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ABSTRACT 

The s t u d y   o b j e c t i v e  was to   deve lop  o r  modify  methods i n   a n  
o p e r a t i o n a l  framework t h a t  would a l low  incorpora t ion   of  
s a t e l l i t e  der ived  snow cove r   obse rva t ions   fo r   p red ic t ion  
o f  snowmelt  derived  runoff. 

Data a r e  re,viewed and v e r i f i e d   f o r   f i v e   b a s i n s   i n   t h e  
Pac i f i c   Nor thwes t .  The data a r e   a n a l y z e d   f o r  up t o  a 
6-year   per iod  ending  July 1978, and i n  a l l  cases   cover  a 
low,  average ,  and high snow cover/runoff   year .  

Cloud cover  is a major  problem i n   t h e s e   s p r i n g t i m e   r u n o f f  
ana lyses  and  have  hampered d a t a   c o l l e c t i o n   f o r   p e r i o d s   o f  
up t o  52 days.   Tree  cover and t e r r a i n  are s u f f i c i e n t l y  
dense and  rugged to  have  caused  problems. 

The i n t e r p r e t a t i o n  of  snowlines from s a t e l l i t e   d a t a   h a s  
been  compared  with  coventional  ground  truth  data  and 
t e s t ed   i n   ope ra t iona l   s t r eamf low  fo recas t ing   mode l s .  When 
t h e   s a t e l l i t e   s n o w - c o v e r e d   a r e a  (SCA) d a t a  a r e  
i n c o r p o r a t e d   i n   t h e  SSARR ( S t r e a m f l o w   S y n t h e s i s   a n d  
Reservoir   Regulat ion)   model ,   there  is a d e f i n i t e   b u t   m i n o r  
i m p r o v e m e n t .   S a t e l l i t e  SCA d a t a  a r e  b e i n g   u s e d  
o p e r a t i o n a l l y   f o r   d a i l y   s t r e a m f l o w   f o r e c a s t i n g   h e r e   i n   t h e  
Pac i f i c   Nor thwes t   v i a   t he  SSARR model. 
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OPERATIONAL  APPLICATIONS OF SATELLITE 
SNOW COVER  OBSERVATIONS - NORTHWEST UNITED STATES 

John P. Dillard 

US. Department of Energy 
Bonneville Power  Administration 

Portland,  Oregon 

INTRODUCTION 

Th i s  f i n a l   r e p o r t  o f  Con t rac t  S-53877 covers  t h e  a n a l y s i s  o f  snow cover  data 
during  calendar   years   1973  through  1978  and is in tended  to  f u l l y  comply  with 
t h e  r e p o r t   r e q u i r e m e n t s   o f  t h e  c o n t r a c t .  The o b j e c t i v e s  of t h i s  c o n t r a c t u a l  
s tudy were t o  map snowlines,  compare s a t e l l i t e  products ,   and   then   incorpora te  
t h e s e  sa te l l i t e  p r o d u c t s   i n   f o r e c a s t i n g  models. I n  order to   accompl ish  these 
s t u d y   o b j e c t i v e s ,  t h e  f o l l o w i n g   s t e p s  were taken:   s tudy   bas ins  were selected; 
l o c a l   p r o f i c i e n c y   i n   r e d u c i n g  raw data was acqu i red ;  data t i m e l i n e s s  was 
eva lua ted ;   bo th   g round   t ru th  and sa te l l i t e  data were v e r i f i e d ;  t h e  s e n s i t i v i t y  
o f   t h e   f o r e c a s t i n g  model was tested; and t h e  s a t e l l i t e  data were o p e r a t i o n a l l y  
i n c o r p o r a t e d   i n  a forecas t ing   model .  T h i s  s tudy was a j o i n t  program  of t h e  
Bonnevi l le  Power Adminis t ra t ion ,  t he  North Pacif ic  Div i s ion   o f  t he  U.S. Army 
Corps of   Engineers ,  and t h e  Nat iona l  Weather Serv ice .  

Rational e 

Snowmelt  provides a large p o r t i o n  of t h e  s p r i n g   r u n o f f   i n   t h e   P a c i f i c  
Northwest,   and  accurate forecasts o f  t h i s  s r ing   runof f  are e s s e n t i a l   t o  
optimum o p e r a t i o n   o f  t h e  mul t i -purpose   reservoi r   sys tem.   Therefore ,   any  
f o r e c a s t i n g  method that  is faster ,  cheaper ,  or more a c c u r a t e  is desirable. 

It had been  demonstrated by 1972 t h a t  s a t e l l i t e  imagery  could b e  used t o  
assess t h e  aer ia l  e x t e n t   o f  snow c o v e r   i n  a bas in ,  and by comparing imagery 
f r o m . d i f f e r e n t  dates,  t o   de t e rmine   changes   i n  t h e  snow-covered area (SCA)  over  
time. The n e x t   l o g i c a l   s t e p  was t o  see i f  t h i s  data could be related t o  and 
confirmed by ava i l ab le   g round  t r u t h ,  to  determine t h e  time requirement  for 
such d a t a  a c q u i s i t i o n   t o  be u s e f u l ,  and to   deve lop  or  modify  methods i n   a n  
operat ional   f ramework that  could   a l low  incorpora t ion  of s a t e l l i t e  der ived  snow 
c o v e r   o b s e r v a t i o n s   f o r   p r e d i c t i o n   o f  snowmelt  derived  runoff. 

To t h i s  end t h e  Nat ional   Aeronaut ics   and  Space  Adminis t ra t ion a t  Goddard  Space 
F l igh t   Cen te r  (NASA/GSFC or NASA) con t r ac t ed   fo r   an   App l i ca t ions   Sys t em 
Ver i f ica t ion   and   Transfer  (ASVT) for f o u r  areas i n   t h e   U n i t e d  States. One o f  
these f o u r  areas, t he  Pac i f i c   Nor thwes t ,  was chosen   t o  test the  method 's  
e f f e c t i v e n e s s   i n  the  Face o f   p e r s i s t e n t   c l o u d   c o v e r ,   h e a v y   f o r e s t a t i o n / t r e e  
canopy,   and  s teeply  s loping  terrain.  

1 



Application 

Streamflow i n  the Pacific Northwest has a h i g h   s e a s o n a l   v a r i a b i l i t y .   I n   t h e  
p o r t i o n   o f  t h e  Pacific Northwest  lying  between the  Cont inenta l   Div ide   and   the  
Cascade Range, p r e c i p i t a t i o n  is ma in ly   i n  the  form  of  snowfall  and  accumulates 
i n  the late f a l l ,  w i n t e r ,  and e a r l y   s p r i n g .  Maximum r u n o f f   o c c u r s   i n  t h e  l a t e  
sp r ing   and   ea r ly   sumer   f rom  me l t ing  snow and  can   produce   devas ta t ing   f loods  
if the snowpack is widespread  and  heavy, i f  there is a sequence  of  
e x c e p t i o n a l l y   h o t   d a y s  and r a p i d   m e l t i n g ,  or i f  snowmelt  occurs by a sequence 
of  rain-on-snow.  In t he  l a t e  summer and e a r l y  f a l l ,  s t reamflows  recede  to  a 
base  f low  condition,  and some small streams d r y  up completely due e i ther  t o  
n a t u r a l   c o n d i t i o n s  or t o   d i v e r s i o n   o f  water fo r   i r r i ga t ion .   Mul t i -pu rpose  
r e s e r v o i r s  were b u i l t  t o   a l l e v i a t e  t h e  problem  of t h e  t e m p o r a l   d i s t r i b u t i o n   o f  
t h e  annual  runoff  and the  r e se rvo i r   sys t em  canno t   ope ra t e   t o  best  advantage 
wi thout  good f o r e c a s t s .  

Because  of the  p o t e n t i a l   f o r   f l o o d i n g ,   r e s e r v o i r s   i n  t h e  Pac i f ic   Nor thwes t  
have  49.7  million dam3 (40.3  mil l ion acre-feet) o f   space  t h a t  can be c a l l e d  
upon f o r   f l o o d   c o n t r o l .   I n  the e a r l y   s p r i n g ,   r e s e r v o i r s  east o f  t h e  Cascades 
are drawn down to   p rov ide   f l ood   con t ro l   s to rage  a t  t h e  v a r i o u s   f l o o d   c o n t r o l  
p r o j e c t s .  The amount o f  t h i s  evacuat ion  is governed by f o r e c a s t s   o f  t h e  t o t a l  
s easona l   vo lumet r i c   runof f .  Palisades, Lucky Peak, Dworshak,  Libby,  and 
Hungry  Horse are f i v e   s u c h   r e s e r v o i r s  w i t h  f l o o d   c o n t r o l   s t o r a g e .  

More than 3 m i l l i o n  hectares (7 -112   mi l l i on   ac re s )   o f   c rop land   i n  t h e  Pacific 
Northwest are i r r igated.  I r r i g a t i o n   b e g i n s   a n n u a l l y   i n  March and con t inues  
in to   October ,  w i t h  t he  p e a k   i r r i g a t i o n  demand f o r  water o c c u r r i n g   i n   J u l y  and 
August. Because o f  t h e  s e a s o n a l   v a r i a b i l i t y   o f   s t r e a m f l o w ,  t h e  sp r ing t ime  
runoff  is s t o r e d   f o r  release and  use l a t e r  i n  t h e  i r r i g a t i o n   s e a s o n .  
Palisades and  Lucky Peak Reservoi rs  are t y p i c a l   o f   s u c h   i r r i g a t i o n   s t o r a g e  
p r o j e c t s .  

Over 80 percent   o f  t he  e lec t r ic  energy  produced i n  the Pacific Northwest comes 
f rom  hydroe lec t r ic  power gene ra t ion .  The ma jo r i ty   o f  t h e  i n s t a l l e d  
h y d r o e l e c t r i c   c a p a b i l i t y   i n  the  area is loca ted  east of the Cascade  Range, 
where streamflows are a t  a minimum i n  t h e  win te r  and  peak i n  t h e  la te  s p r i n g .  
Conversely,  t he  e l e c t r i c   l o a d s   p e a k   i n  t he  win te r  and are a t  a minimum i n  the  
l a t e  s p r i n g .   S t o r a g e   p r o j e c t s   i n  t h e  upper   por t ions   o f  the Columbia  River 
Bas in   cap ture   spr ing   runoff   to  b e  released f o r  power g e n e r a t i o n   d u r i n g  the  
fo l lowing   w in te r .  There are 53.6 m i l l i o n  dam3 (43-112  mi l l ion   acre- fee t )   o f  
power s t o r a g e  i n  t h e  Pacific  Northwest,   and Dworshak,  Libby,  and  Hungry  Horse 
Dams are t y p i c a l   o f  such  s t o r a g e   p r o j e c t s .  Water released from these dams 
g e n e r a t e s  power both a t -s i te  and a t  dams located  downstream. 

Proper   opera t ion   of  t h e  r e s e r v o i r   f o r  m u l t i p l e  purpose is heavi ly   dependent  on 
accurate f o r e c a s t i n g  and c lose   moni tor ing   of  water l e v e l s .  Water s t o r e d   f o r  
h y d r o e l e c t r i c   g e n e r a t i o n  is draf ted i n  t h e  win te r   s eason ,  w i t h  t h e  amount 
dependent on the  fo recas t   o f  t h e  a b i l i t y   o f  the s p r i n g  snowmelt t o  r e f i l l  t h e  
s to rage .  However, a d d i t i o n a l  water may be evacuated   to  create s to rage   space  
f o r   f l o o d   c o n t r o l   i n   r e s p o n s e   t o   f o r e c a s t s   o f  t h e  volumetr ic ,   spr ing   runoff .  
It is ref i l led based upon shor t - t e rm  fo recas t s   o f   da i ly   i n f low,   where in  
s torage   space  is a lways   main ta ined   to   e l imina te  t he  peaks  from t h e  inflows  and 
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r e d u c e   f l o o d i n g .   I r r i g a t i o n   r e s e r v o i r s ,  on the  other   hand,  are re f i l l ed  each 
win te r  and sp r ing   a l though  some s p a c e   f o r   s p r i n g   f l o o d   c o n t r o l  is maintained - 
t h e  amount  based  upon seasona l   vo lumet r i c   fo recas t s   o f   runof f .   Accura t e  
volumetr ic   and   shor t - te rm  forecas ts  are e s s e n t i a l   f o r   p r o p e r   r e s e r v o i r  
operat ion.   Libby  Reservoir  fa i led t o  r e f i l l  i n  1975 by about  250,000 dam3 
(200,000 acre-feet) when opera ted  on a v o l u m e t r i c   f o r e c a s t  that  was 
2,604,000 dam3 (2,112,000 acre-feet) too  high.  

The Pacific Northwest  experienced a drought  in  1977,  and many r e s e r v o i r s  
failed t o  r e f i l l  because  of   an  inadequate  snowpack. The vo lumet r i c   runof f   i n  
many b a s i n s  was the  l o w e s t   i n  50 years .   Libby  Reservoir  failed t o  f i l l  by 
2,240,000 dam3 (1,820,000 acre-feet), or 30 percent   o f  i t s  a c t i v e   s t o r a g e  
c a p a c i t y ,  Hungry  Horse by 566,000 dam3 (459,000 acre-feet) or 15 p e r c e n t ,  
and Dworshak by 612,000 dam3 (496,000 acre-feet), or 25 percent.  Anderson 
Ranch,  Arrowrock,  and  Lucky Peak Reservoi rs ,  on t h e  Boise  River ,  are ope ra t ed  
as  a system. Their  combined s t o r a g e  def ic i t  was 782,700 dam3 
(634,800 acre-feet), or 64 pe rcen t .  The power sys tem  reservoi rs ,   normal ly  
f u l l  on July  31,  were d e f i c i t  i n  1977 by a t o t a l   o f  15.7  mil l ion dam3 
(12.7  mil l ion acre-feet) which is rough ly   equ iva len t   t o  14.1 b i l l i o n  
k i lowa t thour s .  T h i s  d e f i c i e n c y   r e p r e s e n t s  30 percent   of  the  energy t h a t  can 
be genera ted  by d r a f t i n g  a l l  r e se rvo i r s   f rom  fu l l   t o   empty .   Thus ,   fo recas t ing  
procedures are s u b j e c t   t o   r e v i s i o n  i f  any method can be found t o  improve t h e  
a b i l i t y  t o  p r e d i c t  r a i n   o r  snowmelt  derived  runoff. 

OBJECTIVES 

The o b j e c t i v e s   o f  t h i s  c o n t r a c t u a l   s t u d y  were t o  map snowlines,  compare 
s a t e l l i t e  p roduc t s ,  and   then   incorpora te  these s a t e l l i t e  p r o d u c t s   i n  
forecas t ing   models .  

Map Snow 1 i nes 

The first o b j e c t i v e  was t o  map snowl ines   i n   s eve ra l   bas ins  for a t  least  
5 years. By choos ing   d i f f e ren t   bas ins   t h rough  a time per iod   of  a t  least  
5 y e a r s  it was p o s s i b l e   t o   o b s e r v e  t h e  effects o f   c loud   cove r   i n   ob ta in ing  
data, examine the  effects  o f   s l o p e  and f o r e s t  canopy in   accu ra t e ly   r educ ing  
data, and to   observe  t h e  v a r i a b i l i t y  of  the  snowpack  from yea r   t o   yea r .  

Compare Sa te1  1 i t e  Products  

The n e x t   o b j e c t i v e  was t o  compare satel l i te  products  w i t h  ground  t ru th  SCA 
data. The g round   t ru th   cons i s t ed   o f  aerial snowcover as observed  from 
low-a l t i t ude  a i r c ra f t  f l i g h t s ,  and the h y p o t h e t i c a l   d a i l y   v a l u e s   o f  SCA 
genera ted  by t h e  computer  streamflow  forecasting  model.  

I n c o r p o r a t e   S a t e l l i t e   P r o d u c t s  

The f i n a l   o b j e c t i v e  was t o   i n c o r p o r a t e  these satel l i te  p r o d u c t s   i n   f o r e c a s t i n g  
models .   This   object ive was to  develop or modify  methods i n  an   ope ra t iona l  
framework t h a t  would a l l o w   i n c o r p o r a t i o n   o f  sa te l l i t e  derived  snowcover 
o b s e r v a t i o n s   f o r   p r e d i c t i o n   o f  snowmelt  derived  runoff. 
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STUDY APPROACH 

A sys temat ic   approach  was t a k e n   i n  t h i s  s tudy   to   answer  t h e  q u e s t i o n ,   V a n  
satell i te de r ived   snowcover   obse rva t ions   be   i nco rpora t ed   i n   fo recas t ing   mode l s  
i n  a n   o p e r a t i o n a l  mode?" The f o l l o w i n g   s i x   s t e p s  were taken:   (1   s tudy 
b a s i n s  were selected; (2)  l o c a l   p r o f i c i e n c y   i n   r e d u c i n g  raw data was acqui red ;  
(3) d a t a   t i m e l i n e s s  was e v a l u a t e d ;  ('4) both ground  t ru th   and  s a t e l l i t e  d a t a  
were v e r i f i e d ;  ( 5 )  t h e   s e n s i t i v i t y  of t h e  f o r e c a s t i n g  model was tested; and 
( 6 )   t h e  satell i te data were o p e r a t i o n a l l y   i n c o r p o r a t e d   i n  a f o r e c a s t i n g  
model. 

Select  Study Basins 

Basins  were selected t h a t  would  give a d i v e r s i t y  of l o c a t i o n ,   e l e v a t i o n ,  
f o r e s t  canopy  cover,   slope,   and shadow parameters   over  t h e  time frame 1973 
through  1978. The a v a i l a b i l i t y   o f  low l e v e l  ae r ia l  snow f l i g h t s  was a l s o  
considered.  

Gain   Loca l   Pro f ic iency  

A l l  1973  and  1974 sa te l l i t e  data were from Landsat,  and t h e  raw data were 
reduced by Stanford  Research I n s t i t u t e  (SRI) ope ra t ing   unde r  a s u b c o n t r a c t .  
S tanford  Research I n s t i t u t e   a l s o   a n a l y z e d  the 1975 Landsat data f o r  a l l  f i v e  
bas ins ,   bu t   beg inn ing   i n   1975 ,  the National  Oceanic  and  Atmospheric 
Admin i s t r a t ion ,   Na t iona l   Env i ronmen ta l   Sa t e l l i t e   Se rv ice  (NOAA/NESS) began 
c o l l e c t i n g  and ana lyz ing  s a t e l l i t e  data f o r   b a s i n s   i n  t h e  Pacific Northwest. 
In   1975,  NOAA/NESS co l lec ted   and   ana lyzed  sa te l l i t e  data from the  NOAA ser ies  
of p o l a r   o r b i t i n g  satel l i tes  f o r  t h e  Boise  and  North Fork Clearwater Basins.  

By 1976,  Landsat data was e s s e n t i a l l y   d r o p p e d   i n   f a v o r  of  that  produced by t h e  
NOAA satel l i tes .  The NOAA sa te l l i t e  data were a v a i l a b l e  on a d a i l y  basis, 
whereas t h e  Landsa t   o rb i t s   ove r  a given area were only   every  9 days. To b e  
f u l l y   u s a b l e  (as expla ined  l a te r ) ,  t he  s a t e l l i t e  SCA data would have t o  be no 
more than 48 hour s   o ld  and y e t  t h e  Landsat data could   no t  be  processed t h a t  
r a p i d l y .  

Landsat  quick-look  imagery was purchased  for  the 1976 s p r i n g  snowmelt  season 
from the Canadian  down-link i n   P r i n c e  Albert, Saskatchewan.  Although  several  
times the imagery was mailed the same day as the s a t e l l i t e  pass ,   the   median 
o v e r a l l   d e l a y ,   i n c l u d i n g  mail t r a n s i t ,  was f i v e   d a y s . ( l )  

Because  of these f a c t o r s  and t h e  h i g h  cos t   o f   having   Landsa t   imagery   ana lyzed  
by a s u b c o n t r a c t o r ,  it was decided,   beginning w i t h   t h e  1976 data ,  t o   u t i l i z e  
p r i m a r i l y  NOAA data f o r  t he  ba lance  of t he  study. It was la te r  determined 
t h a t  t h e  s u b c o n t r a c t o r ' s   u n f a m i l i a r i t y  w i t h  the b a s i n s  had produced  erroneous 
r e s u l t s   f o r  1975, which then had t o  be  reanalyzed.  

When t h e  change was made t o  t h e  use   p r imar i ly   o f  NOAA data, i t  became 
necessary   to   deve lop  a l o c a l  or in-house  prof ic iency  for   reducing  and 
ana lyz ing  t h i s  data. To t h i s  end,   Stan  Schneider   of  NOAAINESS v i s i t e d  t h e  
P a c i f i c   N o r t h w e s t   s t u d y   c e n t e r   i n   J a n u a r y   1 9 7 7   t o   i n s t r u c t  loca l  p e r s o n n e l   i n  
the u s e   o f   a n   o p t i c a l  zoom t r a n s f e r   s c o p e  (ZTS) to   de te rmine   snowl ine  from 
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satel l i te  imagery. After t h e  ins t ruc t ion ,   bo th   Landsa t   and  NOAA data were 
analyzed on a ZTS by t h e  l o c a l   s t u d y  team, and t h e  r e s u l t s  were compared  and 
cross-checked  for   val idi ty   of   measurement .   Thus t h e  data used   for  1976-1978 
were pr imar i ly   f rom NOAA satel l i tes  and were analyzed e i ther  by NOAA/NESS or 
by t h e   l o c a l   s t u d y  team. 

Data Time1 i ness 

The a l lowab le  time d e l a y   t o   r e c e i v e  sa te l l i t e  determined SCA data is either 24 
or 48 hours. The computer   model   used  for   dai ly   operat ional   s t reamflow 
f o r e c a s t i n g  is the Streamflow  Synthesis   and  Reservoir   Regulat ion ( S S A R R )  
model(2)  developed by t h e  Corps of   Engineers .  The SSARR model had been 
developed as a s t r e a m f l o w   f o r e c a s t i n g   t o o l  and was f u l l y   o p e r a t i o n a l .  This  
model is one o f  t he  few t h a t  has snow data as i n p u t ,  and has had e x c e l l e n t  
s u c c e s s   i n   f o r e c a s t i n g   s t r e a m f l o w   i n  t h e  Pacific Northwest .   In   using t h e  
SSARR model fo r   s t r eamf low  fo recas t ing ,  data f o r  t he  48-hour period preceding  
t h e  start  o f  t h e  run is fed i n t o  the program,  and the  model is a l lowed   t o  
"tune-up" i t se l f .  The model u s e s  t h e  48-hour   antecedent   s ingle   value  of  SCA, 
and t h e  ac tua l   va lues   o f   t empera ture   and   prec ip i ta t ion   for  t h e  48-hour pe r iod ,  
t o   deve lop  a best match f o r  t h e  s t reamflow  value a t  t h e  end o f  the 48-hour 
pe r iod ,  i .e . ,  the start o f  t h e  f o r e c a s t i n g   p e r i o d .  A l l  f o r e c a s t e d   v a l u e s   o f  
streamflow are then   ad jus t ed  by the p ropor t iona l   mu l t ip l i e r   necessa ry   t o   have  
t h e  bes t - f i t  s t a r t -o f - fo recas t   s t r eamf low equal t o  t h e  observed 
s t a r t -o f - fo recas t   s t r eamf low.  

A 48-hour period is used for spr ingt ime  snowmel t   forecas t ing  because a heavy 
snowpack can be  g r e a t l y   i n f l u e n c e d  by t h e  temperature t h a t  occurred 48 hours  
be fo re .   In  the win te r t ime ,  t h e  i n i t i a l i z i n g  pe r iod  f o r  the f o r e c a s t i n g   r u n s  
is reduced  to  24 hours. 

NOAA/NESS has c o n s i s t e n t l y   a n a l y z e d  the NOM sa t e l l i t e  data i n  its n a t i o n a l  
o f f i c e  and s e n t  facsimile p i c t u r e s   v i a   l a n d  wires t o  the Columbia  River 
Forecas t   Se rv ice  (CRFS) i n   P o r t l a n d  well wi th in  a 24-hour pe r iod .  The NOAA 
s a t e l l i t e  down- l ink   neares t   to   Por t land  is loca ted  a t  Redwood C i t y ,  
Cal i fornia .   Because mail service  between  Portland  and Redwood City  can  exceed 
24 hours and facsimile q u a l i t y  is not  good  enough f o r  d i rec t  a n a l y s i s ,   l o c a l  
i n t e r p r e t a t i o n   o f  NOAA da ta   cannot  be used f o r   o u r   o p e r a t i o n a l   f o r e c a s t s .  

Landsat  quick-look  imagery  cannot be used   for   opera t iona l   s t reamflow 
f o r e c a s t i n g  because t h e  ave rage  5-day de lay   in   rece iv ing   imagery   exceeds  t h e  
48-hour  requirement  of t h e  SSARR model. 

Data Ver i f i ca t ion  

Both  ground t r u t h  and sa te l l i t e  SCA data had t o  be ve r i f i ed   be fo re   t hey   cou ld  
be used. A comparison  of the  two ground  t ru th  data and t h e  sa te l l i t e  data, 
one w i t h  each o ther ,   p rovided  a t h r e e - w a y   v e r i f i c a t i o n   o f  t he  data. 

Ground T r u t h  Data 

The ground t r u t h  data c o n s i s t e d   o f   f o r e c a s t i n g  model gene ra t ed   va lues   o f  SCA, 
and o f  SCA d a t a  gathered by low a l t i t u d e  aerial f l i g h t s .  
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A t  t h e  end o f  each f lood   season ,  a s t reamflow  recons t ruc t ion  or 
" r econs t i t u t ion   runv1  is made f o r  each b a s i n  wi th  t he  SSARR model. A s  no ted ,  
t h e s e   r e c o n s t i t u t i o n   r u n s  are made only  once,   and are done a t  t h e  end o f  t h e  
f lood   season   to  test t h e  goodness   of  fit o f  t h e  model t o  t h e  a c t u a l   b a s i n  
r u n o f f .   I n  these r e c o n s t i t u t i o n s ,  t h e  model g e n e r a t e s   d a i l y   v a l u e s  o f  
snow-covered area and of  streamflow. When t h e  computed  hydrograph is compared 
wi th   t he  observed  hydrograph, a r e c o n s t i t u t i o n   r u n   p r o v i d e s  a v i s u a l  check on 
the   accu racy   o f  the b a s i n  characteristics u t i l i z e d   i n  t h e  model,  and  gives 
c redence   t o  t he  d a i l y   v a l u e s   o f  SCA which t h e  model g e n e r a t e s .  

Two t o   f o u r  aer ia l  snow f l i gh t s  are g e n e r a l l y  made over  a bas in   du r ing  t h e  
melt season. The snow f l i g h t  data de termines  t h e  a v e r a g e   e l e v a t i o n   o f  the 
bas in ' s   snowl ine ,  and an area e l e v a t i o n  table f o r  t h e  b a s i n  is used t o  
determine t h e  snow covered area. The snow f l i g h t  data are checked by 
comparing t h e  r e s u l t s   t o  t h e  SCA data g e n e r a t e d   i n  t h e  SSARR r e c o n s t i t u t i o n  
runs. Thus the  ground t r u t h  data are cross-checked  against  each o t h e r ,  and 
the  SSARR s t reamflows  genera ted   in  t h e  r e c o n s t i t u t i o n s  are compared w i t h  t he  
observed  hydrograph. 

Sate 1 1  i te Data 

S a t e l l i t e   d e r i v e d  SCA data were v e r i f i e d  by comparison w i t h  snow f l i g h t  data 
and wi th  the  SSARR genera ted  SCA data. I n   a d d i t i o n ,   i n  some y e a r s   b o t h  
Landsat  and NOAA sa te l l i t e  data were obtained  which were compared w i t h  each 
o t h e r .   I n  1976, loca l ly   ana lyzed   Landsa t   and   loca l ly   ana lyzed  NOAA data 
compared  favorably. Some-NOM s a t e l l i t e  data were analyzed  both by NOAA/NESS 
personnel  a t  t he i r  n a t i o n a l   h e a d q u a r t e r s  and l o c a l l y  by t h e  s tudy  team. The 
r e s u l t s   o f  t h e  a n a l y s i s  by two d i f f e r e n t   p e o p l e  were v a r i a b l e .  

Test the Model Sensitivity 

The agreement  between t h e  SCA data   obtained  f rom satel l i te ,  snow f l i g h t s ,  and 
t h a t  genera ted  by t h e  SSARR model was v a r i a b l e .  T h i s  raised t h e  q u e s t i o n   o f  
t h e  s e n s i t i v i t y   o f  t he  SSARR model t o  snow cover   data .  If the  model is 
i n s e n s i t i v e   t o  it, does it matter which SCA da t a  is used ,  or its accuracy? 
The r e su l t s   p roved  t h e  s e n s i t i v i t y   o f  t h e  model t o  SCA data, and t h u s  showed 
that a c c u r a t e  data is e s s e n t i a l .  

Incorporate in Operational  Mode 

The last s t e p   i n  t h e  s tudy  approach was t o   i n c o r p o r a t e  s a t e l l i t e  data i n  t h e  
f o r e c a s t i n g  model i n  an o p e r a t i o n a l  mode. The SSARR model u t i l i z e d  
snow-covered area data as a n   i n p u t   v a r i a b l e ,  and was s e n s i t i v e   t o  t h i s  data. 
The CRFS was r e c e i v i n g  s a t e l l i t e  der ived  SCA data i n  a timely  manner  from 
NOAA/NESS. Based  upon tes t  exper ience ,  t he  CRFS is now s u b j e c t i v e l y   u s i n g  
s a t e l l i t e  snow-cover data i n  its o p e r a t i o n a l   s t r e a m f l o w   f o r e c a s t s .  

STUDY AREAS 

A t o t a l   o f   s i x   b a s i n s  were s t u d i e d   i n  t h i s  ASVT. They were chosen  to   provide 
d i v e r s i t y   i n   l o c a t i o n ,   e l e v a t i o n ,   f o r e s t  canopy  cover,   slope,   and shadow areas. 
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The North  Santiam  Basin is i n  Oregon, a t  low e l e v a t i o n ,  and was p r i m a r i l y  
chosen   for   the  work  done  by D r .  Mark Meier (3)   to  test snow cover area 
measurement methods, and   because   the   en t i re   bas in   could  be viewed on one 
Landsat frame. 

The  Upper Snake  Basin is p r i m a r i l y   i n  Wyoming, has  a medium-to-open tree 
cover,  and is h igh   e l eva t ion .  

The Boise  Basin is mid-elevation  and is in   sou theas t e rn   Idaho .   Fo res t   cove r  
is medium, and t h e   s l o p e s  are n o t   e x c e p t i o n a l l y   s t e e p .  

The  Dworshak B a s i n   i n   c e n t r a l   I d a h o  is low e l e v a t i o n  and has a dense tree 
cover.  It has   s t eep ly   s lop ing   r anges .  

The  Libby  Basin is p r i m a r i l y   i n  Canada, is high e l e v a t i o n ,  and has a dense 
tree canopy. The rugged terrain s l o p e s   s t e e p l y  and is often  c loud  covered.  

The Hungry  Horse is a mid -e l eva t ion   bas in   i n  Montana t h a t  h a s   s l o p e s   s t e e p  
enough to   cause  shadow  problems. Tree cove r   va r i e s  from c l ea r - cu t   t o   dense .  

Sa t e l l i t e  imagery   showing  the   ex ten t   o f  snow cover was c o l l e c t e d   f o r  t h e  1973 
and  1974  snowmelt s easons   fo r   t he   fo l lowing  Columbia  River  Basins: 

North  Sant iam  River   Basin  (above  Detroi t  D a m ) ,  Oregon 

Upper Snake  River  Basin  (above Palisades D a m ) ,  Idaho 

Boise  River  Basin  (above Lucky  Peak D a m ) ,  Idaho 

Runoff i n  t h e  Nor th   Sant iam  occurs   p r imar i ly   in   the   win ter   and   very   ear ly  
s p r i n g ,  and t h i s  b a s i n  was dropped  from  further  study  because no ae r i a l  snow 
f l igh ts  are made f o r  it. 

The data c o l l e c t i o n  from  1973  and  1974 was extended  forward  in time through 
1978 f o r  t h e  Upper Snake  and  Boise  Basins.   In  addition, data were a l s o  
co l lec ted   f rom 1975 through  1978  for:  

North  Fork Clearwater Basin  (above Dworshak D a m ) ,  Idaho 

Kootenai  River  Basin  (above  Libby D a m ) ,  Montana 

South  Fork  Flathead  River  Basin  (above Hungry Horse D a m ) ,  Montana 

These areas were n o t   s t u d i e d   f o r  1973 o r  1974  because   o f   the   pers i s ten t  
problem  of   c loud  cover .   These  basins  were added t o   t h e   s t u d y   b e c a u s e   i n  these 
basins  snowmelt is t h e  main   cont r ibu tor  to  runoff.  The f i n a l   f i v e   b a s i n s   t h a t  
were s tud ied  are shown i n   F i g u r e  1 on the next  page. 

North  Santi am 

The  North  Santiam  River  above  Detroit Dam dra ins   an  area o f   a b o u t  1 ,146km2 
(442 mi2). The b a s i n   h a s  a mean . e l eva t ion  of approximately  1,178 meters 
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1. Kmtmai  Rirmr .bore Libby Dm. Montana 

2. South Fork F1aU1m.d R iva  above H u n w  Horse Dan. Montan8 

3. Nonh Fork CIe-am River above Dworahak Dan. Idho 

4. B o i s e  R i a  above Lucky Pmak Dm. Idaho 

5. Sn8ke River above Palivdn Dm.  Idaho 

PACIFIC NORTHWEST STUDY  AREA 

Figure 1 
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(3,865 feet)  and rises from 475.6 meters (1,560 feet)  a t  t h e  darn's normal 
water s u r f a c e   t o  3,200 meters (10,497 f ee t )  a t o p  M t .  J e f f e r s o n .   E s s e n t i a l l y  
a l l  o f   t h e   b a s i n  is above 610 meters (2,000 fee t ) ,  b u t  on ly   abou t  5 percent   o f  
it is above 1,830 meters (6,000 feet)  e l e v a t i o n .  

The North  Santiam  Basin is loca ted  on the  west side o f   t h e  Cascade Range. 
Because   o f   t he   bas in ' s   l oca t ion  and  exposure,   the  Coast Range does l i t t l e  t o  
s top  winter   ra instorms  which  sweep  in   f rom  the Pacific. The b a s i n  has a 
r e l a t i v e l y  low mean e l e v a t i o n ,  and t h u s  snow may melt soon after f a l l i n g .  

Upper  Snake 

This   bas in   inc ludes   approximate ly  13,340 km2 (5,150 mi2) above Palisades 
Reservoir.  The b a s i n  rises from 1,713 meters (5,620 feet)  a t  t h e   r e s e r v o i r   t o  
4,197 meters (13,766 feet)  on  Grand Teton. The mean e l e v a t i o n  is 2,810 meters 
(7,900 feet) ,  and v i r t u a l l y  a l l  o f   t h e   b a s i n  l i e s  above 1,830 meters 
(6,000 fee t ) .  The e n t i r e   b a s i n  l ies high  enough  that  snow is p r e s e n t  
year-round on a s i g n i f i c a n t   p o r t i o n  of t h e   b a s i n   l y i n g   a b o v e   t h e  2,740 meter 
(9 ,000 f o o t )   e l e v a t i o n .  Tree cove r ,   s lope ,  and a s p e c t   i n  t h i s  b a s i n  do not  
appear   to   have  caused  any  problems  interpret ing  the  snowline  f rom the 
s a t e l l i t e   d a t a  . 
Boise 

The Boise  River   Basin  drains   approximately 7,254 km2 (2,800 m i 2 )  above 
Lucky Peak Dam. Basin  e levat ions  vary  f rom 3,247 meters (10,651 f ee t )  a t o p  
Snowyside Peak t o  933 meters (3,060 f ee t )  a t  t h e  dam's  normal water surface. 
V i r t u a l l y  a l l  o f  the b a s i n  is above   e leva t ion  1,220 meters (4,000 f ee t )  with a 
mean e i e v a t i o n   o f  1,890 meters (6,200 f e e t ) .  The e n t i r e   b a s i n  is s u f f i c i e n t l y  
high t h a t  large areas o f  snow are depos i ted  and s tay   th rough t h e  win te r  and 
sp r ing .   In   t he   uppe r   r i dges   su r round ing   t he   bas in ,   t he re  are a few permanent 
snowpacks. Tree c o v e r ,   s l o p e ,  and a s p e c t   i n  t h e  Boise  Basin do no t   appea r   t o  
have  caused  any  problems i n   i n t e r p r e t i n g   t h e   s n o w l i n e   f r o m  s a t e l l i t e  data. 

Dwors hak 

The North  Fork  of  the Clearwater River   Basin  drains  an area o f  6,320 km2 
(2,440 mi2) above Dworshak Dam. Elevat ions  range  f rom 488 meters 
(1,600 feet) a t  t h e  dam's water surface t o  2,450 meters (8,036 fee t )  a t o p  
Democrat  Mountain. The b a s i n  has an   average   e leva t ion   of   about  1,220 meters 
(4,000 feet) and is a topographica l ly   rugged ,   dense ly  t imbered, l a r g e l y  
undeveloped area. The tree c o v e r   a n d   t e r r a i n   i n   t h e  Dworshak Basin do no t  
appear   to   have  caused  any  major   problems  in   interpret ing the  snowline  from 
sa t e l l i t e  data. 

Libby 

The Kootenai   River   Basin  drains  an area o f  23,277 km2 (8,985 mi2) i n  t h e  
United  States   and Canada  above  Libby Dam i n  Montana. T h i s   b a s i n  rises from 
750 meters (2,459 feet)  a t  t h e  dam's normal water s u r f a c e   t o  3,619 meters 
(11,870 feet) a t  t h e  summit o f  Mount A s s i n i b o i n e   i n   B r i t i s h  Columbia. The 
mean e l e v a t i o n   o f   t h e   b a s i n  is about  1,980 meters (6,500 feet) ,  and  numerous 

9 



mountain  peaks are above  2,340 meters (8,000 feet)  w i t h  s ix   peaks   exceeding  
3,050 meters (10,000 f ee t ) .  The Libby  Basin has a dense tree canopy  and 
s t e e p l y   s l o p i n g   t e r r a i n  t h a t  h i n d e r s   t h e   d e t e r m i n a t i o n   o f  t h e  snowline. 
Limestone or "white" rock  outcroppings  above the  t i m b e r l i n e   c a n   e a s i l y  be  
mis taken   for  snow cover  late i n  t he  snowmelt  season. 

Hungry Horse 

The South  Fork  of t he  F la thead   River   Bas in   d ra ins  an area o f   4 , 2 8 5  km2 
(1,654 mi2) above  Hungry  Horse Dam. E l e v a t i o n s   i n  t h e  basin  range  f rom 
1,085 meters (3 ,560  feet)  a t  t h e  dam's normal water s u r f a c e   t o   2 , 8 5 2  meters 
(9,356 fee t )  atop  Holland Peak. The b a s i n  has a n   a v e r a g e   e l e v a t i o n   o f  
approximately  1,830 meters (6 ,000  feet) .  Tree c o v e r   i n  t h e  bas in   va r i e s   f rom 
c l e a r c u t  areas n e a r   t h e   r e s e r v o i r   t o   d e n s e   e v e r g r e e n   s t a n d s   i n  t h e  
headwaters. The tree canopy   and   s t eep ly   s lop ing   t e r r a in   i n  the Hungry  Horse 
Bas in   h inde r s  t h e  d e t e r m i n a t i o n   o f  the snowline. The rock   ou tcroppings   tha t  
crest t h e  ridges above t h e  t i m b e r l i n e   c a n   e a s i l y  be  mis taken   for  snow cover  
la te  i n  t h e  snowmelt  season. 

DATA  REDUCTION 

Analys i s   o f   i n fo rma t ion  was dependent upon t h e  s o u r c e   o f  the raw data,  
equipment   avai lable ,   and method o f   o b t a i n i n g   d a t a .  

S a t e l l i t e  Snow Cover  Data 

Raw data was obtained  from  Landsat  and NOM imagery.  Percent  of  snow-covered 
area was determined by SRI, NESS, or  BPA. 

Landsat  Imagery 

Landsat  imagery was c o l l e c t e d  and  analyzed  during the  s p r i n g  snowmelt  seasons 
as fo l lows:  

BASINIYEAR 1973 1974  1975  1976 1977 - 1978 

North  Santiam S R I  S R I  

Upper Snake SRI SRI  SRI  SRI 

Boise S R I  S R I  S R I  S R I  

N. F. Clearwater SRI  SRI 

Kootenai S R I  

S. F. F la thead  SRI BPA 

Stanford  Research I n s t i t u t e   ( S R I ) ,   u n d e r   c o n t r a c t   t o   B o n n e v i l l e  Power 
Adminis t ra t ion  (BPA), analyzed  Landsat  imagery  in  1973  and  1974(4),  and i n  
1 9 7 5 ( 5 ) ,   u s i n g   a n   e l e c t r o n i c   i n t e r a c t i v e   a n a l y z e r .  The 1973  and  1974  data 
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were analyzed by single-band (MSS-5) r a d i a n c e   t h r e s h o l d i n g .   E d i t i n g  was done 
i n   c o n j u n c t i o n   w i t h   b a s i n   o u t l i n e  masks, c o n t o u r   e l e v a t i o n  masks, and  drainage 
p a t t e r n  maps. A b inary   themat ic  map was created from  the s a t e l l i t e  imagery 
and s t o r e d   i n   2 . 5  x 2.5 km g r i d   i n c r e m e n t s   i n  a "scratch-pad"  computer 
memory. Because o f   t h i s   s t o r a g e  feature, t h e   r a d i a n c e   t h r e s h o l d   l e v e l   c o u l d ,  
by s u b j e c t i v e   e d i t i n g  a ided  by t h e   v a r i o u s  masks, be altered f o r   d i f f e r e n t  
p o r t i o n s   o f  a basin  and  the  "scratch-pad" memory be  so revised.   These g r id  
increments   he ld   va lues  of snow cover ,   vary ing  by l / lO1s,   f rom no  snow 
( O / l O 1 s ) ,   t o   f u l l y   ( l O / l O 1 s )  snow covered. The  snow covered area f o r   t h e  
b a s i n  was then  determined by summing,  and t h e   p e r c e n t   o f   b a s i n  that  was snow 
covered was c a l c u l a t e d .  

SRI a l so   ana lyzed  the  1975 data f o r  BPA by the same procedure   except   tha t   each  
s a t e l l i t e  image was entered  from  both  bands 5 a n d   7 ,   a n d   d i s p l a y e d   i n   c o l o r   t o  
assist i n   t h e   s u b j e c t i v e   e d i t i n g .  The thematic snow map was a g a i n  created i n  
the  scratch-pad memory  by ampli tude  thresholding  f rom  band  5 .  

S t an fo rd   Resea rch   In s t i t u t e  d i d  its a n a l y s i s   o f  1976 Landsat imagery(*)   for  
t h e  Walla Walla District o f  t h e  Corps of   Engineers   fo l lowing   the  same 
procedures t h a t  they  had used  f o r   t h e  1975 data. 

Bonnevi l le  Power Adminis t ra t ion  analyzed 1976  Landsat data f o r  t h e  South  Fork 
F l a t h e a d  (Hungry  Horse)  Basin.  Snowlines  were  traced  onto a bas in   ove r l ay  map 
us ing  an o p t i c a l  zoom t ransfer   scope .   Bas in   d ra inage  maps were u t i l i z e d   t o  
superimpose t h e  snow image from  band 5 on to   t he   bas in  mask. The r e s u l t i n g  
snowline was then traced w i t h  a p lan imeter   to   de te rmine  t h e  snow covered 
area. 

N O M  Imagery 

NOAA imagery was col lected  and  analyzed  during t h e  spr ing  snowmelt   seasons by 
e i ther  Bonnevi l le  Power Adminis t ra t ion  (BPA) personnel  or by National  Oceanic 
and  Atmospheric  Administration/National  Environmental S a t e l l i t e  Se rv ice  (NESS) 
personnel  as fo l lows:  

North  Santiam 

Upper Snake BP A NESS  NESS 

Bo ise NESS  NESS  NESS  NESS 

N. F. Clearwater NESS  NESS  NESS  NESS 

Kootenai BPA BPA NESS  NESS 

S. F. F la thead  BPA  BPA  BPA  BPA 

Visible energy  sent   back  f rom  the NOAA s a t e l l i t e  is rece ived  here on Earth as 
v a r i a b l e   v o l t a g e s  which are in   t u rn   conve r t ed   t o   one   o f  256 counts.  Through a 
t a b l e  look-up, these coun t s  are converted  to  any  one  of  256  grey-scale or 
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g r e y - l e v e l   i n t e n s i t i e s .  By expanding or compress ing   coun t s ,   d i f f e ren t  
p o r t i o n s   o f  the  grey-scale   can be expanded or e l i m a t e d   t o   a c c e n t u a t e   d i f f e r e n t  
geo log ic ,   hydro log ic ,  or m e t e o r o l o g i c   f e a t u r e s  on a sa te l l i t e  "photo" o r  
image. 

Vi s ib l e  imagery  from the  Very High Resolution  Radiometer ( V H R R )  was c o l l e c t e d  
f r o m  t h e  NOAA series o f   p o l a r   o r b i t i n g  satell i tes,  and  snowlines were traced 
as noted  above by either BPA or  NESS pe r sonne l   on to  a bas in   ove r l ay   u s ing   an  
o p t i c a l   z m m   t r a n s f e r   s c o p e .  A zoom t r a n s f e r   s c o p e  was r e q u i r e d   t o   s t r e t c h  
t h e  image and  remove t h e  l a t e ra l  d i s t o r t i o n ,  and t o   e n l a r g e  t h e  image t o  a 
traceable s i z e .  The snow-covered areas, as o u t l i n e d  by t h e  snowline traced 
onto  t h e  o v e r l a y ,  were then   p lan imetered   to   de te rmine   percent   o f   bas in  area 
that  was snow covered. NESS used an e l e c t r o n i c  densitometer/planimeter, and 
BPA used e i ther  a d i g i t i z e r  o r  a hand p lan imeter .  

Oversnow A i r c r a f t  F l i g h t s  

Snow cover   observa t ions  are made i n  t h e  U n i t e d   S t a t e s   p o r t i o n   o f  the Columbia 
River  Basin by t h e  Corps of  Engineers   personnel   in  small aircraf t  f l y i n g  a t  
low a l t i t u d e .  S i m i l a r   f l i g h t s  are made i n  t h e  Canadian  portion of t h e  Basin 
by personnel  from t h e  B r i t i s h  Columbia  Hydro  and  Power A u t h o r i t y .   I n   t h e s e  
snow f l i g h t s ,  an  experienced  observer   r iding w i t h  t h e  p i l o t  looks o u t  t he  
window a t  t h e  snowline,   determines i ts  e l e v a t i o n ,  and t h e n   p l o t s  t h e  snowline 
on a map as the f l i g h t  is made. A t  t he  end o f  t h e  f l i g h t ,  t h i s  in format ion  is 
reduced   to   percent   o f   bas in  which is snow-covered.  Although t h e  obse rve r s  on 
these snow f l i g h t s  are exper ienced ,  t h e  data gathered are e n t i r e l y   s u b j e c t i v e ,  
and the  snowline which is t r aced   exc ludes  t he  lower  lying  patchy snow which is 
n o t   c o n s i d e r e d   t o   c o n t r i b u t e   t o   r u n o f f .  Two t o   f o u r  f l i g h t s  are g e n e r a l l y  
made each  season  for  each area depending upon t h e  f l o o d   p o t e n t i a l   f o r   t h a t  
s eason ,   f l y ing   cond i t ions ,   and  t h e  cloud  cover   over  a b a s i n .   I n  t h e  United 
S t a t e s   p o r t i o n   o f  t h e  Bas in ,  f l i g h t s  are g e n e r a l l y  made i n   A p r i l ,  May, and 
June ; and i n  the  Canadian   por t ion   in  May and  June. 

Snowpack Depl e t  i on by Cornpu ter  

The Na t iona l  Weather Se rv ine ,  t h e  Bonnevi l le  Power Adminis t ra t ion ,  and t h e  
Corps of   Engineers ,   Nor th   Pac i f ic   Div is ion  are c o o p e r a t o r s   i n  t h e  Columbia 
River   Forecas t ing   Serv ice .   Cer ta in   resources   o f  the agenc ie s  are pooled   in  
t h e  in t e re s t   o f   improv ing   s t r eamf low  fo recas t ing  methods, to   p rovide   un i form 
f o r e c a s t s ,  and t o   i n c r e a s e  the  e f f i c i ency   o f   ope ra t ion .  Whereas, t h e  
r e c o n s t i t u t i o n   r u n s  are made only  once a t  t h e  end of t h e  f lood   season   to  tes t  
t h e  model's f i t ,  t h e  o p e r a t i o n a l   r u n o f f   f o r e c a s t s   f o r  streams i n  t h e  Pacific 
Northwest are made d a i l y   u s i n g  t h e  Streamflow  Synthesis   and  Reservoir  
Regulation (SSARR) computer model. 

Snowmelt c a l c u l a t i o n   i n  t h e  SSARR model is made e i ther  by t h e  tempera ture  
index method or by t h e  use  of t h e  g e n e r a l i z e d  snowmelt e q u a t i o n   f o r  a 
p a r t i a l l y   f o r e s t e d  area. I n   g e n e r a l ,  t h e  snowmelt  equation is not   used  for  
d a i l y   o p e r a t i o n a l   f o r e c a s t s   b e c a u s e   o f  t h e  lack of real  time energy  budget 
da t a .  A t  t he  p r e s e n t  time, t h e  temperature  index method is used  for  
o p e r a t i o n a l   f o r e c a s t s .  
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The temperature   index method determines  snowmelt   runoff as fo l lows:  

PH m = ( T A  - Tb) R x 
where 

m =  Snowmelt r u n o f f   i n   i n c h e s   o f  water over  t h e  snow cover  area. 

TA Period  temperature  ( F) a t  the median   e leva t ion   of  the mel t ing  
snowpack. 

Tb = Base tempera ture  ( F ) ,   s p e c i f i e d  as a c o n s t a n t   f o r  a watershed. 

R =  Melt rate, s p e c i f i e d   t o  the  computer ,   or   g iven as a f u n c t i o n   o f  
accumula ted   runoff ,   in   inches  of water pe r  degree day. 

PH Period l e n g t h   i n   h o u r s .  

Values   used  for  the base temperature  and t h e  melt ra tes  can be a d j u s t e d   i n  t he  
d a i l y   r u n s .  The base temperature  can be a d j u s t e d   t o  the minimum, mean, or 
maximum da i ly   va lue ;   and  t h e  melt rate can be ad jus t ed   t o   con fo rm  to  t h e  
n a t u r a l   v a r i a b i l i t y   e n c o u n t e r e d   d u r i n g  t h e  melt season. 

Snowmelt  determination i n  t h e  SSARR r e q u i r e s  t h a t  t h e  snow-covered area be  
updated  dai ly .  The SSARR model has t h e  a b i l i t y   t o   u p d a t e  t h e  SCA va lue  i t  
carries when ae r i a l  f l i g h t  o r  s a t e l l i t e  data are unavai lab le .   In   mounta inous  
areas o f  t h e  western  United States ,  snow-covered area dep le t ion   du r ing  t h e  
a c t i v e  snowmelt  season  can be expressed as a funct ion  of   accumulated  generated 
runoff  as a pe rcen t  of s e a s o n a l   t o t a l .   F i g u r e  2 on t h e   n e x t   p a g e   i l l u s t r a t e s  
a t y p i c a l   c u r v e   r e l a t i n g  snow cover  to  generated  runoff .   Such  curves  are 
g e n e r a l l y   c o n s i d e r e d   u n i f o r m   f o r   s p e c i f i c  watersheds f rom  year   to   year .  The 
gene ra l   equa t ion   fo r   such  a curve  is: 

SCA 
" ,oo - 1.0 - 100 

where 

SCA = Snow-covered area as a p e r c e n t   o f   t o t a l   w a t e r s h e d  area. 

Qg = Accumulated  generated  runoff  from  snowmelt, i n   p e r c e n t  of seasona l  
t o t a l .  

n =  Parameter   express ing  characterist ic o f  snowcover  depletion for a 
watershed. 

A t  t h e   b e g i n n i n g   o f   e a c h   c o m p u t e r   r u n   t h e   i n i t i a l  snow-covered area, a t o t a l  
s easona l   gene ra t ed   runof f ,  and an i n i t i a l  accumulated  runoff  must be inpu t .  
The model then  computes the  i n i t i a l   p e r c e n t   o f   a c c u m u l a t e d   g e n e r a t e d   r u n o f f .  
From t h i s  the   p rogram  de te rmines   the  ra t io  of t h e  a c t u a l   i n i t i a l  snow-covered 
area t o  t h e  t h e o r e t i c a l  snow-covered area determined from the  curve.  
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Figure  2. Snow covered area vs.   generated  runoff  

The da i ly   i nc remen t  of computed  snowmelt c a l c u l a t e d  by the   t empera ture   index  
method is added t o   t h e   i n i t i a l   g e n e r a t e d   r u n o f f .  The incremented  generated 
runof f  is then   u sed   t o   de t e rmine   t he   nex t   day ' s  snow cover  by app ly ing  t h e  
v a l u e   o f   t h e   r a t i o   o f   a c t u a l   i n i t i a l  snow-covered area t o   t h e   t h e o r e t i c a l  
snow-covered area. This   p rocess  is cont inued by da i ly   increments   th roughout  
the   computa t ion   per iod ,  and r e s u l t s   i n  a computed snow cove r   dep le t ion   cu rve  
which is p r o p o r t i o n a l   t o   t h e   t h e o r e t i c a l l y   s h a p e d   c u r v e .  

The s t r eamf low  fo recas t s  are made d a i l y   d u r i n g  the sp r ing   f r e she t   s eason   and  
are made f o r  small watersheds.  The p r i m a r y   i n p u t s   t o   t h e  SSARR model are 
indexed   va lues   o f   t empera ture  and p r e c i p i t a t i o n .  Snow water e q u i v a l e n t  data 
from snow cour ses  are used i n  a volume f o r e c a s t  model which   forecas ts  
Apri l -September   runoff .   Forecasts   of  t h i s  n a t u r e  are g e n e r a l l y  made once  per  
month, a f te r  snow data are c o l l e c t e d ,   i n   J a n u a r y ,   F e b r u a r y ,  March, and Apr i l .  
These   forecas ts   o f   Apr i l   th rough  September   vo lumetr ic   runoff  are i n   t u r n   u s e d  
as i n p u t   t o   t h e  SSARR model t o   f o r e c a s t   s t r e a m f l o w s   u t i l i z i n g   d a i l y   i n d e x e d  
va lues  of temperature  and p r e c i p i t a t i o n .  The  model d e p l e t e s  the snowpack  and 
snow-covered area and in   t u rn   deve lops   fo recas t ed   s t r eamf lows  a t  key   po in ts  on 
t h e   r i v e r .  A s  t h e  melt season   progresses   and   addi t iona l  aerial  snow f l i g h t s  
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are made, t he  new snow f l i g h t  data are used t o   u p d a t e   t h e  snow cover data 
within  the  model ,   thus   improving  the  accuracy  of   the  dai ly   s t reamflow 
f o r e c a s t s .  

For t h e  pu rposes   o f   t h i s   s tudy ,  a t  t h e  end of   each  f lood  season,  a streamflow 
r e c o n s t r u c t i o n  or " r e c o n s t i t u t i o n   r u n "  was made f o r  each b a s i n  w i t h  t h e  SSARR 
model. I n   t h e s e   r e c o n s t i t u t i o n s ,   d a i l y   i n d e x e d   v a l u e s   o f   t e m p e r a t u r e  and 
p r e c i p i t a t i o n  and a l s o  t h e  t o t a l   a c t u a l   s e a s o n a l   r u n o f f  are s u p p l i e d   t o  t h e  
model. The streamflows are i n i t i a l i z e d  a t  target p o i n t s   i n  t h e  b a s i n   w i t h  
a c t u a l   v a l u e s ,  and the i n i t i a l   b a s i n  snow-covered area is s u p p l i e d   t h e  model. 
Thereaf te r ,   th roughout  t h e  time frame of   t he   f l ood   s eason   s tudy ,   ac tua l  
observed   da i ly   va lues   o f   t empera ture  and p rec ip i t a t ion   (bu t   no t   s t r eamf low)  
are given  to  the  program;  and t h e  SSARR model melts the  snowpack,   handles   the 
overland and s u b s u r f a c e   p o r t i o n s   o f   r u n o f f ,  and p rov ides  a channe l   rou t ing   t o  
gene ra t e  the da i ly   s t reamflows a t  target l o c a t i o n s .  No in t e rmed ia t e  
a d j u s t m e n t s   f o r  snow-covered area are made t o  these r e c o n s t i t u t i o n   r u n s .  When 
compared w i t h  t h e  observed  hydrograph, a r econs t i t u t ion   run   p rov ides  a v i s u a l  
check on the model 's   performance,   and  therefore ,   g ives   credence  to   the SCA 
curve  generated by t h e  model. 

Data  Reduction  Problems 

The major data reduct ion  problems were p h y s i c a l   f e a t u r e s  t h a t  hindered 
determining t h e  snow l i n e ,  and cloud  cover t h a t  o b l i t e r a t e d  a l l  or p o r t i o n s   o f  
a bas in .   Fo res t   cove r ,  shadow,  and b a r e  rock were p h y s i c a l   f e a t u r e s  t h a t  
imposed  problems i n   d e t e r m i n i n g   t h e  snow l i n e .  Cloud cover   obscur ing  t h e  
ground was t h e  g r e a t e s t  problem. 

Forest  Cover and Shadow 

I n   t h e  Dworshak,  Libby,  and  Hungry  Horse  Basins tree c o v e r ,   s t e e p   s l o p e s ,  and 
sun  angle/shadow  caused  problems  in  determining t h e  snowline  from t h e  
s a t e l l i t e  imagery.  In these three b a s i n s  t h e  mountain crests are above t h e  
t i m b e r l i n e  and are bare rock,  making it easy t o   s p o t  snow.  Moving down t h e  
s l o p e s   i n t o  the  t i m b e r  i t  is i n c r e a s i n g l y   d i f f i c u l t   t o   d e t e r m i n e  t h e  snowline,  
e s p e c i a l l y  i f  t h e  f o r e s t   c o v e r  is dense. This  caused  only  sporadic  problems 
i n  the  Dworshak Bas in ,   bu t  was a major  problem i n  the Libby  and  Hungry  Horse 
Basins.  On the fo l lowing   f i ve   pages  is a series of  Landsat  images  for t h e  
Hungry  Horse  Basin i l l u s t r a t i n g   t h e   f o r e s t   c a n o p y ,   s l o p e ,  and  shadow 
problems. To t h e  l e f t  of  t h e  Basin is Fla thead  Lake. Immediately  to the 
r i g h t  is t h e  Middle Fork  of t h e  Flathead  River,   and beyond t h a t  t he  
Continental   Divide.  The  South Fork of   the   F la thead   f lows   nor thwes t   ou t   o f   the  
Basin,  and  Hungry  Horse  Reservoir is a t  the  t o p   o f  t he  p i c t u r e   j u s t   b e f o r e  t h e  
r i v e r   l e a v e s  the Basin.  

For c l a r i t y ,   t h e s e   L a n d s a t  images (and   t he   appropr i a t e   d i scuss ion   fo r  each 
figure) are shown s e p a r a t e l y  on the   next   f ive   pages .  
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I n  t h i s  p i c t u r e   ( 7  Mar 76)  t h e  l i t t l e  c l e a r c u t  areas surrounding 
Hungry Horse Reservoi r  are snow c o v e r e d ,   p o r t i o n s  of t he  
r e s e r v o i r  are snow covered,  and t h e  area east o f  the  Rockies is 
snow covered.  Note t h a t  t h e  no r th - f ac ing   s lopes  show as black 
and  appear t o  be snow free even  though  several  small v a l l e y s   i n  
these areas have snow. Lakes and v a l l e y s   i n  t h e  headwaters are 
snow covered. The SCA is 95 percent .  
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I n  t h i s  p i c t u r e  (12 Apr 76)  areas o u t s i d e  t he  b a s i n  east of the  
Rockies  and i n  t h e  Flathead Lake area are completely snow free. 
Within t h e  bas in ,   me l t ing  has cont inued up the  main v a l l e y ,  and 
some mel t ing  has started on t h e  south  slopes o f  t h e  side 
creeks. Within the  side branches or small v a l l e y s ,  t h e  
low-lying snow i n t e r m i t t e n t l y   v i s i b l e   o n  7 March 76 has 
disappeared.  Snow still  shows i n  t h e  c l e a r c u t  areas. SCA is 
74 percent .  

Figure 5. Hungry  Horse  Basin, 12 Apr 76, Landsat  Imagery, MSS 5 
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I n  t h i s  p i c t u r e  (30 Apr 76) melt ing  has   cont inued on t h e  
sou th - fac ing   s lopes  and i n  some c l e a r c u t  areas near  Hungry Horse 
Reservoir .  New snow h a s   f a l l e n  a t  the  h ighe r   e l eva t ions  and 
also east of  the  Rockies .  SCA is 70 percent .  
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I n   t h i s   p i c t u r e  (18 May 7 6 )  mel t ing   has   been   rap id .  The 
c l e a r c u  ts are snow free, t h e  main v a l l e y  is comple te ly   bar ren ,  
n o r t h  and s o u t h   s l o p e s  show e q u a l   i n   t h e   p h o t o .  Note t h e  
r i v e r s .  A l l  t h e   r i v e r s   w i t h i n  and o u t s i d e   t h e   b a s i n   t h a t   f l o w  
into  Flathead  Lake  appear   white   f rom  the muddy si l t  load.  The 
Flathead  River   f lowing  south  out   of   Flathead Lake is flowing 
clear and appears  as gray.  SCA i n   t h e  Hungry Horse Basin is 
48 percent .  

Figure 7 .  Hungry Horse  Basin, 18 May 76,  Landsat Imagery, MSS 5 
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~ ,- The Libby  Basin is s t e e p e r ,  more d e n s e l y   f o r e s t e d ,  and is more d i f f i c u l t   t o  
snow map than  Hungry  Horse. NOAA/NESS personnel  do not  feel  c o n f i d e n t  mapping 
the  Libby  Basin  unt i l   the   snow-covered area has  dropped  to  below 50 pe rcen t .  

Bare Rock 

In  both  Libby  and  Hungry  Horse  Basins  the crests of t h e  mountain  ranges are 
bare  rock. T h i s  rock is a l i g h t   o r   w h i t i s h   g r e y  t h a t  can be confused  with 
snow la te  i n   t h e   s e a s o n .   F o r   t h i s   r e a s o n ,  snow mapping is d i scon t inued  when 
t h e  SCA d r o p s   t o  10 o r  15 pe rcen t .  

C 1  oud  Cover 

An ever   p resent   p roblem is tha t   o f   c loud   cove r .   Po r t ions   o f  t h e  Columbia 
River  Basin are of ten   obscured  by c l o u d s   d u r i n g   t h e   s p r i n g   s e a s o n .   U t i l i z i n g  
Landsat data, t h e  best  poss ib l e   cove rage  would be every  9 days.  Because  the 
snowline changes r a p i d l y   d u r i n g   t h e   s p r i n g  snowmelt  season, a 9-day spac ing  
between sa te l l i t e  images is less than ideal. I n   a c t u a l i t y ,   c l o u d   c o v e r  
reduced  this   coverage by Landsa t   to  as i n f r e q u e n t  as 88 days,  and i n  1974 i n  
the  Upper Snake  Basin  only  one  usable  Landsat  image was obta ined .  T h i s  was 
unfor tuna te   because  1974 i n   t h e  Upper Snake  Basin was a near-maximum  snow 
cover   year .  

With NOM data there were extended  periods  each  year when one o r  more o f   t h e  
b a s i n s  were obscured by c louds .  These per iods  could b e  30 t o  40 days,  and i n  
1978 f o r  t h e  Dworshak Basin was 52 days.  Although these per iods   could  be  
e x t e n s i v e ,  there has  never  been a case   o f   on ly  one image per  melt season  as 
w i t h  the  Landsat  data. Data on t h e   p e r s i s t e n c e   o f   c l o u d   c o v e r   i n  t h e  v a r i o u s  
b a s i n s  are g iven  on Table 1 on t h e  following  page. 

It should be noted t h a t  t h i s   c loud   cove r  would a l s o ,   i n  some cases, prec lude  
t h e  c o l l e c t i o n   o f  aer ia l  snow f l i g h t  data. Because  cloud  cover makes t h e  
c o l l e c t i o n   o f  s a t e l l i t e  data u n r e l i a b l e ,  t h e  s a t e l l i t e - g a t h e r e d  SCA data 
cannot be used e x c l u s i v e l y   f o r   o p e r a t i o n a l   p u r p o s e s  a t  t h i s  time. 
Nonetheless,  N O M  s a t e l l i t e  estimates o f  snow-covered area w i l l  be a v a i l a b l e  
more f r equen t ly   t han  aer ia l  f l i g h t s  and w i l l  have d i r e c t   u s e f u l n e s s   i n   t h e  
f o r e c a s t  model. 

DATA VERIFICATION 

The ground t r u t h  and s a t e l l i t e  data which had been  previously  reduced had t o  
be v e r i f i e d   p r i o r   t o   u s e .  

Ground Truth  Data 

The  ground t r u t h  data cons i s t ed   o f  SCA va lues   gene ra t ed  by the  streamflow 
forecas t ing   model ,  and o f  SCA data gathered from  low a l t i t u d e  aerial  f l i g h t s .  

A s  no ted   p rev ious ly ,   t he  SSARR r e c o n s t i t u t i o n   r u n s   g e n e r a t e  a hydrograph which 
when compared  with  the  observed  hydrograph  provides a v isua l   check  on t h e  
model's pe r fo rmance ,   and   t he re fo re ,   g ives   c r edence   t o   t he  SCA curve   genera ted  
by t h e  model. 
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Basin  

Upper  Snake 
Boise 

Upper  Snake 

Boise 

Upper  Snake 
Boise 
Dworshak 
Libby 
Hungry  Horse 

Upper  Snake 
Boise 
Dworshak 
Libby 
Hungry  Horse 

Upper Snake 
Boise 
Dworshak 
Libby 
Hungry  Horse 

Upper  Snake 
Bo ise 
Dworshak 
Libby 
Hungry  Horse 

TABLE 1 
PACIFIC NORTHWEST MAXIMUM SEASONAL CLOUD PERSISTENCE 

Landsat  Imagery NOAA Imwery  

Cloud-Period 

1973 

30 Mar-21 May 
8 May-I 1 Jun 

1974 

Only  one 
Cloud-free image 
3 May-24 Jun 

1975 

31 May-25 Jun 
15 Mar-I4 May 

1976 

14 Mar- 9 Jun 
4 Apr-17 May 
5 Apr-18 May 

8 Mar- 2  Apr 

1977 

1978 

No. o f  No. o f  
Days Cloud-Period Days 

53 
35 

53 

26 
61 13 Apr- 7 May 

7 Mar- 9  Apr 
7 Mar- 9 Apr 
7 Mar-I1 Apr 

88 27 May-25 Jun 
44 22 Mar- 3 Apr 
44 13 Mar- 3 Apr 

10 May-I7 Jun 
26 22 May-I 7 Jun 

20  Apr-31 May 
21 Apr-30 May 
28 Apr- 4 Jun 
26  Apr- 4 Jun 

1 May- 4 Jun 

8 Mar- 8 Apr 
9 May-30 May 

10 Apr-31 May 
29  Jun-13 J u l  
20  Apr- 7 May 

25 
34 
34 
36 

30 
13 
22 
39 
27 

42 
40 
38 
40 
35 

32 
22 
52 
15 
18 
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Other checks are a l s o  employed i n   v e r i f y i n g   t h e  SCA curve   genera ted  by t h e  
SSARR model ,   aga in   th rough  v i sua l   inspec t ion   of   the   c loseness   o f  f i t  between 
the  observed  and  generated  hydrograph. One o f   t h e  basic i n p u t s   t o  t he  model 
is t h e  t o t a l  volume o f   runof f   f rom  r a in  and  snowmelt tha t  occurred   for  a 
p a r t i c u l a r   p e r i o d  (i.e.,  Apr i l - Ju ly   fo r  many o f   t h e   r e c o n s t i t u t i o n   r u n s )   f o r  a 
p a r t i c u l a r   b a s i n .  Two main a s p e c t s   o f   t h e   m o d e l ' s   v a l i d i t y   f o r  a watershed 
can be  checked i n  t h i s  manner. F i r s t ,   t h e   a b i l i t y   o f  a watershed   to   genera te  
t h e   t o t a l   v o l u m e t r i c   r u n o f f   i n   t h e   p r o p e r   p e r i o d   c a n  be a s c e r t a i n e d .  Given 
a c t u a l   d a i l y   v a l u e s   o f   t e m p e r a t u r e   a n d   p r e c i p i t a t i o n ,   t h e  two primary 
parameters   that   can be adjus ted   to   improve  the volume f i t  are i n i t i a l   s o i l  
mois ture   and   in i t ia l   snow-covered  area. S e c o n d l y ,   t h e   a b i l i t y   o f  a watershed 
model t o  match  the  peaks on the  observed  hydrograph  can be v e r i f i e d .  Again 
g i v e n   a c t u a l   d a i l y   v a l u e s   o f   t e m p e r a t u r e   a n d   p r e c i p i t a t i o n   i n  t h e  
r e c o n s t i t u t i o n   r u n s ,  t h e  model  parameters  which are most e f f e c t i v e   i n  
a d j u s t i n g   t h e   p e a k   f l o w   f o r  a b a s i n  are snow-covered area and melt rate, and 
t h e  melt rate is temperature  dependent.  Thus it can be s e e n   t h a t   t h e  SCA 
parameter is h ighly   impor tan t   in   assess ing   the   p roper   per formance   of   the  SSARR 
model,  and c o n v e r s e l y ,   t h e  SSARR r e c o n s t i t u t i o n   r u n s   c r i t i c a l l y  and c l o s e l y  
assess a b a s i n ' s  snow-covered area dur ing  a given melt season. 

I n  the aer ia l  f l i g h t s  the  ave rage   e l eva t ion   o f   t he   bas in ' s   snowl ine  is 
determined  and  an area e l e v a t i o n  table f o r   t h e   b a s i n  is used to   de te rmine  t h e  
snow-covered area. The SCA data determined  from t h e  aer ia l  f l i g h t s  are 
checked by comparing t h e  resu l t s  t o  t h e  SCA data g e n e r a t e d   i n   t h e  SSARR 
recons t i tu t ion   runs .   These  two ground  t ru ths   p rovide  a good cross-check   to  
each o t h e r .  

A s  well as be ing   c ross -checked   to   the  SSARR ground  t ru th  data, t h e  aer ia l  
flight data a l so   c ros s -check   t o   t he  s a t e l l i t e  data. When f l i g h t s  are made, 
on ly  the  cont inuous  snowline is p lo t ted .   Discont inuous   pa tches  are t h i n ,  
c o n t r i b u t e  l i t t l e  t o   r u n o f f ,  and are, therefore ,   no t   inc luded .   Converse ly ,  
t h e  sa te l l i t e  imagery   i n t eg ra t e s   pa t ches   i n to   t he   ove ra l l   snowl ine .   Thus ,   t he  
s a t e l l i t e  SCA data are g e n e r a l l y   h i g h e r   t h a n  t h e  aer ia l  f l i g h t  data. When the 
50 percent   snowline (50 percent   o f   pa tchy  snow) is p l o t t e d ,  there is p e r f e c t  
agreement  between t h e  aerial  f l i g h t  and s a t e l l i t e  data. 

Sate1 1 i t e  Data 

S a t e l l i t e   d e r i v e d  SCA data were v e r i f i e d  by comparing it w i t h   t h e  SCA data 
from  both the snow f l i g h t s  and t h e  mode l ing   r econs t i t u t ion   runs .   In   add i t ion ,  
cross-checks were made on t h e  s a t e l l i t e  data i tself .  

Ret rac ing  and  measuring the  same day ' s  sa te l l i t e  scene  on t h r e e   s e p a r a t e  
occas ions   r e su l t ed  i n  t h e  SCA measurements  ranging  from 56 p e r c e n t   t o  
58 percent .   In   comparing snow cover  from a g iven   day ' s  scene, w i t h   t h a t   o f  
ano the r  sa te l l i t e  p a s s  made one or two days later, the v a r i a t i o n   i n  
snow-covered area was only a few pe rcen t .  

Cross-checks were made by NOAA/NESS pe r sonne l   i n   S i lve r   Sp r ing ,   Mary land ,  and 
BPA pe r sonne l   i n   Po r t l and ,   Oregon ,  by m a i l i n g   t h e  same NOAA image back  and 
f o r t h .   I n  t he  Upper  Snake  basin for May 26, 1976, BPA measured 50 pe rcen t  
SCA, and NOAA/NESS measured 46 pe rcen t .  BPA personnel  tr ied t o  measure SCA on 



a NOAA photograph  of   the Upper Snake  with a poor   g rey - sca l e   de f in i t i on   fo r  
April  29,  1976,  and were a b l e   t o   f i n d   o n l y   7 5   p e r c e n t  snow cover.  NOAA/NESS 
personnel   ana lyzed  a photograph  with a much b e t t e r   g r e y - s c a l e   f o r   A p r i l  30 
( 1  day l a t e r )  and  found  99  percent SCA. Apr i l   29 ,   1976,   da ta  for  the   L ibby  
Basin were der ived  by both NOAA/NESS and BPA. The SCA was measured as 
57 percent   and 58 p e r c e n t   r e s p e c t i v e l y  by t h e  two agencies .  

The  1976 satel l i te  data f o r   t h e  Hungry  Horse  Basin were analyzed by BPA 
personnel  from  both  Landsat  and NOAA imagery. The SCA values  determined  from 
t h e  two d i f f e r e n t  sets of  imagery  compared  very  favorably.   Operator 
f a m i l i a r i t y   w i t h   t h e   b a s i n  is e s s e n t i a l   f o r   p r o p e r   r e d u c t i o n   o f   t h e   d a t a .  Due 
t o   u n f a m i l i a r i t y   w i t h   t h e   b a s i n ,   t h e  1975 s a t e l l i t e  data f o r   t h e  Dworshak, 
Libby,  and Hungry Horse  Basins had t o  be completely  reanalyzed. 

SUMMARY AND  COMPARISON OF SATELLITE  DATA 

The s a t e l l i t e  data was compared  with  ground  t ruth  data   for  a l l  t h e   a v a i l a b l e  
y e a r s   i n   e a c h   o f   t h e   f i v e   b a s i n s .   I n   t h e  Upper Snake,  Boise,  and Dworshak 
Bas ins   t he  s a t e l l i t e  estimates o f  SCA are u s a b l e  and u s e f u l   f o r e c a s t i n g  
too ls .   In   the   L ibby   Bas in   c loud   cover   and   inaccura te   de te rmina t ion   of   the  
snowline  due  to   forest   canopy make t h e   u s e   o f  s a t e l l i t e  data marginal.  
S a t e l l i t e  estimates o f  SCA i n   t h e  Hungry  Horse  Basin  have  generally  been 
acceptable   a l though  forest   canopy  and bare rock make d e t e r m i n a t i o n   o f   t h e  
s n o w l i n e   d i f f i c u l t .  

I n   g e n e r a l ,  1975 had a maximum  SCA, 1977  had a minimum SCA, and  1973,  1974, 
1976,  and  1978 had average SCA. T h i s  g e n e r a l i z e d   r e l a t i o n s h i p  is shown on 
F igures  8 through 12 (pages  24 through-  26 1. 
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Figure  9 
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Figure  12 
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Figures  13 through 18 (pages  27 through 30) 
SCA vs.  time, wherein SCA data for  a l l  f i v e  

p re sen t  sa te l l i t e  der ived   percent  
b a s i n s  are shown on t h e  same 

graph ,   one   f i gu re   pe r   yea r .  The i n t e n t   h e r e  was t o  see i f  t h e r e  was a 
g e n e r a l i z e d   r e l a t i o n s h i p  of r e l a t i v e  SCA between  the   var ious   bas ins .   These  
graphs   p resuppose   tha t   t empera ture  rises and snow mel t ing   occur red   genera l ly  
t o  t h e  same degree ove r  a l l  f i v e   o f  t h e  bas ins .   Whi le   th i s  is no t   abso lu t e ly  
t r u e ,   i n  t h e  s p r i n g   d u r i n g   t h e  snowmelt  season  the  trend is for g e n e r a l  
warming b a s i n - w i d e .   I n   t h e s e   g e n e r a l   r e l a t i o n s h i p s ,   t h e  Upper Snake  had the 
greatest pe rcen t  SCA a t  e a c h   p o i n t   i n  time, and t h e  Boise Basin had t h e  l eas t ,  
w i t h   t h e  Dworshak,  Libby,  and  Hungry Horse Bas ins   ho ld ing   in te rmedia te  
po in t s .  The h igh   e l eva t ion  Upper Snake  Basin  always started a t  or near  
100 percen t  SCA and r e t a i n e d  its r e l a t i v e  snow cover   longer   than  t h e  o t h e r  
bas ins .  The low-lying Boise B a s i n   r a r e l y  started wi th  100 pe rcen t  snow cover ,  
and l o s t  its snow earlier i n   t h e   s e a s o n .  The Libby, Hungry Horse, and 
Dworshak Basins  have SCA v a l u e s   i n  time t h a t  were intermediate   between  the 
Upper Snake  and  Boise  Basin  values,  and  the snow cover   deple t ion  of these 
three b a s i n s  a l l  t rended   a long  a common r e c e s s i o n   l i n e .  The r e c e s s i o n   l i n e s  
were g e n e r a l l y  smooth  and o r d e r l y ,  and d i d  n o t   e r r a t i c a l l y  jump up and down. 
Thus i n   a c t u a l   d a i l y   o p e r a t i o n a l   u s e s ,  when an  operator /decis ionmaker  does not  
have a complete   season 's  snow cove r   r eces s ion   cu rve   i n   f ron t  of him,  he still  
knows t h a t   t h e   p e r c e n t  SCA f o r  t he  Boise Bas in   should   genera l ly  be  less than 
t h a t  of t h e  Hungry Horse,  Libby or Dworshak Bas ins ,  and t h a t  these b a s i n s   i n  
t u rn  are lower than t h e  Upper Snake B a s i n .  He a l s o  knows that  t h e  
con t inuous ly   p lo t t ed   pe rcen t  SCA va lues  for a g iven   bas in  recede i n  an o r d e r l y  
manner,  have  only  minor short-term a c c r e t i o n s  a f te r  Apr i l  1 ,  and t h a t  the 
la ter  it is i n   t h e  melt season,  t h e  less these a c c r e t i o n s  w i l l  be. 

Figure 13 
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Figure 15 
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Figure 18 

The sa te l l i t e  pho tos   i n t eg ra t e  t h e  snowl ine   and   thus   inc lude  areas o f  
low-lying  patchy  discont inuous snow which c o n t r i b u t e  l i t t l e  t o  snowmelt 
runof f .  T h i s  i n t r o d u c e s  a bias between t h e  s a t e l l i t e  data, snow f l i g h t  data, 
and the SSARR genera ted  data, wherein t h e  sa te l l i t e  data shows a greater SCA 
f o r  a g i v e n   p o i n t   i n  time. T h i s  is shown i n   F i g u r e s  19 through 21, and  23 
through 31 (pages  33  through  35,  pages 40 through 44 ,  and  pages 47 
through  50) .  

I n  t h e  fo l lowing   f i ve   subsec t ions ,  t h e  agreement  between t h e  v a r i o u s  SCA data 
is extens ive ly   d i scussed   year -by-year ,  and  basin-by-basin. The g e n e r a l i z e d  
r e s u l t s   f o r  each b a s i n  are g i v e n   i n  t he  l a s t  paragraph  for  each b a s i n ' s  
d i scuss ion .  
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Upper  Snake 

Snow-covered area data f o r  t h e  Upper Snake  Basin are presented  on Table 2. 
These da ta  f o r  t he  Upper  Snake are shown  on F igu res  8 and  19  through 22 
(page  24,  and  pages  33  through 36 1. I n  1975 (Figure  191,  a high snowpack 
y e a r ,  there  is great agreement  between the  observed  and  computed  hydrographs, 
and a l s o  good agreement  between t h e  SSARR and f l i g h t  SCA data. The satel l i te  
d a t a  are s l i g h t l y  high because   o f  t he  in t eg ra t ed   snowl ine .   In  1976 
(F igu re  20), an average  snowpack yea r ,  there is excellent  agreement  between 
t h e  two hydrographs,  and  between t h e  SSARR and f l i g h t  SCA data. The s a t e l l i t e  
SCA data are i n i t i a l l y  high because  of  t he  inc lus ion   o f   pa t chy  snow. After 
May 18, there is exce l len t   agreement   o f  SCA by a l l  data means. The Landsat 
measured  value  of SCA f o r  March 31 a p p e a r s   t o  be i n   e r r o r .  The snowpack i n  
1977 (Figure  21)  was extremely  low. The sa te l l i t e  SCA data are high 
throughout  t h e  season  because  of  t he  inc lus ion   of   pa tchy  snow. The 
o v e r e s t i m a t i o n   o f  SCA by satel l i te  was 55  percent  on A p r i l  8, d e c r e a s i n g   t o  
10 pe rcen t  on May 20 as the  patchy snow melted. Notice t h a t  cloud  cover 
obscured the  b a s i n  f r o m  A p r i l  20 t o   J u n e  1. The snowpack i n  1978 (F igu re  22) 
was average. There is excellent  agreement  between t h e  sa te l l i t e  and f l i g h t  
SCA data f o r  t h i s  year.  Although there is good agreement  between t h e  observed 
and  computed  hydrographs, t h e  c a u s a t i v e  SSARR estimate of SCA does  not  agree 
w i t h  e i ther  t h e  f l i g h t  o r  s a t e l l i t e  SCA estimates. 

R e s u l t s   i n  t h e  Upper Snake  Basin  have  been  excellent,   al though  cloud  cover 
obscur ing  the  ground has  been a problem. The agreement  between sa te l l i t e  
de r ived  SCA estimates and  ground  t ruth data has been  very  promising. 

TABLE 2 
UPPER SNAKE BASIN ABOVE PALISADES DAM 

Date 

29 Mar 73 
22 May 73 

9 Jun  73 

22 Jun 74 

15 Apr  75 
24  Apr  75 
3 May 75 

15 May 75 
28 May 75 
30 May 75 
26 Jun 75 
9 J u l  75 

Percent   o f   Bas in  Snow Covered 
Aerial 
F l i g h t  SSA RR NO AA Land sat 

75 
63 

12 

100 
33 
19 

95 
77 
57 
54 
26 

92 
41 
14 

15 

100 
99 
99 

74 
37 

31 



TABLE 2 
( con t inued)  

Date - 
13 Mar 76 
19 Apr 76 
30 Apr 76 
12 May 76 
13 May 76 
17 May 76 
26 May 76 
IO Jun 76 
21 Jun 76 
26 Jun 76 
28 Jun 76 

3 J u l  76 
16 J u l  76 

7 Apr 77 
13 Apr 77 
19 Apr 77 

1 Jun 77 
3 Jun 77 
5  Jun  77 

15 Jun 77 

7 Mar 78 
9 Apr 78 

12 Apr  78 
2 May 78 
9 May 78 

10 May 78 
14 May 78 
25 May 78 
28 May 78 

1 Jun 78 
8 Jun  78 

13  Jun 78 
18 Jun  78 
21 Jun 78 
27 Jun  78 

1 J u l  78 
7 J u l  78 

11  J u l  78 
19 J u l  78 

Percent  o f  Bas in  Snow Covered 
Aerial 
F l i g h t  SSA RR - NOM Land sat 

85 
100 

85 99 

63 81 
55 63 
42 46 
25 

17  19 
16 19 
16 
11 20 

70 64 

20 

80 

46 

25 

44 100 
42 67 
41 60 
21 27 
20 
18 24 
11 12 

94 
94 
88 
86 
85 
83 
73 
67 
66 
57 
52 
46 
43 
34 

99 
99 
96 
75 
79 

70 
59 
57 
51 
38 
38 
32 
27 
25 
22 
20 
16 
11 

32 

17 

6 
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Figure 19 
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Boise 

Snow-covered area data f o r  t h e  Boise  Basin are g iven  on Table 3. Data f o r  t h e  
Boise  Basin are shown  on F igu res  9 and  23  through 27 (page  25, and pages 40 
through  44) .   In  1974 (Figure  231,  an  average snowpack y e a r ,  there is fa i r  
agreement  between the  computed  and  observed  hydrographs. The agreement 
between the  three methods  of  measuring SCA is e x c e l l e n t  after May 1. P r i o r   t o  
May 1 t h e  s a t e l l i t e  imagery saw too  much patchy snow,  and t h e  A p r i l  21 snow 
f l i g h t  data and/or  SSARR data l o o k s   q u e s t i o n a b l e   i n  l i g h t  o f  the g e n e r a l  f i t  
between the  two hydrographs. The snowpack i n  1975 ( F i g u r e  24) was high. The 
agreement  between the  two hydrographs was fa i r ,  and t h e  agreement  between 
SSARR and f l i g h t  SCA data was good. The Landsat data i n t e r p r e t a t i o n   a p p e a r s  
t o  be  a l i t t l e  h i g h ,   b u t  the  NOAA s a t e l l i t e  SCA data agrees e x c e l l e n t l y  w i t h  
t h e  ground  t ru th  SCA d a t a  a f te r  t h e  i n i t i a l  melt-down per iod   of   pa tchy  snow. 

There is good agreement i n  1976 (Figure  251,  an  average  snowpack Year, 
between t h e  observed  and  computed  hydrographs. There is good  agreement 
between t h e  two ground  t ru th  S C A  data (aerial  snow f l i g h t s  and SSARR data 1, 
and there is a l s o  good  agreement  between t h e  s a t e l l i t e  data as measured from 
both  Landsat  and NOM data. Because  of t h e  i n t e g r a t i o n  of  t h e  snowline,  t h e  
s a t e l l i t e  data were high  throughout  the 1976 s p r i n g  melt season. 

I n  1977 ( F i g u r e  26) t h e  snowpack was a record low. Note t h a t  on the  
hydrograph  plot ,   one square rep resen t s   on ly  11.3  m3/s (400 c fs )  and no t  
56.7  m3/s (2 ,000  cfs)  as on the o t h e r  g r a p h s  fo r  t h i s  bas in .   In  l i g h t  o f  
t h i s ,  t h e  hydrograph  agreement is good, and t h e  aer ia l  estimates o f  SCA a g r e e  
well w i t h  t h o s e  by t h e  SSARR. The NOAA estimates o f  SCA are t o o   h i g h   i n  t h e  
e a r l y  p a r t  of t h e  season ,   bu t  are accep tab le  a f t e r  A p r i l  20.  Note t h a t  cloud 
cover  obscured t h e  bas in   f rom  Apr i l  20 t o  May 31. I n  1978 (Figure  271, snow 
cover was average. NOAA, SSARR, and aer ia l  f l i g h t  estimates o f  SCA a l l  agree 
well. The  f i t  between t h e  observed  and  computed  hydrographs is good. 

R e s u l t s   i n  the Boise  Basin  have  been  excellent.  Cloud cover  has been a 
problem  in  some yea r s .  The agreement  between s a t e l l i t e  and  ground t r u t h  
estimates o f  t h e  SCA has  been   acceptab ly   c lose .  
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Date 

19 Apr 73 
7 May 73 

12 Jun 73 
30 Jun 73 

- 

14 Apr 74 
20 Apr 74 
29 Apr 74 
2 May 74 

14 Jun 74 
25 Jun 74 

5 Mar 75 
6 Mar 75 

14 Mar 75 
28 Mar 75 
29 Mar 75 
2 Apr 75 

12 Apr 75 
2 May 75 
8 May 75 

10 May 75 
14 May 75 
15 May 75 
25 May 75 

3 Jun 75 
10 Jun 75 
11 Jun 75 
14 Jun 75 
16 Jun 75 
22 Jun 75 
29 Jun 75 

9 J u l  75 

4 Mar 76 
6 Mar 76 

10 Mar 76 
12 Mar 76 
21 Mar 76 

3 Apr 76 
4 Apr 76 

14 Apr 76 
19 Apr 76 
23 Apr 76 
29 Apr 76 

TABLE 3 
BOISE R I V E R  BASIN ABOVE LUCKY PEAK DAM 

Pe rcen t  of Bas in  Snow Covered 
Aerial 
F l i g h t  SSA RR NOAA Land sat 

30 
30 

10 
4 

67 

50 

22 

3 

54 
32 
6 
2 

57 
47 
36 
34 
9 
6 

67 
58 
50 
40 
39 
25 
16 
10 
9 
8 
7 
5 
4 

66 
31 

8 
4 

74 

36 

7 

88 
90 

98 
88 
88 
90 
88 

85 
68 
60 

42 

21 

18 
16 
15 

65 

36 

16 

100 
100 
93 
88 
89 

85 
85 
63 

33 

31 

38 

66 
40 



Date 

1 May 76 
9 May 76 

12 May 76 
13 May 76 
15 May 76 
17 May 76 
18 May 76 
21 May 76 
26 May 76 
27 May 76 

5 Jun 76 
18 Jun 76 
26 Jun 76 

5 Mar 77 
22 Mar 77 
25 Mar 77 

4 Apr 77 
5 Apr 77 
7 Apr 77 

12 Apr 77 
15 Apr 77 
20 Apr 77 
29 Apr 77 
31 May 77 

5 Jun 77 

28 Feb 78 
6 Mar 78 

10 Mar 78 
15 Mar 78 
18 Mar 78 
26 Mar 78 
29 Mar 78 

9 Apr 78 
12 Apr 78 
23 Apr 78 

3 May 78 
8 May 78 
9 May 78 

31 May 78 
7 Jun 78 

17 Jun 78 
27 Jun 78 

9 J u l  78 

TABLE 3 
(cont inued)  

"_ ~ - .  Percent  of Basin Snow Covered 
Aerial 

. .  ~~ ~- 

F l i g h t  SSA RR 

29 
21 

20 18 
17 
15 
13 
13 
11 
8 
8 
5 
3 
3 

25 

2 

35 
27 

5 

15 
15 
15 
14 
14 
13 
10 
5 
3 

80 
77 
69 
60 
51 
48 
40 
36 
34 
33 
19 
13 
9 
6 
3 

NO AA 

33 
32 

29 
29 
28 

20 
19 

16 
14 
14 

- Landsat 

88 
59 
40 
43 

39 
24 
21 
15 

10 
8 

88 
82 
89 
78 
78 
75 
68 
57 
53 
39 
31 
33 

23 
21 
19 
13 
11 

25 

21 

39 
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Figure 23 
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MAY  JUNE  JULY 

Figure 24 
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Snow-covered area data f o r  t h e  Dworshak Basin are given on Table 4. These 
d a t a  are shown on F i g u r e s  10 and  28  through 31 (page 25, and  pages 47 through 
5 0 ) .   I n  1975 (Figure  281, t h e  snowpack was high. The agreement  between t h e  
NOAA and the flight estimates o f  SCA is general ly   good,   a l though the s a t e l l i t e  
estimate, as usual ,   measures  more  snow than t h e  aer ia l  f l i g h t .  

The snowpack i n  1976 (F igure   291 ,  was average. The hydrograph  agreement was 
good,  and t h e  SSARR and f l i g h t  estimates o f  SCA agreed well. The estimates o f  
SCA u s i n g  NOAA da t a  were higher  than   t hose   u s ing  SSARR, but  were g e n e r a l l y  
accep tab le .  The i n t e g r a t i o n   o f   p a t c h y  snow  by N O M  overest imated  throughout  
t h e  season ,  w i t h  t h e  d i f f e r e n c e   d e c r e a s i n g  as t h e  melt season  progressed.  

The snowpack i n  1977 (F igu re  30) was extremely low. The observed  and 
computed  hydrographs match r e l a t i v e l y  well. Aerial f l i g h t s  were made i n  1977, 
n o t   t o  access f l o o d   p o t e n t i a l ,   b u t   t o   a p p r a i s e  t h e  a b i l i t y   t o  r e f i l l  
r e s e r v o i r s .   S i n c e   d i s c o n t i n u o u s  snow was no t   i nc luded ,  t h e  spreads between 
t h e  f l i g h t  and SSARR estimates o f  SCA were wide. Because t h e  NOAA data 
i n t e g r a t e d  t h e  pa tchy  snow, it we11 Overestimated t h e  SCA--part icular ly   in  t h e  
e a r l y  p a r t  o f  t h e  season. 

I n  1978 ( F i g u r e  31 1 t h e  snowpack was average. The f i t  o f  t h e  two hydrographs 
was accep tab le   t he reby   g iv ing   c r edence   t o  t h e  SSARR genera ted  estimate o f  
SCA. The f i t  between t h e  estimates o f  SCA by SSARR, f l i g h t ,  and NOM is 
except iona l ly   good.  

Estimates of  SCA from sa t e l l i t e  data f o r  t h e  Dworshak Basin  have  been good 
and, l ike  t h o s e   f o r  t h e  Upper  Snake  and t h e  Boise   Basins ,  are usable .  

TABLE 4 
NORTH FORK CLEARWATER BASIN ABOVE DWORSHAK DAM 

Date 

6 Mar 75 
10 Apr  75 
12  Apr  75 
3 May 75 

10 May 75 
13 May 75 
14 May 75 
15 May 75 

1 Jun  75 
10 Jun 75 
29  Jun  75 

2 J u l  75 
5 J u l  75 
8 J u l  75 

Percent  o f  Basin Snow Covered 
Aerial 
F l i g h t  SSA RR NO AA Land sa t  

.. . 

100 
96 
89 

87 

60 

76 
67 
73 

54 
44 
3Q 
10 
9 
7 

N 
0 
T 

U 
S 
E 
D 

45 



TABLE 4 
(cont inued)  

Date 

9 J u l  75 
11 J u l  75 

4 Mar 76 
8 Mar 76 

12 Mar 76 
4 Apr 76 
8 Apr 76 

19 Apr 76 
29 Apr 76 

9 May 76 
12 May 76 
15 May 76 
19 May 76 
21 May 76 

5 Jun 76 
18 Jun 76 
26 Jun 76 

2 J u l  76 

11 Mar 77 
22 Mar 77 

4 Apr 77 
5 Apr 77 
7 Apr 77 

12 Apr 77 
23 Apr 77 
27 Apr 77 
29 Apr 77 

5 Jun 77 

10 Mar 78 
15 Mar 78 
18 Mar 78 
29 Mar 78 

9 Apr 78 
11 Apr 78 
9 May 78 

31 May 78 
1 Jun 78 
7 Jun 78 

20 Jun 78 
27 Jun 78 

1 J u l  78 
9 J u l  78 

Percent  o f  Basin Snow Covered 
Aerial 
F l i g h t  SSARR NOAA Landsat 

0 
1 

70 

40 

30 

10 

55 
50 
19 

65 
51 
45 
41 
37 
34 
22 
15 
12 
9 

42 
42 
40 
37 
34 
30 
29 
10 

80 
78 
72 
64 
63 
46 
30 
29 
22 
14 
12 
10 

100 
98 
97 
86 
82 

75 
64 
62 
58 
49 
44 
30 
19 
13 
13 

80 
94 
79 

75 
65 
46 
44 

8 

85 
92 
83 
67 
58 

34 
23 
12 
9 
6 
1 

71 

49 

46 
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Libby 

Snow-covered area data f o r   t h e  Libby  Basin are given on Table 5. Data f o r   t h e  
b a s i n  are d i s p l a y e d   g r a p h i c a l l y  on F igu res  11 and 32 through 35 (page  26,  and 
pages  53  through  56).   In t h e  Upper  Snake,  Boise,  and Dworshak Bas ins ,  t h e  
i n t e g r a t i o n   o f   p a t c h y  snow in to   t he   snowl ine   causes  the estimates of SCA from 
sa te l l i t e  data to   exceed ae r i a l  f l i g h t  data, p a r t i c u l a r l y  so a t  t h e  start o f  
t h e  melt season.   In  t he  Libby  Basin,   the  tree canopy is s u f f i c i e n t l y   d e n s e  
such that  t h e  satel l i te '  estimates o f  SCA t y p i c a l l y  are lower   than   those   o f  the 
aerial f l i g h t s ,   p a r t i c u l a r l y  so a t  t h e  start o f  t h e  melt season. 

I n  1975 (Figure  321,  snowpack was high. The agreement  between t h e  observed 
and  computed  hydrographs is a c c e p t a b l e  as is the  agreement  between t h e  SSARR 
and f l i g h t  estimates o f  SCA. The sa te l l i t e  estimate o f  SCA, even  though 
incorpora t ing '   pa tchy  snow, is below the  f l i g h t  data. 

Snowpack i n  1976 (F igu re  33) was average. The  two hydrographs fit well. The 
agreement  between the SSARR and aer ia l  f l i g h t  estimates o f  SCA is poor.  The 
NOAA sa te l l i t e  estimates are a g a i n  low, accura te ly   approaching   probable   va lues  
only a f t e r  June 10. 

The 1977 (F igu re  34) snowpack was a record  low,  and no aerial  f l i g h t s  were 
made t h a t  year.  Although  the  hydrographs fit well, and t h e  s a t e l l i t e  data had 
much patchy snow i n t e g r a t e d   i n t o  t h e  snowline t h a t  y e a r ,  t he  SCA estimate from 
sa te l l i t e  data was low because of tree c o v e r   u n t i l  a f t e r  May 20. 

The  1978 (F igure   35)  snowpack was average. The hydrographs  agreed  nicely,  as 
d i d  f l i g h t   t o  SSARR estimates o f  SCA. The NOAA data aga in  were too  low u n t i l  
about   June 1 because   o f   the  tree canopy. 

R e s u l t s   i n  t h e  Libby  Basin  have  been  discouraging  both  because  of  long  periods 
o f   c loud   cove r   obscu r ing  the  ground,  and because  of   the   dense   fores t   cover  
h id ing  the  snowline. It appea r s  t h a t  s a t e l l i t e  data cannot   accura te ly  be used 
t o  estimate SCA i n  t h e  Libby  Basin  unt i l  t h e  b a s i n ' s  SCA has f a l l e n   t o   u n d e r  
50, or even 40 pe rcen t .  Because o f  t h i s  known f ac t ,  NOAA/NESS i n   r e c e n t   y e a r s  
has not  even s tar ted t o  measure  the  Libby  Basin  unt i l  SCA has d iminished   to  
about  50 pe rcen t .  
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Date - 

6 Mar 75 
10 Apr 75 
10 May 75 
13 May 75 
14 May 75 
15 May 75 
22 May 75 
30 May 75 

1 Jun 75 
11 Jun 75 
2 J u l  75 
5 J u l  75 
8 J u l  75 

29 Apr 76 
1 May 76 
9 May 76 

26 May 76 
18 Jun 76 
15 J u l  76 

12 Apr 77 
25 Apr 77 
30 May 77 
5 Jun 77 

17 Jun 77 

8 May 78 
16 May 78 
19 May 78 
31 May 78 

1 Jun 78 
7 Jun 78 

14 Jun 78 
20 Jun 78 
28 Jun 78 
14 J u l  78 
25 J u l  78 

TABLE 5 
KOOTENAI R I V E R  BASIN ABOVE LIBBY DAM 

Percent  o f  Basin Snow Covered 
Aerial 
F l i g h t  SSA RR NOAA Landsat 

U.S. Canada T o t a l  

73 

61 
75 

41 
36 

60 

59 

48 

32 

83 
79 
77 
73 
66 
59 
57 
38 
16 
9 
7 

100 
100 
80 N 
62 0 
61 T 

U 
53 S 

E 
D 

7 
7 

86 58 
83  57 
68  45 
45 
24  23 
12 12 

78  49 
72  39 
37 41 
31  30 
15  16 

64 48 
59 
56 41 
48 
47  43 
37 34 
30 
25 32 
18  26 
7 16 
4  6 
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F i g u r e  32 
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Figure 33 
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x Hunqry  Horse 

Snow-covered area data f o r   t h e  Hungry  Horse  Basin are g iven  on Table 6.  These 
d a t a  are shown g r a p h i c a l l y  on F igu res  12 and 36 through 39 (page  26,  and 
pages 60  through  63).  The  Hungry  Horse  Basin, l i k e  the  Libby,  has a dense 
f o r e s t  canopy t h a t  h i d e s  the  snowcover on t h e   g r o u n d .   S a t e l l i t e  estimates of 
SCA i n   t h e  Hungry  Horse  Basin are typ ica l ly   l ower   t han  aer ia l  f l i g h t  
e s t i m a t e s .  They a l s o  are less than  SSARR estimates u n t i l  t he  SCA diminishes  
t o   a b o u t  80 pe rcen t .  When t h e  SCA f u r t h e r   d e p l e t e s   t o   a b o u t  50 p e r c e n t ,   t h e  
s a t e l l i t e  estimates o f  SCA c r o s s   o v e r   t h e  SSARR estimates and  remain  above t h e  
SSARR estimates f o r   t h e   b a l a n c e   o f  the season. 

I n  1975  (Figure  361, a high  snowcover  year,  t h e  agreement  between  the  observed 
and  computed  hydrographs is gene ra l ly   accep tab le .  Agreement  between t h e  
f l i g h t  and SSARR estimates o f  SCA is accep tab le .  The NOAA data estimates o f  
SCA appea r   t o  be t o o  low e a r l y   i n   t h e   s e a s o n .   T h i s  well could be caused by 
t h e   f o r e s t  canopy. Later i n  t h e  season t h e  sa te l l i t e  estimated SCA v a l u e s  
a p p e a r   t o  be  a l i t t l e  t o o  high. T h i s  could be caused by inc lus ion   o f   pa t chy  
snow, i n c l u s i o n   o f  bare rock as snow, t h e  SSARR estimate being  too  low, or 
some combina t ion   o f   t hese   f ac to r s .  

The  1976 ( F i g u r e  37) snowpack i n  t h e  Hungry  Horse Basin was average. The 
agreement  between the  two hydrographs is good,  and t h e  fit  between the  three 
estimates o f  SCA is q u i t e  good.  Note t h a t  aga in  t h e  s a t e l l i t e  estimated SCA 
is less t h a n   t h e  SSARR i n  t he  early season and greater than t h e  SSARR i n  t h e  
l a te r  season. 

Hungry  Horse  snowpack i n  1977 (Figure  38)  was extremely low. The f i t  between 
the  computed  and  observed  hydrograph was q u i t e  good. No a e r i a l   f l i g h t s  were 
made i n  t he  Hungry  Horse B a s i n   i n  1977. The f i t  between t h e  SCA estimates 
made from SSARR and  from s a t e l l i t e  data is very  good.  Note t h a t  aga in  the 
e s t i m a t e s   c r o s s   i n  midmel t  season. 

The  1978 (F igure   39)  snowpack i n  the Hungry Horse  Basin was about   average.  
The f i t  between  the  computed  and  observed  hydrograph is a c c e p t a b l e   i n  s h a p e ,  
b u t  less than  desirable for  matching peaks. The s a t e l l i t e  e s t i m a t e s   o f  SCA 
g e n e r a l l y   a g r e e   w i t h  t h e  f l i g h t  data,  but  should be  above   t he   f l i gh t   va lues  
because   o f  t h e  i n t e g r a t i o n   o f   p a t c h y   d i s c o n t i n u o u s  snow i n t o  t h e  SCA. The 
SSARR estimates o f  SCA g e n e r a l l y   a g r e e   w i t h   t h e   f l i g h t  data, but  are known t o  
be i n   e r r o r  a t  s eve ra l   po in t s   because   o f   t he   hydrograph  match. 

Satel l i te  derived SCA estimates i n  t h e  Hungry Horse  Basin  have  generally  been 
a c c e p t a b l e .   I n   t h e   e a r l y   p o r t i o n   o f   t h e   s e a s o n ,  well be fo re  peak f lows  occur ,  
t h e  f o r e s t  canopy h i d e s  a p o r t i o n   o f   t h e  snow-covered  ground,  causing 
unde res t ima t ion   o f   t he  SCA. Toward t h e  end o f   t h e  melt season ,  care must be 
e x e r c i s e d   i n   i n t e r p r e t i n g  sa te l l i t e  imagery f o r  SCA, n o t   t o   i n c l u d e  bare rock 
i n   t h e  SCA estimates. 
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Date 

6 Mar 75 
12 Apr 75 
10 May 75 
13 May 75 
14 May 75 
15 May 75 
29 May 75 

1 Jun 75 
10 Jun 75 
5 J u l  75 

11 J u l  75 

7 Mar 76 
3 Apr 76 
7 Apr 76 

12 Apr 76 
29 Apr 76 

1 May 76 
9 May 76 

12 May 76 
13 May 76 
17 May 76 
18 May 76 
21 May 76 
26 May 76 
18 Jun 76 
3 J u l  76 

6 Apr 77 
8 Apr 77 

12 Apr 77 
17 Apr 77 
23 Apr 77 
25 Apr 77 
30 Apr 77 

5 Jun 77 
17 Jun 77 

3 Mar 78 
10 Mar 78 
15 Mar 78 
23 Mar 78 
29 Mar 78 

4 Apr 78 
9 Apr 78 

TABLE 6 
SOUTH  FORK  FLATHEAD  RIVER BASIN ABOVE HUNGRY HORSE DAM 

Percent  of Basin Snow Covered ~ ~ ~ 

Aerial 
F l i g h t  SSA RR NO AA Landsat 

89 
74 

51 

59 

53 

93 
84 

87 76 
84 81 
83 72 
82 
60 
58  57 
45 

33 
20 

N 
0 
T 

U 
S 
E 
D 

81 
78 
66 
60 
59 
54 
53 
50 
45 
23 
11 

73 
71 
69 
66 
63 
58 
49 
16 
5 

85 
83 
79 
77 
76 

95 
87 

74 

71 
67 
58 

74 
70 

58 
48 

48 
52 

28 
19 

71 
73 
58 
59 
60 
52 
53 
20 
10 

82 
82 

76 
71 
67 
65 

85 

58 



TABLE 6 
(cont inued  1 

Date - 
19 Apr 78 
2 May 78 
8 May 78 

16 May 78 
20 May 78 
3 Jun  78 
4 Jun 78 

14 Jun  78 

Pe rcen t   o f   Bas in  Snow Covered 
Aerial 
F l i a h  t SSA RR NO AA Landsat 

63 

61 

45 

31 

72 63 
67 
64 54 
61 
57  46 
51 
50  37 
42 

MODEL V E R I F I C A T I O N  

A s  a t es t  o f  the  s e n s i t i v i t y   o f  t h e  SSARR model, t h e  snow-covered area data 
f o r  1975 i n  t h e  Hungry  Horse  Basin was developed  from  Landsat  imagery  and  used 
t o  prepare January  through  July  volume  runoff   forecasts   for  t h i s  bas in .  These 
f o r e c a s t s   a l o n g  w i t h   t h e  May 1 snow-covered area as determined  from the  
Landsat data p l o t  were i n p u t   t o  t h e  SSARR b a s i n  model. The snow-covered area 
(F igure  40, page 64)  developed  from t h e  1975  Landsat data f o r  Hungry Horse was 
i n   e r r o r  and was subsequent ly   reanalyzed  f rom NOAA data (Figure  36,   page  601, 
b u t   f o r  t h i s  purpose--to tes t  t h e  s e n s i t i v i t y   o f  t h e  SSARR model t o  SCA 
data--the nonagreement o f  t h e  Landsat SCA t o  t h e  ae r i a l  f l i g h t  data would 
d e f i n i t i v e l y  show i f  the SSARR model was s e n s i t i v e   t o  SCA. 

The dashed hydrograph  (Figure  40,  page 64)  was computed by i n i t i a l i z i n g  the 
S S A R R  model w i t h  a snow-covered area o f  97  percent.  A s  seen  on Figure  40,  t h e  
dashed hydrograph  closely  approximated t h e  ac tua l   hydrograph ,  and the  SCA 
va lues   genera ted  by t h e  SSARR model,  and shown on t h e  upper h a l f  o f  t h e  f i g u r e  
c lose ly   approximate  t h e  aer ia l  f l i g h t  data. The model was next   run  w i t h  t h e  
Landsat   values  of SCA. The model was i n i t i a l i z e d  on May 1 w i t h  61 pe rcen t  
SCA, and the  SCA v a l u e s  were updated   to  56 pe rcen t  on May 14, 56 pe rcen t  on 
June  1 ,  and  40 pe rcen t  on June  11. The hydrograph  generated on Figure  40 
u s i n g  these Landsa t   va lues  is shown do t t ed .  A s  can b e  seen ,  t h i s  hydrograph 
never   could match any  of t h e  p e a k s   b e c a u s e   o f   i n s u f f i c i e n t   i n i t i a l  snowpack, 
b u t   d o e s   d e f i n i t e l y   p o r t r a y  the s e n s i t i v i t y   o f  t he  SSARR model. 

SSARR DAILY  OPERATIONAL  FORECAST MODEL A P P L I C A T I O N  

It  is a p p r o p r i a t e  a t  t h i s  p o i n t   t o   d i s c u s s  some o f  t h e  o p e r a t i o n a l   p r o c e d u r e s  
u s e d   i n  t he  SSARR model du r ing  t h e  s p r i n g  snowmelt  season. A t  t h e  beg inn ing   o f  
each season ,   u sua l ly  late March or e a r l y  A p r i l ,  t h e  model is i n i t i a l i z e d .  
Va lues   fo r  t he  model  parameters  such as snow-covered areas, seasonal   volume,  
s o i l   m o i s t u r e ,   i n i t i a l  melt ra te ,  a n d   b a s e f l o w   i n f i l t r a t i o n  are estimated 
from a l l  ava i l ab le   i n fo rma t ion .  The model is r u n   d a i l y ,  and  model  parameters 
are a d j u s t e d   u n t i l  t h e  forecast   and  observed  hydrographs match w i t h i n  a 
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Figure  40 
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c e r t a i n   t o l e r a n c e .  Reliable estimates o f   b a s i n  snow-covered area are 
extremely u s e f u l  d u r i n g   t h i s   i n i t i a l   a d j u s t m e n t   p e r i o d .  

SSARR Adjustment   Rout ine 

Some mention  needs  to be  made o f  the SSARR model ad jus tmen t   rou t ine ,   s ince   t he  
watershed   ad jus tment   fac tor ,   to  a large degree, p i n p o i n t s   t h o s e   b a s i n s  which 
are not   computing  properly.   Rout inely  during the s p r i n g  snowmelt pe r iod ,  t h e  
model is backed up 2 days  and  run w i t h  observed  temperature and p r e c i p i t a t i o n  
data for t h a t  2-day per iod .  

The model begins  with  an  observed  f low  and a set  of i n i t i a l   c o n d i t i o n s  and 
iterates t o  h i t  an observed  f low 2 days la ter ,  wi th in  a c e r t a i n   t o l e r a n c e .   I n  
t h e   i t e r a t i o n   r o u t i n e   t h e   m o i s t u r e   i n p u t   ( s n o w m e l t   p l u s   r a i n   r u n o f f )   t o  t h e  
model is m u l t i p l i e d  by a factor   ranging  between 0.5 and 2.0 u n t i l  t h e  c u r r e n t  
flow is matched w i t h i n   t h e   s p e c i f i e d   t o l e r a n c e .  The f i n a l   a d j u s t m e n t   f a c t o r  
for   each watershed is l i s ted  f o r  each run .   Those   fac tors  are e n t e r e d   d a i l y  on 
the  hydrograph (see Figure  41 1, and a h i s t o r y   o f   a n   i n d i v i d u a l   b a s i n ' s  
performance is developed. 

Figure 41 
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A series o f   ad jus tmen t  factors less than 1.0 or greater than  1 .O i n d i c a t e  t h a t  
t h e  p a r a m e t e r s   f o r   t h a t   b a s i n   h a v e  some bias and  need to  be i n s p e c t e d   f o r  
subsequent   da i ly   runs .  Snow-covered area is o n e   o f  the  p a r a m e t e r   v a l u e s   t h a t  
m i g h t  be changed to  improve the  performance of an   i nd iv idua l   bas in .  

An a d d i t i o n a l   a s p e c t  o f  t h i s  ad jus tmen t   rou t ine   needs  t o  be cons idered  here. 
Of ten ,  t he  watershed adjustment  factors may be nea r  1 .O,  i n d i c a t i n g  t h a t   t h e  
bas in   parameters  are i n   p r o p e r   a d j u s t m e n t .  A sa te l l i t e  snow-covered area 
r e p o r t  may be received  which shows a s n o w l i n e   d i f f e r e n t  t h a n  t h a t  carried i n  
t h e  model. I n   g e n e r a l ,  when t h i s  occurs   on ly  a token   ad jus tment  is made i n  
t h e  model u n l e s s  some compensating  parameter changes can   be  made t o   c o n t i n u e  
the  good f i t  f o r  t h a t  pa r t i cu la r   wa te r shed .   Conver se ly ,  when the  SCA carried 
by t h e  model  and a s a t e l l i t e  r e p o r t  are d i s p a r a t e ,  and t h e  bas in   ad jus tment  
f a c t o r s   i n d i c a t e  that  a change  to  t h e  s a t e l l i t e  snow-covered estimate would 
improve t h e  model's f i t ,  t h e  s a t e l l i t e  estimate would be u s e d   t o   d i r e c t l y  
update  t h e  basin  parameter .  

SSARR Volume  and  Peak  Check 

Another   form  of   checking  an  individual  watershed's o p e r a t i o n  is a l s o  
u t i l i z e d .  One of t h e  b a s i c   i n p u t s   t o  t h e  model is t h e  t o t a l  volume o f   r u n o f f  
from r a i n  and  snowmelt t h a t  is expec ted   for  a p a r t i c u l a r   p e r i o d  (e.g., Apr i l -  
J u l y  for  much o f  t h e  Snake  River area) f o r  a p a r t i c u l a r   b a s i n .  These seasona l  
v o l u m e t r i c   r u n o f f   f o r e c a s t s  are p repa red   f rom  d i f f e ren t  data than t h a t  used by 
the  SSARR model fo r  da i ly   s t r eamf low  fo recas t ing  and are vo lumet r i c   fo recas t s  
as  opposed t o  t h e  model's f l o w   f o r e c a s t s .   I n   o p e r a t i o n a l   f o r e c a s t i n g  the  
SSARR model is r o u t i n e l y   r u n   f o r  a 60- or  90-day p e r i o d   u s i n g   s e v e r a l  
h i s t o r i c a l   t e m p e r a t u r e   s e q u e n c e s   t o  t es t  t h e  v a l i d i t y  of t h e  parameter 
va lues .  

Two m a i n   a s p e c t s   o f  a watershed's f i t  can be checked i n   t h i s  manner. F i r s t ,  
t h e  a b i l i t y  of a wa te r shed   t o   gene ra t e  t h e  t o t a l   f o r e c a s t  volume i n  t h e  proper  
period  can b e  a s c e r t a i n e d .  The two pr imary  parameters  t h a t  can be  a d j u s t e d   t o  
improve t h e  volume f i t  are i n i t i a l   s o i l   m o i s t u r e  and i n i t i a l  snow-covered 
area. The impor tance   o f  t h e  snow-covered area pa rame te r   i nc reases  as one 
advances   in to  t h e  main  snowmelt  period.  Second, a series of  volume-peak 
r e l a t i o n s  (see Figure 42) are a v a i l a b l e .  When the s e a s o n a l  volume is 
ava i lab le   f rom t h e  water supply  forecasts, estimates can be  made o f  the 
expected  peak  f low  for   an  individual   basin.  Here a g a i n  t h e  SSARR model can be 
run  60-90 d a y s   i n t o  t h e  f u t u r e ,  and each basin  can  be checked t o  see i f  t h e  
i n d i v i d u a l   b a s i n  is g e n e r a t i n g  a peak  within t h e  expected  range.  The model 
parameters  which are most e f f e c t i v e   i n   a d j u s t i n g  t h e  peak flow f o r  a bas in  are 
snow-covered area and melt rate.  Thus, it can  be  seen t h a t  t h e  snow-covered 
area parameter is h i g h l y   i m p o r t a n t   i n   a s s e s s i n g  t h e  proper  performance of t h e  
SSARR model. 

SSARR Winter Forecast R u n s  

The estimates of snow-covered area from satel l i tes   are  a l so   tmpor t an t   du r ing  
t h e  f a l l  and win ter   season .   In  some ways t h e  importance of sa te l l i t e  win te r  
snow cover  estimates may even b e  greater s i n c e  no win te r  snow f l i g h t s  are 
made, and t h e  only   in format ion  on  snow c o v e r   o t h e r w i s e   a v a i l a b l e  is from 
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scattered p o i n t   v a l u e   r e p o r t s  from t h e  va r ious   wa te r sheds .   Equa l   i n  
c o n s i d e r a t i o n  is t h e  fact  t h a t  for  many b a s i n s  t h e  snowline  can be h i g h l y  
v a r i a b l e   d u r i n g  t h e  win te r   pe r iod .  

During a heavy  runoff   event ,  t h e  a c t u a l  snow-covered area can make a marked 
d i f f e r e n c e   i n  t h e  r u n o f f  t h a t  r e s u l t s  (see Figure  43) .  It can be seen  t h a t  
when r a p i d  warming  accompanied by heavy   r a in   occu r s ,  the  r e s u l t i n g   r u n o f f  w i l l  
be markedly   d i f fe ren t   depending  upon t h e  b a s i n ' s   i n i t i a l  snow-covered area. 
The example shown is for the Weiser R i v e r   B a s i n   i n   c e n t r a l   I d a h o .   I n  t h e  one 
case a 5,000-foot  snowline (20 p e r c e n t  snow-covered area) r e s u l t s   i n  a rise 
s l i g h t l y   a b o v e   f l o o d   s t a g e  which would  cause  only  minor   f lood  problems.   In  
t h e  extreme case w i t h  a 2,000-foot  snowline  and 100 p e r c e n t   o f  the b a s i n  snow 
covered,  a f lood   o f   r eco rd  would occur.  

SSARR Daily Operational  Forecast Improvement 

A q u a s i - o p e r a t i o n a l  t es t  was made w i t h  1978 sa te l l i t e  SCA data i n  t h e  Boise 
Bas in   to  see what improvement  could be made t o  t h e  SSARR's da i ly   s t reamflow 
f o r e c a s t s .   I n  t h i s  t es t ,  a dummy b a s i n  was set up i n  t h e  model i d e n t i c a l   t o  
t h e  s t a n d a r d   b a s i n   i n  a l l  r e s p e c t s  and f o r  a l l  data, e x c e p t  t h a t  s a t e l l i t e  
estimates o f  SCA were u s e d   e x c l u s i v e l y   i n  the dummy basin,   and a l l  a v a i l a b l e  
SCA data ( i n c l u d i n g  some sa te l l i t e  estimates) were u s e d   i n  t h e  s tandard  
basin.  These SCA data were i n p u t   i n t o  t h e  model  upon its next   run.  These 
f o r e c a s t i n g   r u n s  were made three times a week b e g i n n i n g   i n   A p r i l ,  and were 
i n c r e a s e d   t o   f i v e  times a week as t h e  streamflows were a b o u t   t o  peak i n  l a t e  
May and ear ly   June .  Due t o  a long   sus ta ined   runoff   (of   average   magni tude) ,  
these runs were cont inued  through  June 30. 

The Boise  Basin was se lec t ed   because  it t e n d s   t o  be  cloud free,  because NESS 
personnel  were making d a i l y   o p e r a t i o n a l   a n a l y s e s   o f  t h e  s a t e l l i t e  SCA d a t a ,  
and because there had been   gene ra l ly  good agreement i n   p a s t   y e a r s   b e t w e e n  
sa te l l i t e  SCA data and  ground-truth SCA data. I n  the Boise Basin  above Lucky 
Peak Dam,  t h e  q u a l i t y   o f   t h e   g r o u n d - t r u t h   r u n o f f  data for  any  given  day is not  
o f  t h e  h i g h e s t  q u a l i t y .  The runoff  is computed a s  the  observed  streamflow 
below Lucky Peak Dam, p l u s  or minus t h e  change   o f   con ten t s  of three 
r e s e r v o i r s ;   s p e c i f i c a l l y  Anderson  Ranch, Arrowrock and  Lucky Peak,  and 
t h e r e f o r e   t e n d s   t o  be  less accura t e   t han  data from a n a t u r a l   b a s i n .  

Both   forecas ts   f rom t h e  s t anda rd   bas in  and the  dummy b a s i n  had a p o s i t i v e  bias  
and over forecas ted .  It is p o s s i b l e  t h a t  some o f  t h i s  d e v i a t i o n  is due t o  t h e  
method of  computing  inflow.  Because  both  basins  used t h e  same f o r e c a s t i n g  
equat ion  and because t h e  bias was p o s i t i v e  for  b o t h   b a s i n s   i n  a l l  months, i t  
is a l s o   v e r y   p o s s i b l e  t h a t  t h e  SCA was overes t imated .   Another   cont r ibu t ing  
f a c t o r   t o  t h e  overcomputat ion  of  t h e  two b a s i n s  was t h e  volume  forecast .  The 
Apr i l - Ju ly   vo lumet r i c   runof f   fo recas t  was biased t o  the  h i g h  s ide which 
r e s u l t s   i n   o v e r e s t i m a t i n g  t h e  r u n o f f   p o t e n t i a l .  

The ch i - squa re   va lues  (Table 7 )  i n d i c a t e  t h a t  t h e  dummy basin  outperformed t h e  
s t a n d a r d   b a s i n   f o r e c a s t s   f o r  t h e  7-, 5-, and  3-day forecas ts ,   bu t   worsened  t h e  
14-day forecas t .   Both  t h e  dummy and  s tandard  basin forecasts degraded from 
the 14-day t o  t h e  7-day f o r e c a s t ,  and then  improved  s teadi ly  as they   went   to  a 
3-day f o r e c a s t .  Based upon the  abso lu te   ave rage   va lues ,  the  d u m y   b a s i n  
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TABLE 7 
LUCKY PEAK BASIN - 1978 FORECASTS 

THEY WERE TO OCCUR, AN0 WERE HAOE X-DAIS  PRIOR 
FORECASTEO VALUES ARE RECOSOEO FOR THE O A T €  

---THREE DAY FORECAST--"- ""FIVE O A I  FORECAST-"--  "-SEVEN D A Y  FORECAST-"" --FOURTEEN DAY FORECAST". 
FCST FCST FCST FCST FCST FCST FCST F C S T  FCST  FCST FCSf FCST FCST FCST FCST 

ERROR LUCNATO ERROS LUCNAT ERROR LUCNATO ERROR LUCNAT ERROR LUCNATO ERROR  LUCNAT EKROR LUCNATO ERROR 
NATURAL FCST 

DATE 

APR 6 
APR 7 
APR 8 
APR 9 
APR I O  
APR I I 
AP9 I 2  
APf? 13 
APR I4  

APR 16 
APR I ?  
APP I 8  
APR 19 
APR 2 0  
APR 21 
bPR 2 2  
APR 23 
hPR 24 
A F T  25 
APR 26 
APR 27 
APR 2 8  
APR 29 
APR 30 

4 
0 APR 15 

FLOW LUCNAT 

5600 
5270 
5550 
5 1  IO 
51 20 
5780 
67GO 
65  90 
59 30 
61 EO 
6240 
70 30 
6200 
5550 
5 4 4 0  
5760 
55 10 
51 30 
S520 
46 90 
5 7 0 0  
65 60 
10  20 
7440 
7a4rl 

6665 

6829 

7752 

5530 

6155 

5087 

7764 

k907 

6860 

8 392 

1115 

I109 

I162 

-630 

- o r 5  

-353 

2254 

3 8? 

300 

95 2 

6064 

6679 

6989 

5482 

6139 

5000 

7355 

4890 

6759 

8275 

514 

I 5 5 9  

399 

-678 

-891 

-440 

I845 

378 

I99  

835 

6809 1689 

7927 1227 

597b 854 

7193  493 
5201 -1389 
8052 2122 

4519 -201 I 
7020 I090 

1394  I234 

4749  -2281 

5362 - 1 8 8  

E G O  27e 

4669 -2361 

5295 -255 

7466  436 6294  -736 

4476 -107C 
6793 I 3 5 3  

3652 -1898 
62 3774 -1666 

5bT4 -286 
3693 -1747 
5552 -208 

5502 

5CI 6 

5566 - 
4900 -610 

7451 2931 

5216 -484  

4724 -786 

7012 2492 

5 I C 3  -557 

6806 1676 286 
C853 333 

7754  2054 

53tO - I t i 0  

460 I 81 

7233   1533  

5179  - 1 2 4 1  

4668 -1032 

5599 - I421 

I I34  

5426 -1595 
6631 -809 6492 -958 
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TABLE 7 
LUCKY PEAK.BASIN - 1978 FORECASTS 

DATE 

HAV 1 
UAY 2 
HAY 3 
HAY 4 
HAY 5 
HAY 6 
YAY 7 
HAY 8 
HAY 9 
MAY IO 
HAY I I  
MAY 12 

4 HAY 13 
HAY 14 
HAY I 5  
MAY I 6  
HAY I 7  

HAY 19 
HAY 2 1  
HAY 21 
MAV 22 
HAV 23 
MAY 24 
HAY 25 
HAY 26 
HAY 27 
HAY 28  
MAY 29  
HAY 3 0  
HAY 31 

2 

Hay 1 8  

NATURAL FCST 
FLOW LUCNAT 

FORECASTED  VALUES ARE RECOROEO  FOR THE  OATE 
THEY WERE T O  OCCUR, aND WERE HAOE X-OAVS PRIOR 

76 40 
71 40 
69 20 

8160 
88 90 

6680 
7350 
71 40 

68 20 
75 80 
90 00 
73  21 
7360 

I 1300 
76 20 

9241  
79 30 
7160  
6060 
65 90 
77 30 
4070 
9980 
90 20 
77 80 
64  50 
60 8'1 
'58 70 
64 0 0  
71 50 

60  30 

6516 

8213 

6742 

6 664 

8790 

E326 

7710 

7937 

8931 
9155  
7781 
7755 

6436  
75 0 2  
8096 

9 2 2 1  
8 372 

ERQOR LUCNATO ERROR L W N A T  
F C S l  FCST FCST FCST 

"-THREE D A Y  FORECAST----- "--FIVE O A Y  FORECAST----- "-SEVEN O A Y  FORECAST""- "FOURTEEN DAY FORECAST"- 
FCST  FCST  FCST FCST  FCST  FCST  FCST  FCST  FCST FCST FCST 

ERROR  LUCNATO ERROR LUCYAl ERROR LUCNATD ERROR LUCNAT ERROR  LUCNATO ERROR 

-I I 2 4  

-677 

6 2  

-456  

I 2 1 0  

IOU6 

-220 

I 8 7 7  

I 2 0 1  
65 

-21  99 
-I 265 

- I 4  
I 4 2 2  
2226 
I 9 7 2  
2073 

6409 

8063 

6621 

6629  

8758 

8166 

6059 

6442 

95c I 
98  24 
90 1 3  
81 83 

6447 
7766 

7616 
8472 

1592 

-1231 

-827 

-59  

-51 1 

I I 7 8  

846  

I 2 9  

2382 

1811 
754 

-907 
-837 

1666 
-3 

I 7 2 2  
I 2 l b  
I 3 2 2  

10084  

7 0 0 1  

8 1  26 

7300 

8170 

9685 

a839 

8279 

9806 

9792 
8238 
61  96 
660 I 

6633 
6650 
9926 

2444 

8 1  

I 4 4 6  

I 6 0  

I 3 5 0  

2365 

1219 

221 9 

2076 

-I 8 8  
-782  

- I 5 @ 4  
151 

7 6 3  
2250 
2776 

9786 

6 794 

7899 

7 090 

7  985 

9487 

8617 

8 997 

I 0 7 9 7  

I 0 7 3 2  
8 960 
741 8 
7 Ob7 

6  977 
9208 
9026  

21  46 

- I  26 

I 2 1 9  

-50 

I I 6 5  

21  67 

997 

2937 

SO 67 

752 

-362 
-60 

5  97 

I l b 7  
2808 
I 8 7 6  

7015 

19890 

774 I 

8730 

8 368 

10032 

I 0 3 5 1  

9703 

9314 

to990 

9407 

6015 
8G46 

6950 

7633 

-6 25 

3970 

-c I 9  

1590  

1548 

1032 

2731 

C63 

15a4 

IO IO 

1627 
1596 

IO60 
-65 

483 

6792  

I 0 4 8 2  

74CO 

8425 

8072  

9730 

10059 

9440 

10352 

I 2 2 4 0  

I 0398  

7 5 5 2  
8860 

7585 

831  I 

-648 7012 

3562  8904 

-720 8287 

1285 9062 

I 2 5 2  I0358  

730 9962 

2439  10631 

200  10690 

I I 3 7 7  

2622  1151% 

2260  11447 

261 6 
241 0 
I 4 7 2  
1715  9781 

1 1 € 1  10090 

-628 6389  

1984 8179 

I 2 7  7910 

1922 8642 

3538 9968 

962  9543  

3011 I 0287  

I 4 5 0  10376 

4217 11096 

3784 I 

I 4 6 7  I 

I 0 7 7  

1875 

391 I 10936 

2940 I 1 1 6 6  

- 1  251 

I 2 5 9  

-250 

1502 

3148 

54 3 

2667 

1136 

3936  

3347 

' I  095 

5866 

4016 
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TABLE 7 
LUCKY PEAK BASIN - 1978 FORECASTS 

D A T E  

JUN I 
JUN 2 
JUN 3 
JUN 4 
JUN 5 
JUN 6 
JUN 7 
JUN 8 
JUN 9 
JUN IO 
JUN I I 
JUN I 7  

N JUN I 4  
JUN I 5  
JUN 16 
JUN I 7  
JUN 18  
JUN 19 
JUN 20 
JUN P I  
JUN 22 
JUN 2 3  
JUN P4 
JUN P5 
JUN 26 
JUN 27 
JUN 28 
JUH 29 
JUN 30 

4 JUN 1 3  

NATlIQAC FCST 
FLOW LUCNAT 

64 I9 
6540 
66 70 
66 G O  
7530 

I 0 8 3 0  
98 50 

I I 4 P Q  
I 1 9 0 0  
I I 2 6 0  

99.70 
6750 

8 8 0 0  
8350 
7340 
7 1  30 
7 I 69 
71 4C 
66 30 
7s  IO 
6 9  IO 
7720 
77rO 
6900 
5950 
5660 
5640 
60 90 

e6  30 

8 1  20 

8934 
7 3 0 6  
8757 
1 2 8 3  
I 3 0 6  
I I 8 3  
I 8 8 5  

3802 
2494 
2980 
0907 

I 
I 
I 
I 

I 0 4 9 5  
3932 

I O 4 8 6  

9 7 1 0  

80 J'? 

7 6 6 7  

7 6 5  I 

7717 

6655 

FCST FCST FCST FCST 
ERROR LUCNATD ERROR LUCNAT 

2 524 
7 6 6  

2 1  37 
3483 
3976 
2558 
20  35 

2382 
5 94 

I 7 2 0  
9 7 7  

3 152 
2375 
I 6 8 6  

1870 

87 0 

I 5 2  

431 

812 

1015  

8225 
6821 
8247 
9 5 4  I 

10280 
I 0 2 7 5  
I I 8 6 8  

I 3 7 7 2  
f 2757 
12918 
11876 
9830 

I 0 8 9 2  
101154 

96   04  

841 I 

8C I 4  

8041 

81 02 

6 9 2 4  

1815 
28 I 

I 6 2 7  
274 I 
2950 
I 6 4 5  
2018 

235 2 
857 

1658 
1146 

2772 
308 0 

I 6 5 4  

2264 

I 2 5 1  

5 c 4  

82 I 

I 2 0 2  

I 2 0 4  

10418 
I 2  240 
I I 9 7 6  

I I 5 6 9  
I 2 9 0 2  
14631 

13572 

131  26 
I 2 8 8 8  
I 1 8 8 7  
10207 
IO 31 2 
9 4 4 2  
9222 

9368 

8 564 

10598 

143c I 

7 964 

6996 

7 I 2 3  

FCST FCST FCST FCST 
ERROR CUCNATO EQROR LUCNAT 

4008 
5700 
5 3 0 6  
3798 
4 2 3 9  
427 2 
478 I 
355 I 
2152 

I 8 6 6  
2 9 5 8  
5 1 3 7  
2087 
1512 
I G92 
I 8 8 2  

2208 

I 9 3 4  

7 l t4  

9 6  

I 4 6 3  

9247 
IO 967 
IO656 
9515 

10413 
I I 6 0 7  
I 2 9 8 6  
I 2 8 6 8  
!3510 

13047 
I 3 2 0 4  
I I 7 9 9  
I 0 4 3 7  
10236 
9823 
9 1 6 9  

9945 

9087 

6436 

7 420 

7 5 9 2  

2837 
s4 27 
40 36 
2 7   I 5  
3083 
2977 
3136 
2038 
20 90 

I 7 8 7  
3274 
5 0 4 9  
23 I 7  

1473 
I 4 3 6  

I 8 2 9  

2 1 8 k  

PC, 57 

I 2 6 6  

5 20 

I 9 3 2  

9732 
I 1 5 2 7  
I I 8 5 8  
I 3 5 0  3 
I 3 8 7 9  
I 2 8 3 3  
13158 
I 3 7 8 7  
15214 
15016  
I 3 2 4 9  

I 2 6 2 5  
I I 9 5 4  
I I 6 1 3  
1 0 1 0 0  
10553 

9381 
9 7  9s 

9207 

6587 

795A 

7302 

7218 

FCST FCST FCST  FCST 
E4ROR LUCNATD ERROR LUGNAT 

b987 
3322 

5238 
6703 
6 5 4 9  
4 2 0 3  
3 3 0 9  
2957 
37 9 4  
31 I 6  
I 9 8 9  

5975 
3634 
26 I 3  

32 19 
I 7 5 8  

2251 
2b3b 

24 77 

1677 

1058 

I 6 4 2  

I 1 2 8  

I O 4 8 8  
1 0 3 5 0  
I 0 4 5 7  

I 2 350 
12U54 

I I 4 2 1  
I I 6 8 9  
I 231  9 
I 3 b 7 2  
I 3 3 6 5  
1 3 1 5 7  

I 2 5 2 8  
I 2 7 0 6  

IO 369 
I I 5 2 1  

I 0 4 8 3  
9777 
9 7 4 3  

9 8 3 5  

9 1 5 6  

8540 

7794 

7750 

4 0 7 8  
3610 
3637 
5 2 5 4  
SOP0 
2 7 9 1  
I 6 3 9  
1489 
2 0 5 2  
I 4 6 5  
I 8 9 3  

5 7 7 6  

2721 
2019 
3 1 4 3  
2 6 4 7  
2 5 8 3  

3205 

2 246 

4 0 6 6  

I 6 4 0  

21  34 

l 6 € 9  

9858 
9684 
7937 
9566 

IC510 
9 8 2 5  

12206 
12301 
12024 
12 180 
I I908 
12039 
1 I 6 8 2  
I I 8 0 6  
I I 3 2 2  
10.337 

I O  040 
9400 
963C 
8 930 
9226 
841 3 
8802 

7815 

7582 

CCST FCST FCST 
ERROR LUCNATD ERROR 

3318 10930 
3064 I 0 7 4 6  
1137 10560 
2 2 3 6  10619 

-320 11316 
-25  10825 

401 11046 
7 6 4  I 0 8 3 5  

2250 10990 
5 1 5 8  10686 
3919 10739 
2 0 8 2  10495 
3 4 5 6  10593 
3982 10269 
3 2 0 7  10232 

2 9 0 0  9953 
2770 9480 

2020 91 I 4  
2 0 0 6  9158 
1113 8 7 1 2  
1902 0754 

2155 8 3 3 3  

I 4 9 2  8048 

7 6 6  11028  

2120   9558  

4390 
4 I 2 6  
3760 
3289 

9 7  5 
4 8 6  

-392 
-854 
-425 
I 0 6 0  
3 9 3 6  
261 9 
I 6 9 5  
2243 
2 9 2 9  
3102 

2813 
2850 
2048 
2204 
I 9 3 8  
1412 
1854 

267 3 

I 9 5 8  
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TABLE 7 
LUCKY PEAK BASIN - 1978 FORECASTS 

FOBECASTEO  VALUES A4€ YECOROLO FOR THE J A l E  
THEY WERE r o  OCCUR, ANO MERE MADE K - O A Y S  PRIOR 

---THREE ClAY FORECAST----- ---- F I V E  O A V  FOCFCAST----* - - -SEVEN 9AY  FORECAST----- --FOURTEEN D A Y  FORECAST”- 

JUL 
JUL 
JUL 
JUL 
JUL 
JUL 
JUL 
JUL 

4 
JUL 

w JUL 
JUL 
JUL 

NATURAL FCST FCST FCST FCST FCST F C S T  FCST FCST FCST 
DATE FLOW LUCNAT ERROR LUCNATD ERRCR LUCNAT ESRDR LUCNATD ERROR  LUCNAT 

2 6450 
I 6 b b l  7236  776 8 0 4 1  1581  7297  837 

3 5690 5629 -61  6894 I 2 0 4  6639  949 
4 582r) 
5 6220 
6 5E70  

5310  -910 

7 4570 

9 5 U h 9  
IO 4666 
I I 4720 
I 2  46bO 

JUL I 4  3920 
JUL I 3  3930  

AVG 6900  8380 1009 8373 1 O C 2  6946  I655 

ABS AVC 69CO 8380  1330  8373 1 2 E Z  8946  1975 

n 4770 

POPULATION SIZE = 1 0 0 .  AND S I G M A  SQUARE0 ~2692323 .96  

7 7 1  I 

7  399 

6819 

685 I 

8851 

ss bC51853.42 3935148.85 6528379.37 5209234.72 

x x  13855. I I I 1 n a . 7 2  277 87 .Cb 2277B e 8 5  

I251 

1709 

5 99 

I560 

17b5 

7u58 

5144 

5519  

9343 

9340 

8153070.43 

33013.05 

ERROR LUCNATO ERROR LUCNAT 
F:ST FCST FCST FCST 

I768 

- 1 0 7 6  

749 

1963 

22 3 4  

7915 

5702 

7003 

9223 

9223 

2225 

-518 

2433 

I846  

2 1 7 4  

7 240 

7007 

6715 

6435 

5839 

4 776 

9194 

91 94 

4777986.79 

2759C.59 

I550 

70 7 

2  I45 

I775  

I I99  

65 6 

1861 

2045  

7747 

744b 

7182 

6785 

641  2 

6068 

90 99 

90 99 

2057 

I224  

261  2 

212s 

1772 

2118 

I767 

2085 

FCST FCST FCST 
ERROR LUCNATr) ERROR 
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increased  t h e  s t a n d a r d   b a s i n ' s  14-day f o r e c a s t   e r r o r  by 2.0 p e r c e n t   b u t  was 
a b l e   t o  decrease t h e   f o r e c a s t   e r r o r s   f o r  t he  7-, 5-, and  3-day f o r e c a s t s  by 
2.7  percent,   9.6  percent,   and 5.1 p e r c e n t   r e s p e c t i v e l y .  

O f  these v a r i o u s   f o r e c a s t s ,  t h e  3- and  5-day f o r e c a s t s  had f o r e c a s t e d   v a l u e s  
o f   t empera tu re   and   p rec ip i t a t ion .   In s t ead   o f   fo recas t ed   va lues   o f  
tempera ture   and   prec ip i ta t ion ,  t h e  7-day f o r e c a s t s  had only  normal  values,  
and t h e  14-day f o r e c a s t s  had a seasonal ly   dependent  "wow" imposed  upon 
temperature and p r e c i p i t a t i o n   t o   a c c o u n t   f o r   o t h e r   v a r i a b l e s   s u c h  as melt 
rate. Thus t h e  "-day f o r e c a s t  is no t  as a c c u r a t e  as the  3- and  5-day 
f o r e c a s t s ,  and the 14-day is purpose fu l ly  h igh  or low t o  be used as  a 
"what- i f"  o p e r a t i o n a l   p l a n n i n g   t o o l .  Based upon t h i s ,  t h e  degradat ion  f rom 
t h e  14- t o  t h e  7-day f o r e c a s t  is n o t   s u r p r i s i n g .  

The dunnny b a s i n  was able to   r educe  the  f o r e c a s t   e r r o r   o f  t h e  s t anda rd  
b a s i n ' s  5-day f o r e c a s t  by 9.6  percent .  This  is an a b s o l u t e   a v e r a g e   e r r o r  
r e d u c t i o n   o f  5.4 m3/s (190 c f s ) .  The average  computed  inflow  of t h e  
49 va lues   co r re spond ing   t o  t he  5-day f o r e c a s t  is 206.5 m3/s ( 7 , 2 9 1   c f s  
(8 ,946  minus  1 ,655)) .  The Geological  Survey would g i v e ,  a t  best, an 
accuracy  to  t h i s  measurement o f  2 5 pe rcen t  or 10.3 m3/s (365 c f s ) .  Thus, 
s i n c e  t h e  e r r o r   r e d u c t i o n   o f  5.4  m3/s (190 c fs )  is less than  t h e  o v e r a l l  
accuracy  of  10.3 m3/s (365 c f s ) ,  t h e  improvement  gained by t h e  e x c l u s i v e  
use   o f  s a t e l l i t e  SCA data, u n f o r t u n a t e l y ,  is n o t   s t a t i s t i c a l l y   s i g n i f i c a n t .  

CONCLUSIONS AND RESULTS 

The ultimate o b j e c t i v e  of  t h i s  s tudy  was to   deve lop  or modify  methods i n  an 
o p e r a t i o n a l  framework t h a t  would a l l o w   i n c o r p o r a t i o n   o f  sa te l l i t e  der ived  
snow cover   observa t ions   for   p red ic t ion   of   snowmel t   der ived   runoff .  T h i s  
o b j e c t i v e  was directed  toward t h e  SSARR model which had been  developed as a 
s t r e a m f l o w   f o r e c a s t i n g   t o o l ,   u t i l i z e d  snow cover data as b a s i c   i n p u t ,  was 
f u l l y   o p e r a t i o n a l ,  and h i g h l y   s u c c e s s f u l .  Based on t h i s  o b j e c t i v e ,  t h e  
s t u d y ' s  results and conclus ion  are given  below. 

( 1  ) Cloud cover is very  much a problem i n   a c q u i r i n g  SCA data f o r  the P a c i f i c  
Northwest.  Because of  p e r s i s t e n t   c l o u d   c o v e r ,   f o r e c a s t i n g   r o u t i n e s  
should  not be to ta l ly   dependent  upon t h e  sa te l l i t e  data. 

( 2 )  The s a t e l l i t e  data improve f o r e c a s t s ,   b u t   n o t  a s t a t i s t i c a l l y  
s i g n i f i c a n t  amount  and,  therefore,   should  not be  used   exc lus ive ly .  

(3)   Landsa t  data cannot be  used   ope ra t iona l ly  here i n  t h e  Pacific Northwest 
because  of a 48-hour time c o n s t r a i n t   f o r  data acqu i s i t i on .   A l so ,  
because  of t h i s  48-hour time c o n s t r a i n t ,  NOAA data cannot be  analyzed 
1 oca l l y  . 

( 4 )  Although t h e  s a t e l l i t e  der ived  estimates o f  SCA in t eg ra t e   pa t chy  snow 
i n t o  the  snow l i n e  and t h u s  are g e n e r a l l y  h igher  than  aer ia l  snow f l i g h t  
data,  t he  s a t e l l i t e  der ived  SCA data can be used t o  augment ae r i a l  snow 
flight data, and v i c e   v e r s a .  

( 5 )  The sa te l l i t e  data d e f i n i t e l y   p r o v i d e  many more SCA estimates than  could 
be gathered  from  ground  truth data a lone .  
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( 6 )  Based upon r e c o n s t i t u t i o n   r u n s ,  s a t e l l i t e  der ived  SCA data can be  used t o  
augment aerial snow-flight data i n   t h e  Upper  Snake,  Boise,  Dworshak,  and 
Hungry Horse  Basins. 

( 7 )  The sa te l l i t e  data do no t  compare well w i t h  aerial  snow f l i g h t  data i n  t h e  
Libby  Basin.  Because  of heavy tree cover ,  and t h e  f o r e s t  canopy  hiding 
the snowline,  s a t e l l i t e  estimates o f  SCA i n  the Libby  Basin  should  not be 
a t t e m p t e d   u n t i l  t h e  SCA is 50 pe rcen t  or less. 

(8)  The sa te l l i t e  data are i n v a l u a b l e   i n  f a l l  and winter   s t reamflow 
f o r e c a s t i n g .  It c a n   c l e a r l y  be seen t h a t  t h e  satel l i te  der ived  SCA data 
have u t i l i t y   i n  t h e  o p e r a t i o n a l   f o r e c a s t  scheme  during a l l  p e r i o d s   o f  t he  
year .  A t  times t h e  sa te l l i t e  data can make a c r i t i c a l  d i f f e r e n c e   i n   t h e  
forecasted  streamflow  hydrograph. 

(9) P o r t l a n d ' s  Columbia  River  Forecast   Service has been   subjec t ive ly   us ing  t h e  
s a t e l l i t e  SCA data i n   c o n j u n c t i o n  w i t h  ava i l ab le   g round   t ru th  data i n  i t s  
o p e r a t i o n a l   f o r e c a s t s  and will c o n t i n u e   t o  do so. The CRFS looks  forward 
t o  an expansion  of  s a t e l l i t e  der ived   in format ion  such as so i l   mo i s tu re .  
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