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1.0 INTRODUCTION

As a part of the on-going environmental studies for the project, we

have completed the first ph~se of tee calibration of the computer

model for instream ice. This report deals with the freeze-up in

the reach from the confluence at Talkeetna to Gold Creek for the

1982-83 season, as shown on EXh~it 1. This reach includes a number

of the more important sloughs, and is expected to experience a

greater change in winter regime than the downstream river reach.

Data has been collected in this reach since 1980 and includes the

most complete data on the river.

Calibration studies will continue and will be reported later.

These further studies will include:

1. Additional simulations for the freeze-up from Talkeetna to Gold

Creek based on 1983-84 data now being collected.

2. Complete winter simulation, including freeze-up, ice cover

thickening and ice cover melting. The break-up of the ice

cover can only be qualitatively estimatl~d since modelling of ,. LC""~

this highly complex phenomenon is not presently reliable. Ice

jam stages may be estimated with present analytical techniques,

if the location of jams are known.

1.1 Environmental Work Plan

The sequence of enviromental studies in progress for the river is

shown on Exhibit 2. According to this exhibit, the critical input

data for the instream ice model are the discharge hydrograph and

temperature time history for releases at the dames). The instream

hydraulic model (HARZA-EBASCO) and instream temperature model )M~""''- "(
\.\.t.. Ie. t. (. ~ .. c.

(AEIDC) will also be required for final instream ice runs. ~(.\ Ie,'
However, for preliminary runs, the instream ice model will include
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computations for open-water surface and temperature profiles for

convenience.

2.0 DESCRIPTION OF MODEL

The basic program, ICECAL, has been developed by Darryl Calkins of

the Cold Regio~s Research and Engineering Laboratory (CRREL), U.S.

Army Corps of Engineers. The program documentation is included in

Appendix A. Mr. Calkins provided assistance in installing the

program on the H-E system and continues to provide~dvice on

assessment of program output.

In summary, the program requires the following daily input data:

Upstream Boundary

Water Discharge

0fP • I..

I
I
I
I
I
I
I
I
I

Water Temperature

Frazil Ice Discharge ~ I ~ ,,",'" ,,<:J "-f

Within the Reach

Channel Cross-sections

Channel Roughness

Air Temperature

Wind Velocity

Downstream Boundary

Stage Hydrograph

5
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Water Discharge

For the first day of the simulation period, the program computes

the open-water surface profile and temperature profile. During

each day, including the first day, the model determines the total

------ice produced, evaluates potential ice bridging sites, and advance

of the leading ice edge and thickening of the cover. In addition,

the border ice is simulated at various open-water sections in

accordance with calibrated coefficients. After the ice front

advances from one cross-section to the next upstream section, or if

the water discharge changes from one day to the next, the water

surface profile is re-computed.

The ice production in the reach is computed based on open-water

heat exchange using a linear approximation of the heat transfer

coefficient with wind velocit~ as the major independent variable.

The ice cover starts at a "bridge" location at the downstream

boundary or an intermediate section. The advance of the leading

edge is based on water velocity at the front and relative thickness

of ice to water depth.

The critical parameters which must come from the ice hydraulics

calibration are as follow:

1. Open-water heat transfer coefficients.

2. Cohesion coefficient for frazil slush accumulation thickness.

3. Critical value of Froude No. for progression of the leading

edge.

4. Critical velocity for erosion/deposition under ice cove~·.

5. Lateral ice growth coefficients.

6
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ice processes:

p

B = open water width, em).

where

hi = ice production heat transfer coefficient, w/m2_·~
2A - open water area, m •

Li = ice growth in m/day.

K = coefficient based on observation.

where

0i = ice discharge,m3/s.

Ci = surface ice concentration,i.

V = /77t'd/1 velocity, (m/s).

T_ = air temperature below O·C.

= density of water, ItJOtJ ~/p1~.

= heat of fusion, 334 X /() 5 ,N-m/K9

V =J'7f'~'" flow velocity, m/sec.
N = eJ(IJM~lff J~fStl 0'1 oJj~rl/dfl;'A.

~--- The model uses the following fundamental equation$for the

t = /77 ~:;/1 thickness of the floating (d'!TC/hfh1U (/.17m;
slush" (.7>$"t/m".,d

(/,5) I ., -. ,
e = porosity of the floating .- ? •

2. Ice production in open water:

1. Ice inflow at upstream boundary:

3. Lateral ice growth:

,
I
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under ice cover, m.

hydraulic depth, m.

flow velocity, m/sec.

F~FC

uted modified Froude Number.

ical Froude Number.

n for progression of leading edge:

edge, m/sec.

front, m.

= hydraulic depth just upstream of the leading

= mean flow velocity just upstream of the leading

= stable ice thickness required for progression of

=

= mean hydraulic depth

ch~""e/ width, m.

= mean velocity under ice cover, m/sec.

under cover for possible deposition downstream.

If F > Fc, leading edge cannot advance and ice is drawn

Progression by Hydraulic Thickening:

v

where

H

Progression by Mechanical Thickening:

Hu

where

B

5.

6.

I
t

: ~\
\

·1 1 \

I~~
I
t,
I
I
I
I
I
I,
I
I

~ = coefficient of internal friction for ice cover) /.C~.

-2-



where

where

edge, m/sec.

hydraulic depth, m.H =

V = mean flow velocity just upstream of the leading

Criterion for progression of leading edge:

Progression by Hydraulic Thickening:

V = V29 t H (l-p'/ pl (l-tH/Hl

t H = stable ice thickness required for progression of

front, m.

H = hydraulic depth just upstream of the leading

edge' m.

F = ~~Fc
,tgH

under cover for possible deposition downstream.

F = computed modified Froude Number.

v = mean flow velocity, m/sec.

Fc = critical Froude Number.

If F > Fc, leading edge cannot advance and ice is drawn

p',p = density of ice cover(d5J"t//J1med 920 ;t?/m:V;tue1~r(/Oa:J .q~J')

Progression by Mechanical Thickening:

B Vu2

IIc2Hu 2

Hu = mean hydraulic depth under ice cover, m.

B = ch~""e/ width, m.

Vu = mean velocity under ice cover, m/sec.

4.

5.

6.

I
I
I
"

I
I
1
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II = coefficient of internal friction for ice cover) /.?~.
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J

C = Chezy coefficient of friction !:.;;JJed on ';;J"e'~fed(),c
'/ PC>d fr/c/7 'tJ,. ;;J,rl

p ,p = densit"y of ~ce cover'L'S";;me ,- r ~.~ 0,050."... .;./. .;;Jj:J~~).

R = hydraulic radius under ice cover, m.

-' = cohesion of ice cover, N/m!

t s = stable ice thickness required for shoVing

stability, m.

I/u.c
V,,-c

lIv-c!O.95 "'/f
lIu-c I"!JQ~/j.

previous day ice thickness, ~.

7~me

0° to -7°C
-7 to -l9oC

-18 to -30
o

C

= incremental ice thickness gro...t.h per day} m.

e

p

H = surface heat exchange coef}
a

K
i

= t.herrnel conduct i vi ty J 2- Z3 tVIm- -c .
tlJ1m z_ ·C.

= porosity of ice cover (~>.rvmme-d (),S).

= heat of fusion of ice J 3,34 N-hJ/Kg.

= densit.y of ice I 9ZtJ ~9/hl3.

Underice Deposition: L fL'",,.'01 " ,~ cl)~r

Vu-c = critical velocityjior deposition of ice

under cover when front cannot advance, m/sec .

7.
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3.0 DATA AVAILABLE FOR CALIBRATION

The data available for model calibration has been accumulated

primarily by R&M Consultants over the past three years. This

information is available in R&M reports for the past 3 winters (see

reference list). Observation for the 1983 freeze-up will be

available in early 1984. In addition, channel cross-sections from

Talkeetna to Watana, and open-water stage-discharge observations

are available in R&M's report on "Hydraulic and Ice Studies."

The information included in these reports is as follows:

1. Descriptions of the ice processes,

2. Photos of river ice phenomena,

3. Weather data,

4. Discharge data,

5. Surface ice con=entration,

6. Water surface profiles,

7. Ice thickness,

8. Ice front progression,

9. Ice jam locations and effects,

10. Channel cross-sections,

11. Open-water stage-discharge ratings.

Based on the above information, the freeze-up of 1982-83 was

selected for calibration of the freeze-up portion of the model:

7
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since it represents the most useful information required for

calibration. While this data set is not complete, the following

information in the reach from Talkeetna to Geld Creek was

sufficient for preliminary calibration:

1. Progression of the leading edge,

2. Approximate staging,

I 3. Approximate solid ice thicknesses (slush not included),

I 4. Estimate of surface ice concentration at Gold Creek.

I
I
I
I

4.a CALIBRATION OF OPEN-WATER TEMPERATURE

The open-water temperature profile is not important for the

calibration of the freeze-up portion of the model, since the

simulation period begins after the river has reached a·c, and air

temperatures are below a·c. Therefore, no attempt has been made to

calibrate this portion of the model.

However, for post-project production runs, discharges from the

dames) will be above freezing and it is very important to determine

the location of the a·c point in order to estimate the ice

production and limit of ice cover.

Therefore for post-project operation, we plan to use results of the

AEIDC temperature profile model, SNTEMP, which has been calibrated

to the Susitna. Until SNTEMP results are available, however, we

will use the temperature profile as computed by ICECAL, realizing

that adjustments may be necessary when the final SNTEMP data is

available.

8
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5.0 CALIBRATION OF OPEN-WATER SURFACE PROFILE

This portion of the model must be calibrated since velocity and

depth are crucial to the development of an ice cover and the

mechanics of the ice front advance.

Open-water stage data is available on the river for Gol~ Creek

discharges of 3000 cfs, 9700 cfs, and higher flows. Since the

normal pre-project winter flow during freeze-up is approximately

3000 cfs, and post-project freeze-up flows are expected to be

approximately 10,000 cfs, both discharges were used for calibration

purposes. Tables 1 and 2 show the comparison of computed and

observed water surface elevations. All computed water surface

elevations are within 0.5 feet of the observed values, wh~ch is

considered acceptable for the ice model. Exhibit 3 includes

profiles showing the same information. Tables 1 and 2 also show

the water surface elevations computed with the HEC-2 model, as

reported in reference 5. These values demonstrate that the open

water surface profile computation in ICECAL compares favorably with

HEC-2, which is the standard model for open-water profiles.

The resulting Manning's "n" values for the river bed at the various

cross-sections are shown on Table 3 and range from 0.022 to 0.065,

with contraction and expansion losses of 0.1 and 0.3, respectively.

This is considered to be a normal range of "n" values for a river

such as the Susitna. These calibrated roughness factors were then

used for the river bed for all succeeding freeze-up simulations.

6.0 CALIBRATION OF FREEZE-UP PROCESSES

The simulation of freeze-up for 1982-83 is based primarily on data

given in the R&M 1982-83 Ice Observation Report. The information

taken from that report is as follows:

9
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1. Table 4 contained water discharge, mean daily air temperature,

and ice concentration at the upstream model boundary. (Gold

Creek). Since wind velocity was not available at Gold Creek,

the record at Devil Canyon was used, shown in Table 5. The ice

concentration was converted to ice discharge based on estimated

thickness and porosity.

2. Table 6 provided the downstream boundary conditions

(Talkeetna), mean d~ily air temperature and wind velocity.

3. Table 7 listed the river stage after the ice front passed

various locations in the reach between Talkeetna and Gold

Creek.

4. Table 8 gave the solid ice thickness following freeze-up at

Gold Creek, Curry, and LRX-3 (did not include slush).

5. Exhibit 4 in this report was used to determine the location of

the leading edge with time.

Results of final simulation trials are shown on Exhibit 5,6, and 7

and Table 9. Exhibit 5 shows a profile of the maximum water

surface elevations computed after the ice front has passed the

various sections in the reach, along with corresponding observed

ice elevations at locations reported in Table 7. Exhibit 5 also

shows the open-water stage corresponding to the flow during passage

of the ice front, indicating "staging." Exhibit 6 shows the

computed slush ice thickness in the reach, after the cover has

progressed to Gold Creek, with observed solid ice thickness

included for comparison. As discussed in Section 7, below, the

observed solid ice thicknesses do not include slush deposited

beneath the solid ice and will therefore not correspond to the

total slush thicknesses computed by the model. Exhibit 7 shows the

computed location of the ice front with time, compared to the

observed location. The calibration coefficients resulting from the

10
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final simulation for the 1982 freeze-up are shown in Table 9.

These values are within normal tolerances, as indicated.

7.0 DISCUSSION OF RESULTS

Based on the results of the simulations to date, we conclude the

following:

1. The open-water profile calibration yields computed values

within 0.5 foot of observed values for 3000 cfs and 9700 cfs.

This is considered acceptable for ice modelling purposes.

2. The maximum water levels computed and observed "maximum ice

elevations" are in good agreement generally, with the

exceptions of RM 127.0 and 130.9. Here the observed maximum

ice elevation are significantly lower than computed.

We have no explanation for these differences other than the

possibility of bad data. In particular, the observation at

RM 127.0 is suspicious because is it very near the open-water

level, indicating little staging (about 1.5 feet). Observed

staging in the remainder of the reach ranges from 4 to 8 feet.

At RM 130.9, the observed staging was about 5 feet, compared to

about 10 feet computed. On the other hand, at RM 103.2, the

observed staging was about 8 feet compared to about 5 feet

computed. It appears that there is no systematic error in the

simulation, but rather possible errors in observation as well

as computation. It also appears that the simulation results

are generally on the conservative side.

3. Ice thickness simulations apparently do not agree with observed

values. However, the observed values of February 4, 1983 are

for "solid ice" only and do not include the "slush ice" which

can be deposited in significant amounts beneath the solid

layer. The simulated thicknesses ~re largely slush which

11
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Again, the simulation is conservative, since the observed rate

of advance at the upper end is slower.

The field observations for 19~3 freeze-up should produce a

better estimate of total ice in the cross-section where

measurements are made.

ice thick~sses
a high estimate of

deposited during passage of the front or slightly thereafter.

Unfortunately, the amount of slush beneath the solid ice was

not documented for the 1982 freeze-up, thereby making a direct

comparison impossible. The elevations of the ice cover

observed are below the top of ice computed because of the

decreased flow and consequent "sagging" of the ice cover in

February.

As with stage simulations, we believe the

simulated are conservative and will yield

post-project impact in the middle reach.

4. The simulation of the leading edge progression rate was in good

agreement with observations for the first 30 miles, as shown on

Exhibit 7. However, where the field observation shows a more

gradual decrease in rate of progression, the computed rate

seems to have a sudden decrease to a slower constant rate at

RM 130. Since the first 30 miles are likely to be the more

important reach for post-project, the upper end near Gold Creek

is not of great concern. Observations note that the continuous

ice cover progression does not extend upstream of Gold Creek,

but is replaced by a series of localized ice bridges separated

by open water.

I
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8.0 FURTHER STUDIES

Further calibration studies will be made to extend the model

simulations into the full winter season. We do not expect that

I
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break-up will be modellable. However, locations of maximum ice

thickness and flow velocities during spring thaw may correlate with

portions of the river which are particularly susceptible to

jamming. Maximum jam elevations may be estimated for the jam

susceptible reaches, but probability of occurrence may not be

reliable.

Additional calibration runs will be made as 800n as the freeze-up
~,~

data from 1983 ~ available. Following this further calibration of

the model, we will proceed with project production runs as output

from the reservoir simulations become available.
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TABLE It.':t

SU51THA RIVER AT GOLD CRfEK
fREEZE-UP OBS£RV"'fIOHS ON THE MAINST£M

Deee.ber 1982

Cold Creek
Hean Air WaLer Ice In Border Ice Snow

DI6Ch.,.g8 (11 To.peraLure (2) Te.pent.ur. (3) Channel 14) Thickneu Depth
pue Ichl ( 0c! l°el I II 1ft) illL Weith,,.

Dec. 1 lOOO -1.8 0.10 30 1.3 3.0 e IOlldy
2 2900 -16.9 0.10 55 1.3 3.3 Cloudy
3 2900 -'6.9 0.00 70 1.3 l.3 Windy/Sunny
0 290n -10.0 0.10 75 1 . 3 3.3 Cloudy
~ 2800 -8.3 0.20 75 1.3 3.3 Cloudy
6 280e) -1.1 0.20 65 1.3 3.0 Sunny
7 2800 2.5 O. ]0 00 1.3 3.0 Windy/Cloudy

• 27UO 3.6 0.20 '5 1 . 1 3 .• Snow

• 2"100 -1.9 0.20 2> 1 . 1 3.' Cloudy
10 2700 -16. 1 0.10 60 1.2 3.' Sllnny
11 2600 -6. I o.uo 00 1.3 3.' Sllnny
12 2600 -3. , 0.00 60 1 . 3 3 .• e lOUd)'
1J 2600 -1.1 0.10 00 1.3 3 .• Sunny
'0 2600 -5.0 0.20 2~ 1.2 3 .• Sunny
15 26110 -n.1 0.20 10 1.2 3 .• SUllny

'6 2':100 -3.3 0.10 '0 - 3.7 Sunny
17 2500 -6.7 0: 10 10 - 3.7 Sunny

'" I. 2500 -10.6 0.00 50 - 3.7 Sllnny

'" " 2400 -11.1 0.00 00 - 3.7 Sunny, 20 2'1l10 -7.2 0.00 00 - 3.7 Sunny
21 21100 -21. 1 0.00 50 0.5 3.7 Sunny
22 21UlO -23.1 0.00 511 0.5 3.7 SlInny
23 2400 -1).6 0.00 30 0.5 3.7 Sunny
20 2"00 -11. 9 o.no 30 0.5 3.6 Sunny
2~ 2300 -9.2 0.10 30 0.6 3.6 Sunny
26 2]00 -5.6 0.10 30 O.f 3.5 Sunny
27 2400 -1.7 0.10 35 0,6 3.5 Snow
2. 2"00 0.6 - - - 5.0 Snow
2' 2600 1.7 0.10 5 overfl~ 3. I Rain
30 2800 -0.3 0.10 25 overflw 3.2 Rain
J1 2900 - 0.10 5 1.3 3.2 Sunny

1. Provisional d.t. subject to revision by the U.S. GeOlogical Survey. W.te~ Resou~cel Olvilion. Anchor.ge, AI.sk•.

2. Aver.ge value of the d8Y' .Inl.u••nd ..xl.u. te.per.t~r••

3. Based on one InltenUfl80u15 ...15ur...nt lI15ually uken .t 9 •.•. d.ll)'.

4 . VI15ulIIl .15tl •• t8 b.15.d on one Instent.neoul observ.tlon. usu.lly et 9 •.•. delly.

••
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TABLE 4.6

SUSIT"A RIYER AT GOLD CR££K
fR£El£·UP OBS£RYATIONS ON TH£ HAINST£"

January 1983

Cold Cre.k
Mean Air W.t.r Ie. In Bord.r Ie. Snow

Ol.charg. (11 Telllp.ruur. (~) T.lllperilur. (31 Ch.nn.1 (". Thlckn.s, DepthOtt, I crs I lOCI lOCI lSI I rt I J.llL wettber
J.n. , 2900 ·2.8 0.00 • 1.3 3.2 Sunny2 2800 -2.8 0.00 10 1.3 3.2 Sunny3 2800 -3.9 0.011 30 1.3 3.5 C 10lldy• 2700 -5.0 u.oo 60 1 .• 3.5 Sunny5 27ljO -13.9 0.10 65 1.3 3.5 Sunny6 2600 ·1g. 1 0.10 65 1.3 3.5 Sunny1 2500 - 0.00 10 1.3 3.5 Sunny• 2500 ·25.3 0.00 65 1.3 3.3 Sunny9 2400 -22.2 o.no 60 1.• 3.3 Sunny,n 21100 -?0.6 o.nn 70 I.. 3.0 High Wind,II 2'"10 ·16.7 0.00 ., ,.. 3.0 Sunny12 2300 -18.6 0.00 90 1.5 3.0 Sunny13 23Ul) ·16. 1 O.ClO 90 1 .5 3.0 SunnyI. 2200 ·13. I 0.00 100 1.5 3.0 Sunny•

1. Provlslon.1 d.U subject to r'vlslon by th, U.S. GeOloglc.1 Survey, W.t.r R.sources Division. AncHor.g•• AI.sk•.

2. Aver.g. v.lue Dr th' lIIlYs MiniMUM .nd ••xllllu. t'.perltur•.

3. B.,.d on on, InsuntlllloOuS ...5tlr....nt. usually Uken It 9 •.•. dilly.

If. Visu.1 estl •• t, b.sed on one Insununeou, observ.tion, u,ually.t 9 1.1It. d.lly.

• Ch.nnel frozen o ....er.



SUSITNA HYDROELECTRIC PROJEC"T"

MONTHLY SUMMARY FOR DEV.'L CANYON WEATHER STATION
DATA TAKEN DURING No ......b.,.~ 1982

)

US. IES. •• 1IAl• 1IAl. DoIY'S
1IAl. Mil. - Will IIIIQ1 11111 WST QlST "\Ill _ - SOlAil

IAT lD'I. lD'I. lDI'. III. SfD. SPI. III. SfD. la. 1M ., Mel' DOey DAY
IG e IG e IEee lEe lIS lIS lEe II/S 1 IEee 11\ IIVSlill

I .2 -9.1 -4.5 121 I.~ 1.1 Il3 ". ESE n -1.5 .... ~ 1
2 -.. -'.. -~.I 121 •• .' 115 3.2 S 7S -5.8 .... m 2
3 -2,7 -12.9 -7.8 m .~ .' 171 3.8 (JI[ 71 -14.5 .... 441 3
• -.3 -5,~ -Z,9 125 .9 1.1 171 U ESE 7S -7.2 .... 568 •
~ -2 .• -14.3 ".~ 1~ •• .8 132 2.~ Sf: 1'1 ".7 .... m ~

• -11.7 -18.1 -14.9 lIZ U 1.7 lIZ 4.4 [ 88 -1••8 .... 4Z3 6
7 -11.9 -18.~ -1~.2 "4 2.1 2.3 121 ~.I [Sf: 81 -18.1 .... 4Z3 7
I -7.\ -13 •• -II.~ 114 1.7 1.8 891 ~.7 ESE 8Z -11.3 .H. 341 8
9 -5.7 ".~ -7.1 194 .1 .~ 121 2.~ IlSli 13 -38.1 .... 311 9

11 -~.9 -13.7 -'.8 .. I.• 1.7 17S ••• [Sf: 79 -11.3 HU 31~ II
II -3.0 -0.5 -5.1 III 1.3 1.4 117 3.8 ESE ., -24.3 .... 311 II
12 -.~ ".8 -3.7 131 1.1 1.4 137 •. 4 Sf: 83 ...3 .... 493 12
13 -.7 ".~ -3.0 121 1.1 1.3 lIS •• 4 [Sf: 88 -4.2 .... 541 13
I. -••2 -'.2 ".2 m .7 .' 11'1 3.8 (JI[ 21 -34.8 .... 411 14
1~ ...7 -1~.3 -11.1 m u I.. 195 4.4 [ 71 -13.1 .... :lOS ISI. -13.1 -I'" -14.' 187 2.1 2.1 188 4.4 [ 9Z -li.S .... ~I 16
17 -IS.7 -21.4 -I'" .. 2.3 2.• 197 ~.1 [ 87 -19.9 .... ~ 17
18 -IS.9 -22.2 -19.1 m 2.2 2.3 I'll •. 4 [ 78 -23.1 .... 391 18
19 -15.2 -21.4 -11.3 lIS 2.8 2.8 lIS 7.1 [Sf: 03 -23.Z .... 411 19
28 -11.1 -IS.3 -12.7 lIS 2.9 3.1 123 •.3 [Sf: 79 -15.4 .... 331 21

III
21 -5.8 -11.7 ".3 193 1.5 1.7 125 4.4 (JI[ ~ -11.4 .... 393 21
22 ..... -7.S ".1 113 I.. 1.8 119 ~.I (JI[ 81 ".9 .... 378 22
Z3 -.8 ".1 -3.4 1I2 1.1 1.3 1\3 3.8 [Sf: .. ..... .... 348 23
24 -1.1 ....7 -Z,9 130 1.4 I.. 138 3.8 Sf: 'I -3.4 .... 33S 24

nil 25 .~ ".7 -3.1 138 1.4 I.~ 1~9 3.8 Sf: 79 -5.2 .... ~ zs
zo ....9 -7.3 ".1 m 2.4 2.4 III ~.7 [Sf: 7. -'.7 .... ~ u
Z7 -3.8 -11.8 -7.' 110 1.5 I.. 114 4.4 [ 88 ".S .... 303 27

161 Z8 -11.3 -14.7 -12.~ "' 2.7 2.7 171 4.• [ 95 -13.8 .... 308 Z8
Z9 -S.4 -11.1 -7.' 197 1.1 I.Z 131 3.8 (JI[ 31 -t5.S .... ZSi 29
31 -S.8 -12.1 ".' Z59 .4 .7 Z7b 3.8 I Of -12.2 'H. Z73 31.,." IIOOH .S -22.2 ".' 114 1.4 I.. 113 7•• [Sf: 77 -13.0 Itt• Iml

GUST VEL. AT MAX. GUST MINUS 2 INTERVALS 5.1
GUST VEL. AT MAX. GUST MINUS I INTERVAL S.?

III GUST VEL. AT MAX. GUST PLUS I INTERVAL 5.7
GUST VEL. AT MAX. GUST PLUS 2 INTERVALS J.B

iii
NOTE: RELATIVE HUMIDITY READINGS ARE UNRELIABLE WHEN WIND SPEEDS ARE. LESS THAN

ONE METER PER SECOND. SUCH READINGS HAVE NOT BEEN INCLUDED IN THE DAILY
OR MONTHLY MEAN FOR RELATIVE HUMIDITY AND DEW POINT.

***oJ!- SEE NOTES AT THE BACK OF THIS REPORT ......
III
III -159- - - - -



I
I~ I!. M CONSUL.TANTS, :1: N C •

I £i lJ !:> :[ TN A HYl)I~ DEI...ECTI~:I: C PI~n:rECT

i~LY S~MMARY FOR DEVIL CANYON WEATHER STATION
T TAKEN DURING Dece~ber, 1982

I
r'

HS. IES. AI'I;. Ml. Ml. OAT'S
Ml. ~I•. - YIn YIn YIn QJST QJST ,'VAL IIEM !'lAH SllAi

I DAT T~, TDII' . TEI'I. 011. sn. SPD. DII. S". DII. IH lIP mm DIEm DolT
JEH lEG C JE'C DE, IllS IllS DE, IllS I DE'C III IIHISlIII

1 -11.1 -19.9 -1'.' 117 .S .1 2It 3.2 SE 92 -17.7 H .. Z6I

I 2 -1~. t -2U -11.4 121 I., 1.7 III '.1 SE 16 -21 .1 IHI 293 Z
3 -11. 9 -21.4 -'6.7 117 1.2 1.6 125 4.4 ESE II -11.9 H .. 293 3
4 -13.1 -11.7 -1S.9 111 2.3 2.' 125 6.3 ESE r:; -ZI.' .... 343 I

I S -4.7 -13.1 -1.9 liB 1.3 1.3 198 4.4 ESE 83 -11.3 .tI. 3DS S
6 -LS -7.5 -4.S Iz:! 1.7 1.9 III 7.1 SE BI -1.9 'IH m b
7 I.B -l.9 - .1 117 2.3 2.4 117 9.S ESE BI -2.7 .... 3DI 7

I
B D.I -I.B -.9 . 134 .7 1.1 2D~ S.\ 51: 11 -Ib.S ..II 25ll B
9 -.b -11.4 -7.5 Ib7 1.1 1.1 277 S.\ ENE 93 -9.1 "" 271 9

11 -1.3 -19.1 -\1.7 III U 1.9 141 b.3 ESE !l6 -\3.3 lilt 273 11
11 -4.8 -1.7 -11.8 129 2.1 2.1 118 b.3 ESE 77 -\1.1 .... 29l 11

I 12 -2.3 -6.8 -4.6 131 I.S U 121 S.1 ESE 77 -7.2 HII !II 12
13 -.1 -S.I -2., 145 1.3 I.S 119 6.3 SSE 83 ~.I IH' 321 13
14 -.9 -9.1 ~.I 142 1.\ 1.2 124 4.4 SE 83 -b.9 lin 318 14

I
\S .3 -S.S -2.6 \31 LS 1.7 112 S.7 ESE 73 ~.I IH' 311 IS
1b -.3 -5.' -2.7 134 1.1 LS ItS 4.1 SE 74 -6.1 lin 215 Ib
17 -2.6 -11.5 ~.6 117 1.8 1.9 111 4.4 ESE ~ -7.~ .... 313 17
18 -11.2 -13.9 -12.1 189 1.7 t.8 177 4.4 E 78 -13.D 11ft 31B 18

I 19 -6.6 -13.1 --9.8 113 1.1 1.3 122 4.4 SE 81 -12.3 IH' 311 19
21 -~.O -1S.3 -lI.S 124 U 1.8 tn S.1 ESE 71 -13.5 ttU 31~ Zl
21 -15.5 -\8.B -lb.9 183 2.6 2.b 171 5.1 E 91 -17.7 .... 311 21

I z:! -16.1 -21.6 -18.3 m 2.b 2.7 In 5.7 £HE !7 -2'.~ !!t! m ,.,
~

n -11.8 -17.B -14.8 199 t.8 2.1 III 4.4 ESE 75 -IB.l lUI 32B Z3
24 -B.I -lb.8 -12.4 115 2.3 2.5 119 5.7 ESE 81 -t4.6 "" 318 ZI
25 -7.8 -12.7 -11.3 112 2.1 2.3 llb b.3 ESE 81 -13.5 1111 3' 1 25

I 2b -.8 -1.7 -4.8 131 1.2 1.4 111 4.4 ESE BI -t.4 Itil 2•• Ib
Z7 .4 -2.9 -1.3 143 .B \.I 198 3.2 SSE 71 -9.1 IH' 253 Z7
28 .9 -.1 .3 145 .3 .4 l!7 1.9 SE 11 -:!S.4 fill 241 :!S

I 29 1.7 -.3 .7 179 .b 1.1 Z52 3.2 SE 11 -27.5 " .. 261 29
ID -.1 -9.3 -4.7 III "" "H 'H '"' H' 5 -:!T.b '"' I5I 3e
31 -6.6 -11.1 -1.5 III "t' '''1 H' IIH III I -46.1 11ft 251 3:

I
IICNTH \.8 -2U -1,2 111 1.4 1.7 117 9.5 ESE S9 -15.7 .... 9143

GUST 'JEL. AT MAX. GUST MINUS 2 INT~RtJALS 7.0
GUST VEL. AT MAX. GUST MINUS 1 INTER'.':',L b.3

I GUST VEL. AT MAX. GUST PLUS 1 INTERVAL o ~.. ~

GUST ~'EL . AT MAX. GUST PLUS 2 INTERVALS 8.9

fl REL~;IV~ HUMIDITY READINGS ARE UNRELIABLE WHEN WIND SPEEDS I\R E LESS TH.;N
ONE ~ETER PEP. SECOND. SUCH READINGS HAVE NOT BEEN INCLUDEO IN HE ::';'ILY
OR MONTHLY MEArI FOR RELATI'JE HUMIDITY MID DEW POINT.

It·Jo!o SEE .IOTES AT THE BACK OF THIS REPORT *«.**

I
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MONTHlY SUnnAi( " FOR D~'L~L CANYON WEATHER STATION
DATA TAKEN DuR I "G J.nua,.~ .. 1983

~
ItS. IES. ~. MIL MI. DAl'S

MI. NiN. - NlIG MINI Nile .;US! QIS! '·Vll. 1£1\1I IlEAo S(ll"R
IHIT TtIl/ . TtIl/ . Tt"i' . Iii. SPI. SPI. III. SPI. III. IH DP PlfelP EhtiGl i)A"f

D" C ~"' It> C DE. 11I5 illS 1£. 11I5 I i£H IlII "",51'

1 -1.1 -7.? -4.2 H. H" .- ... _. - 112 -u .... 2~ I
2 -1.4 -4.2 -2.8 114 2.1 2.1 III 5.\ UE 78 -t.9 .... 2De 2
3 -4.1 -11.7 -t.1 t1~ .9 1.1 111 4.4 ESE 71 -11.4 .... 253 3
4 -11.3 -21.1 -16.2 197 1.3 1.5 192 4.4 ENE Ii -IB.6 .... m •5 -17.9 -24.9 -21.4 III 1.5 1.7 192 4.4 t 19 -~.I III' 2'ii ;
6 -10.3 -21.1 -18.7 1I2 2.4 2.5 116 B.9 Est .7 -22.5 .... 190 •i -17.2 -~ .. -21.3 III 2,~ 2.• 194 8.9 Est •7 -25 .• "" :i4; ;

B -22.4 -27.0 -24.7 124 1., 1.5 186 ~. t [~ .. -29 .1 .... 303 I
9 -2>.2 -26.4 -24.8 133 2.3 2.4 109 5.; st 57 -3i.4 .... 303 \

10 -11.2 -2&.2 -23.2 123 2.2 2.3 121 5.7 SE 52 -29.7
_.

lOS 10
II -11.2 -31.. -24.9 115 t.7 2.1 141 6.3 E 68 -32.1 III' 311 11
12 .-. ..... .-. - .... _. - .... -.. MH. .... ...tl• 12
13 ..... ..... ..... HI H .. .... ... .... ... .. ..... III' ,,,11I 13
14 filet ..... .-. ... .... _. ... _.... .. Hit. .... ...... 14
15 II'•• ..... ..H • ... .... .... ... .... -.. ..,.. III' ...... 15
16 ••••• HII• .-. - "" .... ... .... - .. HII. HII ....u I.
17 ,.... IH•• ,.... ... .... .... ... .... ... H ..... .- ...... 17
IB ..... ..... HHI ... .... .... ... .... ... .. ..... ftl. ...... II
19 -5.B -7.4 -u III .6 .9 274 2.5 SE 51 -I'" "" 209 l\
21 -5.1 -12.3 -9.1 119 1.5 1.6 III 5.1 ESE 82 -11.1 .... 35B 2,
21 -4.4 -11.3 -7.' 121 1.6 1.7 124 4.4 S£ 54 -14.4 ..., 4Zi 2:
22 -'.B -H;'.~ -13.4 184 2.• 2.• 189 7.1 E "63 -19.2 H" 41B 2.2
23 1.b -15. ; .- .7 1'~ ,.. 2.7 131 i.3 tst i7 -i Y.2 .... sw ,.
24 -j.8 -9.9 -..; ~a8 2.3 2.• m 9.5 Est 33 -21.5 .... M3 ~4

25 -5.8 -9.9 -7.9 114" I.· 2.1 III B.3 ESE 42 -II.B .... 551 -.c.
26 -1.9 -7.3 -4•• 115 1.8 1,1 123 7.6 ESE 59 -11.3 •••• 50j t6
Zi -5.5 -11 .• -t.1 199 2.2 U 1!3 •.3 Eli 7. -12.3 .H. 'ii 2i
2B -3.9 -12.2 -B. I 119 1.9 2.1 137 •• ESE 61 -11.5 "If 531 2Bc; -5.4 -1'3.1 -9.7 ,91 2. i 2.3 It4 5.1 8i -ld H" 41, 2;
3; ... ; -9,i ....9 :21 1.7 1.9 114 6.3 tx ~ -t.7 .... 533 ,I,1 1.9 -5.3 -1.7 m 1.1 1.3 115 4.4 st n ".9 .... 573 3i
I'GliT;; 1.9 -jl,6 -12.1 112 loB 1.5 110 9.5 ESt: i>5 ·'17,j HII 9iJ~

GUST VEL. AT MA~. GUST MINUS ~ INTERVALS 7.6~

GUST VEL, AT MAX. GUST MINUS 1 INTERVAL 8.9
GUST VEL. AT tiA,o(, bUST PLUS 1 INTERVAL 7.0
GUST VEL. AT MAX. GUST PLUS 2 INTERVALS :5. J

riG rE : ~EI.HTIVi:: MUMiDITY t<t:.HiHr~GS ARt: UNRELIABLE WHEN WIND SPEEDS ;:.,,~ L..E5S Th ..
CiNE hET::R ?Et': SECOrJI) . SUCH READINGS HAVE "OT BEEr" ir~Ci....UDED If. THt:: vHIL "
uR riO~TML'''' MEAN Foji RELATIVE "UMIDIH AND DEW POINT.

......, oJ:-Il: 5~E NOTES AT THE BHCi\ OF THIS REPORT ...··It ..· ,)to

:I: NC .
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I .• I
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5'([05 laO 01.[(110.5 01'10(0 " 1M( ~fI Of QlSER.IIIO.S
OIl( Of hill£[ MIllO SJ(EOS 15 '''E~ UlIO[Il f'SIES' IIIL[. :151[51
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Cebrua ry It 1983

Wauna I., 3.6 2.11 21 '''36.8 2.6Portage Creek 1. It 3.' 2.5 5 Ol4.1
Gold Creek 1.3 I., 1.6 5 684.6
Curry I.. 2. I I.. • 522.7
LR)(-] 2.0 3.' 2.' 5 342.8

ADrl1 12 1983

WIunll I.. '.2 2 .• ,.
'''36. 1 2.2Purtage Creek 3.0 '.0 .. , 6 833.5 '.2Cold Creek I.. 2.' 2.3 6 682.9

Curry 1.3 3.3 2.2 7 521.9
LRX-] 2.0 3.• 2.' 7 341.5

,
'".,I

• AV8rag8 undarlce wlte,. Y.'O~lty WI' ....ur.d It point or .all "ow and conttltut•• In IV8rage of the v8rticil
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INPUT DESCRIPTIONS - ICEC~L

A. Five Read Files for Input Data

1. DESCRP - Set-up for 10 lines of 80 characters each,
describing the project.

2. INITIL - Free format input data for:

a) No. of days in simulation

b) No. of cross sections

c) ~o. of stations
,

d) Stationing of meteorological stations (i.e.,
dist. along river in meters, use same base
as river cross sectioning).

3. DISAIR - Free format

I
a)

b)

Day

Inflow Q (1'\3Is)

I
I

I
I
I

0) DiS W.S. E1ev (m)

d) 10£10\0,1 Ice Di3char~e (m 3/day)

e) Inflow Water Temp (DC)

f) Air temp, (DC), up to 10 locations

t;r) Wind velocity - (m/s), up to In locations

4a. CROSS

a) Stationinq of cross section (meters)

b) Number of ground points in cross section

c) Discharge factor as percentaqe of inflow Q

I
I

I

I

I

d)

e)

Bed roughness - n b

Ice roughness - ni

-1-



I

al Distance, elevation

4b. CROSSI
I b) Distance, elevation

I ..
"
"

I 5.

Repeat 4 a & 4b for each cross section

ICEI-1EC

a) Ice cover porosity

b) Erosion velocity (m/s)

c) Cohesion of ice cover (tl/m2 )

a + bV

"
Heat transfer intercept (W/m2_CO>}

Heat transfer slope \V-sec

r1 J-oc

coeffiCient-J :- C II d
slope - cI tLateral ice growth

Lateral ice growthf)

g)

e)

d)

I
I
I
I
I
I
I

I
I
I
I
I

I -2-
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I
I
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I
I
I
I

I
I

SUB DEPOSI

When the ice cover cannot progress upstr~a~, the incoming floatinq

ice must be deposited under the ice cover as the leading edge

remains stationary. This condition can occur befcre 1) a set of

rapids such that the water level must rise and drown out the

critical or super critical flow depth and then the leading edqe

can proceed and 2) when the flow velocity beneath the leading edqe

is too high that ice is transported dIs to increase the u/s water

and decrease the velocity below the erosion velocity value.

The ice deposits in a dis direction, £i11i09 each section until

the critical velccity is reached. Then it progresses to the next

dIs section. This proce50s generates what is called a "hanginq

dam. II

The ice disch3rge that comes into the section is distributed within

the downstream reach, and if the reach cannot accept all inconing

ice.. it is transported to the next downstream reach and so on.

SUB VELPRO

This routine calculates the proaression of the ice cover usptream.

The ice cover porosity in the leading edge is assumed to be 0.5.

The porosity is probably related to the velocity, but a constant

value is normally adequate.

-3-
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SuB HYDTHC

This subroutine determines the initial thickness of the slush

ice cover as it progresses upstream (i.e. prior to any underice

I
deposition). Based on "Formation of Ice Covers and Ice Jams

in Rivers" by Pariset, Hausser and GaSHon, 1966, two possible

I mechanisms for ice cover progression are considered;

theoretical governing equation is

(1) Hydraulic Progression, applicable to "narrow" rivers,

I in which a stable ice thickness is determined by hydraulic

conditions at the leading edge of the ice cover. The

I

I

I
I
I

Where V, H = Velocity, depth just upstream of ice cover

t = thickness of advancing ice
,

~ = density of ice cover

I

I

It can be shown that a solution exists for the above

equation only when a modified Froude No., V / Ii'"iH" '
is less than a certain maximum value which corresponds

I to t/H = 1/3. When VI J29H' exceeds the maximum value,

I
incoming slush ice is swept underneath the leading

edge of the ice cover and no progression takes place.

I
Researchers have suggested that this maximum Froude No.

may vary from .06 - .11.

I

I -4-
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which has insufficient thickness to resist the river

'I = =-l. 1--'-~-

thickness until it reaches a stable level. The

is

are then solved for t. The mechanism which

Hydraulic Progression and Shoving equations

forces. Successive shoves increase the ice

maximum. Therefore, no advancement can occur.

where Vu = velocity under ice cover

B = channel width

I-' = coefficient of internal friction for ice

C = Chezy coefficient of friction

R = hydraulic radius

'" = cohesion of ice cover

governing equation for this stable ice thickness

cover show a Froude No. greater than the

mechanical consolidation of an existing ice cover

results in the greater t controls.

(2) Shoving is applicable to "wide" rivers and is the

b. Froude No. is less than maximum value. Both

a. Hydraulic conditions just upstream of the ice

the ice cover progression:

The model provides for the following possibilities in determining

I
I
I
I
I
I
I
I

I
I
I
I
I
I
I
I
I

I,
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SUB UNDAVC

Oi = - hw B (AX) Ta • 86,400 ""':II

V = average wind speed
w

(J.!) "'/S
(J,9/().95 "'If
(I.9/~g IIIlf

(heat transfer coefficient)

SUB ICEPRO

T~me

0° to -7
o e

-7 to -l9oC

-18 to -30°C

h w = a+b Vw

a = 3 (input)

b = 4 (inFut)

B = average open water width between cross sections

p' = density of ice

A = heat of fusion for ice

T
a

= average air temperature (below OOe)

Llx: alrld/< a. b~fwUI( CrNf- surll"IS.

This subroutine determines whether erosion or deposition is

occurring beneath the ice cover. The critical velc~ity is read

in as input. T¥pical values reported in literature range from

0.6 m/s to 1.4 m/s. The high values for the velocity are when

the frazil ice is very active and the low values are for inactive

frazil ice. The air temperature is sometimes used as a basis

for the correction factor to account for this spread in erosion

velocities.

computes the frazil ice production in the open water re~ches. Uses

the heat transfer coefficient approach to determine the heat loss

from the water surface. The ice discharge (daily) for a reach is

computed and ?rinted in the dIs section output.

I

I

I

I
I

I

I

I

I
I
I
I

I

I

I

I

I
I
1
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I
I

I
I
I
I
I

I
I
I
I

I
I

I
I

I
I

1

SUB LATICE

Lateral ice cover growth. Empirical relationship developed from

Newbury's field data for river flowing with a heavy concentration

of slush ice and air temperatures - loCe.

Latie = aJ>
Latic = ice growth from both shores

a = constant 0.1

b = constant 2.8

V = open water velocity at the cross section

SUB SU:-1QI

Subroutine keeps track of ice discharge in the downstream direction,

i.e., a summatio~ routine for ice continuity.

SUB LCMELT

This subroutine allows for lateral ice cover melting in accordance

with Ashton (1979).

-7-



COli,pules the solid ice growth at each cross section ,.. ... ice cover

forms. ~~en the solid ice growth overtakes the initial cover

t ~l _-
~ previous day ice thickness, ~.

litt · = incremental ice thickness gro....·lh per day) m.

equal to the

t.hicknessThe ice

ice I J/K9 _

k9/m 3= density of ice
)

= heat of fusion of

T = reach ave. air temp b~/()W O·C.a

K. = thermal conductivity} IUk- 'r.1

'{/
I

H = surface heat exchange coer) i' t?' 2_ "C.a

e = porosity of ice cover

p

SUB lCEGRO

thickness, the initial cover thickness ~'~lues are set

solid ice cover value for printout purposes.
egua tion is

~. = predicted ice thickness, "".

I I

I
I

i(
1
I
I
I
-. ,

-.
I

•
I

lI

•
I
I,
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SUB ICN'l'OK

computes the water temperature decay beneath an ice cover and

melts the ice cover thickness accordingly. The computation

begins at the U/S boundary and progresses downstream. Reach

averaged values are used for the hydraulic and meteorological
variables.

The equation from Ashton (1979) and Calkins (1963):

I
I
I
I
I
I
I
I

1

2

T = (T )wI wo

hwi = 2 * kw * f * Re * Pr / x(8*D*(1.07 + 12.7 f/8 pr· 667 -1)

water temperature at upstream section

TW1 = water temperature at downstream section

hwi = heat transfer coefficient at ice/water inter-face

41X = distance between reaches

h = average depth

average velocity beneath ice cover

I
R = Reynolds Number = Vuhe _~

2~

(reach)

I
f Darcys friction factor for the ice cover (reach)

I
K = thermal conductivity of water

w

I
I
1

p
r

Prandtl Number = Pc /K
P w

-9-
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SUB OIITDK

computes the water temperature in an open water condition b~qinni.nq

at the most u/s section. The u/s bou~dary condition is a water

temperature value.

The temperature pr~duction at the next dis cross section is base1

on the reach average of the hydraulic and meteorological variables.

The equation is from Ashton (1979):
I
I
I
I

I

T = (Two - Tal * exp (hot Ax/ PCp Y H) +w1

T = reach average air temperaturea

T water tempera ture at upstream sectionwo

T = ~/ater temperature at downstrea~ sectionw1

h ... = reach average heat transfer coefficient

DX = distance between cross sections

Ta

a constant = 3

I
I
I
I

I'

b

densi ty of -..later

= specific heat capacity (Jf w;rHY

= reach average depth.1 ~e/ocif!J

= a + bV
w

constant = 4

I
I
I
I
I,

v = average wind speed
w

-10-
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SUB TRAVEL

computes the travel time from one cross section to nnother for

either open water or ice covered conditions.

SUB AIRDIS

Computes the air temperature ann wind speed at every cross sec

tion location on a daily basis. The daily air temperature and

wind velocity may be input at up to 10 sites along the river.

The location along the river for each meteorological site

must be input, measured from the downstream cross section. A

linear interpoloation between met sites is used to determine

intermediate values.

SUB CO;.JVEY

Cor-putes the flow conveyance for each section. The program

tests for the ice cover to decide which conveyance will be

used, i.e., open water, lateral ice + open water, or fully

ice covered.

SUB CHNGEO

COrrJputes the geometric elements for the cross section with or

without the ice cover. The intersection pts of the water level

with the banks is solved using the surveying procedure of

latitudes and departures. The area is solved using the

trapezoidal rule both in the open water and beneath the

lateral ice cover.

-11-
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SUBROUTINE BKWTR

Co~putes a backwater profile usin~ the orocedure followed by

the HEC-2 program. The prc.gram tests if an ice cover is pre

sent and computes the profile with or without ice at a particu

lar section.

The program checks for critical depth usinq the same test as

HEC-2 (V
2
/29 > 0.95 A/2 x. Top width). If the test is positive,

the proqram computes critical depth !or that section and proceeds

upstrear.l.

An ice cover cannot exist with critical or super critical flm-J.

Th~ downstream water levels have to rise to dro\>Jn out the

critical depth section before the leading edge can progress

upstream.

During the deposition of ice beneath the cover the pro9ran may

thicken the ice cover to where the flow hydraulics indicates

critical depth. \vhen this occurs, the program reduces the ice

thickness at the section until the test for critical depth

passes.

-12-
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WINTER FREEZE-UP RIVER CONDITIONS

-Dat'ryl J. Calk-iDS

leseareh Kydraulle Ena1neer
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Cl••• Dotes: Ice EOlloeer101 for livers and Lakes
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ICE KECIIANICS AIIIl BU.! TIWlSFEIl

The Rudy. analyste 01' pftdlcUOD of llMur J.eve.a .a. nvera ~T16g the

vioter nqulru a kaowledge of the flow hydraulicl, the lee ae.chaa.les and

the heat transfer p'foe••, •• in the river .y.te.. All three occur .1I1u1-

taneou51y aDd to properly analyze or predict .. certain quaatlty IUch a,

river eta,e .aDI they have to be underatood to loae degree. Figure 1 1, ..

tlgw chArt rtprel.attna the po••ible ph.ses .. river ~Iht follow during the

freez.e-up coeditioD. See Append!s II for .. 11st of ulected reference.

...ieally the river flow .ust cool to Itl freez1uI t ••perature, -o.O·C

I before &Dy ice production can be: e1IDif1unt. Once the riyer h&a cooled to

I

I

'.,.
t
I
I

I
I

••
1
•

ConditiOns LeadlDI to tce Bridling

its freedol point ice leneratioo beglru and the lateral ice cover crow,

frOID the ahon: (.hore ice), anchor ice aay fora on the bed and ice is

tracsported dowustrea.. Theae processes continue until a aection i,

reached where the ice cover fully bridees tbe river (also known .. ice

arching).

The iee cover DOW can beein to progress upstream as well as continuing

to Irow laterally in the open vater reaches. The rate of upstream progres

lioo 1a I function of the flow hydraulics, aDd the aeehln1cal pro·pertiu of

the Incoaing ice and dovostrela cover. The air teaperature has an effect

00 tbe phy.ieal aDd aech.nicIl propertie. of the 80ving and ItatioDary ice,

a1tboulh It. h laCt w11 doCUltented.

The following analy.i. Issuae. tbe river flow has been cooled to the

freeZing te.,erature. The procedures and analytical develop.ent. liveD by

..htOD (1979) can be applied to deteraioe the ti.e at which the river flow

The followio, pby.ieal processes are occurriog li~lt'Deousl1 in •
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1_ Ice rroductloD. The equation for predlctlnc the yolu•• of ice

hive Ao T. ,
Q • (jJ (7J

1 01

¥bere hive • ice prod-uettoD ....t trauller co.ffle1eat wt. 2_·C

"0 • opeD vater ar•• .2

fa - ALr ~.r&.t&ar. 1IU.... O·C

0 • dena it1 of vater Ia/.' (1000)

1 • beat of f ••100 J/'q (3.34 Z 10 5)

Ib lee 710. Crovth, (flacu.tioo): The lTovtb of ice floc. traveliog

dOwDltr... 1. often Yleved ... floeuatloD proce••• but it t. oDe

that 1a DOt ve:ll uodentood. The arovtb of tbe flo•• rt:lult to

larger floe a1z.1 aDd lDCte•••d tbickne... It 1s au.peeted tbat

the flocuatlon procels depends UpOD the ice disch.rl. (especially

at tbe lurfeee). flow velocity. all' tlt.perature aDd tbe channel

characteristicl.

1

I

I

I

Ie Laural Ice Cover Crovt.h (abore ice): The ahore lee: or lateral

.~lrlc.l relationship Ttl.tlOI the lateral arovth (Li) to the

.ean flow velocity (9, .Ja) for a Northern Canadian river

(Newbury 1968) y1elded

I L _ I.S v-2 •85
1

a!day (8)

I wbare the .urfaee tee conceotration v.. Dearl)' 100% aad the thickness of

.1
l.
I,

the l1uah ice cover ~v1DI cIovutr.a..... estiaated at 15 ca. aUeo. thO!
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air teaperature v.. le.. than -20·C. For lover l~e eoocentr~tlon. and

var.er air t ••perltur.. the intercept value viII deerea.e and the necative

alope viII aleo deeTe.a. 1n ..gnltude. 1 ••• (-2). a.ceotly a study 00 I

• .all Nev EDll.ad atr... showed tbe overall 1atlral Ifovth rate raoled fro=

0.1 to 0.2 ..terl per ·C day. vbere the avera,. fr.e~e-up flow velocity vaa

rouahI,. 0.7 to 0.8 ./. with low surface ice CODeeDttetioDS.

,

1
I

I

ld flow HYdraulic. with Later.III GrovinR Ice Cover: Ibe !low

...docit,. dbttl'bt.aUoa. 10 • parUally ice covered Itr bas been

evaluated laalytlcally. docu..oted 10 the field. aDd ezperl-

acntally .e.'ured 10 • fluae. The flow velocity concentrates 10

the OpeD vater portioD and caD bit clalcrlbed ... ratio

So.where alonl the river reach tbe ice CDver V111 eo.ple.te.ly bridle.

I fre. abore. to ehore. hterainlll1 the locatIon of thi. bridlloa ..y be the

I
'I

I

I

I

I

I

,

(91

where V2 • flow velocity beneath ice cov~r ae:pent

V1 • floy v~loclt1 10 ope:o vater ee:,.ent

11 • flow depth 10 opeD vater a• .-eot and

~ • ice: eove:r tbieeo.e,.

The paper try C·lkina at a1. (UI2) eouai_ the d~ri'Y.UO'D fOT t.be

above equaUon plus additional 1nforaatioo on the "sullptionl used to

de:rive: the ezpres.ioo.

loa-tioo of a utural coutruetioo; 1 •••• wide river beod 18 a cla..lcal

aiu. TM .8r-etrlc flOll d.1.atributJ.OD lud.s too a rapid 1.ter&l 1ca CQver

p"ovtb 10 tbe \le'Dd vbiet\ causes the. opeD vater V1dth to decrease. This 10
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I

I

I

I

~VrD creat•• a lurface cOD.erietloD for the ice floe. trlveltng dowDStrelm.

wbere tbe floe lin uy be iocra•••d "tueh .iantHe.ncly enhances their

arebiD, cap.bilti... Predicting tbe ice bridliog locatiocI froa an

aaalyt1cal Itlodpolot 18 DOC po.aible at chi, ti.e with any confidence.

ODc. the ice cover ~ldl." ,roar••,10D upstr••• of the leadiog edle

11: lov.rlled .., the loeoa1q: ice clhc.har.e. flow hydraulic•• ice .echao.1cs

aDd the a1r Laperatvr••

Ice Cover Profrt•• ioD aDd ThickeniDI

The ~.t loCieal atep to decerain. the proll•••lon aod thickeoinl of

the ice coyer would be to vrite dow tbe cootinuity equaUoD for ice 415-

char,e. the ice illllo" to • river reach 01' to tbe 1••dlo& edc. of the ice

I cover I,

1 [10J

I

I

I

I

I

uhere Q, • ice 411c:harle .3/.

C, • lurflc.a ic.e coDc.DtratloD %

VI • lurflce flov (./1)

a1 • ope.a. IMter widtb (a)

t l • equi,.aleDt thiekne•• of the floatiD& ice (.)

to • porolity of the floatiD, slusb.

The .-oUDt of ice that S. DOt f10atinl at the water .urface is ....11

quaDticy aDd 1. eonaidered De.li.ib1e for aub eritical fiowl iD channel

alopes of 0.002 or *11der. tb.ere are four poa.ible coDditiODa fOT the

I pro,reuioD of tbe laadiD, edle. Vp •

I
(

I

l '



I. PrOlre•• ioD ~ .i.ple JUKtoPo'ition of the .rrivin~ floe. with DOth1cken1DI.

'?-

-v

,

Ri NY M> >OV xc;

2. Ptolre.stoD, but the UUViDI flo.. thickeD to volu.. Iruter
thaD the iDithl thickDe.. of the atriviDI ice, tj/B < 0.33.Dr tJ/B ) .33.

I

'*' NV JO'Q



3. Procauion with ice cover thjckenina and ic~ allo being tuna-

ported beneath the Cover.

v, •---) f_' ~ _,'
-;::. ?

-v

>vy >vv ;vv >v:y

4. No prolressinc of the cover. all ice il tranJpoTt*d beneath the

COver.

:z ----, 9-r I ;: t?
-... 2::::7

X'V 7VV,.....v )'TV':»iIi'

'The type of condition encounted above depends upon the flow hydraulic.



Just'polt tiOD:

The proar••,loa of the 1••diDI edl. b, ice fl~ juxtaposition results

10 • rapid Cover development. Analytical forwulatlons have been put forth

and exper1.nee ulually dietate. tbe cboice. U tbe thicene.. aDd plan.ar

d1HMian of the .rrivin& flo•• can be pudic.ted. their atability un be

analyzed. If the flow velocity just upstr... of the 1••dlDI edle 1. le.s

tb&D .oar ujUe&l waloUty lor the ice floe to underturo. dive or be

entraioed. the arriving ice floe will rtaaio atable aDd co.e to rest

1,lln.t the leadIng adge. Ashton (1978) preseots thil equation

• 2 [I - i )[It. (I

Vt r • 2] 1/2
[.S - 3 (I - :)

III J

Whea the river flow velocity V > VC' the 10114 ice floes (DOt ftlzi1

,lush floes) viII 10 uDder the cover; R • flov depth just up.trea. of the

leading edae.

Prost.l.ioD, Thickeninl IDd No Undercover Tran.port

1. %be equat101l deauiJnq tbe equ111briua thickDe•• of tbe 1c.e cover

(tj) wheD the value of tjlB 1. Ie•• than 0.33 i, related to the flow

~eloc1ty up.trea. of the cover (Parl.et et al., 1961)

• [ .1 ~ 1/2V_(I_.:J.) 21' (1--)
H j •

{l21

The u.e of thi. equaUon !.IIpl1.. ~be fore.. alonl ~be Milk are .&lfflc.1ent

to V1tbt:tan.d the internAl fore•• with1n the iee cover which are Il'eater

~han the dT1.1na forees such that no .hovinE or furtbeT ~hieken1Q& e&D ~ake



I

I
I

place. 10 other verd•• the thie-kaels at the 1.ld1D& edle 1e luffic1ent to

tran••it the forcea to the )eO&. eyeD vhea the le.d1n& edae at a Dew ti.e

I b.. pro&re&.ed upstre... The drivlna foree. of vater .hear atre.s and the

cover VIR11ht coapoDeDt are ...11. Tbe limt.tioD of tj/ll • 0.33 .".t be

I
I

cheeked beeau.e a 41ffereat ~de of thickeDiDI viII oc.cur at tj/B >

0.33. The uae of thi, relatioa.hip vill be for 1001 bac.kvater r.ach.s

I aDd Hausser (1961. 1966) for furtber detail••

for the 1.ad1DI edl. to prolrel, further upltr... the ice cover ~ to

2. The ..jotity of ice cover thick.niaa occur.... r••ult of Cru.h~DI or

I ahoviol of an ice cover ,o8etlaes called at.,lDI. The cover .., 1Dltlally

proare•• upstr... acc.ordlQ1 to equltioD [12) jUlt preseDted. but 1D order

1

-I thickeD " .bov•• to vJthataDd tbe larler force., which creat.. a larler

ha.d 10•• aDd 10 turD biEher vater level. up.tre•• aDd lover flow

.elocit1el.

There bave "ea .everal fo~l.tiou (lee rehreocu 3, 14. 19. 20,

23) pre.ented to calculate the equilibriua thiekaci' of • cover vhea tbe

I
••i.ht coapooaot 10 tbe 40~tre.. direetioo) raquire • cover thicknell

I .ra.ter thaG .33K, to V1that.nd the forea.. The be.ie !oraul.tioD 1.

I (131

I ftare 11 - lce ora lce lneTU1 frletioo type eoeff1eieQt • 1.3

c - c:abd:10D of the 1.ce CDvar _/r
~v • shear .tres, on the ice co.er uDder. ide K/. 2

,
,
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.f~ the other qUIDtit1U have ".n prevloully deUoed.

Tbe appl1c.et1oD of tbh .qultioD requlrl!' a lLnowledge of 'tv (vater

.hear Itr••• ) .bd c. (coh.l!ve force within the ice cover). The v.l~e. of

tbe ,b.ar Itun _y riD,. froe 1 to 20 1l/.2 aDd c could vary froe .. low of

I
100 II/.....to .., ... hilh .. 2000 N/.~ The "due of c. be. DOt beeD well

'ocuMaud 1._ the field altbouch .. cOD&ervaU".ly low value (lO~200) w111

yitld thick. lee coven aDd produce Maher vat.ar le:....u. B1lh ••luea of

cohealoa will occur durlq tbe fr••&e-u.p when tbe a1r t ..perlturu are

I love & co~o.lt. ice Iheet of fra,..nted ice with. thin upper 1011d ice

I

I
cover 1. very atrona 1n _hear vhile the ••.e cover thickoe•• without the

thiD lolid _beet viII .. ~ch weaker. ror ice j •• lnal,les, c 1, • low

••lue: beelul. of tbb DOD-freezlna condition durlDI the )uak.-up aDd

3. Tb1ekeD1DI and UDdercover Tranlport

This co.biDed procell is DOt vell docu.eoted analytically, but has

beeD oblerved io tbe field. the atate of the art baa Dot .dvaDced

.uffie1eotly to properly &ddre.. thi. co.biDed topic.

4. Onderco~er Tranlport aod No TbJckeoios

neTe 1& 'ftry l1ttle field uta e.o au'b5tanti.te the ODly equation put

fortb to estlaate tbe lee dischar.e beneath a eaver. Pariset and HaUSler

(1961) used the Peter-Meyer 194; equation. tecently researehers at the

Oo1v. of Iova have looked at the individual iee block uability beneath ice

coven. liut appl1c.aUOD to field CDn.dit1ous baa DDt .en Utempted. The

I
..io reuon 1& lack of field data.

.I
-(

I
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There 1. ao.e field data on the tranlport of ...11 frar-ll floc.

beneath ice cover. 10 ahallov atreau aDd the criteria hu been at!:nerall)'

rehud to .. a1nlaua flov veloeit, 0.7 to 1.-0 ./h The value ..y be ever.

1.5 ./••

.~

I
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EDUCATION:

POSITION:
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16 Wove-ber 1946
St. Johnsbury. VI

Danville Blgh Scbool
Danville, Yr. 1964

University of Maine, Orono, Me.
IS In Civil IDgloeerlna, 1969
Major In Sanitary Engineering

University of Nev Brunswick, Fredericton, NB
HS in Civil Engineering, 1970
Major Pield: Bydraulic and Vater Resources Eaglneerlng

University of Iova, Iowa Cit,. Iova
Depart.ent of Mechanlea and Hydraulic.
Energy Engineering Divl.ion
Augu8t 1916 - Augu8t 1977

1. lesearcb Hydraulic Engineer, Ice Eagineering
Research Iranch, Eaperlaental Engineering Div1810n,
D. S. Aray Cold Regions lesearcb and laglneerlug
I..borabory. Hanover. 0.

2. Instructor for course -Ice Engineering for livers
and Lake.,-, Un!v. of Vl.co~lnt 1980, 81, 82.
Subject - Bydraulica of Ice Covered liver••

]. lostructor for course -River Ice HydrauUca
Envirooaent Caoada-Inland Vatere Directorate
Ottawa, Dotario, JUDe 1982.

4. Adjuoct Profe..or, A.atioch College-New Englaad,
Ieene, RY. 1D8truetor 1n Environmental Science
Progr..-Funda.entale of Meteorology and Hydrology,
] credit couree, Spr1aa 1979 •
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nOFESSIOhAL
ACTlVITIF.S:

EXPERIENCE:

1. Secretary, Executive Committee ASCE Hydraulics
Division, 1981-83.

2. He.ber, ASCE Upper Valley Brauch.

3. Newsletter Editor, ASCE Hydraulics Division,
1979-1981.

4. Registered Profes81onal Engineer.

5. He.ber. Rev England Junior Science and Humanities
S"po81ua Executive Co~ttee.

July 1980 - Present
Project engineer conducting hydraulic .cdel1og atudle. t

Investigating the basic aechanles of ice jsa formation.
and conducting field studies of iee/hydraulic., fraz!l
ice forastion and ice jails. The .adeling work haa
evolved around laboratory teats In Whicb the basic
understanding of ice jaa forwatloa 18 being f01':'1U

I.ted. To coaplellent the laboratory work aD extensive
in-depth field ob.erv.tl~ prosraa on ice jama bas been
laplellented and instrumentation haa been inetalled to
help gather the necessary field data that is being used
in the refrigerated physical .adel .imulation••
Several prel1ainary 'tudie. have been coapleted on lee
j .. conditions 1D the field.

Septe.ber 1918 - June 1980
Project engineer responsible for the Port Buron Ice
Control Hodel Study conducted for the Detroit District
COE under the Winter Navigation Demonstration Program.
This project vas the first tt.e a hydraulic .odel has
been designed to operated in a refrigerated raa.. I
va. responsible for the design. construction. cali
bration and testing of the pbysical IIOdel and ahared
the responsibility for the developaent of the wind
stress .adelling concept. I vas responsible for all
field data collected during the ¥inter aea.on to be
used for 804el' calibration... veIl .. for the back-
around and .uppo~ting data on general ice conditions tn
the area. Thh involved coordination with the Detroit
District OOE for around control and the U.S. eo.st
Guard Station. Detroit for transportation by heli
copters to the lee sheet.
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Aucuet 1916 - Aucu8t 1977
Attended tbe University of Iowa under the n~pt. of Army
Long Te~ Training Progr.. in the Depart.ent of
Mechanics and Hydraulics .nd tbe tova Institute of
Hydraulic Research. 'nle year va. devoted to taking
such typical courses a. fluid aechanicl. advanced
engineering ..theaatlel. DUDertcal .ethoda. beat
transfer and other hydraulic engineering course.. I
bad an excellent opportunity to observe and discUSB the
yarious hydraulic projects under study_ TheBe included
aedl.ent trausport, fixed bed hydraulic .odele .. veil
.. tbe lee-hydraulic related studies.

Hove.ber 1973 - August 1976
Project engineer conducting hydraulic .odellag studiea
investigating the fundallenta1 aeehanlca of iee j_
fora.tioo. Pield activities have ~Dcluded the gather
las of channel cross aection data, flow profiles a04
ice characteristics to coaple.ent tbe hydraulic .odel
atudiea. A cODtinulas atudy that has been under
inveatigation ia the aimulation of drifting anov using
the aand-vater analog to replicate blowing snow condi
tiona.

Movember 1915 - April 1916
Project auperviaor on a a~all task of the lock~all

de-icing program devoted to vater jet-cutting'of ice
off loa walla.

Januarr 1911 - Rove.~r 1913
"sistant Civil Engineer - active duty O.S. Aray.
"silting project personnel on atudiel of lightweight
anowfence ..teril ~a. Design and fabrication af full
seale .adels of aisaile cell covers for field testa on
drifting snow in Nortb Dakota.

Design, construction and calibration of • bydraulic
aedi.entation fluae including the necessary laborator1
equip.ent for conducting research in such. facility.
The fluae vas designed to .u1tl-purpose .odel experi
~nts; (a) sedi-ent transport (simulation of drifting
anow). (b) iee jaa .echanics at retention facilities,
lee boo-s, bridge piers, etc., and otber Ipecial pro
jects where bydraulic pbenoaena can be st.ulated.

JUDe 1969 - October 1970
Conducted and coordinated research involving aediaenta
tion. water qualit1. aoil .olsture and surface runoff
in an experi.ental vatershed in central New Brunswick
for the International Hydrologic Decade (IHD) program
In Canada. Layout of hydraulic fluem facilit1 for the
Dept. of Civil Engineering.
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SU_l!:r 1968
"Iistlnt Civil Engtneer, U.S. Dept. of Agriculture.
Agriculture aeeearch Service, Sleepere liver Research
Vaterebed In Danville, VT.

Developed a field procedure for .ealuring channel
.elocitie~ in ...11 strea•• using a portable pH .eter
u.iae a aodium Ion probe aDd Injectioc aalt aolutionl
upltre... Supervtaor for all .urveyia.g activitiea and
drilliuc operatioDa In the vatershed.

SU8Der. 1967, 1966, 1965
USDA - as in Danrllle, VT.

EngineerIng Aide - Hydrographic and topographic lurvey
lng, a••iltiac engineerl and Icienti.tl 10 their field
work on vater quality, .edi.entation and Itre.. runoff
projecu.
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1. Calkin., D.J., R. Bayes, S.P. Daly and A. MOntalvo,
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Floodplain Plow,- Submitted to Canadian Journal of
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Analyeta of Preeze-up Procesaea r - presented at Wbrklhop
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.June 1-2, 1982.

4. Calkinl, D.J., D.5. Deck and Carl R. MartinsOD,
-Reailtanoe coefficienta fro. velocity profiles in ice
covered ahallow Itre... ,- Canadian Journal of Civil
Engineering, Vol. 9, Mo. 2, June 1982, pp. 236-247.

s. CalkJ.ne, D.J., R. Bayea, S.P. Daly and A. Montalvo,
-»eteraining vater lurfaee profilea In Davigation
channels under various lee conditions using HEC-2,
present at ASC! Nationa\ Conference, St. Louia, MO, 28
October 1981.

6. Calkin., D.J. D.5. Sodhi and D.S. Deck, -Port Burea lee
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