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1.0 INTRODUCTION

As a part of the on—-going environmental studies for the project, we
have completed the calibration phase of the computer modelling
studies for instream ice. This report deals with the reach from
the confluence at Talkeetna to Gold Creek, as shown on Exhbit 1.
This reach includes a number of the more important sloughs, and is
expected to ekperience a greater change in winter regime than the
Lower River area. Data has been collected in this reach since 1980

and includes the most complete data available on the river for ice

modelling purposes.

The calibration studies have been restricted to freeze-up since we
expect that this will lead to the most significant staging with
project, and since break-up modelling is generally comnsidered
beyond present state—of-the-art. The break-up of an 1lce cover
depends on complex, highly variable and unpredictable structural
characteristics of ice. 1In addition, the 1ice jams resulting from

break-up can result in unsteady flow which 1is not included in our

present model.

We bellieve that this limitation of the i1ce model is acceptable
because:

1. With project, break-up in the middle reach will be more gradual

and controlled compared to pre-project because power flows can

be regulated during the break-up period.

2. Maximum ice jam stages can be estimated with present analytical

techniques if the likely locations of jams are known.



l.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 Iinstream ice model are the discharge hydrograph and
temperature time history for releases at the dam{s). The instream
temperature model (AEIDC) will also be required for final instream
ice runs. However, for preliminary runs, the instream ice model

will also include computations for ice-free temperature profiles

for convenience.



2.0 DESCRIPTION OF MODEL

The basic program, ICECAL, has been developed by Darryl Calkins of
the Cold Regions 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 advice on as-
sessment of program output.

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

Upstream Boundary

Water Discharge
Water Temperature, or
Frazil Ice Discharge

Within the Reach

Channel Cross-sections
Channel Roughness

Alir Temperature

Wind Velocity

Downstream Boundary

Stage Hydrograph

Water Discharge



For the first day of the simulation period, the program computes
the ice-free water surface profile and temperature profile. During
each day, including the first day, the model determines the total
ice produced and determines advance of the leading ice edge from a
pre—determined location and thickening of the cover. In addition,
lateral ice growth is determined at various open-water sections in
accordance with calibrated cocefficients. 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 velocity as the major independent variable.
The ice cover starts at a pre—-determined location at the downstream
boundary. The advance of the leading edge 1is 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:

l. Ice-free heat transfer coefficients.
2. Cohesion coefficient for frazil slush accumulation.

3. Critical value of Froude Number for progression of the leading
edge.

4, Critical velocity for erosion/deposition under ice cover.

5. Lateral ice growth coefficients.



The model uses the following fundamental equations for

processes, based on references 7-11:

l. Ice inflow at upstream boundary:

L
[}

1 Ci VBt (l-e)

where
Qi = ice discharge, m3/s.

Ci = surface ice concentration, 7.

V = mean veloeity, {(m/s).
B = ice~free water width, (m).
t = mean thickness of the floating slush (m).
e = porosity of the floating slush.
2. Ice production in open water:

h, AT
1 a
pA

Q;, =

Q1 = ice discharge, m3/s.

-3
f

i ice production heat transfer coefficient, W/m2-°C.

the ice



A = ice-free water surface area, mz.
Ta = air temperature below 0°C.

p = density of water, 1000 kg/m3.

XA = heat of fusion, 3.34 x 105 N-n/kg.

Lateral ice growth:

where

L, = ice growth in m/day.

A
I

coefficient based on observation.

<3
L]

mean flow velocity, m/sec.

-
Il

exponent based on observation.

Criterion for progression of leading edge:

F = v i Fec

V 2gH
where
F = computed modified Froude Number.

Fec

critical Froude Number.



V = mean flow velocity, m/sec.
H = hydraulic depth, m.

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

cover for possible deposition downstream.

5. Progression by Hydraulic Thickening:

Vo=y2g t, (1-p7/p) (l-t /H)

where
V = mean flow velocity just upstream of the leading edge,
m/sec.
H = hydraulic depth just upstream of the leading edge; m.
th = stable ice thickness required for progression of front, m.
pP°,p = density of ice cover (assunued 920 Icg/m3), water

(1000 kg/m3).
6. Progression by Mechanical Thickening (shoving):
2 - . - 2
B Vu 1 + p tg = 2otg +p° [l - 9o [ts
CZH 2 R pgHH 2 p o H 2
u u p A u
where

V = mean velocity under ice cover, m/sec.
u



H = mean hydraulic depth under ice cover, m.

B = channel width, n.

B = coefficient of internal friction for ice cover, 1.28.

C = Chezy coefficient of friction, based on average of bed
friction and ni = 0.050.

P p= density of ice cover, (same as 5, above).

R = hydraulic radius under ice cover, m.

0 = cohesion of ice cover, N/mz.

tS = gtable 1ice thickness required for shoving stability, m.
7. Underice Deposition:

V —¢c = critical velocity beneath ice cover for deposition

ice under cover when front cannot advamnce, m/sec.

Temp. Va-c (m/s)
0° to -7°C Vau-c¢
-7° to -18°C Vu-c/0.95

-18° ‘to -30°C Vu-c¢/0.90

8. 8So0lid Ice Growth:

=
(o)
]

- -1
i Ta x 86,400/(p +Ae)/(ti /ki + l/Ha)



previous day ice thickness, m.
incremental ice thickness growth per day, m.
reach ave., air temp below 0°C.,

thermal conductivity, 2.23 W/m- °C.

surface heat exchange coef, W/m2—°C.

porosity of ice cover (assumed 0.3).

heat of fusion of ice, 3.34 N-m/kg.

density of ice, 920 kg/m3.



-

3.0 DATA AVAILABLE FOR CALIBRATION
The data available for model calibration has been accumulated
primarily by R&M Consultants over the past four years. This infor-
mation 1is available in R&M reports (See References 1-3, and 6). 1In
addition, channel cross-sections from Talkeetna to Watana, and ice-
free stage-discharge observations are available in R&M's report on
"Hydraulic and Ice Studies,” (Reference 4).
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 concentration,
6. Water surface profiles,
7. Ice thickness,
8. Leading edge progression,
9. 1Ice jam locations and effects,

10. Channel cross—-sections,

11. Ice-free stage~discharge ratings.



Based on the above information, the freeze—-up for 1982-83 and
1983-84 were selected for calibration of the freeze-up portion of
the model, since this represents the most useful information re-
quired for calibration. While this data is not complete, the
following information in the reach from Talkeetna to Gold Creek was

sufficient for preliminary calibration:

l. Progression of the leading edge,

2. Water surface profiles and maximum ice elevations,

3. Ice thickness after formation of cover,

4, Estimate of surface ice inflow at Gold Creek.



4.0 CALIBRATION OF ICE-FREE TEMPERATURE PROFILE

The ice—-free temperaturé profile is not important for the calibra-
tion of the freeze—-up portion of the model, since the simulation
period begins after the river has reached 0°C, and air temperatures
are generally below 0°C. Therefore, no attempt has been made to

calibrate this portion of the model.

However, for post-project productiom rumns, discharges from the
dam(s) will be above freezing and it is very important to determine

the location of the 0°C point in order to estimate the ice produc-

tion 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 1is
available.



5.0 CALIBRATION OF ICE-FREE WATER SURFACE PROFILE

This portion of the model must be calibrated since velocity and
depth are crucial to the development 0of an 1ice cover and the

mechanics of the ice front advance.

Ice-free stage data is available on the river for Gold Creek dis-
charges of 3000 cfs, 9700 cfs, and higher flows. Since the normal
pre-project winter flow during freeze-up 1is approximately 3000 cfs,
and with-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 foot of the observed values, which is considered accept-
able for the ice model. Exhibit 3 includes profiles showing the
same 1lnformation. 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 ice—-free 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:

l. 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, porosity, and flow wvelocity.

2, Table 6 provided the downstream boundary conditions

(Talkeetna), mean daily 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 ice thickness following freezé—up at Gold
Creek, Curry, and Talkeetna (LRX-3).

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, and 7
and Tables 9 and 10. 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 ob-
served ice elevations at locations reported in Table 7. Table 9
shows a comparison of the computed and observed maximum water/ice

elevations at the observation locations. Exhibit 5 also shows the
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computed slush ice thickness in the reach, after the cover has
progressed to Gold Creek, with observe& ice thickness included for
comparison. It should be pointed out here that a quantitative
comparison of ice thickness is difficult. Exhibit 6 shows a typi-
cal ice-covered cross section versus the model approximation of the
same section. The actual flow distribution and ice deposition
pattern are complex 3-dimensional processes, whereas the model
computation 1s one-dimensional. The observed ice thicknesses,
based on 1-3 corings typically, cannot be expected to define an
average ice thickness which would be indicative of the ice volume
stored, which is ultimatelj our goal in the modelling effort.
However, based on our studies to date, we believe the computed ice
thicknesses are indications of the ice volumes, and are probably
somewhat conservative (high). Exhibit 7 shows the computed loca-
tion of the ice front with time, compared to the observed location.
The calibration coefficients resulting from the final simulation
far the 1982 freeze-up are shown in Table 10. These values are

within normal tolerances, as indicated.

The simulation of freeze-up for 1983-84 was based on data provided
by R&M in their Preliminary Ice Report for 1983-84. The informa-

tion used is as follows:
1, Table 11 was used for water discharge at Gold Creek.

2. Tables 12 and 13 were used for air temperature and wind
| velocity at Talkeetna and Sherman thru December 1983. For the
first week of January, Gold Creek temperature and Talkeetna
wind velocity were used for the entire reach, since no other

data was available at that time.

3, Table 14 was used to estimate ice inflow at Gold Creek. A

porosity value of 0.6 was assumed for this computation.



4, Table 15 was used to define the maximum water/ice profile

during the progression of the leading edge from Talkeetna to
Gold Creek.

5. Tables 16 and 17 were used to define the observed ice thick-
nesses at selected locations following freeze-up of the
Talkeetna-Gold Creek reach, in early January and late January,

respectively.

6. Table 18 provides the location of the observed leading edge(s)
with time from Cook Inlet to Gold Creek.

Results of final simulations are shown on Exhibits 8 and 9, and
Tables 19 and 20. Exhibit 8 shows the computed maximum water/ice
profile and computed maximum ice thicknesses, along with cor-
responding observed values. Table 19 shows the comparison of
computed and observed maximum water/ice elevations at the observa-
tion locations. Exhibit 9 shows the computed leading edge
progression versus time for various assumed values for the critical
Froude number at the leading edge, along with the observed leading
edge progression. it should be noted that in the 1983 freeze-up,
two intermediate ice bridges formed in the reach. The present
model does not consider intermediate bridges and therefore does not
gsimulate the multiple cover progressions as observed. The simula-
tions varied the critical Froude criteria in order to match the
range of progression rates observed. As shown on Table 20, we have
selected run 84-15, with a critical Froude number of 0.096, as
representative of an average progression rate for the 1983 freeze-
up. Table 20 shows the other final calibration coefficients for
the 1982 and 1983 freeze-ups. All of the factors are common except
Fc’ which was slightly different for the two years. For with-

Project simulations, we will use Fc = 0.095, the average of these

two simulations.



7.0 DISCUSSION OF RESULTS

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

following:

L.

The ice~free water surface 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.

The maximum water/ice elevations computed and observed for the
1982 and 1983 freeze—ups are compared in Tables 9 and 19
respectively. 1In general, the differences are within + 2 feet
which is the order of accuracy which could be expected in
modelling the phenomena. However, there are some locations
where the disagreement is significantly greater than this. For
example, at RM 127.0 and 130.9 in 1982, and RM 113.0, 123.3,
and 128.7 in 1983, the differences range from + 3 to over
+ 8 ft. In all cases when these large differences occur, the
computed values are higher than the observed wvalues. One
possible explanation for this is that the higher levels cannot
actually obtain in the field because of overflow into sloughs
which are not included in the model. In addition to this, the
model may be overpredicting the stages, particularly in the
1983 simulation, because the model does not consider inter-
mediate bridges, which can interrupt ice supply to downstreanm
reaches. It appears them than the model will produce conserva-
tive results for with-project operation, in that overtopping of
berms will be indicated when they occur, but actual stages will

likely be less than the model prediction.

Ice thickness computed and observed following the 1982 freeze-

up agree very well. The field observations were made in

February when discharges and stages had decreased, and some
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solid 1ce had developed. However, the total ice thickness is

very similar to the computed slush thickness.

The thickness observations following the 1983 freeze-up agree
reasonably well with model simulations except at LRX-24 and
LRX-27. Here the observed thicknesses are significantly higher
than computed. However, it should be pointed out again that
the observations are limited to 2 or 3 measurements in a
400 ft. + cross section and therefore cannot be expected to
completely define the ice in the section. The only other
explanation for the discrepancy is the intermediate ice bridge
which formed at LRX-24 and led to the second leading edge
progression. This may have led to the "hanging dam”™ observed
in the reach from LRX-24 to LRX-27. The model simulation did
not assume the intermediate bridge and therefore the leading
edge moved thru this reach at higher stage with less deposition
of ice.

The computed leading edge progression compares reasonably well
with the observed rates for the 1982 freeze-up as shown on
Exhibit 7 except for the observed "stall"” near Gold Creek. The
observed progression from RM 134 to 136.5 took over one month,
while the computed advance in this area took only about one
week. This indicates the model simulation will be conservative
in that it will probably show a somewhat higher advance rate
that actual. The 1983 freeze-up advance rates are shown on
Exhibit 9. This comparison was complicated by the observed
development of intermediate bridges which were not modelled.
The model was run with varying values of critical Froude num-

ber, Fc, such that the limits of observed rates were simulated.
Run 84=15 used an intermediate value of Fc, 0.096, and produced

a progression rate which was a reasonable approximation of the

observed, without using an intermediate bridge. Again as in



the 1982 simulation, we expect model predictions to be conser-

vative with high predictions of stage during progressiom of the
leading edge.
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8.0 FURTHER STUDIES
These studies conclude the calibration portion of the modelling
effort. We will now extend the model to with-project studies which
will include the following:
1. With Watana only.
2, With Watana and Devil Canyon.
3. Wet, Dry, Average River Flow.
4, Hot, Cold, Warm Winters.
5. Various Power Demand Schedules.
6., Case C Environmental Flow Release Schedule.
The studies will include the reach from the dam(s) to Talkeetna,
for the period from November thru April. An estimate will be made
of the period required to fill the lower river with ice, which will
permit ice progression up the middle reach. We will use a conser-
vative estimate for this period inm order that we obtain a

conservative estimate of ice cover development in the middle reach.

A future report will deal with results of these studies.
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Table 1
ICE-FREE WATER SURFACE PROFILE
Q = 3000 cfs at Gold Creek

Section River Harza1 R&M 2 Harza
No . Mile HEC-2 Observed Instream Ice Model
LRX-3 98.59 339.7 340.2 340.2
LRX-4 99.58 347.1 - 346.8
LRX-9 103.22 374.9 375.1 374.6
LRX-24 120.66 519.2 519.1 . 518.9
LRX-28 124.41 551.6 -- 551.6
LRX-35 130.87 615.0 614.7 614.5
LRX-45 136.68 681.1  68l.4 681.0
LRX-62 148.94 831.4 831.9 831.4
LRX-68 150.19 847.3 -- 847.1

References:

l. ™"Water Surface Profiles and Discharge Rating Curves,”
Harza-Ebasco, October, 1983. Table 5.

2. R&M Correspondence No. 052306, September 11, 1981.
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Table 2
ICE-FREE WATER SURFACE PROFILES
Q = 9700 cfs at Gold Creek

Section River Harzal R&M 2 Harza
No. Mile HEC-2 Observed River Ice Model
LRX-3 .98.59 344.1 -- 344.0
LRX-4 - 99.58 348.6 348.1 348.6
LRX-9 103.22 378.0 378.4 378.9
LRX-24 120.66 521.2 521.3 521.8
LRX-28 124.41 - 534.4 553.8 ' 553.8
LRX-35 130.87 617 .4 617.3 617.4
LRX-45 136.68 684.0 684.1 684.5
LRX-62 148.94 835.4 835.4 835.9
LRX-68 150.19 851.0 851.4 851.4

References:

1. "Water Surface Profiles and Discharge Rating Curves,”
Harza-Ebasco, October, 1983. Table 5.

2, "Hydraulic and Ice Studies,” R&M Consultants, Marech 1982,
Table 4.18.
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151.00 14 1.uv V.03 Y. 050
152.vv 1d T Cl.uU- - "TU,U3D T QJUdU - -
185.53 N | l.u¥ v.U5b - U.USO
131.¢06 14 - “lavv VU385 - - ~U., U050 -
154.72 1> 1.Uv U, U4 V. UbY
13%.30"°  "1s  ~-C1.00 - 0303 —UstH0 - - -
185.7¢ 17 1.v0 V. VU0 0.US5¢0
153."" 2V 1.00. : '0.0“0 ° U.Ubﬂ—‘
146.40 14 l.0v V. 045 V. 05%0
T l’b.bo “ 1.0V -000‘5----_"1’.1’50 )
]Sb."ﬂ ld 10V 0.045 0.050
= 137.15— "4 Tov—= —UTUHUTT g TS — -
1587.41 tv 1.uV Vel V. USU
- "ﬂ.e-"‘ - 19 —1 VY - G.uti- - -—0."50— .
15d.4b 11 1,00 V.04Y V. U580
1350.0v - iy e = Y. 98 ‘—""0.050" """-o%o—_
139,44 i Ve 98 V.U5%0 0.0%0
14v.1%5 14 Ve%O V.Ubhu o | P11V
14v.03 14 v.98 0.055 0.050
191 .4y 14 - “w,YD T U USS U5
142.1> 15 v.yn VU5 0.450 -
Luc. su i - “ VYD — “U,U5u —D., 050 — —
l“.’.lo lu uo"b U.USU 0.050 .
—= 144,83 —--1a— OTYr VUL —oSuSvT———
L4l50 4 V.Y V. 055 V. V50 i
- jug.73 -~ 13— TUTYE— -—VY, V03 U N5Y——— - ;
lyn.vau 12 V.94 G.VDS U.ubdv i
tav. 15 18 - —— v Y4—- a.uss———--v;vﬁu"--“——-[
lur, 85 11 Vel V055 v.udu .
1av.4n - 1¢ - TTUTYE T T T VLU YT VY
FRTLY | ) Vel VaUSY Ve.lbdu
14v. ) 15 VoWl - - U009~ V.UV
15V.1Y

i¢ Veys U.ub5 0.050

Contraction Loss 0.1 A V2/2g

-Bxpansion-Loss 0.3 A V2/2g
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TABLE 4.4
SUSITNA RIVER AT GOLD CREEK
FREEZE-UP OBSERVATIONS ON THE NAINSTEH
November 1982
Goid Creek
Mean Alr Water ice in Border lco Snow
Discharge {1) Temperature (2) Temperaturs {3) Channse) (U) Thickness Depth
. Date (cfs) {°c) 1°¢) : (% 4) (re) {fe) Weather
Nov., 1 4800 -2.2 0.00 70 0.9 1.5 WIndy/cloudy
2 4700 1.1 0.10 20 0.9 1.5 Snow
[ 4500 =-3.3 0.30 15 0.9 1.8 Cloudy
5 uyno -6,7 0.40 10 0.9 1.8 Cloudy
6 4300 -16.9 0.30 . 50 0.9 1.8 Sunny
7 4300 =-17.8 0.20 55 1,0 1.8 Sunny
8 4200 -7.5 0.15% 55 1.2 1,8 Snow
9 3100 «5.6 0.15 55 1.2 2.6 Cloudy
10 4000 =5.0 0.30 50 1.2 2.5 Cloudy
n 4000 -1.1 0.20 50 1.2 2.5 Snow
12 3900 -1.9 0.20 35 1.3 3.3 Gloudy
13 3800 -3,1 0,20 35 1.3 3.3 Sunny
11 3800 -1.9 0.20 3o 1.5 a.u Cloudy
' 15 3700 -12.,2 - 40 1.5 3.u sunny
» 16 3600 =-15.8 - . 60 1.6 3.4 sunny
n 17 3600 ~15,0 - 70 1.6 3.4 Sunny
i 8 3500 -22.8 0.30 70 ' 1.6 3.3 sSunny
19 3500 «25.7 0.20 75 1.7 3.3 Sunny
20 3000 =10.0 0.30 ‘ 70 1.6 3.3 Snow
21 3uno -6.4 0.30 60 1.6 4.1 Snow
22 3300 =5.0 0.40 55 1.6 4.1 sunny
23 3300 -4.4 0.30 45 1.3 4.0 sSunny
24 3200 =-3.1 0.30 k1] 1.3 4.0 Sunny
25 3200 -2.8 0.50 40 1.2 3.9 Sunny
26 3100 -3.1 0.40 50 1.2 3.e Sunny
27 3100 -8.3 0.40 50 1.2 3.8 Sunny
28 3100 -12.8 0.50 60 1.3 3.6 Sunny
29 3000 -9.7 0.30 60 1.3 3.8 Snow .
3o 3000 -8.9 0.20 4o 1.3 3.8 Gloudy

1. Provisional dates subject to revision by the U.S. Geological Survey, Water Resources Division, Anchorage, A{aska,
2., Average value of the days minimum and maximum temperature, .

3. Based on one instantaneous measurement, usually taken at 9 a.m. daily.

4, Visual estimate based on one instantaneous observation, usually at 9 a.m, daily.
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TABLE 4.5

SUSITNA RIVER AT GOLD CREEK
FREEZE-UP OBSERVATIONS ON THE MAINSTEM
Dacember 1982

Gold Creek
Mean Air Water Ice in Border Ice Snow
Discharge (1) Temperature (2) Temperature (3) Channal (4) Thickness Dapth
Date {cfs) {°C) {°C) 2) (£t {fe) Weather
Dec. 1 3000 ~-7.8 0.10 k1)] 1.3 3.4 Cloudy
2 2900 «16.9 0.10 55 1.3 3.3 Cloudy
k] 2900 -16.9 0.00 70 1.3 3.3 wWindy/Sunny
4 2900 «10.0 0.10 . 75 1.3 3.3 Cloudy
5 2800 -8.3 0.20 75 1.3 3.3 Cloudy
3 2800 -1.7 0.20 65 1.3 3.0 sSunny
7 2800 2.5 0.30 40 1.3 3.0 Windy/Cloudy
8 2700 3.6 0.20 15 1.1 j.a Snow
9 2700 -1.9. 0.20 25 1.1 3.9 Cloudy
10 2700 -16.1 0.10 60 1.2 3.9 sunny
1 2600 -6.1 0.90 40 1.3 1.9 Sunny
12 2600 3.1 0.00 60 1.3 3.8 Cloudy
13 2600 -1.7 0.10 40 1.3 3.a Sunny
14 2600 -5.0 0.20 25 1.2 3.a Sunny
15 2600 -0.3 0,20 10 1.2 3.8 sunny
16 2500 -3.3 0.10 10 - 3.7 sunny
' 7 2500 -6.7 0:10 10 - 3.7 sunny
o 18 2500 -10.6 0.00 50 - 3.7 Sunny
*» 19 2400 -11.7 0,00 40 - 3.7 Sunny
\ 20 2h00 7,2 0.00 . 40 - 3.7 Sunny
21 2400 -21.1 0.00 50 0.5 3.7 sunny
22 2400 -23.1 0.00 50 0.5 3.7 Sunny
23 2400 =15.6 0.00 30 0.5 3.7 sSunny
24 2400 «11.9 0.00 30 0.5 3.6 sunny
25 2300 9,2 0.10 30 0.6 3.6 Sunny
26 2300 -5.6 0.10 30 D.6 3.5 sunny
27 2400 . -1.7 0.10 . 5 0.6 3.5 Snow
28 2400 0.6 - - - 5.0 Snow
29 2600 1.7 0.10 5 overflow 3 Rain
30 2800 -0.3 0.10 25 overflow 3.2 Rain
31 2900 - a.10 L} 1.3 3.2 sSunny
1. Provisional data subject to revision by the U.S, Geolagical Survey, Water Resources Division, Anchorage, Alaska. .

2, Average value of the days minimum and maximum temperature.
3. Based on one instantaneous measurement usually taken at 9 a.m. daily.

q. Visual estimate based on one instantaneous observation, usually at 9 a.m, daily.
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TABLE 4.6

SUSITNA RIVER AT GOLD CREEK
FREEZE~-UP OBSERVATIONS ON THE MAINSTEM
January 1983

Gold Creek
Mean Air Water lce In Border Ice Snow
‘Discharge (1) Temperature (2) Temperature (3) Channel (4) Thickness Depth
Date (cf5) {°c) {°c) (%) (ft) (ft) Meather
Jan, 1 2900 -2.8 0.00 8 1.3 3.2 Sunny
2 2800 -2.8 0.00 10 1.3 . 3.2 sunny
3 2800 -3.9 . 0.00 30 1.3 3.5 Cloudy
‘ u 2700 -5.0 0.00 60 1.4 3.5 Sunny
| 5 2700 -13.9 0.10 65 1.3 3.5 Sunny
| 6 2600 -19.1 0.10 65 1.3 3.5 sunny
7 2500 - 0.00 70 1.3 1.5 Sunny
8 2500 =-25.3 0.a0 ' 65 1.3 3.3 Sunny
9 2400 -22.2 0.00 S 60 1.4 1.3 Sunny
10 2100 =20.6 0.00 70 1.4 3.0 High Winds
1" 2400 =16.7 0.00 85 1.4 3.0 Sunny
12 2300 -18.6 0.00 90 1.5 3.0 Sunny
13 2300 -16.7 0.00 90 1.5 3.0 Sunny
12 2200 -13.1 0.00 100 1.5 3.0 Sunny
' * )
L)
W |
'
=
W
o
: o
1. Provisional data subject to revision by the U.,S, Geological Survey, Water Resources Division, Anchorsga, Alaska. ¢ ~
2, Average value of the days minimum and maximum temperature. -
. Based on one instantanoous measurement, usually taken at 9 a.m, dally. E}
o)
. visual estimate based on one instantaneous obsarvation, usually at 9 a.m, daily, t
* Channel frozen over, EE




Table 5

From R&M Report: Susitna River Ice Study,
1982-83

R & M CONSULTANTS, INC.
SBUSITNA HYDROELECTRIC PROJECT

MONTHLY SUMMARY FOR DEVIL CANYON WEATHER STATION
DATA TAKEN DURING November, 1982

y

RES. RES. MG, MAX. MK, DAY’S

MX, MNIN. JEAN WIND WIND UDND GUST CUST PYUAL NEAN MEAN SOLAR
DAY TEMP, TENP, TEMP. DIR. SPD. SPD. DIR. SPD. DIR. RH DP  PRECIP  ENERGY DAY

DESC MOLC DESC DEC WS WS DEC WS I DEGC W& w/SOM
* 2 %1 -5 120 15 1.8 N3 7.4 ESE 73 1S s 653 1
2 -6 %46 51 120 . 6 9 185 32 8 T 58 mm 815 2
3 <27 129 <78 116 S 9 M 38 BE 0 -5 emx My 3
4 '13 .515 .2-’ 125 -’ !ll 17' 5.3 Eﬁ 75 '712 [ ;. 2] 563 4
5 2.6 -143 -85 135 b 0B 132 25 K 89 -7 was b5 S
& -11.7 -18.0 149 882 t.b 1.7 182 44 E 88 -1b.8 wmwss 23 b
7 <119 -18.5 -15.2 94 21 23 120 5.0 ESE 89 -18.1 e 27
B 7.4 -13.6 -105 w4 1,7 1B 9 5.7 ESE 82 -11.3 s M 8
9 <57 -85 <11 1 d 0005 120 25 s 13 -38.1 e m 9
1 <59 -13.7 -9.8 88 1.6 1.7 75 44 EE N -10.3 s W5 1
11 =36 =65 <51 1M 1.3 1.4 117 3.8 ESE A -24.3 mms 318 1
12 -5 =68 <37 13 11 14 13 A4 K 83 43 um 93 12
13 -7 65 34 121 14 1.3 NS A4 EE 88 -4.2 e sl 13
1M <32 9.2 -b2 % 7 9 189 3.8 EME 20 <-34.B wmme 400 14
15 -6l7 -15-3 -lll. .ﬂ l-‘ lcb ‘ﬁ 4-‘ E 71 '13.1 R “5 15
b -13.0 -16.B -14.9 887 2.0 2.0 088 44 E 92 <165 s 3 18
17 -157 -21.4 -18.6 08B 2.3 24 097 S0 E B7 199 s 350 17
18 -15.9 -22.2 -19.1 892 2.2 2.3 M 44 E 7 -0 - 3% 18
19 152 =21.4 =183 115 2.8 2.8 115 7.0 ESE 63 <-23.2 sm 48 19
20 -1 <153 <127 1S 2.9 3.4 123 6.3 ESE 79 -15.4  sem 3 2
21 5.8 -10.7 8.3 3 1.5 1.7 125 4.4 BE B85 -10.4 wms W 2
2 -4b6 7.5 61 13 1.6 1.8 119 S0 BE Bl -89 s s 2
23 -8 =50 3.4 12 1.1 1.3 113 3.8 ESE B4 4.4 wms B 23
4 -l 47 <29 13 1.4 14 138 3.8 S 91 3.4 s S 4
] S =57 <31 13 1.4 1.5 159 3.8 SE 79 5.2 sms 38 25
2 49 7.3 b1 U6 2.4 24 10 57 EE 76 9.7 smm BB 2%
27 38 -11.8 <78 8 1.5 1.6 114 44 E 8B -85 s 83 27
2 103 -147 125 888 27 2.7 470 A4 E 95 -13.8 smm 48 2B
X <54 <101 7.8 97 14 1.2 131 3.8 BE 3 -155 s 28 29
N 58 -12.8 -89 299 47 W 3B N Y -12.2 s oK

BNTH .5 -2.2 -89 1M 14 1.6 N3 7.6 EE 77 -13.6 s 12080

GUST VEL. AT MAX. GUST MINUS 2 INTERVALS S.
GUST VEL. AT MAX. GUST MINUS 1 INTERVAL 9.
GUST VEL. AT MAX. GUST PLUS 1 INTERVAL S.
GUST VEL. AT MAX. GUST PLUS 2 INTERVALS 3.8

NN -

. ™ NOTE: RELATIVE HUMIDITY READINGS ARE UNRELIAELE 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.

SEE NOTES AT THE BACK OF THIS REPORT #xux
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. _ Table 5 (Cont'd)

R A& M CONSULTANTSS, LN .
SUSTTNA HYDROEIILECTRI PRO J' EOCT

pm

{ Y SUHﬁARY FOR DEVIL CANYON WEATHER STATIDN
T‘A TAKEN DURING December, 1982

- ¢
RES. RES. AVG. HMAX, NMAX. DAY'S
BAX. . MIN. MEAN WIND WVIND WIND GUST  GUST P/VAL MEAN MEAN SoLAR
- DAY TEM, TENP. TEMP. DIR. SPD. SPD. DIR. SPD, DIR. R DP  PRECIP  ENERGY DAY
DEGC DEGC DEGC DEG MW/S NS DEE WS T IEC M WH/SQA
- 1 -1 -1%.9 -15.5 1?7 3 A 280 3.2 SE 92 -17.7 mm 258 1
‘ 2 -850 2.6 ~-184 121 1.5 1.7 1B 5.1 SE 86 -20.1 wxux 283 2
:‘ 3 -9 -<2t.4 ~16.7 107 1.2 b 135 4.4 ESE B0 -18.9 w=m 293 3
4 -13.1 -18.7 -15.9 188 23 25 1% 6.3 ESE 75 -20.§  xuex 343 4
= 3 -4,7 -13.1 -8.% 108 13 1.3 098 4.4 ESE 83 -10.3 xuxe W5 5
s -3 7.9 -45 12 .7 1.9 1t 7.2 SE B} 7.9 mxx e S
7 1.8 -9 -1 197 23 24 17 9.5 ESE B  -2.7 mxx n 7
e 8 ¢ -1.8 -9 138 g 10 IS 1 5E 11 -3.5 = =
‘ 9 -5 -144 -2.5 087 .6 1.7 277 5.0 ENE 93 -9 xuws o 9
1 -4,3 -19.1 -11.7 110 .5 1.7 63 ESE B85 -13.3 sasy a3 1
- 11 -48 -8.7 -48 129 2.8 2.1 18 8.3 ESE 77 1.1 e 29 11 }
; 12 -2.1 =68 -45 130 1.9 1.6 124 5.4 ESE 77 7.2 s e 12 ) . j
; 13 - -3.1 2.4 145 13 1.5 1? 5.3 S5E B3 5.0 xEms 328 13
14 -7 9.0 -S54 142 1.1 1.2 1% 44 SE- 93 -b7 318 14 1
o 15 3 =58 2.6 138 1.5 1.7 182 5.7 E58 73 6.1 xmxa 308 15. |
. 16 -3 =50 2.7 134 1.4 1.5 115 44 SE 74 -5.7 musx T 18
17 2.6 -10.5 -4.6 107 1.8 1.9 11?7 44 ESE 22 7.5 xam 303 17
- 18 -2 -13.9 -121 89 1.7 1.8 077 44 E 78 130 sEme 308 1 |
19 =66 -13.0 -9.8 113 t1 L3 12 44 SE Bl -12.3 e 300 19 :
: 20 =56 133 105 124 16 1.8 13 51 ESE 74 -13.5 ez 315 29
21 -15.0 -18.8 -16.9 083 26 2.6 M .1 E 91 -12.7 xma e 21
™~ 2 -0 -20.6 -18.3 075 2.6 27 72 S.7 EME 87 -20.5 muax ]
22 -11.8 -17.8 ~-1a.8 099 1.8 20 101 4,4 ESE 75 -18.1 wma 328 23
24 -8.0 -168 -f2.4 1S 23 25 119 S.7 ESE 80 -14.p max 8 24
o 23 -7.8 -12.7 -10.3 102 21 23 Us 63 ESE 81 -13.5 = N 25
! 2 -5 -8.7 -48 138 1.2 1.4 101 4,4 ESE 80 -8.4 xxss 00 26
27 A 2.9 -13 3 A 11 98 3.2 SSE 70 9.0 mmmx 1 27
28 9 -4 3 145 3 R ) 1.7 SE 1§ -38.4 eaxs a8 2
- P 1.7 -3 7 17% A 1 W/ 3.2 5E 11 -27.5 aamx 268 29
{ ki =1 <93 -4,7 sEr EEEN  NENE  N%E 0 ¥y Ay 5 <175 xEE® ®T I
3 5.6 -10.4 -85 EEE  EENE  NNRE  NER  NEEER EEX 1 <450 X2 = 3

o MONTH 1.8 -a1.6 8.2 11 1.4 17 107 9.5 ESE &9 -15.7 s 9143

GUST VEL. AT MaX. GUST MINUS 2 INTERVALE 7
GUST VEL. AT MAX. GUST MINUS 1 INTERVAL -
GUST VEL. AT MAX. GUST PLUS 1 INTERVAL ?.
GUST VEL. AT MAX. GUST PLUS 2 .INTERVALS 8.

‘TE::-(»-RELF;TI'JE HUMIDITY READINGS ARE UNRELIABLE WHEN WIND SPEEDS ARE LEGSE THAN
; ONE METER PER SECOND. SUCH READINGS HAVE NOT BEEN INCLUDED IN THE DAILY
- OR MONTHLY MEAN FOR RELATIVE HUMIDITY AMD DEW POINMT.

e WSEE MOTES AT THE BACK OF THIS REPORT  xxxx
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FROTECT
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AR

‘J
RES. RES., AVG. HAX, MAX, DAY'S
MIN. MEAN  NIND WIND WIMD GUST  GUST P/VAL MEAN MEAN SOLAR
DAY TEWP. TesP. DIX. SPD. SPD. DIR. SPD. DiR. RH DP  PRECIP  ENERGY Dat
pE6C DESC DEE WS M5 DEE WS Z T MM Wi/ SGn
1 7.2  =4,2 HER  HHER  HEEE O ERR RERR O REE 02 -4, sEEm 2685 i
2 -4,2 =28 M4 2.1 2.t 1 5.1 E5E 78 -B.9 wpm 268 2
3 -11.7 8.0 115 g Lé 4.4 ESE 71 -11.4  amen &R 3
4 -21.0  -16.2 €97 1.3 1.5 % 4,4 ENE & ~-iB.6 wm 278 4
9 -24.9 -21.4 102 1.5 1.7 % 44 £ 79 251 e .y -
& -21.1 -18.7 112 2.4 25 1ds B.9 ESE &7 -22.5 wmkx 90 &
7 5.4 23 1 2.5 2.6 %4 8.9 ESE &7 -25.4 s 8 7
B =27.4 247 1 1.2 1.9 188 5.1 B5& 60 -2%.1 wumR 33 b
¢ -zb.4 -24,B - 133 2.3 24 19 5.7 BE 57 3.4 wsex 3683 9
-26.2 -23.2 123 2.2 2.3 12 5.7 SE 92 -29.7 samx 385 10
=31.6 -24.9 115 1.7 2.0 140 6.3 E b8 -32.1 smas 311 1
S HHHE R ERER BEHE OB BEEE ERE BE O RERER B sERENR 12
Bt RREEE  BER O BEEE O HHER O BER O HEH B 0 B HEE s 13
HENEE  REEEE Bei BERE EEHE O RER SRR HEN BE HENEE BREE HEebe 14
BEESR  BREEE  ERR BREE O BEER N B B B BEENE O SERN kRmaes (S
FEHEE  SEREE  EHEH O BEEE O BERE BER O REER O EEN  HE . HENER  BHIE smaeRE 1)
RREEE O BHEHE  ERE RERE  RENR RRE MM EER  BE SRERE  BEEN RBuRir {7
HHEE MRS M EREE REHEE BEE EEEE O BEE Bt RENEE O MEER amsEss 1B
=7.4 =b,6 102 b g9 274 25 £ 5 -16.8 #man 269 19
-12.3 9.1 1% 1.5 1.6 1} 5.1 ESE 82 ~-10.1 smn k3 2
-11.3 -7.% 128 1.6 1.7 14 4.4 SE T4 -l4.4  maep 425 21
-18.0 -i3.4 (84 2.6 2.6 089 74 £ 63 -19.2 wxan M8 2
=15,  -b,7 l2b &3 2.7 131 8.3 EX ¥ -i19.2 s 383 8
-3.% -b9 1i8 23 2.4 190 9.5 ESE 33 -20.5  samn b3 A
-2.% <7.% 14 2.2 23 12 B.3 ESE 42 -10.3 smux 30 2
-7.3 &b 115 i8 2.8 133 7.6 ESE 5% ~-11.3 ens 03 26
-16.6 -B.1 9% 22 2.6 113 6.3 EME 74 -12.3 #hua 471 27
-12.2 -B.1 109 1.9 21 137 4,4 ESE b1 -10.5 awms 3 28
13,7 =57 N 2.1 2.3 134 .1 £ 81 -li.b sEEr &7 2%
2.7 -8% 121 1.7 1% 104 6.3 EBE &2 -B8.7 wEms 533 3
=3.3 -1.7 13 1.1 1.3 11§ A4 SE 73 47 exax 71 &l
-3l.6 -12.0 112 1.8 1.5 {00 2.9 ESE 65 -17.5 send 9735
GUST VEL. AT MAX. GUST MINUS 2 INTERVALS 7.6
GUST VelL. AT MAX., GUST MINUS 1 INTERVAL 8.9
GUST VEL. AT MAX., GUST PLUS 1 INTERVAL 7.4
GUST VEL. AT MAX. GUST PLUS 2 INTERVALS S.1

VE AUMIDITY READINGS ARE UNRELIABLE WHEN WIND SPEEDS ARE LE
ORE METER PER SECOND. SUCH READINGS HAVE NOT BEEN INCLUDED IN THE DRILS
UR mONTHLY MEAN FOR RELATIVE wUMIDITY AND DEW POINT.

THE BACK OF THIS REPORT




~ Table 6
From R&M Report:. Susitna River Ice Study,
1982-83
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106.2
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Portege Cresk
Slough 21, H9

.~ Slough 21, LRX=%54 .

.. Gold Creek

. ]

- Curry

» Siough 11, Mouth
" Slough 9, Sherman. '’

Slough 9, Mouth
Slough 8, MHead:

_. Slough 8, unx-za
. L.\AH s— ‘ '\\
. -chonzlo Creek
" Lene Creek

. Lrx=11

L LAX-9
© 7 LRK=3

. vaiues in brackets [ | represent relative slevations based on an usungd datum from a temporary benchmark

adjacent to the site,
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TABLE 4.8

RIVER STAGES AT FREEZEUP MEASURED
FROM TOP OF ICE ALONG BANNKS
AT SELECTED LOCATIONS

i

Open Water.

A Elevation Maxtisum Discharge ) Act.uolw'"‘
1y O S R L e
T Y qre) { fcrs) !

12/23/082 843.0 839.5 27,000 ‘2,400 |

= o 758.3 755.5% - e
e 735.3 733.3 - ‘ o el

- 1/14/88 . 687.0 - 685,83 16,000 . 2,200 {
12/6/02 ens . 1 . - 2,800 -

“ 127182 622.6 + . 620.1 30,000 - 13,000
11/29/82 .. t6.9] - | /3,000 |
11/22/02 - 579.3 . . 3,300

. V/z0/82 . 956.2 559.3 4b,000 (aufels) . ' 3,400
11/20/62 ' " 521.0 s2u.6 26,000 T 3,600
T 118/82 - 498, 3 - - 3,500
11/15/82 - 16.7) - 3,700
11/9/82 - 15.3) - ! 4,100
11/8/82 sen, 1 - 383.9 41,000 8,200

T 11/5/82 346.4 " 345.5 - 8,800

£g8-2¢861
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Table 8

From "Preliminary Susitna River Ice Report,
1983-84," R&M Consultants, Feb. §4.

TABLE 8
SUSITNA RIVER HISTORICAL ICE THICKNESSES
"1983
Date Location Distance from Left Bank (Feet) Solid Ice Slush
Feb. LRX-45 (Gold Creek) 36 1.8 0
W.S.E. = 684.50 92 1.4 0.5
148 1.3 3
232 1.9 3
288 1.7
Feb. LRX-24 (Curry) 229 - -
W.S.E. = 522.60 291 1.8 12
337 2.1 12
377 1.8 0
416 2.0 0
Feb. rx-3 { 75/kee1n3) 138 3.7 0
S.E. = 342.80 210 2.0 0
| 312 2.6 4
- 464 3.9 2
72 2.1 0




Table 9

MAXIMUM WATER/ICE PROFILE

Station (RM)

LRX~-3 (98.5)

LRX-9 (103.3)

McKenzie Creek (116.7)
Curry (120.7)

LRX-28 (124.5)

Slough 8 (127.0)
Slough 9 (130.9)

Gold Creek (136.6)

1982 FREEZE-UP

Maximum Water/Ice El.-Ft.
Observed

Computed
345.5

382.4
492.6
526.0
560.9
588.0
625.1

684.4

345.5
383.9
493.3
524.6
559.3
579.3
620.1

685.3

Avg.



Table 10
1982 FREEZE-UP
INSTREAM ICE MODEL
CALIBRATION COEFFICIENTS

Final Value Normal Range
Parameter From Simulation of Value
1. Open-water—heat-
transfer coefficient (20+2VW)W/m2-°C 12-20 W/mg°c

where Vw=Wind Velocity-m/s
2 2
2., Cohesion coefficient 700 N/m 500-2000 N/m
for frazil slush

3. Critical Froude No. for 0.0935 0.06-0.11
Leading Edge Progression

4, Critical Veloecity for 0.9 m/s 0.6-1.4 m/s
under ice deposition

5. Lateral ice coefficients 0.1 V-z'am/day -—

where V=Water Velocity, m/s

Notes: 1. Ice inflow at Gold Creek based on assumed slush
' thickness = 0.15 m and slush porosity = 0.6.



3

Table 11

From "Preliminary Susitna River Ice Report,
1983-84," R&M Consultants, Feb. 84.

TABLE 2 {cont.)
GOLD CREEK WIRE WEIGHT READINGS (FEET)
with corresponding values in USGS
Datum (feet), Mean Sea Level (feet) and Discharge (cf/sec)

Date ww USGS MSL Q
December, 1983 '

1 56.92 5.29 681.61 3500
2 56.96 5.33 681.65 3550
3 56.72 5.09 681.41 3100
4 56.92 5.29 681.61 3400
S 56.83 5.30 681.62 3400
6 57.07 5.44 681.76 3750
7 57.04 5.41 681.73 3700
8 56.97 5.34 681.66 3550
9 56.90 5.27 681.59 3400
10 56.95 5.32 681.64 3400
1 56.97 5.34 681.66 3450
12 56.92 5.29 681.61 3400
13 56.90 5.27 681.59 3400
14 56.88 5.25 681.57 3350
15 56.90 5.27 681.59 3400
16 57.01 5.38 681.70 36

17 57.13 5.50 681.82 *
18 57.22 5.59 681.91 *
19 57.30 5.67 681.99 *
20 57.45 5.82 682.14 *
21 57.52 5.89 682.21 *
22 57.27 5.64 681.96 *
23 57.50 5.87 682.19 *
24 : 57.60 5.97 682.29 *
25 57.65 6.02 682.34 *
26 57.87 6.24 682.56 *
27 57.85 6.22 682.54 *
28 57.82 6.18 682.71 *
29 58.04 6.41 682.93 *
30 58.15 6.52 683.04 *
K} 58.33 6.70 683.22 *

* Backwater effect from ice bridge at LRX-43 and advancing ice cover.

Assurm? €.
3p00¢
w2ty d

WA )] 5/ 84.
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Table 12

From "Preliminary Susitna River Ice Report,
1983-84," R&M Consultants, Feb. 84.
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- . : ) Table 13
' From "Preliminary Susitna River Ice Report,

1983-84," R&M Consultants, Feb. 84.

. SUSTTNA MYDROELECTRIC PRQJECT

™ MONTHLY SUMMARY FOR SHERMAN WEATHER STATTON
DATA TAKEN DURING December, 1783

L RES. RES. AVG, MAX. NAX, - DAY‘S
MAX, MIN. HMEAN  UIND WIND WIND GUST GUST PVAL MEAN HEAN SOLAR
. DAY TEMP, TEMP, TENP. DIR, SPD. SPD. DIR. SPD, DIR. RH DP  PRECIP ENERGY DAY
. DEBC DEGC DECC DEC WS W5 DEE WS Z DL M WH/S0%
1 2.2 -1t -3 B 7 J 4 25 BE & <57 1) [
— 2 2% 83 -57 % o2 % S 1.9 MW = sxxmz .0 280 2
: 3 -I4 -65 5. w2 Jd 1 05 13 N B ommm L 25 3
4 -2.8 -818 -SAB .52 02 -2 [ L] 1. 9 E H ARERA .. 17 4
- H] 2.4 -38 -3.1 w8 3 2 W2 1.9 E = ssex 40 I 5
; & 1.3 1.7 -1 M o2 2 W7 1.3 ENE = s B0 a4 b
7 -7 -15.6 -13.2 = L B N B Pl S EEE B omr LD o 7
- g8 114 -20.6 -160 mm .0 ) W S B B o 0,0 &% B
i ? 129 -2.9 -~17.9 ™ N A 049 3.8 EBE 68 -1%7.4 L) ;9
10 =61 4.5 -16.3 7 1.8 1.8 &b 31 EE 83 -153 0.0 278 U
1 -43 -5 -4 W 1.6 1.6 4.4 ENE &7 116 WD 265 11
- 12 =72 ~-1b.1 -11.7 Wb .8 g 138 32 88 -13.% W 240 12
1 13 <55 -14.3 -%.9 59 g 13 44 BNE N1 116 WD 215 13
" .!‘_-' -21.2 -18.6 &% 3 I I [ 1.9 ¥ i3 1.0 215 |4
. 15 -18.4 -25,7 -21 W2 2 2 W 25 ENE = sz Q) a1 15
‘(:]-’ 16 -125 -172.7 -15.1 4 .8 8 059 38 N W 171 0.2 a3 1k
Lo 17 -85 -12,6 -10.6 K32 g 1.0 3.2 BNE B -13.0 0B 17 17
18 2.7 -17.8 -12.8 150 7 A ) 25 EE 9 -39 0.0 215 18
- 19 -8 -12.5 -12.2 W7 .9 - [ 1.9 EE 91 -166 0.0 m 19
2l =33 71 -5.2 WA ] b 051 25 ENE = wmremx 0,0 180 20
21 22 58 48 0B 5 S M 1.9 BE == =i 1.0 17 21
= Frd 4.3 -19.8 -12.1 162 3 9 022 1.9 BE = wsmesx 0.0 20 22
! Z -3 213 -89 W 3 4 181 1.9 ENE = =z () 248 23
24 4 195 145 W N ) N 7] 19 B m s 0.0 250 24
o & 4 -10.1 <47 1§ 1. 1.1 B3 44 ¥ 7 -85 01 2N 235
‘; 2b =77 -17.0 -12.4 B .8 8 833 25 BNE 77 -134 W0 240 26
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3.1 BNE 71 135 0.0 7805

- NOTH 2.2 -27.3 121 859 5 .6 b

GUST VEL. AT MAX. GUST MINUS 2 INTERVAILS 3
GUST VEL. AT MAX. GUST MINUS 1 INTERVAL 4
r ' GUST VEL. ‘AT MAX. GUST PLUS 1 INTERVAL 3
i GUST VEL. AT MAX. GUST PLUS 2 INTERVALS 4
= NOTE: RELATIVE HUMIDITY READINGS ARE UNRELIABLE WHEN WIND SPEEDS ARE LESG THAN
5 ONE METER PER SECOND., SUCH READINGS HAVE NOT EEEN INCLUDED IN-THE DAILY
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From "Preliminary Susitna River Ice Report,
1983-84," R&M Consultants, Feb. 84.

TABLE 5 {cont.)
SUSITNA RIVER at GOLD CREEK
ICE DISCHARGE COMPUTATIONS

Q= Ci Vs B, t, ('I-Es)

Ice Surface Channel Slush
Concentration Velocity Width Thickness

Date C, (%) Y, (m/s) B, (m) {g(m)

December

1883

1 10 0.9 87 0.30
2 10 0.9 87 0.30
3 15 0.9 87 0.30
4 25 0.9 87 0.30
5 15 0.9 87 0.30
6 10 1.1 87 0.30
7 35 1.1 87 0.30
8 40 1.1 - 87 0.30
9 55 1.1 87 0.30
10 55 0.9 87 0.30
1 65 0.9 87 0.40
12 80 0.9 87 0.40
13 80 0.9 78 0.40
14 80 0.9 78 0.40
15 80 0.9 78 0.40
16 80 0.9 78 0.40
17 60 0.9 78 0.40
18 70 0.9 78 0.40
19 S0 0.9 78 . 0.40
20 35 0.9 78 0.40
21 20 1.1 78 0.40
22 50 1.1 78 0.40
23 S0 0.9 718 0.40
24 30 0.9 78 0.40
25 30 0.9 78 0.40
26 40 0.8 18 0.40
27 50 0.8 18 0.40
28 55 0.8 18 0.40
29 60 0.8 78 0.40
30 70 0.8 18 0.40
31 50 0.8 18 0.40

Table 14
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Table 14 (Cont'd)

TABLE 5 (cont.)
SUSITNA RIVER at GOLD CREEK
ICE DISCHARGE COMPUTATIONS

Q =C Vg Bt (1- €

Ice Surface Channel Slush
Concentration Velocity Width " Thickness
Date CE (%) Ms {m/s) _B_.l (m) L {m)
January
1984
1 - - - -
2 20 0.8 78 0.3
3 10 0.8 78 0.3
4 20 0.6 78 0.3
5 S0 0.6 63 0.3
] 30 0.6 0.3
| 20 0.6 63 0.3
8 20 0.6 63 0.3
9 20 0.6 0.3
10 15 0.6 63 0.3
" 5 0.6 0.3
12 5 0.6 63 0.3
13 5 0.6 0.3
14 5 0.6 63 0.3
15 - - 0 -
16 - - 0 -
17 - - 0 - -
18 - - 0 -
19 - - 0 -
20 - - 0 -
21 - - 0 -
22 - - 0 -
23 - - 0 -
24 - - 0 -
2 - - 0 -
26 - - 0 -
27 - - 0 -
28 - - 0 -
29 - - 0 -
30 - - 0 -
31 - - 0 -



Location 10/6 10/17 10/21 11/4 11/18
LRX-45 Gold Creek RM 136.5 683.59 683.35  683.06 681.84 681.24
LRX-40 RM 134.2 657.21 654.24
Near

LRX-35 RM 130.9 614.92
Near

LRX-31 RM 128.7 592.86
LRX-29 RM 126.1 569.44 567.55
LRX-27 RM 123.3 541.11
LRX-24 RM 120.5 520.93 520.05
LRX-18 RM 113.0 460.18 457.74
Near _

LRX-10.3.  RM106.2" 2.25

LRX-9 RM 103.3 ' 377.52 375.67
LRX-3 RM 88.6 342.55 341.51 341.30  339.65 339.40
LRX-2.3 RM 98.4 341.24 339.23

LRX-2.2 RM 98.2 340.86 339.36

Location of Lea;iing Edge No Cover No Cover No Cover RM 42.0 RM 82.5
Discharge (USGS Goild Creek) 8800 7800 6900 3900 2800

Table 15

From "Preliminary Susitna River Ice Report,
1983-84," R&M Consultants, Feb. 84.

TABLE 1
SUSITNA RIVER Between the
CHULITNA CONFLUENCE (RM 88.5) and
GOLD CREEK (RM 136.5)
Water Surface Elevations in Feet (MSL)

Date of Survey

* Surveyed from Arbitrary Reference Datum of 10 feet.
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Table 15 (Cont'd)

TABLE 1 (cont.)

_ SUSITNA RIVER Between the
CHULITNA CONFLUENCE (RM 98.5) and
GOLD CREEK (RM 136.5)

Water Surface Elevations in Feet {MSL)

Date of Survey

Location 12/13 12/22 12/28 1/5 /27

LRX-45 RM 136.5 681.59 681.96 682.73 683.49 684.64
Gold Creek :
| LRX-40 RM 134.2 653.86 654.55 655.23 657.58
Near

LRX-35 RM 130.9 617.55 617.05 618.16
Near

LRX-31 . RM 128.7 593.95 586.54 595.58 584.99
LRX-20  RM126.1, 563.49 573.53 572.59 571.53  571.08
LRX-27 RM 123.3 545.31 544.35 544 .43
LRX-24 . RM 120.5 | 520.82 522.26 523.58 523.89
LRX-18 RM 113.0 461.87 461.36  461.13
Near .

LRX-10.3 RM 106.2 7.65

LRX-9 RM 103.3 383.57  381.32 381.41
LRX-3a' RM 98.6 ‘342.80 343.07 343.00 341.34
LRX-2.3 RM 98.4

LRX-2.2  RM 88.2

Location of Leading Edge RM 108 RM 116.2 RM 128.5 RM 130.2 RM 130.2

RM 127.0 RM 136.3 RM 136.8

Discharge (USGS Gold Creek) 3400 BACKWATER

* Surveyed from Arbitrary Reference Datum of 10 feet.

. A maximum stage of 344.63 feet was reached at 1530'on December g9, 1983
coincident with the leading edge of ice cover passing this cross section.




Table

From "Preliminary Susitna River Ice Report,

Near LRX-31

LRX-29 |

LRX-27

LRX-24 at Curry

LRX-18

LRX-3

1983-84," R&M Consultants, Feb. 84.

SUSITNA RIVER ICE THICKNESSES
at Selected Cross-Sections
on January 5, 1984

Description

Location

LRX-45 at Gold Creek ~ Drilled one hole through border ice 30 feet
from the left bank. Ice thickness 1.7 feet.
Open water width is 208 feet. Shore ice
width is 40 feet.

LRX-40 Ice thickness was 1.0 feet at edge of 10 foot

border ice on right bank.

Drilled one hole in ice cover beyond edge of
old border ice at mid-channel. lce thickness
1.7 feet with no slush.

Drilled two holes. The first, 200 feet from
the left bank. No water in this hole. Ice
thickness 1.5 feet with air pocket, then 3
feet of slush. Second hole drilled at 350
feet from the left bank. Ice thickness 1.7
feet with no slush.

Drilled one hole at last observed location of
open water, about 100 feet from right bank.
lce thickness was 1.8 feet and slush ice to
bottom at 10.7 feet.

Drilled one hole at mid-channel through ice
bridge, about 300 feet from left bank. Ice
thickness was 1.6 feet with slush ice greater
than 12 feet thick as measured from top of
ice.

Drilled one hole at last observed location of
open water and near an open lead. Ice
thickness was 4.5 feet with no slush. :

Open lead at mid-channel. Ice thickness at
edge was 2.3 feet with no slush.

16



Date: January 26
Total Width = 300 ft.

Average Thickness = 6.0 ft.

.50 | ) -
Te2 177 1 1 ] i I 1 | i 1 T3
SUSITNA RIVER
1984 ICE THICKNESSES (Cont.)
Distance From Water Water Solld Slush Total
+ Location Ban Depth lce lce ckne
River Mile 61.2 :
(near Keshwitna River) 200 13+ - 2,9 5.1 7.0
\ 400 10.0 - 2.7 5.3 8.0
Date: January 24 600 10.0 - 3.0 4.0 1.0
Total Width = 700 ft.
Average Thickness = 7,3 ft.
River Mlle 68.5 ' ‘
(near Sheep Creek) 200 13+ - 2.8 5.2 8.0
400 13+ - 2.0 3.0 5.0,
Date: January 24 600 7.0 - 1.7 5.3 7.0
Total Width = 800 ft,
Average Thickness = 6.7 ft,
River Mile 77.0
{at Montana Creek) 200 7.0 - 2.0 5.0 7.0
400 6.0 - 2.3 3.7 6.0
Date: January 24 600 13+ - 1.3 0 1.3%
Total Width = 700 ft.
Average Thickness = 6.5 ft.
River Mile 92,6
(near Birch Slough) 200 13+ - 2.3 0 2.3
400 10.0 2.5 ft/s 1.8 0 1.8
Date: January 24 600 4.4 - 2.3 0 2.3
Total Width = 700 f¢.
Average Thickness = 2,1 ft.
River Mile 98.6
{Chul itna Confluence) OPEN LEAD
88 6.2 h.h ft/s 1.5 4,7 6.0
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SUSITNA RIVER
1984 ICE THICKNESSES (Cont.)

. Distance From Water Water
» Location Lefy Bank Depth 1]
River Mile 103.3-
(LRX-9) 3l 9.0 -
\ b39 12.0 1.9 ft/s
Date: January 26 558 10.6 -

Total Width = 600 ft.
Average Thickness 8.2 ft.

River Mile 113.0

(LRX=18) 238 6.6 1.6 ft/s 2.0
iy 7.6 - 2.5

Date: January 26 467 6.0 - 2.3

Total Width = 500 ft, i

Average Thickness = 6.9 ft,

River Mile 120.6

{LRX=24) 278 12.2 - 2.8
373 1.7 - 2.0

Date: January 26 4y 8.0 2.3ft/s 1.5

Total Width = 500 ft.

Average Thickness = 10.4 ft.

River Mile 123.4

{LRX=27)} 28h 11.5 -
368 12.2 -

Date; January 26 461 5.0 4 ft/s

Total Width = 500 ft.

Average Thickness = 10.6 ft.

River Mile 126.2

{LRX=29) 252 4.5 - 4.0
381 6.5 - 6.5

8.0 4.5 ft/s 1.8

Date: January 26 513

Total Width = 575 ft.
Average Thickness = 5.3 ft.

LT ®Tqel

(P,3u0D)



3
SUSITNA RIVER
1984 1CE THICKNESSES (Cont.)
, Distance From Water Water Solid Slush Total
 Locaglon _Left Bank Depth Yalocity —lce ice Ihickness
River Miie 128.5
(near LRX-31) 3169 4.8 - 1.8 0 .0
. 469 6.6 - 1.6 3.6 5.2
Date: January 27 569 7.0 4.5 Fe/s 1.0 0 1.0%
Total Width = 600 ft,
Average Thickness = 5.2 ft.
River Mlie 136.6
(LRX=145) 96 6.0 5 ft/s 1.1 0 1.1
188 9.5 - 0.9 3 4.0
Date: January 27 287 7.1 - 1.0 0.5 1.5

Total Width = 350 ft,
Average Thickness = 2.2 ft.

* These vaiues ware not Included in the average ice thickness. Slite evaluations were used to determine
the probabie representative ice thickness at the time of ice cover progressian.

LT STYEL
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Table 18

From "Preliminary Susitna River Ice Report,
1983-84," R&M Consultants, Feb. 84.

SUSITNA RIVER ICE COVER
LEADING EDGE LOCATIONS DURING
1983 FREEZE-UP

Cook Inlet = River Mile (RM) 0.0

Date : Leading Edge Location
October 26 : Initial Ice Bridge at RM 9.0
27 : RM 15.0
November 1 RM 31.5
4 RM 42.0
7 ‘ . ; RM 57.0
9 RM 66.0
15 RM 77.0
16 : RM 78.5
17 RM 79.5
18 'RM 82.5
19 - RM 84.5
21 " RM 89.0
25 RM 91.0
26 RM 95.5
December 8 - RM 98.5
13 : RM 108
_2 RM 116.2

New Ice Bridge at RM 120.7
Second Leading Edge at RM 127
28 ‘ RM 129.5

January 5 RM 130.2
: New lce Bridge at RM 135.7
Third Leading Edge at RM 136.3
27 RM 137




Station (RM)

LRX-3 (98.6)

LRX-9 (103.3)

LRX~18

LRX-24

LRX-27

LRX-29

LRX-31

LRX-35

(113.0)
(120.5)
(123.3)
(126.1)
(128.7)

(130.9)

Table 19

MAXIMUM WATER/ICE PROFILE

1983 FREEZE-UP

Maximum Water/Ice Profile
Observed

Computed
345.2

381.5
465.2
525.2
548.3
574.8
601.3

620.4

344.6
383.6
461.9

"523.9
545.3
573.5
596.5

618.2

Avg.

Diff.

+0.6

+1.3
+3.0

+1.3
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Table 20
INSTREAM ICE MODEL
CALIBRATION COEFFICIENTS

Best Value from Simulations

Parameter 1982 Freeze-Up 1983 Freeze-Up
1. Open-water-heat
transfer coefficient (20+2VW)W/m2—°C Same
where Vw=Wind Velocity in m/s
2. Cohesion coefficient 700 N/m2 Same
for frazil slush
3. Critical Froude No. for 0.0935 0.096
Leading Edge Progression
4., Critical Velocity for 0.9 m/s Same
Underice Depoition
—2.8
5. Lateral Ice Coefficients 0.1 V m/day Same

where V=Water Velocity, m/s

Note: Ice inflow at Gold Creek based on assumed slush
thickness = 0.15 m and slush porosity = 0.6.
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HARZA—EBASCO Susitna Joint Venture « January 1984

SUSITNA BASIN




~Historical
Sediment

Exhibit 2

SUSITNA PROJECT
HYDROLOGIC AND HYDRAULIC STUDIES
RELATED TO

NOTE:

Economic,
Enviornmental
Engineering, other
Considerations
(APA, H/E, ADF&G

AEIDC, Others}

4

Optraum Project
Imgact Statements
H/E, ADF&G

AEIDC)

Assumes impacts on water chemistry

Historical
’/Strean Flows ASSESSMENT OF PROJECT IMPACTS
Data {USGS, R&M) ‘ ON . )
(USGS, R&M) AQUATIC ECOSYSTEM
X
Channel Adjustment for
Ceometry and Glaciers Contrib-
Stage vs Q . ution & E::reme
Data Drought
(UScs, R&M, (Task 42, R&M)
ADFSG)
3 1
Reservoir LA Reservior Reservior
Sedimentation Operation {_ Design & Operation
J Study N Parameters
{Task 42) (Task 42) (H/E Eng.)
" InElow
4 Temperature
Channel @ Y ~ Instream @ Reservior @ & Ice Data
Agradations, Hydraulic Temperature - (USGS, R&M)
Degradation { Study Ice Study r
(Task 42) : (Task 42) {Task 42)
: -
A
i
ributary N insiream /Heteorologic
Stream Flow A Temperature Data
§ Temperature ey Stud N
{AE1DC) ; (AETDC (NWs, R&M)
'
: A 5 7
nstream L instream Slough, Side Slough an
Ice Data Ice Channel Y Side Channel
- Study Tributary ~ Tributary Datal
(rsM, USGS) {Task 42) Hydraulics/GW (ADFEG, R&M)
vs Mainstem
Hydraulics
(ADF&G, AEIDC
REM, EWT
Task 42)
[ Physical ——Habitat ishery
Habitat " Preference & ™~ Data
Simulation [ WUA Curves J
(AEIDC) (EWT, ADF&G) (ADFEG)
LEGEND
INPUT
“Impacts &
Mitigation (Feedback Loop) C
{AE1DC, ADF&G
EWT, H/E. wce
ANALYSIS

END PRODUCT
ACTIVITIES OF

SUBTASK 2,
TASK 42

will not be & major issue
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1

INPUT DESCRIPTIONS - ICECAL

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 simuiation
b). No. of cross sections
c) No. 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
a) Day
b) Inflow Q (m>/s)
c) D/S W.S. Elev {(m)
d) Inflow Ice Discharge (m°/day)
e) Inflow Water Temp (OC)
f) Air temp, (OC), up to 10 locations
g) Wind welocity ~ {(m/s), up to 10 locations
4a. CROSsS
a) Stationing of cross section (meters)
b) Number of ground points in cross section
c) Discharge factor as percentage of inflow Q
d) Bed roughness - ny

e) Ice roughness - ng
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4b.

5.

CROSS

Repeat 4
ICEMEC

a)

b)

a

a)
b)
c)
d)

e)

)
g)

Distance, elevation

Distance, elevation

w "

4b for each cross section

Ice cover porosity
Erosion velocity (m/s)

Cohesion of ice cover (N/mz)

. Heat transfer intercept,(w/mz-co)-a

, a + bv
Heat transfer slope , /W-sec)_ Y w
m3-°c
Lateral ice growth coefficient - c L v
A - o

Lateral ice growth slope - d
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SUB DEPOSI

When the ice cover cannot progress upstream, the incoming floating
ice must be aeposited under the ice cover as the leading edge
remains stationary. This condition can occur before 1) a set of
rapids such that the water level must rise and drown out the
critical or sﬁper critical flow depth and then the leading edge
can proceed and 2) when the flow velocity beneath the leading edge
is too hfgh that ice is transported d/s to increase the u/s water

and decrease the velocity below the erosion velocity wvalue.

The ice deposits in a 4/s direction, filling each section until
the critical velocity is reached. Then it progresses to the next
d/s section. This process generates what is called a "hanging
dam. "

The ice discharge that comes into the section is distributed within

the downstream reach, -and if the reach cannot accept all incoming

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

SUB VELPRO

This routine calculates the progression 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.



SUB HBYDTHC

This subroutine determines the initial thickness of the slush
ice cover as it progresses upstream (i.e. prior to any underice
deposition). Based on "Formation of Ice Covers and Ice Jams

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

—1

comg o

T

B

|

mechanisms for ice cover progression are considered;

(1)

Hydraulic Progression, applicable to "narrow" rivers,

in which a stable ice thickness is determined by hydraulic

conditions at the leading edge of the ice cover. The

theoretical governing equation is

v- [2gt (1= _59,.')' (l--,-j—)

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

t = thickness of advancing ice

[} .
Y = density of ice cover

It can be shown that a solution exists for the above

equation only when a modified Froude No., V / EBH s
is less than a certain maximum value which corresponds

to t/H = 1/3. When V/ JZgH exceeds the maximum value,

“incoming slush ice is swept underneath the leading

edge of the ice cover and no prdgression takes place.

Researchers have suggested that this maximum Froude No.

may vary from .06 - .11.
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(2)

Shoving is applicable to "wide" rivers and is the
mechanical consolidation of an existing ice cover
which has insufficient thickness to resist the river
forces. Successive shoves increase the ice
thickness uﬁtil it reaches a stable level. The

governing equation for this stable ice thickness

is

' Z ' ' y 4

ES\A; |+ 'f - Zfﬁft JE_ ’ f 'f

s\ FR) TraemE T P IR
~ - 8 99 4H g ¥y /H

where Vu = velocity under ice cover

= channel width

= goefficient of internal friction for ice

Chezy coefficient of friction

= hydraulic radius

RO
"

= cohesion of ice cover

The model provides for the following possibilities in determining

the ice cover progression:

Hydraulic conditions just upstream of the ice
cover show a Froude No. greater than the

maximum. Therefore, no advancement can occur.

Froude No. is less than maximum value. Both
Hydraulic Progression and Shoving equations
are then solved for t. The mechanism which

results in the greater t controls.
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SUB UNDAVC

This subroutine determines whether erosion or deposition is
occurring beneath the ice cover. . The critical velocity is read
in as input. Typical 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.

Temp ve
Oo to -7°b - 0.9 m/s
-7 to -19% 0.9/0.95 m/s
-18 to -30°C 0.9/0.9 m/s
SUB ICEPRO

Computes the frazil ice production in the open water reaches. 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 printed in the d4/s section output.

Qi = - hy B(AX ) Ta * 86400 /¢ )

hw = a+b Vﬁ (heat transfer coefficient)

V, © average wind speed

a = 3 (input).
= 4 (input)

= average open water width between cross sections
= density of ice '

w o

Y

> O

= heat of fusion for ice

T, = average air temperature (below 0°C)

AX = distance between cross-sections.
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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 -~ 10°¢c.

Latic = av®
Latic = ice growth from both shores
a = constant = 0.1
b = constant = 2.8

V = open water velocity at the cross section

SUB SUMQI

Subroutine keeps track of ice discharge in the downstream direction,
i.e., a summation routine for ice continuity.

SUB LCMELT

This subroutine allows.for lateral ice cover melting in accordance
with Ashton (1979).




SUB ICEGRO
W
: Computes the solid ice growth at each cross section on ice cover
forms. When the solid ice growth overtakes the initial cover
i g
i thickness, the initial cover thickness values are set equal to the
} solid ice cover value for printout purposes. The ice thickness
o equation is '
. _1 .
L By = BT+ 8%
t; = predicted ice thickness, m.
B ti-l = previous day ice thickness, m.
T
i At; = incremental ice thickness growth per day, m.
“T - s |
. At; =T * 86400/(P* A * e)/(t; / K, +1/H,)
) W T, = reach ave. air temp below 0°C
- K, = thermal conductivity, W/m-°C

. o]
Ha = surface heat exchange coef, W/m“-°C

e = porosity of ice cover

A» = heat of fusion of ice, J/kg.

Oy
]

density of ice, kg/m3.

'
!
i
.

—‘4—5 —A"*‘g




SUB ICWTDK

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

. |

—3

==

—1

-

B |

variables.

The equation from Ashton (1979) and Calkins (1983):

‘l. T

2. by

* AR/
w1 = (Tyo) exp (h J X/pCp Vuh

2 * kw * £ * Re * Pr /Ax(8*D*(1.07 + 12.7 £/8 Pr

Two = water temperatpre at upstream section
Twl = water temperature at downstream section
hwi = heat transfer coefficignt at ice/water interface
A X = distance between reaches

h = average depth
Vu = average velocity beneath ice cover

R, = Reynolds Number = Vuh

2y

f = Darcys friction factor for the ice cover
Kw = thermal conduﬁtivity of water
Pr = Prandtl Number = i Cp/Kw
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SUB OWTDK

Computes the water temperature in an open water condition beginning
at the most u/s section. The u/s boundary condition is a water
temperature wvalue.

The temperature preduction at the next d/s cross section is based
on the reach average of the hydraulic and meteorological variables.
The equation is from Ashton (1979):

Twl (T 'I‘a) * exp (h{,AX/ P CPV H) + Ta

wo

T, = reach average air temperature

'1‘wo = water temperature at upstream section
Twl = water temperature at downstream section
hy = reach average heat transfer coefficient

A X = distance between cross sections

p = density of water

0
n

specific heat capacity of water
H,v = reach average depth, velocity

hy =a + bV,

constant = 3

)
I

constant = 4

V.. = average wind speed

-10-
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SUB TRAVEL

Computes the travel time from one cross section to another for
either open water or ice covered conditions.

SUB AIRDIS

Computes the air temperature and 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 CONVEY

Computes 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

Computes 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
trapezoidlal rule both in ther,.open water and beneath the

lateral ice cover.

-11-
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SUBROUTINE BKWTR

Computes a backwater profile using the procedure followed by
the HEC-2 program. The program 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 using the same test as

HEC-2 (V2/2g.> 0.95 A/2 x Top width). If the test is positive,
the program computes critical depth for that section and proceeds
upstream.

An ice cover cannot exist with critical or super critical flow.
The downstream water levels have to rise to drown out the
critical depth section before the leading edge can progress
upstream.

During the deposition of ice beneath the cover the program may
thicken the ice cover to where the flow hydraulics indicates
critical depth. Whén this occurs, the program reduces the ice
thickness at the section until the test for critical depth
passes.

-12-
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ICE MECHANICS AND HEAT TRANSFER

The study, analysis or prediction of water levels in Tivers during the

winter requires a knowledge of the flow hydraulics, the ice mechanics and

the heat transfer processes in the river syétem. All three occur simul-
taneously and to properly analyze or predict a certain gquantity such as
river stage means they have to be understood to some degree. Figure 1 is a
flow chart representing the possihle phases a river might follow during the
freeze-up condition. See Appendix II for a list of selected reference.

Conditions Leading to Ice Bridging

Basically the river flow must cool to its freezing temperature, «0.0°C
before any ice production can be significant. Once the river has cooled to
its freezing point ice generation begins and the lateral ice cover grows
from the shore (shore ice), anchor ice may form oo the bed and ice is
tranéported downstream. These processes continue until a section is
reached where the ice cover fully bridges the river (alsoc known as ice

arching).

The ice cover nmow can begin to progress upstream as well as continuing

to grow laterally in the open water reaches. The rate of upstream progres-

sion 1s a function of the flow hydraulics, and the mechanical‘prdberties of
the incoming ice and downstream cover., The air temperature has an effect
on the physical and mechanical properties of the moving and stationary ice,
although it is not well documented.

The following analysis assumes the river flow has been cooled to the
freezing témpermture. The procedures and analytical developments given by
Ashtoo (1979) can be applied to determine the time at which the river flow
reaches 32°F (0°C), or one can develop his own heat loss model.

The following physical processes are occurring simultaneously in a

Tiver teach'during the freeze—up period.
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Ice Production: The equation for predicting the volume of ice

discharge is .

hiwa Ab Ta m3
—_— )

= (7]

Q=

where hy ., = ice production heat transfer coefficient W/m2-°C

1b

1c

where the

the slush

A, = gpen water area w2

Ta = gair temperature below 0°C
o = density of water Kg/m3 (1000)
b = heat of fusion J/kg (3.34 x 105)

Ice Floe Growth, (flocuation): The growth of ice floes traveling

downstream is often viewed as a flocuation process, but it is onmne
that is not well understood. The growth of the floces result in
larger floe size§ and increased thickness. It is suspected that
the flocuation process depends upon the ice discharge (especially
at the surface), flow velocity, air temperature and the channel

characteristics.

Lateral Ice Caver Growth {shore ice): The shore ice or lateral

ice cover growth is another area of inadequate documentation. An
empirical relatiooship relating the lateral growth (Lj) to the
mean flow velocity (V, m/s) for a Northern Canadian river

(Newbury 1968) yielded

i

2.85

L, = 1.8 v n»/day [8]

surface ice concentration was nearly 1001 and the thickness of

ice cover moving downstream was estimated at 15 cm. Also, the
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air temperature was less than -20°C.

For lower ice concentrations and

warmer air temperatures the intercept value will decrease and the negative

slope will also decrease in magnitude, i.e. (~2). Recently a 'study on a

small New England stream showed the pverall lateral growth rate ranged from

0.1 to 0.2 meters per °C day, where the average freeze—up flow velocity was

roughly 0.7 to 0.8 m/s with low surface ice concentrationms.

id

where Vjp

v

Y1

t

Flow Hydraulics with Later;ily Growingwlce Cover: The flow

velocity distribution in a partially ice covered stream has been

evaluated analytically, documented in the field, and experi-

mentally measured in a flume. The flow velocity concentrates in

the open water portion and can be described as a ratio

v n [
%-mwizm-ii (9]
'zl Bc LR A

flow velocity beneath ice cover segment
flow velocity in open water segment

flow depth in open water segment and

= jce cover thickness.

The paper by Calkins et al. (1982) contains the derivation for the

above equation plus additional information on the assumptions used to

derive the expression.

Somewhere along the river reach the ice cover will completely bridge

from shore to shore.

Determining the location of this bridging may be the

location of a natural comstruction; i.e. & wide river bend is a classical

site. The asymetric flow distribution leads to a rapid lateral ice cover

growth in the bdend which causes the open water width to decrease.

This in
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turn creates a surface constriction for the ice floes traveling downstreanm,
where the floe size may be increased which significantly enhances their
arching capabilties. Predi;tingrthe ice bridging locations from an
analytical standpoint is not possible at this time with any confidence.
Once the ice cover bridges, progression upstream of the leading edge
is governed by the incoming ice discharge, flow hydraulics, ice mechanics

and the air tenpetatute.

Ice Cover Progression and Thickening

The most logical step to determine the progression and thickening of
the ice cover would be to write down the continuity equation for ice dis-

charge. The ice inflow to a river reach or to the leading edge of the ice

cover is

Q1 = C:l Vs B1 ts (l-eg [10]

where Q; = ice discharge nd/s
C4 = surface ice concentration 2
Vg = surface flow (m/s)
B; = open water width (m)
tg = equivalent thickness of the floating ice (m)

¢g = porosity of the floating slush.

The amount of ice that is not floating at the water surface is a small

quantity and is considered negligible for sub critical flows in channel

slopes of 0.002 or milder. There are four possible conditions for the

progression of the leading edge, VP.
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1. Progression by simple Juxtaposition of the arriving floes with no

|
jL;=====ﬁ======Efﬁ=======i?=====:3 oy

</
r ¥4

2. Progression, but the arriving floes thicken to values greater
than the initial thickness of the arriving ice, :j/H < 0.33,
33

i
1

%1
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Progression with ice cover thickening and ice glgo being trans-

ported beneath the cover.

Vi » ) . v
e r— e, , e r———— _::-—
/L__ . i '*K—“"—"'_‘ -
% /‘I_'____/___"
- —_

4, No progressing of the cover, all ice ig transported beneath the

cover,

7772

— R =

The type of condition encounted above depends upon the flow hydraulics
upstream of the cover or beneath the cover,

the floes,

the ice discharge and size of

the mechanics of the ice accumulatien and the air temperature.

e



- Juxtaposition:

: The progressing of the leading edge by 1ce floe juxtaposition results

= in a rapid cover development. Analytical formulations have been put forth
and experience usually dictates the choice. If the thickness and planar

;n dipension of the arriving floes can be predicted, their stability can be
analyzed. 1If the flow velocity.just upstream of the leading edge is less

. than some critical velocity for the ice floe to underturn, dive or be

eatrained; the arriving ice floe will remain stable and come to rest

i against the leading edge. Ashton (1978) presents this equation

T 1/2
ts , P
2 (1-— )&, 0 —)
‘ . V = B g e [11]
f? 3 ¢ 27172
a 8
[% -3 (1 -'ﬂii]]
fT When the rtiver flow velocity V > V., the solid ice floes (not frazil

slush floes) will go under the cover; H = flow depth just upstream of the

leading edge.

1

Progression, Thickening and No Undercover Transport

1. 7Tbe equation descrihing the equilibrium thickness of the 1ice cover

(tj) when the value of :jlﬂ is less than 0.33 is related to the flow

velocity upstream of the cover (Pariset et al., 1961)

SR

t p, 11/2
va= (1 --%) [thj (1 -—51—] {12)

The use of this equation implies the forces along the bank are sufficient

~og

to withstand the internal forces within the ice cover which are greater

= than the driving forces such that no shoving or further thickening can take

o
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place. Inr other wnords, the thickness at the leading edge is sufficient to
transmit the forces to the bank, even when the leading edge at a new time
has progressed upstréam. The driving forces of water shear stress and the
cover weight coumponent are small. The limitation of tj/H = 0.33 must be
checked because a different mode of thickening will occur at tj/E >
0.33. The use of this relationmship will be for long backwater reaches
where the flow wvelocity is low and river is not wery steep. See Pariset
and Hausser (1961, 1966) for further details.
2. The majority of ice cover thickening occurs as & result of crushing or
shoving of an ice cover sometimes called staging. Thé cover may.initially
progress upstream according to equation [12] just presented, but in order
for the leading edge to progress further upstream the ice cover has to
thicken by shoves to withstand the larger forces, which creates a larger
head loss and in turn higher water levels upstream and lower flow
velocities.
There have been several formulations (see references 3, 14, 19, 20,
23) presented to calculate the equilibrium thickness of a cover when the
driving forces (water shear stress, maybe wind ar times and the cover
weight compooent in the downstream direction) require a cover thickness
greater than .33H, to withstand the forces. The basic formulation is
Py 2
(1, + pizth) B = up, 1 ',_) gt - 2et, [13]
where y = ice on ice internal friction type coefficient = 1.3
¢ = cohesion of the ice cover N/m?

Ty = shear stress on the ice cover underside N/m?2

W
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and the other quantities have been previously defined.

The application of this equation requires a knowledge of ¢, (water
shear stress) and ¢ (cohesive force within the ice cover). The values of
the shear stress may raage from 1 to 20 N/m2 and ¢ could vary from a low of
100 N/ﬁ;to maybe as high as 2000 H/mf’ The value of c has not been well
documented in the field although a conservatively low value (100-200) will
yield thick ice covers and produce higher water levels. High values of
cohesion will occur during the freeze—up when the air temperatures are
low. A composite ice shget of fragmented ice with a thin upper solid ice
cover 1s very strong in shear while the same cover thickaess without the
thin solid sheet will be much weaker. For ice jam analyses, c is a low

value because of this non-freezing condition during the break-up and

jamming process.

3. Thickening and Undercover Transport

This combined process is not well documented analytically, but has
been observed in the field. The state of the art has not advanced

sufficiently to properly address this combined topic.

4. TUndercover Transport and No Thickening

There is very little field data to substantiate the only egquation put
forth to estimate the ice discharge beneath a cover. Pariset and Hausser
(1961) used the Peter-Meyer 1947 equation. Recently researchers ;t the
Univ. of Towa have looked at the individual ice block stability beneath ice

covers, but application to field conditions has not been attempted. The

main reason 1s lack of field data.
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There 1s some field data on the transport of small frazil flocs
beneath ice covers in shallow streams and the criteria has been generally

related to a minimum flow velocity 0.7 to 1.0 m/s. The value may be even

1.5 m/s.
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