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1,8 INTRODUCTION 

A s  desc r ibed  i n  t he  jrork p l a n  of Task 4 2  o f  Susitna Hydroe lec t r i c  .Project ,  

t h e  reservoir temperature/ice s t u d i e s  are r e q u i r e d  f o r  s u p p o r t i n g  the  en- 

vironmental s t u d i e s ,  These s t u d i e s  -xi la determine t h e  hydratRermal bekavior  

of t h e  Watana and D e v i l  Canyon reservoirs  as affected by the  d e s i g n  and 

o p e r a t i o n  of t h e  p ro j ec t  and p rov ide  necessary information f o r  opt imal  

d e s i g n  and opera t ion  of the  reservoirs .  It will. also d e t e r m i n e  the  t l ~ e r m a l  

c h a r a ~ t e r i s t  o f  the  reservoir  ~ ~ % f L o w  f o r  t ds~mstreiim r i v e r  temper- 

a tu re  and ice  s tud ie s  and t h e  subsequent  assessme % of t h e  r a t s ~ t i s l  envir- 

onmental impacts due t o  p r o j e c t  opera t in ; l s .  The dynamic r p s e r v o i r  sirnula-* 

t i o n  modet DYRESM as developed by Tnhe $tlr, Patterson and o t h e r s  of the  2 
U n i v e r s i t y  o f  Western A u s t r a l i a  (13111 was selected t o  s i m u l a t e  the hydro- 

thermal k ~ k a v i o r  o f  t h h e  r e s e r v o  Tcr simallate t h e  win te r  c o n d i t i ~ n  w i t h  

ice formations, an ice stabroue B developed by P a t t e r s o n  and HambBin f o r  

Canadian  Lakes has k e ~ / 4 n c . o r p o r a t e d  in t h e  model, '.To calibrate t h e  m d e l  

and to v e r i f y  i t s  a p p % %  + A ' f t y  to t h e  Watana and D e v i l  Canyon r e se rvo i r s  

u n d e r  ssutlh-cent  r a  1 3rd i n t e r i o r  Alaskan cZ%mst i c  canditilarms , tkne E k l ~ a t n a  

Lake s t u d y  c a r r i e d  o u t .  Xn t h i s  r e p o r t ,  t h e  resul ts  of the  E k l u t n a  

Lake s t u d y  c a l i b r a t i o n  o f  the DYRESM model are discussed, 

2,0 EUUTNA L4W STUDY:: FSYRESM MODEL GAMPBMTXBN --- p - w -  - - -- - 

The DYRESM model simulates average reservoi r  hyd ro the rma l  behavior  through 

paramctcri.zat i o n  o f  v a r i o u s  p h y s i c a l  processes such as i n f l o w  and o u t  f l o w  

dynamics ,  mixed l a y e r  dy:aamlcs, v e r t  Leal t r a n s p o r t  in t h e  hypolimnion and 

sur face  heat and mass exchanges, The basic time increment  of one day  i s  s e t  

by t h e  model t o  p r e d i c t  d a i l y  tfiermal s t r u c t u r e ,  However, a smaller s~.ik- 

d a l  l.y time increment rangfang between orle quar te r  hollr and twelve h o u r s  is 

I/ I<*efera Liae n u a ~ b e r s  I n  '"~eferenulee" at Che cnd  of  text:, 
M 



used  to simulate t h e  more complicated mixed layer  dynamics. T h i s  p rocedure  

al%ows smal.2 t i m e  Increments  when t h e  dynamics so requ i re  and ,  Ln less  

c r i t i c a l  p e r i o d s ,  t h e  t i m e  increment  expands w i t h o u t  r e d u c t i o n  in accuracy.  

Hence, d e t a i l e d  d a i l y  meteorological and h y d r o l o g i c a l  data  are  reqi~ired i n  

t h e  DYRESM s i m u l a t i o n .  A da t a  c o l l e c t i o n  program was established in J u n e ,  

B982 f o r  Ekl-utaa  Lake t o  t:oBIeet da ta  on t h e  thermal s t r u c t u r e  o f  "L'bze resesr- 

v o i r ,  inflow and ou t f l ow .  E k l u t n a  Lake i s  located apparoxinlately 30 miles 

n o r t h e a s t  of Anchorage (Fig:-. 1). A weather s t a t i o n  ( F i g .  2 )  located near 

t&le s a u t j l e r ~ ?  end o f  the lake was a l s o  e s a b l i s h e d  t o  pmvidel  t h e  n e c e s s a r y  

meteorological d a t a  to DYRESM. 

2 , 1  Data Collectban 

V 

The average d a i l y  meteorologic Y l d a t  4 i t ~ c l u d e :  

- Mean a i r  temperatr:rt- l, 'c\ ; 

- Xean wind  s p e  

- A i r  vapor ? re  

- P r e c i p l  .3t i o n  (mm); 

- ~ l o - i ~ q e r  ( s k y  f r a c t i o n  iii t e n t h s )  o r ,  

- Long-wave atmospheric r a d i a t i o n  ( k i l o j o u l e s / m  2 ); and 

- T o t a l  short-wave r a d i a t i o n  ( i n s u l a t i o n :  (kilojoules!m2). 

-; "4 , 
4 . r  _, 

The six-hour averaged wind speeds  along the  major isxis of  the  l ake  are a i s o  

r e q u i r e d  t o  calculate t h e  i n t e r n a l  mixing due t o  i n t e r n a l  waves, 

11-1 a d d i - t i o n  t~ meteorological  da ta ,  t h e  qr lan t i ty  and temperature o f  i n f l o w  

t o  t h e  lak*e m d  outt%low from t h e  lake are r e q u i r e d  t o  s imuls t :e  $he reservoir  

dynamics (I), The inEl.ow d a t a  " inc lud ing  temperature and s tage was ob ta ined  

by establishing two gaging stat j-ons on t he  nlajor t r i b u t a r i e s ,  Bas: Fork and 

Glacier Fork ( F i g .  2 )  (1 For calibrating the  Il'iiiESM model, measure~ael l ts  

o f  hake teaal~en.at:~.,arc p rcaf i l es  were made at sever1 R C B C B ~ P B I P G  on an al>pr(>xintate 

two-week -irrt:t,.rvnl ( 1  ) , Detailed d e s c r l p t  i o n s  of t h e  fnpilt: d a t a  cc; l l.ect Lon 



Frogram are g iven  b y  U M  (11). The q u a n t i t y  and temperatu*re of the  d a i l y  

outflow th rough t h e  E k l u t n a  Hydroelectric p l a n t  t u r b i n e s  were f u r n i s h e d  by 

the Alaska Power A d m f n i s t r a t i o n  of the U,S, D e p t ,  of Energy,  

These d a t a  have been co l l ec t ed ,  r e d u c e d ,  coinpi led,  and reported by the  R&M 

Consul ta r t t s ,  Inc .  (3 ,  11), The monitoring system and t h e  accuracy of t h e  

measurements were a l so  desc r ibed  by R&M (1, 3,  11). The data  collection 

program began in June ,  1982 and will be terminated i n  ear ly  1984. P e r i o d i c  

malfunct ioni.ng of instruments have been experienced,  especially in J u l y  and 

August of 1982 where  many days of data  are not recorded (11), and conse- 
/*9 

q u e c t l y ,  estimations of these data were requircad +-.A on nearby s t a t i o n s  a t  % 
Palmer and Anchorage. The ice  thickness me;lii irtaments were t aken  app rox i -  

mately once a month. 5 
A comparison o f  t h e  r e l a t ive  htrm i p s  inensured a t  Anchorage and Talkeetna 

by t h e  Na t iona l  Oceanic and A t  Adninistration ( N O M )  i n d i c a t e s  t h a t  

t h e  E k h u t n a  relative h u m l i l i ~ y  daa a are  genera l ly  togs Sow and are no t  i n  good - 

agreement wtth o t h e r  c i c (especial ly  p r e c i p i t a t i o n )  data measured a t  

E k l u t n a  Lavke S % c ? l  i o n ,  Tlbereforre, t h e  Anchorage r e la t ive  humidities pub-, 

l i s h e d  by NOAF5 used t o  compilte the vapor pressures. 

The data  records avablable at E k l u t m a  Lake s t a t i o n  are p l a t t e d  and shown on 

Figs .  3 and  4. The per1c.d of recorded da ta  at t h e  E k l u t n a  Lake S t a t i o n  a r e  

shown i n  F i g s .  5-8. 

2,2 P r e v i o u s  S t u d i e c  -- - 

A p r e v i o u s  e f f o r t  by ACRES o n  the c e l l b r a t i o n  and v e r i f i c a t i o n  o f  t h e  DYRES:,f 

model with "che observed da ta  had c o n c e ~ ~ t r a t e d  on the p ~ e r i o d  of  June, 1'382 

t h r o u g h  December 1982 during vhich the f iePd d a t a  were measured, 

A d j u s t m e n t s  were made on al l .  wind speed da t a .  I n  DYKiZSE1, t h e  %rind r;l~eects 

a r c  i ~ t ~ ~ ~ u i ~ ~ c d  eo be measurt2d a t  a h e t g h t  of  s i x  meters t~%.JniEe t h r  f i e l d  ili$::ti*l~-- 



merit measures wind speed at about t w o  zeters above surroundin!g s c r u b  vegeta-  

t i o n ,  Therefore, t h e  wlxd speeds were corrected based on the v e l o c i t y  d i s -  

t r i b u t i o n  in t he  boundary layer  of t h e  a i r  c u r r e n t .  The adjustment  p rcduces  

an  increase of 11 percent i n  measured wind speeds. 

It was noted  t h a t  the J u l y  and August f i e l d  measurements were q u i t e  incorn- 

p l e t e  and significant amount of the  meteorologica l  data  had to be estimated 

( 12). Therefore,  t h e  E k l u t n a  Lake tempera:ure/ice s i inu la t ion  was made f o r  

t h e  per iods  June  1 t o  August 25, 1982 and August 25 to Deceniber 31, 1982 t o  

minimize t h e  effect: o f  data  gap, 

The simulated temperature p r o f i l e s  d id  show reasc?iiable agreement with t h e  

measured temperatures except under s e w  y i i ~ d  cond i t ions  such as the  h i g h  

wind  p e r i o d s  which occured h e t w e ~ n  S e p t e m b e r  9 and September  3.1. Under 

severe wind c o n d i t i o n ,  s i g n i f  i c a  i x i  rig can occur and warmer water can be 

expected in t h e  hypolimnion. 

r e se rvo i r  hydrothermal  not  s t r i c t l y  valid. The prablem was 
~ r r r r r - m ~ s - ~ w - " l .  

-, * *-*+ l .l I - --* -- --- *----- -- -' I---- -. * r _l , **n .-, -,- rb % ,,..--,* -+- *. < .. . *"- * -  rr ar - 
r e so lved  by Irscread v~g 

t h e  efficiency or tht3 trdnsport of mass and momentum from 0.048 to 0.026 

based on , t h e  , * =  P~YJ+, Q P Q ~ ~ X  c r i r e r f ~ n  (1  3 .  1 4 ) .  The Wedderburn number 

characterizes one-dimegsionality of t h e  r e s e r v o i . ~  dynamics ,  w i t h  the  

v a l u e  less t h a n  3 i n d i c a t i n g  a d e p a r t u r e  from the  one-dimensional assump- 

t i o n *  

The key constants used  i n  t h e  DYRESM simulation are g iven  i n  T a b l e  1. These 

conr;tants are r e l a t ed  t o  w e l l  identified physical processes and are deter-  

niined from exper imenta l  o r  f i e l d  d a t a  ( 1 3 ,  14) .  The simulated and  measured 

t empera tu re  p r o f i l e s  a t  S t a t i o n  3 i n  the approximate center o f  t h e  l a k e  s r e  

g i v e n  in Pigs 9 t o  I I ,  Wn general ,  most p r o f i l e s  a re  modeled t o  wi th i11  

0,5'6 d . t h  few excciptions t i lac the  differelice was up  t c  about  '2"C,  

T h e  eA.Cmu'lated arid m e a s u r e d  o e s t f 1 . s ~  temperacure of the Ek.I:.ntnn 'Lakf. a r e  g i v e n  
l i 

. I  g 1 2  a n d  13,. Thc rtredicted ou? f l i$w t:emtJeraturc. i s ,  -in geilernl , I r o  



2OC below the measured temperature d u r i n g  the  pe r iod  of: J u l y  t o  mid- 

September. From mid-September to December, t h e  p r e d i c t e d  and measure2 ten- 

p P r a t u r e s  match r e l a t i v e l y  w e l l .  The simu.lat ion a l s o  i n d i c a t e s  tha;  t h e  

ice-cover formation w i l l  begin  i n  mid-November and predjctczd 21 inches  of 

ice-cover near  the  end o f  December. On January 13, 1983, an  ice-cover of 

about  16 inches was jxeasured near t h e  center of t h e  lake.  ttence, t h e  s i m l i - -  

l a t i o n  overestimates the ice-cover thickness by about 5 l.nches i n  ea r ly  

J a n u a r y  1983. 

2 , 3  Present - 

2,3, % DYRESM Ksde l Enhancements 

The E k l u m a  L a k  tempera ture  and % c e  a yses cronduc-ted i n  the  previous 

s t u d y  indicate that t h e  DYRESM mo performs r e l a t i v e l y  w e l l  f n  duplicating 

t h e  average f i e l d  c o n d i t i o n  ot t lake thermal s t r u c t u r e .  Xowever , upon 

P u t h e r  exisminatkon of t h e  p r e v ? t - ~ ~ s  sestlPEts, f i e l d  d a t a ,  and the  csnfigura- 

; i o n  o f  t h e  i n t a k e  st-u<&e, several enhancements and/or  modifications of % 
t h e  LPYRESM model v - -w: 2nd t h e y  are discussed as f d l o w s :  

The "hi sabarrak"% 3 used  in t h e  DYYESM model may be i i g i ~ i i i c a i l f l y  under-  

estimating the  incoming long wave atmospheric r a d i a t i o n  on the Lake.  Srlch 

abservat koas was mde faadepen3ently by both  Dr. P,F,  Narabllnr, t h e  c o n s u l t a n t  

t o  the  reservoir  temperature and ice  s t u d y ,  and RiGM. ~ f d d i t i o n a l  analyses  

Ind i ca t e  t h a t  th- empirical equation given by Anderson ( 4 )  agrees well vi. th 

t h e  measured v a l u e s  a t  Watana and was irlcorporated in t h e  DYRESM nlodel (Fig. 

1 4 ) . .  The Anderson's equa t ion  1.s g i v e n  as 

trhelre NLeW, i s  t h e  long-wave atmospheric  r a d i a t i o n  (KJ/day), E i s  a 
~ h k ?  a~m,,rsphep.lc c ? m i ~ ~ j . v i t y ,  @ is t h e  S t ephen  Bol tzman cons t an t  (14,979 x 

1 0 ~ ~ ~  ~ J / d a y ) ,  and 'i' I s  t h e  air i;etklper.ature ( '  iCeP.vin). Ti162 a tmosphe r i c  



emissivity is dependen t  upon t h e  cloudiness of t h e  sky and t he  r e l a t i v e  

humidity o r  vapor  p r e s s u r e  ( 3 ) .  The emissivity increases as t h e  c l o u d  cover 

u r  vapor  p r e s s u r e  increase ,  

Using the  Anderson's e q u a t i o n ,  c lose r  matches t o  measured {kernperatare pro- 

f i l e s  taken near t h e  center of the l i k e  ( S t a t i o n  9 )  were ol3tained as shown 

in F i g s .  15 t o  24 .  

V i t h  regard  t o  out flow temperature p r e d i c t  i ons  there  are two modif i c a t  i o n s .  

One f o r  t h e  geometry of the  i n t s k e  s t r u c t u r e  and * l i e  o t h e r  f o r  wind f o r c i n g  

e f f e c t s .  The local  bathyrnetric c o n d i t i o n  and t . ;e  65, yonf igu ra t ion  of t h e  ln- 

t ake  s t r u c t u r e  are  q u i t e  d i f f e r e n t  from t h e  cond i t i ( 3ns  assumed i n  t h e  DYRESM 

m o d e l ,  Ttie model assumes tha t  a \pert S suck as s darn i s  l o c a t e d  af 

the d o w n s t r e m  end of t h e  reserve-i P and r i l e  offtakes are Bacated a.g: t h e  

c en t e r  of t h e  darn w i d t h .  
How em the i n t a k e  structure of the Eklentnti 

powerhouse i s  l oca ted  near t l ~ t s  n t r&t :  end of the  Lake on a mild s l o p i n g  ho t -  

tam and resembles a hor ikon ta1  o u r f a l l  s t r u c t u r e  s i t u a t e d  on an excavated 

area.  Hence, t h e  E k l u t  %$take may dra-4 most of t he  water f r o n  the  layers  

above gl W'%.th tk co12l-ii ~ c d  e f  f e e t s  of the  sloping "aotton;, the  h o r i z o n t a l  

caaiitfaH11 t y p e  n and the  IlocaE. excava t ion ,  t h e  ou t  f l o w  temperature may 

nc& be t t iaated o r d i n g l y  by t heo ry .  The wind e f f ec t ,  e spec i a l l y  in t h e  

months of July, August and September,  i s  c l ea r ly  shown i n  t h e  o u t f l o w  tem- 

p e r a t u r e  and 6-hr wind p l o t s ,  g i v e n  in F i g .  25.  It i s  unders tood  t h a t  such 

o u t f l o w  therraal behavior has a l s o  been observed by the  pawem-house p e ~ s o r z n e l ~  

When a downlake wind (toward the  i n t a k e  area) occurs ,  a warmer than normal 

oue f l o w  wemperatiire i s  observed. Such temporal d e v i a t i o n  of' t h e  ou t  flow 

temperature frornl i t s  normal t r e n d  car] be a t t r i b e r e e d  t o  no t  c n l y  t h e  su r f ace  

wind shear stress but a l so  the behavior  of t h e  t n t e rna i i  waves sf t h e  s t l fa t . i - -  

E i e d  f l u i d ,  t h e  d e p t h  o f  t h e  e p i l i m r ~ i o n ,  the r e l a t i v e  p o s i t i o n  of t h e  intal ie  

to t h e  thermocline and the  l o c a l  bat l lymetr ic  configuration. S i n c e  t h e  pre-- 

sent time frame does not  pc rmi t  f u r t h e r  developtnei~t  of  t h e  UPRESM model to 

t ake  i n t o  account  :,I$ t h e  vartables i d e n l i f % . e d  abi)ve, oro8.y ttme s u r f a c e  w inc l  



and the  bottom ef f eces  are  cons idered  i n  ' he c u r r e n t  s t u d y  3x18 a re  d i s c u s e d  

as follows: 

The bathymeeric information i - nd i ca tes  t h a t  t h e  hot tom s l o p e  w a r  t h e  i n t a k e  

area i s  about 1 v e r t i c a l  t o  100 horizontal. Hence, the ~ t t h d r a w a l  l ayer  

(outflow) distribution must be m d i f  i e d  i n  t h e  rjarf low dynamics c a l c u l a t i o n .  

Throllgh several numerical experiments,  it war found t h a t  s a c i s f a c t o r y  out- 

f l ow temperatures can be ob ta ined  by assuming t h a t  t h e  off ta 'ke draws water 

mainly from layers  above che intake and the  wittldrawal from t h e  lower l a y e r s  

i s  insignificant . 

The s t r o n g  d o w ~ l a i r s  w i n d s  t e n d  to increase thr mir ing locall:y near t h e  in-  

take.  The s t r e n g t h  of such wind induce<<&xi ng i s  c o n s i d e r e d  p r o p o r t  i c n a l  

t o  t h e  magni tude of the  wind along t h e  & n r  axis of t h e  li3ke toward t h e  

i n t a k e .  The e f fec t  i s  c o n s i d e r e d  uivalent t o  t h e  deepening of t h e  epilim- 

2 :  deepening of the epllimnioa A H i s  niora at the i-iatake area,  " F e  eqtl 'G; 

computed by ?:he fullowing emperleal equa t ion :  
/\ 

<Q L 'B:.; W 
3 W = ( f n t a k ~  d e p t l ~ l  x -- x [ ( I  - -r ) x c2j2 

C 1  tl 

wind in h e  d i * d a k r  dire;:ion and C 1  and C Z  a i r  cmpiii- "mere I s  t h e  9 

ea? constants f a r  a d j u s t i n g  the  magnftude of  the  response$$. It was found 

t h a t  v a l u e s  o f  20.0 and 0.25 f o r  C1 and C 2  r e s p e c t i v e l y  produce satisfactory 

r e s u l t s  for. summer, and 7.5 and 0.25 f o r  f a l l .  Since b e t t e r  agreements were 
-",-.-nu -. - * ^--*I rC-Y.n-mr .Irk. --- -'e-=------ 

obta ined  with these mobtfications, the ad jus tmen t s  based _ -  I _ _  on , , /  Wedde~burn  /. ll.ll s gri- 

t e r i a  f o r  lrigh wind condi txon  as desc r ibed  previuznsly were not app l - i ed  and a 
''\: " 

cons t  ant: v e r t i c a l  d i f  f uskan  eoef f hcient  of 0,048 was u s e d ,  

The i n f l u e n c e  o f  i c e  ane snow on  t h e  hea: ~ r a n s f e r  across the water starf<;.~ce 

o f  a r e se rvo i r  i s  t a k e n  i ~ t o  account by s l ~ u l a t i i ~ g  t h e  F r e e a t a g e  o f  srlow 

and %,ee cover and t h e i r  thickness as a fukactton sf "me, 'rhe e f f e c t  o f  S:JOW 

and icc  i s  to reduce t he  amount o f  s h o r t  wave rad ia t i .on  ri:schfng t h e  u p p e r  



and t o  reduce t h e  cooling of' the reservoir surface t h a t  would o t h e r ~ ~ i s e  

occur by providing a cover ing  layer of reduced  t l~ermal c c ! n d u c t i v i t y  and hy 

creating a d d i t i o n a l  i ce  at che ice-water boundary. 

S p e c i f i c  physical processes incorporated i n t o  t h e  godel  o f  ice and snow are :  

1. Himimum ice  thickness of 10 c m ~  

2, Surface melting of e i t h e r  snow o r  i c e  as w e l l  as i c e  melting a: 

 he i c e  water i n t e r f a c e ,  

3. Reduct ion of snow o r  ice thickness b y  s u ~ f a e e  evaporation 

4 ,  Aeesunt sf  ice o r  gnaw on surface vapn 6%:~ s u r e  

5 ,  Snow a lbedo as a f r s n c t i l n  of snow a;:e ar~d  temperi3tsrre 

6 ,  Shor t  wave a b s ~ t p t i o n  in s n s w  
-3 

i ,  Ice-water heat f lux  due rc, rn 

i ~ t e r f a c e  p l u s  s e n s i b l e  heat flux due CO $nf ~ Q W  and 

o u t f l ~ w  induced t h e  upper l aye r  of the reservoi r ,  

8. Computation of s t l r f a c e  tempera ture  of the snow or i c e  from the  

surface hea t  qvt. 
9 ,  L i m i t a t  i o n  a f  mximum snow thickness allowable based on ice 

b u c Y q h  re1 i i i v e  r~ snow l o a d i n g  
\P 

10, Incox:, 'L a r i o n  of f r a z i l  ice j.nput t o  total ice voPame i n  t h e  

re~,serva%~- 

2 , 3 , 2  EkPa;lena Lake Terrepersture as%d Ice  SimuiaCit3n 

One a f  t h e  major o b j e c t i v e s  i n  t h e  E k l u t n a  Lake c a l i b r a t i o n  s t u d y  is ro 

d e v e l o p  an unde.. ,canding of the  c a p a b i l i t y ,  concept ,  end strzacture of t i l e  

CYRESM d l  T h i s  understar tding has l e d  to the  development of  severa l  

prot;ram enhancemc2nts t o  calfbrare  t h e  nlodel under  sout i : -central  a~:d i n t e r i o r  

Alaskan ~1.irnat l e  eondl  ions as previous  l y  disci issed, The Eitlurrla take srtrdy 

 as a lso  demogostrated the  need f o r  accurate 6:lirnatic da t a  to ewa1jPc2 t1-w 

model t o  p r o p e r l y  s imulate t h e  ;3ydrntht?rmn1 oehavi.or o f  Che r e se rvu i r s .  



Every  e f f o r t  should  be r a d e  i n  the f u t u r e  to i 3 s u r e  rhe ascurairy and r e l i a -  

b i l P t  y o f  f i e l d  measurement instruments end data co l lec t  i o n  p ro~cedures  . 

The s t u 2 y  by Barza-Ebasco ( H / E )  considered the per iod  of June ,  1982 throtlgh 

June ,  1983. The H I E  sirnulatior? a l so  includ::d z 17% increase in measured 

windspeeds  t o  correct thc v e l o c i t y  t o  the  h e i g h t  above v e g e t a t i o n  assumed by 

the model. The Wedderburn number modi f i ca t ion  procedure was not used ir. 

lieu of t he  empirical e q u a t i o ~ ~  t o  deepen t h e  e p i l i m i n i o n  at t h e  i n t a k e  area 

1 and the  mo$$ficatfan af the withdrawal dynamics, 

The restilts o f  tia& H / E  Ek lu tna  Lake s i u d y  are nb"I\ i n  tne temperature pro- \ 
I f i l e  p l o t s ,  F igs .  15 t o  2 4 ,  and i n  t h e  o u t f I o ~  temperature time h i s t o r y  

p l o t s ,  F i g s ,  26 and 27. Thc results  o f  tx&\stildy demonstrate t h e  capability \ <  ~ for the DYkESM Plodel t o  p r o p e r l y  sirnulath' t h e  hydrothermal  behavior of a 

reservoir in t h e  s2eci f i .c  r e g f a n ~ f  rttc S u s i t n a  P r o j e c t .  The results  show 

t h e  accurate p r e d i c t i o n  s f low temperacures w i t h i n  an accept 

tolerance of - + 1 degree Coicius. The results  a l s o  show t h a t  the  %g_u_?er %' 

I . ." C i> *%--.* -* 
^- -r -a^- -ir -*A. -ua --i-.rx- --r---- ..*+.a* .is--w* *-*__q(*hme&- 

ou t  flow t empera tu res  we trlated $0 d t h P n  - + 1 - 2s 2 degrees Celcfus, The 
- - 

I* 

o u t f l o w  temperature is  a p r i n c i p l e  parametfr i n  t h e  r i v e r  temperature and 

i c e  s t u d i e s  to rwine t he  envi ronmenta l  Impact  of t h e  p t o j e e t  operat ions ,  

The results  a show an e x c e u e n t  correapcndence k t w e e n  meesured i ce  

thickr*essi  and p r e d i c t e d  ice  e l~ i cknes s  except f o r  one p o i n t  Ln March at 

~ S t a t i o n  $ 3  w l ~ b c h  i s  located near Ehe r a a ~ t h  end o f  t h e  l ake ,  There were no 

~ i c e  meast~rements made near t he  center of t h e  lake  i n  MRrch, The r e l a t i v e l y  

t h i c k  i c ~  measure2 a t  S t a t t o n  1 3  i n  Marci~ may be cons idered  due to l oca l  

aiccumulati.c~n o f  snag caused by do\mlakr winds. Therz fo re ,  t h e  la rger  d i f -  

1 li-!:el-~ce (Pi.g, 2 7 )  shown i n  March f-s nor c o n s i d e r e d  as  a m a j q r  concern. 

i t  i s  ~ ~ n d e r s t o o d  t h a t  t h e  Eklr8t:ra Lake  r ~ ; e r v o i r  data c o l l e c t i o n  prtrgram 

wili 1x2 terminazed in ea r ly  1984.  The a d d i t i n n a l  data  collected and corn-- 

p i l e d  by  UFI w i l l  t h e n  .be avz i l ab l e  to c$xtenci t h e  E k l - r ~ t n a  Lake temperafilre 
* P s i m u l a t i o n ,  Phc resaal-ts % ~ s s n  thae s t u d y  w j % b  be r epor t ed  as a suppB5men~t t.0 

t 'n14.s report- , 



The LYRESM model w a s  used  t o  sfmulate Watarnzl rese rvo i r  temperatrare k h a v i o r  

and o u t l e t  terapesarT:res under  t h e  1981 flow cond i t ion .  The ~arameter v a l u e s  

of the  model used J . the  Eklutna  Lake c a l i b r a t i o n  has been a p p l i e d .  A f i e l d  

program \gas established in April, 1980 withCn t h e  Sus f tn i l  River Basin 

(Watana Camp) t o  collect  meteorological data  (5-12; f o r  t h e  DYRESM model .  

The climatic s t a t i o n s  are shown in F i g .  28. The p e r i o d s  of the available 

records are shown in FLgs. 29-32. 

3,1 Data Co l l e c t i on  -- -- 

The r e q u i r e d  average G a i l y  metearologfca t a I . i l ~ l u d e  : 

-- Mean a i r  temperature ( "  

- Piean wind speed ( m . ' ~  ; 

- 
P 

A i r  vapor  prese:lrp ( m h i ;  

- BrecPpItat-Icr: 

- Long-dave r a r l i a t i on  ( K J / m  2 ) or c loud  cover ( s k y  f r a c t i o n  in 

a n d  

2 ~rt-wave r a d i a t i o n  (EJln ) . 

As desc r ibed  in t h e  License Application, d a i l y  s i m u l a t i o n s  were made by 

Acres t o  p r e d i c t  t h e  thermal behavtor  o f  t h e  Watana reservoi r  operacing 

unde r  t h e  yea r  2010 power demand (Case C; 12,030 c.Fs minimum August f l o w ) .  

The ~ i m u l a t l o n  p e r i o d  is s i x  months ( J u n e  1 t h rough  December 31, 1981) .  

3,2 % E Reservoir T re Profiles 
- - - e m -  "- --- -..---- 

Tile cl,nas+llate.d temperature p r o f " i f e s  f o r  the  f i r s t :  day off each month of ..Jt,~a-~p 

h r  ~: ,g i j  Ileccsmbc r ! 981 arc? shorn i n  F i g s ,  3 3 and 34, St r a t  i f ic :~ i t .  j.o,l 0;:cu; :; 



d u r i n g  J u n e ,  J u l y  and August. The maximum surface temperature simtilateC was 

10.9"G on J u l y  3 and August 28. Cooling in September r e s u l t s  in t h e  g r a d u a l  

destruction of summer s t r a t i f i c a t i o n  and the  deepening of  the epiliminion, 

The process cunt inues  u n t i l  isothermal c o n d i t i o n s  occur in l a t e  October. 

Isothermal conditions cont inue  u n t i l  water reaches i t s  ma6ximum d e n s i t y ,  

a f t e r  which reTaerse stratification takes place. A weak s t r a t i f i c a t i o n  

occur3 in l a t e  November and remains r e l a t  ively stable throughout December. 

A f u l l  ice cover occs~rs on November 22, Ice thickness on Clecember 31 was 

estimated at 31 inches, 

The ml . t i p l e - l eve l  i n t a k e  at Watana al i the. u t i l i ~ y  to provide  var iable  

water t e ~ p e r a u r e s  w i t h i n  a range d i c t a  by %he thermal structure w:i%hin 

t h e  reservoir.  The philosophy o p c r a r i n g  t h i s  structure i s  t o  p r o v i d e  

water temperatures as close t o  river temperaferres as p o s s i b l e ,  

In genera l ,  t h i s  resul ts  in rhe i n t a k e  closest t o  t h e  surface being used ,  

p r s v f  ded hydraulic senh r c c  crfterisg are m e t ,  However, sn a f e w  d a y s ,  

deepe r  in takes  are  u s e d  t o  p rov ide  water temperatures &ich  are closer t o  

t h o s e  r e q u i r e d  he simulated ou t f low temperatures are shown i n  F i g s .  35 

and 36, 

The comparison of n a t u r a l  temperature and simulated out  flow temperature 

shows t h a t  d u r i n g  summer m n t h s ,  t h e  o u t  El.ow temperature fo l l c~ws  n a t u r a l  

temperature t r e n d s  Rut is cooler d u r i n g  J u l y  and slightly warmer in August, 

Dur ing  September t o  mfd-November, the resulrs  show a gradual r e d u c t i o n  o f  

outflow temperature firoln 9,5'C to 2'C Ail@ t h e  i n f l o w  temperature d r o p s  

much sooner t o  0.5"C i n  fdd-Sept-ember, S t a b l e  cut  f low temperature o f  around 

2 ° C  s t a r t  i n  mid-November and c o n t i n u e  t h roughou t  December, 



The i n p u t  data used in the  p rev ious  s t u d y  and the  parameter v a l u e s  of t h e  

model used i n  t h e  c a l i b r a t i o n  study were used t o  simulate r e s e r v o i r  tempera- 

t u r e  p r o f i l e s  and out f low temperatures. The selective withdrawal capability 

which was not r e q u i r e d  in Eklutna  s t u d y  was implemented t o  s imula te  

~ p e ~ a t  f on of t he  mlt i-level f ntakes, 

The s i m u l a t e d  temperature p r o f i l e s  and outflow teaperaturea are shown i n  

F i g s .  37, 38 and 39 ,  The results i n d i c a t e  tha t  t h e  tempelrature p r o f i l e s  

ob ta ined  i n  the two stud ies  arc r e l a t i v e l y  s i  r ,  and t he  d i f fe rence  in 

ou t f low temperatures between the two s t u d i e s  are  w i t h i n  0.5'C (average).  

Both studies also p r e d i c t e d  an increas I aha* 6 'C i n  the  stream f l o w  

%emper%tuPe i n  %ate September due t n  df rg ing  sf warmer s t r a t i f i e d  w a t e r  

from the  reservoir.  A f u l l  i c e  -over occurs  an December 1, 10 days l a t e r  b t h a n  the previous  s t u d y .  I c e  t h b l r a s s  on December 31 was estimated a b n u t  

25  inches ,  5 inches less t h a n  t h e  previous  s tudy .  Since the  ice arid snow 

model y i e l d e d  b t t e r  re in the Eklu tna  Lake Study ,  t h e  resul ts  obta ined  

in t h e  present W ~ ! a n a  S t u d y  are also considered mre accurate. 

In c h i s  s t u d y  we have e h u l a t e d  the EkLutna Lake thermal k h a v i o r  and f e e  

growth based oil t h e  DYRESM Model, Some of t h e  i n p u t  da ta  have been improved 

f o r  c o n s i s t e n c y  with t h e  nearby climatic s t a t i o n s .  The or~ t  f low dynamics 

have  a l s o  been modi f ied  t o  take i n t o  account t h e  special conEQura t ion  of 

t h e  h o r i z o n t a l  i n t a k e  s t r u c t u r e ,  t h e  m i l d  s l o p i n g  bottom, and t h e  wind 

f o r c i n g  e f f e c t ,  A l l  m d i f % c a t l & ~ i ~ ~  made Co t h e  rrnodel f o r  t h e  Elzl.gatns3 Lake 

study are  not necessarily r e q u i r e d  f o r  the Watana and Devil Canyon reservoir 

s t u d i e s ,  Both reservoirs wl11 have lrert icaP m u l t i - l e v e l  . power i n t a k e  

structures d t h  approach zhannelo.  The approach cl.ianne1.s k ~ l l  force the  

Irktr:ticeu to withdraw more water from tkle uppe r  l aye r s ,  t he re fo re ;  t h e  c p r r t f l ~ w  

algar%th.sn has b e ~ n  modif ied $0 aceornodate such e f f e c ~ s  . 'I'he Ioltgwn~rc 



r a d i a ~ i o n  formula presen ted  by Anderson w i l l  be used i n  t h e  S u s i t n a  

Reservoir S t u d i e s  as this equat ion seems t o  lastter app ly  t o  t he  p r o j e c t  

loeatffon, Thhe modifieatisns made to the  i c e  and snow processes w i l l  a l so  

remain and o the r s  may be added t o  better mdeP t h e  e f f e c t s  of incoming 

f r a z i l  ice  Qpsn t h e  tot31 ice volume i n  t he  reservois ,  

The r esu l t s  of the E k l u t n a  Lake s t u d y  establ ishes the  a p p l i c . a b i l i t y  o f  t h e  

DYRESM model to accurately s i m u l a t e  thermal reservoir processes in t h e  

South-Central Alaskan climatic c o n d i t i o n s .  The study also desmonstrated t h e  

need f o r  aclsurate gtlfmatfaz and r i v e r  data  t a  tnsrlre t h e  corrcectness o f  t h e  

mode% resul ts ,  

The r e s u l t i n g  DYRESM model calibrated ough t h e  E k l u t n a  Lake S t u d y  i s  

assumed tes be a p p l i c a b l e  to Watsnne ses  )ir with minor m d l f l ~ a t % o n s  to 

t ake  i n t o  account the  e f fec ts  o" r.jach channels and f r a z i l  ice  i n f l o w s ,  

The parameter va lues  of the  E s model were used to sirnufate Watana 

xesermir temperature prr~f  i % e s  outflow terarperatureis , The s t u d y  y i e l d s  

with Acres ' , 

on of the  p r o j e c t ,  t h e  parameters must k checked at 

r e g u l a r  i n t e s v a  The model should  be re-calibrated a f te r  several  years of 

projeer operat  tons  s i n c e  t h e  changes in morphology and n u t r i e n t  c o n d i t i o n  

may change t h e  parameter va lues .  
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TABLE 1 - BUWESM Parameters for E k l u t n a  Lake1 

P TER VALUE 

Convective o v e r t u r n ,  CK 8,125 

Mechanical s t i r r i n g ,  ETA 

Temporal  e f f e c t s ,  CT 

Shear p r s d u c t f o n ,  CS 

Shear instability, AKW. 

Diffusion constant  A 0,048 

f f i c i e n t  of r i v e r  i n f l o w  V -- 0.015 
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