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llect data at E utna 
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ict the temperature 
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l to 

Watana Devil Canyon reservoirs<> These ef 

fly summari 1n this The reservoir 

us 1n this study 1s outlined the test 

t of the proposed multi-level intake structures 

ect operating policies, hydrologic and meteorological 

env flow requirements is illustrated by several case st 

eld data collection program has been conducted 

separately ( , 1982, 1985a, 1985b, 1985c, 1985d and e) .. 

sh 

ter 

t 

ti~ 

are 

l 

ent 

hydrologic meteorological data have been collect at three 

sites; , Watana, Devil Canyon, and Eklutna Lakeo each sit 

weather station has been installed and operat since 

collected were ocessed, analyzed 9 and finali in 

le for the applicationso 

reservoir ure simulation model was or 

terson (Imberger Patterson~ ), 

Har co Susitna Joint Ventureo 

th lities to simulate iment concentrations in 
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to ect 
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per 

t 1n proposed reservoirs to assist in 

turbidity., To provide a for test 

of the 1, ~s Eklutna Lake data 

ial emphasis ~n suspended sediment 

May to November l984a 
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"1 GENE 

USl 

an exist 

~,vas select 

ariti 

the 

requ1r 

lake of s 

test 

DYRESM el to reservcn 

a successfu test of 1 

lar characteristicsa near 

the 1 because of its c 

is also a gl 

f 

to the proposed reservo1rso Eklutna 

also located in South-Central 

tionso The Eklutna Lake study is descr 

oeiect 1c 

1n Sect 5.. " 

F'oll the su. . ..:cessful testing of the DYRES~1 model with the utna 

as the enhanc DYRESM 1 was applied to det e 

:r of the oposed Watana and Devil Canyon reservoirso 

ication of the DYRESM Model 

1 DYRESM simulations of the reservo1r hydrodynamics~ l stratifica-

outflow temperatures of the Watana and Devil Canyon reservo have 

formed for the two-stage project scheme as desc ense 

ication (Alaska Power Authority~ 1983) and the recently propos 

stage schemea Fifteen years of hydrologic and meteorological data e been 

ass led and analyzeda The data collected by R&M (R&M, 1985d and 1 ) at 

t Watana and Devil Canyon weather stations since 1980 were also used" 

e ta provide the following basic meteorological input for the 

l: 

1 " Mean air temperature ( oc); 

2o Daily and 6-hr wind speed (m/ s); 

3 .. Air vapor sure (mb); 

4, Prec tat ion (mm); 
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cove~ ( t ) ; 

t (KJ 

( co, 1 c) was carried out 

0~1, outf reservo reservo 

r 

ement cons e r e u 1 t s ~~e :r e t 

study years were selected for s 1 us 

se study s were chosen to sent con·-

been exposedo Per the project would 

wet hydrologic itions co 

conditions t-Jere selected for the simula.tions unct 

e C downstream flow requirement ( 12, cfs t 

ed 1n the Susitna Hydroelect 1c ect L enz;.e 

( Power Authority, 1983) o Cas 

selec ive withdrawal capability of the lti-level 

structures wa.s demonstrated o These simulated outf ures 

l•le:re used to determine the downstream winter ice regimes ( 

1 1985a)c The Case C downstream flow requirement was later 

Case E-v:;: flow requirement.. The Case E-VI flow requirement as 

igure 1 re!_")resents a recommended refinement of c~se C as descr 

report "Evaluation of Alternative Flow Requirementsn ( 

l ) The Case E-VI hydrothermal and ice regimes of both reservoirs 

analyzed for both two-stage and three-stage project schemes~ 

ition, the Case E-I alternative downstream flow requirement as 

Figure 2 was also investigated o In t~tis report, the cases anal 

Case E~VI and Case E-1 downstream flow requirements and 1981-

meteorol 1 conditio....-lls are ~escribed o The e E-VI 

Power Authori~yws preferred operating condition w1 

instream flow requirementso The 

predicted for Stage I, II e 

l.S 

to 

II 

coil 

the 

ed 
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11 

1 0 Case 

( 

(2) 

ect 

opera 

-VI two-s ec 

I ~ J : 

:tcy: 

( ) Inflow t ure 

(b) Warmest possible outf 

ow requ 

these 

( ic 

ibit 

s II - (Watana and Devil Canyon): 

Intake operating policy: 

the 

e s 

t A) 

B) 

(a) Inflow temperature matching (Exhibit C) 

(b) Warmest possible outflow (Exhibit D) 

) : 

2, Case E-VI with three-stage project: 

(1) Stage I (Watana only): 

Intake operating policy: 

(a) Inflow temperature matching (Exhibit E) 

(b) Combination of inflow temperature matching 

only (Exhibit F) 

(2) Stage II (Watana Devi 1 Canyon): 

perating policy: 

(a) Inflow temperature mat (Exh it G) 

5 

ven 



(3 II il ) 

at 

) InflO'V'J' t ure ) 

(4) tage III (Watana Devil ) ( fu 

ing ity): 

l.Cy: 

( ) low temperature matching (Exhibit I) 

l e E-VI with two-s project ( 

) : 

(1) Stage II (Watana and Devil )~ 

Devil Canyon Minimum WeSo at Elw 

Intake operating policy: 

(a) Inflow temperature matching (Exhibit J) 

(b) Warmest possible outflow (Exhibit K) 

ili 

4o Case E-1 with two-stage project (license applicatLon): 

(1) Stage II (Watana and Devil Canyon): 

Intake operating policy: 

(a) Warmest possible water (Exhibit L) 

5<& Case with three-stage project~ 

(1) s II Devil ) : 

operat icy: 

(a) t ~~) 

l 



( ) s I I (tvat Devi 11 ili 

capacity)~ 

Int pol 

( ) Inf t ure mat xh ) 

ect eted Watana reservo 

th a total volume 

reservo1r would have a volume 

540 ft" Note t 

Devil 1n terms of volume wou 

lrJatana., outlet locat deep in reservo1.r 9 

the Devil Canyon reservoir would 

t Watana reservoir as 

results., 

tra 1n the fol is 

In tage project scheme, the Watana rese!'voir (Figure 3) 

depth of about 540 feet and a total volume of 

1 I..: he first and second stages., The Devil Canyon res 

(Figure 4) would be completed in Stage II and the ma:x1mum 

the t;;ame as that of Stage II Watana reservoir o However, 

vo of ths Devil Canyon reservoir would be about one-quarttr of 

corresponding Watana reservoir in Stage II., 

In analyses, a normal allowable drawdown of 50-ft 1n the Devil 

ervoir was assumed unless stated otherwise as indicat in the 

The inflow temperature matching ope::.·ation shown under 

ing policy represents an operation of the intake to release water 

project with temperatures similar to that of the natural itions~ In 

ionsl) the natural conditions were represented by the inf con-

The warmest pos&ible water operating policy represents a 

of releasing t-Jarmest near-surface water in the summer us 

near-surface 

structure in the 

s warmer water nea~ the bottom of 

er using lowest level intake portso 
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ure i f 

il 

th are sho"~:~n 

are ed respect case st 

1 

res s t 1 cas 

its 

e lts these case studies are summar1 as fol 

s of the project operation schemes and project status (st ) ' 
Ju reservoir op stratifications in the summer of 

Overturns would occur 1n spring 1 

wou also form in the winter. 

6 

In summer, a warmer surface mixing layer (epilimnion) would form to 

surface heatingo Typical predicted summer temperature profiles 

Figure 8. The surface temperature would vary from about 45 to 

F (7 to 13 degrees C), and the thickness the epilimnion would vary 

60 to 200 feet depending on the weather and project 

ions considered@ In the underlying thermocline the water t~mperature 

wou be reduced to near 39 degrees F (4 degrees C) at the top of the more 

form and colder zone above the reservoir bottom called hypolimnion .. 

thickness of the thermocline (also called the metalimnion) vary 

60 to 180 feet depending upon the conditions in the res 

Temporal secondary thermoclines may also exist from time to t in 

metalimnion.. approximately 39 degrees F (4 degrees C) imation would 

found below a of about 120 to 350 feeto 

near is 1 condition at approximately 

1 
1 

occur twice ear 
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it a 

cur e-cover me the onset therxrAal stratif 

the 11 

the onset winter 

cons 

st:ratif 

t 

ice-cover 

l.TI reservo1r" 

me 

two to five feet can 

e-cover relatively 

In 

in reservoir 

the 1.ce would near 

also occur o 

degrees F (0 

1ncrease a 

F (4 degrees C) at a depth of 150 to 

e 

contact 

upon the weather conditions ior to the surface ze-

1 condition of 39 degrees F (4 degrees C) wou 

in hypolimnion under normal operat it 

the hypolimnion would depend on the depth of the res 

proJec .. Under the Stage I of the three-st ect 

the reservoir level would be about 200 feet be 

I level~ and a winter hypolimnion of only about 130 feet 

In the later stage of the project during which the reservoir 

winter hypolimnion of up to about 460 feet can be expect 

Reservoir ti-Level Intake - Selective thdrawal 

multi-level intake structures proposed for the reservoir 

project stages provide the project capability to release er 

from various levels of the stratified water body reser= 

e can operated: ( 1) to s water at t.:::~~'!Tilnor 

as 

'I;.Yarmes t pos s 

1 

nat 

water; 

temperatures as 

(3) to discharge 

sible; (1) to 

ter at 



opos ti ures ~ 

ures can 

e respons 

te sur.nmer more 

ear 

natura However~ 

t) the Watan.a 

t e temperatures 

1 l.n times when releases are 

out inf tures be 

( ures the revers stratif 

ees F (0 ees C) at contact sur 

e-cover to degrees F (4 degrees C) at of 

( 

discharge temperatures wou 

natural river conditions .. As a resu 

range from approximately 41 degrees F (5 

degrees C) in the summer and approxima~ 

sl 

ect 

C) to 37 degrees F (3 degrees C) in the winter 

meteorological conditions, and energy demand levelo 

2.,3"3 1 Canyon Reservoir 

simulation model was applied to predict reservoir 

in both Watana and Devil Canyon reservoirs for Stage 

project scheme and Stages II and III of the three-s 

1 

Hence, 

ures 

warmer 

( 5 

ure 

two-~ 

ect 

The thermal regimes predicted for the Watana reservoir in 

are similar to that predicted for the Watana only project condit 

In this section)) only the predicted Devil Canyon reservoir ure 

are discussed., 

Watana out and the tributary f tream 

the t.Jatana are to the Devil Canyon modelo Since Devil 



cat 

to 

ter 

reservo 

r 

'l?Ja.rmer 

res lts 

er 

eY 

reservoir are 

an earlier 

wou 

ect $ 

reservoir, .n 

le 

e t Devi 

early summer 

ure 

1n Figure 9, 

sect total volume 

only about one-tenth of 

ter of the I Stage 

Also, the level outlets (cone va 

of about 500 feet below the norm-al 

1 reg1me in the Devil Canyon res wou 

co er 

wou 

if 

st ti 

more sensitive to the operation of the outlet 

predicted 1981 September and October profiles 

The temperature in the hypolimnion would vary 

degrees F (4 to 10 degrees C) l.n summer .. 

2,3,4 Devil Canyon Reservoir Multi-Level Intake - Selective Withdrawal 

s 
outf 

temperature reg1mes of the Devil Canyon reservo1rs have been 

the Stage II condition of the two-stage project and the S 

itions of the three-stage project, The two-leve 1 

for both the two-stage and three-stage project 

in the analyses~ A three-level intake with an addit 

between the two levels proposed originally was also invest 

However, no obvious advantage was observed in 

temperatureQ The relatively large summer releases 

1 outlet and the thinner epilimnion the 

less effective in terms of selective wi at 

11 

was 



il outf t 

1 In f 

t 

t 

t 

reservo wou 

outlet reservoi so 

2 to 3 weeks until 

was closer to tom leve 
' 

or until t'i'at 

leve 1 ports cou 

s of multi-level int releas 

"later the Devil Canyon reservoir l.n st e II l.S 

st 

2 

t 

Figures 12 and 13() In mid-June 1 Sl 

es 't4ere changed from the top-level s to 

decreased water level and caused a 7 degrees F 

outf 

Thus, 

temperature while the Watana release t 

Devil Canyon releases can be up to 9 

C) colder than the Watana releases in June and July for a 

to 15 days .. These occurrance 'ti'Ould be significantly 

e 

ees F ( 5 

when the project is fully developed and when the reservoir 

e more stable and the operations of the outlet works are less 

as in late Stage III condition as shown in Figures 14 

release temperatures improves as energy demand incre!ase 

eases decreaseG 

Effect on Watana 

outlet are to release f 

1 ements when the requirements 

15., 

outlet 

to meet 



eas 

1 

wou 

control 

et 

t 

res "!?later sur 

ile re 

normal 

res strati cat 

re ease temperature wou more ff 

tione shown in Figure 16, 

near second intake 

three-st project 

September of 1981" This l.S 

e, than in Stage III and, 

t 

water re 

III G) 

re t 

let 

ility of 

tempera ures 

these stages is warmer than 1n 

powerhouse intake to match out 

temporary climatic changes cause 

temperatures to 

rease 

t 

inflo-v.r 

ing periods of outlet works operations~ 

is high relative to the powerhouse 

the multi-level intake may not be able to 

between inflow temperature and outlet works release 

If 

As i ustrated in Figure 16 for the Stage-! condition with Case 

var 

, the outlet works were not operated in June and July of 

low temperature varied from 43 to 54 degrees F (6 to 12 

i-level 

from 45 

intake was operated to provide releases with 

to 52 degrees F ( 7 to 11 degrees C) 0 When 

temperature decreased 11 degrees F (6 degrees C) in mid-August~ a 

ion in eject outflow temperature of 7 degrees F (4 degrees 

achieved by operating the lowest intake ports. In August, the outlet 

were operated to discharge up to 24,000 cfs while the 

t 

t 

s ing at an average flow of 10,200 cfs. The relatively releases 

the outlet works reduced the effectiveness of the multi-level 

1 the outflow temperatureso The effectiveness of the Devil 

reservoir multi-level intake would be similarly affected by the out 

releases (Figure 15)o 



9 the mu t 1 

As 

o release tream 

ure 

ure variat 

e releases" In July t f 

t varied to 54 ees F (8 to 12 

ure varied simi ily from to 

F' ( to The general pat tern of 

var s1.m1. ity duplicated 1.n the s 

e intake operation" 

ton was obtained from the simulations of 

the two-stage project<) These simulations were 

tream requirement and various meteorological 

t includ 1971-1977 conditions and both stages of t'{rJO-S 

ect., 

2., @ Effect of Intake Operation on Winter Release Temperature 

In most of the cases analyzed in this study, two consecutive winter 

t were simulated to determine the ice-cover thickness and format 

of the ice-cover .. The ice-cover formation is strongly 

the meteorological condition prior to the surface freeze-up.. After the 

1 overturn, the reservoir destratifies and becomes isothermal with re 

uniform vertical temperature distributiono Mixing and further 

1ng ~:rould continue toward winter until the surface of the reservoir freezes" 

Freeze-up could occur when the surface water reaches 32 degrees F (0 ees 

C) on a cold, calm winter night. Ice would form on the 

reservoir due to a unique property of water that its densi 

point 1s less than its maximum density which occurs at 

at the free 

ees F ( 

C)o Thus, the water colder than 39 degrees F (4 degrees C) st 



t res 

and 

st 

1 

s 

-,VI 

9., 

eal 

F 

sur prevent 

conserves res 

tr 

l.n 

reservoir 

res 

ifi 

1 int 

out flo\<~ 

t 

II 

the freeze-up can 

the 

to extent~ 

ures J..ce~cover 

of inf ure 

ana reservo1r (two-st 

ements are tively~ 

the warmest s le water tream, 

water in the e-free per 

s 

reduced to the free point sooner 

of the surface water would be at A 

indicates that, 1n is s 

s the warmest water downstream the sunmaer i.l 

s -1)-
~~ 

t 

e 

be induced about two weeks earlier than in case of 

the intake by matching the inflow temperatures., 

two weeks sooner, the water body in the reservoir 

from additional surface mixing and coolingo The \vater 

the ice-cover would therefore preserve more heat for the 

winter season and an increase of the out£ 

about 2 degrees F {1 degree C) would be obtainP-do 

temperature of up to 

tiveness of the lti-level s 

In this section, the effectiveness of the multi-level intake structures 

the Watana. Devil Canyon dams on selective thdrawal is ciiscus The 

effectiveness of a i-level intake depends ma1n on the st i ity of 

stratification in the reservoiro 

range the hydrologic meteorological condit cons 

summer stratificati in both Watana Devil reservo 



ble les 1 

tratif s 

years 

ements (two-stage 

r ervo l rE:servo 

outf s t vert 1 

1\.C 

for reservo s 

are at t one order 

crit al ueso Therefore, the 

Devil reservoirs are expect 

the vert direction for 

outflows are not expected to s 

structure the reservoirso Thus~ a one-dimens 

iate for analyzing reservoir 

also 

indicate that the hydrothermal ,..ond 

stable under the three-stage project 

requirements .. The maximum summer releases would be at t 

reser\roirs would be similarly :stratified .. 

In Watana Reservoir, the selective withdrawal of reser..·vo1r water 

accomplished by directing flow from the reservoir through an appr 

into the intake ports.. Water would be withdrawn 

:.t 

multi-level intake at a pre-determined level., To assess the effect s 

the multi-level intake, the stability of the stratification 

channel was analyzedo 

A reservoir operation study carried out for Case C downstream e-

ments icates that a maximum winter outflow of about 12 :P 

for reservoirs 1n th1e months of 

e extreme outflow conditions were us to st st ilit 



s b 

out 

not 

\>J'OU 

1 strati 

the outlet 

channel in two-st 

water umn water at 

the channel~ Its ef t 

t to minimal since the 

not reach the water surface~ for 

fore, the flow stratification in the 

s 

led 

ficantlyG However, the resulting outf 

the outlet works releases due to its 

e release as shown in Figure 

ions without outlet works dischargeso 

il Canyon outlet works intake, which 1s located below the 

the powerhouse intake, is expected to behave similarly to 

t 

co 

~~at ana" However~ some mixing in the approach channel would be expec 

outlet lPlorks intake we!."e raised to the elevation of the upper 

s as has been suggested!/. Under such conditions, the intake 

near 

11 

s its ability to withdraw warmer surface water exclusively.. However, the 

release temperature would still be above those if a lower intake were us 

Comments by the National Marine Fishery Service on the Sus 

ectric Project License Application (Ala Power 

) ~ 

17 



stream 

( 1 

s 

it 

releases:ll 

C) 

natural 

not 

ou.tflo~.r 

ure which 

approach 

t 

ible 

F 

to 

vortit:..es"' 

ure 

:reduce 1...ce cover 

~ 

ees C) W<Jat o 

on 

c e o 

F 

easesll poss le to release w~~er at 

) or lesso The reservoir strati 

1 stability condit in ~ s" 



3 .. 1 

outflo"11 temperature and the ity level of the 

rel feet tream fisheriesG The ity I eve 

lly~fed res or lake appears to mainly on 

concentration of the water bodyo Therefore, to 

asse sment of the turbidity effects~ the el 

to include modeling of the suspended sed concentration s 
one of the parameters 1n the simulation of reservoir s " A 

the simulation approach 1S given l.n Sect 4o2o s 

vers of the DYRE model has been tested with sus 

a lee ted at the Eklutna Lake by R&M ( 85a 3 1985b 

per from November 1983 to October 1984" rood agreements on outf 

s were tained~ After the extended DYRESM model had been ver1 was 

ied to predict the suspended sediment concentrations of 

res outflows for the three-stage project scheme o 

requirements 

considered$ 

and 1970 and 1981-1982 meteorological 

Case E-VI f 

conditions \i'ere 

River sediment inflow data were obtained from USGS records 

Susitna River near Cantwell and at Gold Creek stations... The 

ticle size distribution of the r1.ver suspended sediments were obta 

from samples taken at tht Cantwell station as shown in Figure 20o Based on 

the Eklutna Lake tailrace sediment data and simulations of Watana res r~ 

show that most material between J and 10 microns settles the 

reservoir, the suspended sediments 1n the Watana reservoir outf are 

expected to be comprised primarily of particles of s~ze less 

microns., Larger size ic les would generally settle out rapid to the 

bot tom without significantly af feet ing average concentrat levels in 

the reservoir outflows~ In the analysis~ sediments of to 10 crons 

The incoming suspended sediments of up to 10 crons were 

171 19 



1. 3- cron each grour 

th average representat veloci tl 

1 "5 X 1 sec 2,0 X 1 sec were se 1 ec the 

1 s respectively., 

settl velocities were estimated on s 
utna Lake showed that use of these ve ities result Jl]l] 

eement measured datao 

total sediment influent to the Watana reservo1r was est 

at Gold Creek gaging station and transposed to the Watana reser-

\iO co' 19 The particle size distribution curve 

F us to determine the suspended sediment each 

oup from the total sediment influent o Fifteen the 

total sediment influent was assigned to 0-3 

to the 3-10 micron sediments, The 1982 operat 

cron 

12 1 

Case downstream flow requirements were used l.n the analysis$ Simu~ 

1 tions v1ere for Stage I, Stage II and Stage III project it 

In the Stage I analysis, the 1970 and 1981 flow condit were also 

tigatedc The 1970' 1981, and 1982 flow conditions represent 

influent, high sediment influent, and average sediment fl 

years respectively@ The operation of the multi-level intakes were s 

to thdraw the near surface water since it allows for withdrawal water 

w1 lowest level of suspended sediment concentration and is similar to 

Y
9inflow temperature matching" policy selected for temperature simu t ions o 

In each case, the corresponding flow and the meteorological conditions were 

repeated for several years in the simulation in order for the reservoir to 

reach a ovquasi-equilibrium" state with regard to sediment settling and to 

study the long term cumulative effect of the suspended sedim~nts 

reservoirs., The results indicate that, 1n general, the outf suspended 

sediment concentration will reach a minimum level of about 10 to /1 

March or il and a maximum level of about 100 to 20D /1 1n July or 

Augustg Due to the larger storage capacity and longer residence 
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s I t.J'at out s t 

fluent are :tn 

the tream sus concentrat 

more uniform throughout the entire 

s I outflow sse would 

early and increase a 

t 'Wh i 1 e the main-stem sed t inf uent varies 

/1 :tn October to il to as much as 200~2200 

l 

e resu s are summarized in Table lo 

iments ich enter the reservoir 1n summer would rema 

a re 1ve long period of time 

the winter reservoir outf 

would continue to 

The outf 

of 

I I 

1. la 

aver 

t 

2 to 

feet the 

maximum concentration of about 1 

near constant value of 100 mg/1 at 

to /1 i~ July or 

end of Oct 

outf level would continue to decrease in winter 

value of about 10 to 20 mg/1 in Mayo 

il Canyon reservo1r would be completed in Stage II and wou 

suspended sediment influent from the Watana reservoirc Figures 

Tables 2 and 3 show the predicted project outflow SSC from 

Watana atJJ.d Devil Canyon reservoirs for Stages II and III 

Although addit settlement of these suspended sediment influent 

ana reservo1r is expected to take place in the Devil Canyon res 

The 

min 

:rece 

to 2 

itions" 

the reservoir is relatively small or the through-flow is relatively strong 

that only a 

Devil Canyon., 

1 portion of the Watana outflow SSC expect 

In summary~ thes analyses indicate th t the susp 

concentration level of the summer release flows from 

pre-project ition of about 60 to 
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turbidity from suspended sed t concentration* 

from the sediment data 

For concentrations less than 

lometric Turbidity Unit) 1.s 

values expressed in mg/1., In 

at 

contract to Har co Susitna Joint Venture per 

f) of the Susitna River water near s ( 

test resu s indicated that the turbidity (NTU) would 

l~:!t 

outf 

suspended sediment concentration (mg ) 0 Bas 

e correlation, it 1s estimated the Susitna 

idity would vary approximately from 20 to 200 N~U 

to 400 NTU in summero 

ons, 

l.S 
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on 
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ect 
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ure strati£ istr 

the ed Watana res 

t s 

1.on 1 call DYRESM .. lly 

Patterson ( 81) 

co Susitna Joint Venture to 1 s 

operations)) frazzil ice inf 

A er lee-cover simulat 

son lin for Canadian lakes was so ed DYRESMi 

11 summary provides a general description of the 

sical processes incorporated and its extension to l 

suspended sediments0 

4 .. 1 DYNAJ:-1ICS - TEMPERATURE AND ICE 

the formulation of the modelling strategy of the model, DYRESI'-1 ts 

opers~ Drs., J .. Imberger and J .. Patterson have sought to 

principal physical processes responsible for the mixing of t 

ot water quality components., This approach is in contrast to other Sl.mu~· 

ion models which are largely empirically based o While the 

ilosophy employed in DYRESM requires a reasonable understanding of 

processes controlling water quality, so that they may be parameteri 

lling 

cor ... 

rectly, this process related approach to modelling has the advantage that 

the resulting model may require less calibration and is more 

1c le than the empiricclly based methodso A second major consi 

in model formulation has been to keep the computational overhead as as 

is possible in order to keep the running costs of the simulation 

of variables over time periods of up to three years th reason .. 

necessitated the restriction of spat variability to only one 
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e cases:;~ time intervals as 1 

1 ocesses respons 

even three-dimensional t 

1. be represented sa tis ily 

s 

1 st ivides the reservoir or l.n 

zontal slabs varyi 

1 areas 1.n accordance th the 

thicknesses, volumes 

escribed reservoir 

layers to vary accord to 

vert stribution of heat and salt (not 

to specified accuracy~ The uppermos layer 

~ s surface layer or epilimnion with its e being 

t 

line and its top at the lake surface~ This layer is 

tant as it rece1 ves the direct input of atmospheric fore 

SlOn 

eros -

to 

l.S 

us associated with the largest gradients in water quality propert 

receives special at tent ion in the model compared to the 

layerso Within each layer the variables are considered to be uniformc Heat 

vert 

form of solar radiation 1s input to each layer accord 

ics of absorption of short wave radiation (Beer's Law)., 

to the 

transfers of heat and salt between the layers are determined by 

turbulent fluxe~ as specified by the turbulent eddy diffusivity and 

fferences 1n properties between the layers except between 

t layer and the layer immediately adjacent to itc The ue of 

vertical diffusivity l.S not set empirically but follo'1fJS the energy s 

In is way vertical mixing process 

the of available for mixing caus by storms ( stirr 

so by the ential energy released from infl r1.vers" In 
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l 1 

rate on ess o 

esses t<ih as the 

treat 

cons 

s 0 e 

convect across e 

ts :ton 

at the layer .. 

of three conservation equations 

ervation salt turbulent kinetic energy., 

an estimate of the energy 

lol!>Ier layers .. A feature of s 

1.8 that it accounts for the influence of st mot 

on the mixing and deepening of the upper 

f a nat of the wind generation of these internal mot 

provides an example of how a two and three-dimens 1 

e 

or 

es 

in a reservoir is treated within the context of a one-d 

lo ~fuen the wind starts to blow along the longitudinal axis 

is initially at rest, the shearing motion at the base of 

1s considered to grow at a constant rate until either the ceases 

or reverses in direction, a period of time equal to one quarter the per 

the natural seiche has elapsed, or the earth undergoes a peri 

ution on its axiso When any one of these limits is attained the 

is set to zero and the build-up of internal motion recommences o s 

shear may influence the deepening of the thermocline or the 

thickness and may destabilize the stratification., In the latter case 

temperature profile would be smoothed to the point where it remains st le 

w1 respect to shearing motion of the wind forced seicheo 

inflow dynamics are also two-dimensional Gl If the r:tver ~~ater 

1 the ·~ ........ o.,..,...,,..,.ot layer of the lake then it forms a new upper 
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fl 
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\-later, 
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sl 

volumes of 

ily entra t volumes at 

't-Jater 1s lut by lake water unti 

wallc In some cases, the 

to that of the jacent 

1n to intrude into the main of the res 

r 

be ted by viscous-buoyancy forces 

e this is determined by 

er depending on the discharges 

s 

an 

mixing strength at the level of insertiono 

1 thickness of the inflow and therefore 

ivided among the existing layers surrounding the 

er 

flow-

from the reservo1r at a. surface level or up co two e 

levels are governed by the same parameter which determines the amounts to 

for each of the layers in the vicinity of the outflow points® To 

illustrate how this may work in practice it 1s useful to cons two 

extreme cases, one where the outflow volume is large relative to 

s ilizing effect of the ambient stratification (inertia/bouyancy e)® 

In s case the outflow is withdrawn nearly uniformly from all the layerso 

In the other case a weak outflow occurs (viscous-bouyancy balance)a In s 

case the density gradient severely confines the vertical range of outf 

s to those in the immediate vicinity of the offtake® 

model has been recently extended to include the influence of 1.ce 

snot'iT cover, a suspended ice concentration in inflowing r1vers 

as frazil ice .. The conduction of heat and the penetration of so 

t acrose a composite of two layers~ one the 
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e 51 ice 1.s creat 

lat e at the e 

present"' S the snow or 

sufficient heat 1s present to 

the freezing pointo 

cover,. 

occurs 

surfac 

eva.te sur 

tee 

An it ical process incorporated in the 

tial ice cover either during 

1 th ice cover 

for or 

tial 1ce cover accounts for the wind act l.n thin 

l.C that be formed and is based on an assumed 

Additionally, the thickness of the snow cover on t of 10 cmo 

ice is 1 ted by the supporting bouyancy force associat 

c 

s and density of iceo Finally, the amount of solar 

tted through the snow layer depends on the thicknessj 

ure of the snow covero Frazil ice input from the infl 

used to cool the upper layers if no ~ce 1s esent or is to 

fraction of partial ice cover or to the thickness of the full e 

treatment of the ice and snow effects, frazil ice input.~~ ttom 

ux~ and suspended sediments are explained further 1n the following 

is cuss 
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ts 

the 

count 
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surface 

reduced thermal 

esses incorporated into 

ice ickness of 10 em 1s as 

melting of either snow or ice on 

melt at the ice water interface are s 

ac 

t 1 

1 of 1ce 

oc. 

creat 

snow 

surface as ~rell 

lat 

exclusion of salt from the 1ce upon freezing is simulat 

4e The reduction of snow or 1ce thicknesses by surface evaporat 

consideredo 

e 

to 

e 

5" The effect of ice or snow on surface vapor pressure 1s 

considered .. 

6.. The snow albedo 1s allowed to vary as a function of snow 

temperature., 

7.. The absorption of short wave radiation in snow and ice 1s 

considered" 

The ice-water heat flux due to molecu conduction across 

e-water interface plus turbulent sens le heat flux t 
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1 "' 

sur 

surface 

to snow 

outf current 

are simulat 

ure of the snot-1 or ice 

snow thickness 1s 1 t 

The frazil 1ce input in the inf :tnc 

volume in reservoir .. 

e 

ice re 

ed 1.n total 

The ss of frazil ice cont 1.n the inflow is computed to 

existing ice thickness in both the cases of full or 1 

that input the volume of frazil ice x.s ided as a 

1. inflowo In the case of a partial 1ce cover the frazil 1.ce 

es percentage of ice cover until full ice cover is 

1 ice left over 1n the daily time step 1s then added to the 1.ce 

volume of the lakee In the event of frazil ice input to an ice free 

1 the frazil ice is assumed to be melted in the daily time step by 

with the upper layers o First, the uppermost layer 1.s coo 1 ed if 

necessary~ to the freezing pointe Any frazil ice remaining 1s us 

the next lower layerc This process 1s continued until all the frazil 

for the day is melted" Fr.cudl ice input is likely to be most at 

the onset of ice formation in the lake since, after that time, frazil ice 1n 

the r1ver upstream of the reservoir will likely contribute to the river ice 

cover and not reach the reservoirm 

Bottom Heat Flux 

not considered to very important 1n deep reservoirs, tom 

flux is account for in the model by a s le conduct ion across 
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ture across 

ttom sed 

amount 

,....,,,.,,...~ted 

lly the new 

ity of water 

at 

the year" 

model 

bottom 

ts 

port 

layer 

the 

heat ux 

ure 1s calcu 

constant ttom temperature the to const 

1n a northern lake are 10"8 degrees F (6 ) 

version of DYRESM simulation model has so 

1 e the modeling of horizontally averaged 1 

to As th temperature and total diss~lved sol 

iment profile is prescribed initially from field ta 

and th~reafter daily inflow values of suspended 

0111 

1 

t 

concentration from up to 4 rivers are input .. Suspended sediment profiles 

are in the model by three processes, namely by mixing» by convective 

overturn and by settlingo The convective adjustment includes the cont 

t to water density due to the suspended sedimento Density invers are 

and unstable layers are mixeda 

A has been incorporated to determine the change in suspended sed 

concentration in any layer due to setting .. The vertical distance 

ic of sediment sinks at a prescribed setting velocity 1s 

ich a 

to 

minimum layer thickness"' If this distance is greater than the layer 

thickness then the subdaily time step 1s divided by a factor of 2 

success until the particle no longer sink~ through the layer.. In 

refined ly time step the suspended sediment leav the 

and removed from the layer" The port ion of this sediment 1. 
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ens fiel t 
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E utna 
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1 

ed for hydroelectr oduc ion s 

) to that of tana reservoir 

limnol 1 a collection 

we a station establi at 

Consultants, Inc .. was responsible 

of the ta" The collection of ta began 

unti 1 December 1984 .. The Eklutna Lake data 

have been summarized and reported by R&M ( 1!)82, 

)e These data include inflow and outflow discharges 

s 

lr!Tas 

·-east 

t 

ili 

utn~t 

1 

utna 

rs) 

t 

ures, 

vert 1 temperature and turbidity profiles, and pertinent meteorol 

a such as solar radiation, air temperature, relative humidity, 

testir5 of the DYRESM model was performed in two phases, In 

ba~ c n-... RESM model for temperature ~nd ice simulation was test In 

e II, the suspended sediment opt ion was added to the 1 

test of the model was conducted in conjunction with an r 

iment sampling and turbidity data collection This 

was started in 1984 and continued until 1 

17 



TESTING OF THE IC 

DYRESM model was applied to s te the average ture s tribu-~ 

l.U Ekl e for the starti June l $ 

inf outf met ical ta collect 

l::Jere us An analysis of the initial results to several 

These improvements inc 1 icat 

1 ong -\'lave t ion equation inst of Swinbank equat :ton 

ition and incorporation of intake des 

est outflow temperaturesQ The results the Phase I study jre 

descr t entitled "Eklutna Lake erature and Ice S 

reservo:tr outflow temperature 1s a 

r urej and river ice st 1es 

lnc le 

I.ng 

ter 

taken to det 

oject effects on the natural thermal regime of the Susitna 

fore~ c e agreement between simulated and meast~xed outflow temper 

le~ The simulated and observed outflow temperatures E 

shown Figures 28 (a) & (b)@ The Jifferences between e pr 

served winter outflow temperatures were within one degree 

However, short term deviations of up to about + 3.,5 degrees F (2 

ures 

utna 

ict 

Celc 

eet> 

e 

ne 

:lS 

and 

) 

also occurred, especially during and after high wind periods. The surface 

shear effects and the internal wave motions near the take structure 

are extremely diffirult to model with a one-dimens 1 

three-dimensional moci~ling 1s not considered practical~~ The differences 

between observed and simulated results on a wee~ly average 1s are 

considered small and the model 1s considered to be satisfac ory for 

predicting the effects of ~Jatana and Devil Canyon., The resu s of the 

s1mu tion also 

thickness and predict 

an excellent correspondence between measured 1ce 

ice thickness except f0r one observation 

There was no ice measurementci near the center of the lake 1.n 

The relatively th e measured at Station 13 1n March be cons iderE~d 

to 

Therefore 

servation 

1 accu~ulation of rafted ice caused by istent down nds .. 

e relatively 1 rge difference (Figure 2 ( )) bet en 

t shottln ch is not consi s1 ificant~ 
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SUSPENDED SEDIMENT SIMULATION: 

1 has also been tested us 

icability to predict 

utna 

sedimeut concentrat 

Susitna oject@ The hydrol ical meteorol 

collect pr was continued by R&M th spec1a l.S 

sediment s 1ng for the period from May to November 19 

sus sediment concentrations ranged 0., 15 to 0 

streams!) from 0 G 1 to 200 mg/1 the and from Oo to 

the outf Peak values l.fl the inflow occurred te Ju 

to 

1 

on 

or 

y t ' the lake lfa. dbout September (as a depth concentra-

tion at Station 9)' and 1n the outflow l.n late July to Inl. t ,. 

the nter, inflow, lake and outflow suspended sediment concentrat 

on the order of 0&1 mg/lo During the summer, the average sus 

concentrations were substantially higher than winter values 

e 

were 

1.ncreas further following large rainfall events or periods of significant 

acial melt .. 

ity values generally followed the trends 1.n the suspended sed 

concentration, dropping off in the winter at inflow, lake, and outflow sites 

peaking in mid-to-late summer .. Observed values ranged from Oe5 to 

1n the inflow streams, from lo8 to 220 NTU in the lake, and from 3o0 to 

46 NTU in the outflow~ 

The total suspended sediment influent to the lake were determined bas on 

the total suspendei sediments obtained from Glacier Fork and East 



sus s vJere irst oups 

sent ng e ffecent particle s1ze ranges .. These part le size 

selected ~"'ere 10 crons greater than 1 mic s t 

runs :tnd t particles gr ter than 10 crons settle very 

to the bot tom of the lake have 1 itt 1 e e f t on the aver age 

t str eater 1 cron were 

1n the study .. 

suspended sediments of particle size 

est t weight particle s1ze distributions t 

from East Fork and 1er Fork as shown in F 

28 !i October 23, 84o The daily particle s1ze distr 

erpolated from these three basic distributions" To y 

1 

of 

settl 

lj it was necessary to specify an initial vert 

sediment, the particle settling velocity, 

particles .. The settling velocity 

str 

a part le 

accordance with the Stoke 1 s Law as shown 1n Figure l., 

velocity of 1 .. 53 X Io-6 meter per second was used for the 

e 

sediments and 4 .. 00 X Io-5 meter per second for the 10 micron 

s, A particle density of 2.,60 was used l.D the study ile 

density varied from 2"50 to 3oQO., The DYRESM simulations ·were 

for micron sediments and 3-10 micron sediments were made separately, 

resulting outflow suspended sediments of these two separate analyses 

were then combined to indicate the total outflow suspended concentrations as 

shown in Figure 32o The predicted outflow suspended sediment concentrations 

were in good agreement with data obtained from the powerhouse tailraces In 

two occasions, the field data sh0wed temporary increases in 

sediment concentrations that were not predicted by the SM The 

cause of these temporary deviations was probably due to the occurrences 

relatively heavy rains prior to these events., A small stream which flows 

into the lake near intake have carried signif 

sed ts and caused the suspended sediment concentrat 

locally and temporarily near the intake areao 

171 

amount of 

to 1.ncrea.s 



f{es r ure ~ e sus sed t s tions have 

Watan~)- Devil 

tion 

reservo us the enhanc 

c reservoir s s tions 

for evEd uat ion of s ~1a t er 

t concentrat 

Sus na tream the Sus i tna ect site 

Jtent 1 effec s Susitna Hydroelectric ect 

ldlife resources, 

1 ~ 1.n ition to its capac1 to s e t ure 

1ce en ext it ions 1.n a reservo1.r, has 

ilities to simulate suspended iment concentrat 

1.on of a multi-level intake .. The test 

were using the data collected at utna 

of properties 1.n common ~1i th the proposed reservo1.rs,. 

ments t.'lere tained between the simulated and observed outf ow 

general, the differences between the predicted s 

outf ow temperatures were within 0.5 degrees Co In surmner~ a di 

up to 2,0 

per1. 

ees C were obtained occasionally during and after 

The results also showed an excellent correspondence 

measured and predicted 1.ce thicknesses. The predicted outflow 

sed concentrations were also in reasonable agreement with data 

the Eklutna powerhouse tailraceG The results of these testings 

strate the applicability of the DYRESM model to simulate the 

behavior of the proposed Susitna reservo1rs~ 

ee-~ 

\',d .. nt er 

e 

tween 

l!ined 

1 

Fifteen years hydrologic and meteorological data collected at the Susitn.a 

of the Basin 

1 Q 

been assembled and processed for the applicat 

the or inal two-stage project scheme the current 

three-stage project scheme have been stud The simu tions 

Case E~VI (the ka Power ity*s preferred condition) and e E-I 

tream flow requirements 1 1 19 inf meteorol al 
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er., The ~Jatana release t ure s 

ter tural river conditions d range 

( 33 to 37 degrees F)., In the summer, the Wat 

vlOUld 5 to 12 degrees C (41 to 

11 

il 

to 

meteorol 1 ltions .. Devi oject 

also exhibit e 1 ttern of early summer 

:ton fall to winter cool 

by a reservoir surface freeze-up.. The 

reservoir, especially in the 1 imnion s "t-lOU 

e operation of the outlet works than Wat 

smaller res volume .. Therefore, the Devil Canyon rele~se 

1 

t 

:rm 

warmer 

.. 5 to 

rel 

) 

ure 

up to 5 degrees C (9 degrees F) colder than Wa,ana re eas 

temporarily :tn June and July when the intake port level is chan~ed ..:o 

of the reservoiro 

summer outlet works operations and the relatively thin epilimnion wou 

e the effectiveness of selective withdrawal us1ng the multi-level 

s 1n both reservoirs, especially 1n the Devil Canyon res 

of release temperatures 1mproves as f;nergy demand increases 

ion of outlet works decreaseso 

suspended sediment concentration level of the summer pr ect releases 

decrease from the pre-project condition of about to 

about 50 to 200 In the winter~ the concentration level se 

from a range of 1 to /1 to a range of 10 to 100 mg/1 .. It so 

est that the correspond Susitna projf!Ct outf wou 

ely 20 to 200 NTU (Nephelomet t) 

er to 1 to summer a 
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of Observed Range of Estimated 1970 1 
Concentrationl/ Concentration2/ 

1-8 2-55 "' 65 65 85 
2-93 40 55 65 

1-6 2-23 30 40 45 
N/A 2-183 25 50 

65-1,110 5-1,480 20 45 
151-1,860 620-1,705 75 90 
100-2,790 506-2,062 105 130 110 
158-1,040 198-2,150 105 110 165 

23-812 5-1,511 95 90 130 
7-140 2-144 85 100 125 
N/A 2-71 90 95 115 
N/A 3--47 80 85 95 

Based on data from the Susitna River near Cantwell (period 1962-72~ 1980-82) 
1 74-82) Q 

Estimated from daily sediment transport in tons per day and corresponding mean 
3t Watana, 1970~ 81 and 82 flow conditionso 

Based on simulation results~ 

4 N/A = not available~ 

22 171/TBL 
701 

40-90 L~5-85 
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10-50 20-60 
10-40 
5-50 

35-90 
85-115 

11.5 1 
8 05 1 
80-1 I 
75-100 

at Gold C ek ( riod 19 

i ly dis cfs 



Hon.th 

Feb 
Mar 

Jun 
Jul 

Sep 
Oct 
Nov 
Dec 

1 

Table 2 

SUSPENDED SEDIMENT CONCENTRATIONS ( ) 
WATANA - DEVIL CANYON OPERATION~ STAGE II 

Average 
R~nge of erved Range of 

trationl/ Concentration.~./ 

1-8 1-20 60 
N/A!±/ 1-30 45 
l-6 1-20 40 
N/A 30-170 30 
65-1~110 130-1,270 30 

15 1,860 930-1,470 55 
100-'l,790 600-1,600 110 
1 1,040 200-1,070 110 
23-182 2 00-1 '530 90 

7-140 1-30 80 
~/A 1-30 80 
N/A 1-30 75 

Based on data for the Susitna River near Cantwell (period 1962-72~ 1 
Creek (period 1974-82)~ 

of 

50-75 
30-60 

10-35 
20-100 
70-
80-130 
70-130 

) and at Gol 

Estimated from daily sediment transport in tons per day and corresponding mean da ly 
scharge in cfs at Watana, 1982 flow conditions (average year)o 

Based on DYRESM simulation for 1982, releases from Devil Canyon Reservoir, 

N/A = not availableo 

228171/TBL 
1 



Honth 

.Jan 

Jun 
Jul 

Sep 
t 

Nov 
Dec 

Tab e 3 

SUSPENDED SEDIMENT CONCENTRATIONS ( ) 

WATANA 

Range of Observed 
Concentrationl/ 

1-8 
N!A!±I 
1-6 
N/A 

1,110 
151-1,860 
100-2,790 
158-1,040 

23-182 
7-140 
N/A 
N/A 

DEVIL CANYON OPERATION, LATE STAGE III 

Range of 
Concentrationl:./ 

1-20 
1-30 
1-20 

30-170 
130-1,270 
930-1~470 
600-1:;600 
200-1~070 
200-1,530 

1-30 
1-30 
1-30 

55 
50 
25 
25 
20 
35 
75 
75 
55 
50 
70 
65 

f 

55-70 

1 Based on data for the Susitna River near Cantwell (period 1962-72, 1980-82) and at Go 
Creek {period 1974-82). 

Estimated from daily sediment transpcrt in tons per day and corresponding mean daily 
charge in cfs at Watana, 1982 flo~ conditions (average year). 

Based on DYRESM simulation for 1982, releases from Devil Canyon Reservoiro 

4/ N/A = not availablec 

228171/TBL 
701 
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F* 
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K* 

L* 

M 

N 

SIMULATED RESERVOIR TEMPERATURE PROFILE 
OUTFLOW TEMPERATURES 

Tit 

Case E=VI~ Two-Stage Project~ Stage 1~ Inf 
Match 

u.re 

Case E-VI~ Two-Stage Project, Stage I~ Warmest Poss le 
Outflow 

Case E-VI~ Two-Stage Project, Stage II, Inflow T=~·~=~ 
Matching 

u.re 

Case E-VI, Two-Stage Project, Stage II~ Warmest Possible 
Outflow 

Case E-VI, Three-Stage Project, Stage I~ Inflow 
Matching 

Case E-VI, Three-Stage Project, Stage I, Inflow T~-v~=~ 
Matching and Level -5 Only 

Case E-VI, Three-Stage Project, Stage II~ Inflow TQ=r,gr 
Matching 

Case E-VI, Three-Stage Project, ~tage II, Devil Canyon 
Drawdown, Inflow Temperature Matching 

Case E-VI, Three-Stage Project, Stage III, Full Generat 
Capacity 3 Inflow Temperature Matching 

Modified Case E-VI, Two-Stage Project, Stage II, License 
Application, Inflow Temperature Matching 

Modified Case E-VI, Two-Stage Project, Stage II, License 
Application, Warmest Possible Outflow 

Case E-I, Two-Stage Project, Stage II~ License Application 
Warmest Possible Outflow 

Case E-I, Three-Stage Project, Stage II, Inflow Temperature 
Matching 

Case E-I, Three-Stage Project, Stage II, Inflow Temperature 
Matching 

* Reservoir temperature profiles not included 
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