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. L . i ~  objec"ii7e o f  the S u s i  trla Hydroelectric P r o j e c t  i s  to 

e 

< ~ ~ ~ c ~ r . : ~ z e  t h e  i ise o f  water  f o r  power generation w h i l e  meeting 
environmental constraints, suck as requirements for fisheries a n d  
> ~ i l d l i f e ,  The purpose  of  this s t u d y  i s  to p r o v i d e  information on 
hyd-o?  o g i c a l  forecasting nrtetlnods ( i n c l u d i n g  basic l ia ta  reqcire- 
fner?ts) to assist t h e  A l a s k a  Power Authority i n  devc: loping an 
eiFjiectj - "j,, water supply foxezasting program f o r  t h e  2rajecte 

Only a b o u t  h a l f  o f  t h e  a n n u a l  r u n o f f  from the Susitna Basin 
or ig ina ' : e s  from snowfall d u r i n g  t h e  winter months (October-April) 
and acurate forecasts of t h i s  snowmelt c o n t r i b u t i e a n  to t i l e  
s e s s o n a l  r u n o f f  a r e  possible. The question o f  how accurately 
i cunof f  from summer (Hay-September) precipitation can be 
forecasted is more d i f f i c u l t ,  o u t  fo racas t s  o f  r u n o f f  f o r  t w o  to 
three weeks i n  advance a r e  possible. 

For  accurate long- te rm forecasts o f  the t o t a l  seasona l  
r u n o f f ,  i t  is necessary to h a v e  a knowledge o f ;  

( a )  t h e  amount  o f  r u n o f f  t h a t  will be contributed from 
rainfall and snowfall ( i n c l u d i n g  g l a c i e r  i c e )  t h a t  
have occurred i n  t h e  b a s i n ,  

(b) shor t -pe r  i o d  weather forecasts, 

[ c )  c u r r e n t  seasonal t r e n d s  of precipitation and 
temperature, and 

( d )  statistical i n d i c e s  of  c l ima to log ica l  cond itions 
f o r  the rest  o f  the forecast period. 

An operational f o r e c a s t  program can be deve loped  t h a t  w i l l  
p r o v i d e  short and long- term forecasts o f  r u n o f f  o f  sufficient 
accuracy t o  successfully ope ra t e  the Susitna Hydroelectric 
P r o j e c t  and achieve t h e  objective s t a t e d  above. This w i l l  require 
i:he collection o f  additional i n f o r m a t i o n  o n  t h e  precipi t a t i n n  
regime s f  t h e  basin and application o f  h y d r a l o g i c a l  models, To 
c o s t  effectively accomplish t h e  collection o f  required basic d a t a  
and ts d e v e l o p  an  operational forecasting serv ice  f o r  the 
p r o j e c t ,  t h e  follow~ny recommendations s h o u l d  be followed. 

2. Basic Data Collection Program 

A. F i n d i n g s  

The  current d a t a  collection program does  n o t  p r o v i d e  
sufficient inEormatian to support either the development nor the 
operation o f  a n  hydrological foreczsting service. 



13 ,, ~ e c s r z ~ ~ q e n d a t  i o n s  

In o r d e r  to h a v e  sufficient information for c?evelopn:ent o f  an 
o; jsrz"Lional  forecasting serv ice  "ie following actions s h o u l d  be 
t a k e n  during t h e  pe r iod  until t h e  p r o j e c t  becomes operational; 

(1) Discontinue measuring at meteorological 
stations (except a t  Matar la base camp and 
for o t h e r  specialized purposes)  a l l .  
meteoro log icaL variables e x c e p t  preci- 
pitation, t e inpera ture  and w i n d  movement-, , 

(2) Operate and collect i n  real t i m e  measure- 
m e n t s  from 1 2  m e t e o r o l o g i c a l  stations 
shown on Figure 2 ,  page 24, 

( 3 )  Continue to coliect snow s u r v e y  in fo rma-  
t i o n  ( i n  cooperation with SCS) f o r  s i t e s  
shown o n  F i g u r e  3, page 2 6 ,  

(4) Continue to collect streamf low records 
from t h e  three 'JSGS gaging  stations, and 

( 5 )  Summarize and a r c h i v e  a l l  basic d a t a  
collected fsr t h e  forecast program, 

When t h e  p r o j e c t  becomes operational do t h e  f o l l o ~ . i i n g ;  

(1) Collect i n  realtime streamflow, reservoir 
s tage  and information on reservoir re- 
lease s f  w a t e r ,  

( 2 )  Continue collection i n  r e a l  t i m e  measure- 
m e n t s  from t h e  1 2  m e t e o r o l o g i c a l  stations, 
and 

( 3 )  Continue collection o f  snow survey  measure -  
m e n t s  from t h o s e  s i t e s  whose d a t a  a re  f o u n d  
t o  be required f o r  t h e  o p e r a t i o n a l  forecast 
pragzam* 

It i s  recommended t h a t  d a t a  collection be accomplished usin52 
a satellite telemetering system. 

3. Development a f  Operational Forecasting Service 

PA. Even w i t h  t h e  a d d i t i o r l a l  basic d a t a  proposed above ,  i t  
would  n o t  be possible, u s i n g  p r e s e n t l y  available niodels  and 

imataloij  i c a 1  i n f o r m a t  i o n ,  to forecast the r u n o f f  for t h e  
Susitna B a s i n  with sufficient a c c u r a c y .  Additional s t u d i e s  need 
to be accomplished t o  im2rove the utility o f  models t h a t  a r c  
c u r r e n t l y  used f o r  forecasting r u n o f f :  from o t h e r  g l a c i e r  izec-i 
basins i n  Alaska.  Actions ta be t a k e n  i n c l - u d e ;  



."'. CI i n~a i so log i ca l  S t u d  i e s  

(I) Develop s e a s o n a l  isohyetal ( a v e r 3 g e  pprec i -  
pi ta t i011 maps) for t h e  Susitna aasin. 

( 2 )  Develop climatological statistics o f  Play- 
September weather c o n d i t o n s  for Susitna 
Basin required f o r  e x  t e n d i n g  sho r t - t e rm 
supply f o r e c a s t s  to s e a s o n a l  f o r e c a s t  
(semi-conceptual model) . 

B, Model S t u d i e s  

(I) A r r a n g e  f o r  application o f  hydrological 
forecasting models to basin as recom- 
mended in Chapter 3 .  Models to be con- 
s i d e ~ e d  f o r  u s e  a re :  

(a )  Wnder son NWS snomeE t: model 

(b ]  Quasi-conceptual seasonal r u n o f f  model 

( e )  NWSRFS and t h e  S S A R R  s o i l  moisture 
accounting models 

O t h e r  a c t i o n s  to be considered i n  t h e  f u t u r e  f o r  improv ing  
the forecasting service include: 

(1) Adjusting precipitation records (espe- 
cially snowfall) to reduce  variability and 
b i a s  in t roduced  by wind s c t i o n  on gage c a t c h ,  

( 2 )  Incorporating satellite techniques f o r  
enhancing t h e  knowledge  o f  the magnitude 
and distr ibutiomn o f  summer: t h u n d e r s t s r m  
precipitation, 

( 3 )  Using a e r i a l  gamma r a d i a t i o n  s u r v e y s  to 
o b t a i n  better knowledge o f  t h e  a r e a l  
distribution and magnitude o f  the snow 
cover on non-glacierized a r s a s ,  

( 4 )  Using m e t e o r o l o g i c a l  i~formation (such 
as upper a i r  measurements o f  moisture and 
w i n d )  to improve knowledge o f  precipita- 
t i o n  over  t h e  h i g h  a r e a s  o f  t h e  basin, and 

( 5 )  Obtaining reliable measurements o f  the 
axes% e x t a n t  and a f  the seasona l  water 
balance a f  the primary g l a c i e r s  i n  t h e  
bash~.rr, 
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The S & ' i s i t n a  H y d r o e l e c t r i c  P r o j e c t  i n c l u d e s  t h e  construction 
o f  t w o  t l a~ i~s ,  Watana and Devil Canyon, o n  t h e  main c h a n n e l  o f  the 
Sustina R i v e r ,  The 8 a t a n a  damsite's d r a i n a g e  area i s  5,180 square 
mi?zs ,  t h e  Devil Canyonss, 5,810.  Tkie p r o j e c t  i s  designed to 
p?.ovide e l t z c t r i c l t y  t o  t h e  Railbelt a rea  o f  A l a s k a  Ear w e l l  i f l t o  
the r l exc  zrzrrtury and to h a v e  E l o w  regimes t h a t  will m i n i m i z e  
i m p a c t  on fisheries and o t h e r  environmental resources, 

The prc3posed Watana Reservoir w i l l  h ave  9.7 m i l l i o n  acre feet 
of storac;t? o f  which 3.7 m i l l i o n  will be a c t i v e  s t o r a g e ,  The 
D e v i l  Can:ron Reservoir w i l l  n o t  have  any significant amount o f  
active s to rage ,  Since power requirements a r e  g r e a t e s t  d u r i n g  t h e  
winter, t l ~ e  p s o j e c t  i s  des igned  to have  as much water in s t o r a g e  
as possrble by September o f  each  y e a r .  

D u r i n t ~  v i s i t s  by Eugene  L. Peck and Thomas N. Keefer to 
Anchorage ,  A l a s k a ,  and Chicago, Illinois, i n  December 1984, 
discuss i .o~2s were h e l d  w i t h  representatives o f  Warza-Ebascu and 
the Alask . - i  Power Authority (Mr. E r i c  A. Mari-hegiani ) .  The 
f o l l o w i n g  :nformation perzinent to h y d r o l o g i c a l  forecasting f o r  
the pxoje#:t: was received. 

Based on t h e  discussions held in December 1 9 8 4 ,  t h e  following 
bydro log i r : a l  forecasts a r e  required f o r  t h e  operation a f  the 
p r o j e c t :  

t 1) Forecas t s  o f  seasonal  May-September i n f l o w  to 
Matana R e s e r v e  i r  ( long- te rm forecasts) , 

- 2 )  Forecasts of inflow to Flatana Reservoir f o r  
two-week p e r i o d s  ( shor t - t e rm forecasts) . 

The i $ ~ n g - t e r m  sea sana l  forecasts a r e  necessary  t o  s c h e d u l e  
releases i'rom t h e  reservoirs t o  e n s u r e  t h e  maximum water s t o r a g e  
hy S~zptemkjer. These flarecasts a r e  required a t  semi-monthly 
jntervals s t a r t i n g  on April 1 but possibly a s  e a r l y  as  J a n u a r y  L 
o f  each  y e a r .  Each forecas t  s h o u l d  be a probability f o r e c a s t  for 
t h e  May-S~ptember r u n o f f  ( o r  f o x  forecasts a f t e r  May 1. f o r  tile 

period frcrn t h e  d a t e  o f  t h e  f o r e c a s t  t h r o u g h  September), T h e s e  
forecasts, used  i n  canjunction with s t a n d a r d  reservoir 
operational. ru1 .e  c ~ r v e s ,  w i l l  percmit t h e  reservair o p e r a t o r s  k.3 
p l a n  f o r  h a v i n g  maxisum water s t o r a g e  i n  the Watana Reservoir 
prior to the w i n t e r .  

The $tor t - t e rm f o r e c a s t s  (inflow to Watana Reser '~oir  f o r  the  
next two wgzeks] a r e  rctquired d a i l y  from May t h r o u g h  September, 



The Susi t n a  Bydroelectxic P r o j e c t  i n c l u d e s  the construction 
of t w o  d a m s ,  Watana and Devil Canyon,  on t h e  main channel o f  t h e  
Sustina R i v e r ,  T h e  Watana damsite's d r a i n a g e  a r ea  i s  5,180 square 
ritiles, the D e v i l  Canyon"s,  5 ,810 .  The p r o j e c t  i s  designed to 
p r o v i d e  electricity t o  t h e  Railbelt area  of A l a s k a  f o r  well i n t o  
t h e  n e x t  century and to have  f low regimes t h a t  w i l l  m i n i - m i z e  
impact  on  fisheries and o t h e r  environmental resources, 

The? proposed Watana Reservoir w i l l  have  9.7 m i l l i o n  acre Eoet 
o f  s t o r a g e  o f  which 3.7 m i l l i o n  will be active s t o r a g e .  The 
Devil Canyon Reservoir w i l l  n o t  h a v e  any significant amount of 
active s t o r a g e .  S i n c e  pcwer requirements are g r e a t e s t  during t h e  
winter, the p r o j e c t  i s  d e s i g n e d  to have as much water in s t o r a g e  
as possible by September o f  each year, 

D u r i n g  visits by Eugene i. Peck and Thomas N. Keefer to 
Anchorage ,  A l a s k a ,  and Chicago, Illinois, i n  December 1904, 
discussions were h e l d  w i t h  representatives o f  Warza-Gbasco and 
the A l a s k a  Pc~der Authority (Mr. Eric A. Marchegiani). The 
following i n fo rma t  ion  pertinent t3 h y d r o l o g i c a l  forecasting f o r  
the p r o j e c t  was received. 

Based o n  t h e  discussions held i n  December 1 9 8 4 ,  t h e  following 
hydroLog ica l  forecasts are  required f o r  the operation o f  t h e  
p r o j e c t :  

(1) Forecasts o f  seasona l  May-September i n f l o w  to 
Watana Reservoir ( l ong - t e rm  forecasts), 

( 2 )  Forecasts o f  inflow to Watana Reservoir for 
two-week  period;^ ( s h o r t - t e r m  forecasts] . 

The long-term seasona l  f o r e c a s t s  are necessary t o  s c h e d u l e  
releases from the reservairs to e n s u r e  t h e  maximum water s t o r a g e  
by September. These f o r e c a s t s  a r e  r .equi  red at semi-monthly 
i n t e r v a l s  s t a r t i n g  on April I b ~ t  possibly a s  e a r l y  as J a n u a r y  1 
o f  e a c h  year .  Each f o r e c a s t  s h o u l d  be a probability farecast f o r  
the May-September r u n o f f  ( o r  fo r  forecasts a f t e r  May I Eor the 
period from t h e  d a t e  o f  tl7e f o r e e a s t  t h r o u g l ~  September). These 
forecasts, used i n  con jur lc t  ion w i t h  s t a n d a r d  reservoir 
o p e r a t i o n a l  rule c u r v e s ,  will permit t h e  reservoir o p e r a t o r s  to 
plan for n a v i n g  maxiinurn water s t o r a g e  i n  the Watana Reservoir 
p r i o r  to t h e  w i n t e r .  

The s h o r t - t e r m  f o r e c a s t s  ( i n f l o w  to M c ~ t a n a  Reservoir for t he  
ne,:'r. two weeks) are reyuir~d Slai1.y from May t h r o u c j h  Septemis6:r. 



,z . s t  L;z::ei.asw s w i l l  ~ r o v i d e  " i h e  necessary i n f c ? x n ; ? t i o n  "c \ j d j  
k- b; P_j 
% - sca!:onal i n f  Itow Eorecas t s ,  to p r e v e n t  enc~ :oachme!~ i  3r. dam 
" - "" "*-** p> - "I ..... 1 u d r d  req:li~;emeflirs - and to sa"iisfy doxnstzeaa i- i v e r  
* F p - i X  ' 1  - . C ~ L ~ J  remenks v~ i ' ch  a m i r l i m u m  r e d u c t i o n  in s t o r a g e ,  

--a Ij-h 

4 e k~:, 2:p(3t se and Scope 

a1:.. " A S  stu l jy  i s  to p r o v i d e  information o n  h y d r a l o g  i c a l  f o r e c a s t  
r:?4?:5i-,ods ( a n d  on basic d a t a  requirements) t h a t  w i l l  help the 
,TI% l z s ha *.- P o w e r  8 u l i i ~ ; r i  t y  d e v e l o p  an effective farecas t  i n q  service 
- ',- ? 4- 
-&:GC will e n s u r e  t h a t  t h e  project's objectives a re  achieved (i. 
6% ,-- - -  to m a x i m i z e  the use o f  t h e  reservoir" i n f l o w s  for e n e r g y  
g e n e x a t i ~ r ~  and to p r o v i d e  f l o w  mregimes i n  t h e  reach  o f  t h e  r i v e r  
belo%> the reservoirs t h a t  will m i n i m i z e  t h e  impact on fisheries 
arid sther environmental ~ ~ S O U T C ~ S )  . 

The scope of the s t u d y  i s :  

(I) T a  rev iew s e t s  o f  a l t e r n a t i v e  fo recas t  s y s t ~ m s  
t h a t  cou ld  be used  f o r  operational forecasti~g 
f o g  t h e  p r o j e c t ;  

( 2 )  To  e v a l u a t e  each method's a b i l i t y  to p r o v i d e  t h e  
required type, accuracy, frequeczy and l e a d  time 
o f  fsreeasts;  and 

(3) To p ~ o v i d e  information on the basic d a t a  re- 
quirements a s s o c i a t e d  with each alternative 
f o r e c a s t  system. 

The approach to t h e  s t u d y  is: 

( I f  To rneet with Harza-Ebasco and Alaska Power 
Authority p e r s o n n e l  to more f u l l y  u n d e r s t a n d  the 
n e e d s  f o r  the operational forecasting service; 

( 2 )  T o  meet w i t h  s t a t e ,  f e d e r a l  and other a g e n c i e s  
in Alaska to e v a l u a t e  t h e  benefits t h a t  can be 
a c h i e v e d  from cooperation w i t h  s u c h  a g e n c i e s  f o r  
developing and operating a forecas t  s e r v i c e ;  

( 3 )  To r e v i e w  t h e  methodologies  and t h e  basic d a t a  
requirements f o r  a forecasting serv ice ;  

( 4 )  T o  r e v i e w  specific forecasticg methods  and 
evaluate t h e i r  u s e f u l n e s s  f a r  the p r o j e c t ;  

( 5 )  T o  p r o v i d e  a list o f  a l t e r n a t i v e  s e t s  o f  fo rz -  
c a s t  methods t o g e t h e r  w i t h  information on t he  
accuracy ,  sensitivity and d a t a  requiremenks for 
tzheir  o p ~ h r a t i o n a l  use; and 

(6) To present  a d r a f t  o f  z final report and to meet 
w i ? h  Hazzil-Ebrtsco o f E i : ~ i ~ L s  t o  rev ie?w t h e  d r a f t  
and sublnit a final xepor t ,  



*- U A j: scuss j on  o f  t h e  basic d a t a  needs for preparirrig 5 ' - o r "  i h f q i d  

1 sr.g-- term hydrological f o r e c a s t s  for t h e  Susi tima Bas! n and 
r;:;eci f ic r c e o m n ~ e n d a t i o n s  f o r  cl langes in t h e  e x i s t i n g  d a t a  
c o l l e c t i o n  n e t w o r k  are p r e s e n t e d  i n  Chapter 2, Forecast model  
technology i s  d i s c u s s e d  i n  Chapter 3 ,  with r e v i e k ~ s  of alternative 
corecasting methods.  E n f o r m a t i o n  aad recommendations for an 
cpe;:ating h y d r o l o g i c a l  forecasting service f o r  t h e  p r o j e c t  and 
(3 d.LuLussions ; c s4 on collection and psocessing 3 f  d a t . a ,  computer  and 
manpqwer requirements and c o s t  f a c t o r s  a re  p resen ted  i n  Chapter 
4, 

The e x e c u t i v e  summary foilowing t h e  Table  o f  Contents 
contains recommendations f o r  collecting and processing basrc d a t a  
f oe  the operational forecasting service f o r  t h e  S u s i  t n a  
Hydroelectric P r o j e c t .  



D u r i r l g  the week o f  December 10, 1984, Eugene L, P e c k  and 
'i'homas N. Keefer v i s i t e d  Anchorage and d isccssed the preser l t  da. ta 
ccllection n e t w o r ; ~  o f  the Susitna R i v e r  Basin with many agenc i e s  
anCi a~ganizations i n  Alaska. They a l s o  s u r v e y e d  much o f  the 
upper S u s i  t n a  Basin by he! i c o p t e r .  Considerable information w a s  
furnished by Harza-Ebasco p r i o r  to the f i e l d  trip. J e f f r e y  H e  
Coffin, H & M C o n s u l t a n t s ,  Xnc., furnished additional information 
w i t h  h i s  l e t t e r  o f  December 19, 1984.  

Hydex  p e r s o n n e l  were impressed with t h e  a t t e n t i o n  g i v e n  to 
C n e  develapment o f  the d a t a  n e t w o r k  f o r  t h e  basin. The 
cooperative a t t i t u d e  expres sed  by f e d e r a l  and s t a t e  repre- 
s~ :n ta tbves ,  by R & M Consultants and by personnel o f  Harza-Ebasco 
was appreciated. 

The major  meetings he ld  d u r i n g  t h e  v i s i t  in Alaska  with b r i e f  
comments on items discussed a r e  listed below: 

General overview o f  t h e  p r o j e c t  and the cooperating a g e n c i e s  
was g i v e n  by E. J ,  Gemperline al!d Kha l id  Jawed. O t h e r  Harza- 
Ebasco personnel participated. The primary discussion items cere 
f o r e c a s t  needs ,  wildlife habitat and o t h e r  environmental 
requirements. Wayne Dyok prov ided  information on power 
requizements and t h e  reservoir l e v e l s  t h a t  can be maintained at 
different times o f  the year. Eric Marckegiani, A l a s k a  Power 
Authority, prov ided  specific information o n  forecast needs .  It 
was clear  t h a t  t h e  p r imary  forecast need i s  f o r  a c c u r a t e  
estimates of  the seasona l  i n f l o w  from e a r l y  i n  t h e  calendar year  
th rough  A u g u s t  1. A secondary  need i s  f o r  sho r t - t e rm wa*ter 
supply forecasts  ( i n f l o w  to reservoir fo r  n e x t  two w e e k s )  from 
May t h r o u g h  September. No specific need i s  fo reseen a t  t h e  
p r e s e n t  time f o r  r iver  f o ~ e c a s t s  f o r   ti^^ r i v e r  below the D e v i l  
Canyon Reservoir, It was f e l t  t h a t  the operation o f  this portion 
o f  the r i ve r  cou ld  be accomplished by krlowledcje aE reservoir 
f e i . e a ~ e ~ *  

M C o n s u l t a n t s ,  

Jeff  Coffin and S t e v e  B r e d t h a u e r  a d v i s e d  u s  o f  their d a t a  
collection program and p r o v i d e d  information o n  R & M g s  overall 
activities, They  have considerable f i r s t :  haild knowledgo o f  'rile 
Susitna R i v e r  Rasirl and the dai:a collection program, 



C l a g e t t  p rov ided  comple t e  r e co rds  o f  ail $no;; survey 
%-:a~--.rds L b % s - ~  " i h a t  haye been collected b y  t h e  SCS in A 1 . a ~ k i . i ~  G e o r ~ e  i s  
;;:.lowLedgeable o f  snow conditions i n  A l a s k a  and i s  v e r y  w i l 1 i r r . j  tJ 

t , L I d  cooperate. G e o r g e  classif ik2d each  snow survey course in " L A -  

Susi  t n a  Basin on the basis of representativenes~:. 

D, Alaska S t a t e  Climatologist. 

J i m  Wise, Artic Environmental Information and Datz C e n t e r ,  
supplied a photocopy o f  portions o f  a n  annual precipitation map 
fo -6- L Alaska t h a t  covers  t h e  Susitna R i v e r  Basin, The o f f i c e  h a s  
printouts o f  all climatological r e co rds  t h a t  h a v e  been col lec ted  
by t h e  National C l i m a t i c  C e n t e r  i n  Asheville, N. G, , a n 6  p r o v i d e d  
c o p i e s  o f  records f o r  some stations t h a t  opera ted  f o r  a short 
period o f  time in the Susitna Basin. 

E, U, S. Geological Survey.  

Raymond S. Geozge, Lar ry  Leveen and o t h e r s  discussed l n t - eeen t  
 creamfl flaw measuring stations and t h e  proposa l  to establish a 
station upstream of the h i g h  water l e v e l  o f  the major reservcir, 

F, Nat i a n a l  Weather Serv ice ,  

The h y d r o l o g i s t  i n  charge ,  Jerry NibLer, and members o f  h i s  
s t a f f  and t h e  meteorologist in charge ,  Edward Diemer, p r o v i d e d  
s e v e r a l  reports and pe r sona l  information o n  precipitation, 
snowfall and t h u n d e r s t o r m  climatology o f  A l a s k a .  These reparts 
will be o f  v a l u e  f o r  u n d e r s t a n d i n g  t h e  precipitation regime o f  
klaska. Jerry a l s o  provided  complete se ts  o f  parameters f o r  the 
eleven basins in Alaska t h a t  have  been calibrated using t h e  
P la t iana l  Weather Service R i v e r  Forecast System's (WSRFS) 
canueptual model. 

C,  University o f  Alaska. 

Will Harrison, g l a c i o l o g i s t ,  Geophysical Institue o f  the 
University o f  Alaska,  presey-d a n  interesting discussion on 
g l a c i e r s  and t h e i r  relation t o  s t r eamf low and s ed imen t  d i s c h a r g e  
in the Susltna B a s i n .  He disccssed t h e  e f fec ts  o f  s u r g e s  i n  t h e  
d i s c h a r g e  o f  rufiaff  from t h e  q i ac i e r s  and t h e  r e s u l t i n g  v e r y  
l a r g e  changes i n  the s e d i m e n t  discharge. Fie supplied consi- 
d e r a b l e  information on t h e  lo-.lg term changes  i n  t h e  g l a c i e r s  thai-. 
i n d i c a t e  ttle g l a c i e r s  h a v e ,  c n  the a v e r a g e ,  been wasting f o r  th.2 
l a s t  30 years and t h e r e f o r e  3 s u b s t a r l t i a l  p o r t i o n  o f  the 
streamflaw o f  the Susitna R i v e r  h a s  originated from this source:. 
From h i s  observations o f  t h f 2  g l a c i e r s  and snow c o v e r  o n  t h e  
g l a c i e r s  d ~ r i n g  the past three years he llas computed the w l n t e r  
and summer ba lance  ( l o s s  o :  g a i n  a f  t h e  g l a c i e r  d u r i n g  t h e  
s e a s o n )  and t h e  a n n u a l  bal  anee. T';.iese estimates i n d  c a k e  t h a t  
some o f  the g l a c i e r s  i n  t31e Susitna B a s i n  have grown while others 
appea r  t o  h a v e  wastled d u r i n g  the p a s t  three years. 



rn . ;.; ie ,.. information f ~ r n - ~ s h e d  by Dr, Harrison, especially cn !:hi? 
pc : :c sn tage  of the stream discharge for specific sub basin:^ tha T: 

= a 

p:zr.iglniite from the g l a c i a t e d  areas, will help in evaluating 
i.-izr i a u s  r ~ o d e l  s f o r  forecasting s n o m e l  t r u n o f f ,  i iowever , G U T  

up inzor r ,  a,:3 one t h a t  i s  apparently shared  by Dr, Harrison, i s  
.chat his observations are more impoe t an t  f a x  e s t i m a t i . n g  t h e  

r )  lr" s x r e u i r  o f  g l a c i e r  contribution to the long- te rm (33-year) 
strearnflow "clan f o r  i lse i n  forecastin9 water  supply during a 
specific s e a s a n .  

In establishing a basic d a t a  network f o r  a h y d r o l o g i c a l  
Corecasting service seve ra l  f a c t o r s  are impor tzn t .  F o r  precip- 
i t a t i o n  and sncw c o v e r  measurements two impor tan t  f a c t o r s  a r e  
sometimes n o t  g i v e n  t h e  attention t h e y  deser -~e  f o r  t h e  d a t a  to be 
o f  m a x i m u m  value, The first, and most critical of these f a c t o r s ,  
4s t h e  e f f e c t  o f  wind ( g a g e  exposu re )  i n  r e d u c i n g  t h e  gage  c a t c h  
and causing variation i n  the measurements relative to the true 
pr~cipitatlon at the s i % *  The second f a c t o r  i s  the need to h a v e  
the s i t e  "exposed" t o  the g e n e r a l  p a t h s  o f  storms so t h a t  t h e  
records  represent the average  t r u e  precipitation f o r  t h e  g e n e r a l  
a rea  {representativeness). Information on these t w o  f a c t o r s  are 
presen ted  i n  tte follvwing sec t ions .  

A, Gage Exposure  

H y d r o l o g i s t s  h a v e  l o n g  recognized t h a t  d e f i c i e n c i e s  e x  i s t  i n  
precipitation measurements, especially f o r  snow f a l l .  E r r o r s  in 
p r e c i p i t a t i o n  d a t a  accoun t  f o r  a Large portion o f  t h e  
inaccuracies i n  precipitation-runoff relationships and i n  t h e  
simclaeted streamflow from operatianal h y d r o l o g i c a l  modelas, O u r  
inability to eval i , ,a te  a d e q u a t e l y  t h e  a r e a l  average water 
equivalent o f  the snow cover  is t h e  g r e a t e s t  l i m i t a t i o n  o n  
in lproving  t h e  re1 iability o f  s i l o m e l t  forecasting (1) . 

Snowfall is the most difficult form o f  precipitation to 
measure. Most precipitation gages have a n  orifice t h a t  i s  
exposed i n  a horizontal p l a n e  f o r  intercepting f a i l i n g  
precipitation. The e f f e c t  o f  wind  on a gage i s  the l a r g e s t :  cause 
o f  measunement .  e r ro r  ( 2 ) .  Wilson ( 3 )  demonstrated t h a t  snowfall 
and  snow cover  measurements t h a t  were most representative o f  t h e  
a c t u a l  snowfall had the highest correlation with streamflow 
measurements o f  small  basins i n  the h i g h  S i e r r a  Mountains, Brown 
and Peck ( 4 )  showed t h a t  t h e  reliability o f  a precipitation 
measurement (snowfall) was r e l a t e d  t o  how well the s i t e  o f  t h e  
gage was p r o t e c t e d  from wind movement .  L a i ~ ~ o n  and P e c k  ( 5 )  
showed tha t ;  t h e  accuracy o f  conceptual models f o r  simulating 
s ~ o m e l  t streamflow was enhanced when p r e c i p i  t a t i o n  measurements 
a r e  a d j u s t e d  f a r  b i a s  i n  c a t c h  d u e  to %find action on the 
p r e c i p i . t a t i o n  gage. F i g u r e  I, from L a r s o n  and Peck (5) , presents 
a summary of gage  c a t c h  deficiencies t h a t  h a v e  been obse rved  in 
measuring r a i n z a l l  arid snowfall j n  r e l a t i o n  to  the a v e r a g e  irl ind 
measlired a t  tkje gage  o r  i Eice, 





r*- * L" i2 2 precipitation measurement problez h%:s rece i ve l  consi- 
c i i t a b i ~  attention by international melreoroLsgical cind h y d ~ o -  
l i ~ j  ica2 organizations, Dux ing t h e  1912 World ~ e t e a r o l o g  ic.1 
Ora-ri%n-izetionn symposium on Distzibution of Precipitation in 
v m >!i.iini:alnaus Areas  he1.d i n  Geilo, Norway, "ce pprbblsrns u f  
w* - i.tescsl- i n g  precipitation in mountainous a r e a s  were d i s c u s s e d  (61 . 
1'fB ;.- 
- . t i e  conclusions s t a t e d  t h a t  the mast x e P  iable and consistent: 
i;?.i.ascremen"i t h o s e  obta ined at sites t h ~ t  a r e  well p r o t e c t e d  
from a d v e r s e  wi 3 a c t i o n .  It was a l s o  repo~ted t h a t  a d j u s t i n g  
p r e c i ; > i t a t i o n  r e c o r d s  u s i n g  w i n d  measurements was a good method  
t L u  sr reduce t h e  b i a s  and variability i n d u c e d  by wind on t h e  

6 ,  

OPX fxee,, 

F*?easurements o f  the average  water equivalent o f  t h e  :snow 
cave*: may a l s o  be g r e a t l y  a f f e c t e d  by wind.  S n o i ~ f a l l  on t h e  s i t e  
may be blown from the location by v e r y  low (less t h a n  5 mph) rgind 
speeds, Sites l o c a t e d  at the edge o f  forests  o r  other c c v e r  may 
c o l  l e c t  a m o u n t s  o f  snow greater  t h a n  t h e  average  snowf a l l .  

ii. Representativeness o f  Precipitation and Snow Cover. 
Heasurements, 

AL?:hough i t  may seem obv ious ,  it i s  n o t  a l w a y s  recogni tzed 
t h a t  :cipi t a t i o n  (snowfall) and snow s u r v e y  m e a s u ~ e m e n t s ' ~  a r e  
most v a l u a b l e  f o r  forecasting s n o m e l  t r u n o f f  whon t h e  k 

measurements a r e  representative o f  the t rue snowfall at t h e  s i t e ,  

I d e a l  exposure f o r  observational s i t e s  f o r  o t h e r  meteoroloyi- 
cal parameters s u c h  as wind, temperature, h u m i d i t y  and 
evaporation a r e  different t h a n  those  for precipitation. For  
these measurements the best s i t e s  are t h o s e . / t h a t  are s anewha t  
open to wind movement. f 

B 

For snowfall and snow s u r v e y  measurements t h e  gag ing  s i t e s  
should be away from the immediate influence o f  trees, buildings 
a n d  water  bod ies  and in s u c h  a position as to a f f o r d  a f a i r  
representation r E s u r r o u n d i n g  c o n d t i o n s .  A station should n o t  be 
~ i t e d  u p o n ,  o r  close to, steep slopes, ridges, cliffs o r  k~ol lows.  
Pol- some purposes  (e. g . ,  model ing  c r o p  conditions) the station 
location s h o u l d  be s i t u t a t e d  to lneasure t h e  conditions in t h e  
a g r i c u l t u r a l  f i e l d .  However, f o r  use i n  modeling r j v e r  b a s i n  
eond itians t h e  s i t e  l o c a t i o n  s h o u l d  represent average conditions 
i rr t:he b a s i n  r a t h e r  t h a n  those o f  Local conditions. 

The Locat ion  a f  the s i t e  w i t h  respect to the general 
direction o f  s torm movement  d u r i n g  periods o f  precipitaticn i s  a n  
i m p o r t a n t  f a c t o r  a s  t o  how well t h e  preci~i t a t i o n  at the s i t e  
e e l a t e s  to t b c  ave rage  precipitation i n  t i l e  gcirreral a rea .  En 
t h i s  report t h i s  i s  referred t o  as  the repres~ntstiveness o f  the 
si- te. Dased o n  experience i n  d e v e l o p i n g  procethure sfor 
forecasting wate r  s u p p l y  f o r  t h e  mountainous areas of the w e s t e r n  
United S t a t e s ,  Lo{::,tinq gages a"ci; i tes t h a t  axe '%exposedw t a  the 
gentzral  direction o f  stab-m..; is an irnpor:tant f a c t o r  f o r  t h e  d a t a  
t.ci bf :  o f  mos";\ri~lue, R P C X F ~ ? ~  @ a r k  b)Oi;$CIe:". i n  dcvslopinq 

8 



+. s ,as ,- ,. . f o r  nehwork  d e s i g n  in mountainous z r e a s  h z z  a l s o  \. 
'a, I emons t ra f . ed  t h a t  a measure of how well a site is " e : : ~ ~ ~ ~ e d ' " - * ~  ks,3 

{jt5:?e1:31 s to rm movement is a n  impor tan t  parameter f c r  *\ 

-!ldez.s"ianding the  relation o f  average p r e c i p i t a t l - o n  at one Z 
r ~ c a t i o n  with ave rage  v a l u e s  a t  o t h e r  l o c a t i o n s ,  h 

\ 

In summaryi for pxecipitation or snow s u r v e y  i n f o r m a t i o n  to \-, 

be c f  most v a l u e  f o r  forecasting t h e  seasona l  sncwmelk i :unoff i n  
mountainous a r e a s ,  it i s  important to know the relation a f  t h e  
rrecipitation c a t c h  t o  t h e  true precipitation and how w ~ i L  t h e  
s; Le i s  '"exposedw ((representativeness) to the g e n e r a l  d irect i o n  
of ansv~rnent  o f  ~ ' k ~ r m s ,  

For h i g h  elevation basins like the Susitna there may n o t  be 
zany s i t e s  t h a t  p r o v i d e  proteetion from w i r l d  and a r e  also wel .1 .  
F W. exposed" to t h e  genera l  d i r e c t i o n  o f  storm movement.  I n  the 
f ~ l l  owing discussians t h e  need for p r o t e c t e d  and re2resentat  i v e  
s i t e s  k ~ h e r e  precipitation and snow s u r v e y  measurements are  made 
i s  a major consideration. 

Consideration i s  a l s o  g i v e n  to the  techniques f o r  a d j u s t i n g  
precipitation measurements to correct f o r  wind e f f e c t s  and to 
obtaining enhanced knowledge of  precipitation at h i g h  e l e v a t i o n s  
by using meteorological parameters to extrapolate measuremtnts 
observed at lower elevations. The advantages  o f  remote sensing 
are  a l s o  presented.  

~ 3 ,  EVALtlATPON OF EiXXSTPMG DATA COCLECTZOH FROG 

The d a t a  requirements fo r  the forecasting service depends  to 
same e x t e n t  sn the models selected, Haw w c Z l  t he  data eollecyt2d 
meets the forecasting program needs depends upon t h e  network 
d e s i g n  and on t h e  accuracy and representativeness o f  the 
sbsgrvations, 

~ A. Data Requirements f o r  Long-term S e a o ~ a l  Forecast i n y  

Data requirements f a r  preparing long-  term seasona l  water 
supply f o r e c a s t s  may be different t h a n  t h o s e  f o r  short-term 
forecasts d u r i n g  the May-September per iod ,  For seasonal  
f a r ecas t s  issued on or before  May L a knowledqe o f  the w i n t e r  
precipitatia~ (and/or  water  equivalent o f  t h e  snow cover)  Is 
required. C o m m e n t s  on t h e  u s e f u l n e s s  o f  t h e  measurements f c c s  
the established meteoro lag  i c a l  stat i a n s  i n  tl.15 b a s i n  for  l t ~ . : ~ q ~ - -  
t e r m  s e a s o n a l  fo reeas t  i n g  are g i ven  below. 

( 1 )  A i r  Temperature. T e r n p e r a t u r ~  measurernoilks are rjot 
specifically required f o r  most forecast  mode2.s 
u n l e s s  t h e r e  a r e  periods o f  w i n t e r  snowmelt, Tem- 
p e r a t u r e  measurements h a v e  been used  a long  w i t h  w i n d  
movement f o r  a d j u s t i n g  precipitation records for 
deficiencies i n  gage c a t c h  ( 7 ) ,  



Obse~vatisns now xecerded in t h e  bas j -n  axe  $!YE$ 

maximum, minimum and mean air temperature in deg . : ses  
@czJ-sius ,  

( 2 )  Wind Measurements. Like temperature, wind iileasure-. 
m e n t s  a r e  n o t  required for forecasting long- te rm 
s e a s o n a l  r u n s f  f ,  Wind measu~ements are used to 
a d j u s t  precipitation records for d e f  ieiencies i n  
gage c a t c h  and ta estimate precipitation at h i g h  
elevations using meteoro log ica l  models,  

S i x  d a i l y  v a l u e s  f o r  wind are recarded at the 
meteoro log ica l  stations: average wind speed in m / s ,  
maximum gust  speed i n  m/s, d i r e c t i o n  of maximum 
g u s t  i n  degreesl z s s u i t a n t  wind  d i r e c t i o n  i n  
degrees, r e s u l t a n t  wind speed i n  m/s, and pre- 
v a i l i n g  wind direction to 16 points o f  t h e  compass, 

( 3 )  Moisture ( h u m i d i t y  and dew point] Measurements. 
Generally models  that fo recas t  seasona l  water supply 
generally do n o t  require i n p u t  of moisture 
measurements. Measuremenrs o f  moisture could  have 
some v a l u e  f o r  computing sublimation in s n o w m e l t  
models. 

D a i l y  v a l u e s  o f  the mean d a i l y  r e l a t i r e  h u m i d i t y  
i n  pe rcen t  and t h e  mean d a i l y  dew p o i n t  i n  degree 
Celsius a r e  recorded a t  t h e  meteorolog i c a L  
s t a t i o n s ,  

'. -. (4) Precipitation. P r e c i p i t a t i o n ,  along w i t h  measure- 
ments o f  t h e  water equivalent o f  t h e  snow cove r ,  i s  

\ 

\ the most impor tan t  meteorolog i c a l  i n p u t  f o r  models 
'\ forecasting seasonal  water s u ~ ~ p l y  d u r i n g  the w i n t e r  ,a 

\ Prec i . p i t a t i on  is g e n e r a l l y  n o t  measured at t h e  
meteorolog i s a l  stations d u r i n g  the w i n t e r  

\. aycept oceas i .ona l ly  for the month o f  April, 
~iecipitation measurements a r e  available from t h e  
Wyoming gage a t  t h e  Wa t ana  rrleteorolog i c a l  s"lation. 

(5) Radiatiqn Measurements. Measurements of sal.ar 
( s h o r t  wave) and long wave 2:adlat ion arc? n o t  
generally required f o r  seasona l  wcl t er  supp ' ly  
f o r e c a s t s  m ~ d e  d u r i n g  t h e  w i n t e r .  The nftec2 
f o r  rad i a t i o o  m e a s u r e t n e n k s r  especially dil r  ing t h e  
w i n t e r ,  i s  not  c l e a r ,  



division o f  t h e  Naticna!- Weather S e r v i c e ,  NORA, h:a3 
19,ade no evaluation of t h e  accuracy or reliability 
o f  this instrument. The following f a c t s  s a k e  t h e  
~ePisbility o f  t h e  recorded d a t a  during t h e  winter 
months o f  questionable v a l u e :  

(a) The  i n f o r m a t i o n  on t h e  pyxanomewer s t a t e s  
t h a t  the cgsine response uE t h e  instrument 
is t rue over  a r ange  of 70 d e g r e e s ,  i t  i s  
n o t  clear i f  this i s  35 d e g r e e  e a c h  s ide  o f  
v e r t i c a l  or 70 degrees from t h e  v e r t i c a l .  
I n  any  e v e n t ,  d u r i n g  t h e  w i n t e r  m o n t h s  t h e  
s u n  is at a v e r y  l o w  a n g l e  and t h e  response  
of the instrument to the s o l a r  radiation 
would n o t  be accura te ,  

(b) Most o f  the instruments observed d u r i n g  
the f i e l d  s u r v e y  were covered with snow and 
i ce.  T h i s  prabably occurs o f t e r ~  d u x i n g  thd  
w i n t e r  esp2cially following p e r i o d s  o f  
srlowfaLl and the s e n s o r s  remain in this 
c o n d i t i o n  until t h e  snow and i c e  are blown 
o f f  , melted o f f ,  o r  a re  removed d u u i n g  an 
inspection v i s i t .  

The brouchure on the instrument furnish- 
ed by R & M Consultants p r o v i d e s  some 
information on t h e  effects o f  temperature on 
t h e  change  i n  o u t p u t  f o r  constant r a d i a n t  
input. However, this information i s  furnish- 
ed r e l a t i v e  to 2 8  degrees Celsius and o n l y  
dawn to O degrees Celsius. How the i n s t r u -  
ment  responds to t h e  v e r y  cold  temperatures 
o f  Alaska i s  not known, 

( 6 )  Snow Course Meesurrmsnts. The depths and water 
equivalent a f  t h e  snow cover  are read near  f i v e  
s t a k e s  t h a t  a r e  i n s t a l l e d  in t h e  ground a long  a line 
e x t e n d i n g  n o r t h  from the instrument shelter  a t  some 
o f  t h e  meteorologica l  s t a t i o n s .  Because these s i  t es  
are  generally open t o  w ind  movement, t h e  d e p t h  o f  
the snow cover i s  primarily l i m i t e d  t o  t h e  h e i g h t  a f  
the stubble a l o n g  t h e  snow course.  Except f o r  those 
s t a t i o n s  which  have  n a t u r a l  p r o t e c t i o n  from w i n d  
movement: ( s u c h  as a t  the Sherman station) these 
measurements are o f  no v a l u e  to t h e  w a t e r  supply 
forecasting program. 



Sojne aflotl courses es ta t l i s i -ngd  by Soil 
Conservation Service and by & M C o n s u l t a n t s  ha.. 
aerial markers  t i l a t  are read frrtrr. :;e'licapters o r  
l i g h t  a i r c r a f t ,  This techciaae b a s  proven  success-* 
f u l  ic other h i g h  e l e v a t i o n  snow areas where same 
water equivalent measurements for computing scow 
density are available at s i m i l a r l y  loca ted  sta- 
tions. The v a l u e  o f  t h e  r e a d i n g s  is re la ted  to t i l e  
w i n d i n e s s  (exposure) o f  the aerial marker  snow stsite 
s i t e .  I f  the immediate area i s  pro t ec t ed  from iqind 
movement ,  s u c h  as by t rees or by t e r r a i n  f e a t c r e s ,  
t h e  r e a d i n g s  can be of  considerable v a l u e  f u r  
seasonal  water supply f o r e c a s t i n g ,  

B, R e s u l t s  o f  Field Survey.  

Comments on exposure o f  precipitation and snow s u r v e y  
measurements sites visited d u r i n g  t h e  field t r i p  o n  December 13, 
1984, follow. The exposure classification f o r  the immediate a r e a  
o f  t h e  gage o r  snow course i s  based on t h e  system deve loped  by 
?xuwn arid Peck (4). 

(I) Watana Camp Meteorological  S t a t i o n .  

Exposure. The s i t e  is open and i s  c l a s s i f i e d  a s  a 
w i n d y  s i t e .  The re  i s  a s l i g h t  rise i n  the terrain 
ta t h e  n o r t h  of t h e  measurement s i t e .  The location 
i s  exposed to t h e  west and t h e  s i t e  is cansidered as 
representative f o r  storms in the lower p o r t i o n  o f  
the basin, 

P z e c i p i  t a t i o n .  A Wyoming precipitation gage  h a s  
been i n s t a l l e d .  However, the maintenance o f  g a g e  
i s  poor. The wind v a n e s  d i p  in the midd le  
o f  each  section and the northern seetion was 
d i s c o n n e c t e d  a t  top  and hang ing  down. The precipi- 
t a t i o n  gage c a t c h  i n  properly const ructed Wyoming 
gages i s  considered to be more consistent (approx- 
i m a t e l y  PO percent  o f  t rue  v a l u e )  t h a n  a gage in a 
windy location w i t h o u t  s u c h  protection, 

Snow cove r  su rvey .  Records o f  water equivalent or 
o f  snow d e p t h s  Erom the  f i ve - s take  snow course at 
t h e  s t a t i o n  a r e  o f  little o x  no v a l v e  f a r  a water  
supply forecasting program. 

(2) Marlahan F l a t  Snow C o ~ ~ r s e  Station (SCS) 

Exposure. The presen t  s i c @  o f  che snow course i s  
i n  trees southeast a f  lalre, The classif i c a t i o i l  o f  
t h e  exposure  s f  t h e  s i t e  i s  ra ted as fa i r1 .y  wstl 
protect;ed t:o moderi l tely windy, P r i o r  to 1983 the 
SCF sllow course ~23s l oca t ed  i n  i mucir i n o v e  ogotin s i t e  
arid khprcforr rec(~r(js  f o r  chi? f;r~io periods arc? no t  



$+* p am* f- . fSieasurerqen,s 'nave bg>e!l zade  
b o t h  sj- tes ,  ::II p u b l i s h e d  recaras arc C L Erom a-e -: 
4"Q T h e  SC.S p l a n s  to publish22 s a ~ u s t e c !  va?;cs 
f o r  t h e  entire p e r i o d  when a sufficien;; o v e r l a p  o f  
d a t a  is a v a i l a l z i e .  Snow appezrance in 3x23 

during t h e  field sarvey i n d i c a t e d  t h a t  the wind 
movement at the Monahan s u r v e y  s i t e  i s  much less 
t h a n  5 miles to t h e  s o u t h  near t h e  D e ~ i a l i  Highway. 

The s t a t i o n  l o c a t i o n  i s  representative f o r  t he  
c e n t r a l  portion o f  the upper Susitna basin 

13) Susi t n a  Glacier  Meteorological  S t a t i o n  

E x p o s u r e ,  The measuremr:nt s i t e  i s  sn a ridge be- 
t w e e r r  two Eoarks o f  t h e  Susitna Gl.acier, 'The 
primary d r a i n a g e  wind movement i s  below t h e  e l e v a -  
t ian o f  the s t a t i o n .  Rcrwevez, d u r i n g  storms, t h e  
s i t e  cou ld  be subject to s t rong  wind movement. 
T h e r e f o r e  t h e  exposure of t h e  gage s i t e  i s  classi- 
f i e d  as  windy. Snow course measurements at the 
site would be poor. 

T h e  s i t e  i s  open towaxds the s o u t h w e s t .  The s i t e  
i s  considered good fo r  representing t h e  upper 
p o r t i o n  of  t h e  basin. In factr true precipitation 
os a d j u s t e d  precipitation v a l u e s  from the s i t e  
would be n e a r l y  i d e a l  for  lrepxesenting t h e  h i g h  
elevation area o f  t h e  basin.  

(4) Caxibou Snow Course 

Exposure. The s i t e  i s  n o t  p ro tec ted  from wind 
accompanying storms but i s  pro tec ted  from g e n e x a i  
w i n d s ,  especially t h e  major d r a i n a g e  w i n d s  i n  t h e  
area, The s i t e  i s  classified as f a i r l y  well pro- 
tected to windy. The measurement s i t e  i s  loca ted  
i n  a s a d d l e  a t  a h i g : ~  elevation s o u t h  o f  the S u s i t r t a  
Glacier. The snow course information i s  probably as 
good as  one could  o b t a i n  from a s i t e  at: a high 
elevation i n  t h e  basin. 

The s i t e  i s  opened t o  t h e  soutl'lwest and measurements 
shou ld  be representative o f  snowfall at h i g h  
elevations i n  t h e  basin. 

( 5 )  Dcaal i Mcteorologicar Station 

Exposure, The gage s i t e  i s  completely open w i t h  
no protection f r o m  w i n d .  Due t o  this and t h e  f a c t  
t h a t  the s i t e  i s  s u b j e c t  to s t r u n g  d r a i n a g e  w i n d s ,  
the gage s i t e  i s  classified ss v s x y  w i n d y .  
The p r e c i p i t a t i o n  gage was i n  need o f  
rerdair and was a l s o  unlcvc+1, Ti la p r c ~ i p i " c : t b n i ?  



gage in use does n o t  have sufficient 
s t r e n g t h  fox t h e  w i n d s  experienced at t h i s  s i t e ,  
Snow course data observed at five s u r f a c e  s t a k e s  
e3r tcnding  n o r t h  from "Le instrument shel ter  a r e  
cons idered  useless. A location a h a l f  m i l e  to t h e  
northeast of the p r e s e n t  s i t e  would p l ace  the gage 
i n  trees and out of the p a t h  o f  the s t r o n g  d r a i n a g e  
w i n d s  t h a t  o r i g i n a t e  i n  t h e  g l a c i e r s  upstream from 
the station. Relocation of  the gage would reduce 
the b i a s  and variability o f  t h e  precipitation mea- 
s u r e m e n t s  i n  relation to t r u e  precipitation. 

The location of t h e  p r e sen t  s i t e  ( o r  t h e  proposed 
one) i s  c o n s i d e r e d  t a  be s u c h  t h a t  true information 
o n  t h e  a lz tua l  p r e c i p i t a t i o n  at t h e  s i t e  would be 
representative o f  the precipitation at t h e  m i d d l e  
elevations o f  the basin. 

(6) Tyone Meteorological  S t a t i o n  (Discontinued) 

Exposure,. The s i t e  is in t h i n l y  scattered t rees  
near  the Tyone R i v e r .  No s t r o n g  wind movement 
was e v i d e n t  from snow p a t t e r n s .  The gage ~ i t e  
i s  classified as f a i r l y  well p ro t ec t ed  to 
modera te ly  windy. 

The measurements would be c o n s i d e r e d  as repre- 
sentative of a l a r g e  portion of t h e  lower d r a i n a g e s  
o f  t h e  Tyone and O s b e t n a  R i v e r  Basins. 

( 7 )  Kosina Meteorologica l  Station 

Exposure. The location of t h e  gage i s  open w i t h  
little o r  no pl -o tec t ion  by trees. The appearance 
of snow i n  the area  o f  t h e  gage i n d i c a t e s  f a i r l y  
s t r o n g  wind action. The gage s i t e  i s  classified 
as windy. A l o c a t i o n  to t h e  n o r t h  at lowar 
elevation i n  trees would p rov ide  a much better 
measurement o f  precipitation and snow cover.  

Accurate measurements a t  t h i s  s i t e  would be 
representative o f  a l a r g e  a r e a  o f  t h e  m i d d l e  
Susitna B a s i n  around the proposed Watana Reservoir. 

( 8 )  D e v i l  Canyon Meteorological  S t a t i o n  

Exposure.  The station i s  Located on a small r i d g e  
w i t h  p r o t e c t i o n  from wind movement  a f f o r d e d  by t h e  
g e n e r a l  t e r r a i n .  The gage can  be a f f e c t e d  b y  wind 
d u r i n g  s n o w f a l l .  A l though  the  exposure of  t h e  
p r e s e n t  gage s i t e  i s  f a i r l y  good (classified a s  
f a i r l y  well p r o t e c t e d )  relocating t h e  precipitation 
gage j u s t  t o  the n o r t h  o f f  the ridge  an^? in trees 
would enhance t h e  protection f o r  t h e  gage  (to well 
protected)  . 



The s i t e  is c o n s i d e r e d  to be representative cf a 
l a r g e  p o r t i o n  of  the lower m i d d l e  basin. 

(9) Sherman F'ieteorolog i c a l  Station 

E x p o s u r e .  The gage c a n  be a f f e c t e d  o n l y  by strong 
downdrafts d u r i n g  storms. The s i t e  is classified 
as well pro tec ted .  In f a c t ,  because o f  t h e  good 
proteetion the srlow b u i l d s  u p  o n  t h e  wind  sensors, 
D u r i n g  t h e  field v i s i t  the wind sensors were com- 
p l e t e l y  inoperative because o f  snow and i c e  
accumulation. Snow s u r v e y  measurements at t h e  s i t e  
are c o n s i d e r e d  to be v e r y  good. 

T h e  s t a t i o n  location w i t h  respect to general s t o r m s  
makes the s i t e  v e r y  good f o r  representing prec ip i -  
tation and/or snow cover f o r  t h e  lower portions o f  
the basin near t h e  village of Gold C r e e k ,  

6, FieEd Bbservatisn of Wind Movement i n  Basin, 

The light snow cover  t h a t  existed over  t h e  b a s i n  d u r i n g  the 
a e r i a l  suPvey on Decembes 13, 1484 ,  pxovided an unusual 
opportunity to obse rve  t h e  general wind  movement patterns o f  the 
basin, The snow cove r  f o r  r eg ions  w i t h  light w i n d  movement  was 
s w a t h  and u n b r o k e n ,  Ir1 other areas t h e  snow was blown i n t o  
ridges o r  showed o t h e r  e v i d e n c e  o f  wind action. The a r e a  h a v i n g  
the most effect  of wind action was approximately 10 miles west  of 
DenaLi near  Butte t a k e . .  S t rong  wind  effects were s e e n  s o u t h  o f  
Butte L a k e  as f a r  as  Deadman Lake.  F l y i n g  n o r t h  from B u t t e  L a k e  
over the D e n a l i  Highway towards Monahan F l a t  t h e  wind  e f f e c t s  
became less observable .  There was l i t t l e  e v i d e n c e  o f  s t r a n g  wj.nci 
mavernest i n  t h e  imimediate area  sf Mornahart. P l a t ,  

Drainage w i n d s  o r i g i n a t e  over the Susitna, West F o r k  Susitna 
and E a s t  Fo rk  g l a c i e r s  and flow dcwnhill towards the confluence 
sf" t h e  West and EasP:  Forks a f  the S u s i  tnla R i v e r ,  The  wind  f ' l a w  
tends t o  s p l i t  near DenaLi w i t h  a major  f l o w  westward towards 
B u t t e  L a k e  and the rest  moving down t h e  rnain Susitna R i v e r  
c k ~ a n n e l ,  

D. Evaluation o f  Snow Course Information 

The l o c r a t i ~ n  s f  all snow course  s i t e s  (SC*- -nd R & Mj nlc4t 
v i s i t e d  d u r i n g  t h e  f i e l d  survey were loca ted  on O. S. Geological 
Survey  maps and t h e  t e r r a i n  f e a t u r e s  f u r  each s i t e  were reviewed. 
Tkrf- s t a t $ - o n s  h a v e  been well l o c a t e d  and a r c  considered to be 
r i 7 c e s e n t a t i v e  o f  t h e  snow cover  i n  the general, area o f  each 
s i t e l r  

T h e  following evaluation o f  exposures  Eoz snow survey 
courses i n  the Susitna Basin was pravided  b y  George C l a g e t t ,  SCS 
snow s u r v e y  supcrvisnx, based on i i i s  personal experience: 



C l a s s i f i c a t i o n  o f  Snow Course Exposures  
by George C l a g e t t  

Snow Co~anse  Classification 

C a t h e d r a l  C r e e k  ( n e w )  
GPcarwater L a k e  [reactivated) 
Devils Canyon ( a e r i a l  marker i n  trees) 
Fog L a k e s  
Worsepasture Pass [ a e r i a l  m a r k e y )  
J a t u  Pass 
L a k e  L o u i s e  
Malemute 2 (new)  
Plonahan F l a t  (and precip gage) 
Monsoon L a k e  (new)  
Square L a k e  
Tyone  R i v e r  (reactivated) 
PJest Pork Glacier 
Watana Camp (Wyoming gage) 

p s s  r 
good 
f a  FP 
f a i r  
f a i r  
exeellent 
-? 
f a i r  
? 
exeelient 

good 
excellent 

4, Data Requirements for Hydrological  Forecasting. 

The d a t a  used i n  h y d r o l c g i c a l  forecasts can be d i v i d e d  i n k o  
t w o  groups:  t h e  material required to d e v e l o p  t h e  forecasting 
method (cal i h r a t i o n  or parameter  estimation) and t h e  i n f o r m a t  ion 
needed t o  opera te  t h e  fo recas t  (operation). Data requirements 
depend upon the fo recas t  method u s e d ,  the time period o f  t h e  
forecas"cand t h e  h y d r o l o g i c a l  characteristics o f  t h e  basin. 

Fac to r s  affecting t h e  decision t o  use d i f f e r e n t  hydrological 
forecasting models are d i s c u s s e d  i n  Chapter 3, Model Technology, 
A l t h o u g h  available d a t a  may restrict t h e  a c t u a l  choice o f  
forecasting methods?  the recommendations f o r  changes  i n  t h e  
n e t w o r k  presented in t h i s  chap te r  assume t h a t  the p r o j e c t  will 
support a newwork t h a t  will meet lcealist ic requirements and  t h a t  
a physically based (conceptual) model will be an alternative ( a t  
l e a s t  fo r  headwater  a r e a s ) .  

Cal i b r a t i o n  o f  a model requires conventional time-ser i e s  o f 
h y d r o l o g i c a l  i n f o r m a t i o n  e p~ecipitation, temperature and 
streamflow) a s  well as  information on constant basin and river 
characteristics, s u c h  a s  subcatchment areas, a r e a  o f  woodland,  
soiltype, c h a n n e l  dimensions and slopes, and ,  i n  t h e  case o f  t h e  
Susitna B a s i n ,  on g lac ie r s .  

For  operational forecasting, d a t a  requirements i n c l u d e  t h e  
hydrometeorological d a t a  specified by the fo recas t i i l g  scheme  to 
characterize t h e  s t a t e  o f  the c a t c h m e n t  irnmed i a t e l y  befare the 
i s s u e  o f  t h e  forecast and may i n c l u d e  a measurement o f  the 
f a r e c a s t  elelnent itsel f f o r  monitoring t h e  f o r eca s t  perform;lnce 

updating the f a r e c a s t  m t ~ c i e l ,  



anly the h y d r o m e t e o r o l o g  i c a l  d a t a  requized to c a l  ihrate nd 
c]?s@rz k 2  7-3 f o r e c a s t  models a r e  d i s c u s s e d  i n  this c h a p t e r ,  aecat~se  
 he unraalkial climatic c o n d i  t i a n a  in t h e  SusHtna W i l ~ e x  B a c i l ,  
s p e c i a l  attention h a s  been g i v e n  to problems cf collecting 
accurate and representative measurements and to evaluating t h e  
e: i s t  i n g  collection n e t w o r k .  

P" 

2 e3 ClimataPogical Data Reqni~ements for  M o d e l  Calibration 

A primary d a t a  nced f o r  calibration o f  a f o r e c a s t  model is 
time series o f  precipitation, water equivalent o f  the snow c o v e r ,  
s , i r  temperature and streamflow. Care must be t a k e n  to i n s u r e  
t h a 3 : h e r e  is n o t  a b i a s  between t h e  d a t a  used to d e v e l o p  t he  
f o r e c a s t  p rocedure  and t h e  d a t a  used  f o r  operational fo recas t i i p igw 
Consiskeney o f  the records is as impor tan t  f o r  calibration a s  
having records o f  sufficient l e n g t h  o f  t h e  required d a t a .  

The application af any h y d r o l o g i c  model to a basin requires 
exper  lence and hydra log  ic expertise f o r  best results. W 
statistical model (commonly referred to as a black-box model )  c an  
be adopted to a bas in  without considerable knowledge o f  t h e  
h y d r o l o g i c a l  characteristics o f  t h e  wa te r shed .  The overall 
operational accuracy o f  a black-box model may n o t  g r e a t l y  differ 
w h e t h e r  applied by someone with experience or  by one without much 
experience. However, E02: application of a conceptual model t h e  
operational accuracy  from an expe::ienced hydrologist and f ram one 
without much experience can be g r e a t l y  d i f f e r e n t .  

To  best a d a p t  a conceptual model to a basin, t h e  modeler  
s h o u l d  u n d e r s t a n d  t h e  mathematical representation o f  t h e  model 
and how t h i s  r e la tes  to t h e  r e a l  world. In applying a conceptual 
h y d r o l o g i c  model to a basin t h e  model representation must relate? 
to t h e  xea l  world cond i t io i l s .  Thus,  the components o f  t h e  basic 
v a t e x  ba lance  equation 

Discharge = Precipitation minus Basin Lasses p l u s  
Change in S t o r a g e  (1) 

m u s t  be xealistic. If t h i s  condition i s  n o t  m e t :  t h e  calibration 
fpalrameter estimation) may be b iased  and t h e  model ,  w h i l e  
demovs t ra t i t ag  a goad relationship f o r  t h e  calibration p e r i a d ,  
migi l t  n o t  be o f  much v a l u e  fo r  conditions not covered by  the 
calibration period. T h i s  has been demons t ra ted  i n  t h e  paper 
"Advantages o f  C o n c e p t u a l  Models f a r  Northern Research B a s i n s  
S t u d i e s "  by Eugene  L. P e c k  and Thomas K. Carroll ( 8 ) .  This paper  
axso demons t ra ted  t h a t  additional information n o t  used i n  t h e  
c a l i b r a t i o n  can n o t  be used a t  a l a t e r  time t o  improve t h e  
mode19s aecuzacy i f  the calibration i s  no: i n  l i n e  with r e a l  
world cand i t  i o n s ,  

To i n s u r e  t h a t  t h e  caxibratian a f  a nodeX i n  mauntainaus 
a r e a s  is irn $ir..ne w i t h  real .  m x $ d  ce3r74dit i o n s  IL;he m o d e l ~ r  r n u s t  h a v e  



3 5;rjad !;nowledye o f  the basin" ave rage  p l -ec ip i ta tz icn .  Tkij-c3 
r e q u i r m . i s  a c c u r a t e  maps ( isohyetal) o f  ';he seasona l  p r e c i p i  k; z . i .03  
A- - Lg-ha t  E ~ F S  mast x e l a t e d  w i t h  s t x e a m f f f s w ,  At the p r e s e n t  time ;here 
t3 'a"l 3- ~ t j r e e  1' isohyetal maps of a n n u a l  preeipi t a t i o n  for t h e  Susi tiia 
_11-0 + @:iver  Basin, T h e s e  were prepared by N'AA in @arch 1974 (9) by 
t h e  SCS i n  August  1981 (10) 2nd by the S t a t e  Climatologist for 
A l a s k a  (11). As f a r  as  can be d e t e r m i n e d  ,, t h e  maps were 
c'reyeloped using o n l y  station means  f o r  %$ha tever  periods of r;.cord 
were a v a i l a b l e  -- n o t  specifically t a k i n g  i n t o  accoun t  
"iopocjraphic e f f e c t s  and probably n o t  making maximum use o f  snow 

A good method f o r  developing isohyetal maps i n  cold cl . imat:2  
mountainous areas is t h e  anomaly technique developed by P e c k  and 
Brown ( 1 2 ) .  In t h i s  technique t h e  a u t h o r s  d e v e l o p  maps f o e  
seasonal.  p e r i o d s  d u r i n g  which s torm p a t h s  are f a i r l y  c o n s i s ~ e n t  
and siqqificant relationships can be established between average 
p r e c i p l c a t i o n  v a l u e r :  and topographic  fea tures .  These  rela- 
tionships are  used in preparing t h e  seasonal  isohyetal maps, 
These s ea sona l  maps are graphically added t o  o b t a i n  annual maps, 
The technique h a s  provisions f o r  using snow cover  measurements to 
p r o v i d e  additional estimates of w i n t e r  season precipitation. 
Relationships between a n n u a l  precipitation v a l u e s  and topographic 
characteristics are  n o t  generally adequate  f o r  preparing a n n u a l  
maps d i r e c t l y .  

A substantial p o r t i o n  o f  the May-SeptemGer s t reamflow i n  the 
S u s i t n a  R i v e r  B a s i n  resul ts  from precipitation t h a t  occurs d u r i n g  
the w i n t e r  months o f  October-April. The lnost u s e f u l  application 
o f  any conceptual (and even statistical) model f o r  forecasting 
the long- term water supply r u n o f f  for t h e  basin cou ld  be ach ieved  
o n l y  with the use o f  an accura te  and representative isohyetal map 
f o r  t h e  October-April w i n t e r  season. 

Fleasurements o f  year-round precipitation are  v e r y  X i m i t e 6  
f o r  t h e  Susitna Basin. The a c t u a l  c a l i b r a t i o n  of  a n y  model to 
t h e  basin s h o u l d  be delayed  until this lack o f  d a t a  i s  improved. 
As discussed i n  Chapter 3 ,  t h e  per iod  o f  t i m e  t h a t  records are 
required f o r  calibration depends to some e x t e n t  o n  the range a f  
conditions t h a t  a r e  covered by the records available f o r  use i n  
calibration. Most i d e a l l y ,  as wide a range  (from v e r y  h i g h  
precipitation years to years  w i t h  v e r y  L i g h t  precipitation) 
shou ld  be available. I f  a w i d e  range  o f  conditions does e x i s t ,  
f o u r  t o  f i v e  y e a r s  o f  records may be s u f f i c i e n t  to obtain a good 
calibration f a r  a conceptual model, as many as  2 0  t o  30 years o f  
records may be required f o r  application o f  a statistical ( b l a c k  
bax) model.  

6 ,  Operational Data Requirements 

The pr imary  conce rn  i r ~  forecasting w i t h  a n y  model i s  the 
u n c e r t a i n t y  o f  the fo recas t s ,  Measurement e r r o r s ,  model e r r o r s  
and t h e  n a t u r a l  v a r r i a b i l i t y  o: meteoro log ica l  inputs a r e  causes 
n f  u n c e r t a i n t y  in t h e  fo recas t s .  Methods e x i s t  to e v a l u a t e  the 
accu:acy o f  hydro lay  i c a l  instrumentation, to quantify t h e  n a t u r a l  



:-?yc?rolog i c a ?  va-iabil i t y  o f  meteoro loy  i c a l  inpets ar:d to asse: c: 
,- 'L 
i i t r  accuracy o f  the hydolog i c a l  models  by empir i c a l  i y  compar ing 
s i-nj-18ak:ed xes t~ l t s  with observed d a t a ,  

ii major source  of u n c e r t a i n t y  f o r  f o r e c a s t s  whose l e a d  t i n e  
i t i m e  f rorrl f o r e c a s t  issuance to observed  flows) i s  g r e a t e r  t h a n  
f~ bga .. ... t i rne o f  concentration ( t i m e  from occurrence o f  r a i n f a l l  to 
obse rved  flows) i s  t h e  uncertainty i n  future weather conditions, 
especially the occurrence o f  precipitation. Thus  an early 
s e a s o n a l  forecas t  issued on February I h a s  a h i g h  d e g r e e  of 
uncertainty since precipitation for a considerable portion o f  t h e  
season  has  n o t  been observed ,  

Since the Susitna Hydraelectrical P r o j e c t  forecasting need 
i s  primarill f o r  s h o r t -  and long-term water supply forecasts from 
May tinrough September t h e  primary d a t a  requir~ment is f o r  
measurements t h a t  adequately describe t h e  magnitude and spatial 
d i s t r i b u t i o n  o f  precipitation (especially snowfall) i n  t h e  basin. 
Accurate and representative measurements of the snow cover  as  o f  
April 1 h a v e  been found t o  be v e r y  useful i n  describing t h e  
a v e r a g e  w in t en :  snowfall and f o r  forecasting t h e  r u n o f f  t h a t  
r e s u l t s  from t h a t  snow cover  in basins where there i s  little 
snowmelt prior to April 1. This i s  i n  part d u e  to the  f a c t  t h a t  
the snow c o v e r  as o f  A p r i l  1 is generally near  o r  a t  t h e  maximum 
water equivalent of  the snow cover  f o r  the season.  

Far forecasting seasonal  water  supply r u n o f f  o n  d a t e s  o t h e r  
t h a n  April L (using the April snow course  d a t a )  , a c c u r a t e  and 
representative measurements of precipitation (rain and snowfall) 
are required. T h e r e f o r e ,  for seasona l  f o r e c a s t s  p r i o r  t a  April 
1, fur seasonal  forecasts  a f t e r  A p r i l  1, and f o r  sho r t - t e rm water 
supply forecasts, precipitation measurements are essential f o r  an 
operational f o r e c a s t  program f o r  t h e  Susitna R i v e r  Basin. 

Data  required to support a h y d r o l o g i c a l  fo recas t  program i n  
the Susitna River Basin are discussed by d a t a  type in the 
following paragraphs: 

a, Streamf low. Streamflow measure lnents  are made by 
t h e  U. S. Geological Sgrvey.  I d e a l l y ,  observations 
o f  r iver  stages ( f o r  conversion i n t o  d i s c h a r g e  
v a l u e s )  s h o u l d  be available i n  real time f o r  aLZ 
forecas t  points. 

b, Reservoir S t o r a g e ,  To compute reservoir inflow, 
l a k e  s tage v a l u e s  ( f o r  converting i n t o  reservoir 
s t o r a g e )  s h o u l d  be available i n  r ea l  time f o r  311 
reservoirs fa r  which i n f l o w  water supply forecasts 
a r e  to be issued, 

c rS Reservoir Releases. A s  f o r  reservoir s t o r a g e ,  
real  time information on t h e  amount o f  water 
released from reservoirs s h o u l d  be available f o r  a l l  
reservoirs Eor which  forecasts a r e  p r e p a r e d ,  T h e  



 formation would a l s o  be required to t o r e c a s t  r i v e i -  
csnddtions belaw the reservoirs f o ~  environmental 
and river operations, 

d ,  Snow Cover. T h e  primary snow measurements re- 
quired are water equivalent for selected snow 
courses .  The Soil. Conservation Service ( S C S )  h a s  
recornended procedures  f o r  e s t a b l  i s b i n g  and oper- 
ating snow s u r v e y  stations. Measurements of the 
water equivalent o f  t h e  snow cover s h o u l d  be 
available either i n  real t i m e  or at set times dur inc  
the season, The SCS a l s o  establishes snaw markers 
f o r  r ead ing  t h e  d e p t h  of  t h e  snow c o v e r  from 
aircraft. Some o f  these are i n  u s e  i n  the Susitna 
Basin, The National Weather S e r v i c e  has an 
operational program to measure the average  water 
equivalent o f  the snow cover  by means o f  aerial 
gamma r a d i a t i o n  s u r v e y s  (13). These  measurements 
prov ide  average v a l u e s  of  the water equivalent ( o r  
measure t h e  s a i l  mois ture)  o f  t h e  snow cover  for a n  
area about  1500 f e e t  w ide and from 6 t o  10 miles i n  
l e n g t h  compared to the small area  o f  a s i n g l e  snow 
course ,  Such measurements wsuPd be o f  v a l u e  f o x  t h e  
Susitna R i v e a  Basin, 

e,  rive^ Ice, Measurenents aE i c e  covex sn r i ve r s  
i s  n o t  critical f o r  the water supply forecasting 
program. They a r e  o f  v a l u e  f o r  o t h e r  h y d r o l o g i c a l  
o r  environmental purposes.  

f * Glacier Measurements, I n f o r m a t i o n  on magnitude 
o f  snow and i c e  making u p  t h e  g l a c i e r s  in t h e  
Susitna Basin would be o f  potential v a l u e  f o r  use i n  
the water supp ly  f o r e c a s t i n g  program. Knowledge o f  
the a rea l  e x t e n t  is a n  impor tan t  f a c t o r  t h a t  could 
be obtained Esom aerial (or satellite) photographs  
prior to the beginning nf snowfall in each season. 
O the r  f a c t o r s  t h a t  cou ld  be s f  v a l u e  include 
periodic measurements o f  t h e  a lbedo o f  t h e  snow 
cover on tho  glQciers, measurements t o  d e t e r m i n e  t h e  
winter ha lance  ( w h a t  comes i n  d u r i n g  t h e  w i n t e r  
p e r i o d )  and t h e  summer balance ( w h a t  snow and i c e  
melts d u r i n g  t h e  summer) and measurements to 
d e t e r m i n e c ' f u r i n g  a seasan  i f  a g l a c i e r  i s  
accumulating additional i c e  o r  i s  was t i ng .  

Except f o r  measurements o f  the a r e a l  e x t e n t  o f  the 
g l a c i e r s  p r i o r  to w i n t e r  and possibly remote s e n s i n g  
measurements s f  t h e  a l b e d o  o f  t h e  snow G B V ~ ~ ~  no 
o t h e z  i~easGrements  listed above are p r e s e n t l y  
a v a i l a b l e  o r  u s e f u l  f o r  operational forecasting. 
Techniques f o r  handling snow and i c e  melt from 
g l a c i e r s  in an operational forecasting program w i l l  
be covered i n  Chapter 3 ,  Model Technology. 



r 1  Trecipi3:ation. M e a s u r e m e n t s  o f  preeip~ ka i ; i c5  s l i d  
snow c o v e r  a r e  "the primary inputs f a r  m o d e l s  that 
forecast  wate r  supply f o r  basins such a s  the Scsitna 
R i v e r  Basin, For s e a s u n a l  f o r e c a s t s  ~ S S C ~ P ~  mi3fi thly I 
o n i y  measuremsnts of monthly precipitation a n d / e r  
t h e  water equivalent o f  the snew  cover  may be 
suf t &cienZ to prov ide  generalized outLooks  p r i o r  to 
beginning o f  the snamtei t season, S h o r t - t e e ~ n  
forecasts o f  water supply ( i .e .  inflow to a major 
reservoir  f o r  the n e x t  t w o  weeks) require daily 
measurements of precipitation (sncwfall and  r a i n -  
f a l l ) ,  a i r  temperature and forecas ts  of f u t u r e  
precipitation and temperature conditions, The same 
measlrremer~ts would a l s o  be required to p iaduee  
r e v i s e d  forecasts o f  t h e  subseqc ien t  r e s r c x v a i r  inficw 
f s x  the rest  o f  t h e  season,  

Meteorological.  Various h y d r o l o g i c a l  forecast 
models require metecrolog i c a l  measurements o f  
temperaturer w i n d ,  radiation and evaporation, 1x1 
add i t i o n ,  knowledge o f  meteorologica l  cond i t i o n s  
(i.e., parameters r e l a t i n g  to precipitation and 
storm wind  d i r e c t i o n )  can be used to improve the 
knowledge  s f  t h e  magnitude and variation o f  
precipitation i n  a basin. Remote sensing measure- 
ments o f  precipitation, snow cover and soil moisture 
may a l s o  be used as inputs o r  f o r  updating some 
h y d r o l o g i c a l  f o r e c a s t  models. Cornments o f  need f a r  
aeteoroLogical measurements a r e  g i v e n  below: 

(1) Temperature. Measurements of a i r  temper- 
a t u r e  are required in most: snowmelt f o r e c a s t  
models.  Air temperature i s  a l s o  used in many 
conceptual hydrolog i ca l  model s to est imaize 
t h e  form o f  the precipitation ( s o l  i d  or 
l i q u i d ) .  It i s  as s~med  t h a t  d a i l y  temper- 
a t u r e  measurements (maximum and minimua 
temperature) will be required f o r  t h e  
recommended opera tionaX pragram. 

Evaporation. Estimates o f  the ra te  uE d a i l y  
evaporation in a basir ,  are not: generally 
required f o r  season31 water s u p p l y  fore- 
c a s t i n g  b u t  ~ k 3 y  be used for short-term 
forecasting, Evapora t ion  estimates can  be 
based o n  pan measurements o r  derived from 
m e t ~ o r a l o g  i c a l  rneasuren~ents o f  wind, tem- 
perature and some measrJre o f  incoming solar 
r a d i a t i o n  (i.e,, s u c h  21s percen tage  o f  
c l o u d  i n e s s )  , 

( 3 )  Wind. Wind measurements  $ i e  rhak used 
d i r e c e ; l y  i l l  most h y d r o i o q i c a l  models,  Mow- 
E v e r ,  wind ar;asurert~ents car1 be asefu"!* i n  



adjusting precipi t a t  i o n  m @ F ~ s u r e m e n t s  to 
account for a d v e r s e  w i n d  a~tion t h a t  redu<zes 
t h e  precipitation c a t c h ,  Wind measurerc;entr 
may a l s o  be used in @$timating e v a p o r a t * i n n  
and f o r  computing w i r r d  s u r g e s  ir, r e s e r v o i ~ : ~ .  

( 4 )  Radiation, Some sncG me1  t raadela use 
r a d i a t i o n  as an inpbc, i lowever ,  based on 
experience o f  t h a  National Weather Sf2rv jce  
R i v e r  Forecasting Serv ice ,  i t  i s  v e r y  
difficult to obtain and ta t f i a i n t a i n  can- 
sistency in r a d i a t i o n  measurements far 
opera t iona l .  f o recas t ing ,  T h e r e  73rz a l t e r -  
native methods for obtaining est imates  o f  
radiation. U n l e s s  there i s  a c l e a r  need f o r  
r a d i a t i o n  measu:rements, their u s ~ i  should be 
avoided, 

( 5 )  Meteorological Pclrameterr;. Upper a i r  
parameters can be used to enhance  t h e  
knowledge o f  the magnitude and distribu- 
tian o f  precipitation i n  relatian to topo- 
graphy.  Such parameters  call be used for 
this purpose i n  conjunction w i t h  point 
precipitation measurements o r  w i t h  i n f o r -  
mation obtained by remote sensing ( e , g , ,  
radar  ox satellite sbservakisns) , 

endatisns for Changes in D a t a  Callection Proyraa 

R & M Consultant Stephen Bredthauer's letter cE March 8, 
1985, (Appendix El comments on the preliminacy reeommendat ions 
for changes  i n  the location and operation o f  the meteorological 
s t a t i o r l s  i n  t h e  basin have been cons idered  i n  t h e  fo l lowinc j  
xeecmmendatisns: 

Caribou Snaw S u r v e y  s i t e  

We agree w i t h  Bred thauer"  srecommendation to operate a 
meteorolegical s t a t i o n  at the Caribou snow survey s i  be, 
However, i t  i s  believed t h a t  May-September precipitntbon 
measurements a t  a site with s i m i l a r  exposure as t h a t  for 
the Susitna Glacier  station would be v e r y  v a l u a b l e  f o r  
the p r a j e c k ,  

Tyone  s i t e  



c r 

We agree with relocating tn a s i t e  near  2 lake, ~f ~ ~ ~ g e r l  $$ fl 

we feel  the station shou ld  n o t  be moved tocj f a r  since i t s  
location f i l l s  a major. gap in ci-ie prapased ne::gqcrk. 

A. Changes i n  Winter Measureaient  Program 

rq i i . ,  $+-< a? location of t h e  meteorolagica l  and snow survey (snow 
a"b .ak~+*~d.s2s A a * Ye sr:d aerial markers) s t a t i o f i s  are  well selected t c l  
~~,*cp:~*::~sent t h e  var i gus  areas of t h e  Susitna River B a s i n q b  ~ - ~ e ~ ~ ~ ~ ~ ~  
tbs aa3ata colfection program does n o t  p rov ide  sufficient accuzacy 
i*P u, 3M quantity o f  information on t h e  precipitation fo r  khe  entire 
area.  As i nd i ca t ed  i n  the prev ious  sections same o f  t h e  d3 t .a  
beir:g cn3,Iected d u r i n g  the winter months are R a t  required far 
$zu;?pnr.:t- o f  a water supply f a r e c a s t  i n g  program. Recommends t ions 
X L O X  i n  t h e  d a t a  collection program during t h e  wrntcr  
mt3nths a r e :  

(9) Discontinue a11 measurements at meteorological .  
sta lk ions except precipitation, wind movement atid =i i Y 

ti2mpt2rature at: observation time. 

( 2 )  Incraase the number o f  s t a t i o n s  at which met- 
eoralagical d a t a  are collected during the win!:#er to 
those shown an F igure  2 and as i n d i c a t e d  4 3  T C o b i e  2 ,  

( 3 )  Instail equipment f o r  telemeteriny metearalogieab 
msasuzements% 

( 4 )  Qevelap o r  purchase (see chapter  4 )  computer and 
software capability for collecting and processinrj 
t h e  meteorological measurements azd to monitor 
and evaluate t h e  d a t a  i n  rea l  t i a ~ e ,  

( 5 )  Maintain March I, Apri l  I and May 1 snow s u r v e y s  
a t  snow couxses and o f  aerial rna~icezs 
Ear t h e  s t a t i o n s  shown o n  F i g u r e  3 and as  listed 
i n  Tab le  3. Possible improvements i n  locations oE 
snow survey s t a t i o n s  shou ld  he d i s c u s s e d  w i t h  George 
C l a g e t t ,  SCS snow survey supervisor, based on h i s  
evaluation o f  tht2 sdtes as  listed i n  T a b l e  k ,  TI73 
number  o f  snow s u r v e y  stations required f a r  ti-re 
operational Eorecast i n g  may be reduced when a c t u a l  
forecast procedures are developed. 
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Devil Canyon 

7:f~nahan Flats 

a r p + - R  
I t 

Discontinue, ~e a precxpx ta- 
t i o n  station to o p e r a t e  Slay-Sep 
with s i m i l a r  exposure  and d i s t a n c e  a 

X 

to h i g h  mountains and n o t  requlrlng 
aver-glac ier  serv i c e  f l i g h t  s .  
Relocate to protected s i t e  ( p r e c i p  
itation, temperature and \*rind n?oxTe- 
ment) 
Reactivate at pro tec ted  s i t e  (pre- 
c i p i t a t i o n , ,  temperature and s ~ i n d  
movement) 
Relocate  to pro tec ted  s i t e  ( p r e c i p -  
itation o n l y )  
Rehabil i t a t e  !?iyorning gage (~3reu.p- 
i t a t i o n ,  temperature and wind move:- 
e n t  f o r  water supply forecasting, 
o t h e r  variables a s  required) 
Re?iocate to Nigh Lake (precipi t;-i-- 
t i o n  o n l y )  
Establish a t  SCS location (prec ip-  
itation, and temperarturc and 
w i nd movement) 
Ess tabl ish  a t  snow s u r v e y  s i t e  
(preeipi t a t i o n ,  temperature and  

w i n d )  Consider  installation aE 
Wyoming s h i e l d e d  gage. 
Establish a precipitation gage 
o n l y  in protec ted  s i t e  with 
exposure t o  southwest and r:ot 
requiring over-glacier service 
f l i g h t s  f o r  May-Sep 
period o n l y .  
Establish at snaw cause l a c a t l a ~ s  
i n  protected  s i t e  i f  passiblc 
ar consider Wyoming Sage install- 
at i o n ,  (preeipi t a t i < , n ,  tempera- 
t:a~:e atr~ti ib~i;*ind rnavej~er~t)  

Xs~k6:  Ebauiwsle E s t a k j Z  ish at snaw  course Sc~catiaws 
i n  prarected s i t e  if possible 
(precipitation o n l y )  

Stgw t a i t e  E~; t~ i ' k~~?IF , f s t ' )  at ssr-eow cejurse?  lZ,caeat:io~m 
i n  p raccr ted  s i t e  i f  possible 
( p r c c  i pi t;t  t i o n  crn! y) . 

S h e g ~ ~ a n  Gt:a% ion ~ S ~ ~ ; . ~ C : I O O ~ * ~ . ~ ~ I P U ~ ~  i f  tak>c+ded t o r  
other purposes ,  
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Snow Survey C o u r s e s  

West Fork  G b a e i e r  
Caribou 
Valdez C r e e k  
BsaPder Naxth 
Susitna Gbacie~r  Main F s x k  
Eas t  F s ~ k  %usjA ta G f  a@ ier 
Pyramid 
Jatu Bass 
Monahan F l a t  
Butte Cxeek  
Cathedra l  Creek 
Clearwater Lake 
Tyone R i v e z  
L a k e  Louise 
Horsepasture Pass  
Square L a k e  
Fog C a k e s  
D e v i l  Canyon 



-- a, h,?-omnended ehailqrs in d a t z  c c a i l e c t i s n  progra&: dur 
Z u m r n e r  m o n t h s  (?lay-September) . 

'T'he f o ~ e c ~ s s t i n g  prugraro will require dai;y streamflow 
ii.Eormation f o r  the Susitna R i v e r  at Denali, t h e  NacCaren River 
;;ear P a x s o n  anti the s t a t i o n  to be establishzd in l i e u  o f  the 
+2i3sib kna River ilt. Cantwell. Recorninendat i o n s  Ear tho- s c l m i n e r  
o;>cia k i ons  for streamf low gaging  s t a t i o n s  are; 

(1) I i ~ s t a l l  equipment at t h e  three U, S ,  GeoLogicaI  
Suvey stream gaging stations listed above for 
telemeter i n g  river stages. When reservoirs are 
i n  o p e r a t i o n ,  information a n  reservoirs stages 
and reservoirs releases w i l l  a l s o  need to be 
telemetexed, 

(2) M a i n t a i n  t h e  me teoro log ica l  s t a t i o n s  i s t n d  xn 
Tab le  ( 2 ) .  

( 3 )  Develop computer and sof tware  capability for 
collecting and processing the streamfLow and 
meteorol.oy ica l  d a t a  and to monitor and e v a l u a t e  t h e  
d a t a  in real  t ime,  

(4) Continue pan e v a p o r a t i o n  measurements at the Watana 
Camp, The equik2ment  consists o f  a Class A p o i n t  
mear;jirenent evaporstion pan equipped with %a teil 
temperature sensors. A pan anemometer s h o u l d  be 
i n s t a l l e d .  The s i t e  shou ld  be an opea s i t e  and 
as free as 2assibie Eronr i n f l u e n c e  o f  w e t  areas, 

( 5 )  Coalecfr a t  t h e  Watana Camp station (and possibly 
a t  other s i t e s  arn%,nd the Watzna R e s e i r v o i r )  
additional metearoiog i sax  measurementc required 
f o r  o t h e r  purpases. T h e s e  may iaclude l ong  and 
shc r r t  wavlf* r a h f i . s t i o n  measuzerirenta,  humid i t y  
m e ~ m ~ r e ~ e n k s  an23 aBdcKit i~naX w i n d  mezls\ ,aretner: t%, 

insure t h a t  the fo1:ecasting proyra:n will. upr2rate a t  
m a x i m u m  e f f  icierlcy when the reslarv\2ir i s  complet~>f3,  the "ci13wing 
actisns m:lrit be t a k e n  i n  t h e  near : i u t u r e  t t o  h a v e  a r i e y ~ . ~ ; i t ~  
informatian f u r  c a l  i b r a t i o ~ ~  o f  t h e  f o r a m s t  models.  

The d a  td collect j.013 prograris xecommended in {:he pre-v iot.is 
sec"kon shuuLd be commenced as :ioc317 as p r a c t  iaablc , 



8, Preparation of Seasonal  Xsohyetal Maps 

Isohyetal maps ( ~ c t o b e r - A p ~ ~ i l ,  May-September and annual) 
s h o u l d  be deve loped  f o r  the Susitna Basin. The a a p s  s h o u l d  be 
based on physiographic relations and make maximum use of t h e  
l a r g e  amount o f  information available on precipitation p a t t e r n s  
f o r  A l a s k a ,  This i n c l u d e s  s t u d i e s  on meteorolog icaL p a t t e r n s  
asso; l a t e 6  with snowfall ( L a )  , s t u d i e s  on  frequency o f  occurrence 
of t h u n d e r s t o r m s  (15) and s t u d i e s  o n  storm movements (16). 

C, Techniques f o r  A d j u s t i n g  Snowfall Measusements 

'Techniques to a d j u s t  precipitation (snowfall) measurements 
u s i n g  w i n d  movement measurements to improve their accuracy and 
representativeness f o r  use in t h e  hydrological farecastinq models  
(as discussed i n  seetion 2 o f  this c h a p t e r )  s h o u l d  be developed 
so t h a t  t h e  techniques can be applied p r i o r  to calibration o f  the 
%208eI* s 0 

9. F u t u r e  Items f o r  Consideration 

Depending upon the success o f  the calibration and 
o p e r a t i o n a l  use o f  the hydrolog i s a l  forecasting models ,  othfsr 
actions may be cons ide red  i n  the f u t u r e .  T h e s e  may i n c l u d e  
reviewing t h e  use of satellite information to improve knowlec lge  
o f  the temporal and spatial distribution of  precipitation, t h e  
use o f  aerial gamma r a d i a t i o n  s u r v e y s  to measure water e g i r i v a l e n t  
o f  the snow cover over non glacierized a r e a s  and t h e  u s e  o f  
m e t e o r o l o g i c a l  models  to improve t h e  knowledge o f  precipitation 
at khe h i g h e r  elevations o f  the basin. 



CHAPTER 3 

ibfany excellent hydrometeorological reports on the S u s i  t n a  
Basin h a v e  been furnished by Warza-Ebasco and no e f f o r t  i s  made 
ZO sunmar i z e  t h e  f i n d i n g s  o f  these repor t s .  Xowever, there a r e  
several f a c t o r s  t h a t  h a v e  a n  impor t an t  b e a r i n g  on t h e  
1- i r l d r o l o y i c a l  . . regime of t h e  basin t h a t  need to be g i v e n  special 
consideration i n  selecting models f o r  forecasting t h e  s h o r t -  and 
Song- t e rm streamflow f o r  the basin. 

A Data Limitations 

A primary consideration as to t h e  t y p e  of model t h a t  can be 
used i s  the adequacy and availability o f  basic d a t a  f o r  applying 
the model ta a b a s i i .  Th3 o n l y  hydrometeorological basic d a t a  
tiohat h a s  been recorded continuously i n  t h e  basin f o r  a f a i r l y  
l o n g  period o f  time have been streamflow measurements by the U. 
S ,  Gealacjical S u r v e y  and snow s u r v e y  measurczments by t h e  Soil 
Consexwat- . idn  Service. Records o f  o t h e r  hydrometeorolog i c a l  
parameters (precipitation, temperature, w i n d ,  r a d a t i o n ,  e t c . )  
h a v e  been colLceted by B & M Consultants i n  t h e  basin since 1980 
and a r e  discussed i n  the Chapter  2. 

One r e s u l t  of  a sparse d a t a  base is a l i m i t a t i o n  on t h e  use 
o f  statistical models f o r  forecasting seasonal r u n o f f .  
Correlations between long- record ,  consistent precipitation and/or  
snow course o b a c r ~ ~ a t i o n s  and streamflow records are  required for 
t"n deeveLopment o f  thz.c;e procedures .  The only records i n  the 
Susitna Basin o f  s u f f i c e a t  l e n g t h  f o r  developing a s t a t i s t i c a l  
relationship w i t h  the streamflow records a r e  snow course 
me23surements .  Even t h e s e  a r e  l i m i  t e d  in the i r  u s e f u l n e s s  because 
sorrle o f  the snow cor j rses  a r e  s u b j e c t  t o  considerable w i n d  a c t i c ~ r l  
and sorne h a v e  been moved and do n o t  p r ~ v i t l e  a consis tetnt  i n d e x  to 
the average snow caver, 

Correlations between April 1 snow course records and May- 
September runoEf  f o r  subdrainage a r e a s  i n  the S u s i t n a  Basin 
i n d i c a t e  t h a t  less  t h a n  h a l f  o f  the v a r i a b i l . i t y  ( c o e f f i c i e n t  o f  

2 d e t e r i % i n a t i o n ,  r j ess  t h a n  0.50) o f  t h e  r u n o f f  i s  attributed to 
tl-rc w i n t e r  snowfall. Marchegiani (171 found  a c o e f f i c i e n t  of 
d e t e r n t i n a t i o n  o f  O,6Z between a May 1 inc lex  ( w e i g h t e d  A p r i l  w a t e r  
equivalent from four  snow course i n  the basin and t h e  April 
precipi t a t ~ i o n  at G u l k a n a ,  A l a s k a )  and the April-Septembex r u n o f f  
f u r  t h e  S u s i  tna River at Gold C r e e k ,  A l a s k a ,  S i n c e  precipitation 
has been measured f a r  o n l y  a few y e a s x %  i n  t h e  b a s i n  i t  i s  
d i f f i c u l t :  t o  d e v e l o p  a statistical index procedure  using e x  is t - . i  :jq 
records that would be an improveinent over that f u u n d  by 
~archegiani.. I t  ~;viclunt:  from the low April b watc-r 



g+j .-<~ivalents A+-s u ., observred at most SCS snow cdurses and fronz t h e  L s i :  
e~efficients o f  d e t e r m i n a t i u n  reported above t h a t  a Large portion 
I-X + che t o t a l  r u n o f f  from the basin r e sa l t s  from precipitation 
chr in9 t h e  m o n t h s  o f  May t h r o u g h  September,  

B, G l a c i e r s  

Infosmation on g l a c i e r s  i n  t h e  basin i s  limited to a short 
1 -a? p ~ e z i o d  o f  time and no cons i s t en t :  periodical measurements o f  the 

a r e a l  e x t e n t  s f  the glaciers, o f  t h e  d e p t h  o f  f i n n  i c e  a r  o f  the 
perennial snow aecumulat ic i l  on the g l a c i e r s  are  a v a i l a b l e .  
William Harrison o f  the University o f  Alaska and R & M Consula~ts 
(18) haj ie determined t h a t  wasting o f  t h e  g l a c i e r s  d u r i n g  %he past 
30 years was a cocsiderablk percentage o f  the average  r u n o f f  
du- inc j  t h a t  per iod .  R e c e n t  calculations by H a r r i s o n  (private 
communication) i n d i c a t e  t h a t  32 percent o f  the r u n o f f  o f  t h e  
Sinsi tna River at Denali i s  from summer melt: from t h e  glaciers and 
t h a t  approximately 11 percent o f  the f l o w  at Watana damsi te i s  
from summer melt from g lac i e r s .  

L a r r y  Mayo, U. S. G ~ o l o g i c a l  S u r v e y ,  Fairbanks, Alaska ,  
furnished the schematic diagram shown i n  F i g u r e  5 depicting the 
r e l a t i v e  v a l u e s  o f  t h e  annual precipitation and r u n o f f  at various 
elevations f o r  t h e  Yukon Tanana Uplands and t h e  A l a s k a  Range are2 
east and southeast o f  Fairbanks ( p r i v a t e  communication) . The  
upper line on F i g u r e  4 ind ica tes  the t o t a l  precipitation wbi-ch i s  
d i v i d e d  i n t o  t h e  arrlount t h a t  i s  from r a i n f a l l ,  snowfall and t h e  
amount t h a t  is perennial snow accumulation, The lower da shed  
line i n d i c a t e s  the t o t a l  w a t e r  losses f x o m  t h e  basin w h i e h  i s  
d i v i d e d  i n t o  the evaporation loss, snowmelt r u n o f f ,  r a i n  sunoff 
and t h e  perennial i c e  ablation. A l t h o u g h  t h e  relative a m o u n t s  o f  
t h e  various portions of t h e  precipitation and r u n o f f  would be 
d i f f e r e n t  f o r  the  Susitna Basin, the diagram p r o v i d e s  information 
t h z t  i s  impor tan t  ta c o n s i d e r  i n  selecting o r  developing a rnodel 
for forecasting the r u n o f f  from t h e  g l a c i a t e d  p o r t i o n  o f  the 
basin, 

The i n f o r m a t i o n  on F i g u r e  4 i n d i c a t e s  t h a t  a n  t h e  ave rage  
there i s  no r u n o f f  from r a i n  on t h e  glacier a t  elevations above 
2100 meters. Mayo h a s  stated t h a t  r a i n  water above t h i s  
elevation i s  r e t a i n e d  i n  t h e  snow cover o f  t h e  g l a c i e r  and 
becames p a r t  o f  t h e  perennial snow cover. T h i s  snow cover  either 
csntxibutes .$o t h e  r runogf  a t  a l a t e r  time as  s n s m e l t  ablation at: 
becomes p a r t  o f  the f i r n  i c e  o f  t h e  g l a c i e r .  

C,  Climatic Regime 

The d r a i n a g e  a r e a  o f  the Susitna Basin i s  s u b j e c t  to 
considerable difference i n  c l i m a t i c  r=onditi9=ssns, The eastelrm 
portion o f  t h e  drainage a r e a  (lower elevations o f  t h r  E-lacLare-n 
R i v e r  basin and the Tyone R i v e r  basir?) a r e  subject  to a 
~ o n t i n c n ~ i a l  climate a s  i s  the upper p o r t i o n  o f  the Copper Rivcr 
Bas in  (repesented hy the G u l k a n a  Meteoralog i c a l  S t a t  ion nf the  
National Weather S e r v i c e ) ,  The cl i r n a t ~ ?  o f  the ' 1 ~ : d ~ ' r  rt?;iehe:; o f  



M E T E R S  E t E V A f  I O N  
w i t h  e l e u a -  F i g u r e  4. Distribution of  prccipi t a t  i o n  anrl runocf  = . -  

t i o n  - Yukon-Tanana Dp lands  c a s t  and southeast o f  
!?a i r b a n k s ,  n l a s k a  (L, Pfnyo) 



the Susitna River Basin west of the Talkeetna Mountains can be 
eiassli. f ed  as mnsd i f i d  mar i t i r n e  f represen ted  by t h e  T a l k e e t n a  
t*?ereorolog i c a l  Station of  the National Weather Service) . 

Most of t h e  d r a i n a g e  a rea  o f  the Susitna River B a s i n  above 
the Watana damsite i s  i n  a transition zone which is s u b j e c t  to 
b o t h  modified maritime and continental climatic cand i " % i ~ n s ,  

The precipitation d a t a  t h a t  has been collected by R & M 
G s n s u B t a n t s  f ~ s m  1980  ts 1884 were reviewed $a e v a l u a t e  t h e  
e f fec ts  o f  the v a r y i n g  climatic conditions over  the basin. Maps 
showing  m o n t h l y  v a l . u e s  of  recorded precipitation for stztions 
l o c a t e d  i : ~  and near the upper Susitna R i v e r  Basin are ? r e s e n t e d  
i n  Appendix  R. R and M C o n s u l t a n t s  have  i n d i c a t e d  t h a t  
measurements from t h e  meteorological  stat i o n s  operated in the 
b a ~ i n  may n o t  i n c l u d e  a l l  snowfall. In general, i t  appears t h a t  
precipitation in October and April ( t h e  o n l y  maps available f o r  
the k ~ i r ~ t e r  months)  is i n  line with t h e  amounts  t h a t  occur over 
the Cooper Ri.ver B a s i n  and i s  representative o f  continental. 
c% imate eand itians, 

D u r i n g  the summer, t h e  precipitation over  t h e  upper Susitna 
River Basin i a  mare representative of a maritime climate. The 
Large amoun t s  o f  precipitation recorded during some J u l y  and 
August m o n t h s  at the Susitna Glacier s t a t i o n  (Maps A - 4 ,  A-6 and 
A - 7 )  are a resu l t  o f  the i n f l o w  o f  moisture from t h e  G u l f  o f  
A l a s k a ,  S t u d i e s  s f  t h u n d e r s t o r m  activity i n  Alaska as d i s c u s s e d  
i n  Chapter 2 ( 1 5 )  ~ L s o  show t h a t  t h i s  area o f  the basin i s  
snbjeet :  to considerable t h u n d e r s t o r m  activity i n  J u l y ,  A u g u s t  and 
sometimes September, The t h u n d e r s t o r m s  foxm over the s o u t h e r n  
and western Talkeetna ~ o u n t a i n s  and move to the norlheast, 

It i s  e v i d e n t  t h a t  a l a r g e  percen tage  o f  t h e  upper Susitna 
B a s i n ,  e spec ia l - ly  the primary and west f o r k s  o f  the Susitna 
R i v e r ,  recieve a major por t i .on  o f  their a n n u a l  precipitation 
d u r i n g  these summer months. Stud ies  on  the G u l k a n a  Glacier  east 
o f  t h e  Susitna B a s i n  have  shown t h a t  f a i r l y  heavy  preciptiation 
does occur o n  this basin d u r i n g  t h e  l a t e  summer months .  However, 
t h e  upper elevations o f  the Susitna Basin may receive more surnmer  
t h u n d e r s t o r m  precipitation than does t h e  upper elevations o f  t h e  
G u l k a n a  Glac ier .  One reason is t h a t  the h i g h  mountains o f  t h e  
RLaskan Range a r e  oriented as  to receive maximum p r e c i p i  tat iorl 
Peom thunders"corms t h a t  move frwm t h e  s o u t h w e s t  and t h a t  
originate over  t h e  Talkeetna Mountains. The mountains above t h e  
GuLkana Basin a re  a l s o  s i m i l a r l y  oriented, Novever, t h e  overall 
summer t h u n d e r s t o r m  activity in t h i s  avea i s  probably somewhat 
less s ince  the mountains where t h e  t h u n d e r s t o r m s  o r i g i n a t e  arE 
I.nwer i n  elevation and a r e  a l s o  more glaciexized, 



' "*, Ronof f and Precipi tation-Runof f Analyses 

(1) R u n o f f  Ana ly se s .  

Daily d i s c h a r g e  r eco rds  from streamgag ing s t a t  ions i n  t h e  
t ~ g ~ p e i  Susitna B a s i n s  were p l o t t e d  f o r  the summer m o n t h s  f o r  the 
years  1981, 1 9 8 2 ,  1983 and 1984. Daily precipitation as recorded 
elr t h e  P a x s o n  and t h e  Talkeetna weather stations o p e r a t e d  for and 
by the N a t i o n a l  Weather Service were a l s o  p l o t t e d  f o r  t h e  same 
periods as t h e  d a i l y  discharges. For each year  the following 
p l o t s  a r e  presented in Appendix B: 

Susitna R i v e r  near  D e n d i ,  A l a s k a  

2, Placlaren Mver  near P a x s o n ,  A l a s k a  

3,  Susitna R i v e r  near C a n t w e l l  by s o l i d  line and 
combined daily flow f o r  Denali p l c s  B a x s o n  by 
dashed  line 

4, D a i l y  precipitation for Talkeetna and P a x s o n  

A subjective review o f  these p l o t s  f o r  t h e  Susitna R i v e r  at 
Denali an2 o f  t h e  temperature  variations t h a t  occurcd each yea r  
p r o v i d e  a good view of the r u n o f f  characteristics of this basic. 
During the months  o f  May and June rises in a i r  tempe.:ature r e su l t  
i n  an increase i n  t h e  snow and ice melt with o n l y  a smal l  l a g  
between the rise i n  temperature and a rise in t h e  d i s c h a r g e ,  
Following heavy  r a i n  d u r i n q  the l a t e r  m o n t h s  o f  July, August and 
September there a re  a l s o  f a i r l y  rap id  responses in t h e  d i s c h a r g e .  

Far t h e  Maclaren R i v e r  nea r  Faxson,  increases i n  discharge 
r e s u l t i n g  from increases in a i r  temperature d u r i n g  May and June 
appear to be less noticable and generally s t a r t  l a te r .  The rises 
resulting from r a i n f a l l  during t h e  latter p a r t  of the summer a r e  
i3sre i n  l i n e  with t h o s e  for  the Susf tna abwe Dena%i,  RevSew s f  
t h e  combined p l o t s  (Cantwell and Denali p l u s  P a x s o n )  sho\qs t h a t  
t h e  contribution from the i f i t e r v e n i n g  area below t h e  upper  g a g i n g  
s t a t i o n s  and above t h e  Cantwell gag ing  s t a t i o n  ( i n d i c a t e d  by the 
s p a c i n g  between the dashed  and s o l i d  lines) d u r i n g  May and June 
varies*conslderably i n  relation to t h e  a m o u n t  o f  r u n o f f  from t h e  
glacierized areas above t h e  upstream g a g i n g  stations. 

Semilog p l o t s  o f  t h e  d a i l y  d i s c h a r g e s  f o r  May-September f o r  
1981-E984 for  "Lbe D e n a S i  and Paxsom s t r eamf low stations and f a r  
the r u n o f f  contributed by t h e  intervening area  a r e  p r e sen t ed  i n  
Apendix  B ( F i g u r e s  B17 t h r o u g h  8 - 2 8 ) .  R e v i e w  of these p l o t s  f o r  
May and June each  y e a r  shows t h a t  t h e  d i s c h a r g e  peaks  r e s u l t i n g  
from snowmelt a t  t h e  Denal i  and P a x s o n  g a g i n g  stations are f a i r l y  
well correlated with possibly a l o n g e r  d e l a y  o f  one  to two days 
in t h e  time t o  peak f o r  t h e  Uenali station hydrog raph .  



iin i n t r r x e s t i n q  f a c t  observed  f r o m  the Cenal i and Pa:;sor; 
i > ? a t s  is the g r a d u a l  decay i n  the f l o w s  during August and 
S ~ ~ p t e n b e r  ( d a y  93 fro day 153 ) .  T h e  decay i n  r u n o f f  xesults f r a i n  
she deexease in t h e  a r e a l  e x t e n t  af kke snow c o v e r ,  P e a k s  i n  the 
r u n o f f  r e s u l t i n g  f rom n a i n  a r e  superimposed o n  the d e c a y  c u r v e .  
2-'" - ' ~ ' n s s  is sn i n d i c a t i o n  t h a t  a s n o m e l t  madel t h a t  a c e a u n t s  f o r  
variability i n  t h e  axe31 e x t e n t  o f  t h e  snow cover should model 
the b a s i n  snown~elt v e r y  well. 

(2) Precipitation-rbnoff relationships 

S t u d i e s  o n  Probable Max i m u m  Prec i p i  t i 2  t i o n  for t h e  S u s  i t n a  
g i v e r  B a s i n  were received f xom Haarrza-Ebasces (19 and 2 0 )  . These 
reports con ta ined  r e s u l t s  o f  s t u d i e s  on u n i t  h y d r o g r a p h s  for 
subbasins o f  tile area  and some application o f  t h e  HEC-1 r a i n f a l l -  
r u n o f f  procedure. In t h e  report prepared by Acres ( 2 0 )  t h e  SSARR 
(Streamflow Synthesis and Reservoir Regulation) model deve loped  
by ?:he U. S. Army Corps o f  E n g i n e e r s  was adapted to t h e  entire 
basin above Gold Creek for part o f  the years of 1964, 1 9 7 1  and 
1932, The above applications of precipitation-runoff m o d e l s  to 
the basira are  s u f f i c i e n t  ts demonstrate t h a t  the b a s i n  'can be 
reasonab:ly f i t t e d  with models. The accuracy o f  t h e  relationships 
was l i m i t e d  because o f  the lack o f  precipitation and temperature 
d a t a  f x s m  w i t h i n  t h e  basin,  

a l t h o u g h  it was not planned  to f i t  a n y  model d u r i n g  this 
s t u d y ,  i n  crder t o  better under s t and  precipitation-runoff 
sebationships for t h e  area and to o b t a i n  a knowledge  o f  the 
relativc impor tance  of d i f f e r e n t  basic d a t a ,  some statistical 

,analyses were performed. T h e s e  i n c l u d e d  correlations cf s n o w  
course, p 4 : e c i p i  tation and temperature d a t a  with s t r e a n g a g  i n g  
z e c o ~ d s  f o r  t h e  Srasitrsa R i v e r  at D e n a l i ,  the Maezlaresl R i v e n  a t  
P a x s a n ,  the Susitna R i v e r  near Cantwell and f o r  t h e  lower 
intervening area of t h e  basin ( t h e  a rea  above Cantwell g a g i n g  
s t a t i o n  e x c l u d i n g  the area  above the Denali and P a x s o n  stations) . 

The August ~ ~ n o f f  o f  the Susitna River  at Cantwell h a s  a 
0 ,77  correlation with the combined r u n o f f  observed d u r i n g  August 
a t  the Denali and P a x s o n  streamgaging s t a t i o n s .  Using t h e  
precipitation recorded d u r i n g  August a t  Talk r e e $ _ ~ ~ a  as  an 
additional variable increases this correlation t o  0,84 e v e n  
t hough  Talkeetna is over  one h u n d r e d  miles away. I t  i s  a l s o  
interesting t h a t  t h e  July-September T a L k c e t n a  precipitation h a s  a 
corcelation o f  0.77 with the July-Sept~mbsr r u n o f f  from t h e  lower 
i n t e r v e n i n g  a r ea  above Cantwell. 

Summer r u n o f f  Ear t h e  glacierized basins is  n o t  a s  well 
rt3lated t a  precipitation observations. The best s i n g l e  cor- 
rglation w i t h  t h e  May-September r u n o f f  o f  t h e  S u s i  ~ n a  R i v e r  at 
D e n a l i  i s  w i t h  t h e  A p r i l  1 snow s u r v e y  d a t a  obse rved  a t  M o n a h n n  
F l a t s  (r = 0.60 o r  in coefficient a t  determjnation o f  o n l y  0.36). 
T h i s  i n d i c a t e s  t h a t  t h e  w i n t e r  precipitation accounts f ~ r  



8% b:ilv a small. f;orfion o f  t h e  Hay-Septembex r u n o f f  of the Susitna 
R i v e r  above Denali, O t h e r  f a c t o r s  t h a t  influence how much r u n o f  i 
%:ill occur dillring the May-September period f o r  this basin a r e :  

T, Amount o f  e n e r g y  received in the b a s i n  d u r i r i g  the 
summer months  

2 .  The sun-iiier precipitation over t h e  basin 

3, The amount o f  snow ca r ryove r  i n  t h e  basin 

A m u l t i p l e  correlation analysis was made to determine i f  the 
e f f e c t  sf each of  t h e  above f a c t o r s  cou ld  be f a u n d  u s i n g  t h e  
a x 4 f a i a l a h l e  d a t a  base. Monthly d e p a r t u r e s  from t h e  average  
temperatures a t  the T a l k e e t n a  meteorological station for f i v e  
inonths  [14ay th rough  September) were summed each y e a r  f o r  a n  i n d e x  
0 2  t h e  amount o f  e n e r g y  received d u r i n g  t h e  r u n o f f  per iod.  The 
May-September precipitation a t  Talkeetna was used as an i n d e x  o f  
t h e  summer precipitation i n  the basin. The May-September 
precipitation of t h e  p r ev i cos  year was used a s  an i n d e x  a f  t h e  
amobnt o f  snow t h a t  was ca r r i ed  over from t h e  previous  y e a r .  
Most o f  t h i s  i s  seen as pa t ches  o f  sncw on non-glacierized a r e a s  
a t  h i g h e r  elevations p r i o r  t o  the snow cover  o f  t h e  current yea r .  

The d a t a  used in t h e  correlation anlysis and t h e  s t a t i s t i c a l  
r e s u l t s  a r e  shown i n  Appendix C. The f i n a l  correlation u s i n g  a l l  
f o u r  variables was 0,.6 1 and t h e  s e p a r a t e  contribution i n d  i c a t e d  
f o r  each o f  the f o u r  variables appears to be significznt from t h e  
t and F t e s t  s t a t i s t i c s ,  

A l t h o u g h  t h e  correlation is n o t  h i g h ,  tne resul ts  a r e  v e r y  
good sir3ce the analysis was made u s i n g  only seasonal v a l u e s  for 
d a t a  t -eeo~ded a v e r y  long  d i s t a n c e  from t h e  basin, The r e s u l t s  
suppart t h e  h y p o t h e s e s  t h a t  the w i n t e r  precipitation f o r  t h e  
S u s i t n a  basin above DenaBi a c c o u n t s  f o r  abcut  h a l f  of  t h e  t o t a l  
r ano f f  from the basin during the per iod  from May to September. 

A trend analysis was made on t h e  basic d a t a .  This gave a 
carwelation o f  0.52 between the May-September r u n o f f  and time 
(year to 2 d i g i t s ) )  with a t r e n d  towards increasing a m o u n t s .  
T h i s  c o u l d  be r e l a t ed  t o  changes  i n  the discharge measurements, 
c h a n g e s  i n  t h e  amount  o f  wasting of t h e  g l a c i e r ,  a real  t r e n d  
towards  w e t t e r  y e a r s  or  a combination o f  these f a c t o r s .  

D u r i n g  meetings w i t h  t h e  various scientists i n  Anchorage an 
interesting s t a t e m e n t  was made by  Wi l l i am Harrisan. It was h i s  
observation t h a t  d u r i n g  y e a r s  w i t h  v e r y  h e a v y  precipitation t h e r e  
seemed to be less r u n o f f  t h a n  would be expected f o r  * e  S m s i t n ?  
R i v e r  a t  Detilali, Pje a l s o  s t a t e d  t h a t  t h e r e  seemed t s  b? a 
n e g a t i v e  correlation between summer precipitation and t h e  May- 
September r u n o f f .  A l  t h c  ugh no conclusive ev  i dence  h a s  been 
deve lop- -d  to prove  Harr  i r ; o n 8 s  statements, t h e  r e su l  ts o f  t h e  
correlation s t u d i e s  u s i n g  m o n t h l y  m e a n s  v a l u e s  seein t o  
substantiate to some d e g r e e  h i s  observations. I n  addition 



"'9 " ^  k 8 t e c i p i t a t i , s n  recoxds  cjbserved i n  the Power Susikwa Wasin d s  
carrelate negat r iv4%ly ufith t h e  May-September r u n o f f  of ",he Susitna 
:? ivef  a t  Denali,. 

T h e r e  is n a  way to prove  t h e  interactive role played by 
~ j r e c i p i t a t i o n  and temperatune in t h e  S u s i  t n a  R i v e z  b a s i n  above 
Denzbl  i without d e t a i l e d  measurementt i  from t h e  basin. However, 
a s s u m i n g  t h a t  the z e s u l t s  o f  t h e  corxelations a n a l y s e s  made u s i n g  
z l v a i l a h l e  monthly v a l u e s  are r e l a t e d  to t h e  t r u e  cond it i o n s ,  some 
observations can be made. When heavy  precipitation occurs d u r i n g  
the  sunlmer nronths t h e  c loud  eover  is much g rea te r  anfj t h e  amount: 
o f  energy reaching t h e  b a s i n  is reduced. Although the t o t a l  
runoff from t h e  basin may he g r e a t e r  t h a n  i t  would have  been w i t h  
Less sumR7ex precipitation,  he amount added to the perennial snow 
covey: above elevation 2180  cnuld be g r e a t e r  than t h e  amQunt  
a b l a t e d .  T h u s  the aniount o f  snow added to t h e  perennial snow 
c o v e r  (iind on t h e  not l -glacie . :~zed areas) dur ing those  y e a r s  w i t h  
heavy  summer precipitation (and c o n s e q u e n t l v  proportional l e s s  
snowmelt) should  be much greater  t h a n  d u r i n 9  y e a r s  w i t h  l i g h t  
s u m m e r  p~eeipitation. This supports t h e  use o f  the previous May- 
September pzecipiati~n to accoun t  f a r  t h e  apparent increase in 
r u n o f f  d u r i n g  t h e  c u r r e n t  yea r .  

T1ne method selected f o r  forecasting t h e  May-September r u n o f f  
o f  t h e  S t ~ s i t n a  River at Denali and the Maclaren Rivet .  near  2axson 
s h o t ~ l d  t a k e  into account  t h e  importance o f  the summer 
precipitation and t h e  carryover e f f e c t s .  I f  accura te  and 
consistent measurements o f  the perennial snow cover  on t h e  
glaciers and of  t h e  caxryover  snow -over of t h e  non-qlacierized 
areas o f  t h e  basir:  were available t h e y  could  be used to a c c o u n t  
f o r  t h i s  f a c t o r .  Howevex, such measurements a r e  d i f f i c u l t  to 
ob t a  i il.. W i t h o u t  s u c h  ~ ~ s a s u r e m e n t s ,  techniques can be develc i?ed 
to hzlndle this e f f e c t  for forecasting the seasonal  water  s u p p l y .  
T h i s  can be done by f i n d i n g  a variable, s u c h  2s t h e  p r e v i o u s  y a y -  
September precipitation, t h a t  is an index to the  a m o u n t  o f  
carryover and correlating t h i s  variable with the e r r o r s  i n  t h e  
fa recas  t p rocedure  f o r  the seasona l  r u n o f f ,  

The factgsrs  discussed i n  t h e  p r e v i o u s  s e c t i o n  a r e  t h e  
prim;iry ones  t o  be considered i n  selecting t h e  models f o r  cse  i n  
the forecasting program f o r  t h e  Susi t n a  R i v e r  H y d r n e l e c t x  i c  
Pro jec t . .  Anokher  i m p o r t a n t  f a c t o r  f o r  consider .3 t  i o n  i s  the 
a b i l  i t y  of  ttlc. r~iodel t o  be updated us ing  rea l  t i m e  s t r e a m f l o d  
mea!;uremenfFs and/or otrher hydrorncteorol og i c a l  measuremerrts t ld,at  
z a y  become available i n  rea l  time i n  t h e  f u t u r e .  

I. 



P* " ine f i r s t  part o f  this section consists o f  a review o f  t h e  
modeis  t h a t  c o u l d  be used  for forecasting short- and long-terxr i  
x u n o f  f i n  t h e  basin, This i n c l t ~ d e s  d i s c i 1 s s i ~ n s  o n  acctlxacy a f  
4- ** ,fie fo recas t s  far the v a r i o u s  models and an t h e  seqsitivi ty c f  
the dodels to the basic d a t a  i n p u t .  

The tern '"modelling o f  h y d r o l a g  i c a l  s y s t e m s q p  generally m e a n s  
% 1- . 4 ~  a appL ication a f  mathemat l e a l  and l o g i c a l  expres r j iuns  wjhich 

d e f i n e  t h e  quantitative relationships between t h e  f l o w  
chaxac - t e r i s t i e s  (output) ar,d t h e  flow-forming f a c t o r s  f input] . 
T h i s  is a v e r y  general definition which covers an e n t i r e  spectrum 
o f  approaches.  At one extreme a r e  the purely empirical 4 
statistical " b l a c k  boxwP techniques t h a t  make no a t t e i n p t  to modelf 
t h e  i n t o r r ~ a l  structlare and response of i.he catchmerat: system. A t  
the o t h e r  extreme a r e  techniques involving complex systems o f  
equations based o n  physical laws and concepts, the s o - c a l l e d  
conceptual models, Ba th  % ! ~ e  s ta t i s t i ca l  $ P a c k  bax and t h e  
conceptual models a x e  deterministic models and a n y  classification 
o f  a p a r t i c ~ l ~ a r  model  t o  one c l , a s s  o r  t h e  o the r  forces a decision 
o n  t h e  degree o f  empiricism. Xn this r e v i e w  t h e  terms black box 
and c o n c e p t u a l  will be used to classify the models,  

Most deterministic models m u s u e  c a l i b r a t e d  ts a basin 
using p a s t  records of hydrometeorological variables t o  determine 
a s e t  o f  paramters t o  f i t  the model t o  a particular b a s i n .  I n  
general, b l a c k  bax models require a Longer l e n g t h  o f  record t o  
de te rmine  t h e  ~ i o s t  s u i t a b l e  parameter set .  Por conceptual mode l s  
some o f  t h e  parameters can be determined d i r e c t l y  from physical 
eharactcristics of  the basin f i e  soil type] and from ana1ys t . s  
o f  streamflow r eco lds  ( i . e . ,  coefficients for ground  water 
d ischarge) . 

Because the Susitna basin h a s  a l a r g e  percen tage  of  r u n o f f  
~esulting from melting o f  snow and glacier i c e ,  special attention 
i s  g j . v e n  t o  r e v i e w  o f  approaches f o r  forecasting t h e  melting o f  
SI:OW and i c e *  

Water s u p p l y  forecasts f o r  basins with considerable s n o w  
c o v e r  (and  glaciers) are made by three basic techniques: 

a, SnowmeX t f o r e c a s t s ,  

Conceptual models 

c .  T i m e  ser ies  analysis. 

The modc1.s f o r  forecasting t h e  snowmelt w i l l  be considered 
first, f o l l o w ~ d  by  n review o f  conceptual models  f o r  forecasting 
t h e  e n t i r e  r u n o f f  from a b a s i n  ( comple te  or i n  conjunction w i t h  a 
snowmel t model) . Many snowmel  t model.s, use a s i m p l e  d e g r e e  d a y  
approach as a n  i n d e x  o f  snowmelt, 



lqBDELS F O R  FORECASTING SNOWMELT AND RUNOFF FROM 
CLACXERPED BASINS 

V A L  Kss\ovalov 621, 2 2 )  an6 ethers in t h e  USSR h a v e  
-i~:vc?oped t e c , ? n i q u e s  f o r  forecesting snowmelt and g l a c i e r  melt, - 
2'ar r ~ o u n t a i n o u s  areas,  most o f  the models compute snowmelt by 
ale!i;lt i o n  zones  and require eoi3siderable input of snow 
I n e a s G r e m e n t s ,  FOP g l a e i e i  meit forecasting, Konovalav ( 2 1 )  h a s  
d i s c u s s e d  the rel~tive importance of knowing t h e  r a t i o  of t h e  
a c c ~ n i u l a t i o n  and ablation areas o f  t h e  glacier. En addition, he 
has s t ressed t h e  need f o r  computing t h e  s e p a t a t e  estimates o f  t h e  
v o i u ~ ~ s  o f  melting o f  pure i ce ,  i c e  under  the moraine, o l d  f i r n  
and a*.intem: and surmer snokf making up t h e  t o t a l  vo lume  of melting 
from a g l a c i e r  r eg ion .  The d a t a  requirements f o r  these 
;%ppra.lches s.re deemed to be mote than necessary f o r  t h e  Susitna 
??rojece ,  

~ ( 2 )  Models f o r  P r e d i c t i n g  Runoff  from Glacierized Basins 

Wodrew Fountain (U. S. Geological Survey,  Tacoma, Washington) 
ktas p t o v i d e d  a copy of  a chapter ( 2 3 )  prepared by him and Werldel l  
J Tangborn (WyMET Company, Seattle, Washing t o n )  f o r  an 
~npublished report by the Working Group an Snow and i c e  H y d r ~ l ~ g y  
o f  Glacierized Basins, International Commission on Snow and Ice, 
International Association o f  Hydrologica l  Sciences. T h i s  report, 
"Contemporary Techniques f o r  P r e d i c t i n g  R u n o f f  from Glacierized 
Basins," p r o v i d e s  comments on ,he a d v a n t a g e s  and d i s a d v a n t a g e s  of 
several models and inc ludes a table summarizing t h e  main features 
o f  e a c h  mondel,  

Most of t h e  models reviewed in t h e  r epo r t  a r e  nesearch 
models t h a t  h a v e  been a p p l i e d  to o n l y  a s i n g l e  basin. Exceptions 
t-.o this a r e  t h e  model by E. A. Anderson (National Weather 
S e r v i c e ,  S i  lver Springs, Maryland) which h a s  been a p p l  i ed  
operationally by the national forecasting services in the United 
States and Canada ( i n c l u d i n g  11 basins i n  Alaska) and t h e  
Tangborn  model w h i c h  was reported as being applied to three 
h i s s i n s  i n  Canada, 

( 3 )  Eric Anderson Model {NWSFRS Snowmelt Model) 

The Sno9~ Accumu%ation and Ahlation MoSel o f  t h e  National 
Weather S e r v i c e  (NWS) h a s  been i n  operational use by t h e  NWS 
s i n c e  1 9 1 3  ( 2 1 ) ,  N i b l e r ,  National Weather Service R i v e r  Forecast 
C e n t e r ,  Anchor3gc,  A l a s k a ,  h a s  modified t h e  model to i n c l u d e  t h e  
presence o f  g l s c i e r s  i n  t h e  b a s i n .  T$& s n o w p a c k  depletion c u r v e  
( a r e a  o f  snowc3ver as a function o f  znowpack water equivalent) 
was a l t e r e d  so  t h e  minimum snowcovered a r ea  i s  equal t o  t h e  
basin's g l a c i e ~  i z e d  a r e a .  T h i s  a r ea  i s  t h e n  a s s i g n e d  a snowpack  
thickness g r e a t e r  t h a n  w h a t  cou1.d be lost by s u m m e r  ablation. 



Nibler  reports t h a t  this modification $$arks satisEactori2y 
fiur estimates o f  seasonal r u n o f f  f ro~n g l a c i e r  izec i  basins, bii t it 
is d 5 s a p p o i n t i n i ~  f o r  d a i l y  fo recas t s .  C a l c u l a t e d  r u n o f f  has  a 
v e r y  quick and " f l a s h y "  response relative to t h e  more slowly 
r z spond ing  cbsenved r u n o f f ,  which he s u g g e s t s  is caused by 
neglectang s t o r a g e  f a e t u r s  o f  the g l a c i e r s .  Parameter v a l u e s  f a r  
e l e v e n  bas ins  t h a t  a r e  fo recas ted  operationally by the NWS i n  
a l a s k a  have been furnished by Gerald NibLes {private 
c 3 n r m u n i c a t i o n ) ,  For most of  these basins the model h a s  been 
appa i e d  w i t h  two zones  (based on  elevation) , 

Although  the NWS Anderson snowmelt model h a s  generally 
satisfactory z e s u l t s ,  certain deficiencies do e x i s t .  I n s u f f i -  
cient knowledge o f  t h e  a c t u a l  occurrence ( a n d  o f  t h e  noriBa1 
precipitation d u r i n g  t h e  v a r i o u s  seasons  o f  the yea r )  o f  
precipitation a t  h i g h e r  elevations c%n r e s u l t  i n  r u n o f f  volume 
errurs.  There i s  a l s o  a problem in cia-sifying precipitation as 
to r a i n  o r  snow based s o l e l y  on rnax~mv3-minimum temperatures. 
T h i s  i s  m a i n l y  a peoblem i n  basins where both  r a i n  and snow 
f req iaen t ly  occur d u r i n g  the same e v e n t .  The above a r e  
deficiencies i n  basic d a t a  and not: in t h e  s t r u c t u r e  of t h e  model. 
and w o  d be applicable to a l l  models. 

The Anderson Model uses temperature as  t h e  s o l e  i n d e x  to 
- sttowme1.t bu t  n a t  i n  a degree d a y  approach. Under certain 
temperature c o n d i t i o n s  the use of a i r  temperature as t h e  s o l e  
inde:r of snowmelt h2s proven to be i n a d e q u a t e .  This can occur 
unde r  c lear  s k i e s  w i t h  abnormally cold temperatures ( u n d e r -  
p r e d i c t s ) ,  u n d e r  v e r y  warm temperatures with little o r  no wind 
( o v e x p r e d i c t s )  and w i t h  v e r y  h i g h  dew points and h i g h  w i n d s  
( u n d e r p ~ e d i c t s ) .  The l a t t e r  two conditions would n o t  be a f a c t o r  
i n  thrt Susitna Basin. The first condition shou ld  n o t  be a major 
arie because o f  the h i g h  amount  o f  c l o u d i n e s s  t h a t  occurs  d u r i n g  
snowmelt period in t h e  basin. I n  a n y  case, these conditions 
a f f e c t  t h ~  timing and magnitude of the peak runoff more t h a n  t h e  
t o t a l  vo lume  f o r  a period. 

The Anderson model was reviewed i n  a report prepared by the 
a u t h o r s  f o r  t h e  National Aeronautics and Space Aministation 
(NASA:, a d iag ram from t h a t  report ( 2 5 )  illustrating t h e  model i s  
i n c l ~ d e d  i n  Appendix D ( F i g u r e  D - 1 )  . A l s o  i n c l u d e d  i n  Appendix D 
a r e  listing o f  t h e  s t a t e s  and p a u a m ~ t ~ r s  f o r  t h e  model ( T a b l e  D-l 
and D - 2 ) .  Informatian on t h e  schen1;tic d i a g r a m  and on t h e  
definitions of  s t a t e s  and parramckers as used  i n  t h e  NASA report 
i s  i n c l u d e d  i n  Appendix D. 

T h e  paxameters  f o i  t h e  Anderson  model h a v e  been f o u n d  to be 
r e l a t e d  t o  cl i m a t i c  and physiographic characteristics and 
r ea sonab le  i n i t i a l  parameter  v a l u e s  can  be obtained from a 
kl lowledge  o f  typical wand i t i o n s  over  a wate r shed .  

A discussion nn  the possible app l  ication o f  h i  s model to the 
S u s i t n a  Bas in  was he1.d w i t h  E r i c  Andersan,  Anderson believes 
t h a t  f c ~ r  y l a c i f z r l z e d  b i i s i n~ :  "the d a i l y  f o r e c a s t  v a l u e s  o f  r u n c f f  



wauld h a v e  mane vaxiance t h a n  o b s e ~ v e d  v a l u e s  but t h a t  this 
c.Efeci: would  t e n d  to a v e r a g e  o u t  f o r  l o n g e r  pelricds [such as for 
b7i t :k~a-week f o r e ~ a s t )  He a l s o  s t a e d  t h a t  reb% i a b l e  seasanal :naps 
05 23:ecipi t a t i o n  would be required to proper ly  c a l i b r a t e  t h e  
mo2el. He agreed with Gerald Nibler t h a t  a separate zone s h o u l d  
he i n e l u d e d  and a s s i g n e d  a l a r g e  water equivalent v a l u e  for the 
glacierized area o f  t h e  b a s i n .  With a n  areal depletion c u r v e  a s  
used  in his model,  h e  believes t h a t  you would n o t  need many zones  
(probably 2 b u t  a maximum of 3 ) .  For models  n o t  h a v i n g  an  areal 
depletion c u r v e  many zones would be required as i s  done i n  the 
U S S R ,  Anderson furnished an unpubl i s h e d  report summarizing t h e  
f i n d i n g s  o f  the recent comparison s t u d y  on  snowrnelt models 
discussed i n  t h e  n e x t  section, 

Anderson h a s  f i t t e d  h i s  mqdel in A l ? s k a .  An interesting 
result is t h e  difference in t h e  shape  o f  his c u r v e s  f o r  
distributing melt f a c t o r s  t h r o u g h  t h e  year  as shown i n  F i g u r e  5 .  
In t h e  contiguous United S t a t e s  the c u r v e  i s  a sine wave; i n  
A l a s k a  the c u r v e  stays at a minimum until i t  s t a r t s  t o  r i se  
s h a r p l y  d u r i n g  April. Anderson a t t r i b u t e s  t h i s  t o  t h e  
differences i n  l e n g t h  o f  sunlight and i s  a reason why t h e  streams 
i n  A laska  do  not: have  a significant increase in snowmelt r u n o f f  
u n t i l  after May 1 as may be seen in t h e  report on D a i l y  Flow 
Statistics o f  Alaskan Streams by Chapman of t h e  NWS ( 2 6 ) .  

(4) WE40 Comparison o f  Snowmelt Models 

D u r i n g  t h e  period 1978-1983 the World Meteorologica l  
Organization (WMO) car r ied  o u t  an international comparison o f  
canceptuai models o f  snowmelt r u n o f f  ( 2 7 ) .  'The final r e p o r t  o f  
t h i s  s t u d y  h a s  n o t  beec released by WMO b u t  comparison f i g u r e s  
h a v e  beer: furnished to the participants and were rev iewed i n  
Anderson's o f f i c e .  T h r e e  models  developed in t h e  Uni ted S t a t e s  
were i n c l u d e d  i n  the W M O  comparison s t u d y  and the calibration 
used i n  t h e  comparison s t u d y  were t h o s e  f i t t e d  to eackl basin by 
t h e  authors of t h e  models ,  

The unpublished paper furnished by Anderson was p1:epared f o r  
WHO by  two Canad iazs  ( 2 8 ) .  The s t a t i s t i c s  f o r  t h e  r e s u l t s  o f  t h e  
cakibra"%;":on and verification r u n s  f a r  t h e  "ezhsee Ui, S, m s d e l s  a r e  
summarized below and a r e  considered to be more represents t i v e  
t h a n  most comparison s t u d i e s  where  the models a r e  o f t e n  
calibrated by h y d r o l o g i s t s  who may n o t  be experienced in 
c a l  i b r a t i n g  the ~ a o d e l s  compared. 

T h e  U. S. mode ls  i n c l u d e d  in t h e  WMO comparison s t u d y  were: 

a, MWS Anderson Model 

b. The Precipitation-runef f Modeling S y s t e m  
(PRHS) o f  t h e  U. S .  G e o l o g i c a l  S u r v e y  

c ,  The S t r e a m f l o w  Synthesis and Reservoir 
Regulation Modcb ( S S R R R ]  o f  t h e  O ,  S, army 
Corps  o f  Engineers 
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Figure  5 Seasanal v a r i a t i o n  in melt f i tc tors  used durir.8 non-rain per iods .  



Th@ statistical v a f  ues a Q  t h e  simulated and o b s e ~ v e d  
s::reamflow were compared i n  t h e  unpublished s t u d y  for 
~ : . g i ? i  l f icanee u s i n g  f o u r  statistical vau iables, A valtle f o x  e a c h  
0 2  the four s t a t i s t i c d  vasiabfes was computed f u r  t h e  
r:zi ilsrat ion-complete year, c a l  ib ra t ion-snobnne l t r  period , v e x  i f i c a -  
<:ion-complete y e a x ,  and vex i f i c a t i o n - s n o t g ~ n e l  t period) fonr each f 
t h e  three r i v e r  basins t h a t  were c a l i b r a t e d  by all three o f  t h e  
0. 3 ,  models.  T h i s  provided  a to ta l .  o f  4 8  cases. F o r  each case, 
each model's results were compared with the resul t s  r "  t h e  model 
hav ing  the best statistical v a l u e  f;r t h a t  case. 3 ?ha t  wore 
found t o  be as significant a s  t h e  best model f o r  t h a t  c ;e 
( w i t h i t ?  a 95 percent c o n f i d e n c e  i n t e r v a l )  were considered to be 
as good as the model t h a t  had the best statistical value and were 
cons idered  as a t i e  f o r  first p l a c e .  

Tables showing t h e  r a n k i n g  o f  the models f o r  each o f  the 48 
cases were presented i n  t h e  unpublished report. The following 
i n d i c a t e s  how o f t e n  e a c h  of  t h e  three U. S, models were r a n k e d  i n  
first place ;  

NWS Ranked first i n  a l l  4 8  cases 

PRMS Ranked first in 2 2  cases 

S S A R R  Rarrslsed f i r s t  i n  2 1  cases 

The Anderson model i s  the most physically based snowmelt 
model in use today and t h e  r e su l t s  of t h e  t e s t  program i n d i e a t e  
its accuracy and reliabity f o r  forecasting basins in different 
cl imates,  The model was developed f ram physical c o n c e p t s  using 
d e t a i l e d  measurements o f  a l l  measurable variabies y e t  was 
d e s i g n e d  to use o n l y  s t anda rd  measurements of p r e e i p i  ta t i o n  and 
tentirperakure. 

B, Conceptual S o i l  Moisture Accounting Models 

F i v e  concep tua l  soil moisture accounting models  were 
selected to be cons idered  as alternatives f o r  t h e  operational 
s y s t e m  fo r  t h e  S u s i  tna Hydroelectric Projec t .  These  a r e :  

Tangborn Model (HyMet) 
National Weather .C,irvice R i v e r  Fo recas t  System (NWSRFS) 
P r e c i p i  t a t  ion-Runof f Madel i n g  Sys tem (PRMS) 
S t a n f  s rd  Watershed Model (SiqM) 
Streamfow Synthesis and Reservoir Regulation ( S S A R R )  

T h r e e  o f  t h e  above models we:re i n c l u d e d  i n  t h e  r e v i e w  oE 
lnodels  completed by  Hyclex f o r  NASA ( 2 5 )  and by the WMO ( 3 0 )  . 
T h i s  s t u d y  p rov ided  a yaod methad t o  s t u d y  and canpare models.  
S ince  informatian o n  three o f  the models i s  available i n  t h e  f o r m  
vlse+l i n  the NASA s t u d y  i t  was f e l t  i t  would  be beneficial t o  have 
a l l  mode3.s i n  !:he s2r9ae format,  



The a t ~ t h o r s  0% $ha t w o  models  t n a t  w e x e  n a t  i n c l u d e d  i n  t h ~  
i4aSA s t u d y  were c o n t a c t e d  to o b t a i n  more complete information cn 
the podels and their s t r u c t u r e .  Wendell V. Tangborn (HyMet 
Company, Seattle, Washing t o n )  furnished i n f o x m a t i o n  o n  t h e  HyMet 
iaodei and  George PI, Ceavesley (U. S. Geolog ica l  S u r v e y ,  D e n v e r ,  
C o i o ~ a d o )  on the PRMS model. Schematic d i a g r a m s  and gefinitions 
o f  s t a t e s  and parameters f o r  the t w o  models were prepared and* 
submitted to Tangborn and Leavesley f o r  review.  The schematic 
diagrams and lis- s f  definitions f o r  a l l  f i v e  models are 
p re sen t ed  i n  Appendix D a long  with t h e  same m a t e r i a l  f o r  t h e  
A n d e r s s n  Snowle l t  Model, 

k g l o s s a r y  o f  terms used in review of the models  f o r  NASA 
and a Legend f o r  t h e  seheniatic d iagrams a s  o r i 2 i n a l l y  published 
i n  , the NASA xeport ( 2 5 )  a r e  reproduced in Appendix D. By 
developing t h e  diagrams and s t u d y i n g  the s t a t e s  and parameters 
u s e d  i n  t h e  models ,  a reasonable  u n d e r s t a n d i n g  o f  the s t r u c t u r e  
and operation of each model can be achieved. Based on t h i s  
knowledge ,  and on our  experience, comments on t h e  models f o r  
possible selection f o r  the p r o j e c t  a r e  g i v e n  below. 

(1) HyMet Model (Diagram D - 2 ,  Tables D-3 and D - 4 )  

(a )  Data Requirements 

The a p e r a t i o n  of the model requires o n l y  t h e  
s t a n d a r d  measurements of precipitation, 
temperature, 

(b) F i e l d  Experience 

The HyMet model i s  being used operationally 
f o r  s ea sona l  forecasting in t h e  Pacific 
Northwest and in Central Wtiasna, As f a r  as 
c a n  be determined there  i s  no comple te  
documentation fo r  c a l i b r a t i o n  o r  operational 
use af  t h e  model ,  

Short term streamflaw f o r e c a s t s  s f  1 - 3  d a y s  
d u r a t i o n  require weather  f o r e c a s t s  o f  prec i -  
pi t a t i o n  arid temperature. Seasonal f o r e c a s t s  
a r e  based on r e g r e s s i n g  i n d i c e s  o f  t h e  t o t a l  
water i n  s t o r a g e  ( i n  snow c o v e r ,  s o i l ,  s u r f a c e  
and groundwater ]  i n  t h e  basin o n  t h e  d a y  o f  ti7e 

f o r e z a s t  w i t h  s u b s e q u e n t  r u n o f f  f o r  a specified 
t i ~ n e  per iod .  

The model h a s  n o t  been i n c l u d e d  i n  a n y  a f  the 
WMO comparison t e s t s  and no results o f  
comparison w i t h  o t h e r  models  h a v e  been found. 
The  o n l y  available r e s u l t s  a r c  those published 
b y  the a u t h o r  with l i t t l e  or ns suppor t i \ lg  



inEormation for e v a l u l a t i n g  t h e  model p e r f o r - -  
n3:aan"ree, 

[d) Use i n  Snow and Glacierized a r e a s  

I t  is e v i d e n t  from t h e  Diagram in F i g u r e  0 - 2  
t h a t  t h e  o r i g i n a l  Tangboxn model h a s  been 
adapted ' f o r  Lase in glacierized areas. T a n g b o r n  
furnished 2 paper " P r e d i c t i o n  of Glacier  
D e r i ~ e d  Runof: f o r  Hydroelectric Development"  
(29) which presen t s  the basis f o r  t h e  g l a c i e r  
protion of the model.  The paper reports on  the 
a n a l y s e s  made fox t w o  small basins i n  B n i t i s b  
Columbia, Canada. T12e assumption is ~ . z d e  t h a t  
e n g l a c i a l  s t o r a g e  o f  water (from a b l a t i o n  o f  
snow, f i r n  and i ce ,  and precipitation) occurs 
d u r i n g  t h e  period from November L to J u l y  14 
and t h a t  o u t f l o w  from this s t o r e d  watex islt%ceurs 
from J u l y  15 to October 31. From t h e  
information furnished on the model i t  was n o t  
clear e x a c t l y  how t h e  model h a n d l e s  t h e  s t a t e s  
in the model f o r  firn ice and g l a c i e r  n e t  
ba lance .  Bscause t h e  precipitation i n p u t  to t h e  
g l a c i e r s  in the Susitna Basin is c o n s i d e r a b l y  
different t h a n  f o r  g l a c i e r s  a l o n g  t h e  west  
c o a s t  of ? J ~ r % h  Wer ica  (Less t h a n  h a i f  o f  the 
i n j ? u t  during t h e  winter compared to a v e r y  
l a r g e  percentage f o r  g l a c i e r s  a long  the west  
coast o f  the United S t a t e s ) ,  i t  i s  n o t  certain 
i f  the a d j u s t m e n t  technique f o r  e n g l a c i a l  
s t o r a g e  a s  used i n  t h e  paper would be of d i r e c t  
v a l u e  f o r  the Susitna Basin, 

For glacierized a r e a s  t h e  HyMet model uses u p  
ts f i v e  e l e v a t i o n ,  zones and snaw accumulation 
f o r  each  a l t i t u d e  is determined u s i n g  s t a n d a r d  
precipitation measurements from one a r  two 
selected weather  s t a t i o n s ,  The s n a w ,  f i r n  and 
ice melt axe c a l c u l a t e d  from t h e  mean a i ~  
temperature and t h e  r ange  o f  d a i l y  temperature, 

(el Updating 

A technique u s i n g  tht .  e r r o r  f a r  a shor t - te rm 
forecast a s  a n  i n d e x  t o  t h e  e x r a r  i n  t h e  
s e a s o n a l  f o r e c a s t  i s  used f o r  ad j u s t  i n g  t h e  
s e a s o n a l  fo recas t  an t h e  b a s i s  of  comparison o f  
simulated and observed flows. For example,  a 
s e a s o n a l  f o r e c a s t  prepared a s  o f  May 1 uses t h e  
exrosr i n  t h e  s i m u l a t e d  v e r s u s  okserved  flows 
d u r i n g  May L J ~  r e v i s i n g  the seasonal forecast. 
This  h a s  meare vaLilae f o r  basins where t h e  major. 
p o r t i o n  o f  t h e  i n p u t  f o r  the s9asonal f l o w  
occurs p r i o r  t o  t h e  d a t e  of t h e  f o r e c a s t .  I t  



i s  no% e z r t a i n  how i t  would wo;:k f o x  t h e  
S a s i  t n a  Basin, T h e  updating p r u c e d u r e  h a s  
n o t  been incorporated into t h e  shor t- term 
forecasting method (311, 

The s o i l  mositure accounting s t r u c t u r e  o f  the 
msdel i s  sirni lax ts other  madels and it is 
c lear  t h a t  t h e  model was n o t  deve loped  w i t h  the 
concept  o f  having  s t a t e s  of tbe model to re? a t e  
d i r e c t l y  to measureable hydrolog  j>cal variables 
i n  t h e  r e a l  woxld, T h e ~ e  i s  no i n d i c a t i o n  t h a t  
techniques have been developed t h a t  would 
objectively use remote measurements (i, e., 
water equivalent of the snow c o v e r )  f o r  
updating t h e  model, 

( f )  Operational F a c t o r s  

Unless t h e  model was applied by the HyMet 
Company the lack o f  documentatioa f o r  the model 
would be a ser ious  Iimitatisn, T h e x e  is 
insufficient information t a  d e t e r m i n e  how the 
madel would be used f o x  short and long-term 
forecasting. 

( 2 )  NWSRFS Model (Diagram D-3,  Tab les  D-5 and D-6) 

(a )  Data requirements. 

The operation o f  the model requires o n l y  
G t andaxd  measurements. 

jb) F i e l d  Experience 

T h e  N W S R F S  is u s e d  operationally t h r o u g h o u t  t h e  
United S t a t e s  and Canada. T h e r e  is c o m p l e t e  
documentation f o r  t h e  NWS R i v e r  Forecast System 
and fo r  e a c h  s f  t h e  models  used ,  A r e p o r t  an 
techniques f o r  catchment mo3el ing and i n i t i a l  
parameter estimation fo r  the NWSRFS s o i l  
moistare accounting model was published by P e c k  
( 3 Z L  

The MWSHFS was i ~ c l u d e d  i n  t h e  WM8 comparison 
s t u d y  on soil moisture accounting models and 
a l t h o u g h  no  formal  comparison was r o p o r t e d  o n  
t h e  results, a r e v i e w  of  t h e  published 
ecmpariaon i n d i c a t e s  t h a t  the model performed 
a s  well o r  better than a n y  of  t h e  models 
tested.  The Hydrolog ic R e s e a r c h  L a b o r 3 t o r y  o f  
t,he i\iWS d i d  an e x t e n s i v e  t e s t i r l g  program i n  
1975.  T h r e e  models were comk3ared with a 





teen prepared on lk -  f o r  prediction u s e  where ax1  
d a t a  f o r  one y e a r  (or a l o n g  period o f  time) i s  
imput at one time. There  i s  nc operational 
model fox use i n  Es~ecastlng but Leavesley 
s t a t e s  t h a t  t h e y  p l a n  to prepare one. 

The o n l y  known evdluation o f  t h e  model t h a t  h a s  
been published i s  t h a t  repor ted above from the 
WMO snowmel t compar ison s t u d y ,  

( d )  Use in Snow and Glacierized Areas 

The model has  a component for handling s n o ~ x n e l  t 
r u n o f f  a s  may be seen on t h e  schematic diagram 
(Figure D-4) 'and it i s  based on e n e r g y  balance 
equations. The model has  n o t  been adapted f o r  
g l a c i e r  areas .  

( e )  Updating 

Since there i s  no forecasting mode the re  axe no 
u p d a t i n g  techniques. 

( E )  Operation Use 

The model i s  well. dacaniqsented (3"$ ). 

(4) SWN Model (Diagram D - 5 ,  Tables D-9 and D-10) 

( 3 )  Data  Requirements 

Same as  f a r  N W S R F S  model 

/b) F i e l d  Experience 

The model h a s  been used t h r o u g h o u t  t h e  world by 
t h e  a u t k ~ x s  b u t  it is n o t  c e r t a i n  where t h e  
model is p r e s e n t l y  being used.  

The S W M  was i n c l u d e d  i n  t h e  t e s t  c s ~ l d u c t e d  by 
t h e  NWS H y d r o i n g i c  Research L2')oratory and i n  
t h e  WMO comparison t e s t s .  I n  b o t h  s t u d i e s  the 
resu l t s  were v e r y  camparable to t h o s e  f o r  the 
NWSRFS, 

U f 3 e  i n  Snow and G lac i e r  ized A r e a s  

TI"$ model h a s  been used i n  ~ 1 2 0 ~  melt areas b u t  
no information i s  ava'lable f o r  g l a c i e r  i z e d  
a reas ,  'S"k~e i."sndcnr~ion mode% i s  used f o r  snowme1 t 
model irig , 



[e) Updating 

The authors h a v e  updat ing tect:rliques us i n 2  
obse rved  streamflow but no speci f it informat ior; 
i s  available, 

( f )  Opexat i o n a l  Fac to r s  

S i m i l a r  to those  i n d i c a t e d  for t h e  NWSRFS, 

(5) S S A R R  Model (Diagram D-6, Tables D - T I  and D-12) 

(a) Data Requirements 

St.awdard measurements, 

(b) F i e l d  Experience 

The S S A R R  model has  been ixsed t h r o u g h o u t  t h e  
world and is used ~ p e r a t j ~ o n a l l y  by the j o i n k  
WS-Corps of  E n g i n e e r s  r i v e r  f o r e c a s t  cen te r  i n  
P o r t l a n d ,  Oxegon. Excellent documentat i o n  
e x i e t s  f o e  the model,  

The S S A R R  model i s  primarily a r i v e r  routing 
and reservoir r e g u l a t i o n  model.  The components  
f o r  i t s  s o i l  moisture accounting and s n o ~ m e l t  
components are no t  a s  c o n c e p t u a l  as f o r  t h e  
o t h e r  models  c o n s i d e r e d .  T e s t s  conduc ted  by 
t h e  NWS and the WMO (on both t h e  soil moisture 
a c e a u n t  ing an3 t h e  snowmel t compar isons) have 
shown t h e  model to have  more limitations i n  
forecasting f o r  i n d i v i d u a l  basins. 

(d) Use i n  Snow and Glacierized Areas 

The model has been used  in many snowmel t a r e a s .  
T h e r e  i s  no component f o r  accounting f o r  
g l a c i e r s ,  The model  h a s  been used ta c a l i b r a t e  
the Susitna R i v e r  B a s i n  f o r  t h e  mon ths  o f  
August and September using s t a n d a r d  t a b l e s  b y  
B r e d t h a u e r  o f  R and M Consultants. 

Some subjective methods fo r  u p d a t i n g  t h e  model 
o p e r a t , i o o a l l y  have  been used. However, t h e  
s t r u c t u r e  c f  t h e  model ( l a r g e  use n f  t a b l e s )  
m a k e s  i t  v e r y  d i f f  i c u l  t t o  d e v e l o p  p rocedu re s  
f o r  objective updating t h e  model ,  Rnalysis by 
Hydex f o r  NASA h a s  detertniner3 t h a t  the use o f  



(1") Operational Factors 

T h e r e  a r e  no known problems Eor using the  SS?lRR 
model operationally. 

Knowledge of the sour-es o f  e r r o r  t h a t  would occur i n  
forecasting s h o r t -  and long-term r u n o f f  o f  t h e  Susikna River i:: 
?:in i m p o r t a n t  f a c t o r  f o r  determinin, t h e  f o r e c a s t  models t h a t  
sl3aukd be u s e d ,  Possible s o u r c e s  sf f oxecas t  e r ro r s  a r e  shown by 
the schembtic diagram i n  F i g u r e  6; rbese a r e  model ,  basic d a t a  
and cl ima t o l o g  i c a l ,  

!%ladel erroar r e s u l t s  from t h e  fae"i:hat t h e  madel (and i t s  
parameterization) does not a c c u r a t e l y  represent t h e  real world, 
The magnitude of  t h e  model er ror  i n  f o r eca s t s  o f  short- and long -  
tern  s ea sona l  r u n o f f  would be apgroximately t h e  same f o r  either a 
statistical o r  a conceptual approach, 

The accuracy o f  a s e a s o n a l  f o r e c a s t  f o r  water  s u p p l y  d e p e n d s  
on t h e  ability to knew the t r u e  basin averages  o f  
h y d r o ~ e t ~ o r o l o g i d  parameters used in t h e  model. Even i f  a 
perfect model and a perfect  s e t  o f  parameters  were available, 
inadequacies i n  basic d a t a  would introduce i.al:ge e r r o r s  i n  thc. 
f o r e c a s t s  o f  t h e  May-September r u n o f f  f a r  t h e  Susi tna River 
Bas in .  The basic d a t a  er ror  For the w i n t e r  precipitation ( d u e  to 
f a i r l y  good correlations agnong t h e  A p r i l  I s n a w  course 
measurements) is p r o b a b l y  less t .han the d a t a  e r ror  f o p  f o r e c a s t s  
du2: i n g  t h e  summer t h u n d e r s t o r m  per iod.  Improvement  in the 
knowledge o f  the a c t u a l  precipitation by proper locating g a g e s ,  
by adjusting precipitation measurements for gage catch d e f i -  
ciencies, and by improvements in t h e  network (additional stations 
and representative e x p o s u r e s  as recommended above) all h e l p  to 
reduce the basic e r ro r  component of the t o t a l  f o r e c a s t  error. 

The climatological poxtian o f  the forecas t  e r r o r  r e s u l t s  
from f u t u r c  weather  conditions which  a re  unknown a t  t h e  time t h e  
f o r e c a s t  is issued. The pe r cen t age  o f  t h e  t o t a l  e r ro r  due t o  
cl imatolog i c a l  e r ro r  f o r  forecasts f o r  t h e  S u s i  tna B a s i n  above 
~ e n a l i  i s  d i r e c t l y  r e l a t e d  to t h e  p e r c e n t a g e  o f  t h e  t o t a l  input 
that h a s  occurred  up to * .he  d a t e  o f  the foreczst. Since this is 
approximately less t h a n  & ~ a l f  o f  the t o t a l  s e a s o n a l  input as of  
April 1, the climatoloai--1 e r r o r  i s  probably much g r e a t e r  f o r  
the Susitna R i v e r  Basin c t ~ a n  f o r  basins where  t h e  p e r c e n t a g e  o f  
the s e a s o n a l  input i s  much  l a r g e r  p r i o r  to April I .  



Climatological Error 

Peb Mar 

pigure 6. Schematic d i a g r a m  o f  sources o f  forecsst errors 
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~ i g l r r e  6 .  Schematic diagram o f  soirrces o f  f o recas t  e+rorr; 
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It i s  not possible to d e t e r m i n e  the relative e r r o r s  
t cil i m a t o l o g  ical , b a s i c  d a t a  and model.) t h a t  c ~ o u ' i d  be assoc i a  t ed  
.;it23 -eacn model without completely applying the mode ls  to the 
S 7 . s i c n a  River Basin. However,  the climatological error s h o u l d  be 
approximately t h e  same f o r  e a c h  model used .  The basic d a t a  e r r s r  
~ i 5 s o c i a t e d  with the use of t h e  f i v e  models  reviewed i s  prbmar l l y  
d e p e n d e n t  upon t h e  basic d a t a  and o n l y  marginally on bow the d a t a  
axe p~seessed  i n  t h e  saodel's, It is assumed t h a t  the basic d a t a  
e r r o r  and  t h e  model e r x o n  may be approx imate ly  t h e  same f u r  
dz A - s r e c a s t s  prepared us ing t h e  PRMS, SWM, HyMet o r  NWSRFS m o d e l s  
.A  somewhat g r e a t e r  f o r  t h e  S S A R R  model,  

The a c t u a l  e r r o r  of  the f o r e c a s t s  f i n a l l y  developed for t h e  
p r o j e c t  will depend much more on other factors t h a n  an t h e  
sePeel:isn o f  t h e  model o r  models  to be used,, Basic d a t a  error 
~esul t : i  ng fzom inconsistency {change  i n  time or  l neonsistencies 
i n  t h e  d a t a  used f o r  c a l i b r a t i o n  and f o r  operational forecasting) 
c a n  be v e r y  g r e a t .  The  successful application (and m i n i m u m  
f o r e c a s t  e r r o r )  u s i n g  a n y  model d e p e n d s  to a l a r y e  e x t e n t  on t h e  
experience o f  t h e  modeler and on t h e  characteristics o f  t:?e 
b a s i n ,  

One a d v a n t a g e  o f  us ing  a conceptual model ove r  a b l a c k  box 
regression model is  the inc reased  ability to f o r e c a s t  extreme 
( d r y  o r  wet) conditions t h a t  were n c t  experienced i n  t h e  s e t  o f  
d a t a  used f o r  calibration of t h e  model. For a conceptual model to 
realize t h i s  a d v a n t a g e  t h e  input d a t a  f o r  t h e  n ~ ~ d e l  s h o u l d  be a s  
representative of  " t r u e w  v a l u e s  as p o s s i b l e .  For calibration an 
a c e u r a t e  knowledge a f  cl imatolog i c a l  averages  o f  the magnitude 
and distribution o f  t h e  s e a s o n a l  precipikation over  t h e  b a s i n  i s  
requi red ( s ea sona l  isohyet31 maps) . For operational use 
information on t h e  climatol~gical averages  of the possible 
wea the r  conditions for the rest o f  t h e  season  are required 
(statistical i n d i c i e s  o f  r l i m a t o l o g i c a l  conditions]. 

The o n l y  way to reduce t h e  c l i m a t o l o g i c a l  e r ro r  o f  f o r e c a s t  
i s  by us ing  f o r e c a s t s  ( t h a t  h a v e  information content) o f  f u t u r e  
w e a t h e r  condl  tions. Availability o f  s h o r t -  and long- range  
w e a t h e r  f o r e c a s t s  and m o n t h l y  ou t looks  h a v e  been summarized b y  
Nibler ( 3 8 ) .  Forecasts o f  temperature and quantitative prec i -  
p i t a t  ion forecasts (QPF)  a r e  available from t h e  National 
~ e t e o r o l o g  i c a l  C e n t e r ,  Na t iona l  Weather Service,  S u i  t l a n d  , 
Maryland ,  and a r e  received d i r e c t l y  b y  t h e  NWS o f f  i c e s  i n  
Anchorage.  Specif i e  f o r e c a s t s  o f  precipitation and temperature 
c o n d i t i o r l s  a r e  i s s u e d  f o r  1 2 - h o u r  p e r i o d s  f o r  t h e  next 48 h o u r s .  
Other p r o g n o s t i c  information issued f o r  op to 72-hours periods 
and f o r  6 - 2 0  d a y s  a h e a d  c a n  be used t o  d e r i v e  f o r e c a s t s  f o r  
precipitation and temperature f o r  up to 10 days i n  t h e  f u t u r e .  In 
addition, information o n  expected a v e r a g e  monthly v a l u e s  i s  
a v s i l f 3 b 2 e  frorn p u b 1  i s h e d  monthly outlooks f o r  A l a s k a ,  



S e v r ? r a l  i n d i v i d u a l s  w i t h  whom t h e  s t u d y  h a s  b e t n  d i sc t~ssed  
' 3  3 . ."A i n d i c a t e d  t h a t  forecasting t h e  snow and i c e  meit from t h e  
7 . i - z c i e r i z e d  portions of the basin ~ ~ o l n l d  be d i f f i c u l t ,  i iowever,  
ba:?d o n  the r e v i e w  u f  the hydrometeorological d a t a  f o r  t h e  basin 
and thri r e s u l t s  o f  previous model s t u d i e s ,  i t  i s  bel i eved  tha:  
the Ariderson m o d e l  w i l l  p r o v i d e  the accuracy and r e l i t i b i l i t y  fa; 
suc:n forecasting when used w i t h  available updating p r o c e d u r e s  2nd 
real-tjme measurements a f  t h e  streamflow. T h u s ,  the A n d e r s o n  
i~1odil.1 i s  recommended f o r  use i n  forecasting s n c w  and ice mnir for 
?he p r o j e c t .  

The Xack s f  accurate and consistent d a t a  Ear a number of 
y e a r s  ( excep t  f o r  some snow survl2y and streamflow d a t a )  makes i E 
d i f f i c u l t ,  i f  n o t  impossible, to use regression type "black-hcsw 
a p p r o a c h e s  f o r  forecasting t h e  long-term water supply r u n o f f .  

J*ssuming a real i s t  i c  knowledge  o f  t h e  magnitude and 
variability o f  seasonal precipitation i s  prov ided  by t h e  p r o p n ~ e d  
basic d a t a  coLlection program, s i m p l e  quasi-conceptual models  can  
be usg:;d ta prepa re  Long-term f a r e c a s t s  o f  t h e  water s u p p l y  
r u n o f f ,  Forecasts o f  t h e  long-term water supply r u n o f f  can a l s 4 3  
be prepared  by e x t e n d i n g  the fo recas t  p e r i o d s  f o r  t h e  conceptual 
mode l s  discussed i n  t h i s  r e p o r t .  T h i s  zan be done by 
initializing t h e  model as o f  the d a t e  of t h e  f o r e c a s t  by using 
measurements o f  the water in s t o r a g e  ( i n  the snow cover and 
englacial) , by u s i n g  f o r eca s t  weather conditions f o r  the rleair 

filirurcl and hy applying E x t e n d e d  Stre3mfEaw P r e d i c t i o n  (ESP) 
p r o c e d u r k s  u s e d  b y  the National Weather Sev ice  ( 3 9 )  f a r  time 
periods f a x  w h i c h  weather  f o ~ e c a s t s  are available, 

The long- te rm water supply fo recas t s  can be i ssued i n  terrns 
o f  conditional probability t h a t  will p rov ide  considerably more 
information f o r  t h e  reservoir operations t h a n  a simple volumetric 
sr'orecas t .  For example, probabi l  ity distr i b t l t i o n  r e l a t i o n s  can he 
produced p r o v i d i n g  the expected probability oE occurrence o f  thz 
ral7ge o f  water  s u p p l y  t h a t  c o u l d  be expec ted .  S u c h  information 
i s  valuable f o r  reservoir operational decision m a k i n g .  

The time and expense to d e v e l o p  a d a t a  base and process a l l  
d a t a  f o r  use i n  f o r e c a s t  modeling i s  c o n s i d e r a b l y  g r e a t e r  t h a n  
the t i m e  required t o  t e s t  and , e v a l u a t e  t h e  u s e  aE different: 
Fsreeas t  models ,  "Peerefcare, i t  is ri-acornmended tb ja t  mo&e thaa3 arcre 
lnodel be t e s t e d  f o r  the s o i l  moisture 2ccounting and t h e  l ong -  
term forecast models f o r  the p r o j e c t .  T h i s  i s  c o n s i d e r e d  viable 
i n  view o f  the t a r t  t h a t  the a c t u a l  o p e r a t i o n  o f  the reservoirs 
w i l l  not- commence f o r  several y E a r s ,  Re<-ommendations f o r  mode-1s 
t h a t  s h o u l d  be investigated f o r  u s e  i n  the p r o j e c t  arc.: 

A, For short-tern forecasting: 

(1) NWS A~--aderssa %now ablation and k~t:cusnul-c~t  i o n  itaodcl 
f o r  forecasting snob] anrl rj l i icicr mc!l? f u r  kt-!F. bnsir-i. 



( 2 )  T e s t  the S S A R R  and kl\qzj models  for soil : ~ i o j s t ~ j r e  
a c c o l l n t i n g  and use as a routing model.  

R, Pox l ong -  t e ~ m  foretasting,; 

t , * j  Use t h e  conceptual i o n e c a s t  model selected for 
i s s u i n g  s h o r t - t e r m  wa te r  supply r u n o f f  to f o r e c a s t  
~ s n ~ - t k r m  (from d a t e  of f o r e c a s t  t o  September 3 0 )  
wzter supply u s i n g  weather  f o r e c a s t s  and 
E-c teilded Streamf low P r e d i c t i o n  p rocedures .  

( 2 )  For e a r l y  season forecasts [ p r i o r  to May 1) 
d e f ~ e l  op a simple quasi-conceptual y o d e l  :. ssed 
on wii te r shed  conditions as  c f  April 1 si-3:~ s t a -  
i s t i c :% o f  c l i m a t o l o g i c a l  conditions dux ~ i l g  
t h e  ilay-September per iod. 





The seetion includes a s h o s t  summary o f  c u r r e n t  d a t a  
~ 3 l l e c t i . o n  s n d  r e l a y  me thods ,  a discussion of requirements for 
operational forecasting, several alternative communications 
schemes ,  and rece0rnmenda"L-,~r1~~ 

A. E x i s t i n g  Data  C o l L e c t i o n  Methods 

The existing d a t a  collection methods are well summarized i n  
previous portions of  t h i s  r e p o r t ,  A t  the p r e s e n t  t i m e  a l l  d a t a  
from t h e  Susitna B a s i n  i s  recovered  by helicopter and to a 
l i m i t e d  e x t e n t  by ground  transportation a f t e r  h a v i n g  been 
recorded by automated weather o r  stream g a g i n g  stations. Data 
from the basin a r e  t h u s  available a t  approximately monthly 
i n t e r v a l s .  The time d e l a y  f r o m  collection u n t i l  t h e  d a t a  a r c  
plzoeessed into u s e f u l  farm can  r u n  from one  t o  s e v e n  weeks, 

B. Data Callection Requirements f o r  Operational Modeling 

Discussions h e l d  d u r i n g  the f i e l d  trip to Alaska i n d i c a t e  
t h a t  operational fo r eca s t s  will be required as o f t e n  as d a i l y  
d u e i n g  the summer months .  The  f o r e c a s t  t i l n e  interval d i c t a t e s  
t h e  minimum t i m e  which  can elapse between r e c o r d i n g  of d a t a  i n  
the field and r e c o v e r y  and processing. 

Models can obviously be r u n  at a n y  t i m e ,  However, i f  the 
sophistication o f  rainfall-runoff models i s  to be used to maximum 
a d v a n t a g e  ( i . e . ,  i f  short time i n t e r v a l  r u n o f f  from t h u n d e r  
starms is to be modeled) then d a t a  m u s t  be available a t  short 
i n t e r v a l s  and soon a f t e r  t h e  e v e n t s  occur.  Hour ly  2 a t a  i n  real 
o r  nea r - r ea l  time would n o t  be an u n r e a s o n a b l e  requirement, 

C. Alternative Data Gathering Systems 

( I )  Con"einue Present Methods 

One alternative which must be g i v e n  considerati3n i s  tc 
continue d a t a  gathering j u s t  as it i s  done  now. T h i s  r t a y ,  i? 
f a c t ,  be a satisfactory alternative d u r i n g  t h e  winter months 
where fo r eca s t s  will n o t  be made as  o f t e n .  D u r i n g  t h e  summer the 
frequency of s i t e  v i s i t s  could be increased to weekly o r  
biweekly. Fuxther automation o f  t h e  d a t a  h a n d l i n t j  process c o u l d  
t a k e  p lace  so t h a t  d a t a  can proceed d i r e c t l y  frovt the field t a p e s  
i n  a farm suitable f o r  input t o  t h e  models.  Current methods  c a n  
n o t  p r o v i d e  the t i m e l y  information needed f a r  rainfall/runoff 
modeling i n  the l a t e  summer period. 

( 2 )  Automated Telemetry Systems 

There are  severa l  types o f  automated  telemetry s y s t e i a s  
available f o r  the Susitnn B a s i n  Project ,  Each system requires 
f i e l d  p r o c e s s i n g  and teletnetry klardwarc, a communications l i n k  o r  



I = 

: i n l i s ,  c e n t r a l  receiving equipaent, and d a t a  processing 
ey9l i p n e ~ ,  

(39 F i e l d  S i t e  Hardware 

Most  current  automated telemetry s y s t e m s  make use of 
field hardware c a l l e d  "Data C o l  l e c t i o n  P l a t f o r m s "  ( D C P s )  . DCFs 
incorporate microprocessors, optional t a p e s  or o t h e r  form of  
s to rL3ge ,  and one o r  more telemetrl- modules .  The telemetry 
m o d u l e s  can be l i n e  of s i g h t  r a d i o  transmitters, satellite 
t r a n s m i t t e r s ,  o r  telephone modems, some e v e n  i n c l u d i n g  voice 
capability. The meteor b u r s t  s y s t e m  ( t o  be discussed l a t e r )  uses 
remote d a t a  terminals t h a t  o p e r a t e  o n l y  w i t h  t h a t  system. 

DCP's are  designed tc interface with a w i d e  variety of  
s t r e a ~ u  g a g i n g  and meteorological equipment. They a re  w i d e l y  used  
by t h e  U.S. Geolog ica l  Survey, Corps of ~ n ~ i n e e r k  and other 
agenc i e s ,  They a re  normally small i n  size and powered by 12-volt 
batteries charged by s o l a r  pan5ls .  Currently the re  a re  three 
U , f .  f i r m s  actively manufacturing DCPs. They a r e  S u t r o n  
Corporaticn, Nandar Corporation, and Synergetic3 C o r p o r a t i o n .  
A l l  o f  t h e  firms h a v e  sizeable numbers o f  p l a t f o r m s  i n  service 
and  all o f f e r  s i m i l a r  capabilities i ~4 6istinctly different 
pae:kages, 

Considerable experience by g o v e r n m e n t  a g e n c i e s  i n d i c a t e s  
t:22t the use o f  DCPs and real-time d a t a  obviates t h e  need f o r  an- 
s i t e  r e c o r d i n g .  This i s  contrary t o  t h e  suggestion by R&M 
Concultants ( W & M  review memo d a t e d  March 8, 2985 )  t h a t  a d d i t i o n a l  
mechanical recorders be added at each s i t e .  The lemetry 
equipment has  been found to be more reliable t h a n  on-site 
reccrd i n g  instruments. X t makes l i t t l e  sense t o  make d u p l  i c s t e  
r e c o r d i n g s  o f  had d a t a  o n - s i t e .  No goad d a t a  i s  no good d a t a  
whe the r  recorded on-site 0s: telemetered to some centnak X s c a t i c s ~  
and recordcd there* Not o n l y  t h a t ,  b u t  the adds a n  t h e  central 
site computer functioning p r o p e r l y  a r e  much h i g h e r  t h a n  f o r  a n y  
field recorder, The  less moving parts in the field, the be t t e r ,  
However, there would be some v a l u e  i n  retaining on  s i t e  
precipitation recorder d u r i n g  t h e  pe r i od  when d a t a  a r e  b e i n g  
collected f o r  model cal i b r a t i o n  purposes.  

( 4 )  Central Receiving Stations 

Central receiving equipment is specific to the 
communictions l i n k  used. C i n e  o f  s i g h t  r a d i o  systems require an 
a n t e n n a ,  ( u s u a l l y  a whip o r  Y a g i  mounted  o n  a tower)  a receiver, 
and a n  RF' modem (modula tor -demodui -a tor )  f o r  d a t a  recovery i n  
computer  compatible form, Satellite systems a l s o  require a n  
a n t e n n a ,  but this must be a 3 to 5 meter d i s h  permanantly f o c u s e d  
o n  t h e  satellj te beitlg used, A receiver, demodulators, and 
inu l -  t i p l e x i n y  kquipment are  a l s o  required t o  r e d u c e  incoming d a t a  
to computer compatible form, T e l e p h o n e  systems require o n l y  a 
roodern to receive incoming c a l . 1 ~  and interface w i t h  a computer. 
Enormous variatians a r e  poscible i n  central s i t e  d a t a  processing 



i 1 Opt ions v a r y  from d e s k t o p  personal compi l t e r s  ko 
s s 

ri- computeus us c a p a b l e  o f  not o n l y  receiving t h e  d a t a  butt 
p A - ? c e s s i n q  i t i n  real-time and updating the inod+zls. 

- r F k , i  k e : x n a t i ~ ~ ~ s  EQK t h e  Susitna Basiw 

At the c u r r e n t  time the writers believe t h a t  t he re  a r e  
tkt:es alternatives fax  !:he SusJ t n a  Basi n: 

(1) A combined line-af-sight r a d i o  (with or 
w i t h o u t  v o i c e  capability) and t e l e p h o n e  
s y s t g r n  d, 

( 2 )  A satellite system with a variety o f  central 
site options, and 

(3) A Meteor B u r s t  s y s t e m .  

The alternatives are discussed below, 

A. Line-of-Sight and Te l ephone  System 

The w ide open n a t u r e  o f  t h e  Susitna Basin makes a line- 
o f - s i g h t  system reasonab ly  a t t r a c t i v e .  I t  s h o u l d  be possibls tto 
relay d a t a  fro21 virtually a n y  part o f  t h e  b a s i n  t o  a central 
l o c n t i o ~ ?  s u c h  as  Watana using a minimum number o f  repea te r s*  Two 
or t h r e e  s h o u l d  be sufficient. The systerct call be designed 
s t r i c t l y  f o r  d a t a  purposes  o r  i t  may be ccrrnbined with a s.aice 
network f o r  use in managing t h e  reservoirs, A smal l  minicomputer 
at Watana can save t h e  d a t a  and r e l a y  it t o  Anchorage o n  a d a i l y  
basis by telephone. The assumption being made, of  c o u r s e ,  i s  
when the reservoirs are  built t h a t  phone service will f o i l o w .  I f  
s u c h  is n o t  the case t h e n  line-of-sight i s  probably n o t  a 
practical alternative. 

Discussions during t h e  field t r i p  i n d i c a t e  t h a t  
thunders to rms  a r e  a frequent acculrxrence i n  the Scrsikrra basin, 
T h u n d e r s t o r m s  a r e  t h e  most f r e q u e n t  cause of f a i a u r e  i n  line-of- 
s i g h t  s y s t e m s .  L i g h t n i n g  strikes near repeaters nearly always  
cause failures, Any s y s t e m  s h o u l d  probably  be designed w i t h  d u a l  
d a k a  p a t h s  ( m u l t i p l e  repeaters) to m i n i m i z e  d a t a  l o s s  and allow 
for t i r n e  to repair. Hot s t a n d b y  repeaters could a l s o  be 
c o n s i d e r e d .  Hat: s t a n d b y  uses duplicate t r a n s m i  t/receive equip- 
m e n t  w i t h  a spare r eady  t o  t a k e  o v e r  the minute the  aperational 
u n i t  f a i l s .  The c o s t  f o r  h o t  s t a n d b y  i s  f a i r l y  substantial since 
i k  d o u b l e s  the a m o u n t  o f  equipment a t  e a c h  repea ter .  

It: i s  possible to d e s i g n  a line-of-sight s y s t e m  u s i n g  
polling, wherein t h e  c e n t : r o l  s i g h t  queries t h e  field s i t e s  f o r  
d a t a ,  T h i s  requires more complex e q u i p m e n t  on both ends 2nd i s  
rlot rec~3nmtznded. DCPs a r e  easily capable o f  determining when 
d a t a  s h o u l d  be sent and w i t h  g r e a t  reliability. 



D o  S a t z e l l i t e  Da ta  Relay System 

A17 attrackive way to recover d i i t a  f r o m  the Suslhna Basin is 
b y  %;cans o f  t h e  GOES (Geostationary, Operational Environment81 
Si ' t e l l i e te )  s y s t e m .  The G O E S  s y s t e m ,  owned by tqY'OAA, i s  the szme 
satellites wh'ch p r o v i d e  the satellite wesLher p i c t u r e s  s e e n  on 
tel evision newscasts. The  Data Collection S y s t e n ~  ( D C S )  on the 
sate1 1 i t e s  p r o v i d e  2 5 6  c h a n n e l s  f a r  environmental d a t a  
t r a i ~ s m i s s i o n .  The two U ,  S.  GOES satellites p r o v i d e  sufficient 
aeegrayhic coverage  to send d a t a  from F l o r i d a  to Alaska  with no -i 
~ n ' i e r m e d i a f e  repeaters. G O E S  i s  t r u l y  t h e  "ultimate" line-of- 
aiqht repeater ,  

The GOES satellite d a t a  collection system h a s  been i n  use 
f o r  many years, Tbe U. S, B u r e a u  of Reclamation o p e r a t e s  a 
n e t w o r k  o f  over  1 5 0  DCP" i n  t h e  upper  S n a k e  R i v e r  Basin for 
which part o f  the area has c o l d  temperature extremes s i m i l a r  t o  
t hose  experienced i n  t h e  Suisitna R i v e r  B a s i n  ( n e a r  Yellowstone 
P a r k  Wyoming). The c o n t r a c t o r  in cha rge  o f  t h e  s y s t e m  
maintenance i s  pa id  based on t h e  percen tage  of  d a t a  received 
(percentage o f  15  m i n u t e s  r e a d i n g s  from many t y p e s  o f  s e n s o r s ) .  
The Eormula is s u c h  ? h a t  t h e  c o n t r a c t o r  receives f u l l  payment for 
d a t a  reception o f  95 percent  o r  g r e a t e r ,  90  p e r c e n t  payment f o r  
90 to 95 percent receptios and so on u n t i l  no payment is received 
I f  reception falls below 5 0  pe rcen t ,  T a  d a t e  t h e  c o n t r a c t o r  has 
xJ.ceived L O O  percent payment over  t h e  l i f e  of t h e  c o n t r a c t .  The 
U. S, B u r e a u  o f  Reclamation o f f i c i a l s  in c h a r g e  o f  the p r o j e c t  
using the G O E S  system i s  Dan L u t e ,  DSBOR,  Box 0 4 3 ,  500  West Fort 
St ree t ,  Boise, I d a h o ,  83724,  telephone 208-334-1976 .  

A newly i n s t a l l e d  GOES collection system a t  h i g h  e l e v a t i o n s  
a l o n g  t h e  Ro-ky Mountains in Colorado f o r  t h e  O f f i c e  of the 
Colorado  S t a t e  E n g i n e e r  has been demonstrating s i m i l a r  
performance as  t h a t  for t h e  USBOR in Idaho  a f t e r  i n i t i a l  
instal la t iox1 bugs  were worlted o u t .  

The  "hid method f o r  relaying d a t a  from t h e  Susitna R i v e r  
Basin i s  the Meteor Burst or Meteor T r a i l  technique. Meteor 
Barst c o n u ~ u n i c a t i o n s  m a k e  use o f  ionization trails i n  t h e  
a tmasphere  t o  r e f l e c t  h i g h  f cequency  (HF) r a d i o  signals. T h e  
t r a i l s  t a k e  t h e  p l ace  o f  t h e  satellite i n  t h e  GOES system o r  t h e  
repeaters in t h e  l i ne -o f - s i  te s y s t e m s .  

Meteor Burst s y s t e m s  a r e ,  by n a t u r e ,  more complex t h a n  
satellite o r  l i n e  o f  site s y s t e m s .  First, the systen i s  two-way. 
A base s t a t i o n  s e n d s  a u t  s i g n a l s  t o  one o r  more remotes 
requesting them t o  r e p o r t  s t o r e d  d a t a .  The remotes t h e n  send out 
d a t a  s i g n a l s ,  The requirement f o r  a polling s c h e d u l e r  and 017- 
s i t e   receiver^ more t h a n  doubles t h e  c o s t  o f  the hardware  ove r  a 
one-way system. Second,  the meteor g u r s t  f i e l d  s i t e s  require 2 
to 3 times the  a v e r a g e  power to o p e r a t e  as a satellite o r  other 
one-way s y s t e m ,  The receiver at t h e  s i t e  must be s n  at all. t i m e s  



d 3 20 5 times t h e  t r a n s m i t t e r  power ( 2 5  to 40 : ~ a t * k s )  i s  
d 1-0 bounce s i g n a l s  o f f  a :neteor trail a s  compared to a 
s a t e i i i t e  (8 w a t t s )  or line-of-site repeater ( 2  to 4 r q a t t s ) ,  
""- 

kJ::gresed in a different way, t h a t  battery will. last 3 to s i x  
d- " ~ ~ r n e s  as l o n g  as the same battery powering a meteo r  b u r s t  s t a t i o n  
.hen b o t h  transmit the same m e s s a g e  l e n g t h ,  Finally, meteor 
D j r r s t  ha rdware  3re l a r g e r  i n  physical s i z e  t n a n  satellie or Line- 

f-.- s; te systems. The transmissian u n i t s  are  large^, and much  
la3:ger solar p a n e l s  and more batteries a re  required, 

Meteor burst's one true advaz~tage is t h e  preserrc . of 2 
:;.cciver at t h e  remote s i t e s .  I t  i s  possible to send and receive 
t e x t  messages at t h e  remotes which may o f f e r  some f u r t h e r  s a f e t y  
for f i e l d  crews i n  remote lacatins, 

The bas ic  cost of  a meteor burst remote station i s  r o u g h l y  
t w i c e  t h e  cost o f  a satellite DCP, exelusive o f  the accessories 
and i i l s t a l l a t i a n .  Accessory c o s t  is a l s o  h i g h e r  w i t h  a n t e n n a s  
costing 2 to 3 times as much as  GOES ($500 t o  $700 compared to 
S250B er line-of*site, 

A t  a meeting with Narza-Ebasco and Alaska Power  Authority 
o f f i c i a l s  i n  Anchorage,  A la ska ,  on May 30, 1905,  George C l a g g e t ,  
SCS,  Anchorage A l a s k a ,  i n d i c a t e d  t h a t  considexable improvement  
h a s  heen experienced i n  the operation o f  t h e  SNOTEL d a t a  
collection program (meteor burst system] o f  the SCS. However, 
CLagget d i d  n o t  h a v e  d e t a i l e d  information on the performance  o f  
their system. " o n t a c t  was made with t h e  SCS offices i n  
Washington, D. C. and in P o r t l a n d ,  Oregon to obtain first h a n d  
information. A r t  Crook,  Water Supp ly  Forecasting S t a f f ,  S o i l  
C o n s e x v a t  i o n  Service , P o r t l a n d ,  Orgeon ( 5 0 3 - 2 2 1 - 2 8 ~ 3 )  supervises 
the SNOTEL program f o r  the SCS and provided  information on t h e  
syst:,em, 

F i g u r e  7 and Tab le  4 were provided by Crook and p r o v i d e s  
specific information on the SNOTEL s y s t e m  performance ( f o r  d a t a  
collected by two master stations, one i n  Boise, Idaho ,  and one in 
Ogden, U t a h )  from February  1 9 8 1  to May 1 9 8 5 .  T h e  sclid line on 
F i g u r e  7 represents t h e  pe ,centage  ( b y  a four-month moving  
a v e r a g e )  of s i t e s  t h a t  successfully responded d u r i n g  t h e  once-a- 
d a y  colletion period (from 0500 to 0800 l o c a l  t i m e ) .  The  dashed  
l i n e  represents w h a t  t h e  SCS believes the collection p e r c e n t a g e  
would h a v e  been assuming t h a t  t h e  collection would h a v e  been 
sccompl i s h e d  w i t h  p r e s e n t  d a y  sof tware  ( 5  percent improvement)  
and w i t h o u t  a master s t a t i o n  f a i l u r e  d u r i n g  the 1983-84 winter. 

D, Comparison o f  Meteor Rurst and G O E S  Satellite S y s t e m s  

A s  i n d i c a t e d  i n  tt3e abave diesussion a r a d i o  line-of-site 
s y s t e m  i s  n o t  recommended primarily because  o f  the need f o r  
r epea te r  s t a t i o n s  and the t h u n d e r s t o r m  a c t i v i t y  o f  t h e  area. 
T h e r e  are many f a c t o r s  to be c o n s i d e v e d  i n  m a k i n g  a d e c i s i s n  
be tween  Meteor B u r s t  and t h e  G O E S  Satellite system. Cost o f  t h e  
i n i t i a l  h a r d w a r e  and accessories ( i racbudirrg a n t e n n a s )  3"s m u c h  
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less f a r  t h e  GOES system. Installation c o s t s  would be very 
eompa~able. M a i n t e n a n c e  costs would a l s o  f a v o r  t h e  GOES system 
since t he  power requirements f o r  t h e  Meteor  Burst system is much 
qxea te r ,  

The reliability of the two systems f o r  once a d a y  collection 
of reports is assumed tc be abou t  the same based on recent 
performance information. However, t h e  reliability o f  ebtaining 
15 m i n u t e s  o r  h o u r l y  r e a d i n g s  f a r  an entire d a y  would be much 
g r e a t e r  u s i n g  t h e  GOES system. 

The t w o  way communication potential o f  t h e  Meteor B u r s t  
s y s t e m  was i n d i c a t e d  as a p l u s  by t h e  f e d e r a l  agencies in Alaska 
t h a t  a t t e n d e d  the Play 30, 1 9 8 5 ,  meeting. However, this would be 
o f  a d v a n t a g e  only d u r i n g  t h e  maintenance v i s i t s ,  For t h e  B u r e a u  
of Reclamation n e t ~ r o r k  f o r  t h e  S n a k e  R i v e r  B a s i n  t h i s  is o f t e n  
only once a y e a r .  The GOES system does allow f o r  t e x t  ( " r e l a t e d  
t e x t N )  aqd emergency messages  to be s e n t  from t h e  DCP. I n  f a c t ,  
NOAA, owner o f  the GOES satellite, currently o p e r a t e s  a program 
called SEAS (Shipboard Environmental d a t a  Acquisi t i o n  System) 
which pre faces  each  d a t a  transmission with t e x t  d e t a i l  i n g  weather 
and s h i p  locations. The message a r e  keyed in by t h e  shipboard 
ope ra to r s .  I f  i t  i s  t r u l y  i m p o r t a n t  t o  have the meteor b u r s t  2-  
way messages i t  may be best to b u y  a s i n g l e  transmittor f o r  t h e  
Meteor B u r s t  system f o r  use b y  t h e  s e r v i c i n g  f i e l d  crews t o  carry 
and operate i t  i n  cooperation w i t h  t h e  SCS ineteor burst system. 

When operation of the hydroelectric s y s t e m  commences there 
will u n d o u b t e d l y  be a g r e a t e r  need f o r  d a t a  f o r  s h o r t  periods o f  
& * &nrne, i, e,, for information on resexvair re leases  and dawnriver 
streamflow t o  e n s u r e  t h a t  envirornmental requirements below t h e  
reservoirs a r e  s a t i s f i e $ .  Th2  added reliability o f  the G O E S  
system f o r  collecting 15 minute or  h o u r l y  d a t a  f o r  t h e  entire d a y  
would be o f  vzlue, 



based on the a b o ~ ~ e  cons i d e x a t  i o n s ,  i t  is reccmmended t h a t  
"; '";? G O E S  satellite s y s t e m  be investigated for ilse in ti?e p r t ~ j e c t ~  
" )"* ' 
: 81% . r ?~ou ld  i n c l u d e  a n  a n s i t e  field survey to e n s u r e  t h a r  a i l  
:;r?lected s i t e s  requiring collection o f  d a t a  can be s e e n  by the 
$:x;3 $:Q 1 1 i k e ,  

6. Coeperration on Data ~eceptian 

A Large number of  firms and agenc i e s  awn  and maintain G O E S  
!+.a -. b, : a  receiving stations. The U. S. Geological. S u r v e y ,  f o r  
tixampie, operates a portion of  i t s  own gag ing  network by means o f  
a receiving s t a t i o n  i n  Anchorage. Any s u c h  s i t e  c a n  collect the 
nccessasy d a t a  and hold  it f o r  telephone t r a n s f e e  to t h e  comput<+r 
chti:re the models will be r u n .  The geographic coverage o f  GOES i s  
emphasized by t h e  f a c t  t h a t  nydex Corporation u s i n g  the Sutron 
Csrpoxation downlink i n  Herndon,  V i r g i n i a  cou ld  e a s i l y  receive 
the d a t a ,  xun  the models ,  and r e t u r n  the answers to Anchorage. 
I n  t h e  initial stages, however, t h e  U.S.G.S. s i t e  will certainly 
be attractive, 

A satellite system using t h e  U.S.G.S. s i t e  would require 
only an investment i n  DCPs and sufficient telephone equipment and 
s o f t w a r e  t o  t a k e  the d a t a  from t h e  ground s t a t i o n  to t h e  computsr 
isihere the models w i l l  be run. Larger ,  moxe nlodern ground  
s t a t i o n s  i n  t,he $50,000 to $100,000 range conre w i t h  complete d a t a  
base software and model inter faces. This rnore sophisticated 
s y s t e m  shou ld  be cons idered  i f  caopera t io r~  with II. S.G.5. i s  not  
desirable, 

I ,  Prrrehase of d d i c a t e d  ground s ta t ion  

Purchase o f  a dedicated ground station will have  t o  be 
weighed o n  t h e  basis o f  cost effectiveness. Such stations are 
avairable with a wide range  o f  capabilities and corresponding 
w i d e  r ange  in prices, 

There isre rur-rent%y s s z y  ewe manc2ac%urer% sf qrauz2-& 
stations i n  the U,S. - Sutron Carpazstion sncZ Synsrgetics 
C o r p a u a t i o n .  S u t r o n  is t h e  newes o f  t h e  two coxparations and 
offers mare d a t a  h a n d l i n g  capability and smaller, f u l l y  d i g i t a l  
electronics, Synergetics h a s  rnore s t a t i o n s  i n  p l ace ,  The  markci- 
i s  h i g h l y  competitive, The simplest receiving s i t e  f rom either 
m a n u f a c t u r e r  cos ts  approximately $ 2 7 , 0 0 0 .  Far t h a t  ? r i c e  the 
user receives an  a n t e n n a ,  f r e q u e n c y  downconverter, receij:sr, 
cab1 ing  , and demodulators f o r  monitoring t h e  s a t e l  l i tc chann6sks.  
Also i n c l u d e d  is a pr:rsonal eompiiter to select c h a n n e l s  n n  ;1 t ivic 
t ; chedu le  loas i s  and to s t o r e  and p r in t :  out: d a t a .  St lch bot ton.  end 
receis~e  s i t e s  a r e  minimally u s e f u l  and a r e  usually u s s d  as "frot*ttr 
essds" for h ~ r g e r a  s y s % e ~ % ,  

To increase t h e  receiving s i t e  ~ a p a ' u j . 1  i t y  i s  primarily .1 

matter o f  add incj  computer capacity, H < ~ n u f a c t u r e r s  0 t : f e r  



2 :q;i;ased - - *  d _ i  processor and disk space i n  n o u y h l y  510,000 doila: 
i i ; c remcnts ,  realjstically u s e f u l  receive site with a cc.tnpu?r.er 

* .  czgJa122e 0:  r u n l l i n q  t h e  real-time m ~ d ~ l s  and a goad d a t a  ba se  i * . l L l  
cLc;st approx i n a t e l y  $60,000 w i t h o u t  s u c h  e x t r a s  as an 
~ i > i * O t e ~ r u p t i b l e  power s u p p l y  or installation. Additional maney  
Tg: ..:zA - d- *- be ccrrsidered for d a t a  h a n d l i n g  s o f t w a r e .  Sutron o f f e r s  a 
1 icense d a t a  base  package designed to p r o v i d e  real-t ime d a t a  
* *  -8 :r:spiays and to interface with models. X t  c i l r r n t l y  1 i s t s  f o r  
525,000. T h i s  i s  approximately t h e  cos t  for single-purpose 
c u s " i m  sof tware  if a "hare  bones" receiving s i t e  is i n t e r f a c e d  tra 
a!: E X  l s t i n g  computer. 

8. Kgudget Estimation Figures  

Detailed budgeting at t h i s  t i m e  is n o t  practical, However, 
c s t  i n a t e s  o f  telemetry system c o s t s  axe needed f o r  p l a n n i n g  
porposes .  The following a r e  reasonable price estimates in 1985 
dQ$lans Ear V ~ P ~ Q K ~ I S  items wkPch would be ;.meelled f a r  a satefli te 
systd:?rn: 

a Data coLlection p la t fo rms  - satellite $4,500 ea, 
(includes a n t e n n a ,  s o l a r  panels  cab les ,  
batteries and i n s u l a t e d  csrxtainer) , arad 

o Minimum satellite grcund  station f o r  
interface to existing computer 
$ Snelude% S2S,OOaS custom softwar@ , a r  

a Sakellite ground s t a t i o n  capable  o f  
r u n n i n g  real-time models as well as 
receiving d a t a  ( i n c l u d e s  d a t a  base  
s a f t w a r e )  ar 

9, Add i kisnal Reeoamendatians 

If the Susitna Hydroelectric P r o j e c t  w i l l  have a line-of- 
sight cammunications sys tem i n s t a l l e d  for: o t h e r  seasons  i t :  would 
msjce s e n s e  to multiplex i n  t h e  d a t a  gathering and combine t h e  
maintenance. However, i f  no s u c h  system i s  p lanned  a satellite 
system a s  recommended above seems h i g h l y  atfractive, 

I f  s u f f  ic ianl :  f u n d s  a r e  available a gcourld station : :~~ould  be 
puxchased .  The USGS s i t e  i s  f a j r l y  o l d  t echno logy  and t h e  d a t a  
handling sof tware  f o r  i t  i s  p r i m i t i v e  by today's s t a n d a r d s ,  A 
new receive s i t e  c o u l d  be purchased  w i t h  an-line quality aontral, 
;! camp'lcte d a t a  hase ,  and s l j f f i c i e n t  capability t o  r u n  all 1:lie 
~OXEC:SS?S*  

r n  t h e  mean time, i t  wot~ld  make a g r e a t  d e a l  o f  sense to b u y  
UCPs  and p l a c e  them a t  the  e x i s t i n g  d a t a  gathering network s i t t ~ s .  
Data  shouLd be manitored d a i l y  and as-needed maintenance 
u n d e r  takex-i. By usj.ilig UCPs and the USGS grourld station i t  i s  
gmnsslble t o  knai.4 ilnmed l a t e 1  y when px~b;lre:ns OCCUI- and cnfould 



- - c J ~ . . : s ! . ~ c . ~ s E , 1 y  up t h e  r t z l  iability ~ " a t a  r e t . r i e v a l ,  if DCPs j r e  
s .  ~ ~ e d  i; w i l l  be possible to g e t  r i d  of t'-9 on-si:e recorders, 

S : I C ~  t;lcire wculd axso up the reliability of the s i b s .  ALL d a t ~ ,  
r<:&ccrd ing ;*.auld t a k e  p l a c e  in d a t a  f i f e s  on t h e  computer t h a t  
P p c r z  *j ~ p s  - *- & t h e  d a t a ,  

The  conside~able experience o f  R&M Consultants i n  t h e  - *.l -2 s, 9 : g i . - e ~ i i l i a t i o r :  artd maintenance o f  the currznt s y s t e m  rgould seer3 : a  
4 - *  
? ~ i o ~ c a t e  them as a l o g i c a l  choice to i n s t a l l  and mainkain a 
s a t e l ' {  ice system. They h a v e  a c c u r a t e l y  defined the cost o f  
s * a a - j  !i,.c_i.;ea - :instruments a and v a r y i n g  k i n d s  of  maintenance s c h e d u l e s ,  
i w y  P ?:?ray w + --, could easily be t r a i n e d  i n  t h e  installation and s e t u p  o f  
r$6, u?, LAq* P 5 * 



1. E. L, Peck 1972, Snow Maasure~srat Predicamen.%;, Wantei- 

! ? e 5 w r ~ e 5  R Q S ~ B ~ C ~ ,  Val, 8, N0, Feb, A972 

2, C ,  E, l s raa l sen  1967, R~liability ~ 4 '  Can-Pyps P r e c l -  
p i t ae f  cn Gage Heaeurenents,  Techn Repu 2 ,  Utah S t a t e  
Water Re$. Lab., Utah Sta te  U , ,  Lerqan, Utah, Jetiy 

3 U, T ,  Wilson 1954, Rnalysis of  Winter P r e ~ ~ p ~ ~ t a t l a n  i n  
*$he &oapesa%ive Snow 11% tss$%ga$iona, Manth1 y Weac R e \ # -  
82,  pp, f 8 3 - % 9 9 ,  J u l y  

4 ,  M. 5 ,  Braun and E,  &, Peck 1962, Reliability a+' P ~ e c i -  
pita'kion MeasurnenSs as Related ta Expasure ,  Sour. af 
Rppl. Metea~s,  J143e 

5, & *  Larson and E, h, Peek %974, Rewsaey o f  Preeipitataan 
Msa~ursmen+% f o r  Hydro1 sg ic  Hodel ing, Water Retiaurcea 
Research, Vol, 18, NQ. 4, k g u a t  

6, E. L, Peck 1973, D i s c u s s i o n  sf Problems i n  Measuring 
Prccl p i  ta t  ion  i r ~  F"lraun*%;ainous Areas, S y m p ~ s i u m  art 
Oistrf bu%icbn o f  Pracipi-katian i n  Motantairlous Areas, 
EeiPo, Yoruay,  Nav, I ,  WMBIBMM, Ma, 32S, Genava, 
Swi tzarland 

7.. E a  G. Bsgdaaova 1968, Es$imat~ o f  tf-se RelixabiEity o f  
t h e  Charactariskica of  $ h ~  Shortage in S o l i d  Preci- 
pitation h e  to Wind, Sor. Hydral. S ~ & a e % e d  Papers, Esag l .  
f s a n s f , ,  Ma* 2 

8, El L ,  Peck and T .  R. Carfmal1 1979, Advantages af 
Coxlceptue% Madal a f o r  Mlsr*.ft;t"aarrn Research Bafaan 5tridsz?s,  
l h d r d  S y m p ~ s i ~ m  EHP Rege Idorkrng Group 017 Marl;hef-n 
Rt3aearplh Basins, hebe&:  C r t y ,  Canada, Jurle 11-15, 

9 ,  G,, 0,  Klilday 1974, Mea8.o M ~ n C h l y  and Rnneral Prse i - .  
pitatxan, Alaska, WAR Vaeh, Hema, N U 5  AR-18, Anchr~raqc, 
Alaska Mar, 

18. 5C5 1991, Maarr Al.snuaX P r e c i p ~ G a t ~ ~ n ,  S u s l t r i a  Rrver-  
Baszn, filaskt3, Prepared b y  SCS WSTC Casts Unx t , 
H'7-M-24165-1, X3u~ust 

11. J. W~ss  $9Q49., Annual  f"%reorpafat~or-r Map f r l r -  HI,-s5shti 
rdrrpu b2 l sfled, P e r  sasial Crrr*reuporrdcncu 

1 2  E l  L, P C C ~  A I ? ~  M, r 7 ,  8r~~9"t  1962 ,  Ai7 A ~ p r a a c h  ti) the 
D c v e i a j ~ ~ ~ a a a t  a$" S3ahyatal Maps fo r  H s u r ~ t a l  rraus fire~95 



T ,  R, G a r ~ a I l  and K .  6. Vadnais f 980, Operatione31 
f iarborne Heaauranen-8; sf Snaw Wakes E q i ~  i v a l  ent U a i  ng 
N a t u r a l  T e r r ~ s t r i a l  G a m ~ a  Radiatzon, Prac,  4 8 t h  
RnrlediaP Weatern Snow Cansf, ,  taramis, Wya,, f i p r i l  

D, &, F i n e h  and J, P Ualker 6979, Snouf a1 l at 
@nchorage, Alaska Rssoc ia ted w i t h  Cold Advecti a n ,  
NOBa reek, Mema* NWS AR-25, Oct, 

D, Blanche* 1983, Chugach Mat ional E~visonmental fit l as ,  
Chugach Natianal Fares$, Alaskan Ragisn, Rep, NQ. 124, 

E e  A *  Ma~chegiani 1385, A Relalianship Between Snow 
C w r s e  Infsrmatfe~~.r and R*lnguiB.'f, Unwblisk-sed Paper. 

R & M Can~ul$ants and U, Q, Hz3rsisan 1381, elaska Pawer 
RuPharity S u s i t n a  WydraaekacSr~,c P r s j  e c t  , Task 3 - 
Hydrslagy G1aci e r  Skudi es R G : ~ O ~ B  prepared f a r  Acres 
American Xncarporated, b f f a f a ,  New Y a r k ,  

Hasza-Ebascs S u s i  %na S a i n t  Venture  1984, Watsna and 
Devil Canyen Si tes  Prabeble Maxxwn Flaod, Draf d Regasrt, 
Docamsnt No, 457 Jan. 

Rcres American Inc ,  698B. Appendix A Z ,  Watana and 
Devil .  Canyon S i t e s  P~cubable Fvtexlb~gum F I O C ) ~ ,  Subf ask 3,85 

a $ *  G. Kaolovalov 2988, i"E@l%lrag! and Runof f  i n  G~acaer  
Basin%, Ssviet  Hydrology, Selected Papers, Val  1 9 ,  Na, % 

V ,  G 6  P(onsve1av H98B. Madel sf fPle Hovement aC *the Snow 
L i n e  an a Gaaciss =ring $he f lb la tzan  P e r i o d ,  SovxeP 
Wydrslagy, Sele~ted Papers,  901. 19, No, Z 

A. 6, Fountain ab-~d W ,  k d ,  Tangtjharrr 1985, Cantampssrary 
Tacfrrrnwas Csr Pr~d lc t ip rg  h r a ~ ~ f f  from G l a c l e r i ~ c d  Bas] na, 
esnptdhliahed by Working Grcaup on Snow and Ice Hydrn ingy  of  
Glacieri ncd Basins, international Eanm an Snaw and X ce,  
T AHS ( p r i  v a t a  csmmu r a l  e:a%nat.1) 

E. W. Rr-icdersan 1973*  %dat;rr~na,% WeatP-\er* Sera vt:e Rn v e r  
Forecast System - Snuu Accanmulatzon and Ahll3tlurr ?.ladel* 
NQfiB Tec5-I, Hexuao. NUS Hydf-0- %'7s Snlbver S ~ r l  rng, Rd. N(3\ . 

E .  I,, Peck, 8 ,  S, FBcQurvegt, ' F ,  N, Muefer, E ,  t-4- LIcxE- t r~c ia r r r ,  

and J, I,, E ~ a k s r u a g  1,981. Revrcw o f  b4ydr-alagic tq'%ocJ;:ls Ftti. 

Evaluad lt mg U s s  a43~ar~ro- t ;~  Sen42 rag Capabr 1 n t A ns, tJHSi"i 
C R  1666'74 Mar 



8-s i c .  D, L, Chapman 1902. Daily Flow Statistics of A l a s k a n  
Streams, NOAA Tech. Memo. NWS A R - 3 5 ,  Anchorage, A l a s k a ,  
oc t 

2'*7, PJMO, Unpubl  ishedl r e p ~ x t  on In te rcompar  ison o f  Snowmel t 
Model ( p r i v a t e  communication f lorn E. A. Anderson) 

20, G. C-vadias  and 6;. Morin 1985.  Approximate Conf idence  
I n t e r v a l s  " ~ r  Numerical  Verification C r i t e x i a  used in 
Hydro log ic ,  . Models. Applicatipon t o  t h e  WMO I n t e r -  
comparison o f  Concep tua l  Models o f  Snowmelt R u n o f f .  
Unpublished report (private communication) Jan 

29, W, V. Tangborn  1984. P r e d i c t i o n  of  Glac ie r  Derived 
Runof f  f o r  Hyd-qelectric Development ,  Geografiska, 
668, 3 

30, WMO 1975.  Intercompar ison o f  Conceptual Models used 
i n  Operational Hydrologica l  Forecasting, Operational 
Hydrology Report Ha. 7 ,  WMO - No. 429,  Geneva,  
S w i  t z e x l a n d  

31. W. V. Tangborn 1977. Application o f  a New Hydro- 
me teo ro log i ca l  Streamflow P r e d i c t i o n  Model, Western 
Snow CanE,  Apr 

3 2 .  E, L. P e c k  1976. Catchment Modeling and I n i t i t a l  
Parameter  E s t i m a e i o n  f o r  t h e  N a t i o n a l  Weather S e r v i c e  
R i v e r  Fo recas t  System, NOAA Tech. Memo. N W S  Hydro-31, 
Jun 

33. E. L. P e c k ,  E. R. Johnson ,  K. M. Krouse, T. R. Cirroll 
and J. C. Schaake, Jr 1980. Hydro log ica l  Update Tech- 
niques rJsed by the US Nat ional  Weather Servi.cer 
Proceedings o f  the Oxford Symposium, IAHS-AISH P u b l .  
No 1 2 9  R p n  

34, W, T ,  Sittner and K, M, Krsuse E979, Improvement s f  
Hydrologic Simulation by U t i l i z i n g  Observed Discharge as 
an Indirect  I n p u t  (Computed Hydrograph A d j u s t m e n t  
Technique - CHAT) ,  NOAA Tech. Memo. NWS Hydro-38, Feb 

35. T. R. Carroll and K. G. V a d n a i s  1980, Operational & A T -  

borne-Measurement  o f  Snow Water  Equivalent Using Na'rual 
Terrestxial Gamma R a d i a t i o n ,  Western Snow C o n f ,  Apr 

3 6 ,  E. R,  J ohnson ,  E. L. P e c k  and T,  N. Kee fe r  1983 .  Creating 
a Bridge B e t w e e n  Hcmote Sensing and Hydro log ic  Models, 
NASA CR 1 7 0 5 1 7  J a n  

37.  G. H e  Leavcsley, N. W. L i c h t y ,  8. M. Txoutman and L. G. 
Sa indon  1983.  Precipitation-Runof f Modcling System: 
User's Manual ,  Water-Resources Investigations Report  
@,-4238,  U. S.  Geoloy i c a l  Surveyr Denver, Cola. 



3 8 ,  6. J .  Nibler. I n f o r m a t i o n  C o n t e n t  o f  R i v e r  Forecasts, 
Unpublished Paper  (private communication] 

7 Q r-3 
i d .  L. W. T w e d t ,  J. C. Ssbaake ,  J r , ,  and E, L. P e c k  1977. 

Nat iona l  Weather Service Extended Streamflow Fred i c t i o n ,  
We.:teprn Snow Conf. Apr 





APPENDICES 
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( F i g u r e s  A - l  to A-9 )  

Appendix B P l o t s  o f  Daily Discharge and Daily Pzecipitation, 
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PROBLEM NUMBER 
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DEPENDENT VARIABLE 16 NOW 2 
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Inouts A- 

The set o f  d r i v i n g  forces r equ i r ed  periodically by 
t h e  model, Co on examples are p r e c i p i t a t i o n  poken- 
t iaL evapotranspiration, and temperature. For most 
hydrologic  models the inputs are all m&teorologic 
fac tors ,  but some requ i re  i n p n t a  desc r ib ing  man's 
a c t i v i t i e s  (c ropp ing  prac t ices ) .  

T h e  key phrase in the d e f i n i t i o n  of t h e  inputs 
o f  a model i s  "required periodically." If it i s  
possible to run  the model w i t h o u t  providing a valve 
fo r  a p a r t i c u l a r  item, that item is n o t  an input. 
Likewise, if the model can be run w i t h  a p a r t i c u l a r  
item provided only once or perhaps intermittently, 
t h a t  item i s  not  an i n p u t .  Some models, however, 
may have d e f a u l t  values fo r  certain i n p u t s  ( e . g . ,  
precipitation is zero if not en te red) .  

Parameters 

T h e  s e t  of values t h a t  are changed to make a g e n e r a l  
hydrologic model apply to a p a r t i c u J a r  loca t ion .  
Parameters ar cans%ant w i t h  time BP at most, vary 
o n l y  slightly w i t h  t i m e  as compared to inputs. 

/. 
S ta tes  

The s e t  sf intsxnak model values sufficient to s t a r t  
the  model. The s t a t e s  of the model completely define 
t h e  past h i s t o r y  of i n p u t s .  These are usually values 
of moistQre stored in various model components (e.g. 
upper zone tension water c o n t e n t s ) ,  i n d i c e s  to model 
status(e.g.,API), or computational carryover values  
(e .g . , the  carryover va lue s  of a u n i t  hydragraph opera- 
t i o n ) .  In each time s t e p  of ope~ation~the model uses 
the i n i t i a l  values of t he  s t a t e s  along w i t h  parameters 
and inputs f o r  t h a t  time s t e p  in order to compute the 
s t a t e  fo r  the nex t  time step. 

OutpI-:ts 

Variables of i n t e re s t  t h a t  can be computed from knowl- 
edge of the s t a t e s  and inputs. Usual  examples are 
streamflow and actual evapotranspiration. In many 
cases an o u t p u t  will be i d e n t i c a l  to some s t a t e  of 
t h e  model, b u t  s u c h  .does not have to be the case. T h e  
mdel may produce an o u t p u t  t h a t  i s  of v i t a l  
i n t e r e s t  to the mode% u s e r  b u t  2 s  n o t  necessary to 
t h e  model computations. 
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PA TERS {DEFINITIONS) N\#Qi$SRFS SNOmELT MODEL 

A m A L  - DEPLETION C U R E  - Curve that def ines  the areal  extent 
of the snow cover as a f u n c t i a n  sf how 
much of the o r i g i n a l  snow coverremains.  
It a lso  implicitly accounts fo r  the re- 
d u c t i o n  in the melt rake t h a t  OCCUXS 

w i t h  a decrease in the areal  e:4tewt o f  

SCF 

Constant amount o f  mehk that occurs at 
the snow-soil inkerface whenever snow i s  
present, 

Base temperature for  snowmelt computations 
dur ing  nonrain  periods. 

Maximum melt factor dur ing  nonra in  periods; 
asswed to occur c,n June 21, 

Minimum melt factor du r ing  nonra in  periods; 
assumed to occur an Dece&er 21, 

The  maximum negative melt factor .  

Pe r cen t  (decimal) l i q u i d  water holding 
capacity; ind ica tes  t h e  maximum amount o f  
l i q u i d  water that can be held against 
grav i ty  drainage in the snow cover. 

The  temperature t h a t  de l inea tes  rain from 
snow, 

A multiplying factor  t h a t  a d j u s t s  pre- 
cipitation data fo r  gage catch deficiencies 
dur ing  periods of snowfall and implicitly 
accounts for  n e t  vapor t ransfer  and i n t e r -  
ception losses. At a point, it a l so  
implicitly accoun ts  fo r  gains or losses 
from drifting. 

The mean areal water-equivalent ~ S o v e  which 
there i s  a lways  100 percen t  areal  snow cover. 

An teceden t  temperature index 
(range i s  Oel;TIPM<l. - - 01 . parameter 

The average wind f u n e t i o n  d u r i n g  rain-on- 
snow periods.  



Table  D - 2  STALTES (DEFINITIONS ) NWSWFS SINQWIIEET $3QBEL 

~ NEGHS 

antecedent Tempcsrature Index; represents 
the temperature within t h e  snow cover, 

EAGRQ and S together define the amount of 
excess l i q u i i  water in transit in the 
snowpack. 

The amount o f  liquid-water he ld  a g a i n s t  
gravity drainage. 

The maximurn  water-equival.ent that has 
occurred over the area since scow began 
to aecmulate, 

Heat Defici t ;  the amount 0% heat thak  must  
be added to return thg  snow cover to an 
fsothemal s t a t e  at 0 C with the same 
l iquidwater  content  as when the heat d e f i ~ i x  
was previously zero. 

S and LAGRO together de f ine  the amount of 
excess l i q u i d  w a t e r . i n  transit in the snow- 
pack. 

T h e  areal water equ iva l en t  j u s t  prior to 
the new snowfall, 

The areal ex ten t  of SFPOW cover from the 
areal depletion curve j u s t  prior to the 
new snowfall, 

The amount of water equivalent above which 
100 percent  areal snow cover temporarily 
e x i s t s ,  

Water equivalent of the solid portion of 
the snowpack. 

"These s ta tes  are onby used when there is a new snowfall an a 
basin w i t h  a partial snowcover. 
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TROS 

T:x 1 K 

TIIAX 

S $3 N 

S?,X 

EFF 

TFF 

QAm 

SBMF 

S U B-I, 

U 2 I N  

UZOUT 

GW1 E 

GROUT 

GLW 

TF 

GEf N 

GLOUT 

TFF 

GL S PK 

THRESBOD TEWEUT'dRE FOR MIN OR SMOW 

%WESEBLD "$IEMBEMTgWE FOR WA2OMTXOH 

TBRESBOLD TEWEM-TUBE FOR ShOIvWELT 

m$SWX OF F I N  TO SOIL MOISTVRE 

MOWT OF SN8 LT TO SOIL PiOXSTUWE 

VARIATION EN MELT U T E  DUE TO SW ANGLE 

VMXBATXON ZN IELT 'UTE DUE TO U35ATION 

SNObXELT PRODUCED BY A I R  TEWEUTUEE 

DEPLETTOM OF SNOW CWEREB AREA 

SUBLZMTIOM FRQH SN6WAa 

IRPUT TO UPPER ZONE STBMGE 

OUTP5T FROM WPEW ZQHE STOMGE 

INPUT TO GROUNDVATEM STOMGE 

B3TPUT FROM GROUNDWATER STOMGE 

G U C T E R  CWER FPACTPBE 

G U C I E R  $.EL$ DUE TO U B I A T I O N  

INFLOW TO ENGUCXAL STBWGE 

OUTFLOW FRlIM E N G U C E U  STOUGE 

G U C I A L  MELT DUE TO A I R  TEWEMTURE 

GLACIAL m%T FACTOR DUE TO QRIENTATXON 



'ff"&le D.-4 BYWT SLMUUTION MODEL STATES 

SNACC 

SOIL MOISTURE 

SNOW CWERED AREA FUCTION 

GBAE GLACIER BALANCE 



PERVIOUS AREA 

INf ERf LOW 

Figure D-3RIWSRFS (SACRAMENTO) MODEL SCHEMATIC DIAGRAM 



That f r a c t i o n  s f  LT-ke basin that becomes 
impervious as all tension water require- 
ments axe m e t ,  

Maximum capaci ty  of I~wer zone primary 
free water stswage, 

Lateral  drainage rate o f  lower zone prirnary 
free water expressed as a fraction of c o n t e n t s  
per day, 

P/Iaximum capacity of lower zone supplemental 
f%ee water storage* 

Lateral  d ra inage  rate o f  lrwer zone supple-  
mental free water expressed as a fraction of 
conten ts  per day. 

Maximum capacity of lower zone tension water. 

F r a c t i o n  of ilnpervinus basin contiguous with 
strea*m channels, 

The percentage o f  percolation water t h a t  direct- 
ly enters the lower zone free water without a 
prior elaim by lower zone tension water. 

Fract ion of lower zone free water not available 
for t r a n s p i r a t i o n  purposes (incapable of re- 
supplying lower zone tension water). 

An exponent determining the rate of change of 
t h e  percolation rate as the lower zone deficiency 
r a t i o  varies from 1 to 0 (1 = c~mpletely dry; 0 - 
lower zone storage completely full) 

F r a c t i o n  of bas in  covered by riparian vegetation. 

The r a t i o  of unobserved to observed baseflow. SIDE 

Maximum capacity of upper zone free water. 

Lateral drainage rate of upper zone free water 
expressed as a fraction sf c o n t e n t s  per day. 

Msximum capacity upper zone tension water .  

W fraction used to def ine  the proportional in- 
crease in percolation from saturated-to-dry lower 
zone s o i l  moisture conditions. This parameter, 
when used w i t h  o the r  parameters, indicates the 
m a x i m u m  percolation rate possible when upper 
zone s torages are full and the lower zone soil 
moisture i s  100 percent d e f i c i e n t .  



% Table B-6 STATES ( D E F I N I T T O N S )  NwSRFS MODEL 

Additional impervious area. 

Lower zone free primary w a t e r  storage. 

IIZFSC ----- Lower zone free supplemental water s torage .  

Lower zone tension water storage. 

Upper zone free water storage. 

UZTWC -- Upper zone t e n s i o n  water storage.  
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13;b-f Tmprature  k 1 0 t q  wait:? ppr-ipitation i s  snow ard 
above r*rhich it i s  rain (dqrees F or C), 

C2ECIg Convection-Codensastion e q e r y  coefficient for 
months I-12 (cal/degree a b v e  OOC) 

~~~~~ r cover density for  major v q e t a t i o n  far 
each (decimal prcent] 

Winter cc er density for major v q e t a t i o n  for 
each HRU (decimal percent) 

A i r  tanperature coefficient for ET emputation 
for m n ~ s  1-12 

A i r  tgnperature coefficient for ET camputation 
fon each 

Impervious drainage area for each HRU (acres) 

I n i t i a l  density of new-fallen snow f d s h a l  
prcent) 

average maximum density o f  snow pack (decimal 
p x c e n t )  

Ehissivity of a i r  on days without precipitation 

maporation pan coefficient for montk~s 1-12 

Evaporation loss from h p e r v i o u s  area for each 
(imkes) 

Free water holding capacity of snowpack (Decimal 
percent of snowpack water 

Coefficient to compute seepage from each ground- 
w a t e ~  reservoir to a ground-water sink 

Vegetation cover t fcr each m U  (14.. Bare, 
1= Grasses, 22 Shurbs, 3= Trees) 

of rout iny for  each surface reservoir 
(8= ReaPs; S =  Linear) 

Julian date to  s t a r t  i.ooking for spring snow 
me$ t stage 

Julian date  to force snowpack to spring snow 
m e 1  t stage 

Month t h a t  transpiration ends for each HRU 



P r o p r t i o n  o f  r a in  in ~.ain~'sr?ok~ event &ave 
bfiniriich snow albedo is not  reset for sraoclpack 
mglt stage 

Inte~eeption storage capacity o f  u n i t  area af 
vwyetation for ra in  during stxmer priod, for 
each (inches) 

Interception storage capacity o f  unit area o f  
vegetation for rain during winter perid f o r  each 

(ivchesf 

S e p g ~ :  rate frm each s U & ~ S U E ~ ~ C ~  neservoir t o  
ground water reservoir ( i r~hes/day) 

Min iman  contributing area for surface runoff when 
IS=:= 0; Cwff i r ien t  i n  contrij2utirig area - s o i l  
moisture i d e x  relation when $SSR1= 1 

Maximm possible contributing area for surface 
runoff as propr t ion  o f  each HR&I 

Coefficient in surface runoff contributing area - 
soil misture idex  relation 

Seepge rate frm soil moisture excess t o  each 
ground9later reservoiz ( inchesiday] 

S n o f q c k  set tlment t h e  cans t a n t  

Paximm available water holding capacity o f  so i l  
profile for each ( inches) 

Interception storage capacity of unit area of 
vegetation for snow, for each HRU (inches, water 

ivalewt) 

Maximm da i ly  srlo It infiltration c a p c i t y  o f  
soil profile at field capacity for each k P U  
( inches j 

Storage values in ou"cflow/storage table for  Puls 
routing ( a S  days) 

h p s e  rate for min imm da i ly  temprature  for 
months 1-32 (degrees C or F) 

Lapse rate for maxirr,un d a i l y  a i r  tfmperature for 
months 1-12 (deqrees C or F) 

Trawm~issisw coefficient for shortwave radiacisn 
through vegetation canopy for each HRU 



P?cnl:l1 to bs~in c k c l s i ~  fo r  s t a r t  o f  t r a r~ . -  
spisatiew fox each 

Tranpsiration switch for each . l hU (0 = v 8 y -  
e ts t ion donoat; 1 = vegetation transpiring) 

Month t h a t  thurderstom :y[* events  end 

Outflow-storage table  values  for Pu l s  rrouting 

F4aximm1 a i r  tanperature, kihich when exceedeo, 
forces precipitation to be all rain 

,Ujusted snowpack water 
obsev~d SMW course data 

Rntlting coefficient for each grouMi~ater 
reservo i P 

Linear routing coefficient for ezch absurface 
rewrvoir 

Mon-l inear routing coefficient for each s 
surface resexvsir 

Surface storage reservoir linear routing 
coefficient for each reservoir 

Y - Intercept for velation &tween tmerature 
(XI and 1) degree day (Y) or 2) sky cover ( Y )  
*en = = l o r 2  

Slope fox relation between tanperahure (X) and 
1) degree day (Y) or 2) sky cover (Y) when 

= P O P %  

Maximm Rrcent of potential solar radiation 
(decimal) 

mximm value of SfR for each ( i n ~ l = ~ )  

Coefficient for routing water from each s u b  
surface reservoir to groundwater reservoir 

Maximum retention storage on hyx3rvious area for  
each [ i n e k s )  

C w f f i c i e n t  for routing water frm each sub -  
surface reservoir to groundwater reservoir 

Proportion of r a i n  i n  rain/snow event above which 
snow a l b d o  i s  not reset for snobpack arcmula- 
t ion stage 



TABLE ~ - 8  STAT1:S (DEFINITIONS) PWMS MODEL 

IJET 
e- 

PICE 

PKDEF 

PSS 

RES 

SMAV 

Computed ALBEDO f o r  each Hydro log ic  Response U n i t  
[ H R U l  

Density of snowpaek on each H R U  

Depth o f  snowpack on each NRU (inches] 

Fxee water e o n t e n t  sf snow on eacl2 MRU (inches) 

S t o r a g e  in each ground-water  reservoir (acrec- 
inches) 

Total seepage to g r o u n d  wa te r  sink f o r  each 
ground-water reservoir (acre-inches) 

Snowpack temperature (Degrees C) , each HRU 

Potential Evapoxanspiration, computed by model 
( inche,.s) 

P o r t i c o n  of snowpack e x i s t i n g  as ice on each HRU 
( inches) 

Calozies required to bring pack t o  isothermal 
state, .each HRU 

Accumulated sum of n e t  precipitation beginning on 
the first day  of snowpack formation 

Water equivalent of snowpack on each HRU (Inches) 

Storage in upper p a r t  o f  soil profile where 
losses occur as evaporation and transpiration 
( incf-a~zs) 

Stosraqje in each subsuaf ace r e s e H v s i  H (acre- 
inches) 

Retention s t o r a g e  on imprevious area f o r  e a c h  
HRU (inches) 

Number of d a y s  since l a s t  snowfall on each H R U  

Daily available water  i n  s o i l  profile f o r  each  
HRU (inches) 

Depth  of new snow on each HRU (inches) 

I n i t i a l  storage in each  surface reservoir 
(CFS-Da y s )  

Intercept i on  f o r  e ach  H R U  (inches) 
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A -- Percent impervious area. 

CB -- -- Infiltration i ndex ,  

Interflow index, which determines the r a t i o  o f  
interflow to surface runoff. 

Maximum amount of i n t e r c e p t i o n  storage. 

Ratio o f  total stream and l a k e  area to the t o t a l  
watershed area, 

Daily interflow rececsion coeff ic ient .  

Daily groundwater recession coefficient. 

Weighting factor to allow variable groundwater 
secession rates, 

Percen t  of watershed stxeam surfaces and  riparian 
vegeta t ion.  

P e r c e n t  of groundwater recharge assigned to deep 
. percolation, 

Evaporation loss index fo r  the lower zc-lne. 

Overland flow l e n g t h .  

Manning's "n" f o r  overland flow. 

Nominal lower zone storage,  an index to the 
magnitude of lower zone capacity. 

Nominal upper Zone s torage ,  an index to the 
magnitude of upper zone capacity. 

Overland flow slope. 



2 .  - 0  STA-TES (DEFINITIONS)  STmFBRB PJATERSHE1D MODEL PV 

SRGX 
--* 

EPX 

S u r f a c e  depth.  

Interflow storage. 

Active groundwate:~ starage. 

Groundwater inflow index, 

Upper zone storage. 

tower zone storage. 

Interception storage. 



UPPER ZONE 

LEGEND 

PW PERIOD kENOPH 
RGP QENERATED RUNOFF % 
ROS GENERATED RUNOFF, SURFACE 
W I RAINFALL . 1TENSlTY 
RS SURFACE db9N8FF 
WP WEIGHTED PRECIPIWTION 

GROUNDWATER LOWER ZOHE 
ROUTlNG PHASE 

,p 
BASE FHOka 

TSBF, W STORAGE 



h 

TERS ~DEFINHTIBNS) SSARR HODEL 

BFL 

ETI -- 

KSS -- 

ROP 

TSS 

TSBF 
_yl__ 

Base flow infiltration limit, 

Base flow, percent. 

Evapotranspikaticn index. 

P e r c e n t  effectiveness of EXI ( func t ion  
o f  rainfall i n t e n s i t y ,  HI] . 

Limiting subsurface infiltration rate. 

er of r o u t i n g  phases (surface flow) 
er of routing phases (subsurface flow) 
er of rou t ing  phases (baseflow). 

Runoff percent:. 

Surface runoff percent,  f u n c t i o n  of 
W S l X S  table- 

Time of storage; surface flow. 

Time o f  storage; subsurface flow (interflow). 

Time of storage; baseflow. 



Tab,Le D-1% STATES (DEFPMITIDNS) SSARR MODEL 

-a- - 

Sail Moisture Index. 

Base Flow Infiltration Index, 

Phzse storage (discharge or stage) f o r  
surface flow 

Phase storage (discharge) for  subsurface 
d.%,ew* 

Phase storage (discharge) for baseflow. 



~ M a r s h  8, 1985 

Warra-Ebasco  Sus i t na  Joint Venture 
7 I "8% ' X t r e e t  
Anchorage, Alaska  99501 

~ Attention: Dr. Larry Gilbertson 

R &M Nos. 45241 9 452443 

~ Re: Review of Hydex Streamflaw Forecasting Feasibi l i ty  Dra f t  Report  

We have examined Chapter  2 of Dr .  Peck's draft report, dealing with  d a t a  
requirements for  streamflow forecasting, and have severa l  comments. 
These comments primarily address t he  major conclusions a n d  recommenda- 
tions in t h e  report. A few additional recommendations are given for you r  
cosssideratiar~: 

1 , The objective of the hydrological-meteoroDogicaI data-collectian network 
w i l l  be to obtain input da t a  for a streamfiow forecasting system fo r  
the hydroelectric project. Other purposes of the da ta  collection 
should be kept in mind, such as t e r r e s t r i a l  game studies and impact  
monitoring. Many of the existing stations were  estab l ished to support 
such efforts during the  feas ib i l i ty  assessment. F u t u r e  data  r equ i re -  
ments will be oriented toward project operation a n d  monitoring. 

2 .  A n  additional application currently being made of' meteoroiogical d a t a  
is air quality modelling for t h e  Watana site. Requ i red  parameters 
there a t e  wind speed, wind direction, a n d  s tandard  deviation of t h e  
wind direction (known as sigma theta).  The s igma the ta  has been 
measured since October 1954. A t  least one year  of data i s  f e l t  t o  be 
necessary fo r  satisfactorily modelling of t h e  a i r  quali ty.  

3 .  The network of e x i s t i n g  and proposed met. (meteorological) s ta t i ons  
in F igure 2 and Table 2 of t h e  report recammends t h a t  d a t a  be col- 
lected a t  a total of 11 sites in the  basin .aboxt 3evi i  Canyon. F ive 
stations would be a t  or near existing s iaL .sns ,  one would be 
re-es tab l ished a t  a former  meteorological station site, and t h e  o the r  
f i ve  wouid be new stations establ ished a t  existing snow course s i tes .  
Factors which we consider important in selecting specific station 
Iscations a t  each site are: 

a .  Ability fo r  ~eteorological d a t a  f rom t h e  site to be represer i ta t ive  
of a l a r g e  a r e a .  

~ b .  Protection afforded by na t t l r a l  objects, such a s  trees. 
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c .  Rela t ionship  to location where long- term data  a t  t h e  s i t e  have 
previously been collected. 

d .  Logistical advantages  offered, such as accessibi l i ty  by f i xed -w ing  
aircraft f ~ r  win te r  maintenance a n d  Eocatisn on a n  efficient 
transportation route re la t i ve  t o  t h e  other s ta t i o i l s  t o  economize 
aircraft logist ics. 

e. Avai labi l i ty of and access by a local observer  to provide "con- 
trol" data  in the event of a system fa i lure.  

4, The 9 7  total proposed sites, shown in Figure 2 of the  report ,  f a i r l y  
well cover t he  expanse of the upper basin. However, a few a d v a n -  
tages may bc offered by shifts in some of t h e  iocations. Considering 
each of t h e  sites in numerical order, w i t h  report recommendations 
shown in parenthesis:  

1)  Sus i tna  Glacier (retain existing s i te ) .  Relocation to near  a small  
lake,  a Few miles southwest of the e x i s t i n g  site a t  t h e  e x i s t i n g  
"Caribou" snow marker location would permi t  access by 
fixed-wing a i r c r a f t  a n d  still be exposed to  m u c h  of the "glacier"  
weather conditions prevalent a t  t h e  higher elevations. 

2) Denali (relocate to protected si te) .  This sounds favorable,  
likely uti l izing the vegetated area to t he  north of the present 
site .  

3) Tyone [reactivate).  While t h i s  would be a good location, s a t i s -  
factory d a t a  f o r  t h e  area could probably be obtained f r o m  s i t es  
9, 30 and  13 around it. 

4) Kosina ( m l ~ c a t e  Ps prsteicted s i t e ) .  a mare favorable facation 
may be higher up in the Kosina Creek bas in ,  where a greater  
percentage of the  annual precipi tat ion fa l l s .  A s  wi th  s i t e  1, 
above, a lake i s  present w h i c h  would permi t  f i xed -w ing  access. 

5) Watana ( rehab i l i ta te  Wyoming gage).  Agree that this s i t e ' s  
proximity to the base camp makes  it favorable. Perhaps  relocate 
to the north near a small lake  a n d  eatiiize a loeat observer. . 

6) Devil Canyon (consider small relocation). Rather  than simply 
relocating to t he  trees near  t h e  p r e s e n t  s i te ,  a complete move to 
n e a r  a lake on the other s i t e  of the  Sarsitsla River would  o f f e r  
f i xed -w ing  access a s  well a s  n a t u r a l  wind protection. High 
Lake, which h a s  a lodge a n d  a n  airstrip, i s  a possible si te,  w i th  
potential fo r  a local observer as wel l .  

~ 7) M o n a h a n  Flat  (establish a t  SCS location). Agree. 

8 )  Cathedra l  h a k e  (establish a t  snow course location in pro tec ted  
s i t e  if possib le) .  Agree.  
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* 9) Clea rwa te r  Lake  {estabiish a t  snow course location ir, protec"led 
s i te  if poss ib le ) .  Agree.  

13) I.ake Louise (establish a t  snow course location in  pro tec ted  site 
if possible). Agree.  Use local observer,  if possible. 

41) Square Lake (establish a t  snow course location in protected site 
is possible). Agree. 

if s i te  3 i s  deemed superfluous, as discussed above. a new i n s t a l l a -  
t ion could be made in the  upper Tsusena Creek bas in .  The re  i s  a 
fairly large "hole" in t h e  data network  in t h i s  area. The s i t e  would ' 

represent t h e  upper elevations of the  Tsusena and  Deadman C r e e k  
watersheds and to same extent Watana C r c e k ,  each of which  contrib- 
utes to one of t h e  two reservoi rs-  I$ i s  alss ~10563  to the headwaters 
of Portage Creek, the largest tributary to  the Middle Sus i tna  Rive r  
and a n  important salmcn stream. 

5, A few additional sites, besides the 71 discussed above, may o f l e r  
advantages for  other specific data-collection purposes. These a t e  
locations downstream of t h e  project and would thus not b e  d i rec t l y  
applicable to  forecasting of streamflow into t h e  reservoirs.  The s i tes  
aped suggested uses of t h e  d a t a  a r e  described below: 

1) Middle S u s i t n a  River - Since mainstem Sus i tna  f lows in this 
reach, f rom Devil Canyon t o  Talkeetna ,  are  of concern f o r  
fisheries habitat and spawning, knowledge of t h e  meteorologic 
conditions influencing river inf low fron, below Devil  Canyon Dam 
i s  important for forecasting and impact analysis .  The ex isring 
station at Sherman could be c o n t i n u e d ,  or a never station could be 
es tab l ished a t  Gold Creek. Each site wouBd offer she l te r  by 
s u r r o u n d i n g  trees. Sherman would of fer  arl existing record 
which would be extended; Gold Creek would o f fe r  potentiti1 f o r  a 
laca0 observer. 

2) Lower Susitna River  - Temperature conditions in the  lower  b a s i n  
are  of concern because of t h e i r  e f fec t  on r iver  f r e e z e - u p  and ice 
conditions. Some data  have been collected f c r r  one season a t  
S u s i t n a  R iver  Mile 61. 7 hi s  station could be continued if 
des i red. 

6 ,  Dr. Peck h a s  noted t h a t  t h e  important meteorological inputs for  
modelling a n d  fo recast ing st reamf low a r e  precipitation, temperature ,  
and wind speed. The cne most impor tant  i s  precipitation, both 
summer and w in te r ,  The mast ef f ic ient and economics! 
hydro-meteorologicaI system would consist of a series of wea ther  
s ta t i ons  a t  i l ~ t e r v a l s  throughout t h e  wate rshed  to record and u l t i rnate- 
ly t r a n s m i t  rep resen ta t i ve  data to a central  location. The  sys tem 
shou !d  provide t h e  d a t a  for  calibration a n d  operat ion of t h e  forecast- 
ing model, y e t  remain f l e x i b l e  e n o u g h  to  accommodate additional f u t u r e  
requ i rements .  By the  t ime t h e  hydroelectric pro jec t  has  become 



operational, ins ta l la t ions  would most l ike ly  be  "ransmitting r-c.ala.time 
d a t a  to be u t i l i zed  in t he  forecasting model to a central location. 

7, The discussion of ~ l h i c h  parameters  are  necessary to measure a t  each 
s i te  focused on precipitation, temperature ,  and w ind  speed, and min- 
imized the importance of other d a t a  currently repor ted:  wind direc- 
tion, relative humidity, shortwave radiation, and  longwave radiat ion. 
We fee! also t h a t  these latter var iab les  would not be cri"kical f o r  
streamf low forecast ing and could be dropped f rom t h e  d3ta-col lect ion 
p rogram except possibly f o r  continued efforts during t h e  summer a t  
Watana. Relat ive humidity, in particular, currently poses gr-eat 
prablems in assurance of rel iable da ta .  i f  not required, its omission 
would ease t h e  data-reduction ef for t  conriderabiy . As noted, the 
t-adiation measurements are also diff icult to oh%tain rel iably, especial1 y 
in t h e  i r in ter ,  and  a re  not very applicable to streamflow forecasting 
models. Wind direction sensors have occasional winter problems, too, 
but the data would be useful for analyzing storm movements if it i s  
not too difficult to  continue the measurements. It i s  poss ib le  t ha t  
measurement of temperature may be satisfactorily performed by re -  
cording only the daily maximum a n d  minimum temperatures. 

Continued measurement  of a l l  t he  parameters  could be des i rab le  dur- 
ing  the summer a t  Watana  Camp to expand the d a t a  base  for  reservoir 
temperature modelling. Sensors could be more easily maintained on a 
daily basis  once a camp i s  operated continuously. 

8 .  Where installation of new e q u i p m e n t  is  planned for one or more s i t es ,  
consideration should be given to i n s t a l l i n g  mechanical s t a t i o n s  ( r a t h e r  
t h a n  t h e  electronic digital i n s t r u m e n t s  now in use) .  Advantages t h a t  
could be offered include t h e  following: 

" bower i n i t i a l  cost.  Since the  stations record fewer p a r a n d e r s  
and are  less technically sophist icated,  they are less expensive. 

Less expensive repa i rs .  Sophist icated e lectronics in t h e  e x i s t i n g  
stations are dif f icult  ts repair in t h e  field. 

' Greater reliability. 

' No need f o r  a spec ia l  enclosure since a r t i f i c i a l  h e a t  i s  not 
requ i red .  Ex i s t i ng  stations do requ i re  a shel ter  a n d  h e a t  
source, 

63 A n  immediate v i s u a l  record of t h e  d a t a  provided on str ip c h a r t s .  
This aids equipment troubleshooting a t  the s i t e  and c a n  make 
data-reduction less costly, s ince t h e  complete range of 
meteoroiogic analysis would not be r e q u i r e d .  

9. In consideration of t he  d e s i r e  t o  improve r e l i a b i l i t y  of t h e  d a t a  reccrd 
and reduce the amount of missing d a t a ,  one of two a p p r o a c h e s  could 
be  taken.  The first would  b e  to  ins ta i l  a back-try system of sensors 
a n d  recorder a t  each station, which would provide a partially 



redundant record w i t h  t h e  primary sys tem.  The d a t a  f r o m  the 
secondary would not need t o  be reduced un less  a prob lem caused  
some of t h e  primary da ta  t o  be lost. Then only the  d a t a  to rep lace 
t h e  missing recards would need tc be obtained. Back-up equipment 
would consist of' a thermograph to record contini.jous temperature a n d  
a precipitation can - to permi t  measurem~*n t  of accumula ted  
psecipi$atisn. 

The sther alterna"live W O I J ~ ~  be to instal1 data-col lect ion platforms at 
t h e  stat ion and tefemeter t h e  d a t a  for  daily monitoring a n d  rev iew a t  
t h e  office. In t h i s  configuration, t h e  redundant recorders would be 
u s e f u l  but  not necessary, but a commitment would have to be made to  
immediately main ta in  the field stations when data-collection o r  t r a n s  - 
mission problems are indicated. 

90. The report recor3mendation to instal l  data-collection p la t forms (DCP ' s )  
a t  data sites as soon as possible i s  very agreeable in concept. This 
would permit  opportunity to  g e t  the system up and running before it 
i s  critically needed, would make real- t ime d a t a  avai lable to benef i t  
ongoing f ie ld  operations, and wouid increase t h e  re l iab i l i ty  of t h e  d a -  
ta-collection system. However, t h e  ability t o  l im i t  i ns t rument  
down-t ime whell problems are revealed v i a  t h e  te lemet ry  depends on 
t h e  ability t o  visit the s i te  immediately. This is  natura l ly  subject "to 
weather ,  dayl ight ,  a n d  helicopter or  other logistical considerations. 

Along the same line as comment n u m b e r  10, we do not agree with t h e  
report suggestion t o  remove on-site recorders a f t e r  DCP's h a v e  been 
instal led.  Even wi th  t h e  te lemet ry ,  back-up  recording systems a r e  
needed, especially if reliability of data-collection i s  a concern. E x  p e -  
sience with data-collection in t h e  Susitna a n d  other remote A l a s k a n  
basins has  shown that data can e a s i l y  be lost from problems bes ides  
just sensor mal func t i ons .  Losses can also occur due  to  m a l f u n c t i o n s  
of' t h e  t ransmi t ter ,  receiver, or communicat ion l ink o r  due  t o  d e i z y s  
in access t o  t h e  site caused by weather, daylight ,  o r  helicopter 
ava i l ab i l i t y .  Back-up d a t a  does not necessarily need to  b e  reduced 
unless  data gaps occur in the telemetry system. 

Measurement of pan evaporation a t  \l 'atana h a s  been recommended in 
the report. These measurements have been collected a t  W a t a n a  since 
1951. A p a n  anemometer, which  a i d s  in  applying t h e  d a t a ,  h a s  not  
been pa r t  of the instal iat ion but  will be installed this season. Daily 
observations are  recorded by hydrology s t a f f  or camp logistics pe r -  
son nel  . 

There are  several statements i n  t h e  report that snow s u r v e y s  a t  
existing weather  s ta t ions  are of no va lue.  The reason t h e  s u r v e y s  
were ini t iated,  even t h o u g h  some of t h e  areas  a r e  ext reme!y  
windblown, was because game biologists were very i n t e r e s t e d  in  snow 
conditions in s i b u ,  1.e. , t h e  snow depths t h a t  moose and car ibou 
actua l ly  had t o  contend wi th  in t h e  open areas .  Since regu la r  v i s i t s  
are  made ta the sites,  the  d a t a  a r e  very easily obtained. The s t a t e -  
m e n t  i s  correct, however, in  describing the  windblo\*rn snow courses 



as of l i t t l e  value to streamflow forecasting, so perhaps snow s u r v e y s  
couf:2 be performed in nearby protected areas  as  well.  

14. As was mentioned above, retention of observers to record daily 
observations a t  selected sites would increase system reliability and 
provide data a t  times w h e n  t h e  i n s t r u m e n t a t i o n  goes down. Such 
information could even be t ransmi t ted by radio o r  telephone t o  a 
processing center if necessary. Observers would probably b e  a v a i l  - 
able a t  the foilowing sites: 

12) Denali (probably less than 100% of t h e  year)  
(5) VJatana (as  long as the camp i s  occupied) 
(6) Devil Canyon (if moved to  High Lake Lodge) 
$90) Lake Louise 

A n  additional alternative would t e  relocation of t h e  Devil Canyon 
stat ion to Gold Creek instead of to High Lake. Goid Creek  i s  beiow 
both damsites but would represent Middie S u s i t n a  a r ea s  ( i n  place of 
t h e  e x i s t i n g  Sherman statics) and  would of fer  re l iab le  railroad per-  
sonnet as  observers. 

15. Rough cost estimates have been developed for various i n s t r u m e n t a t i o n  
a l te rna t i ves  considered. These are  l i s ted  below: 

a. Approximate cost sf continuing existing s ta t i ons  ( i n c l u d i n g  
recommended improvements t o  each): 84,400 per s t a t ion  

$38,860 for 7 stations 

Costs fo r  reduction, review, hand l ing ,  editing, and  report ing of  
the electronic station data are  e s t i m t e d  to  be $1,230 p e r  m o n t h  
per station, including labor and computer costs. 

Reported data  would include many of t h e  same precipi tat ion, 
temperature, and  wind  parameters current ly repor ted  (since t he  
software a l ~ e a d y  e x i s t s )  : 

0 Precipitation (hour*ly a n d  daily t o ta l s )  

~ €3 Temperature  (daily min/max/average) 

0 Wind (daily r e s u l t a n t  speed and direction, daiiy a v e r a g e  
speed, daily peak gus t  speed and direction, a n d  daily 
prevailing direct ion. Wind roses could also cont inue t o  be  
prepared if desired. Wind sigma t h e t a  should continue t o  
be measured a t  Watana,  and repor ted  when needed.)  

The back-up d a t a  system would permit report ing cf daily 
min/max/average temperatures  a n d  total  accumulated precipitatjon 
since the: l a s t  inspection. 

The above est imate includes constructi ibn of new s h e l t e r s ,  
relocation where necessary, construction of \Vyoming wind gages,  
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a n d  installat icrn of a bac1.a:-up d a t a  recorder  a t  e a c h  site.  
El iminat ion  sf the  back-up recorder  would  redldce t h e  per -s ta t ion  
cast approx imate ly  $1,200 (58,400 f o r  7 stat ions) .  

The est imate does not include telejnetry costs or helicopter costs 
Crpr sling-loading tc new s i tes .  

These stations could be improved in  t u r n ,  over several years if 
des i red,  

b. Approximate cost of acquiring mechanical  weather stations: 
86,600 per station 
$26,480 fw 4 sPa$lsns 

Costs for  reduction, review, handling, editing, and  reporting of 
t h e  mechanical station data  a r e  estimated t o  be $1,250 per month 
per station. 

Reported data  would include: 

Q% Precipi tat ion (dai,ly total) 

o Temperature (daily min/max/average) 

8 Wind (daily total w ind  r u n  o r  daily average speed)  

The back-up system would permit reporting of daily 
min imax/average temperatures and total  accumulated prec ip i ta t ion 
since t h e  fas t  inspection, 

h e  estimate includes purchase of mechanical i n s t r u m e n t s  
(p rec ip i t a t i on ,  temperature, wind), p u r c h a s e  of a b a c k u p  system 
to provide redundant measurements, i n s t a i l a t i o n  of both sys tems,  
and construct ion of a Wyoming wind  gage a t  each s i te .  A s  
above, elimination of t he  back-up system would reduce t h e  
per-station cost approximately $1,200 (54.800 for  4 s t a t i o n s ) .  

The estimate does not include telemetry costs or hel icopter 
logistics for slil~g-loading t o  site. 

c. Approximate cost of hiring local observer for daily observation: 
$1,500 + $300/month 
a t  each station 

Costs f o r  review, h a n d l i n g ,  and reporting of  the  observer d a t a  
reports are  est imated t o  be a n  additional 8250 per m o n t h  p e r  
stat ion.  

Repor ted data .  would include the same values  listed above f o r  t h e  
mechanica l  s h t i a n s  : 

EB Precipi tat ion (daily tetal) 



o l empera tu  r e  (daily min/max/average) 

$B Wind (daily total wind  run or daily average speed) 

The estimate includes purchase 0 4  i n s t r u m e n t s  (min/max 
thermometer, totalizing anemometer, and accumldlating 
precipitation c a n ) ,  i n s t r u m e n t  shelter, Alter wind screen. a n d  
i ns ta l la t ion .  Observers to be paid $10 p e r  day. 

76. Another consideration for  measurement of prec ip i ta t ion a t  higher 
elevations, where greater amounts of precipi tat ion fa l l ,  i s  i n s t a l l a t i o n  
of large-volume storage gages and recorders. The advantage of t h e  
larger site is tha t  t he  danger of t h e  gage overflowing and losing d a t a  
during large rainstorms and snowstorms is reduced. T h e  SCS 
currently operates one of these a t  the Monahan Flat site. The cost  of 
installing additional storage gages is estimated to b e  approx imate ly  
55,000 per site, not including helicopter logist ics. Additional 
instal lat ions would be beneficial a t  s i t e s  1, 4, 8, and 11 in  t h e  l i s t  
under comment 4, above, and  a t  the  Upper Tsusena site i f 
established. 

Operation of t h e  11-station network  would increase f i e ld  labor t i m e  
a n d  helicopter t i m e  during maintenance t r i p s .  The s i x  e x i s t i n g  
stations can normally b e  maintained on a 1-2 day trip. A total of two  
to  three days would probably be requi red to main ta in  the  fu l l  11 
staticlns.  Helicopter usage would be approximately four  f l ight hours 
p e r  day.  The stations should cont inue to  be inspected and main- 
ta ined once per month t o  verify t h e i r  proper operation. The log is t ics  
costs f o r  maintenance t r i p s  would be slightly higher w h e n  Watana  
Camp i s  closed, since helicopter flights would originate a n d  end in 
Taikeetwa instead sf a t  t h e  camp. 

- 8 .  A n  alternative jogistics p l a n  which should b e  considered in t he  n e t -  
work p lann ing  process i s  use of f i x e d - w i n g  aircraft f o r  access t o  t h e  
meteorologic s ta t ions .  All stations recommended above for f u t u r e  
s ta t i on  locations should be accessib le by f i xed-w ing  a i r p l a n e  most of 
the  time, w i t h  the exception of the Upper Tsusena site sugges ted .  
For estimation purposes, using a helicopter cost of S320 per h o u r  ( J e t  
R a n g e r )  and  a f i x e d - w i n g  cost of S2OO per h o u r  (Cessna 2061, t h e  
foilowing a r e  approximate monthly costs f o r  each a l te rna t i ve :  

1) Helicopter ( 2  days @ 6 hours per day 12 hours per m o n t h )  

2)  Fixed-wing ( 2  days  @ 6 hours per  day  = 12 hours per  month, 
plus 1 hour f rom Watana  Camp by helicopter) 



19.- As  i s  emphasized in t h e  repor t ,  d a t a  for  streamflow forecast ing w i l l  
have to be available in a t ime ly  manner .  This will bes t  b e  accom- 
plished by telemetry of t h e  da ta  f rom t h e  stat ions,  e i ther  by the 
telephone-repeater network or  the GOES satellite system, and t h e n  
incorporation into the data storage and n~odeliing system, as Dr .  Peck 
hss discussed. The alternative selected depends primarily on other 
communication requirements of t h e  project .  

In  summary, our recommendations a t  the  p resen t  are:  

7 )  To make  sure field data  needs of other environmental and  engineering 
s tud ies  a r e  considered and coordinated in design of t h e  data-collection 
na twark .  This wpuld include t e r r e s t r i a l  studies, a i r  quality 
management, r i ve r  ice monitoring, and fisheries monitoring, as wel l  as 
the  wate r  s ~ p p l y  forecasting. 

2) Operate a total of eleven meteorological stations i~ t h e  b a s i n  above 
the Devil Canyon darnsite. Select sites in the  vicinity of those 
proposed in the report in F igure 2 and Table  2, modified as d i s c u s s e d  
above in  ccsmments number 3 a n d  4 .  

3 )  Continue precipitat ion, temperature,  wind speed, a n d  wind  direction 
measu sements , 

4) if not requi red fo r  other purposes, measurement of re la t i ve  humidity, 
solar  radiat iop.  a n d  longwave radiation should be discontinued ( w i t h  
t h e  possible excQption of Watana) .  

5 )  The existing electronic digital recording mete~rolagical s ta t i ons  s h o u l d  
be maintained, There are seven r e c ~ r d e r s  a n d  associated sensors 
available for f i e l d  use. The eighth u n i t  also cu r r en t ly  ava i l ab le  
should Be retained as a spare .  The f ie ld  instal lat ions a n d  she1"rer.s 
should be upgraded a s  described above. 

6) Mechanical recording meteorological ; tat ions should be acqu i red  and 
installed a t  'Four new sites to measure precipitat ion, "temperature, a n d  
wind speed. 

7) Hire local observers where possible to  improve d a t a  reliability. This 
could b e  done a t  Denal i ,  Watana, D w i i  Canyo11 a n d  Lake  Louise, and  
Gsid C r e e k .  

Bb install te lemet ry  a t  one or  more meteorologic stations to s t a r t  deve lop-  
ment of the real - t ime data-collection system. Recorders should be 
retained a t  t he  stations even a f t e r  insta l lat ion sf data-coIIect'ron 
p la t forms.  

91 Ins ta l l  back-up sensor a n d  recorder systems t o  provide redundant  
measurements a t  stations ivfaich do not have either a locat observer-  o r  
a data-col lect ion p la t form.  
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10) Continue snow surveys a t  e x i s t i n g  w e a t h e r  sta4:lons but also m a k e  
measurements in  nea rby  protected areas  to imprave t h e  d a t a  q u a l i t y  
for  forecasting and  fo r  development of isohyetal maps. 

I f )  Consider conversion of the data-collection program t o  a t  least a 
partial f i xed -w ing  aircraft network by selecting compatible stat ion 
Iscations , 

It is expected t h a t  these recommendations will be considered along wi th  
those of Dr. Peck in h i s  report, and  the data-coilection programs for FY86 
a n d  beyond kill be ref ined over t he  n e x t  several m o n t h s .  We look forward  
t o  working w i th  you in the system planning ef fo r t .  Thank you f o r  " i h e  

opportunity to comment on t he  report. If you have questions or comments 
on a n y  of the above material,  please do not hesitate t o  contact Jef f  Coffin 
or myself .  

Very truly yours, 

Rdf4 CONSULTANTS, INC. 

Stephen Bredthauer ,  P.E. 
Sus i f  n a  Hydt-ology Coordinator 

SB:JHC; b je  

cc :  8 . H . W a n g  
G .  Gemper l ine 


