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Abstract

The Yukon lce Seasonality Experiment (YISEX) was
initiated to obtain a better understanding of physical pro-
cesses affecting the ice cover on northern lake and river
systems. Subsequently, studies on the winter hydraulics and
ice regime along a 4.3-km reach of the Yukon River at
Whitehorse were carried out during the winters of 1983/84
and 1984/85. This report on the third year (1985/86) of
the YISEX study documents meteorological, hydrological,
and ice conditions, investigates the effects of specific ice
conditions (e.g., leads, ice fronts, frazil deposits, and ice
ripples) on river hydraulics, and introduces a new method
for the measurement of river discharge in winter, A sum-
mary comparison of the three winters is presented.

The winter of 1985/86 was relatively mild, but
marked by short-duration extremes in both temperature
and snowfall. At freeze-up, air temperatures were below
normal while snow!ail was two to three times above normal;
in midwinter, air temperatures were above normal and
snowfall was below normal; at breakup, air temperatures
were below normal. Because of these weather conditions,
freeze-up was initiated earlier than normal, but took longer
to complete. Breakup was later than normal. Also, the rate
of ice front advance through the reach, the main process of
freeze-up, was highly irregular.

Frazil dam formation followed the same spatial
pattern as observed in earlier years, occupying about 30%
to 40% of the cross-sectional area of the river. Deposition
at a given site is influenced by velocity patterns, streamn
geometry, and the underside roughness of the ice cover. In

vi

general, frazil darns appear to reach maximum size imme-

diately after freeze-up, and then to erode gradually toward
spring.

In relation to the hydraulic resistance of the reach,
water levels at all stations increased rapidly at freeze-up,
declined gradually during midwinter, and fell sharply after
breakup. Ice front advance was found to be the main pro-
cess affecting water leve!l at any given location. Significant
variations in surface stope within the reach associated with
overflow were observed during periods of mild weather.

Two new aspects of ice ripples (wavelike features at
the ice/water interface) were noted. First, ripples may form
at any time in winter wherever water temperatures rise
above the freezing point, such as near the outlets of lakes
and reservoirs, Second, ripples migrate through white (over-
flow) ice much faster than through black (thermal) ice, and

thus rapidly reduce the strength of the ice cover during
breakup.

An examination of velocity profiles confirmed earlier
observations by Alford and Carmack that a point of mini-
mum variance in plots of normalized velocity versus nor-
malized - depth existed at the 0.4 depth, which is also the
depth of Vinex. It was found that the application of a
coefficient of 0.86 to velocities observed at the 0.4 depth
yielded a value close to the mean velocity of the full pro-
file. Using this information, a new method for computing
streamflows in ice-covered rivers {called the “486" method)
is proposed.



Résumé

L'Expérience de saisonnalité glacielle du Yukon
(ESAGY) a été mise sur pied en vue d’améliorer les connais-
sances sur les processus physiques qui influent sur la couver-
ture de glace dans les réseaux hydrographiques (lacs et cours
d’eau) 'du Nord. Durant les hivers de 1983-1984 et de
1984-1985, on a étudié les conditions hydrauliques et le
régime des glaces dans un trongon de 4.3 km du fleuve
Yukon a Whitehorse. Le présent rapport porte sur la
troisieme année (1985-1986) de I'étude. On y présente des
données sur les conditions météorologiques et hydrologi-
ques ainsi que sur les conditions des glaces; on y étudie les
effets de conditions particuliéres (par exemple, chenaux,
fronts de glace, dépdts de frasil et rides) sur les caractéristi-
ques hydrauliques du fleuve, et on y introduit une nouvelle
méthode de mesure du débit en hiver. Un résumé compara-
tif des conditions observées au cours des trois hivers d’étude
est présenté.

L'hiver de 1985-1986 a été relativement doux, mais
on a enregistré des extrémes de courte durée en ce qui
concerne la température et l'enneigement. Au moment de
la prise de la glace, ies températures de l'air étaient infeé-
rieures a 1a normale, tandis que 'enneigement était de deux
3 trois fois supérieur 3 la normale. Au milieu de I'hiver, les
températures de 1'air étaient au-dessus de la normale, tandis
gque l'enneigement était inférieur a la normale; au moment
de la débacle, les températures de l'air étaient inférieures 3
la normale. Ces conditions météorologiques se sont traduites
par une prise des glaces plus tot que fa normale, mais plus
lente, par une débdcle plus tard que la normale et aussi par
une progression trés irréguliére du front de glace (principal
processus de prise des glaces) dans le trongon,

On a observé les mémes caractéristiques spatiales pour
la formation de la barridre de frasil que par les années
passées, cette barriére occupant de 30 % 3 40 % environ de
la superficie de la section transversale du fleuve. Le dépot a
un endroit donné dépend de la vitesse d’écoulement, de la
géomsétrie du cours deau et de la rugosité de fa surface
inférieure de la couverture de glace. En général, les barriéres

de frasil semblent atteindre leur dimension maximale
immédiatement aprés {a prise de la glace puis eiles s'érodent
graduellement vers le printemps.

En ce qui concerne la résistance hydraulique, le
niveau de l'eau a augmenté rapidement a toutes les stations
au moment de la prise des glaces, il a diminué graducllement
au milieu de !"hiver puis il 3 baissé de fagon marquée aprés
la débacle. La progression du front de glace est le principal
processus qui influe sur le niveau de I'eau a un endroit
donné., Des variations significatives de la pente de la ligne
d'cau dans le trongon, lesquelles étaient associées a des
débordements, ont été observées au cours des périodes de
temps doux. '

Deux nouvelles caractéristiques des rides de glace
{ondulations a l'interface glace-eau) ont été observées.
Premiérement, ces rides peuvent se former n'importe quand
au cours de I'hiver partout ou les températures de 'eau
augmentent au-dessus du point de congélation, par exemple
prés des exutoires des lacs et des réservoirs. Deuxiémement,
les rides se propagent dans la glace blanche (de déborde-
ment) beaucoup plus rapidement que dans la glace noire
{thermique) et, par conséquent, elles réduisent rapidement
la résistance de la couverture de glace au moment de la
débacle.

Un examen des profils des vitesses d’écoulement a
permis de confirmer des observations d'Alford et Carmack
que dans les graphiques de la vitesse normalisée en fonction
de la profondeur normalisée, la variance est minimale 3 une
profondeur égale aux 4/10 de la profondeur totale, ce qui
est également {a profondeur ol Von trouve Vmax. On 2
constaté que I'application d'un coefticient de 0.86 aux
vitesses observées aux 4/10 de la profondeur donnait une
valeur prés de la vitesse moyenne pour tout le profil. A
partir de cette constatation, on propose une nouvelle
méthode {appelée méthode 486) pour le calcul de I'écoule-
ment dans {es cours d'eau recouverts de glace.

vii



Observatlons on lce Cover and Streamflow in the Yukon River
near Whitehorse during 1985/86

M.E. Alford and E.C. Carmack

INTRODUCTION

The goa! of the Yukon ice Seasonality Experiment
(YISEX) is to acquire a better understanding of processes

affecting the seasonal ice cover of the rivers and lakes of -

northern Canada. To this end, an ice hydraulics study was
initiated along a 4.3-km reach of the Yukan River near
Whitehorse during the winter of 1983/84 and continued in
1984/85 (Alford and Carmack, 1987a, 1987b). This report
relates to observations made during the third winter of
study (1985/86) and the effect of a different sequence of
weather patterns on the formation of the ice cover.

This report has thiee objectives, The first is to

document the meteorological, hydrological, and ice condi-
tions, especially with regard to patterns of freeze-up and
breakup. The second is to focus on processes that appear to
have an important effect on the hydraulic characteristics of
the river, including lead closure through edge ice growth,
ice front advance, frazil deposition, and ice ripple forma-
tion. The third is to introduce and test the idea that single-
point observations of velocity can yield, with an appropriate
coefficient, estimates of vertically averaged velocity that
satisfy the standards of accuracy set by the Water Survey of
Canada. Coincident with the above, additional velocity pro-
files were obtained to support observations from 1983/84
and 1984/85, which identified a point of minimum variance
in the vertical velocity protile.

Study Area

The reach of the Yukon River near Whitehorse
extending from the Robert Campbell Bridge to the narrows
4.3 km downstream was studied (Fig. 1). Here, the river
drains an srea of 19400 km? and has a mean annual
streamflow of 240 m?¥s™?,

Within this reach, the flow has been modified by the
construction of two upstream dams. The first, located
below the outlet of Marsh Lake, provides upstream storage.
The second, located at Whitehorse Rapids, is the Northern
Canada Power Commission’s (NCPC) hydroelectric power
station. At present, the discharge at Whitehorse reflects the

combined regulation of the two dams, subject to both
structural and legal limitations. Specifically, the water
level behind the dam in Schwatka Lake cannot rise above

- 653.34 m or fall below 652.27 m. Regulation of discharge

is especially critical during freeze-up, as this is the time
when the reach at Whitehorse exhibits maximum resistance
to flow, and is thus sensitive to fiooding.

Below Marwoll Section
(BM)

Saectlon X3 ¥

Marwelt Section _ / /
(L)

s

- Section X1
\
A

\‘ Above Marwell
™ Section (AM)

YUKON RIVER
AT WHITEHORSE

STUDY REACH FOR YISEX
1985 86

\ ) xo
¥ .-'Roben Campbell
e ———— / ™ Bridge
[o} 0.5 1
Kilometres {

Figure 1. Study arca and station locations.

Measurements

Water levels were recorded daily at five stations, X0,
AM, M, BM, and X4, during freeze-up, and at the fitst four
locations for the duration of the winter. The latter four
stations were the same as those used in the previcus studies.



The X0 station was added for the 1985/86 study to extend
the coverage of river gradient closer to the point of maxi-
mum ice front advance. To minimize aliasing problems
associated with any diurnal variations in water level, an
attempt was made to take readings at approximately the
same time each day.

At each of the principal cross-sections noted above,
measurements were obtained of ice thickness, frazil accu-
mulation, cross-sectional area, and flow velocity at various
times throughout the winter. Measurement techniques were
the same as those described in Alford and Carmack (1987a).
However, a lighter, more compact metering sled, heated by
two Coleman {Model 518) radiant heaters, was designed
and used throughout the season with considerable success.

Daily values of streamflow were obtained from the
total amount of water passing the NCPC dam at Whitehorse
Rapids. Air temperature and barometric pressure were
recorded at 07:00 h at the Alford residence in Riverdale
approximately 1 km from the study reach and approxi-
mately 10 m above water level. Although not reported here,
meteorological data were recorded by the Atimospheric
Environment Service at Whitehorse Airport, which is ap-
proximately 1 km from the study reach and approximately
60 m above water level. ‘

Photographs were taken of structural features of ice
whenever such were deemed necessary. To observe changes
that took place on the underside of the ice during spring,

" several blocks were extracted from the cover, inverted, and

photographed. In addition, underwater video photos were
taken of the frazil dams to investigate textural features of
this horizon and to examine current meter behaviour at the
slush/water interface.

OBSERVATIONS AND COMPARISONS
Meteorology and Hydrology

Figures 2 and 3 show air temperature and barometric
pressure as functions of time; Table 1 summarizes the mean
monthly meteorolaogical conditions. Comparison with
earlier data {see Alford and Carmack, 1987a, 1987b) shows
that the winter of 1985/86 was notably warmer than that
of the previous two years. The winter began with episodes
of cold {-20°C) weather in November, but then warmed,
especially in December and early January. The unseason-
ably warm temperatures in early January resulted in con-
siderable flooding (overflow) of the ice covering the reach.
The winter of 1985/86 also displayed very few periods of
extreme cold. Only in late November and late February did
temperatures reach -30°C.

«Q
"

-40 A

RIR TEMPERATURE (°C)
]
n
[\+]

il

by

198308

1060 -

1850 1

1840

1830 4

1020 4

1018 4

1000 A

BARCOMETRIC PRESSURE (mbars)

5390

NOV

DEC

JAN

FEB MAR

RPR

Figure 2. Air temperature as a function of time,
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Figure 3. Barometric pressure as a function of time,

Table 1. Mcan Monthly Mcteorological Conditions for the Three
Study Ycars
Month 1983/84 1984/85 1985/80
Mcan monthly air temperature
Nov -9.3 -10.5 -18.2
Dec. -23.9 -18.2 -6.7
Jan. -12.8 -4.7 -7.8
Feb. -6.3 -18.2 -12.8
Mar. 01 -6.1 -7.3
Apr. 2.6 -1.0 -4.5
Mean -8.3 -9.8 -9.6
Degree days below 0°C per month
Nov. -279 -315 -546
Dec. ~741 -564 -208
Jan -3y7 -146 -242
Feb. -183 -510 ~358
Mar. 3 -189 -226
Apr. 78 -30 -135
Snowfall per month (cm)
Nov. 5.0 19.8 24.0
Dec. 9.2 43.0 11.2
Jan. 324 43.2 24.8
I'eb. 15.8 334 5.4
Mar. 8.6 12.2 62.2
Apr. 1.4 15.6 28.6
Tota!l 72.4 167.2 156.2




A second major difference in weather conditions was
the very high snowfall experienced in March 1986, which
was three times the average and the highest recorded for
that month in 30 years.

Figure 4 shows streamflow as a function of time. The
flow in 1985/86 was both lower (by 10% to 20%) and less
variable than in the previous two years. Since tlow can be
controlled within narrow limits by the dam at Whitehorse
Rapids, any adjustments made for the purpose of turbine
switching, maintenance, or calibration can result in short-
term fluctuations in streamfiow. During 1985/86, a newly
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Figure 4. Streamflow as a function of time.
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Figure 5. Maps of ice cover during freceze-up.

installed turbine {the fourth wheel) was used almost
exclusively, resulting in a more stable streamflow,

Ice Cover Distributions

The freezing sequence observed in 1985/86 is
summarized in Figures 5 and 6 (see also Appendix). Edge
ice began forming in the back channels of the river
on November 1. A visual reconnaissance of the Yukon
River between upper Lake Laberge and Whitchorse on
MNovember 7 revealed that the ice front had progressed to a
point 1.3 km downstream from the mouth of the Takhini
River, or about 14 km below the study reach. At this tirne,
a 1.7-km long ice bridye crossed the river at the mouth of
the Takhini, and large {30- to 50-m diameter) ice pans were
observed running in the river. By November 9 the ice front
had progressed to X4.

Freeze-up of the study reach in 1985 was similar to
previous years {cf. Alford and Carmack, 1987a, 1987b},
characterized by a combination of edge ice closing inwards
to form a narrow channel along the velocity core, and the
progressive upstream advance of the ice front by the
deposition at its leading edge of frazil ice, pans, and floes.
Then, between November 9 and December 9, coincident
with cold weather, thin {3-mm thick) platelets were ob-
served in the remaining open water; hence the ice front
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Figure 6. Maps of ice cover during midwinter and hreakup.



Figure 7. Surface texture of the ice front observed betw

cen BM and M (Novemnber 16, 1985).

Figure 8. Closc-up view of platciets making up the ice front (November 16, 1985).



Figure 9. Heated metering sled on the river near M following an overflow event and subsequent
re-freczing of the flooded ice and snow cover (IDecember 23, 1985).

Figure 10. Ripples observed on the underside of ice at the ice jum above the Robert Campbell
Bridge during freeze-up (December 21, 1985).



Figurc 11. Large pan about to lodge at the ice front immecdiately above X0 (February 11, 1986).

Figure 12. Subscquent lodging of pans upstream fromn the large
attendunt areas of open water (February 16, 1986).

pan showa in Figure 11, and the



advanced from X4 to a point 150 m below AM as the result
of asteady agglomeration of these platelets (Fig. 7). Inspec-
tion of these plates revealed that they were, in turn, a
collage-like structure made up of yet thinner platelets,
presenting a scaly appearance (Fig. 8). These plates would
upend on contact with the ice front and freeze in that
position to yield a very rough ice surface.

Through the remainder of December and the first
half of January, coincident with unseasonably warm
weather, a generally smoother ice cover developed between
M and AM from the juxiposition of large pans that had
once been edge ice along the reach upstream from X0.

Because of especially warm weather in mid-December
and in the second and last weeks of February, the ice cover
was prone to flooding. This flooding was related to the
increased streamflows and water levels associated with
warm air temperatures, and to the presence of large pans
broken away from edge ice upstream. At tiines, these pans
would upend at the ice front and divert the flow up and
over the existing cover, causing overflow. During such
times, the overflowing water reached depths of up to
0.15 m, saturating the snow cover and making travel over
the ice ditficult. The subsequent freezing of the surface
water and flooded snow resulted in additional layers
{approximately 0.40 m) of so-called white ice forming
above the thermal or black ice cover (Fig. 9).

A surprising observation was the occurrence of ice
ripples during freeze-up. These were found serendipitously

" on an overturned pan of edge ice in the reach between the

Whitehorse Rapids dam and the Robert Campbell Bridge
(Fig. 10). While such features are ubiquitous at breakup,
their formation during freeze-up was unexpected; their
possible origin is discussed later.

The process of ice front advance by the lodging of
large pans derived from edge ice upstream continued
through much of the winter (Fig. 11). Because of the
irregular shape of such pans, the resulting cover had many
large holes in it (Fig. 12).

The maximum upstream advance of the continuous
cover was 50 m downstieam from the Robert Campbell
Bridge from March 9 to 15. However, pans wedging against
the single pier of the bridge resulted in an isolated cover
which, at maximum extension, reached a point 350 m
upstream.

The first signs of breakup in late March and early
April included the uccurrence of overfiow at both ice fronts
and along the edges of the cover. By April 9 thermal leads
occupied the reach upstream from M. However, record-

breaking low temperatures between April 8 and 15 slowed
the process of breakup, so that it was not until April 22
that the reach was open. At this time, only edge and
grounded ice remained along the reach.

Daily values of areal ice coverage were computed
from the maps shown in the Appendix. These data (Fig. 13,
Table 2) reveal a period of rapid increase in mid-November,
followed by a far slower increase in coverage later on.
Because of the unseasonably low temperatures during the
first half of April, the plot of ice cover as a function of time
is stepped.
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Figure 13, Surface arca of ice cover from X4 to the generating
station as a function of tune.

Figure 14 shows the mean ice thickness at M as a
function of time; Figure 15 shows the estimated volume of
ice within the reach, obtained as the product of areal ice
coverage times mean ice thickness at M. Both curves follow
a similar trend of moderate inciease during freeze-up,
steady conditions in midwinter, and rapid but intermittent
decreases at breakup.
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Figure 14. Mcan ice thickness at M as a function of time.
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1.2 + Table 2, Continued

~ |- AMto M NCPC dam to X4
€ i Open Covered Coverage (-)pun Covered Coverage
"E 8 - Date (km?) (km?) (%) (km?)  (km?) (%)
< |
" .6 A 85-12-23 0.44 99 1.33 88
5 i 85-12-24 0.44 99 1.33 88
2 .4 | 85-12-26 0.45 100 1.33 88
> i 86-01-03 0.45 100 1.33 89
§ 2 86-01-05 0.45 100 1.34 89
4 86-01-07 0.45 100 1.34 89
2] T 1 . - | - 86-01-08 0.45 100 1.34 89
NOV DEC JAN FEB MAR RPR B6-01-14 0.45 100 1.34 89
1985-8§ 86-01-15 0.45 100 1.34 89
86-01-19 0.45 100 1.35 90
Figure 15. Estimated ice volumne in the rcach as a function of time. 86-01-20 0.45 100 135 90
86-01-21 0.45 100 1.35 90
86-01-22 0.45 100 1.35 90
86-01-23 0.45 100 1.35 90
86-01-25 0.45 100 1.35 90
Table 2. Area of Ice Cover and Volume of Ice duririg the Winter of 86-01-26 0.45 100 1.35 90
1985/86 86-01-27 C0.45 100 1.35 90
-01-30 45 :
AM o M NCPC dam to X4 22_3:_;; :’) :; :88 : ;: g::
Open Covered Coverage  Open Covered Coverage 86-02-02 0.45 100 1:35 90
Date (kin?) (km?) (%) (km?) (km?) (% -
_ 86-02-04 0.45 100 1.35 90
85-11-08 026 0.19 43 091  0.60 40 86-02-06 0.45 100 1.35 90
85-11-09 0.24  0.21 48 072  0.79 53 86-02-09 0.45 100 1.35 90
85-11-10  0.23  0.22 49 0.57 0.94 63 86-02-10 0.45 100 1.35 90
85-11-11 0.22 50 0.98 65 86-02-11 0.45 100 1.35 90 -
-11- . 55 .04 6
85-11-12 0.24 ! g 86-02-13 . 0.45 100 1.35 90
85-11-15 0.24 55 1.08 i 86-02-14 0.43 100 1.35 %0
85-11-16 0.24 55 1.08 72 86-02-18 0.45 100 1.36 90
85-13-18 0.28 63 1.18 78 86-02-22 0.45 100 1.36 90
85-11-20 0.31 69 1.19 79 86-02-23 0.45 100 1.36 90
85-11-21 0.31 70 1.20 80 86-02-24 0.45 100 1.36 90
85-11-22 0.32 71 1.21 80 gg‘gi‘ﬁz 8-:: :88 :-;g zg
#5-11-23 0.34 76 1.23 81 “03- : '
85-11-25 0.36 79 1.24 82 86-03-08 0.45 100 1.36 91
85-11-26 0.36 81 1.24 83 86-03-15 0.45 100 1.37 91
86-03-25 0.45 100 1.37 91
S11- 7 .27
zg :;f; 8;; :i : 29 z: 86-03-27 0.45 100 1.37 91
85'” ;9 038 85 129 86 86-03-28 0.45 100 1.37 91
o ' : 86-03-29 0.45 100 1.37 91
85-12-01 0.38 B85 1.29 86 ,
85-12-03 0.38 86 1.30 86 86-03-30 0.45 100 1.37 91
86-04-04 0.45 100 1.37 91
85-12-04 0.40 90 1.31 87 B6-04-05 0.45 100 536 91
::;;32 g:; 59;: i:i :': 86-04-06 045 100 1.36 90
-12- ) . -04-07 4 1.35 90
85-12-07 0.43 95 1.32 88 86-04-0 0-43 96
85-12-08 0.43 97 1.32 88 86-04-10 0.41 92 1.32 88
86-04-14 0.41 921 1.31 87
85-12-10 0.43 97 1.32 88 86-04-15 0.39 86 1.27 85
85-12-14 0.44 98 1.32 88 86-04-16 0.34 77 1.25 83
85-12-19 0.44 99 1.33 88 86-04-17 0.32 71 115 76
85-12-20 0.44 99 1.33 88
85-12-21 0.44 99 1.33 88 86-04-29 0.28 62 0.58 38
8
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A comparison of the dates of freeze-up and breakup
and the duration of continuous cover at each of the primary
sections for each of the three study years is given in Table 3.
In general, the early date of freeze-up in 1985/86, com-
bined with the mild temperatures that led to overflow and
the formation of white ice, resulted in an ice cover that was
about 0.25 m thinner than that of 1984/85, but similar to
that of 1983/84. Even though 1985/86 was the warmest of
the three winters, it had the longest duration of ice cover.
This shows that the meteorological conditions that prevail
at the critical times of freeze-up and breakup are the ones
that govern the duration of ice cover.

Frazil Dam Characteristics

Frazil dams are defined as accumulations of frazil ice
particles {slush) on the undersides of ice covers. The frazil
itself is presumed to form in turbulent, open water areas
upstream from the stable ice cover during periods of
intense cooling (Osterkamp, 1978; Martin, 1981; Tsang,
1982; Osterkamp and Gosink, 1983). Whether or not frazil
adheres at a given location depends upon flow velocity,
ice ‘cover roughness, and the frazil's inherent state of
“stickiness.”

The frazi! dam at Marwell has been described in
earlier reports (Alford and Carmack, 1987a, 1987b), where
we noted that the dam appeared to form every year and

‘that the basic shape of the dam was constant from year to

year. We also observed that the cross-sectional area of the
dam appeared to reach a maximum immediately after
freeze-up and to decrease thereafter, slowly in midwinter
and rapidly just prior to breakup.

.Figures 16 and 17 show changes in the ice and frazil
horizons observed at M and BM. Figure 18 illustrates the
cross-sectional area of the dam at each section as a function
of time. These measurements show a pattern of growth and
decay similar to those observed in 1983/84 and 1984/85.

Additional frazil dam profiles were obtained at AM
and X1 (Figs. 19 and 20). The X1 profile is especially
interesting, as it illustrates the rapid changes that can occur
in the vicinity ot an ice front. The advancing ice front had
reached the vicinity of X1 on November 28. The first

profite, which was obtained on December 2 when the ice
front was only 150 m upstrearn and the ice only 0.2 m
thick, displays the greatest volume of frazil deposition,
showing how rapidly such features may form. Most notice-
able in subsequent profiles is the rapid erosion that took
place at X1 in comparison to the relatively stable frazil
dams located at other sections.
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Figure 16. Frazil dam profiles on specific dates at M,
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Figure 17. Frazil dam profiles on specific dates at BM.

Tahle 3. Comparison of the Duration of Ice Cover at BM, M, and AM for Each of the Three Study Ycars

1983/84 1984/85 1985/86
Station Freeze-up  Breakup  Days Frecze-up Breakup  Days I'receze-up  Breakup  Days
BM Dec. 4 Mar. 29 115 Dec. 9 Apr. 12 124 Nov. 11 Apr. 22 162
M Dec. 9 Mar. 25 100 Dec. 13 Apr. 10 118 Nov. 17 Apr. 19 153
AM Jan. 2 Mar. 23 80 Dec.29  Apr. 8 100 Dee. 24 Apr. 18 115
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Figure 19. Frazil dam profiles on specific dates at AM,

A summary map of the frazil dam distribution is
shown in Figure 21. These data show the darn to be con-
tinuous along the reach, to occupy a volume roughly equal
to that of sheet ice, and to lie on one side or the other of
the axis of maximum flow velocity, which we define as the
velocity core. A schematic drawing (Fig. 22) shows the
complex distribution of the frazil dam in relation to channe!
geometry within the vicinity of BM.
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Figure 22. Schematic of frazil damn in a 200-1n long section ncar BM.

Hydraulic Conditions subsequent to breakup. These effects on resistance are
evident from the watcer level data (Fig. 23, Table 4). Water
Observations of water level were recorded daily fevels at all stations increased rapidly at freeze-up, declined
throughout the winter at X0, AM, M, and BM, and for a gradually during winter, and fell sharply following breakup.
short period during freeze-up at X4. Similarly, observations of surface slope (Fig. 24) reveal
significant variations throughout the winter, with large
During frceze-up, the hydraulic resistance of a river slopes and rapid variations occurring at freeze-up. Also
generally increases requiring a corresponding increase in the shown are the large variations in slope accompanying the
depth of flow. Similarly, the overall resistance decreases midwinter occurrence of overflow between X0 and AM.
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Figure 23. Water levcls versus tune, Figure 24. Surface slopes versus time,
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Table 4. Daily Values of Streamflow (Q) and Water Level (relative
to Geodetic Datum) during the Winter of 1985/86

Table 4. Continued

Date Qum®s™)  Xo@un) AM((m) M (m) BM (m) Date Qun’s™Y)  Xo(m) AM@m) M (m) BAL (m)
85-10-31 137 630.785  630.630 - - 85-12-27 132 631.615 631.260 630.191 629.588
85-11-01 144 630.725 630.570 629.475 628.958 85-12-28 130 631.595 631.190 630.111 629.508
85-11-04 140 630.745 630570 629.458 (28.951 85-12-29 130 631.505 631.200 630.141 629.518
85-11-05 143 630.745 630.600  629.498 628.928 85-12-30 133 631.585 631.260 630.171 629.558
85-11-06 137 630.945 630.790 629.698 629.158 85-12-31 129 631.545 631.240 630.171 629.558
85-11-07 137 630.785 630.650 629.538 629.028 86-01-01 130 631.515 631.220 630.151 629.523
85-11-08 148 630.925 630.770 629.598 629.709 86-01-02 133 631.585 631.230 630.171 629.558
85-11-09 134 630.920 630.800 0629.598 629.936 86-01-03 129 631.500 631.180 630.131 629.518
85-11-10 139 631.215 631.070 630.411 630.273 86-01-04 130 631.545 631.210 630.141 629.528
85-11-11 138 631.285 631.160 630.681 630.390 86-01-05 130 631.595 631.250 630.161 629.528
85-11-12 140 631.335 631.220 630.871 630.428 86-01-06 130 631.705 631.270 630.141 629.518
85-11-13 139 631.130 631.000 630.711 630.325 86-01-07 126 631.625 631.260 630.171 629.568
85-11-14 140 631.225 631.095 630.801 630.282 86-01-08 124 631.595 631.270 630.141 629.528
85-11-15 139 631.265 631.125 630.811 630.218 86-01-09 123 631.615 631.240 630.121 629.488
85-11-16 141 631.535 631.390 631.011 630.245 86-01-10 131 631.605 631.230 630.101 629.488
85-11-17 137 631.335 631.220 630.951 630.132 86-01-11 127 631.675 631.240 630.106 629.483
85-11-18 140 631.365 631.240 6310.821 630.099 86-01-12 125 631.555 631.170 630.081 629.428
85-11-19 140 631.435 631.325 630.911 630.085 86-01-13 121 631.405 631.110 630.08]1 629.438
85-11-20 139 631.515 631.380 630.931 630.097 86-01-14 126 631.425 631.160 630.081 629,453
‘R5-11-21 137 631.415 631.310 630.861 630.059 86-01-15 128 631.665 631.300 630.161 629.488
85-11-22 138 631.515 631.380 630.831 630.006 86-01-16 123 631.525 631.170 630.101 629.478
85-11-23 137 631.645 631.520 630.781 629.933 86-01-17 127 631.545 631.180 630.111 629.478
85-11-24 136 631.775  631.650 630.811 630.023 86-01-18 124 631.575 631.170 630.091 629.458
85-11-25 137 631.755 631.670 630.771 630.003 86-01-19 127 631.515 631.150 630.081 629.448
85-11-26 137 631.885 631.780 630.731 630.018 86-01-20 122 631.665 631.150 630.061 629,428
K5-11-27 135 631.925 631.810 630.731 629.978 86-01-21 125 631.785 631.140 629.961 629.244
85-11-28 135 631.950 631.850 630.691 629.918 86-01-22 123 631.875 631.150 630.081 629.442
85-11-29 13t - 631.915 631.820 630.541 629.828 86-01-23 123 632.195 631.140 0630.031 629.374
85-11-30 137 632.100 631.980 630.636 629.908 86-01-24 124 632.005 631.150 630.08] 629.448
85-12-01 135 632.125 632.050 630.601 629.858 86-01-25 122 632.105 631.210 630.081 629.444
85-12-02 135 632.085 632010 630.551 629.818 86-01-26 119 631.755 631.200 630.081 629.454
85-12-03 134 632.145 632.070 630.581 629.828 86-01-27 126 631.715 631.220 630.081 629.464
85-12-04 134 632.205 632.090 630.481 629.838 86-01-28 . 123 631.765 631.210 630.091 629.468
85-12-05 134 632.065 632,000 630.531 629.818 86-01-29 122 631.755 631.200 630.101 629.478
85-12-06 135 632.005 631.910 630.551 629.818 86-01-30 120 631.875 631.160 630.021 629.384
85-12-07 134 631.975 631.890 630.521 629.808 86-01-31 127 631.885 631.210 630.111 629.49+4
85-12-08 134 632.045 631.970 630.571 629.858 86-02-01 121 631.785 631.160 630.031 629.404
85-12-09 135 631.915 631.820 630.486 629.778 86-02-02 119 631.775 631.220 630.091 629.478
85-12-10 133 631.865 631.790 630.446 629.748 86-02-03 118 631.645 631.140 630.021 629.424
85-12-11 133 631.825 631.740 630.451 629.738 86-02-04 119 631.805 631,160 630.031 629.424
85-12-12 131 631.815 631.740 630.461 629.748 86-02-05 118 632.045 631.190 630.041 629.424
85-12-13 132 631.795 631.720 630.431 629.718 86-02-06 118 632,105 631.180 - -
85-12-14 131 631.710 631.620 630.391 629.688 86-02-07 118 632.235 631.190 630.031 629.414
85-12-15 129 631.865 631.740 630.441 629.733 86-02- 08 120 632.155 631.330 630.111 629.478
85-12-16 133 631.675 631.590 630.371 629.678 86-02-09 122 631.835 631.210 630.051 (29.438
85-12-17 128 631.745 631.640 630.451 629.768 86-02-10 108 631.825 631.200 630.031 629.428
85-12-18 126 631.685 631.570 630.401 629.738 86-02-11 117 631.815 631.190 630.051 629.428
85-12-19 124 631.655 631.540 630.411 629.748 86-02-12 117 631.855 631.210 630.081 629.438
85-12-20 124 631.525 631.420 630.351 629.658 86-02-13 109 631.835 631.210 630.041 629.438
85-12-21 128 631.635 631.410 630.321 629.658 86-02-14 113 631.835 631.210 630.051 629.428
85-12-22 128 631.645 631.370 630.311 629.633 86-02-15 115 631.815 631.200 630.051 629.438
8%-12-23 129 631.610 631.355 630.321 629.658 86-02-16 116 631.865 631.220 630.051 629.438
85-12-24 134 631.685 631.395 630.371 629.718 86-02-17 116 631.855 631.210 030.071 629.438
85-12-25 132 631.665 631.370 630.361 0629.738 86-02-18 117 631.835 631.220 630.051 629.438
85-12-26 132 631.615 631.320 630.281 629.658 86-02-19 113 631.815 631.190 630.021 629.408
12



I Table 4, Continued Table 4. Continued
l Date Q(m’s™) Xom) AM@m) M @m) BM (m) Date Q(m'’s™")  Xo(n) AM@m)  MGn) BM (in)
86-02-20 115 631.885 631.230 630.071 629.453 86-04-16 135 631.305 631.150 630.181 629.688
86-02-21 115 631.885 631.230 630.071 629.438 86-04-17 135 631.105 631.030 630.091 629.658
l 86-02-22 113 631.835 631.210 630.061 629.438 86-04-18 150 631.015 630.920 630.031 629.548
86-02-23 113 631.875 631.230 630.031 629.418
86-02-24 110 631.965 631.310 630.111 629.498
86-02-25 110 631.875 631.240 630.061 629.438 The dorminating influence of ice front position on
86-02-26 111 631.935 631.245 629991 629.428 water levels {the so-called backwater effect} is shown in
86-02-27 112 631.935 631270 630.031 629.428 Figure 25. In Figure 26, the water level at AM is plotted
86-02-28 111 631.960 631.230 630.031 629.428 ) . . o
l 86-03-01 110 631.845 631.290 630.021 629428 against the position of the ice front within the reach. Note
that a slight backwater effect occurs as the ice front passes
86-03-02 111 631.695 631.220 630.011 629.418 T
86-03-03 113 631.670 631.225 630.041 629.428
86-03-04 105 631.640 631.195 630.021 629.418 \
l B6-03-05 108 631.645 631.220 630.061 629.428 - s3zof - .
86-03-06 110 631.645 631.255 630.051 629.448
86-03-07 109 631.665 631.245 630,061 629.473 1
86-03-08 109 631.635 631.235 630.076 629.438 -
I 86-03-09 106 631.665 631.260 630.051 629.438 d ‘
86-03-10 106 631.685 631.250 630.081 629.448 £ earop
86-03-11 105 631.675 631.240 630.051 629.438 ¥
w
86-03-12 108 631.685 631.260 630.051 629.438 3
86-03-13 105 631.685 631.320 630.111 629.513 °©
86-03-14 112 631.605 631.280 630.091 629.518 »
86-03-15 111 631.635 631.310 630.096 629.518 e300} \
l 86-03-16 110 631.645 631360 630.131 629.548 N
J-24 D0C = Ponition of ice lront NN A
86-03-17 109 631.575 631.310 630.101 629.533 o g
86-03-18 110 631.535 631.280 630.071 629.498
86-03-19 113 631.615 631.370 630.131 629.548 o ey T
I 86-03-20 109 631.605 631.370 630.141 629.563 OISTANCE BELOW ROBEAT CAMPBELL ORIDGE (k)
: 86-03-21 m 631.535 631330 630.081 629528 Figure 25. Surface slopes within the reach at sclected times.
86-03-22 111 631.595 631.390 630.151 629.578
86-03-23 114 631.585 631.370 630.141 629.588
. 86-03-24 109 631.535 631.330 630.121 629.558 sor
86-03-25 115 631.575 631.380 630.151 629.588 r
86-03-26 115 631.575 631.380 630.151 629.588 48
86-03-27 126 631.555 631.380 630.131 629.598 . i
l R6-03-28 130 631.635 631.370 630.201 629.658 £ 8¢
86-03-29 127 631.745 631.560 630.311 629.738 2 r 4 DEC
86-03-30 132 631.805 631.610 630.351 629.788 $ 44r ,/“...‘2 oEC
l 86-03-31 138 631.625 631.450 630.261 629.688 s - 8 OEc
86-04-01 139 631.735 631.560 630.321 629.758 2 “2 [ i" Nov
86-04-02 139 631.715 631.530 630.301 629.738 2
86-04-03 139 631.705 631.530 630.301 629.748 2 4or \2‘ Nov
. 86-04-04 136 631.635 631.470 630.271 629.708 & M
86-04-05 146 631.725 631.560 630.361 629.808 2 38f
u L 24 DEC 22 NOV
86-04-06 147 631.635 631.4% 630.311 629.778 <
. 86-04-07 142 631.165 630.990 630.061 629.488 2 asf 7NN wov
86-04-08 114 631.175  631.060 630.001 629.468 I 3 N1 Nov
86-04-09 121 631.525 631.360 630.231 629.698 34t 3 = 10 NOV
86-04+-10 129 631.465 631.310 630.171 629.658 - g 3 g\
l 2l 2 2 2 2§ g23f X
86-04-11 131 631.465 631.310 630.191 629.668 38 e Nov
86-04-12 135 631.535 631.360 630.251 629.718 e | & nov
: 86-04-13 134 631.515 631.340 630.231 629.708 3.0} 1 L d 4 1 4
l £6-04-14 131 631.455 631.260 630.191 629.658 DISTANCE FROM ROBERT CAMPBELL BRIDGE (km)
86-04-15 132 631.405 631.240 630.121 629.648 '
Figure 26. Ice front positivn versus water level at AM.
1 .



BM, and that a much larger effect occurs as the front
reaches the vicinity of X2. This response is relevant to
concerns for flooding and dam operation.

PROCESS-RELATED OBSERVATIONS
Water Temperature Changes at Freeze-up

Changes in water temperature along the reach at
different times during freeze-up are shown in Figure 27.
Typically, the temperature changes by 0.2°C to 0.3°C
between the bridge and BM, yielding a longitudinal temper-
ature gradient dT/dL = 0.05-0.07°C/km. This gradient can
be used to estimate the rate of cooling within the reach.
By taking the mean velocity <V>=0.7m s”! we note that
a column of water moving through the reach cools at a rate
of dT/dt = <V> dT/dL, or between 0.3 10 0.5 x 107*°Cs™".
Taking the mean depth of the reach to be 2 m, a surface
heat flux of 260 to 390 W m~? is obtained. This should be
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Figure 27. Water temperature along reach during freeze-up (Tyy
refcrs to water temperature; Ty refers to asir tempera-
ture.)
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considered as a rough estimate only, but is in agreement
with previous heat flux measurements {Alford and Carmack
1987a), and is similar to observations from 1984/85.

.

Edge Ice Growth

Generally, freeze-up is characterized by a gradual
closing in of edge ice forming a narrow channel along the
velocity core, coupled with a progressive advance of the
ice front due to the deposition of floes formed farther
upstream. Osterkamp and Gosink (1983) say that edge ice
grows laterally by conductive heat transter through the ice,
by the accumulation of drifting frazil, and by loss of latent
heat to supercooled river water. In 1985/86, however. edge

_ice did not develop in a inanner allowing long-term study.

That is, because of fluctuating air temperatures and fre-
quent inundation, the edge ice either formed and broke
away, or was buried by freezing overflow. Because of these
limitations, the rate of edge ice growth was observed at M
for only an 8-day period (Fig. 28). These data show only a
weak relationship to air temperature.
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Figure 28. Edge ice width and air temperature versus time.



Ice Front Advance

The rate of ice front advance through the reach is of
prime engineering concern, for it is during this time that the
Marwell region of Whitehorse is most prone to flooding. It
was noted above that the backwater effect increased as
the ice front passed X2, suggesting that the sensitivity of
flooding is related to the speed of ice front advance.

Observations of ice front advance through the reach

were made in 1983/84, 1984/85, and 1985/86 (Fig. 29). In

general, it appears that the ice front propagates very quickly
from X4 to X2, slows between X2 and X1, and moves very
slowly above X1.

Admittedly, the prevailing air temperatures have the
greatest effect on the winter regime of the river, but in ways
that are sometimes unexpected. This was brought in very
clear perspective during 1985/86 when drastic reversals in
weather patterns were experienced. Coincident with cold
weather and the formation of much trazil and anchor ice,
the ice front passed rapidly from X4 to just downstream

trom AM as expected. \What was difficult to foresee was the
subsequent effect of warm temperatures on water levels and
the fiooding of the existing ice cover. Fluctuations in water
level resulted in considerable edge ice breaking loose and
floating into the open parts of the reach. These would then
lodge at the ice front to extend it upstream at a very rapid
rate. This is what happened between AM and the Robert
Campbell Bridge.

Ice Ripple Formation
Past research has shown that, with the onset of spring,

instabilities in the flow of water warmer than the freezing
temperature can result in the formation of wavelike fea-

“tures, called ice ripples, at the icewater interface (Carey,

1966; Ashton and Kennedy, 1972), The fluid mechanics of
heat transfer at an ice/water interface in the presence of
turbuient flow has been treated by Gilpin et a/. (1980). It
has been noted (Alford and Carmack, 1987a) that the
hydraulic resistance of the reach appeared to increase
coincident with the onset of ripple formation.

Open lead
all winter

Open lead
all winter )i

FEB 25

advance) (Max. advance)

Figure 29. Comparison of ice frout advance during the three wintees of study.

15



(b) March 24,

Figure 30. Plan view of the

R

underside of ice blocks showing the progressive development of ice ripples on specific darey,
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(f) April 15.
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(b) April 15.

I'igure 31. Side view of the underside of icc blocks showing the wransition from a flat
maximum cipple amplitude on April 15,
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surface on March 10 to the time of
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In general, the developrnent of ripples followed the
same pattern in 1986 as in 1985; namely, dramatic changes
in the texture of the ice/water interface occurred in a very
short period of time, as shown in Figures 30 and 31.
Initially, the bottom of the ice was featureless; then, as
solar radiation began to penetrate the cover and warm the
underlying water, ripples began to form. Initialty the ripples
were essentially straight-crested with wavelengths of about
0.10 m and amplitudes of about 0.01 m. As the amplitudes
of the ripples grew to about 0.02 m, secondary points of
instability and melting appeared, and the wave crests began
to undulate. In the final stages, the crests of the ripples
became discontinuous and broken and thus could not be
traced over distances much longer than the wavelength. By
this time the amplitudes were of order 0.05 m, Figure 32
shows water level, air temperature, and
attendant to the period of ripple formation and breakup.

streamflow

Two new aspects associated with the formation of
ripples were observed in 1986. The first concerned their
development in midwinter, During an inspection on
December 21 of the isolated ice cover that extended above
the Robert Campbell Bridge, it was observed that one of
the pans that had lodged at the ice front had inverted to
expose a rippled undersurtace (see Fig. 10). It is likely that
this block had its origin as edge ice in that reach of the rive:
close to the hydro dam outfall where water temperatures
are highest. Such an observation clearly shows that ripple
formation is not only a spring {solar radiation induced)
phenomenon, but may develop wherever water temper-
atures and flow are favourable, e.g., in the proximity of
heated outfalls or lake outlets.

The second observation concerns the occurrence and
migration of ripples through white ice. Recall that, because
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Figure 32. Water level, air temperature, and strecamflow during breakup.
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(b) Side view,
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gure 33. Oblique and side views of the underside of white ice at BM on April 21.
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Table 5. Analysis of Historical Data to Deteninine Parammeters Used in the 486" Method

1 2 3 4 5 6 7 8 9 10
Zmax
Depth lee vo.4 v Vivy.4 V2&S8 Vag6
Location Date (m) conditions® (m) (ms™') tms™") (ms ") (ms " (ms™")
Blue River 66-12-14 0.732 C 0.358 0.47 0.400 0.864 0.425 0.404
Blue River 66-12-14 0.732 C 0.331 0.68 0.553 0.813 0.585 0.585
Blue River 67-03-20 0.610 C 0.431 0.73 0.582 0.800 0).600 0.628
Coal River 66-12-10 1.067 C 0.582 0.82 0.645 0.787 0.605 0.705
Cottonwood River 66-12-15 0.732 C 0.388 0.85 0.705 0.829 0.740 0.731
Cottonwood River 66-12-15 0.671 C 0.311 0.87 0.717 0.824 0.755 0.748
Dease River 66-12-17 2.225 C 0.309 0.41 0.357 0.870 0.365 0.410
Dease River 67-03-15 1.341 C 0.267 0.36 0.302 0.839 0.300 0.461
Dease River 07-03-15 1.615 C 0.417 0.34 0.279 0.821 0.290 0.292
Dezadeash River 67-04-14 1.097 C 0.348 1.37 0.992 0.724 0.940 1.178
I'rances River 66-12-06 1.676 & 0.598 0.48 0.374 0779 0.375 0.413
Hyland River 66-12-09 1.494 C 0.303 1.14 0.951 0.834 0.950 0.980
Hyland River 66-12-09 2.012 C 0.259 1.09 0.881 0.808 0.820 0.937
Iskut River 67-01-18 1.920 C 0.585 0.21 0.181 0.862 0.180 0.181
Iskut River 67-01-18 1.829 C 0.528 0.20 0.152 0.760 0.155 0.172
Iskut River 67-03-15 1.920 C 0.484 0.23 0.214 0.930 0.230 0.198
Iskut River 67-01-13 1.829 C 0.465 0.92 0.805 0.875 0.820 0.791
Kechika River 66-12-08 1.219 C 0.300 1:19 0.978 0.822 1.000 1.023
Kechika River 66-12-08 1.585 C 0.285 1.06 0.885 0.835 0.890 0.912
Kechika River 67-03-17 1.036 C 0.388 1.05 0.883 0.841 0.905 0.903
Liard River at lower crossing 66-12-12 3.475 C 0.459 1.16 0.994 0.857 1.005 0.998
Liard River at lower crossing 06-12-12 3.261 C 0.431 112 0.Y30 0.830 0.930 0.963
Liard River at upper crossing 06-12-07 4.511 C 0.547 1.21 1.008 0.833 1.035 1.041
Liard River at upper crossing - 67-03-21 3.353 C 0.490 0.48 0.409 0.852 0.430 0.413
Lubbock River 067-01-16 2.042 C 0.093 0.59 0.472 0.800 0.445 0.507
M'Clintock River 67-02-03 1.189 C 0.340 0.33 0.280 0.848 0.295 0.284
Stewart River at crossing 66-11-17 1.8%0 C 0.362 0.31 0.277 0.894 0.280 0.267
Stewart River at crossing 06-11-17 2.103 C 0.274 0.27 0.244 0.900 0.250 0.232
Stewart River at crossing 67-01-26 1.981 C 0.261 0.42 0.304 0.274 0.320 0.361
Stewart River at Mayo 66-11-16 3.780 C 0.484 0.16 0.140 0.875 0.140 0.138
Stewart River at Mayo 66-11-16 7.071 C 0.441 0.26 0.217 0.835 0.225 0.224
Stewart River at Mayo 67-01-27 5.608 C 0.097 0.14 0.100 0.714 0.100 0.120
Stewart River at mouth 64-04-16 2.865 C 0.260 0.31 0,277 0.894 0.270 0.270
Pelly River at Ross River 66-11-23 1.829 C 0.537 0.68 0.548 0.806 0.550 0.585
Pellv River at Ross River 66-11-23 2.103 C 0.335 0.78 0.693 0.890 0.715 0.671
Pelly River at Ross River 67-U1-31 1.524 C 0.336 0.37 0.339 0.916 0.350 0.318
Pelly River at Ross River 67-01-31 1.219 C 0.696 0.30 0.345 0.958 0.335 0.310
Pelly River at crossing 67-01-25 1.402 C 0.289 0.86 0.686 0.798 0.715 0.740
Stikine River at Tclegraph Creck 67-01-22 2.530 C 0.229 0.50 0.427 0.854 0.4_40 0.430
Stikine River at Telegraph Creck 67-01-22 2.530 C 0.266 0.59 0.521 0.883 0.560 (.507
Stikine River at Telegraph Creek 67-03-20 1.829 C 0.290 0.62 0.543 0.876 0.550 0.533
Stikine River at Telegraph Creek 67-03-20 2.225 C 0.322 0.68 0.603 0.887 0.615 0.585
Stikine River below Klappan River 67-01-19 1.646 C 0.293 0.81 0.718 0.886 0.745 0.697
Swift River 66~12-18 1.859 C 0.559 0.91 0.805 0.885 0.825 0.783
Swifr River 66-12-18 2713 C 0.706 0.68 0.593 0.872 9.635 0.585
Swift River 66-02-10 1.554 C 0.331 0.63 0.513 0.814 0.500 0.542
Swift River 66-02-10 0.975 C 0.284 0.67 0.521 0.778 0.565 0.576
Swift River 67-03-22 1.859 C 0.455 0.55 0.493 0.896 0.515 0.473
*Ice conditions: C = clear; F = frazil; U = unknown.
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Table 8. Continued

1 2 3 4 5 6 7 8 9 io
Zmnax

. Depth fce b vo.4 A Vivg 4 V&8 Vag4

Location Date (m) conditions® () (ms™') (ns?) (ms™*)  (ms?) (ms ")

‘T'eslin River 66-02-11 1.494 U 0.269 0.48 0.421 0.877 0.440 0.413
Teslin River 66-02-11 1.676 §) 0.375 0.53 0.360 0.808 0.470 0.456
Teslin River 66-02-11 1.402 U 0.245 0.45 0.372 0.827 0.375 0.387
Watson River 66-11-30 0.640 C 0.239 0.37 0.321 0.868 0.320 0.318
Watson River 06-1 1-3Q 0.640 C 0.321 0.43 0.304 0.847 0.360 0.370
Watson River 67-04-05 - 0.457 . C 0.265 0.39 0.322 0.826 0.340 (.335
Yukon River at Dawson 59-02-18 4.846 C 0.345 0.29 0.263 0.907 0.260 0.249
Yukon River at Dawson 60-02-16 4.328 U 0.618 0.56 0.501 0.895 0.500 0.482
Yukon River at Dawsoun 60-02-16 3.810 v 0.581 0.72 0.651 0.904 0.660 0.619
Yukon River at Dawson 61-02-10 3.261 U 0.511 0.78 0.694 0.890 0.715 0.671
Yukon River at Dawson 60-02-16 3.749 t 0.634 0.69 0.658 0.954 0.690 0.593
Yukon River at Dawson 63-04-09 6.858 U 0.470 0.52 0.468 0.900 0.520 0.447
Yukon River at Dawson 63-04-09 6.919 U 0.171 0.28 0.224. 0.800 9.250 0,241
Yukon River at Hootalinqua 66-02-12 2,438 U 0.319 1.26 1.002 0.795 1.030 1.084
- Yukon River at Hootalinqua 66-02-12 2.012 U 0.336 1.02 0.822 0.806 0.785 0.877
Yukon River at Hootalinqua 66-02-12 2.530 U 0.308 1.19 1.013 -0.851 1.110 1.023
Yukon River at Whitehorse 7-02-15 3.597 C 0.317 0.48 0,420 0.875 0.425 0.413
Yukon River below White River 59-02-22 4.724 U 0.471 0.43 0,394 0.916 0.395 0.370
White River 67-04-25 2.377 U 0.536 0.66 0.572 0.867 9.575 0.568
Takhini River 66-12-27 1.219 C 0.436 0.74 0.649 0.877 0.650 0.636
Takhini River 66-11-14 3.018 C 0.528 0.61 0.553 0.907 0.535 0.525
Takhini River 06-11-15 2.377 C 0.573 0.60 0.514 0.857 0.550 0.516
Takhini River 66-11-15 2.591 C 0.531 0.47 0.390 0.830 0.425 0.404
‘Takhini River 66-11-16 2,377 C 0.547 0.67 0.542 0.810 0.560 0.576
‘Takhini River 66-11-16 2.530 C 0.6U5 0.52 0.455 0.875 0.505 0.447
Takhini River 66-11-17 2.530 C 0.557 0.64 0.509 0.88Y 0.585 0.550
‘Takhini River 66-11-18 2.530 C 0.532 0.70 0.609 0.870 0.640 0.602
Takhini River 60-11-18 2,377 C 0.643 0.45 0.448 0.990 0.4}85 0.387
Takhini River 66-11-19 2.804 C 0.500 0.70 0.603 0.801 0.630 0.602
‘Takhini River 66-11-22 1.92y C 0.575 0.48 0.397 0.827 0.450 0.413
Takhini River 67-02-08 1.372 C 0.486 0.47 0.434 0.923 0.450 0.404
Takhini River 56-03-27 0.610 C 0.323 0.57 0.482 0.840 0.500 .490
Takhini River 65-12-28 1.097 C 0.275 0.66 0.571 0.865 0.550 0.568
Takhini River 65-12-28 1.219 C 0.329 0.70 0.568 0.811 0.575 0.602
Takhini River 65-12-28 1.280 C 0.441 0.71 0.590 0.831 0.615 0.611
Takbhini River 65-12-28 0518 C 0.359 0.45 0.380 0.844 0.380 0.387
Takhini River 65-12-28 0.914 C 0.202 0.59 0.497 0.842 0.500 0.507
‘Takhini River 67-02-09 0914 C 0.202 0.78 0.687 0.881 0.695 0.671
Takhini River 67-02-02 0.823 C 0.358 0.60 0.557 0.928 0.580 0.516
‘Takhini River 67-02-07 0.975 C 0.295 0.57 0.480 0.842 0.480 0.490
Takhini River 67-01-28 0.884 C 0.216 0.60 0.530 0.883 0.550 0.5106
Takhini River 67-01-28 0.823 C 0.235 0.59 0.503 0.853 0.510 0.507
‘Takhini River 67-01-04 1.097 C 0.351 0.75 0.65_7 0.876 0.600 0.645
Yukon River at Whitehorse (M) 83-12-14 2.62 F 0.464 1.02 0.877 0.859 0.840 0.877
Yukon River st Whitehorse (M) 83-12-14 4.51 F 0.530 1.01 0.894 0.885 0.970 0.869
Yukon River at Whitehorse (M) 83-12-14 3.47 K 0.436 1.19 1.054 0.885 1.075 1.023
Yukon River at Whitchorse (A) 84-01-00 3.05 F. 0.337 1.39 1.142 0.822 1.155 1.195
Yukon River at Whitehorse (M) 84-01-06 3.9 F 0.282 1.36 1,207 v+ U.888 1.240 1.170
Yukon River at Whitchorse (M) 84-01-06 3.96 F 0.461 1.16 0.978 0.843 0.980 0.998
Yukon River at Whitehorse (3M) 84-01-12 2.87 F 0.500 0.90 0.784 0.871 0.805 0.774
Yukon River at Whitehorse (AM) 84-01-23 4.45 I 0.295 (.88 0.762 0.866 0.765 0.757
Yukon River at Whitchorse (AM) 84-01-23 3.32 F 0.348 0.65 0.542 0.834 0.575 0.559
Yukon River at Whitehorse (AM) 84-01-23 3.2 K 0.252 0.97 0.780 0.810 0.795 0.834
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Table 6. Verification of the 486" Mcthod Using the Discharge at the Whitchorse Rapids Hydro Site as a Conuol

Streamflow (in* s ')

Percentage of

No. verticals ~ AtNCPC “Conventional” 486" difference to NCPC
Darte Section per section dam mcthod method “Conventional™ 486"
85-11-18 Yukon at BM 13 152 154 153 1.3 0.6
85-11-25 Yukon at M 10 130 125 123 -3.8 -5.4
85-11-26 Yukon at BM 12 137 140 134 2.2 -2.2
85-12-02 Yukon at X1 11 130 125 - ~3.8 -
85-12-04 Yukon at BM 14 136 139 - 2.2 -
85-12-05 Yukon at X1 12 134 118 - -11.9 -
85-12-06 Yukon at M 16 140 144 .- 2.8 -
85-12-12 Yukon at BM -- 139 - 129 - 0
85-12-18 Yukon at M 16 141 144 141 2.1 0
85-12-20 Yukon at BM - - — -~ - -
85-12-23 Yukon at M - 140 - 144 - 2.8
86-01-06 Yukon at BM - 130 - 128 - -15
86-01-08  Yukon at AM 20 134 137 137 2.2 22
86-01-10 Yukon at X1 16 ) 131 124 128 -5.3 -2.3
86-01-14 Yukon at M - 126 - 127 - .8
86-01-16 Yukon at BM 20 123 131 120 6.5 -2.4
86-02-04  Yukon at AM 20 117 125 119 6.8 1.7
86-02-05 Yukon at X1 23 118 - 115 - -2.5
86-02-06 Big Salmon 25 - 21.0 21.4 - -
86-02-10 Yukon at M 22 117 - 112 - -4.3
86-02-12 Yukon at BM 22 117 - 115 — -1.7
86-03-11 Yukon at M 24 110 - 110 - -4.3
86-03-12 Yukon at BM 20 115 - 105 - -8.6
86-03-21 Yukon at XI 26 100 - 110 - 0.9
86-03-24 Yukon at M 21 114 - 119 - 4.4
86-03-25 Yukon at BM 20 115 - 110 - -4.0
86-04-04 Yukon st M 25 145 - 149 - 28
86-04-14 Yukon at BM 22 134 - 137 - 2.2
/
Table 7. Summary Comparison of the Winters of 1983/8+4, 1984/85, and 1985/86
' Winter
Event 1983/84 1984/85 1985/86
Date of ice front at X4 R - Nov, 9
Date of ice front at BM Dec. 4 Dec. 9 Nov. 11
Date of ice front at M Dec. 9 Dec. 13 Nov. 17
Date of ice front at AM Jan. 2 Dec. 29 Dec. 24
Date of ice front at X0 - - Jan. 28
Maximmum ice thickness at M 1.0m 0.7 m 1.0m
Date of maximum ice thickness at M Feb. 7 Mar. 19 Mar, 11
Maximum percentage area of frazil dam at M 41.6% 39.8% 44%
Date of maximum percentage area of frazil dam at M Dec. 14 Feb. 12 Nov. 25
Maximum water level at M 3.501 m 3.471m 3.341mm
Date of maximum water level at M Dee. 9 Dec 16 Nov. 16
Maximum water level st AM 4.812:m 5.085 m 4.420m
Date of maximum water level at AM Jan. 1 Dcce. 30 Dec. 4
Date of ice clear at depot Mar. 22 Apr. 8 Apr. 17
Date of ice clear at AM Mar, 23 Apr. 8 Apr. 18
Pate of ice clcar at M Mar. 25 Apr. 10 Apr. 19
Date of ice clcar at BM Mar, 29 Apr. 12 Apr. 19
Snowfall from Nov. 1 to Mar, 31 0.724 m 1.672 m 127.6 m
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