt_ific and engineering‘ 

Chapter 5 is concerned with the heat budget of the reach. ‘points of view.



To understand the seasonal ice- cycle is to under- 
‘stand the interrelated set of parameters that influence ice 
growth and decay. In YISEX, the observat_iona_l program 
comprised three parts: streamflow and water levels, ice 

state, and the background meteorology. Each of these pro- 
grams is described below: the study site is shown in 
‘Figure 3. 

STREAAMFLOW (AND WATER LEVELS 

In order to monitor water levels, staff gauges were 
installed at three locations in November 1983: 

(1) at the Above Marwell (AM) section located 1100 m 
downstream from the Robert Campbell Bridge (on 
the Goldrush River'To,urs wharf); 

(2) at the Marwell (M) section located at the cha_n_ne| con- 
striction 3100 m below the bridge (near the Arctic 
Diamond Drilling Ltd. compound); and 

(3). at the Below l\/larvvelvl (BM) section located 4300 m 
c_lownst_re,am from the bridge and coincident with 
the second constriction in the reach. 

Each gauge was surveyed relative to geodetic datum. 
The water level was recorded at approximate_ly one-day 
Vinten/a’ls throughout the pegriods of freeze—up and breakup, 
and at approximately two-day intervals during midwinter. 
To minimize aliasing ‘problems associated with diurnal 
f'I'uctu‘atio‘ns in water level _(Santefor.d and Alg'er,_ 1984), 
an attempt was made to record water levels at the same 
time each day. A 

Water levels were recorded at Whitehorse‘ from 1902 
to 1972. The White Pass and Yukon Route maintained a 
gauge at its wharf in front of the railway station from 1902 
to 1949. In 1949 this gauge was tied to the geodetic datum 
by the Water Survey of Canada, which then maintained the 
ga‘uge 'u‘n'ti| 1960-; from that date until 1972, water levels 
were recorded by "the Survey at the Robert Campbell 
Bridge. 

For the measuregment of velocity, a Price model 622 
"winter pattern" current meter mounted on a pancake 

CHAPTER 2 

Experimental Design and Methods 

weight assembly was used (Fig. 5). The meter assembly is 

deployed from a sounding reel mounted on_ a meter sled 
equipped with a hot-air chamber (Fig. 6). This design allows 
the accurate measurement of velocity (i0.05 m s‘1) at 
working temperatures as low as 360°C.~~ 

~~~ 
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Figure 5. Current meter and weight assembly. 
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For the computation of total streamfllow, r‘n'ea'su're- 

ments were taken‘ through 20 or more holes drilled through 
the ice across a given s‘ec't'io'n. At each point velocity was 
determined at the 0.2 and 0.8 of total depth levels; the 
mean velocity at that point was talsen as the average of 
these two vfa_:|’u’es in accordance with standard practice. For 
computations requiring more detailed profiles of velocity, 
e.g., the determination of friction parameters, ‘measure- 

ments were taken at each tenth of total depth level. 

ICE STATE 

At each hole drilled for htydrometric purposes, 
me,_as,utre_ments were also taken for snow, ice, and slush 

thickness and for water depth. Snow and ice thickness were 
measured by using a v"Yukon pattern" ice staff; slush 

t_hick,ne;s_s was determined by using the current meter as- 
sembly and noting the depth aft-which themeter encountered 
‘flow; water depth rwas.dete,rmin,ed from the meter reel. 

Te"sts to determine the hardness of the slush forming 
the frazil dam were made using a rammsonde device (Fig. 7). 
This consisted of a 2.1-m length of 1.9-cm’ steel tubing to 
which were attached" a hockey puck at one end and a rod 
to guide a falling weight at the other». A 1.09-kg ‘weight 
dropped at distance of 0.30 m was used. 

Measurements related to the opticalcharacteristics 

of the snow and ice cover were taken using a submersible, 
quantum-type light meter (Lambda Instruments model 
Ll-192B). Above-ice reatdings were taken of incoming and 
outgoting radiation. U.ndenIvate_r readings were taken at 

0.25-m depth intervals below the bottom of the sheet ice. 

BAC KG ROUND METEQROLOGY 

Air temperature and barometric pressure were re- 

corded daily at the Alford residence in Riverdale, approxi- 
' 

mately 1 km from the study reach. In addition, air tem- 
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Figure 7. Rammsonde assembly. 

perature, barometric pressure, wind velocity, relative 

humi_dity, and shortwave -radiation were recorded by the 
Atmospheric Environment Service at" Whiteh_or_s_e Atirport, 

also located about 1 km from the study reach. 

To measure water. temperature, a self-recording» 

thermograph was laid on the 'st‘rearn'bed‘ close to the east 
bank and '30 m upstream from the Robert‘ Ca‘m‘pb'ell Bridge. 
This ins't'ru'ment is accurate to within i0.02°C, and was 
set to record at one-hour intervals.

'



CHAPTER -3 

Observations on the Winter Cycle: 1983/84 

In this chapter we describe the annual cycle of ice 
cover advance and retreat at Whitehorse. Related studies 
have been carried out by Monenco Consultants Pacific Ltd. 
(1979, 1980) and Underhi_Il Engineering Ltd. (1979, 1980) 
to examine the rel_a_tion,ship between the ice regime and 
water levels within the reach. For a more general descrip- 
tion’ of the seasonal ice ‘regime on rivers, see Michel (1971), 
Ashton (1978), and Osterkarnp and Gosink (19823). 

GENERAL TRENDS 
Streamfloiw records for the Yukon River at White- 

horse are shown in Figure 8, distinguishing between flow 
¢on’d_itiop,; before and after construction of the NCPC dam 
at Whitehorse Rapids. In general, flows peak in late sum- 
mer and are about four to five times greater than those in 
winter.- Operation of the darn‘ has resulted in a decrease in 
spring and autumn flows and a corresponding increase in 
winter flows. In general, the streamflows observed during 
the winter of 21983/84 were typical of post-dam conditions. 
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Figure 8. Streantflow records for the Yukon River at Whitehorse. 

H:isjt_cjric_a_l dates of freeze-up and breakup, based on 
‘observations .ob'tfai,n_ed at the White Pass Station, are shown 

in Figure 9. Again, a distinction is made be'twee'n data 
obtained before and after construction of the d"a__m. l5rior to 
construction of the dam and increased winter streamflows, 
the average dates of freeze-up and breakup were Novernber 
27 (std. dev. = 12 days) and April 25 (std. dev. 5 8 days), 
respectively. After construction of the darn, the average 
date of freeze-up was set back to December 28 (std. dev. % 
21 days), while the average date of breakup was moved 
ahead to April 12 (std. dev. = 12 days). On average, there- 
fore, altered streamflows have decreased the period of ice 
cover by five to six weeks. 
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The winter of 1983/84 was a mild one for the White- 
horse area, with above-normal temperatures and below- 
normal snowfall. This resulted in a relatively short‘ ice 
period. The study reaéh was ice-covered by Jan’u‘a_‘ry“‘2 and - 

was open by March 28. 

In the following description we divide the ice cycle 
into three time-periods: freeze-up, midwinter ice cover, and 
breakup.



FREEZE-UP 

Some general features of the freeze-up period can be 
determi_ned by comparing past ice distributions with those 
observed in the study year. This comparison is made for 
ice conditions existing at the time of maximum water level 
at M (Fig. 10_)». The most significant as'pect's here are that ice 
cover is completed first in the lower portions of the reach, 
and that open channels persist well into winter, especially 
in the upper portions of the reach and at midchannel, 
where flow velocities are highest. Such conditions are 

commonly associated with frazil ice production and the 
formation of frazi_| dams. 

The freezing sequence observed in 1983/84 is sum- 
marized in Figure 11 (also see Appendix A). The first signs 
of freezing occurred during the secon'd and third weeks of 
No‘vernbe'r with the appearance of shorefast ice in the back 
c_h_annels of the ‘river, coincident with the time that river‘ 

temperatures dropped to 0°C. By November 27 (Fig. 11a) 
shore ice lined a significant portion of the reach. 

The next stage in the freezing sequence was domi- 
nated by the formation of frazil ice and its subsequent 
agglomeration into frazil flocs, frazil pans, slush, and frazil ~ 

OPEN WATER 

1978-77 

Figure 10. Ice conditions at the approximate time of maximum 
water level at Maxwell in three winters. 

Figure 11. Freezing sequence observed in 1983/84.



floes, which covered up to 50% of the river's surface area. Frazil ice deposition also led to the formation of 
Bridging and deposition of this ice eventually led to a static anchor ice; an unusually heavy accumulation was observed 
ice cover in the lower portion of the reach (Fig. 11b). At during this particular winter. The greatest accumulation 
that time, the reach downstream from BM was almost occurred just upstream from the bridge, and in that reach 
completely closed, wit_h the exception of some small open extended from 1.5 km below the bridge to 1.0 kmabove. 
channels with very high velocities. It is noteworthy that the ice cover at BM bore a heavy 

Figure 12. Frazil floe and slush. 

Figure 13. Shore ice.



concentration of gravel, whereas the other sect_ion_s were 
re‘|ati_\‘/ély. clean. 

The remainder of the freezing sequence can be 
charact'er‘ized as a gradual closing in of shore ice‘, forming a 
n_arrov_v open channel along the axis of maximum flow 

velocity,- and the progressive advance of‘ the ice front ca'u‘sed 
by the deposition of floes formed farther upstream. By 
December-9 (Fig. He) the ice front had progressed up-. 

stream from M and by December 1-2 and '16 (Figs. 11d and 
11e) to the vicinity of the ‘main island group in thevrivejr, 
yielding an average rate of ice front advance of 150 rn d”. 

Figure 14. ‘Ice front; 

Figure 15, open channel and advancing ice front. 
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Mild weather between December 16 and 24 resulted in 
little change in the area‘ of ice cover (Fig. 11f). O_n Janyuary 
2 the study‘ area closed over completely (Fig. 119)‘. although 
a narrow channel in the vicinity of the Robert Campbell 
Bridge remained open throughout the winter (Fig. 11h). 

Some small-sca_|e features observed during freeze-up 
a_re worth be_aring in mind, especially when one attempts to 
apply simple hydraulic and thermodynamic models to this 
complex process. These fea't‘u'res are: frazil floe and slush 
running with the river (Fig. 12); diurnal layering of shore 
ice, which‘ results from low night—time temperatures 
(Fig. 13); the extremely rough nature of the advancing 
ice ‘front (Fig._ 14); and the advance of the ice front by the 
accumulation of running ice within the channel formed 
by the inward conve'rge‘nce of shore ice (Fig. 15). 

MIDWINTER ICE COVER 

Ice condit_ior_1s typical of the_ midwinter or near- 
equilibriusm period are shown in Figure 11h. At this time 
the_ entire river was closed with the exception of a_ narrow 
strip near the bridge and a channel leading from below 

the bridge to the dam. The occurrence of some open water 
thrroughout winter is typical of this area and is important . 

to ‘the river's heat budget. A second feature of midwinter 
conditions is the smoothing of the ice surface. This decrease 
in roughness has an important effect on midwinter flow con- 
ditions. (See Chapter 6, the section Hydraulic Resistance.) 

BREAKUP 

The breal<up‘seq'uence observed in 1933/84 is sum-. 
marized in Figure 16 (also see Appendix A). The first signs 
of breakup appeared in early March (Fig. 16a) ‘with the 
occurrence’ of small patches of overflow and the accumula- 
tion of large pans of fractured ice immediately dow‘n’stre‘am 
from the bridge. Conditions on lVl“a'rc‘h 11 (Fig. 16_b) show 
the‘ continued accuimulgatlon of pan_s as well as the develop- 
ment of a sign_ifica_n_t run of overflow water in the ‘upper 
portion of the study reach. _By March 15 the run of over-. 
flow water had extended almost the entire length of the 
reach; its effect is seen in Figures 16c and 16d as the lead 
upstream from M. This feature appears to" be associated 
with the axis of maximum flow velocity, a_nd is a precursor 
of the fiormation of open—water channels. 

~“a3‘:?:s 

<1) 

G? 

Budge 

Figure 16. Breakup sequence observed in 1983/84.
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Figure 17. 

Figure 18. 

Plate formation’. 

Ripple formation.
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By March 23 the upper portion of the reach was 
"ice-free and an open channel extended beyond M. A small 
ice jam, typical of many that formed during this particular 
breakup, was observed upstream from M (Fig.‘16e). This 
general pattern continued through the remainder of the 
break'up period (Figs. 16f and 169)“. By March 28 the reach 
was open and by April 2 only isolated patches of ice re- 
mained along the shore (Fig. 16h; Appendix A). 

A number of interesting small-scale features associated 
with breakup we're doc'u'ment'ed. For example, when holes 
were drilled through -the ice during the early stages of break- 
up, small plates were carried onto the ice surface by the 
upwash. These platelets were typically 0.05 m across and ~ 

0.01 m thick (Fig. 17). They were observed to form asa con- 
sequence. of overflow water freezing at night and sub- 
seq_uently being broken into small pieces by daytime ice 

movement. Some of these pieces were then washed into 
open water and carried under the existing ice cover. In 

addition to the platelets, we have also observed" pebblelike 
nodules the size of seagulls’ ‘eggs. While the origin of these 
nodules is uncertain, we believe them to be evolved from 
frazil aggregates d_uring the lat-ter part of winter. (it is the 
experience of author Alford that both platelets and nodules 
are common features at breakup.) 

Another feature observed during early breakup was 
that of ri,pp_les_ forming on the underside of the ice (Fig. 18). 
These ripples had wavelengths of 0.1 to 0.2 m and maxi- 
mum heights of 0.05 m.’ Ripple‘ formation ha_s_ been 
obsexrved in other river systems (Carey, 1966: Ashton and 
Kennedy, 1972), and is thought to have an effect on 
hydraulic resistance (Tsang, 1982b). 

A_n example of an overflow run is shown in Figure 19. 
While direct measurements are not available, itlis unlikely 
that more than 10% of the total streamflow is carried as 

overflow during breakup. However, the presence of over- 
flow has a significant effect on surface albedo. 

Perhaps the ‘most significant characteristic of break- 
up is that of ice jamming (see Beltaos, 1983, for review). 
While jamming does occur at Whitehorse (Fig. 20), it 

appears to have less effect "than freeze-up on water levels 
within the reach.. 

ICE COVER AND THICKNESS 

Daily values of areal ice cover within the reach were 
computed from the, maps shown in -Appendix A and are 
listed in Table 1. The plot of the ice.-free area from Novem- 
ber 19_83 to February 1984- (Fig. 21) depicts an ex_ponenti_al- 
like curve during freeze-up, with rapid.g‘r‘owth of ice cover 
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early on, followed by a slow covering over of the reach. 
The deterioration of coverat breakup progressed at a more 
rapid pace. 

‘Figure 22 shows the mean ice thickness as measured, 
at M and the txotal volume of ice within the reach‘ computed 
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as the product of areal coverage times mean thickness. Both 
curves suggest similar trends, e.g., moderate growth during 
freeze~up, steady c‘onditi'ons during midwinter, and rapid 
deterioration at br'e'aku'p. 

So far our description of the ice ccsver has been 
based on surface observationsg. However, one of the most 
fascinating aspects of the ice cover at Whitehorse eoncjerns 
the accumulation of fraz_il ‘ice below the sheet ice. T|"'h_is is 
the subject of the next chapter.

‘ 

Table l.- ‘Ice Cover in the Whitehorse Reach 

AM to M NCPC dam to X4 
Open Covered Coverage Open Coveted Coverage 

Date <km’> 
_ 

(km’) (70 Gun’) (km“) (90 
» 83-11'-13 0.2271 0.1773 43.8 0.9769 . 0.5279 35.1 
83-11-27 0.2244 0.1800 44.5 0.9070 0.5978 39.7 
83-12-02 0.2227 0.1817 44.9 0.6395 0.8653 57.5 
8_3-12-04 0.1709 0.2335 57.7 0.5132 0.9916 65.9" 
83-12-06 0.1709 0.2335 57.7 0.5132 0.9916 65.9 

83-12-09 0.1702 0.2342 57.9 0.4598 1.0450 69.4 
83-12-10 0.1276 0.2768 68.4 0.4023 1.1025 73.3 
83-12-11 0.1266 0.2778 68.7 0.3576 1.1472 76.2 
83-12-12 0.0716 0.3328 82.3 0.3435 1.1613 77.2 
83-12-13‘ 0.0439 0.3605 89.1 0.2965 1.2083 80.3 

83-12-15 . 0.0423 0.3621 39.5 0.2945 1.2103 804 
83-12-16 

3 

0.0330 0.3714 91.8, 0.2697 1.2351 82.1 
83-1_2-24 0.0234 0.3810 94.3’ 0.2554 1.2494 83.0 
83-1'2-25 0.0217 0.3827 94.6 0.2531 1.2517 83.2 
83-12-26 0.0188 0.3856 95.4 0.2498 1.2550 83.4 

83-12-27 0.0173 0.3871 95.7 0.2473 1.2575 83.6 
83-.1..2=.2i8. 0.0160 - 0.3884 96.0 0..;2.45_5 1.2593 83.7 
83-12-29‘ 0.0157 0.3887 96.1 0.2431 1.2617 83.8 
83-12-30 

' 

0.0096 0.3948 97.6 0.2407 1.2641 84.0 
83-12-31 0.0080 0.3964 98.0 0.2390 1.2658 84.1 

84-01-01 0.0070 0.3974 98.3 0.23_70 1.2678 84.2 
84'-01-02 0.0000 0.4044 100.0 0.2348 1.2700 84.4 
84-01-03 0.0000 0.4044 100.0 0.2332 1.2716 84.5 
84».-.01'.=O4 0.0000 0.4044 100.0 0.2313 1.2735 84.6 
84-01-05 0.0000 x 0.4044 - 100.0 0.2295 1.2753 84.7 

8.4-01-07 30.0000 . 0.4044 100.0 0.2271 1.2777 84.9 
84-01-11 0.0000 0.4044 100.0 0.2220 1.2828 85.2 
84-.01-14 

_ 0.0000 0.4044 100.0 0.2189 1.2859 85.4 
84-01-20 0.0000 0.4044 100.0 0.2187 - 1.2861 85.5 
84-01-271 

' 

0.0000 0.4044 100.0 0.2176 1.2872 85.15 

3 

84-01-25. 0.0000 
. 

. 0.4044 100.0 0.2124 1.2924 87.1 84-02-12 0.4044 100.0 1.2972 0.0000 87.5 0.2076

15



CHAPTER 4 

Hanging Dam. Formation and Decay 

Hanging dams are defined as massive accumulations of 
ice particles on the ufndersides of ice covers. Theirexistence 
is a common occurrence in ice-covered rivers. In some cases, 
they can cause a loss of hydraulic head over that attribut- 
able to ice cover alone, ‘and their presence offers no small 
problem to attempts to carry out hydrometric surveys. The 
purpose of this chapter is to describe the hanging dam that 
forms in the Yukon River at Whitehorse. 

GENERAL PRINCIPLES OF FORMATION 

In order to better interpret the following data, a 

summary of hanging dam formation and evolution will be 
given (Tsang, 1982a). 

Hanging dams may be classified according to their 
formation process i_nto two categories: the "fragment icef’ 
hanging dam, which is an accumulation of large pans and 
ice plates; and the "frazil ice" hanging dam, which is the 
deposition of frazil ice particles (slush) formed in turbulent, 
open water areas upstream from _a stable ice cover during 
periods of intense cooling. It is the second, of these two

A 

types, i.e., the frazil dam, that occurs in the reach near 
Whitehorse. 

The formation of such a dam requires that there be 
an upstream source of frazil, i.e., a fast open-water reach 
where flocs, pans, and floes can be produced, and that 
there be an ice cover onto which the frazil materials can 
be deposited. 

Whether-or not frazil adheres at a given location 

depends upon both its activity state and the ambient velo- 
city field. When frazil particles drift to an ice front, they 
may be either stopped by the ba_rrie’r or, if the flow velocity 
is s‘u'fficiently high, swept u_nder the cover. The limiting 
velocity varies between 1.0 and 1.5 m s'1 depending upon 
the p_ropert_ies of the transported materials. Thus,- if the 

frazil particles are active, they may attach close to the 
leading edge of the ice cover, even in rapid flow. Farther 
downstream, where the frazil particles become inactive, 

they will settle out only in regions of low velocity. Usually 
a frazil dam initiates from the leading edge of the ice cover‘ 
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and propagates downstream; however, the ice cover i_t_sel_f 

may prog’r'e‘ss upstream so that progradation of the dam is 
also possible. A more detailedv discussion of hydraulic 
conditions 

g 

associated with frazil dams is deferred 

to chapter‘ 6. 

FRAZIL DAM PROFILES 

Historical Data 

The existence of hanging dams at Whitehorse has long 
been ‘recognized by Water Survey techgnicgians. Figure 23 
is a cornpilatilon of available historical data obtained at the 
Manrvell section. (In this depiction, only that part of the 
frazil accumulation that remained sl'ush_ is shown as the 
frazil dam, and no account is taken of frazil tha_t r_"n_a'y have 
been i_ncorporated into the thermal ice cover.) These data 
suggest thre_e m_ain points: first-, a frazil darn‘, occupying 
20% to 40% of the total cross-,s_e.ctiona_l_ ajrea, forms each 
year; second, the basic shape of the dam is constant from 
year "to year’: and third, the riverbed itself is stable over 
time. These characteristics were, in fact, the rnotivation for 
the pr'es'e_rit study. 

Growth and Decay at Marwell 

Figure 24 illustrates the ice and" slush horizons 
observed "at the Marwell section duri_ng the winter of 1983/ 
84. The corresponding cross-sectional areas and flow condi- 
tions are listed in Table 2..Recal| that this section closed on 
Dec_e_m_ber 9;. By December 15 the dam had attained a cross- 
sectional: area of 126 as’ and occupied over 40% of the 
channel. in agreement with the historical data, the largest 
accumulation of slush was observed to the ‘right of the main 
flow‘ and deepest part of the channel and above a sloping 
bottom. The ‘mean velocity at this time was 0.73 rri s" , 

close to the critical velocity (Tsang, 1982a) for slush 

deposition. From this time onwards, the area of the dam 
decreased. 

On January 7 the cross-sectional area of the darn de- 
creased slightly to 100 m’. However, because of a cor- 

responding drop in water level, the dam continued to



occupy about’ 40% of the channel. The mean velocity at 
this time was about 0.9 m s". At the same ti_me, the area 
of open water above the section, wherein frazil is formed, 
decreased throughout December. Because of this we can- 
not be sure whether the vertical growth of _the‘dam,w'as 
limited by flow conditions or by a discontinuation of tra_zi| 
supply‘-
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Figure 23_. Historical frazil daih profiles at Marwell. 
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The area occupied by the dam continued to decrease, 
throughout the winter cycle, slowly during January and 
February, and rapidly in March. The midwinter decrease 
in area at the section may have been due to melting, to 
compaction of material, or to some form of mass move- 
ment. Further work i_s required to resolve this question. 
The rapid decre_ase in March, however, was clearly due to 
warming associated with increased insolation. 

Occurrence through the Reach 

The longitudinal extent of the frazil dam, based on 
surveys carried out between January 6 and February 10, 
is shown in Figure 25. The dam was a'pp'roxima'tely' 6 km in 
length and occupied a volume of 0.6 x 10‘ m3, roughly 
equal to the volume of sheet ice. Because the porosity of 
the slush is not known, the actual volume of ice in the dam 
is not known. However, assuming that ice made up 50% 
of the mixture (Be|taos and Dean, 1981), the -quantity 
of frazil ice deposited within the reach would be 
0.3 x 10‘ m3. 

ASSOCIATED FLOW CONDITIONS 

The mean velocity, U, at Marwell and the correspond- 
ing Froude number, Fr = U(gh)'m , where g is gravity and 
h is depth, are shown in Figure 26 as functions of time. 
The mean velocity ranged from about 0.7 to 0.9 m s" , 

while the Froude number ranged from 0.18 to 0.26. Both 
parameters attained maximum values during midwinter. 

The mean velocity at Marwell i_n relation to the cross- 
sectional areas of the frazil dam and open channel is shown 
in Figure 27. The area of the dam was largest at the time 
of freeze-up (December 14), decreased as t_he mean velocity 
reached a maximum in midwinter, and continued to de- 
crease to breakup. The open channel area was greatest 
at the time ofifreeze-up and breakup, and smallest during 
midwinter when mean velocities were highest. 

A schematic view of the reach showing the overall 
geometry of the hanging da_m a_nd associated flow condi- 
tions is given in Figure 28. In most cases slush was absent 
along the axis of maximum current; the exception to this 
occurred at BM. It is not clear why frazil depositiian should 
occur above the core velocity at one location and not 
at another. 

PHYSICAL CHARACTERISTICS 

Very little information exists on the material prop- 
erties of slush (e.g., see Baltaos and Dean, 1981). This is
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largely because it is extre_rn_ely difficult to obtain an un- v‘ariatio.n's‘ in slush properties occurred. Because of this, 

disturbed sample. The aim of the present study was to a very s_i_‘ijn'_]p|e' phys_ica| cha'r'acte'ristic, relative hardness, 
detetfiiihe. whether or not significant temporal and spatial was chosen for _exam,in_ation;. ..

~ 

Table 2__. Ctossese_ction_a.l _A_rea_s and Flow Parametersnt Marwell 

Area.

~ 
Area (‘TE’) 

K A 0 

below ice Mean 
occupied velocity . 

Date Ice Slush Water Total (96) I (m S" )‘ Ftoude N0- 

ssl-1'2—104‘ 
M A 

"'27" 125‘ 
0 

177 330 41.5 0.73‘ ' 

7 

_Ao.V17 

84-01-06 50 100 149 299‘ 40.2 0.91 0.23 
84'-'02’-07 69 ‘ 73 12,3 265 36.9 0.94 0.26 
84=03*01 I 76 47 147 270 24.2 0.81 0.23 
84-03-08 74 

_ 
40 144 258 21.4 0.89 0.21 

84-03-14 62 25 _ 
170 257 
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To obtain the hardness of slush in a vertical profile, 
a type of r’ammson"de, s'ir‘nila'r to the Swiss rammsonde used 
for snow hardness, was developed (see Chapter 2). The 
instrument consisted of a graduated rod with a ram (hockey 
puck) at one end and an impact weight at the other. To 
operate the probe, a trench, usually about 1 m in length, 
was cut‘ in the ice cover so as to permit _suitable lateral
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Figure 25. Longitudinal frazil dam profiles along study teach. 
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repositioning of the ram. ‘The ram was lowered ¢;ja_reft_i_l_l_y 

through the cover until the slush supported its weight, 
usually at about the 0.5-m mark. The mark at the water 
level was noted and the weight was then d'ro"ppéd?,'? a second 
reading at the water’ level gave the pe_ni_etjrjation.A The _as-. 
sembly was then moved |atera|ly_to a position where the 
underlying slush was still undisturbed, and the proéess'was 
repeated until the slush failed to support the assem,b|,yv._ 

Date 0! .5 
' Froude 

Measurement slush Number 

Feta: 7, 1984 10.0 0.19 

Section )_(4~

~ ~~~ 

~~ ~~~ 

YUKON RIVER AT WHITEHORSE 

Date cl 9‘ SN“ 
Meiaeurenlent Nmhbe_'r 

Jan. 12. 1934 39.0 0.20
V 

Section X3 

Data of Froude 
Measurement “sum” Number 
Feb.s.1ee4 36.9‘ 0.25 

Section M 

Date oi ~ v 5,_.,..g. 
Moaeur'e'me_rit 1‘ Sm" 

tiumber 

Jan. 6. 1954 fl 40,2 o.2s 

Section X2 
°5‘° °' as Slush‘ F’-!?.!d° 

Measurement Rumba; 
Feb. 10. 1534 30.0 0.30’ 

~

~ 

Date oi 
Measurement 

Feb. 10,1954 

500 

metre: 

~~~ .°3‘°°' Frauds ~ s°°“°" ‘M Measurement 9‘ shah 
My-nbgy 3.’-» 

~
‘ 

Jan. 23. 196.4 13.7 0.15 

Figure 28. SdtenI”atic of frazildam deposition, -
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' Calculation of relative hardness, N, was obtained 
using the 's“a'm'e formula that is applied to the Swiss r'ar'n_rn- 

sonde for snow: 

N = Klh/Z)+M 

where_h = drop height
V 

Z =- pen.et..ration 

M = total mass 
‘K = a parameter given by Bader et al. (1939) as: 

K = m[m(M-m)(1+il’ + (m-il(M-m)’]/M’ 

mass ofthe drop weight 
collision efficiency coefficient approximately 
equal to 0.5.

' 

where m= 

While this apparatus is easy to use, it does have 
limitations, mainly because it becomes very difficult to 
‘move laterally when the 1 depth exceeds about 1.5 m. 
In the p're'se‘nt study this was not a serious problem because 
the slush below this depth offered no resistance to the ram 
and was, therefore, beyond the range of sensitivity. The 
application of this device does appear to offer some prom- 
ise as a mapping tool; no doubt a better design would 
increase its ra_nge. 

While the profiles constructed from the data thus 
obtained (Fig. 29) can be taken only lightly, they do sug- 
gest that there 'is a consistent vertical profile of hardness, 

with a definite hardness maximum occurring at middepth. 
Such changes in resistance to penetration at specific points 
in the vertical are well known to those who have had to 
monitor the flow of rivers having large hanging dams. At 
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some locations the slush may be so hard-packed that the 
only way to pass the metering assembly through it is 

to farce a passage using a slush pole, usually improvised 
from the trunk of a_ nearby tree. 

In addition to vertical gradients in hardness, it has 
long been observed that the hardness of slush changes w_ith 
time. For e_xa_m’ple, on December '10 an attempt was made 
to test the hardness of the slush ‘adhering to the newly 
formed cover. At that time the.s.lu_s,h had the appe'a’r‘a'nc'e 
of cotton wool and offered no measurable resistance. Also, 
at the e_n_d of winter, slush is invariably much easierto pene- 
trate than in midvvint_er~._ The’ processes of metamorphic 
changes within frazil dams are not understood, and are 
a subject for future investigation. 

OPTICAL CHARACTERISTICS 

The amount of solar radiation penetrating an ice 

cover or a combined, snow and ice cover is important for 
both physical and biological reasons_. For exarfnple, h_eat 

exchange, especially at breakup, is strongly affected by the 
way shortwave radiation in'teracts with the ice cover. Also, - 

the decrease in dissolved oxygen concent'ration c'om’monly 
observed in frozen rivers may be due, in part, to the attenu- 
ation of light by the ice and snow cover and the subsequent 
reduction in photosynthesis. 

The amount of light reaching the underlying water is 
a_ f_un,ction of surface‘. albedo, oz, and the attenuation_ of light- 
within the med_i_a—a_s' ex‘pressed by an extinction coefficient,._k;. 
Past ‘work y(Maguire, 1975; Grenfell and May"ku‘t‘, 1977) 
has clearly shown that snow has a far greater effect on light‘ 
penetr’atio'n than does clear ice, by a factor of 20 or more. 
However, at the time this study was carried out, no informa- 
tion could be found on the transrn_ittance _ch_a_ra_cteristics 

of slush forming a frazil‘ dam.
‘ 

On March 8, a survey was carried out to compare the 
‘ 

overall light extinction coefficient in slush to that in water 
underlying the same sheet ice. Qn this particular day, the 
sun was shining brightly at an altitude of 20°, and the snow 
cover was rapidly deteriorating. A quantum sensor made by 
Lambda Instruments was used to measure radiation in the 
400- to 17900-n'm band. Measurements were taken at 30 holes 
across the Manlvell section. Above-ice readings were taken 
of the incoming, <I>‘;i. and outgoing,<I>5o,shortwave radiation 
to determine net shortwave radiation, <I>sn =I<I>s; —- (I150, and 
the albedo, oz =r¢I>§¢/F195}. Underwater readings were taken 
at depths of 0, 0.25, and 0.50 rn below the sheet ice. At 
the time the measurements were made, the thickness of the 
snow cover ranged from 0.05 to 0.10 m, and the thickness 
of the sheet ice averaged about_0.5 m.



The albedo across the section was-quite variable, 
averaging about 0.70 at stations over the slush dam‘, about 
0.64 at stations over the main flow, and about 0.50 at 
stations where overflow was taking place. "Presumably, 
the higher values of albedo above the hanging dam, which 
are typical of cold, dry snow, were due to the insulating 
effect of the underlying slush. 

The average attenuation effect of the combined. snow 
and ice cover, given as the ratio ofthe amount of absorbed 
radiation to that entering the ice cover from above, was 
found to average about 0.80. Also, a transverse variation 
was noted with higher values of the attenuation ratio occur- 
ring at sites above the slush dam, presumably caused by 
the greater thickness and dryness of snow cover there. 

Vertical profiles of solar radiation are shown in 
Figure 30». Here the zero depth is taken as the bottom of the 
sheet ice. For comparison the profiles were normalized 
to the percentage of light penetrating the cover. A distinc- 
tion is made between profiles obtained in the slush medium 
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Figure 30. Solar radiation profiles. 

and those obtained in water. The extinctioncoefficient-, 
k,lis defined from '1 ‘ '- ‘ 3 

<I>(z) = <I>sb e "" 

where <I>(z) = light intensity at a given depth 

cbsb = light intensity at the bottom of the sheet ice. 

This coefficient was found to average, about 1.4 for river 
water and 5.1 for slush. This value for the extinction coef- 
ficient of slush is close to that observed for yvhite sea and 
lake ice by Grenfell and Maykut (1977) and Adams (1978), 
respectively. ' 

From the above observations, the following hierarchy 
of radiation can be presented as a sectionwide average for 
conditions during early breakup: starting with 100 units i_n 
incident solar radiation, approximately 65 will be reflected; 
of the remaining 35 units, 28 will be attenuated within the 
combined snow and ice cover; and 7 will enter the under- 
lying medium (i.e., slush or river water). The slush r'iié’d'iu'm is 
particularly opaque in that over 99% of the radiation 
entering it will be absorbed in the first metre. It appears, 
therefore, that frazil dams may have an extren_'1el,y impor- 
tant effect on the "underwater light climate of northern 
rivers. 

PERCOLATION 

The presence of hanging dams serves to constrict 
flow, and some investigators have suggested that a’ s_ig'nifi- 
cant portion of the flow may permeate th’ro'u'gh the slush 
matrix (e.g., see Chin, 1966). Since the goal of the. Water 

Table 3. Comparison of St:-eamflow Measurem as 

N CPC 
/ 

measured Difference 
Date Section (m3 5*‘ )" (m’ s") (96) 

83-12-14 M 133 133 0.0 
84-01-06 M 138 138 0.0 
84-01-12 EM 137 1-33 2.9 
84-01-23 AM 130 130 0.0 
84-02-07 M 124 129 3.9 

84-02-10 X2 132 128 3.0 
84-02-17 X4 142 I 39 2.1 
s4—o3-01 M 1 39 1 35 2.9 
84-03-08 M 129 132 2.3 
84-03-14 M 132 133 0.8 
84-03-16 BM 1 35 138 2.2 

Note: Q = streamflow.
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Survefy of Canada, for example, isrto meter streamflow to 
within an ageufr'acy of i5%, even small _amo'u’nts'-..of water 
p,ercolatin_g through hanging dams could have a dejtrilmental 
effect on the construction of winter hydrographs. 

The :s”tr‘e_a_mf,|ow from thfe dam‘ at Whit'ehor’s'e Rapids 
is monitored by the NC,P_C', and there are no addit:ion_al 
jiriflows between’ the dam and the study reach. Therefore, 
to test for percolation, a c'o_rnpajrisjo_n was rnadebetween 
the «results of streamflow measur,e.m.ents within the reach 
"and t'hose observed at Whitehorse Rapids under the assump- 
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tion that any difference_ between the two ?val'ue"s would be 
dueto water percolatin_g»t,hrough_ the hanging dam. 

fhese resjults are. shown in Table 3 for l1<co'mo‘arisons 
throughout the winter “cycle-. At no time _is the difference 
greater than 4%, which is,within the accuracy requirements_: 
Hence We ‘find no e'vide'n’c‘e for percolation through the 
frazil dam at The lack of ajrspréciable flow 
through the frazil accumulation is in agreeme_n_t_ with 
the very low per'méabilit'ies measured by Beltaos and 
Dean (.1981).



Heat Budget Considerations 

The objectives ‘of this chapter are to document meteo- 
rological conditions observed during the winter of 1983/ 
84land to. reconcile observed ice dist_ri:butions with heat 
budget calculations, 

"METEOROLOGICAL OBSERVATIONS 
VFi"g'uréjsj 31: through 36 show air temperature, wind 

speed, parametric. pressure, relative humidity, net short- 
wave radiation, and cloud cover’ res'p‘ect_iveIy. Daily values 
are su'fnFna'ri2'ed in Table 4_. Since these data are largely 
.self-ex‘plan‘_'atory, we will proceed to the heat budget 
calc_ul_ations. 
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BASIC CONSIDEARAZTIONS 

Consider the reach extending from the outlet of the 
NCPC dam to the tail of the fr‘a'zi| dam (approximately 
section X4). Then the. rate of ice production can be ex- 
pressed as

* 

dVMi/dt =. (<I>t Af)Li 

where M; = ma_ss of ice‘ 
' 

<1»; = total heat flux 
_A_f = ‘water surface area 

L; a l_aten't_ heat of melting (334 x 10-3 J/kg) 

The total heat flux is given by 

<I>t=<I>a+<I>s+c1>f+<I>g+<I>p 

where ‘Pa ,= net advective heat flux 
31>; surface heat flux 
of = frictional’ heafihfl 
<I>g. heating due to contact with the riverbed (i.e., 

heat flux through the bottorn and through 
ground water inflow) 

dip = heat flux due to snowfall. 

(See'.Figure 37.) 

In the open water portionof the reach, surface heat 
flux is by far the most important component. In the ice- 

covered portion, however; the cover insulates the water 

from surface heat flux, and the fri,ctional and bottom heat 
fluxes may become important. The - advective term be- 

comes significant only during ‘early freeze-up, when running 
ice is advected out of the reach,» and during breakup, when 

24 

‘w”a“ri'ner water released by the dam may supply heat to melt 
the ice.
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HE_AT- FLUX CALCULATIONS 

Su'rfac‘e Heat Flux 

The surface heat flux is given by 

‘PS =¢sn +¢e + ‘i)c 

where (P5,. = net shortwave radiation 
(1110 = outgoing longwave radiation 
<I>|A; 

= incoming longwave radiation 
<I>e = evaporative heat flux 
d>¢ = conductive heat flux. 

All values are given in units of Wm‘: ; a po_s_itive value of heat 
flux is taken to be an upwards flux from the water surface. 

The net shortwave radiation ((I>s'n) was calculated 
using incoming shortwave radtiaftion (<I>5;') measurements 
taken at the airport approximately 1 km from the study 
reach: 

‘psnt ‘‘ ‘psi (1 -0!) (9'ai|’l) 

where the albedo, oz, equals 0.08 (Grenfell and Maykut, 
1977). 

The outgoing longwave radiation (<I>|o) was calcu- 
lated from 'the.St_efa,n-Bo|t_z_mann law: 

<1>.., = ea (Tw+ 2173.1)‘ (loss) 

Where Tw = water temperature 
e =. emmisivity (0.97)

g 

a = Stefan-Boltzmann constant (5.669 X 10" 
W m‘2 ).



Table 4.. Meteorological Observations 

Ta Tw P RH °si W C1. 
Date (°C) (‘'0 (Pa) (96) (W m") (m s" ) (tenths) 

- 4.4 0.28 919.6 72 7.8 5.8 0.8 
83-1 1-02 - 1.7 0.18 910.9 82 8.7 6.1 0.7 
83-11-03‘ - 3.6 0.22 909.0 92 4.7 0.4 0.9 
83-1 1-04 -r- 2.0 0.15 912.4 87 6.7 5.9 0.7 
83-11-05 - 5.1 0.14 921.0 82 8.2 3.9 0.4 

83-11-06 . - 7.7 0.00 925.9 81 9.4 1.8 0.4 
83-11-07 - 10.8 0.00 932.7 86 7.8 

_ 

4.2 0.7 
83-11-08 - 10.0 0.00 932.7 83 7.5 5.8 0.7 
83-11-09 - 12.4 0.00 929.0 77 6.9 4.8 0.3 
83-11-10 - 11.2 0.00 923.7 79 8.9 4.3 0.3 

83-1 1-1 1 -' 10.9 0.00 908.7 85 3.2 1.4 0.9 
83-11-12 - - 7.5 0.00 911.2 86 7.0 5.4 0.6 
83-11-13 - 9.9 0.00 917.6 90 4.4 0.0 1.0 
.83-11-14 - 7.8 0.00 919.0 86 3.7 3.0 o._9 
83-11-15 - 7.6 0.00 914.5 87 4.9 2.0 0.8 

.83-1 1-16 - 8.1 0.00 91 1.0 87 4.5 1.7 0.9 
83-11-17 -. 6.5 0.00 91 1.1 88 4.1 1.7 1.0 
83-1 11-18 -. 8.0 0.00 918.4 86 5.3 0.5 0.8 
83-;’1_1-19’ - 12.4 0.00 926.5 85 6.7 « 0.1 0.5 
83-11-20 - 11.9 0.00 93.4.8 86 3.6 2.2 1.0 

83-11-21 - 10.5 0.00 926.5 79 4.7 9.2 0.8 
83-11-22. - 7.8 0.00 918.6 78 5.1 7.5 0.7 
83-11-23 - 7.9 0.00 919.6 87 2.7 2.0 1.0 
83-11-14 - 8.8 0.00 925.1 84 2.8 2.3 1.0‘ 
83-1 1-25 - 8.7 0.00 926.5 79 2.4 3.7 0.9 

83-11-26 - 11.2 0.00 926.7 82 3.7 3.0 0.8 
832111-.27 - 13.5 0.00 938.3 86 4.0 1.8 0_._6 ‘83-11-28 - 11.4 0.00 943.4 87 2.6 5.8 0.6 83-11-29 - 10.8 0.00 936.7 88 3.0 ' 

5.7 0.7 83-11-30 - 12.5 0.00 929.6 86 3.2 
‘ 

5.7 0.8 

83-12-01 - 11.3 0.00 921.2 84 3.0 8.2 0.8 83-12-02 - 8.4 0.00 915.2 83 3.3 6.5 0.4 83-12-03 - 14.1 0.00 918.3 86 3.7 1.4 o.1_
‘ 

8.3;:-.12-04 - 18.1 0.00 
_ 

926.-5_ 79 3.6 0.7 0.1 83-12-05 - 19.4 0.00 931.1 74 0.0 0.1 0.4 

83-12-06. - 15.2 0.00 931.7 79 1.-3 1.4 
' 

0.7 83-12-07 -: 26.3 0.00 934.8 67 0.7 0.4 0.2 83-12-08. - .31.2 0.00 928.6 63 3.4 0.5 0.4 83-12-09 - -31.1 0.00 922.7 63 1.9 0.5 0.6 83-12-10 - 25.3 0.00 924.3 68 1.1 0.8 0.9 

83-12-1_1 - 25.7 0.00 927.6 67 1,7 2,0 o_9 
83:-.-12-12 - 25.0 0.00 927.4 66 1.7 3.1 1.0 83-12-13: - 23.5 0.00 931.9 69 1.6 1.8 1.0 83-12-14 - 19.7 0.00 933.5 71 2.4 2.7 0.9 83-12-15 - 21.5 0.00 945.8 68 1.9 2.3 0.9 

83-12-16’ — 26.0 0.00 948.9 67 2.2 03 0.3 83-12-17 -. 29.9 0.00 950.2 64 3.1 o_1 o_5 83-12-18 — 22.1 0.00 953.2 69 1.3 0.8 0.9 
$30-1.02.-1.9 -.16.6 0.00 958.3 75 1.7 1.0 99 83-12-20 - 22.3 0.00 958.0 - 68 1.8 2.8 1.0 

N015: Ta = Bil’ temperature tbsi = incoming shortwave fadiation 
Tw = water tempergture W = wind speed 
P = barometric ‘pte's's'1'1r'e CL = cloud cove; RH = relative hu'i‘i11dity



Table .4. Continued 

.iiH 
_ 1 

84602-10 69 

Date <°c> <°c> (Pa) 00 (w m-=) (111 5-1) 
« (tenths) 

83-12-21 - 32.1 0.00 963.1 61 2.7 0.0 0,4 
83-.12-22 - 32.4 0.00 963.8 62 2.5 0.4 0.0 

83-12-23 - 29.0 0.00 966.1 . 
64 2.7 0.0 0.0 

83-12-24 - 26.9 0.00" 961.4 65 2.8 1.4 0.0.
' 

83-12-25_ - 21.8 0.00 953.5 72 3.0 2.3 0.0 

83-12-26 - 28.5 - 0.00 944.2 63 3.0 0.6 0.0 

83-12-27 - 31.6 0.00 943.1 - 61 2.8 0.0 0.0 
83-12-28 - 33.3 0.00 940.9 61 2.8 0.0 0.0 

83;-12.-‘29 - 34.6 0.00 931.6 59 2.8 0.0 
' 

0.1 

8_3-12-.30 - 33.1 0.00 922.6 62 1.8 0.1 0.5 
83‘-12-'31 — 0.00 — — — — 0.8 

84-01-01 - 10.2 0.00 912.6 87 1.5 3.3 1.0 

84:-01-02 -0.5 0.00 910.3 85 
. 

1.1 5.6 0.9 

84-01-03 -2.7 0.00 913.5 82 ' 2.8 6.3 0.6 

84-01-04 - 3.1 0.00 906.0 88 1.2 6.9 0.9‘ 

84-01-05 - 10.8 0.00 924.2 
_ 

77 2.4 4.1 0.6 

84-01-06 - 15.0 0.00 932.9 77 2.7 1.4 0.2 

84-01-07 - 25.2 20.00 939.0 67 3.5 0.2 0.0 

84-01-.08 - 24.9 0.00 938.7 67 3.6 1.5 0.1 

84-01-09 — 18.6 0.00 930.9 76 1.5 1.8 0.8 

84-01-10 -9.5 0.00 926.1 82 2.5 8.9 0.7 

84-01-11 -4.4 0.00 933.0 72 3.6 5.8 0.5 

84-01-12 -3.7 0.00 942.4 
‘ 74 2.6 8.5 0.9 

84-01-13 -0.5 0.00 940.6 73 3.2 7.9 30.9 

84-01-14 -2.5 0.00 941.8 81 1.8 1.6 0.8 

84-01-15 -4.7 0.00 949.1 92 1.6 0.7 1.0 

84-01-16 -6.3 0.00 951.7 90 1.5 1.1 1.0 

84-01-17 - 12.1 0.00 944.2 83 3.4. 4.3 1.0 

84-01-18 - 18.0 0.00 937.4 74 3.1 .7.3 0.9 

84-01-19 -‘16.4 0.00 932.0 76 3.4 2.6 0.8 

84-01-20 - 20.5 0.00 931.7 71 .2.2 2.6 0.9 

84-0'1-2'1 - 25.2 0.00 918.0 69 5.1 0.7 0.7 

84-01-_2j2 - 20.5 0.00 906.2 69 3.4 2.6 0.9 

84-01-23 - 26.4 0.00 .917.7 65 6.1 1.9 0.4 

84-01-24 - 31.0 0.00 923.2 6_2 4.0 1.9 0.9 

84-01-25 - 35.6 0.00 927.2 63 6.5 2.3 0.3 

84-01-26 - 22.9 0.00 905._3 68 ‘ 6.4 5.6 0.7 

84-01-27 - 14.6 0.00. 911.5 74 4.0 2.2 0.8 

84-01-28 - 5.0 0.00 922.9 68 7.4 3.4 0.4 

84-01-29 -1 0.2 0.00 920.7 58 5.7 7.5 0.6 

84-01-30 4.0.1 0.00 91_2.4 76 5.7 5.0 0.9 

84-01-31 -0.8 0.00 916.0 71 5.2 4.7 0.9 

84-02-01 -1.7 0.00 913.4 72 4.2 7.1 0.7 

842-02-02 0.4 0.00 913.8 63 11.4 6.4 0.4 

84-02-03 - 14.9 0.00 928.8 732 2-5 2.-8 0-9 

84-02-04 0.9 0.00 922.4. 67 7.9 7.13 0.5 

84-02-05 -4.4 0.00 924.4 64 9.0 4.6 0.5 

84-02-06 -3.9 0.00 916.6 76 2.1 3.4 0.8 

84-02-07 -6.5 0.00 911.7 72 2,4 2.9 0.7_ 

84-02-08 - ‘1 1.9 0.00 922.0 62 2.4 5.2 0.1 

84-02-09 - 12.4 0.00 91 1.5 58 8.4 5.5 0.9 

- 14.1 0.00 910.0 — 5.5 1.3 0.8



Table 4. Contimled 

T, 1“, 1: RH disi w CL 
pat. (°c). (°c) (Pa) (96) (w gr’) (H! s") (tgrfihs) 

84-02-11. -8.5 0.00 905.6 74 8.3 5.1 0.8 
34:-:0;-:’1_;2 .- 10.1 0.00 900.9. 83 7.9 2.7 0.9 
84-02-13 -4.2 0.00 901.2 74 9.3 7.4 0.8 
84-02-14 -2.9 0.00 910.9 68 11.2 6.4 0.7 
84-02-15‘ - 3.8 0.00 916.0 66 15.4 5.6 0.7 

84-03-16 -2.2 0.00 920.4 72 14.0 7.2 0.7 
84-02-17 0.2 0.00 914.5 67 13.0 7.2 0.6 
.84-02-18 -2.7 0.00 916.9 65 16.3 4.6 0.5. 
84-02-19 -2.4 0.00 

‘ 

907.1 84 6.6 4.1 0.9 
84-02-20 -0.8 0.00 911.2 75 18.6 4.6 0.6‘ 

.84—02-21 -5.5 0.00 918.0 65 15.7 4.6 0.5 
84-02-22 -6.2 0.00 916.4 72 17.3 4.3 0.4 
84:-02.-2._3 -6.0 0.00 920.2 74 19.0 4.7 0.5 
.84-02-24 -9.0 0.00 924.9 72 21.1 -2.8 0.3 
84-02-25 - 10.5 0.00 932.8 73 21.6 3.0 0.1 

84-02-26 ’- 13.1 0.00 932.0 1. 74 15.9 0.5 0.6 
84-02-27 » -6.9 0.00 922.8 72 18.4 4.8 0.6 
84-02-28 0 -5.6 0.00 918.9 70 16.6 3.7 0.7 
84-02-29 -5.4 0.00 920.2 70 23.5 4.3 0.6 

8.4—03—.01 . ‘-2.41 
_ 

0.01 914.0 72 17.8 5.3 , 0.9 
84-03-02 0.2 0.01 

_ 

922.9 64 20,2 7.0 0.7 
84-03-93. -1.3 0.01 937.0 67 13.2 5.9 0.6 

2.1 
‘ 

0.01 935.5 63 ‘ 26.0 6.3 0.2 
84-03-05 -0.3 0.01 938.7 71 2.2-3 3.4 0.4 

84-03-06. 1.4 
, 

0.01 934.5. 74 17.7 2.7 0.5 84-03-07 0.2 0.02 934.4 83 25.8 2.12 
' 

0.5" 
8.4-03-08 -0.1 0.02 936.6 83 29.1 1.8 0.3 84-03-09 1.0 0.02 ' 933.3 77 

I 
27.3 2.5 0.7 

84-03-10 3.9 0.03 929.1 . 70 28.5 4.7 
y 

0.6 

84-03-11 3.1 0.03 5 926.4 81 20.9 2.8 0.9 84-03-12 1.0 0.04 924.8 84 5 10.0 2.2 1.0 84-03-13 -2.4 0.03 926.8 70 19.9 4.1 0._9 
.84-.-03’-14 .—:6.7 0.03 924.8 48 34.4 6.0 0.5 84.-03-15 -5.73 0.03 921.5 49 23.7 4.1 0.6 

84-03-16 -5.4 0.02 920.8 61 35.6 1.6 0.9 84-03-17 
' 

-3.2 0.03 917.-3 71 28.1 
_ 

3.2 0.9 84-03-18 0 -2.1 0.03 914.6 78 ' 

23.6 2.4 0.9 84-03-19 1.6 0.04 921.7 67 19.7 6.2 0.9
‘ 

84-03-20 0.1 0.04 925.7 61 24.1 1.6 0.8 

84-03-21 0.2 0.05 921.1 60 38.6 1.5 0.6 
84-:-03-:22 . -1.7 ' 0.06 915.8 65 21.3 

' 

4.0 0.7 84-03-23. 0.5 ' 0.06 . 915.3 74 31;4 3.4 0.9 84-03-24 ._ 0.9 0.08 919.6 65 T 22.4 s_7 .1_'o' 

84-03-25 0.3 0.09 - 910.2 80 26.2 1.3 0.9 

84—03_—.z_6, 2.6 
' 

0.14 919.6 66 
‘ 

4 
24.0 

_ 
3.2 

' 

‘o_s 1 84-03-27 1.0 0.17 926.6 59 
‘ 

35.6 
' 

3.6 ‘0.5 
' ‘0.7 

' 

4 0.27 3 

923.1 72 27.3 1.6 
' 

0.9 2.0- . A 0.58 925.4 65 29.6 4 6,6 0,3‘ 
4.2. 0.68 - 926.3 61 . 30.6 6.2 - 0.9 

‘ 

._ 0.84 930.7 _ 54 56.5 4.8 0.73

27



' The incoming lon'gw‘a've radiation (‘Pill was computed 
from the formula of Andersori (1954): 

on = -5.74 x 10* (c, + c, ea)(Ta + 273)‘ (gain) 

where T3 = air temperature 
ea = atmospheric vapour pressure in millibars 
C1 = constant given by 0.7432 + 0.0514CL 

+ 0.069401} 
C2 = constant given by 0.0044 + _0.0010C[_ — 

0.0271C|_2 where CL =. cloud cover in 

tenths. 

The formulas given by Fisher et al.; (1979) were used 
to compute <I>e and (Dc: 

(pa = W(egw - ea) 

and 

‘pa = ' Ta) 

where W = windspeed in metres per second 
esw = saturation vapour pressure in millibars 

(see Appendix B) - 

ea = atmospheric vapour pressure in millibars. 

Advective Heat Flux 

If the te,mperatu're and/or the ‘ice concentration of 
the water entering the reach differs from that leaving the 
reach, there is an advective heat» flux. Assuming the stream- 
flow, 0, is constant, then the net advective heat flux for the 
whole reach is given by 

‘pa = 0 P[Cp('Tin ' Tout) ‘ Li (C*in ’ C*o,ut)] 

where p = density of water (999868 kg/m3) 
' 

Cp = specific heat (4217.4 J/kg°C') 

Tin = tempe,rat__u_re of water entering reach 
Tum = temperature of water leaving reach 
L, = latent heat of melting 
0

. 

a-—-*' 3 I — concentration of ice entering reach 
C*'out = cor_ice'ntration of ice leaving reach. 

This equation specifies that if the water entering the 
reach is warmer than that leaving, then there is a positive 
heat flux to the reach. Likewise, if more ice is leaving than 
entering, then this too is a positive heat flux. While not 
mea_sured here, this term is assumed to besmgall during 
winter. 
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Frictional H.eati.n9 

Frictional heating may become important over a long 
reach of river as a means of dissipating ice, especiallyiif 

the river gradient is steep or the boundary is rough. Tsang 
(1982a) gives. a dimensional formula for frictional heating: 

<I>f=9808 OS/b (in w m") 
where S, 

'= surface slope
. 

b width of river. 

Evaluated for typical values of streamflow and river gradiient 
for the Yukon River at Whitehorse, this ex_pression yields 
va_lues of order 5 W m*’, which is small in comparison to 
surface heat flux, terms. 

Heat Exchange with the Bed 

The exchange of heat between the water and the 
strearnbed is usually disregarded. However, when ic'e.co've'r 
prevents heat exchange through the free surface, bed 
"heating may become the most important term. To estimate 
the magnitude of this component, the method of O'Neil 
and Ashton (1981) is followed. This method supposes that» 
the yearly water temperature follows a sine curve, except 
in winter ‘when the curve is flat at 0°C. The bed t‘e'm'pe'r- 
ature, however, is shielded -from seasonal temperature 
changes and is thus equal to the long-term average of water 
temperature. The heatflux is then found by integration of 
the heat conduction" equation. Use of their analysis in the 
present case yields a heat flux of or’deri2 W m”. This flux, 
if transferred directly to the i_ce cover, would sustain a 

melting rate of about 0.5 X 10”’ m d". In most cases this 
term may be disregarded. 

Heat Exchange Associated with Snowfall 

As snow‘ falls into open water, heat is lost to warm 
the snow from the air temperature to the water temper- 
ature and to melt the s_now. This heat flux is given by 

op = Ps[Li + cs (Tw — Tsl] 

where P; = snowfall per unit area 
L; = latent heat of melting . 

cs = specific heat. of snow (1860 J kg“ °C‘1_at 
» —2o°c) ' 

T5 = temperature of snow. 

Tsang (1932:) argues that this component of heattransfer 
is not important d.u.rin9 the time of maximum frazil 

production (i,.e., a clear sky and low‘ humidity), as these 
conditions do not favour precipitation. -



HEAT BUDGET RESULTS - this term approaches values of 200 Wm '2. The evaporative 
_ 

heat flux is small, rarely exceeding 50 W In". Individual, 
_Figures 38 through 42 show components of the sur- heat flux components are su,mjr’nari2‘ed in Figure 40. 

face heat flux computed from mean daily values. Here, a 
positive value denotes an upwards heat flux, i.e., a heat 
iloss. Daily" values are su'm[narized in Table 5. The l‘a'r'gest 

heat loss over open water occurs as outgoing longwave 
,ra_diation;.; Sinc'_e 0p.e.I_'I. water remains n_ear the freezing temp- 
erature throughout winter, this term is nearly ‘constant at 
306 w m*’’. The heat g'ai'n by incoming Iongwave radiation 
var_i'es l;etv_vee_n_ —150 and -250 W m” , bieing least when the 
air temperature, the humidity, and the amount of _cloud 
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Another important term is seen to be the conductive NOV DEC 39” FEE MR‘? 

heat flux (Fig. 39). During cold and/or windy weather, 1993-94 
Figure 40. Surmjrtary of individual heat flux components. 
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Table 5,.’ Surface Heat Flux- 

‘P11 ‘ts ‘Psn ‘.p]o_ _ 

¢>e 
_ _ 

<I>_c 
_ 

Asw 0, 
Date (w m") (w m") ‘ (w m-’) (w m") 

‘ 

(w_ in") (w Wm-3) (k_1_n‘) . (MW) 

83-11-01 - 7.16 307.41 28.21 51.24 - 251.17 128.53. 1.50 193 
83-11-02 - 8.04 306.96 19.50 20.45 - 260.87 

_ 

78.01 1.50 . 117 
83-11-03 - 4.29 3.07.14 0.65 2.8_8 - 257.06 49.32 1.50 74, 

83-1_ 1-04 - 6.20 306.81 13.38 23.73 - 260.23 77.49 1.50 11-7 

83-11-05 - 7.51 306.81 13.58 34.66 » -‘242;8'3 104.71 1.50 158 

83-1 1-06 - 8.61 306.16 6.25 24.88 - 233.82 94.86 1.50 143 
83-11-07 - 7.18 306.16 9.83 85.89 - 228.65 166.04 1.43 237 
83-11-08 - 6.88 306.16 17.16 110.77 ’- 231.38 195.83 1.35 

' 

265 
83-11-09 - 6.37 306.16 20.56 102.64 - 216.36 206.63 1.28 264 
83-11-10 - 8.20 306.16 17.59 79.65 --220.40 174.79 1.20 210 

83-11-11 - 2.98 306.16 4.29 21.93 - 230.49 98.91 1.13 -111 
83-11-12 - 6.45 306.16 13.94 73.89 .- 238.24 149.30 1.05 .157 

83-11-13 - 4.01 3.06.16 0.00 0.00 . - 234.88 67.26 0.98 66 
83-11-14 - 3.44 306.16 7.43 42.44 

_ 

- 241.64 110.95 0.97 . 108 
83-11-15 - 4.54 306.16 5.01 . 30.33 - 240.97 95.97 0.97 93 

83-11-16 - 4.16 306.16 3.69 26.87 - 239.99 92.57 0.96 89 
83-11-17 - 3.82 306.16 3.91 13.29 -247.16 72.38 0.96 69 
83-1 1-18 - 4.84 306.16 1.10 6.82 - 239.57 69.67 0.95 66 
83-11-19 - 6.15 306.16 0.31 2.69 - 220.43 82.58 0.95 78 
83-11—20 - 3.30 306.16 5.27 49.19 - 228.04 129.28 0.94 122 

83,-_1-1-21 - 4.34 306.16 34.61 188.82 - 230.69 294.56 0.94 276 
83-11-22 - 4.68 306.16 29.48 114.66 - 238.44 207.18 0.93 193 
83-11-23 - 2.51 306.16 5.09 27.99 - 241.96" 94.77 0.93 88 
83-11-24 - 2.55 306.16 6.77 39.24 - 238.93 110.69 0.92‘ "102 

83-11-25 - 2.19 306.16 14.97 59.41 
' - 238.46 139.8_8 0.92 128 

8,3-‘11-26 * --3.40 306.16 10.74 55.66 - 228.62 140.54 0.91 128 
83-11-27 - 3.65 306.16 3.64 31.63 - 218.13 119.64 0.91 109 
83-11-28 - 2.38 306.16 13.06 

8 
103.55 - 225.16 195.23 0.85 166 

83-11-29 - 2.75 . 306.16 12.25 118.28. - 228.72 205.22 0.80’ 164 
83-.1_1:-30 - 2.96 306.16 14.14 138.15 - 223.87 231.61 0.75 173 

83-12-01 - 2.79 306.16 23.14 178.06 - 228.63‘ 275.90 0.69 191 
83-12-02 - 3.05 306.16 19.13 105.71 - 226.21 201.74 0.64 129 
83-12-03 - 3.41 306.16 3.45 25.44 -198.54 ' 

133‘._1;0 0.58 717 

83-12-04’ '- 3.32 306.16 2.29 22.89 - 187.68 140.34 0.51 72 
'83-12-05 - 2.31 306.16 0.61 5.40 - 189.72 120.14 0.51 61 

83-12-06 - 1.22 306.16 4.97 38.01 - 213.08 134.84. 0.51 69 
'83-12-07 - 2.06 306.16 2.13 17.67 - 165.85 158.05 0.51 81 

83-12-08 - -3.08 306.16 3.04 28.19 - 158.25 176.06 0.51 90 
83-12-09 - 1.77 306.16 3.01 28.25 - 162.49 173.15 0.40 80 
83-12-10 - 1.01 306.16 4.75 41.02 - 185.42 165.50 0.40 67 

83-12-11 - 1.53 306.16 11.41 97.71 - 183.12 230.62 0.36 .82 

83-12-12 - 1.53 306.16 17.98 149.23 - 189.24 282.60 0.34 97 
83-12-13 - 1.45 306.16 9.61 81.88 - 193.44 202.76 0.30 60 
83-12-14 - 2.19 306.16 13.89 102.02 -204.33 1 215.54 0.30 63 

83-12-15 - 1.75 306.16 13.01 96.88 - 195.30 219.00 0.29 .65 

83-12-16 - 2.03 306.16 4.29 37.86 
’ - 180.30 165.98 0.27 45 

83-12-17 - 1.95 3068.816 0.54 4.98 - 1612.65 148.08 0.27 40 
83-12+18 - 1.24 306.16 4.45 32.07 _ 

- 195.52 145.93 0.27 39 
83-12-19 - 1.56 306.16 4.47 31.91 - 214.55 126.43 . 0.26 33 

83-12-:20 - 1.65 306.16 14.93 114.75 - 196.35 237.84 0.26 62 

Note: tbs" = net shortwave radiation (PC = conductive heat flux 

d>1i = in‘c'or_ning longwave radiation (D5 = total surface heat-flux 

010 = outgoing longwave radiation Asw = a1'e_a of open water above study reach 
‘Fe = evaporative heat flux 451 = areal helat flfli (‘Vs X Asw)



“table 5. Continuied 

05,-, 010 0. 1 <56 ‘Pu ¢s Asw ff”: Date (w 111-‘) (w 111-") (w m") (w Hr’) (w m5’) (w m") (km.’) N _ 
_<_MW> 

83-12-21 - 2.48 306.16 . 0.27 2.42 - 154.41 151.96 0.26 40 
834125212 - 2.34 306.16 2.76 25.79 - 146.28 186.10 0.26 48 
83-12_-23‘ - 2.50 306.16 0.15 1.36 - 154.42 150.75 0.26 39 » 

8'3-12-24 - 2.61 306.16 7.99 67.66 - 159.91 219.29 0.26 56 
83-12-25 - 2.76 306.16 1 1.18 96.98 - 174.57 236.99 0.25 60 

8'3-1_2-26 - 2.74‘ 306.16 3.63 30.49 - 155.48 182.07 0.25 45 'g_3-12_.‘27 - 2,55 306.16 0.00 _ 0.00 - 147.85 155.74 0.25 39 83-12-28 - 2.56 306.16 0.32 3.02 - 143.72 163.21 0.25 40 
83.—12—29 -. 23.56 306.16 0.00 0.00 - 141.95 161.64 0.24 319 83-12-30 - 1.62 306.16 0.78 7.11 - 153.06 159.29 0.24 38 83-12-31. _ 306.16 — — — — — — 
84-01-01 4 1.38‘ 306.16 4.65 23.83 - 242.41 90.86 0.24 22 
84..-01;-02 - 1.00 306.16 14.65 -7.40 - 276.75 35.67 0.23 8 84-01-03 - 2.62 306.16 20.32 32.80 - 253.93 102.73 0.23 24 84-01-04 - 1.14. 306.16 14.46 41.35 - 265.63 95.20 0.23 22 84-01-05 - 2.19 306.16 15.82 66.94 - 225.79 160.94 0.23 37 

84-01-06 - 2.53 306.16 5.85 38.23 - 199.34 148.38 0.23 34 84-01-07 - 3.25 306._16 1.04 9.21 - 165._37 147.79 0.23 34 84-01-08 - 3.27 306.16 7.77 61.24 - 167.32 204.58 0.23 46 84-01-09 - 1.34 306.16 5.70 44.59 .- 205.82 149.29 0.22 34 84-01-10 - 2.29 306.16 27.99 162.98 - 233.30 261.54 0.22 58 

84-01-11 -3.33 306.16 26.20 44.43 - 241.55 131.90 0.22 29‘ 84-01-12 - 2.41 306.16 38.45 59.50 -‘ 261.00 140.69 0.22 31 84-01-13 . - 2.98 30,6.»1_6 36.96 11.12 - 273.89 77.38 0.22 17 84-01-14 1.69 306.16 7.28 0.65 - 260.84 51.56 0.22 11 84-01-15 - 1.48 306.16 . 0.96 5.87 - 261.43 50.08 0.22 11 

84-01-16“ - 1.40 306.16 1.99 13.07 - 255.28 64.55 0.22 14
\ 

84-01-17 -. 3.13 306.16 12.39 102.89 - 233.03 185.28 0122 41 84-01-18 -2.870 306.16 33.94 250.28 - 211 .07_ 376.43 0.22 82 84901-619 - 3.10 
6 

306.16 11.14 80.62 -211.42 183.40 0.22 40 84-01-20 - 2.05 306.16 1 3.62 105.07 - 200.45 222.35 0.22 48 
84-01-21 - 4.68 3.06.16 3_s1 » 30.92 - 182.01 154.26 0.22 3 3 
84;—!0.1:,2;2. — 3.08 3.06.16 14,29 105.18 - 200.68 221.88 0.22 48 84-01-23 -5.65 306.16 11,71 89._84 - 170.49 231.57 0.22 50 84-01-24 3.68 306.16 12.93 116.44 - 169.66 262.20 0.21 56 84-’~0'1'é2_5 - 5.99 306.16 19,49 135.41 - 151.01 349.19 0.21 74 
84-0'1-26. - 5.92 306.16 31.47 252.90 - 186.84 

. 397.77 0.21 84 84501-2;7 »- 3.72 306.16 7.17 - 25.49 - 219.12 115.98 0.21 24. 84-01-28 - 6.81 306.16 18.83 20.85 - 237.38 101.64 0.21 22 84-01-29 - 5.217 3o6;16 53.80 -3.61 - 265.08 86.01 0.21 18 84-.01-'30 -. 5.22_- 306.16 23.92 -1.93 - 273.65 49.39 0.21 10 84--01-"31 - 4.78 306.16 23.23 4.56 — 271.79 56.01 0.21 12 
84402-011 - 3.89 306.16 33.72 18.91 - 261.88 93.01 0.21 -20 84-02-02 4- 10.152 306.16 41.95 -6.63 - 257.01 73.96 0.21 16 .84-02-03 -. 2.34 306.16 14.31 77.38 - 221.32 174.18 0.21 36 84-0250‘? - 7-3.0 306.16 . 

_ 42.24 -14.36 - 265.15 
. 61.59 0.21 1 13 84,502-05 — 8.26 306-16 30.88 . 33.24 — 245.26 1 16.76 0.21 25 

84-02-06 .- 3.61 306.16 12.43 26.90 - 256.98 84.90 0.21 18 34;-°2v‘—0V7 - 4-52 30621.6 . 20.99 40.86 - 241.96 121.53 0.21 .25 841-0.2.-08 
' --6-32 306-16 35.15 113.77 - 204.25 244.50 0.21 51 684-02-09 - 7.77 306.16 41.62 131.54 - 225.81 245.75 0.21 51 84-02-10 -15.03 306.16 8.33 33.66 - 218.17 124.95 0.21 26

31



Table 5. Continued 

84--03-3_1 -52.01 

.¢5“ .¢1° ‘be ‘be ‘Dli °s Asw ‘pt 

Date (W m") 0” m") (W m") (W m") (W m") (w m-‘*5 <km’> (MW) 

84-02-11 - 7.61 306.16 23._26 73.80 - 238.67 156.93 0.21 32 
84-02-12 - 7.23 306.16 8.64 44.18 - 236.76 115.00 0.21 24’ 

" 84-02-13 - 8.52 306.16 33.85 56.70 - 255.82 132.37 — — 
84-02-14 - 10.29 306.16 35.28 37.07 256.70 111.51 - - 
84-02-15 - 14.15 306.16 32.47 40.67 - 250.81 114.34 - - 

'84-02-16 - 12.84 306.16 35.52 26.58 --258.92 96.51 - - 
84-02-17 - 11.93 306.16 40.82 -2.97 - 261.85 70.24 — - 
84-02-'18 - 14.98 306.16 28.48 23.15 - 248.22 94.59 — — 
84-02-19 - 6.04 306.15 11.77 19.13 - 266.82 64.19 — - 
84-02-20 - 17.08 306.16 

‘ 

18.89 4.20 - 261.04 51.14 — — 

84-02-21 - 14.46 306.16 27.41 49.86 - 240.80 128.17 — _. 

84-02-22 - 15.92 306.16 21.50 47.34 - 232.84 126.24 — — 
84-02-23 - 17.48 306.16 20.90 49.89 — 235._12 - 124.36 — — 
84-02-24 - 19.40 306.16 16.70 36.00 --220.27 119.18 — —~ 

84.-02-25 - 19.86 306.16 17.27 43.26 - 211.94 134.91 — — 

84-02-26 - 14.66 306.16 2.-2.6 9.85 - 217.74 85.86 — — 
84-02-27 - 16.93 306.16 23.32 62.29 - 236.82 138.01 — — 
84-02-28 - 15.27 306.16 21.13 32.72 - 246.18 98.55 - — 
84-0'2-2'9 - 21.58 306.16 22.06 44.43 - 241.56 109.52 — —' 

84-03-01 - 16.35 306.21 26.68 20.97 - 263.37 74.14 — — 
84-03-02 - 18.60 306.21 42.77 - 2._32 - 265.48 62.59 — - 
84-03-03 - 12.13 306.22 33.10 13.94 - 259.88 81.24 — — 
84-03-04 - 23.95 306.21 40.03 - 24.16 - 256.62 41.52 — — 
84-:—03-:05 - 20.52 306.22 

‘ 

21.02 - 15.51 - 257.35 33.86 - — 

84-03-.06 - 16.27 306.22 . 13.72 - 12.50 - 266.38 24.79 — — 
84-03-07 - 23.7.7 306.23 8.82 - 15.71 - 261.43 14.13 — — 
84».-03-08 - 26.76 306.23 7.55 - 13.37 - 252.45 * 211.19 — — 
84,-03-09 - 25.08 306.25 14.69 - 19.78 - 268.84 7.24 — — 
84-03-10 -26.23 306.27 24.34 - 34.00 - 277.53 - 7.14 — - 

84-03-11 - 19.27 306.30. 8.28 -14.04 - 286.63 » -5.36 — — 
84-03;-12 -9.23 306.34 5.95 -4.01 - 284.16 14.89 — — 
84-03-13 - 18.31 306.31 24.64 - 21.94 -' 267.31 67.27 _ _ 
84-03-14 - 31.62 306.30 7 53.78 80.25 - 233.19 175.52 - — 
84-0j3-15 - 21.78 306.28 38.03 42.03 » - 242.73 121.83 - — 

84-03-16 - 32.72 306.27 14.24 3.15 - 251.91 39.03 — -1 

84-03-17 - 25.88 306.31 17.20 12.40 - 260.70 49.33 — .- 

84-03-18 - 21.74 306.30 10.35 5.25 - 268.85 31.31 — — 
84-03-19 - 18.10 306.33 35.51 - 19.57 - 283.41 20.76 - - 
84-03-20 - 22.16 306.32 10.51 0.81 - 271.34 22.52 — — 

84-03-21 - 35.47 306.37 10.09 ' 1.48 - 263._18 19.29 — — 
84-03-22 - 19.62 306.42 24.95 10.13 - 259.79 62.09 — — 
84-03-23 - 28.87 306.43 20.59 - 13.13_ - 277.76 7.26 — — 
84:-03-24 - 20.65 306.50 35.28 - 10.95 - 281.49 28.69 — — 

84-03-25 -. 24.08 306.54 6.84 -5.51 - 278.89 4.91 - — 

84-03-26 - 22.10 306.80 16.63 - 11.28 - 282-26 7-79 — - 
84-03’-27 - 32.79 306.92 25.94 -7.01 - 264.03 29.02 — - 
84-03-28 - 25.08 307.37 9.79 -5.18 - 275.89 11.00 — — 
84-03-29 - 27.217 308.75 42.58 - 22.63 1- 278.21 23.23 — — 

84-03-30 - 28.13 309.23 45.00 - 44.38 - 290.15 -8.44 — — 
309.92 41.89 - 20.97 - 260.18 19.09 — —
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‘where he . 

nEGREE—nnYs 

i(§S‘O,.{RT)_ 

Figure 41 shows the seasonal pattern for surface heat 
flux over open water. This‘ curve is characterized by both 
a seasonal trend, with highest lo"sse's in December, and large 
f|.us:t_uat.iohs at .the. synoptic t.ime scale, The total heat flux 
for the reach, 4?}, obtained by multiplying (P5 byhthe area 
of open water (Fig. 21), "is shown in Figure 42. This curve 
is characterized by a dramatic decrease in heat flux during 
the first. half of bécerhber due, of 'cjou‘rsé, to freeze-up of 
th_e.reach.' 

THE DEGREE-‘DAY METHOD 

Some u,ndetrsta_nding of heat transfer and ice con- 
ditions can be gained through the use of empirical models. 
For example, the degre'e—day method has long been used to 
"predict ice grovvth (but see Ashton, 1978). Although the 
.de9r.eed.av a_ppro.a<;h is usu.a.l|.v taken.‘ only when heat 
budget data are lacking_, we will at least test its applicability 
to the Yukon River. 

Here,'the ice thickness, h, is supposed to be pro- 
p’ort_io’nfa_l to the square root. of the cumulative degree-days 
of freezing air temperatures, D, after the initial formation 
of iée:3 

"h '=*ho + Jo 51/2 

initial ice thickness ‘ 

empirical coefficient that varies with loca- 
tion. Reported values of J‘) (Bengtsson, 
1982) ‘range from 1.15t'o 3.5 cm/(°C day) °'A5 , 

depending on snow cover. 

Jo 

Degree-‘day curves of the study reach are shown in 
Figures 43 and 44._ When applied to the growth of static 
ice, these data suggest the Jo is approximately 3.0 cm/ 
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Figure 43. Degree-day vs. time. 
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‘Figure 44. Degree-days in relation to ice thiclmfess. 

(°C day)°‘5. However, as noted by Ashton (1978), this 
approximation is only useful in situations where the ice 

thickness exceeds several centimetres. 

LINEAR HEAT FLUX APPROXl:MA‘TlC)_N' 

For many engineering applications, it is useful to 
approximate the surface heat flux, He, by a linear function 
of the air-water‘ temperature difference; for exa_rnp|e, 

He==ATPB(T“r'Ta) 

where A and B are coefficients that depend upon local 
conditions, e.g., solar radiation, cloud cover, and wind T 

speed (Paily etal., 1974). These coefficients were évalhuafted 
from YISEX data (Figs. 31 and 41). Rough values for the 
coefficients A a_nd B are 50 W m'2 and 8 W m‘2 °C-, 

respectively. - 
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Figure 45. Linear heat flux approximation.
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Comparison of He (Fig. 45) with (D5 (Fig. 41) 
suggests that for quick estimates of surface heat flux, the 
linear heat flux equation may be used. However, this 
method does not allow for the effects of wind speed on 
heat exchange.. If greater accuracies are required, an 
approximation of the form He é (a + bW') (TW —.Ta),vvhere 
a and b are curve.-.fitting coefficients, and W ‘is wind speed, 
may beused (G.D. Ashton, 1985, .U.S. Army, Corps of 
Engineers, Cold Regions Research and Engineering Labora- 
tory, pers. com.). 

INTERIOR HEAT T_R,A,|\_l$F,ER: RIVER TO ICE 

Following Baines (1961), the, flux of heat from 
isothermal water to the ice cover is 

C k T 
(Re) (Pm/3 

2am 

34 

.shear coiefficient (of order 0.01)
_ 

— thermal c“ondu‘ctivit?y (0.564 _W m*‘ °c"‘) 
Tw =- water te.mpe.ratu.re (°C) 

distance from ice to the depth of maximum 
velocity

1 

Re e Reynolds number (Uod/V) 
P, = Prandtl numbier (Cpu/k = 13.6 at~Tw = 0°C‘)

5 3" 3 (D 
-58 

Ill 

= velocity . 

v .= kinematic viscosity (1.787 x 10" m2 s“) 
[.1 

= dynamic viscosity (1.787 x 10‘3 kg m“ s“) 
Cp =‘ specificheat (4217.4J kg“ °c"). 

Evaluating the above equation for water conditions at 
breakup (assuming a water temperature Tw v=’ 6.01°C) 
yields a heat flow of order 50-W m‘2 . lf=all this heajt’i,s usec;_l 
to melt ice, a melting rate ofabout 0.014 m d" isobtained. 
This melting rate, in turn,.»would remove about 0.3 m of ice 
cover in a'p'prbxjimate_Iy' 20 days. While add'itibn‘aI7 heatjing 
of the ice occurs through the ab_sorp,tio_,n_ of solar radiation, 
this flux is certainly sufficient "to account for 
ripple formation.

'



Hydrology 

This chapter has three main objectives: 

(1) to document the relationship between water level 

and §t'r"eaarnf'|’o"w.thro'u'gh’out the ice cycle; 

(2) to show how the presence of ice affects the lateral 
and vertical velocity fields: and 

(3) to examine the h_ydra_ulic resistance offered by the 
evolving ice cover. 

For an isntrodsuctoion to the general subject of flow 
in ice-covered rivers, see Beltaos (1979). 

WATER LEVELS AND ST"l’lEAMFL_OW 

[3u_ring f_re_ege-up, the i_c_e cover initially bridges over 
at the lower constriction of the reach and then progr’e‘s'se‘s 
upstream (Fig. 191). The main‘ effect of this initial closure of 
the river is a" nears doubling of the wetted ‘perimeter,iwhich 
cornbi_ned with the increased resistance associated with 
.r:novi_ng frazil floes and pans, serves to form temporary 
control sections within the reach. For a constant flow rate 
there‘ must be a correspovnding increase in the depth of 
'f_low_.: __As the depth of flow increases, a biack‘water'-type” 
surface profile develops ahead of the advancing ice cover. 

Some of the effects ‘of increased resistance are evident 
in the‘ 'wa‘t‘e’r l'ev‘el' data. For example, daily water level 
‘values. at the three st'a'tions are shown in Figure 46. Each 

T shows the sarne ,g'en.er_al.pa't_ter,n,: a rapid jump at freeze-up, 
a gradual decline throughout winter, and a rapid drop at 
bre,a_lg_up-.~ The ‘corresponding slopes are shown in Figure 47. 
Even ‘for the almost constant diischafge of the reach, the 
‘surface slope 'v'a'rie's by a factor of 5. The mo_st pronounced 
changes in surface slope occur during periods of ice~cov'er 
t.ransi.tion.. 

The transitionzfrom ice-free to ice-covered conditions 
is shown in Figure 48. Here the water level at AM is plotted 
relative to the location of the advancing ‘ice front. Shore 
ice, vvhjich begins forming in late November, has no appar- 
ent -effect on the ‘flow. In fact, there is very little effect 
on water level until the ice front moves upstream past M. 

Cl-l'A‘l5T‘l'"E'R 6 

The most rapid change in water level begins when the front 
is 1.5‘ km above M and continues until the front is within 
100 m of the section. 

The effect of the advancing ice fronton the hydraulic 
gradient is illustrated in Figure 49. Prior to freeze-up,'the 
water level is low and the curve is con'ca've up'wa'rds, i.e., 

the river slope from AM to M is greater than the slope from 
M to BM. Subsequent to bridging at BM, the water level
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Figure 46. Daily water levels at AM, M, and BM. 
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rises and, for a short time, there is noslope between M and 
BM. As the ice front progresses past M. the curve i.f1v<..é’r-ts. 

i.e., it turns concave downwards. At" complete freeze,-up, 
" 

the curve is back to its normal shapie; however, water levels 
are about 1.5 m higher than at the initiation of freeze,-,up. 
Water levels then decline throughout the remainder of" the 
winter. 

VELOCITY DISTRIBUTIONS 

A typical transverse section of velocity is shown in 

Figure 50. A weilvldefifned velocity core is located 20 to 
50 m from the, left bank: This core is associated with the 
deepest. ‘part of the channel. While this core occupies only? 
one third of the channel, it contains approximately 90% 
of the streamflow. In this partgicular section, the frazil‘ 

deposition »is thinnest above the velocity core; Further’ 

examples of the effect of the frazil dam on velocity profiles 
are illustrated in Figure 51. 

Afeeling’ for the degree of variability in the velocity 
field can be gained fro_m Figure 52. ’Here, consecutive
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Figure 50. Velocity section. 

observations of velocity, each representing one-minute 
mean’ values, were made at the 0.6, 0,7, and 0.8 depths. 
At» each of these depths, turbulent fluctuations result" in 
a spread i_n velocity of 0.1 rn 5“ . 

The above data on velocity distributions can be used 
to estimate a dispersion coefficient for the Whitehorse 
reach during winter. 

HYDRAULIC RESISTANCE 

The hydraulic resistance of ice-covered rivers has been 
discussed by several authors, including Nezhikhovskiy 
(1964), Carey (1966), Larsen (1969), Uzuner (1975), 
Pratte (1979)_, Tsang (1982b), and Santeford and 
Al§gr.- (1984). 

There are two basic approaches to deterjmiyning flow 
resistance. One method is to determine a bulk coefficient of 
roughnessthat relates flow to surface slope and hydraulic 
radius. The other is to deduce the hydraulic roughness 
directly from the velocity profile normal to the surface of 
interest. The choice of method depends on the problem" 
at hand: a simple slope versus st_reamf|ow _relationship may 
suffice for some applications; at other times it may -be 
desirable to isolate the ice-cover roughness from -the bed 
and other types of resistance. Here both approaches ‘are 
used so that a comparison can be made. 

Bulk Resistance Coefficients 

General Formulations 

Three equations, all relating flow velocity, U, to 
surface slope, S, and hydraulic radius, R, are routinely used 
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(m) 

DEPTH 

- CLEANVIQE Zoedescribe steady, uniform. lflowsin open channels. These 

ll Che_z‘y equation 
I 

U VQR1/2 31/2 

1‘/n ‘(R2/3 s1/1) Manning's equation U 

(39/fl‘/2 la"/=‘ s‘/2‘) Darcy-Weisbach equation U 

where_C is the Chezy rou'ghn_ess coefficient (rougosity); 
n, Ma_n_riing's roughness coefficient; and f, the Darcy'- 
Weisbach friction factor. V 

DEPTH 

(I'I‘I)~ 

These equations are convertible from one to another 
by: 

c = (89/fl‘/2

~ 

c= (1/n) R1/6 
.~, . 4£.1,}:&>s£-,—=2.s'/.=er/;“’/3!‘ 

, T -_ .. 

o 0.5 
VELOCITY (m s") 

The Chezy and Darcy-Weisbach coefficients differ only by a 
dimensional rnultiplier. The conversion from Ma"n’ning"s 

Figure 51. Velocity p'r'ofile's beneath clean ice and slush ice in a to the Chezy coefficient’ however’ is propgmonal to R1/6' 
section normal to the frazil dam. " 

g V g

' 

There are no firm rules for selecting‘ one approach 
over the other. At best they are all only approximations 
of the true (i.'e., unsteady and non-unifoirm) conditions that 
prevail in an ice-covered river. lVl:a,nn"ing"s equation is more 
widely used -,be_ca,us_e, having a stronger functional depen- 
dence on R, if is less variable. However, because the Chezy 
approach is‘ older and ‘more basic, it will be used here. 

' WATER LEVEL~ 
1'0‘ 9 Method of Calculation 

- The lack of homogeneity in ice conditions during 
_ 

, 

freez_e-up and ,brea_k_-up makes ca_lculafti_on, of a res_ist_an_ce 
‘ 

coefficient difficult. lngth_e following, the basic assump-. 
tion is made that the Chezy equation holds for reach- 

_ 
wide average condVit'io"ns“.of percentage of ice‘ cover, cross- 

= 
. 

V 

. Q6 __ 
l 

sectional area, and njnea'"n velocity. -Under this assumption 
_ the following steps were taken to cor_hpute- the Chezy 

so V 0, _____HH__ T 

coefficient. 

. 
A 

, 

,°'8 
__ 

(1) Daily values of streamflow, 0, were obtained from 
5 T V 

_ 

. 

’ 

' the NCPC-dam (Fig.8). 

2.0 "‘- 

4_o _ J »— 
4 

BOTTOM (2) The surface’ slope, S1, was computed as the height 
« 

' difference between M and AM. 
I I I I I I I I |Ml;,VI I I 1 I 

' 

_ g 

0 0 5 -to ~ V 

,_5 (3) The effective cross-sectional area, A9,. was takennto 
VELOCITY (m S-1) : be the total -cross-sectional area of the section-, At,- 

- less the cross-se’ctio'nal areas of the ice, Ag, and the 
Figure 52. Example of velocity fluctuatioii. frazil darn, Ad. in calculating the cross-s”ectiona’li
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areas, the conditions prevailing at M weregtaken 
to be repres_e_ntative of t_he reach. However, 
at freeze-up and breakup, account was taken of 
the percentage of ice cover within the reach, IC, 
such that Ae was a reach-wide average condition; 
hence, A5 = At -' (IC/100)(Ai + Ad). 

(4) The mean velocity wa_s obta_ined by dividing strea_m- 
flow by the effective_ cross-sectional area, U0 = O/Ae. 

(5) The hydraulic radius was found by dividing the ef- 
fe'c'tiv'e cross-sect_ional area by the effective wetted 
perimeter, R = Ae/Pe. When the re_ach was ice-free, 
the Width of the river at M was taken as a reasonable 
approximation. As the ice cover formed, account 
had to be taken for the effect of the "upper" bound- 
ary. Often this is done by simply doubli_ng the width. 
However, because the frazil dam obstructs a large 
part of the channel, it acts to decrease the effective 
width of the channel (Clement and Petryk, 1980). 
In the present study, we found that little streamflow 
6c"cu'rr“ed in those portions of the channel where the 
frazil dam occupied more than half the depth. We 
therefore decided to ex’clude this portion of the 
channel when calculating the wetted perimeter. 

Using the slope S1 along with the cross section M 
is admittedly" an approximation, leading to some aliasing 
of the results, particularly when M is in the backwater 
region created by the‘ advancing ice front. 

Daily values of parameters related to channel geo- 
metry are listed in Table 6; daily values of the correspond- 
ing flow _parameters are listed in Table 7. 

Seasonal _Pa_tterns in the Chezy Coefficient 

Daily values of the Chezy coefficient obtained from 
this analysis are shown in Figure 53. Prior to the formation 
of ice in the ‘reach, the Chezy coefficient was large, 
indicating" low ,re'sista_nce to flow. Immediately following 

. the initial, formation of ice, the coefficient fell by a factor 
of 2, to its seasonal minimum. Afterwards, the value of C A 

gradually "increased to its winter maximum and then de- 
clined "at. breakup b'e’fo're returning to open-water values. 

The Chezy coefficient computed above is, in fact, 
a composite c’oe‘ffic'ie'nt-, representing the combined drag 
of the bétI9.fl1 and, the ice cover. To relate the composite 

‘ 

coefficients to those of the channel and the ice, one may 
write 

Co = {.21/[(1/Ca’) + (1/Cb2)]}1/2 

where C; = Chezy coefficient (upper layer) 

Cb = Chezy coefficient (lower layer). 
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Figure 53. Chezy coefficient vs. time. 

Generally, composite resistance coefficients would be ex- 
pected to be higher than the open-water value because the 
effects of a smooth undersurface are being averaged i_nto 
the calculations. However, this is not always the c_ase in the 
present data. This would imply that the presence of frazil, 
slush, pans, anchor ice, or ripples sometimes decreases 
the va_lue of Co below that of Cb. 

An interesting view of the entire ice cycle may be 
gained by plotting the Chezy coefficient in relationship to 
the water level (Fig. 54). At the initiation of free'2e-up 
(November 24), the Chezy coefficient dropped markedly to 
a seasonal minimum and the water level began to rise. As 
frazil flows became prominent, the Chezy coefficient began 
to increase as the water levels continued to rise. Sub'se'quen't 
to freeze-up at a given location, the water levels dropped 
as the Chezy coefficient increased to its seasonal maximum, 
which, in turn, corresponded to the time of highest flow 
velocities. Then, with the initiation of breakup, the Chezy 
coefficient dropped sharply in_ response to rough ice con- 
ditions. After breakup the Chezy coefficient increased to 
its summer (open-water) value. 

Analysis of Velocity Profiles 

Hydraulic roughness can also be co_mputed from velo- 
city profile measurements. This method isolates the ice- 
cover roughness from other sources of resistance such as‘ 

bed roughness and non-uniformities.
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Table 6. Channel Geometry 

At Ai Ad IC Ac b b‘ Pe 
Date <m’> <m’> m’) 0%) mu’) (m) (m) (m) (m) 

83-11-24 190 o o 0 190 104 o "164 
0 

1.83 
83-11-25 194 0 0 0 19.4 104 0 104 1.86 

83-11-26 198' 0 0 0 198 103 0 103 1.92 

83-11-27 202 0 0 0 202 103 0 103 1,96 
83-11-28 206 0 0 0 206 V 102 0 102 2.02 
83-11-29 212 0 0 0 212 102 0 102 2.08 
83-11-30 232 0 0 0 222 102 0 1,02 2.18 

83-12-01 256 0 0 0 256 _102 0 102 2.51“ 

83-12-02 285 0 0 0 285 102 O 102 2.79 

83-12-03 295 0 0 0 295 _ 
101 0 101 2.91 

83-12-04 306 4 - 12 23 302 101 2 122 2.48 
83-12-05 299 8 24 23 292 101 4 119 2.45 

83-12-06 317 12 36 23 316 101 6 116 2.72 

83-12-07 231 14 48 23 307 101 8 114 2.69 

83-12-08. 319 16 60 23 302 101 10 112 2.70 

83-12-09 332 18 72 30 302 100 12 114 2.65 

83-12-10 330 20 84 39 289 100 14. 120 12.41 

83-12-11 330 22 96 43 279 100 16 120 2.33 

83-12-12 328 24 108' 68 238 100 18 138 1;.;7:2 

83-12-13 332 26 120 80 215 100 ’ 21 142 1.51 

83-12-14 330 27 126 80 208 100 25 135 1.54 

83-12-15 326 28 126 81 201 100 25' 136 1.48 

83.-12-16 324 29 126 85 192 100 26 137 1.40 

83-12-17 322 30 120 86 193 99 26 136 1.42 

83-12-18 321 31 119 86 192 99 27 134 1.43 

83-12-19 318 32 118 87 188 99 27 135 1.39 

83-12-20 317 33 117 87 187 99 28 133 1.41 

083-1_2.-2_1 316 34 116 88 186 9.9 28 133 1.40 

83-12-22 316 35 115 88 184 99 29 132 1.39 

83-12-23 314 36 114 89 180 98 29 131 _1.37 

83-12-24‘ 314 37 113 89 180 98 30 129 1.40 

83-12-25 309 38 112 90 174 98 30 129 1.35 

83-12-26 308 39 111 91 172 98 31 128 1.34 

83-12-27 309 40 110 92 171 98 31 1-27 1.35 

83-12-28 304 41 109 93 165 98 32 127 1.30" 

83-12-29 311 42 108 94 170 98 32 128 1.33 

83-12-30 311 43 107 96 16,8 98 32 129 1.30 

83-12-31 308 44 106 97 163 98 33 128 1.27 

Note: At = total cross—section_a_l area 

A; = cross-sectional area of ice 
Ad é cross-sectiqnal area of frazil dam 
IC =. percentage of ice cover in reach 
Ae = effective cross-sectibnal area of open water [At - (IC/l00)(Ai + Ad)] 
b = width of river 
b‘ = width of frazil _dam 
P9 = effective wetted perimeter 

= b : no ice cover 
= (b — b‘) + (IC/100)(b —b') : partial ice cover 
= 2(b-b‘) : complete ice cover 

R = hydraulic radius (Ae/Pe)
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Table 6. Continued 

At A; Ad IC Ae b 1:‘ Pg R 
Date (m’) (m’) (m‘) (96) (m’) (m) (In) (In) (III) 

84-01-01 . 310 45 105 98 163 98 33 129 1.26 
84-01-02 307 46 104 100 157 97 33 128 1.23 
84-01-03 308 47 103 100 158 97 33 128 1.123 
84-01-04 3044 48 102 100 154 97 34 126 1.22- 

84-01-05 300 49 101 100 150 97 34 126 1.19 

84-01-06 299 50 100 100 149 97 34 126 1.1.8 
84-01-07 296 so 100 100 146 97 34 [126 1.16 
84-01-08 295‘ 51 99 100 145 97 34 126 1.15 
84-01-09 295 52 98 100 145 97 34 .126 .1...1_5 

84-01-10 292 52 97 100 143 97 34 126 1.13 

84_—-01-11 291 53 98 100 140 97 34 126 . 1;.1_1 

84-01-12 291 54 95 100 142 97 34 126 1.13 
84-01-13 289 54 94 100 141 97 34 126 1.12 
8401-14 287 55 93 100 139 97 34 126 1.10 
84-01-15 286 56 92 100 138 97 34 126 1.10 

84-01-16 286 56 91 100 139 97 34 126 1.10 
84-01-17 284 57 90 100 137 98 34 128 107 
84-01-18 282 58 89 100 135 98 34 128 1.05 
84-01-19 280 58 88 100 134 98 34 128' 1.05 
84-01-20 278 59 88 100 131 98 34 128 1.02 

84-01-21 277 60 87 100 130 98 34 128 1.02 
84-01-22 278 60 86 100 132 98 34 128 1.03 
84-01-23 278 

_ 

61 86 100 131 99 34 130 1.01 
84-01-24 278 62 85 100 131 99 34 130 1.01 
84-01-25 279 62 84 100 133 99 34 130 1.03 

'84-01-26 279 63 84 100 132 99 34 130 1.02 
84-01-.27 27,8 64 83 100 131 99 34 130 1.01 
84-01-28 277 64 82 100 131 100 34 132 0.99 
84901-:29 276 65 82 _ 

100 129 100 34 132 0.98 
84-01-30 276 . 66 81 100 129 100 34 132 0.98 
84-01-31 274 66 80 100 128 100 34 132 0.97 

84.-02-01 27-2 66 80 100 126 101 34 134 0.94 
84-02-02 270 67 79 100 124 101 34 134 093 
84-02-03 269 67 79 100 123 101 34 134 0.92 
84-02-04 268 68 78 100 122 101 34 134 0.91 
84-'-02505 267 68 77 100 122 102 34 136 0.90. 

84-;-02-06 266 69 76 100 121 102 34 136 0.89 
84-02-07 265 69 76 100 120 102 34 136 0.8_8 
84-02-08 264 69 74 100 121 102 34 136 0.89 
84-02-09 266 70 73 100 123 102 34 136 0.90 
84-02-10 267 70 72 100 125 102 33 138 0.91 

84-02-11 266 70 71 100 125 102 33 138 0,91 84-02-12 264 71 70 100 123 102 33 138 0.89 
84-02-13 .263 71 69 100 123 102 33 138 0.89 
84:-02214. .264 71 68 100 124 102 

‘ 

33 138 0.90. 
84-02-15 266 72 67 100 127 102 33 138 0.92 

84-02-16 265 72, 66 100 127 102 32 140 0.91 
84-02-17 _264 72 65 100 127 102 32 140 o_91 
84-02-18 263 73 64 100 12_6 102 32 140 0.90 84-02-19 262 73 63 100 126 102 32 140 0.90 
84-02-20 260 73 62 100 125 102 32 140 0.89
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Table 6. Continued 

At Ai Ad IC Ac b 'b‘ Pe R 
Date <m’> <m’> <m’> <%) on’) (m) (m) (m) ’ (m) 

84-02-21 260 74 61 100 125 102 
' 

31 142 088 
84-02-22 260 74 60 100 12_6 102 31 142 089 
84-02-23 258 74 59 100 125 102 31 142 0.88 
84-02-24 256 75 58 100 123 ' 102 31 142 

' 

0.87 
84-02-25 258 75 57 100 126 102 31 142 0.89 

84-02-26 259 75 56 100 128 102 30 144 0.89 . 

84-02-27 1 256 76 55 100 125 102 30 144 01.87 
84-02-28 253 76 54 1 100 123 102 30 144 0.85 
84-02-29 256 76 54 10.0 126 . 102 so 144 0.88 

84-03-01 258 76 53 100 129 102 30 144 0.90 
84-03-02 257 75 52 100 130 102 30 144 0.90 
84-03-03 255 75 51 100 129 102 28 148 0.87 
84-03-04 256 75 50 100 131 102 26 152 0.86 
84-03-05 257 75 49 100 133 102 24 156 0.85 

84-03-06 257 75 47 100 135 102 21 162 0.83 
84-03-07 256 75 45 100 136 102 18 168 081 
84-03-08 258_ 74 43 100 - 141 102 15 174 0.81 
84—03—09 259 72 41 100 146 102 12 180 

, 0.81 
84-03-10 258 70 39 100 149 102 9 186 0.80 

84-03-11 257 68 36 100 153 102 6 1_92 0.80 
84-03-12 257 66 33 100 158 102 3 198 0.80 
84-03-13 258 64 30 95 168 102 0 ' 198 0.85 
84-03-14 257 62 28 90 176 102 0 194 0.91 
84-03-15 256 60 25 90 180 102 0 194 0.93 

84-03-16 255 58 22 90 183 102 0 194 0.94 
84-03-17 252 56 19 90 184 102 0 194 0.95 
84-03-18 253 54 16 85 194 102 0 189 - 1.03 
84-03-19 250 52 13 . 85 195 102 0 189 ‘1.03 

84-03-20 249 48 10 80 203 102 0 184 
4 

1.10 

84-03-21 246 46 7 75 206 102 0 178 1.16 
84.-03-:22 242 44 4 70 208 102 0 173 1.20 
84-03-23 239 40 0 60 215 102 0 163 1.32 
84-03-24 248 36 0 40 234 102 0 142 1.65 
84-03-25‘ 215 32 0 40 202 102 0 142 1.42 

84-03-26 
_ 

225 28 0 20 201 102 0 122 1.65 
84-03-27 205 24 0 16 178 102 0 118 1.51 
84-03-_2'8 180 20 0 12 155 102 0 114 1.36 
84-03-29 156 16 0 8 155 102 0 110 

A 
1.41 

84-03-30 152 12 0 6 151 102 0 108 1.40.. 

84-03-31 150 8 0 4 150 102 0 106 . 1.42 

84-04-01 153 4 0 2 151 1 102 0 104 146 
84-04-02 149 0 0 0 149 102 0 102 1.46 
8.4-104203 - - - - - ' '3 " “ 
84-04-04 - — — — — — - - 

.

- 
84-04-05 — — — — — — - - - 
34.04.05 _ — — — -— 102 0 102 — 

84-06-20 199 - — — 199 104 0 104 ' 1.91
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Table 7. Hydraulic Parameters 
“Q" 

1, (AM) h(M) h (BM) 
’ 

s s 1 2 pm me s") (m) (m) (m) (X 10'’) (x 10-’) Co No 

83-11-24 172 630.880 629.795 629.377 0.543 0.418 28.7 0.039 
33,11,275 — ' — -— 0.541 - 26.6 0.042 
83-11-26 151 - — — 0.539 — 23.7 0.047 

83-11-27 146 . 
— — - 0-537 — 22.3 0.0.5.0 

83411.-28 142 — — — 0.535 — 21.0 0.054 
83-11-29 137 631.062 629.996 629.676 0.533 0.320 19.4 0.058 
83-11-30 138 — — — 0.458 — 19.7 0.058 

83-12-01 129 
, 
631.196 630.431 630.428 0.383 0.003 16.3‘ 0.072 

83-12-02 134 631.280 630.729 630.532 0.276 0.197 16.9 0.070 
83-12-03 ‘ 

1'31 — - — 0.265 - 16.0 0.075 
83-12-04 134 631.430 630.921 630.432 0.255 0.489 17.6 0.066 
83-12-05 134 631.370 630.861 630.463 0.255 0.398 18.4 0.063 

83-12-06 135 631.450 631.031 630.484 0.210 0.547 17.9 0.066 
83-12-07 138 631.510 631.071 630.493 0.220 0.578 18.5 0.064 
83-12-08 135 631.370 631.051 630.469 0.160 0.582 21.5 0.055 
83-12-09 136 631.468 631.171 630.667 0.149 0.504 22.7 0.052 
83-12-10 135 631.582 631.151 630.679 0.216 0.472 20.5 0.057 

83-12-11 133 631.720 631.151 630.649 0.285 0.502 18.5 0.062 
83-12-12 135 631.815 631.139 630.621 0.338 0.518 23.5 0.047 
83-12-13 5 133 631.900 631.166 630.615 0.367’ 0.551 26.3 0.041 
83-12-14 133 631.968 631.161 630.603 0.404 0.558 25.6 0.042 
83;-1;2-‘15 134 

2 

631.995 631.121 630.578 0.437 0.543 26.2 0.041 

83-12-16 133 632.060 631.101 630.554 0.480 0.547 26.-7 0.040 
83-12-17 134 632.110 631.081 630.542 0.515 0._539 25.7 0.041 
83-12-18 133 632.152 631.071 630.536 0.541 0.535 24.9 0.043 
83-12-19 132. 632.185 631.041 630.514 0.572 0.527 24.9 0.042 83-12-20 132 632.210 631.031 630.505 0.590 0.526 24.5 0.043 

83-12-21 132 632.238 631.021 630.499 0.609 0.522 24.3 0.044 
83-12-22 136 632.230 631.023 

_ 

630.484 0.604 0.539 25.5 0.041 
83-12-23: 130 632.220 630.991‘ 630.472 0.615 0.519 24.9 0.042 83-12-24 130» 632.280 630.996 630.469 0.642 0.527 24.1 0.044 83-12-25 129 632.328 630.956 630.444 0.686 0.512 24.4 0.043 

83-1,.Z~26 127 632.370 630.943 630.432 0.714 0.511 23.9 0.044 83-12-27 129' 632.405 630.951 630.444 0.727 0.507 24.1 0.044 83-12-28 128 632.352 630.906 630.402 0.723 0.504 25.3 0.041 83-12-29 137 632.435 630.976 630.460 0.734 0.516 25.8 0.041 83-12-30 139 632.450 630.971 630.463 0.740 0.508 26.7 0.039 83-12-31 136 632.425 630.931 630.426 0.747 0.505 27.1 0.038» 

.84-01-01 138 632.482 630.961 630.453 0.761 0.508 27.3 0.038 84-01-.02 1.‘-37 632.425 630.926 630.414 0.750 0.512 28.7 0.036 
84=0‘1=0.3 140 632.400 630.937 630.417 0.732 0.520 29.5 0.035 
84%01_v9&. 138 632.355 630.911 630.402 0.722 0.509 30.2 0.034 84-01-05 138 632.270 630.871 630.365 0.700 0.506 31.9 0,032; 

Note: Q = sIre'a1‘n'floiv 
h (AM) = w;_3_t_er Ievel at AM 
h (M) = water level at M 
h (BM) é water level at BM 
_S.," = (surface s1ope AM to M 
S: = .§.11rf§c‘e-sl.0'0e M to BM 
(39 = coxnpogite Chgzy coefficient 
No 5 cémposite Manning’s coefficient
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Tablé 7. Continued 

Q h (AM) h (M) h (BM) 5, s, Dm (m’ s“) (m) (m) (m) (x 103) (x 10") Co No 

84-01-06 138 632.265 630.861 630.353 0.702 0.508 32.2 0.032 
84-01-07 139 632.240 630.831 630.313 0.705 0.518 33.3 0.031 
84-01-08 138 632.220 630.821 630.301 0.700 0.520 33.5 0.031 
84-01-09 138 632.230 630.816 6.30.292 0.707 0.524 33.4 0.031 
84-01-10 137 632.195 630.786 630.271 0.705 0.515 33.9 0.030 

84-01-11 137 632.200 630.781 630.258 0.710 0.523 34.9 0.029 
84-01-12 137 632.220 630.776 630.264 0.722 0.512 33.8 0.030 
84-01-13 138 — — - 0.723 — 34.4 0.030 
84-01-14 139 632.190 630.741 630.246 0.725 -0.495 35.4 0.029 
84-01-15 137 632.162 630.726 630.231 0.718 0.495 35.3 0.029 

84-01-16 134 632.140 630.731 630.243 0.705 0.488 34.6 0.029 
84-01-17 135 - - - 0.696 — 36.1 0.028 
84-01-18 135 632.064 630.691 630.210 0.687 0.481 37.2 0.027 
84-01-19 134 - — — 0.690 - 37.2 0.027 
84-01-20 134 _ _ _ 0.692 — 38.5 0.026 

84-01-21 131 632.030 630.641 630.136 0.695 
’ 

0.505 37.8 0.027 
84-01-22 126 _ _ _ 0.691 — 35.8 0.028 
84-01-23 130 632.020 630.646 630.143 0.687 0.503 37.7 0.027 
84-01-24 135 — — — 0.691 — 

_ 

39.0 0.026 
84-01-25 133 — — — 0.697 — 37.3 0.027 

84-01-26 136 
_ 

632.070 630.661 630.246 0.705 0.415 
. 

38.4 0.026 
84-01-27 118 - — — 0.708 —— 33.7 0.030 
84-01-28 127 — - — 0.712 — 36.5 0.027 
84-01-29 127 — — — 0.715 — 37.2 0.027 
84-01-30 131 632.065 630.631 630.140 0.717 0.491 38.3 0.026 
84-01-31 128 — - 

_ 

— 0.711 - 33.1 0.026 

84:-02-01 . 128 631.985 630.581 630.097 0.706 0.484 39.4 0.025 
84-02-02 126 — — — 0.702 - 39.8 0.025 
84-02-03 128 631.975 630.561 630.082 0.704 0.479 40.9 0.024 
84-02-04 128 — — - — 

2 

0.707 - - 41.4 0.024 
84-02-05 127 — — — 0.696 — 41.6 0.024 

84-02-06 126 631.910 630.541 630.057 0.685 0.484 42.2 0.023 
84-02-07 124 — - — 0.685 — 42.1 0.023 
84-02-08 125 631.890 630.521 630.030 0.685 0.491 41.8 0.023 
84-02-09 123 — - — 0.687 

' - 40.2 0.024 
84-02-10 132 631.930 630.546 630.057 0.692 0.489 42.1 0.023 

84-02-11 135 — — — 0.687 - 43.2 0.023 
84-02-12 132 — - — 0.683 — 43.5 0.023 

84-02-13 132 631.870 630._511 630.012 0.680 0.499 43.6 0.022 

34.02.14 131 _ _ - 0.674 — 42.9 0.023 

84-02-15 141 631.870 630.536 630.021 0.667 0.515 44.8 0.022 

84-02-16 141 - — — 0.659 — 45.3 0022 
84-02-17 142 631.820 630.516 629.993 0.652 0.523 45.9 0.021 

84-02-18 138 — — — 0.649 - 45.3 0.022 

34.02.19 A 
133 _ — — 0.647 — 45.4 0.022 

84-02-20 138 631.770 630.481 629.957 0.645 0.524 46.1 0.021 

34.02.21 133 — — — 0.637 
V 

- 46.6 0.021 

84-02-22 139 631.740 630.481 629.951 0.630 0.530 46.6 0.021 

34-02-23 136 - — — 0.635 -— 46.0 02.021 

84-02-24 135 631.720 630.440 629.905 0.640 0.535 46.5 0.021 

84-02-25 132 — - — 0.630 — 44.2 0.022
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h (AM) 

Table 7. Continued 

h (M) h (BM) S I 1 

Date (m3 5'‘) (m) (In) (m) (X 10") (X 10") Co No 

84-02-26 135 631.710 630.471 629.941 0.620 0.530 44.9 0.022 
84-02-27 134 _ _ _ 

V 

0.613 — 46.4 0.021 
84-02-28 132 631.625 630.411 629.874 0.607 0.537 47.2 0.021 
84-02-29 13:36 - — v — 0.599 — 47.0 0.021 

84-03-01 139 631.640 630.461 629.914 0.590 0.547 46.8 0.021 
1.31 — - — 0.595 _- 43.5 0.023 

84-03-03 131 631.630 630.433 629.877 0.599 0.556 44.5 0.022 
84-03-04 130 — — — 0.598 — 43.8 0.022 
84-03-05 130 631.645 630.451 629.902 0.597 0.549 43.4 0.022 

84-03-06 128 - _ _ 0.590 — 42.8 0.0‘2'3 

84-03-07 127 631.610 630.441 629.887 0.585 0.554 42.9 0.023 
84-03-08 129 — — — . 0.583 — 42.1 0023 
84-03-09 129 631.628 630.471 629.926 0.579 0.545 40.8 0.024 
84-03-10 1128 — - - - 0.575 - 40.1 0.024 

84-03-11 129 631.590 630.446 629.923 0.572 0.523 39.4 0.024 
84-03-12 127 — — — 0.574 — 37.5 0.026 
84-03-13 131 631.610 630.461 629.941 0.575 0.520 35.3 0.028 
84-03-14 132 631.530 630.451 629.944 0.540 0.507 33.8 0.029 
84.:-03-15 132 — — — 0.544 — 32.6 0.030 

84-03-16 135 631.525 630.431 629.917 0.547 0.514 32.5 0.030 
84-03-17 133 631.455 630.396 629.899 0.530 0.497 32.2 0.031 
84-03-18 133 631.450 630.411 629.917 0.520 0.494 29.6 0.034 
84-03.-19 . 133 631.410 630.381 629.896 0.515 0.485 29.6 0.034- 
84-03-20 134 631.135 630.371 629.896 0.490 0.475 28.4 0.036 

84-03-21 135 631.270 630.341 629.877 0.465. 0.464 28.2 0.036 
84-03-22 138 631.400 630.311 629.865 0.545 0.446 25.9 0.040 
84:-03:-23 135 631.220 630.281 629.832 0.470 0.449 25.2 0.042 
84-03-24 142 631.215 630.366 629.923 0.425 0.443 22.9 0047 
84-03-25’ -140 630.825 630.052 629.667 0.387 0.385 29.6 0036 

84-03-26 141 630.716 630.141 629.603 0.288 0.538 32.2 0.034 
84.-.03-27 141 — — — 0.370 — 33.5 0.032 
84-03-_2_8 139 630.640 629.711 629.463 0.465 0.248 35.7 0.030 
84-03-29 138 630.580 629.475 628.984 0.553 0.491 31.9 0.033 
84-03-30 141 — — — 0.560 — 33.3 0.032 
84:.=0_3-.31 139 630.560 629.424 628.878 0.568 0.546 32.6 0.032

1 

84'-’04=0'1 1.34. — — — 0.570 — ‘ 

30.8 0035 
84-04-02" 140 — — — 0.549 - 33.2 0.032 
84-04-03 — »— — — _ 2 _ 2 

A 

84-04-04 — 630.585 629.446 628.826 — 0.620 — 4 
84-04-05 — — - — - .. _ _ 
84-04-06 -135 

‘ 630.510 629.413 628._823 - 0.590 — — 

84-06-20 193 — _ _ _ 29.0 0.038
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Figure 54. Correlation cin-ve's for Che'z'y coefficient vs. water level. 

Below, velocity profiles are examined using both the 
logarithmic law and the two-power law, The logarithmic 
law is used because it relates directly to the physic_a,| nature 
of the. boundary; the two-power law is used because it 

yields a simple description of the velocity profile. 

General Formulation 

The velocity profile within a tu_rbu|ent boundary 
layer is usually described by the logarithmic law based 
on the mixing length theory of Prandtl and the similarity 
hypjoth‘esis of Von Ka.rman-.- For steady, uniform flow along 
a rough boundary, the velocity at a distance, 2, from the 
boundary is given by 

U (z) = U,/k [1n(-302/Ks)] 

where 

iU* = friction velocity =(gdSl1/2 

_ 

= Von Karman’s constant (0.40) 
= roughness height 
- gravity 
= depth 
= surface slope. 

ma.u:a7;7r‘ 

U!

I 
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The advantages of the logarithmic method are that 

(1) it is generally accepted as the most realistic model; 

(2) it yields physically defined parameters such as bound- 
ary roughness; and 

(3) there is a large amount of experimental data for 
comparison. 

The‘ shortcomings of the logarithmic method are that 

(1) the matching of top and bottom-boundary layers 
results inla discontinuity (cusp) at the depth of 
Umaxi ' 

'

" 

(2) the matching process assumes that neither bound- 
ary influences the other; 

(3) the depth of Umax is freq’u'e‘ntly very hard to select 
(Pratte, 1979); and 

(4) K5 is ‘extremely’ variable, because of the’ highly 
irregular conditions that prevail in _natura_| streams, 

Moreover, the logarithmic method is suspect when the re- 
lative roughness is large (Bayazit, 1976). 

In the case of ice cover, velocity p,rof_ile,_s can be 
expected to have zero velocities at the upper and lower 
boundaries and a single maxvimum, Umax, at some inter- 
mediate depth. One then considers the full ‘profile as a 
patching together of"two logarithmic layers, one along the 
ice and one ‘along the bed, e.g., 

U; (2) = u,,;/k 1n (302;/Ksi) 

and 

Ub (2) = U*b/k, 1_n (30zb/Ksb) 

where the subscripts i a_n_d b refer to the ice and bed sur- 
faces. In Dr'3C’ti¢€. U,, and K5 are determined by fitting 
straight lines to plots of U(z) versus |og(z),_ e.g., U,. is given 
as the slope of U(;-) versus log('z), and K5/30 is the inter- 
cept at U(O). 

The Darcy-Weisbach friction factors corresponding 
to the ice (subscript i) and bed (subscript b) can now be 
found from 

f; = 8(U*i/<U;>)2



and 

fb = 8(U,,b/<Ub>)’ 

where. the bracvkets (< >) denote mean quantities. Manning's 
qoetfkrentjs are given by 

II n: (fa/89)‘/2 2”‘ 

and 

nb lfb/89)V@ 2V‘ 

For a, more complete discussion on the application of 
the log‘a‘r"ithmfic law to ice-covered rivers, see Beltaos 
(1979, 1982,). 

An fa_lternat_ive means of describing veloc_ity profiles 
in ice-covered rivers is by the two-power law methojd of 
Papadakiset al. (1984), e.g., 

U'lz_l = C, 2“ (H—z)b
a 

where C‘*, a_, and b are curve-fitting parameters, and H is 

total water depth. This function is equal to zero at both 
beundari_e_sj and has a singlemaximum at intermediate depth. 
The depth of maximum velocity, Zmax, is given by the 
simple relation 

Zxmax 1: a,H/. (a+b) 

Further, the mean velocity is given by nu_m,erica'_lly 

i‘fi.té9'ria.ti,h9

H <U> = ("1/H) /fgj (2) dz 

The advantages of this approach are that 

('1) it describes the entire flow with a single, continuous 
function; 

(2) it; can be linearized for numerical computations; and 

(3) it yields an unambiguous value of Zmax, the depth 
of maximum velocity. 

Furt,h_e,r, a, qu_al_itative measure. of boundary roughness is 

given by the magnitudes of the real exponents a and b. 

The diisadvantage of t_he two-power law method is 

that it goes vagainst the current practice of viewing turbulent 
b'o'unda"r'y layers as obeying the logarithmic law; but see 
Miller eta/.. (1971) and Liang (1975). 

In the following we adopt a procedure that combines 
the best features of these two models. First, we use the 
two-power law to obtain the global features of t_he -_f_lo‘v_v 

(i.e., <U>, Umax, Zmax, etc.). Then the value of Zmax is 
used to divide the flow into two unambiguous layers. 
Finally, the two layers are fitted to logarithmic c‘u‘_rve“s to 
find the roughness characteristics of the ice and bed. 

Two-Po wer Law Analysis 

Fourteen velocity profiles were obtained at the 
Marwell sect_ion over the winter, and each was ‘fiitted to the 
two-power law model described above (Table 8). To allow 
comparison, the curves have been normalized, i.e., 

U,'(Z) = U(Z)/Umax 

and 

z’ = z/H 

so that both velocity and depth are drawn relative to ,a scale 
of unity. 

The resulting curves are shown in Figure 55. Some 
general features are ‘evident. 

(1) There is more variance in shape in the upper part 
of-the curve than the lower. This behaviour is tied to 
seasonal changes in the roughness of the underside 

' 

of the ice. 

((2) There is very little variance through wi_nter in the 
shape of the curve between the 0.4 and 0.6 depths. 

(3) The mean value of Zmax, the depth of Umaflx, is 0.40. 
This is also the depth of minimum variance. 

(4) The average of the range of velocities found at the 
0.8 position (0.65 to 0.92) yields a value that is close 
to <U>, the mean velocity in the vertical. However," 
the same a,veragi_ng of velocities at the 0.2 position 
(from 0.82 to 0.99) is close to <U> only during 
rough ice conditions. 

(5) The ratio of <U>/Umax is 0.86 (Lau, 1982). 

By computing mean values of the coefficients a, b, 
and C*, an overall mean velocity profile for the Marwe|,l_ 
section is obtained. This calculation yields 

<a> = 0.22 + 0.12 std. dev. 
<b> = 0.30+0.10std.dev. 
<C*> = 0.91 +0.16 std.dev.
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Table 8. Vertical Velocity Profiles — Power-Law Analysis 
H Zmax .Z'rnax Umax <_Ui.> <Ub> <9) <U> 

D3119 5m (171) a b C, (In) H (m s") (m s") (In 5") (in s" ) 

83-12-14 150 2.62 0.28 0.32 0.87 1.22 0.47 1.03 0.89 0.87 0.88 0.85 
83-12-14 180 4.51 0.35 0.31 0.62 2.39 0.53 1.06 0.88 0.50 0.89 0.84 
83-12-14 210 3.47 0.17 0.22 0.95 1.51 0.44 1.18 1.07 1.04 1.05 0.89 

84-01-06 150 3.05 0.15 0.30 1.06 . 1.03 0.34 1.31 1.21 1.11 1.14 0.87 
84-01-06 180 3.90 0.12 0.30 1.01 1.10 0.28 1.40 1.31 1.16 

' 

1.21 0.86 
84-01-06 210 3.96 0.27 0.32 0.76 1.82 0.46 1.14 0.99 0.96 0.97 0.85 

84-02-07 160 2.74 0.06 0.19 1.11 0.61 0._22 1.25 1.22 1.10 1.13 0.90 
84-02-07 210 3.51 0.07 0.15 1.12 1.17 0.33 1.29 1.24 1.17 1.19 0.92 

84-03-01 250 3.08 0.13 0.23 1.00 1.11 0.36 1.19 1.11 1.04 1.06 0.89 
84-03-01 170 3.35 0.14 0.30 0.96 1.05 0.-31 1.24 1.16 1.04 1.08 0.87 
84-03-01 180 2.04 0.45 0.56 1.00 0.92 0.45 1.02 0.82 - 0.78 0.80 0.78 
84-03-08 250 2.87 0.3 3 0.40 0.79 1.29 0.45 1.03 0.87 0.84 0.85 0.83 
84-03-14 200 3.66 0.26 0.24 0.76 1.90 0.52 1.03 0.89 0.90 0._90 0.87 
84-03-14 240 3.29 0.36 0.37 0.68 1.62 0.49 0.98 0.82 0.81 0.82 0.84 

M'._:.‘._ 3.29 0.22 0.30 0.91 1.34 0.40 1.15 1.03 0.95 1.00 0.86 
Std. dev. 0.63 0,12 0.10 0.16 0.46 0.10 - 0.13 0.17 0.113 0.14 0.03 

Note: Stn = stat_ion_s given as distance (it-) from west bank Zmax = ratio of depth of maximum velocity to total depth 
H = water depth H 
a = coefficient Umax = maximum velocity 
b = coefficient <Ui> = mean velocity (upper layer) 
.C,, = coefficient <Ubv> = mean velocity (lower layer) 
Zmax = depth of maximum velocity <‘U> = mean velocity 

Table 9. Stress and Roughness Values from Log-Law Analysis 

11.1 11.1: K51 Ksb 
”

5 

Date Stn (m s") (m s") (m) (m) f; fb C; Cb n; 111, 

83-12-14 
5 "150 0.064 0.091 0.056 0.347 

‘ 

0.043 0.089 42.7 29.7 
_ 

0.02’4””“' ‘ 0036 
83-12-14 180 0.086 0.051 0.428 0.018 0.075 0.025 32.3 56.0 0.036 

K 

0.020 
83-12-14 210 0.050 0.073 0.003 0.073 0.018 0.040 66.0 44.3 0.016 0.025 

84-01-06 150 0.067 0.100 0.007 0.280 0.024 0.067‘ 57.2 34.2 0.018 0.033 

84-01-06 180 0.039 0.1 12 0.000 0.495 0.007 0.075 105.8 32.3 0.010 0.037 

84-01-06 2 10 0.085 0.082 0.180 0.218 0.058 0.058 36.8 36.8 0.030 0.03 1 

84-02-07 160 0.01 3 0.070 0.000 0.044 0.001 0.03 3 280.0 48.7 0.004 0.023 

84-02-07 210 0.028 0.056 0.000 0.006 0.004 0.018 140.0 66.0 0.007 0.017 

84-03-01 250 0.045 0.075 0.001 0.088 0.013 0.042 77.7 43 .2 0.013 0.026 

84-03-01 170 0.041 0.100 0.000 0.405 0.010 0.075 88.5 32.3 0.011 0.036 

(84-03-01 180 0.114 0.091 0.567 0.404 0.155 0.109 22.5 26.8 0.044 0.038 

84-03-08 250 0.069 0.110 0.101 0.824 0.052 0.138 38.8 23.8 0.027 0.045 

84-03-14 200 0.067 0.068 0.103 0.092 0.054 0.054 38.1 38.1 0.029 0.029 

84-03-14 240 0.085 0.081 0.383 0.350 0.087 0.082 30.0 30.9 0.036 0.03 5 

Mean“ 0.061 0.083 0.13 1 0.260 0.043 0.065 75.4 38.8 0.022 0.031 

Std. dev. 0.027 0.019 0.190 0.231 ‘ 0.043 0.033 67.7 11.8 0.012 0.008 

Note: Stn = stations given as distance (ft) from west bank fb 
A 

= Dlarcy-Weisbach friction fa,C10|' 1(10V‘*/<31; 13981‘) 

U_; = friction velocity (upper layer) C; = Chezy coefficient (upper layer-) 
U ‘b = fri_ction velocity (lower layer) Cb = Chezy coefficient (lower layer) 

Ks; = roughness factor (upper layer) Hi 4' M3nfiiflS’S C?0¢ffi¢_i9nt (UPPGY 13Ye|') 

Ksb = roughness factor (lower layer) nb = Manning’s coefficient (lower layer) 

fi = Darcy-Weisbach friction factor (upper layer)

48



NORMALIZED 

DEPTH 

NORMALIZEVD VELOCITY 

O . 

,_5 

1 ,__,,_
' 

"Figure 55. vergjggl profiles of‘ velocity‘ for profiles listed_ in 
Table 8. 

This profile is shown as the solid curve in Figure 56._ Again, 
note that the depth, Zma-X, oee‘u‘r‘s at 0.40 depth; thus, 
as a rule of thumb, ice dominated the upper 0.4 of the 
flow, while the bed dominated the lower 0.6 of the flow. 

Logarithmic-La‘w Analysis 

To divide the flov_v_« into two layers, the value of 
gzmax. found_ from the two-power law was used. The stress 
and roughness parameters so ‘calculated are listed in Table 9. 
Here, we note that the friction velocities remain fairly con- 
stant through winter with me_an values <U*;> = 0.06 m/s 
and <=U’»‘b> ‘= 0.08 m/s. The roughness factors K3; and 
Ksb, however, vary ’c‘on‘side‘r’ably, partially because of real 
‘seasonal changes and pa_rti_ally because of a measurement 
problem linked to high frequency fluctuations in the 
boundary layer.-The mean v‘alL'ie‘s seem rea'sona_b|e(i.e., 
<Ksi> = 0.13 rn aridl<‘K,sb> 0.26 m);however, the stan- 
dafrd dev'ia”t_ioVns are of the same order of magnitude,-thus 
casting doubt on the statistical representativeness of these 
numbers. 

NORMALIZED VELOCITY 

NORMALIZED 

DEPTH 

or

1 

Figure 56. Vertical profile of velocity for mean profile at 

We may now compare the magnitude of the resistance 
coefficients obtained by the bulk flow method to that 
found from the velocity‘ profiles. For this we again use 
the relation 

c,-, = {2/[(1/cm + (1/c,,’)1}1/2 

to find a mean value of the composite Chezy coefficient 
of 48. Over the same time period, the bulk method 
(Fig. 53) yielded a mean value of about 36. A comparison, 
can also be made of Manning's coefficients using —t_h_e 

relation 

no = (nlia/2 + nba/2 )2/3 

to find a mean value of the composite ManningV’sAcoeffi,cient 
of 0.027., Over the same period, the bulk method yielded 
a mean value of about 0.036. »
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Discussion 

GENERAL TRENDS OF THE ICE CYCLE 

A _schematic view of the seasonal ice cycle is shown in 
Figure 57. This will be discussed in terms of the three 
winter periods. 

Yukon RIVER NEAR MARWIELL Water Level (W. L.)

~ W. L. ~630.4'l m 
\\\\ 

\\\\\\\\\\_\\\\\\
~

~~ ~~

~~ 

Minimum 
Water 
Level 

Mar. 8 

~~ W.L. ~ 530.45 in \ 
W.L. ~ 630.28 m~ 

Mar. 14 
Mar. 23 

Figure 57. ‘Schematic of seasonal ice cycle on the Yukon River 
‘ ‘ 

near Mu-well. 

Freeze-up 

The initial freeze-up period is characterized by the 
growth of static ice outwards from the shore and by frazil 
floes and pans forming and flowing in the ‘open water 
cha_nne|. This channel coincides with the core of maximum 
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velocity. Jamming at certain sites, particularly at the con- 
striction _at BM, results in the upstream progression of the 
ice front." During this period the resistance of flow is very 
high, resulting in a rapid increase in water level. 

The frazil da_m forms as frazil accumulates below the 
ice cover. This dam generally lies off to the side of the core 
of maximum velocity except at BM, where "the initial jam- 
ming takes place. Comparison with earlier surveys carried 1 

out by the Water Survey of Canada shows that ‘the forma- 
tion of frazil dams is a common occu,r‘ren(:e within this 
section of the Yukon River, and the consistency of their 
profiles is an indication of a stable channel. There was 
additional veriifiication that any flow passing through the 
hanging dam could, for most practical purposes, be re- 

garded as’ negligible. 

Midwinter 

Of particular interest is that midwinter point when 
the ice cover reaches a condition of stability. Such a state is 
brought to our attention when we examine the relationship 
between the area of the frazil dam and mean ve|oc'it7y. The 
highest velocity was recorded on February 7, at a time when 
the frazil da_m was at~'60% of its maximum .size. With a 
near c_on_sta_nt flow (controlled by the NCPC), one would 
expect the greatest velocities to coincide with the time the 
frazil dam had a maximum cross-sectional area;~fo'r M’arw'e'll 
this was December 14, 1983. While it can be said that on

° 

February 7 the ice thickness (for that part of the cover 
free of slush) was at a maximum, this does not entirely 
explain the highest velocity for the winter. One explana- 
tion is that this was the date ‘of equilibrium of the cover 
with the ice at maximum smoothness. This is confirmed 
by observations of velocity taken close to the cover at 

various dates through the season. Such an assumption 
is not validgated by the Chezy profile, which shows the date 
of maximum conveyance as March 1. It is possible that 

these dates do not have. to coincide. From Febr'u‘a'ry 7 to 
break_up, morphological changes took place, including the 
deposition of platelets and the formation of ripples,.which 
increased‘ resistance. These changes, coupled with an 
increase in effective area due to deterioration of ‘the frazil 
dam, explain a slower velocity.



Breakup 

The observation of breakup allowed us to understand 
better those mechanisms that precipitate ice decay and 
influence such dramatic metamorphic changes in so brief 
a pe'ric_'{>d of ti_r,ne]., 

One phenomeno_n that appears to take place after" 

the ‘date of stability and as p_art of the deterioration pro- 
cess is the formation of platelets that rise to the surface in 
any hole that is cut in the cover. In the past we have 

7 observed nodules thesize of seagulls’ eggs in addition to the 
platelike forms. Coincident with the creation of a variety 
of ice forms that run with the river, warmer water carves 
du_nelike pa'c{tern_s (ripples) on the underside of the cover. 
Such features are believed to move downstream at a slow 
rate. 

OPERATIONAL CONCERNS 

The effect of ice formation within the study reach 
in t’e‘r“rhs of channel resistance is similar to that noted by 
Tsang (1982__b) on the Beauharnois-Canal. Clearly there is 

a reduction ‘in conveyance capability of the channel as 
the result. of ice run, ice-cover formation, and frazil-dam 
formation and evolution. An evaluation of water level 

changes within the reach at the time of freeze-up could 
help in the identification of sensitive areas. Such data 
could be of‘ particular interest to the Northern Canada 
Power’ Co'mjrnis‘s_ion to a__ss_ist it i_n determining the best flow 
regu|a_t_i_on schedule for the critical freeze-up period. These 
same results could help in the identification of critical 
locations within the‘ reach, which would assist- those initiat- 
ing flood"-control measures le.g., channel modification and 

installation of ice booms) to al_lev,i_ate.annua,| f_loo_c_ii_ng i_n_ 

the Marwell area due to ice formation. 

Frazil dams are of prime concern to those. engaged 
in hydrometric surveys. Their presence, for example, in- 
creases the difficulty in obtaining measurements of stream- 
flow. Our observations suggest that dams form at the same 
locations each year; thus, such locations can be identified 
and avoided. Our observations further suggest that very 
little water percolates through frazil da_ms, a_nd that this 
component can be disregarded in streamflow measurements. 

Analysis of velocity profiles under varying ice con- 
ditions and at various times during the winter cycle suggests 
that accurate streamflow estimates can be obtained using 
fewer measurements than are now being used by the Water 
Survey of Canada. 

Finally, this description of the winter flow regime 
clearly shows that there are specific times to measure a 
river in winter. Particular attention must be paid to -the 
unsettled periods of freeze-up and breakup, wherein one 
cannot extrapolate to midwinter conditions. The progres- 
sion of an ice front through a reach and the associated back’- 
water effect (height and duration in time) must be under- 
stood and taken into account before one obtains water level 
measurements to be used in the construction of rating 
curves. Moreover, these periods cannot be neglected on the 
basis that they represent only a fraction of the annual 
streamflow, for it is at such times that thevproper use of 
water at hydroelectric facilities is most demanding. 

We suggest that future research focus on the com- 
plex relationship between weather, hydrology, and the 
often subtle changes that take place within the ice cover 
and at the interface of ice and water.
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Appendix A 
Maps Showing the Distribution 
of Ice Cover during 1983/84
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Appendix B 
Saturation Vapour Pressure~



Table B-1. Table of Sa'turation'Vapour Pressure (in millibars) 

Temperature 
(°c) 

' 

0.0 0.2 0.4 0.6 - 0.8 

0 6.1048 6.1955 6.2861 6.3795 6.4728 
1 6.5674 6.6634 6.7594 6.8581 6.9581 
2 7.0581 7.1594 7.2620 7.3660 7.4727 
3 7.5794 7.6873 7.7967 7.9073 8.0193 
.4 8.1340 8.2486 8.3646 8.4833 8.6033 
5 8.7233 8.8459 8.9699 9.0952 9.2219 
6 9.3499 9.4805 9.6112 9.7445 9.8805 
7 10.0165 10.1551 10.2951 10.4364 10.5804 
8 10.7258 10.8724 11.0217 11.1724 11.3244 
9 11.4777 11.6350 11.7923 11.9523 12.1136 
10 1_2-_.2'776 12.4429 ’ 12.6096 12'.7'789_ 12_.9s09 
11 13.1242 13 .3002 13.47.75 1 3.6575 1 3.8388‘ 

12 14.0228 14.2095 14.3974 14.5868 14.7787 
f1;'3 14.9734 15.1707 15.3694 15.5720 15.7760 
14 15.9813 16.1906 16.4013 16.6146 16.8306 
15 17.0492 17.2692 17.4932 17.7185 17.9465 
16 18.1.771 18,4104 18,6-477 - 18.8864 19.1277 
17 19.3717 19.6183 19.8690 20.121_0 20.3769 
18 206,342 20.8956 21.1595 21.4262 21.6942 
19 21.9675 22.2448 22._5234 22.8047 23.0900 

23.3780 23.6687 23.9633 24.2606 24.5606
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