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ABSTRACT 

The percentage o f  snowcover area on spec l f l c  drainage 
basins was measured from ERTS Imagery by vldeo density s l i c -  
ing w l t h  a repea tab l l l t y  o f  4 percent o f  the snowcovered 
area. Data from ERTS Images o f  the melt season snowcover I n  
the Thunder Creek dralnage basln I n  the North Cascades were 
combined w l  t h  ex is t ing  hydrologic and meteo~o1oglc observa- 
t ions t o  enbble ca lcu la t ion o f  the time d l s t r l  but lon o f  the 
water stored i n  t h i s  mountaln snowpack. Slml lar  data could 
be used f o r  frequent updating o f  expected In f low t o  reser- 
voirs. Equivalent snow1 ine  a1 tl tudes were determlned from 
area measurements. Snow1 1 ne a1 t i tudes were a1 so determl ned 
by comblnlng enlarged ERTS Images w l th  maps w l th  an accuracy 
of about 60 m under favorable condl t lons. A b l l l  t y  t o  map 
snowcover o r  t o  determine snow1 i ne a1 tl tude depends pr lmarl  l y  
on cloud cover and vegetation and secondari 1y on slope, te r -  
pain roughness, sun angle, radiometric f l d e l l  t y  , and amount 
o f  spectral I n f  ormatl on av r l  lable.  ERTS Imagery was a1 so 
used t o  measure g lac ie r  accumulation area ra t ios ,  detect sub- 
t l e  flaw structures on glaciers,  i d e n t i f y  surging g l  ac!ers 
and monitor changes I n  t i d a l  g lac ie r  term,!ni. 

No operatlonal method now ex ls ts  f o r  monl t o r i ng  the varylng extent 
of mountaln snowcover. Sate1 1 I t e  ima ery has we1 1 documented potent ia l  
t o  do t h i s  under ce r ta in  conditions; 1 n f a c t  snow on land I s  one of the 
most s t r l  k ing features t o  be seen on s a t e l l i t e  Images. Stnce i t  I s  
obvlous tha t  snow can be i den t i  f l e d  and measured on s a t e l l i t e  Images 
t h i s  paper w i l l  explore the usefulness o f  ERTS-type snowcover data t o  
sc l en t l f l c  and operatlonal aspects o f  the managmnt of water resources. 
Only a few selected examples can ba presenkd. Sonm In te res t ing  appl l -  
catlons o f  these dzta t o  the study o f  g lac lers  w i l l  a lso recelve mn t l on .  

.The d ~ t a  ahd conc lus lon~  p w s m t e d  her@ are based on a I lm l t ad  sample of 
data f o r  cal ib ra t lon,  measurement, and analysis . thus these data and 
conel uslons are cons lderad p re l  lminary. 



1. MEASUREMENT OF SNOWCOVERED AREA 

Routine measurement of snowcover on sdtel l i te  imaqery must be done 
by machine i f  i t  i s  to be of operational ual ue; hand planimeterinq or 
dot-counting the highly intricate snowline i s  prodigicusly time consum- 
i n g .  Also, measurement of the total snowcover shown on any certain 
image is  of limited value; the hydrologist needs to know the s~owcovered 
area i n  specific drainage basins. This requires precise repi stration 
of the imagery to a map. 

We approached these problems through the use of the Stanford Re- 
search Institute electronic console ESIAC. Drainage and drainage basin 
outline maps of the North Cascades were superimposed and reduced t o  70 
mn positive transparencies. EFTS images Here then registered to  these 
maps, using the drainage pattern as d ;;tr;wt.niei>t guide for registration. 
The non-pertinent image area outside of the ekainage basin was removed 
through use of an opaqued mask.. Obv'ous ska&vs on snow were brightened 
with a cursor or measured separately. Image enhncement using several 
spectrai bands to form a color presentation was used to  refine the video 
brightness level coinciding most closely w i  t h  the snow/no-snow boundary. 
The displayed region having a brightness higher than this level was then 
identified as the snowcover and a quantitative value of area of snow- 
cover was simultaneously read out on another display. With only very 
general instructions operator variance was 8 percent, b u t  after coordi- 
n a t i n g  evaluation cri teria operator variance reduced to  4 percent of the 
snowcovered area (less than 1 percent of most of the drainage basin 
areas). 

Unfortunately, time has not a1 lowed accurate calibration of bright- 
ness level i n  terms of known snw/no-snow boundaries. Thus the snow 
wea data obtained with the ESIAC contain a small absolute error, and 
some slight discrepancies occur when comparing ERTS data w i t h  h igh -  
resolution aircraft data. This error will be reduced or eliminated i n  
the next stage of the investiga$ion when more attention will be given 
to cal i brati on. 

Thiaough the study of many images, .it appears that the ability to 
inap snwcover depends primarily on cloud cover and vegetation, and 
secondarily on slope, terrain roughness, sun angle, radi metr ic  f i del I ~y 
of image, and amount of spectral information available. I t  i s  diff icult  
for an experienced observer to distinguish some types of cloud or fog 
from snow even w i t h  a l l  possible radiometric information, or to  distin- 
guish the snowline i n  forested terrain. In rough terraln, bare gi-ound 
facing the sun may be lighter i n  tone than snow i n  shadow causing dif- 
ficulty ' in  identificat!on, and this problem i s  intensified w i t h  law sun 
a n ~ l e  or longer wavelength sensors. Fully automatic mapping of snow- 
cover i n  forested or mountainous terrain ap ears a t  this  time to be 
impossible, Humn eyes and braln control t R r analys4s procedure, but  
this can be done quickly and efficiently w i t h  an interactive console 
such as the SRI ESIAC. 



Figexre 1 .--2 Septgaber 1972 ERTS-1 image 1041-18253-4 o ,-art 0: ' ; :e  
North Ca~cades, W , ~ s h C ~ t o n .  The drainage basin Thunder Cree? ncar 
Nei;;slen: Cs indicated by A, and the  basin South Fork Cascade RZver 
ot, .7ovt;h C ~ P I ? ~ I ! F !  Glacier is indicLzted by 0. 
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Figure 2A.--Snowcovered area (dotted l i ne ) ,  subsequent s m e l t  runoff 
volwne (dashed l i ne ) ,  and rate of snomelt (heavy l ine)  i n  the Thunder 
Creek drainage baoin; thin l ine i s  average observed snotmc?lt rate.  
Triangles are data f r m  19 .8  h alt i tude aerial photographs; ciroZe8 
are data from ERTS-1. B.--Subsequent snonneZt m o y f  as u function of 
snmcovered area, Thunder Creek drainage basin, 



2. IIYDROLOGIC ANALYSIS U S I N G  ERTS DATA 

I n  t he  mountain west, most o f  t h e  s t reamt low r ~ s u l  t s  f rcm ; ~ ~ ~ m e l t .  
Therefore much e f f o r t  has gone i n t o  t h e  use o f  snow da ta  i n  ope ra t i  anal 
hyd ro l og i c  procedures. Some o f  t h e  newer procedures ~ t t e m p t  t o  use 
snowcovered area as a v a r i a b l e  o r  parameter.  Emp i r i ca l  c o r r e l a t i o n s  
between snowcover and r u n o f f  have been i nco rpo rz ted  i n t o  computerized 
models f o r  t he  cont inuous s i m u l 3 t i m  o f  s t reamf low,  such as t he  SSARR 
model (Rockwood, 1964; Schermerhorn and Kuehl , 1968). Snowccver data 
a re  a l s o  used t o  fo recas t  subsqquent r u n o f f  volumes (Pa;-sons and Cabt le ,  
1959; Thoms and Wang, 1969; Leaf  and Haef fner ,  1971).  These schemes, 
however, a re  s t r i c t l y  l i m i t e d  by t he  h i q h  c o s t  o f  o b t a i n i n s  and analyz-  
i n g  a e r i a l  photoqraphs a t  f r equen t  i n t e r v a l s  over  l a r q e  dra inaae bas ins .  
Can ERTS-type imagery f i l l  t h i s  need? 

I n  o rder  t o  exp l o re  t h i s  problem, an a n a l y r i s  was made o f  t h r e e  
ERTS and two h i gh  a l t i t u d e  a i r c r a f t  images o f  t h e  dra inaqe bas i n  Thunder 
<reek near Newhalem, Washington (F i q .  I). Some r e s u l t s  a re  presented i n  
F i gu re  2. Snowmelt r u n o f f  f rom t h i s  272 km2 bas i n  i s  u t i l i z e d  f o r  t he  
genera t ion  o f  e l e c t r i c  power a t  D iab l o  and Gorqe Dams on t : ~ e  Skaq i t  
R ive r .  Measurement o f  snowcokered area was done f rom ERTS imaoes by SRI 
personnel on t h e  ESIAC, and f rom h i gh  a l t i t u d e  a i r c r a f t  photographs Ly 
USGS personi lel .  The snowmelt r u n o f f  and l o s s  o f  snow mass were computed 
by a hyd ro l og i c  balance procedure developed f o r  t h e  a n a l y s i s  of I n t e rna -  
t i o n a l  Hydro log ica l  Decade q l  a c i e r  bas ins (Mei e r ,  Tanqborn, Mayo, and 
Post, 1971 ; Tanyborn, 1968) us i ng  hyd ro l og i c  da ta  qathered a t  t h e  Thunder 
Creek gaging s t a t i o n  and p r e c i p i t a t i o n  f rom nearby weather s t a t i o n s .  
These da ta  were used w i t h  t h e  ERTS and a i r c r a f t  snowcover r e s u l t s  t o  
c a l c u l a t e  t h e  r a t e  o f  snowmelt ( i n  mm o f  water equ i va l en t )  i n  t h e  Thunder 
Creek drainage bas in .  The c a l c u l a t e d  snowmelt r a t e  i s  compared i n  F i qu re  
2 w i t h  t h e  ac tua l  me1 t r a t e  observed a t  t h e  index s t a t i o n  P-1 , a l t i t u d e  
1,890 m, on South Cascade G l a c i e r  which i s  15 km south o f  Thunder Creek. 

I t  i s  s i g n i f i c a n t  t h a t  t h e  ERTS da ta  can be used t o  compute o t h e r  
impo r t an t  hyAro log ic  q u a n t i t i e s ,  such as m e l t  r a t e ,  and t h e  r e s u l t s  can 
be apkrox imate ly  v e r i f i e d  by canpar ison w i t h  t o t a l l y  independent obser- 
va t ions .  Snowr,lel t r a t e  i s  ext remely  d i f f i c u l t  t o  measure a t  f requent  
t in.e i n t e r v a l s  (such 3s d a i l y  o r  weekly) a t  s i n g l e  p o i n t s  w i t h o u t  ve ry  
soph i s t i ca ted  and expensive i ns t r umen ta t i on  such 2s r a d i o a c t i v e  tw in -  
probes. Snowmelt averaged over  a  l a r g e  area i s  e s s e n t i a l l y  imposs ib le  
t o  measure d i r e c t l y  w i t h  e x i s t i n g  techniques. Yet  a  s imple c a l c u l a t i o n  
us i ng  s tandard r e a l - t i m e  hyd ro l og i c  da ta  corn'jined w i t h  s a t e l l i t e  imagery 
p rov ides  these r e s u l t s .  I n  rnidsumner o f  1372 t h e  Thurider Creek snowpack 
changed area a t  a  r a t e  o f  about 1.6 percen t  pe r  day; usefu l  snowmelt da ta  
should be c a l c u l a b l e  f o r  pe r iods  as s h o r t  as 3-5 days i f  one assumes a 
4 percen t  standard e r r o r  i n  each area measurement. 

Changes i n  snowcovered area i n  a  s p e c i f i c  d ra inaqe  b a s i n  can be 
determined q u i c k l y  w i t h  an e l e c t r o n i c  console, and F i gu re  2 shows t h a t  



t h e  r e s u l t i n g  values a re  cons i s t en t  w i t h  l a b o r i o u s l y  p l  animetered a i r -  
c r a f t  data.  Thus a method now e x i s t s  f o r  f r equen t ,  r o u t i n e ,  and c o n f i -  
den t  measurement o f  area o f  snowcover. The p l o t  o f  snowcovered area 
versus subsequent r u n o f f  volume migh t  be d i r e c t l y  use fu l  t o  con t  inuous iy  
update r e s e r v o i r  i n f l o w  f o recas t s .  Past  experience us i nq  a e r i a l  photo- 
graphs t o  measure t he  d e p l e t i o n  o f  snowcovered areas i n d i c a t e s  t h a t  
"Snow dep le t i on  r a t e s  a re  h i g h l y  c o r r e l a t e d  w i t h  seasonai qenerated 
r u n o f f  volumes. Furthermore, t he  general  shapes o f  t h e  curves have been 
f a i r l y  un i f o rm  f rom yea r  t o  year ,  even though t h e  amount o f  snow and 
weather condi 'lions which produced r u n o f f  were n o t  t h e  same'' (Lea f ,  1367). 
Thus when t h e  fci-,n o f  t h i s  graph i s  es tab l i shed ,  qu ick  measurevents of 
snowcovered drea can be immediately conver ted t o  snowpack s torage and 
streamflow fo recas ts .  ERTS-type s a t e l l i t e  imagery combined w i t h  an i n t e r -  
a c t i v e  ccnsolc  such as ESIAC cou ld  thus y i e l d  da ta  on expected r e s e r v o i r  
i n f lows  a t  low c o s t  o r  cou ld  be combined w i t h  o t h e r  s i m u l a t i o ~  9 r  numeri-  
c;! m ~ d e i  1 i n 2  prscedures t o  improve f o r e c a s t  accuracy. Th is  would r esu i  t 
i n  more p rec i se  r e g u l a t i o n  o f  r e s e r v o i r s ,  l e ss  waste o f  water ,  t h e  s a l e  
o f  a d d i t i o n a l  f i r m  power, l e ss  need t o  p u t  a d d i t i o n a l  ground i n s t a l l a t i o n s  
i n  w i lde rness  watersheds, and l e s s  damage t o  t h z  v a l l e y  and r i v e r  env i ron-  
ment f rom excess i ve l y  h i g h  o r  low s t r e a m f l o ~ s .  

3. ALTITUDE OF THE SNOWLINE 

The locus  o f  l owes t  a l t i t u d e s  o f  a mountain snowpack o f t e n  a ~ p r o a c h  
a plane; thus  a measure o f  t h e  a l t i t u d e  of t h i s  p lane  de f i nes  t h e  ex ten t  
o f  t h e  snow. Furthermdre, t h i s  parameter may be more u s e f u l  than  t h e  
t o t a l  area oC cqowcover when making comparisons between dra inage bas ins  
o r  mountain massi fs  because i t  i s  l e s s  a f f e c t e d  by lowland area o r  topoq- 
raphy. However, a c t u a l  snowl ines a re  u s u a l l y  i n t r i c a t e l y  convoluted w i t h  
some bare  ground a t  h i g h e s t  a1 t i t u d e s  and some avalanche-deposited snow 
a t  a l t i t u d e s  much lower  t hzn  t h e  bu l k  o f  t h e  snowcover. Measuring t h e  
mean a1 ti tude o f  t h e  snow1 i n e  i s  u s u a l l y  l abo r  ' ous l y  d i f f i c u l t .  

To avo id  t h i s  problem a new parameter i s  here  de f ined :  t h e  e u i v a -  
l e n t  snowl ine a1 ti tude  (ESA) i s  t h a t  a1 t i  tude above which t h e  d r a  9.- nage 
b a s i n  area e x a c t l y  equals  t h e  area of snowcover. (The a rea /a l  t i  tude 
f u n c t i o r ~ s  f o r  most bas ins  o f  h y d r o l ~ g i c  importance a re  known.) I n  F i gu re  
3 a re  p l o t t e d  va lues o f  ESA as determined from ERTS and a i r c r a f t  photog- 
raphy f o r  d i f f e r e n t  t imes du r i ng  t h e  sumner and f a l l  of 1972. These da ta  
a re  from very  d i f f e r e n t  types o f  areas--two a re  i n  t h e  Nor th  Cascades and 
one i s  i n  t h e  M idd le  Cascades. One i s  a t i n y  b a s i n  (South Fork Cascade 
R iver ,  6 km2) w i t h  l i m i t e d  a l t i t u d e  span, one a l a r g e  area (Mount Ra in i e r ,  
1,228 km2) w i t h  a l t i t u d e  d i f f e r e n c e s  exceeding 4,000 m. Yet t h e  abso lu te  
values and t h e  changes i n  ESA w i t h  t ime  a re  reasonably  cons is ten t . "  A l -  
though t h r e e  areas i s  an i n s u f f i c i e n t  sample f o r  conv inc ing  r e s u l t s ,  ESA 
appears t o  be a u s e f u l  parameter f o r  ex tend ing  snowcover data. 

*The 2 June va lue f o r  South Fork Cascade R i ve r  i s  anomalously h i g h  be- 
cause t h i s  bas i n  has no area below 1,613 m, and t h e  8 October va lue  i s  
low because o f  l i m i  t e d  area above 2,000 m. 



CO c 
1500 

0 
C / 
V) 

C 
C d" 
.- 
3 
0 
W 

Jut Aua. I Sept Oct. I Nov. I 

(ETA)  for three areas in Wush- 
ington: solid l ine ,  Thtcnder Creek drainage basin; dotted l ine ,  South 
Fork Cascade Ri-jer u t  South Tascade Glacier; dualled l ine ,  Mount HG :er. 
TriaqjZes are data from 19 .8  kn al t i tude  aerial 2hotogrpFa; c i rcLc ,  
ars data from EFTS- I ,  

Local snowline al t i tudes can also be obtained by superimposing a 
;cpographic map on ERTS imagery. An example of th i s  i ;  the fo l lwing  
measurement of a 27 September image of the Anchorage, Alaska, vicini ty ,  
in which the snow margin i s  f a r  more obvious than the snowline on the 
North Cascades image. This exceptionally sharp snowline was due t o  a 
storm the day before (18 mn of rain a t  Talkeetna) with the freezing level 
a t  1,200 to 1,500 m above Anchorage, The snowl ine alt i tude i s  re1 ated 
to,  b u t  s l ight ly lower than, the freezing level in the free atmosphere. 
Local snowline a1 titudes were measured by enlarging the ERTS image t o  
1 :250,000 and using a transparent map overlay (Fig. 4 ) .  In  t h i s  area 
the snowline al t i tude ranges from less  than 400 m near Prince William 
Sound t o  highs of over 1,200 m west of Kenai Lake and < n  the higher parts 
of the Chugach Mountairs. The freezing level was therefore lowest alor~g 
the coast and highest further inland. Depressions of the freezing level 
parallel to  the long valleys of Turnagain A r m ,  Port Wells, Nellie Juan 
River, and near iake George are particularly striking. 

Over most of the area shown in Figure 4 ,  the al t i tude of the snw- 
l ine could be determined with c0nfidenc.e to the nearest contour on the 
map (contour interval 200 f t  = 61 m). In  some local areas the snowline 
could riot be mapped without considerable subjective decision and large 
vari a t i  ons were found between operators and between spectra! bands ; how- 
ever, the snowl ir. a1 t i  tudes cou1.i invariably be determined to within 
200 m. 

Perhaps the greatest  problem i n  understanding and monitoring moun- 
ta in meteorology and hydrology !s d i f f icu l ty  i n  obtaininq mesoscale mete- 
orologic i nforrilation, because the mass and heat flux patterns are  so 
complex and data gatherrng stations are so few in number. If mesoscais 



Figure 4.--Map ~howing the  a l t i t u d e  of  t he  enowline i n  +he Anchorage 
are&, A'caskcz, 27 September 1672. Data dezp<ved from ERTT images 1077- 
20451 and 1066-20453. Locations irdSoated 2s f7llows: A Anchorage, 
P P a h e r ,  W klhi t t ier ,  T,! !l'urnagain Arm, CM Chugach Mountaiw, KL Kenai 
Lake, NJR Ne l l i e  Juan River,  LC Lake Georyts, P!:' Pnrt Wells ,  PWS Pri.nce 
WiZZim So*&. 



v a r i a t i o n s  o f  s imple m e t e o r ~ l o g i c a l  parameters cou ld  be ~ e a s u r e d ,  we 
cou!? g a i n  f a r  b e t t e r  understanding o f  t h i s  problem. Thus t h e  a b i l i t y  
t o  de r i ve  synop t i c  mesoscale fr?ezins l e v e l  i nfor inat i  9n f r o c  ERTS inaaery  
such as F igure  1 i s  b i g h l j  s i g n i f i c a n t .  A thorouph ana l ys i s  of ;he 
r e s u l t s  shown i~ Figure  J toge ther  w i t h  o t he r  ne teo ro l oa i ca l  da ta  i s  qow 
underway. 

Knowledge o f  f r e e z i q g  l e v e l  va r ' a t i ons  i s  o f  o b ~ i o u s  d j r e c t  impor- 
tance t o  t h e  u t i l i ~ a t i o n  o f  t h 2  snow-water resource.  I n  much c f  t b e  
mountain west, t he  q u a n t i t y  o f  snow produced and s t o red  :rot- a  a i v e r  
? I - ec i p i t a t i cn  event depends on t he  f r eez i nq  l e v e l  i n  t h e  m o ~ 2 t 3 i n s .  
These data are no t  u s u a l l y  ava i  l a b l e  from meteoro loq ica i  i n s t s l  l a t i o n s  , 
which a r e  gene ra l l y  l o ca ted  i n  lowland are3s f a r  removed f r o r  t h e  ~ c u i -  
t a i n s .  Thus t he  a b i l i t y  t o  read  f r e e z i n a  l e v e l s  I P  t h e  mountains Cror ,  
s a t e l l i t e  inagery cou ld  be of immense ope ra t i ona l  va lue.  

4. ACCUMULATION AREA RATIO 

Snow14nes on g lac 'e rs  were fsund t o  be remarkably easy t s  i d e n t i f y ,  
a l though ~ l t e r a t i o n  o f  t h e  g ray  sca l e  values on t r e  b u l k  imagery was 
sometimes necessary. Thus i t  appears poss i b l e  t o  r a p i d l y  determine t h e  
accumulation area r a t i o  (AARj from a  l a r g e  number o f  g l a c i e r s  us ing  ERTS 
imagery. This i s  i n p o r t a n t  because t h o  AAR has been proven t o  be a  use- 
f u l  in2.x t o  t h e  nass balance o f  a  g l a c i e r .  By measurins t h e  d i s t r i b u -  
t i o n  of .ARs a t  a  g iven  t ime i n  a  g i ven  r e g i o n  and r e ? a t i n g  these t o  t h e  
~ a t a  obta iqed a t  a  g l a c i e r  research  s t a t i o n  i n  t h e  reg ion ,  one can extend 
~ i c r o m e t e o r o l o g i c a l  p o i n t  measurements t o  meso- and even macroscale mete- 
o ro logsca l  cond i t i ons .  Th is  i s  a  necessary s tep  i n  t h e  complet? under- 
s tand ing  o f  c j l ac ie r  meteorology, a  s tep  which has been h i t h e r t o  d i f f i c i l l t  
t o  achieve. 

A ques t ion  a r i ses ,  however, whether ';he r e s o l u t i c n  of ERTS imaqery 
i s  s d f f i c i e n t  t o  determine AARs f rom smal l  g l a c i e r s  ( l e s s  than i O  krnz), 
which a re  most p reva len t .  I n  o rder  t o  ansxer t h i s  problem, n i n e  indepen- 
derlt measurements were made f o r  t h ree  d i f  e r e n t  dates o f  t h e  AAR o f  t h e  g smal l  South Cascade G l a c i e r  bas in  (6 .1  km ) us inq  en larged ERTS imaqc,. 
The standard d e v i a t i o n  o f  i nd i v i d l - a1  va lues f rom t h e  means f o r  t h a t  da te  
was 3.4 percent .  Al though i t  has ; ~ ~ t  y e t  been p o s s i b l e  t o  check t h e  
e r r o r  o f  t h e  means w i t h  ground t r u t h ,  M R s  de r i ved  f rom h i gh  a l t i t u d e  
a i r c r a f t  photographs i n d i c a t e  t h a t  t h e  e r r o r  i s  l e s s  thar i  10 percen t .  
Thus t h i s  power fu l  t o o l  appears t o  be f e a s i b l e  even i n  areas where t h e  
g l a c i e r s  a re  sma l l .  

5. OTHER GLACIEt? OBSE?'LTi7.:5 

Other fea tu res  on g l a c i e r  su r faces  appear i n  ERTS-1 imagery; sane o f  
these a re  s u r p r i s i n g  because they  have n o t  been observed on v e r t i c a l  o r  
ob l i que  a e r i d l  photography taken over a  p e r i o d  o f  many years .  One example 
i s  an i n t e r e s t i n g  s t r u c t u r e  recognized f o r  t h e  f i r s t  t ime  on ERTS images 



o f  Bering Glacier. Just below the f i r n  l i n e  the i ce  frm the two main 
snowfields o f  the Bagley I c e f i e l d  merces from east and west and then 
bifurcates , the Beri nq Glacier f lowiqg southwest and tho Tana Glacier 
northwest (Fig. 5) .  This s i tua t ion  resu l t s  i n  a curious flaw pattern 

mrsxncs and ocher r r s ~ o l c  
S t ~ t U T C S  

--,,-- I8 Lulu,t 1972 

,.,-- 22 -*.+r 19'2 
s 

F i g i i e  5.--Mopaines, other structures, and s m 2 i r . e ~  a t  the J 
the east ( l e f t )  and west ( r ight )  m s  of the BagZey IcefielE, 
(upper l e f t )  a d  Bepiag (lower l e f t )  Glaciers. Arrms ?:rAicu 
d i ~ e c t i o n .  Structure labeled x i s  discussed i n  taS. 
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which i s  fu r the r  -amplicated by the f ac t  t ha t  the Bering G l z ~ i e r  surges 
whereas the Tana evident ly does mt. During the surge phase addi t i m a 1  
i c e  must f low i n t o  the Bering lobe. The ERTS images show i n  remarkable 
d e t a i l  what are probably very f a i n t  dust bands and medial moraines on the 
i c e  which, i n  turn, disclose d i rect ions o f  i c e  flow. A f a i n t  s t ructure 
labeled x on Figure 5, probably inher i ted  from the 1965-66 surge, sug- 
gests t ha t  during surges a l l  o f  the i c e  from the western Bagley I c e f i e l d  
i s  channeled t o  Bering Glacier. When t h i s  lobe of i ce  begins moving 
i n t o  the Bering Glacier a rap id  advance a t  the termi'nus, some 80 km d is-  
tant, may be expected tb occu;- three years l a t e r .  :{ere i s  an example 
where space ir,,agery has proven valuable t o  detect subt le features o? 
such vast scale as t o  be unrecognizable from the ground o r  a i r c ra f t .  
Thert i s  p rac t i ca l  importance t o  t h i s :  the forthcomjng outburst o f  the 
large Berg Lake and other l i k e l y  changes i n  drainage depend on the 
changing flow regimes o f  Bering Glacier, which ran be understood through 
study o f  features such as th is .  



Surging type g lac ie rs  can be i d e n t i f i e d  and l a rge  g l a c i e r  surges can 
be monitored using ERTS imagery. For instance, the  1972 surge of t he  
Yentna Glac ie r  i s  p l a i n l y  v i s i b l e  on ERTS  imager.^. and i t s  to lded rno- 
ra ines have been displaced more than 1,800 m down va! l e y  from t h e i r  posi -  
t i ons  shown on recent maps and 1970 a e r i a l  photographs. Also v i s i b l e  on 
the ERTS image i s  a dark l i n e  where the  r a p i d l y  f low ing Yentna Glacier  
has sheared across the  stagnant i c e  o f  the  Lacuna Glacier .  The causes o f  
g l a c i e r  surges--and why some g lac ie rs  surge wh i l e  others do not- -are 
questions o f  g reat  s c i e n t i f i c  i n t e r e s t  as t h i s  type o f  pe r i od i c  sudden 
s l i pp rge  i s  comnon t o  many other  phenomena i v  nature, perhaps even t o  t he  
mechanism o f  earthquakes. Surging g lac ie rs  may dvance over l a rge  areas 
and cause devastat ing f loods by b lock ing  and suddenly rs leas ing  l a rge  
quan t i t i es  o f  meltwater; thus there  i s  much p r a c t i c a l  i n t e r - w t  i n  moni- 
t o r i n g  t h e i r  behavior. 

ERTS s a t e l l i t e  images a l so  show sequent ia l  chanoes i n  the  t e r n i n i  of 
la rge  Alasksn t i d a l  g lac ie rs .  One p a r t i c u l a r l y  important  example i s  the  
Hutbard G; i i ie r .  It has been advancing s ince f i r s t  o k s ~ ,  ved i n  1890 an$ 
i n  recent y e a x  has threatened t o  c lose o f f  Russel 1 Fiord,  which would 
then become a fresh-water l ake  and i t s  ou t f low t o  the south would d i s rup t  
f i s h  dnd game resources alona the S i tuk  River  near Yakutat, Alaska. Pre- 
vious t~ imagery from space, no s c i e n t i f i c  observations have been a v a i l -  
able i n  t h i s  remote area i n  winter .  ERTS images (Fiq. 6 )  shod t h a t  a 

F;gure 6.--Changes i n  terminus of  Hubbard GZacien from 20 September 
( l e f t )  t o  8 October f r i g h t ) .  Temninus is 11 bn wide .  Image .7059- 
20052-6 ( l e f t )  mrd 1077-21020-4. 



l a r g e  enbayment doublqd i n  s i z e  i n  o n l y  18 days. Thi; rep resen ts  a  l o s s  
o f  approx imate ly  3 krti- o f  t h e  area o f  t h e  terminus du r i nc  t h i s  pe r i od ,  a  
l o ss  i n  area g r e a t e r  than ever  be fo re  o b s e r ~ e d  i n  an A1 askan g l a c i e r  i n  
so s h o r t  a  t ime.  ERTS imagery, by a l l o w i n g  g l a c i o l o g i s t s  t o  obsetve 
sequen t ia l  changes i n  t h e  Hubbard's terminus,  w i l l  make poss i b l e  more 
accurate p r e d i c t i o n s  as t o  when t he  Russe i l  F i o r d  c losure  w i l l  t ake  p l ace .  

6. CONCLUS IOhS 

The p o t e n t i a l  a b i l i t y  t o  map snowcover f rom s a t e l l i t e s  has impo r t an t  
p r a c t i c a l  and s c i e n t i f i c  r a m i f i c a t i o n s .  Much o f  t h e  s t reamf low i n  t h e  
m o u ~ t a i n  west o r i g i n a t e s  as snowmelt. The measurement of these snowpacks 
n rov i$es  da ta  on sp r i ng  and summer s t reamf low i n t o  h y d r o e l e c t r i c ,  f l o o d  
c o n t r o l  o r  i r r i g a t i o n  r e s e r v o i r s ,  dnd e f f i c i e n t  r e g u l a t i o n  o f  these r es -  
e r v o i r s  r equ i r es  accurate, r e a l - t i m e  data.  The monetary va lue o f  these 
data i s  3pprec iab le :  i t  has beon repo r t ed  t h a t  t h e  e l e c t r i c  power u t i l i t y  
i n  a  s i n g l e  c i t y  i n  t h e  Northwest r e a l i z e d  cavincis o f  about ? M $  t h e  f i r s t  
year  t h a t  da ta  f rom f o u r  new snow courses were i ~ c o r p o r a t e d  i n  t h e  o9e.a- 
t i o n a l  program. A  r e p o r t  on the  p r e d i c t e d  usefu lness of an e a r t h  resour -  
ces s a t e l l i t e  f o r  water  management i n  t h e  Columbia Basin i n d i c a t e s  mu1 t i- 
m i l  l i o n  do1 l a r  y e a r l y  savings through r e d u c t i o n  o f  hedge by use o f  s a t e l -  
li t e  snow da ta  (P lanning Research Corpora t ion ,  1969). Environmental  
savings a re  a1 so apprec iab le :  accurate f o recas t s  o f  s t reamf low and r e s e r -  
vo i  r i n f l o w  permi ts  minimizing damage due t o  excess ive o r  d e f i c i e n t  o u t f l o w .  
A t  t h e  p resen t  t ime,  s n w  can be accu ra te l y  measured a t  p o i n t s ,  b u t  no 
ope ra t i ona l  means ex is t ;  t o  mon i to r  i t s  a r e a l  ex ten t .  

Another reason f o r  urgency i n  develop ing ope ra t i ona l  remote sensing 
techniques I n  t h e  western mountains i s  t h e  Wilderness Act .  P r e c i p i t a t i o n  
r a t e s  and snowpacks a re  h i ghes t  i n  t h e  h i g h  a l t i t u d e  a l p i n e  areas, and 
here wa te r  losses a re  min imal .  Thus a l a r g e  f r a c t .  of t h e  t o t a l  
s t reamf low o r i g i n a t e s  f rom these areas. Most o f  tk i g h  mountain area 
i s  a l s o  des ignated o r  de facto Wilderness, e i t h e r  I , ,  . - . t ional Fores ts  o r  
Na t iona l  Parks. The Wilderness Ac t  s p e c i f i c a l l y  p r o h i t  i t s  i n s t a l l a t i o n s  ; 
thus t he re  can be no ground measurement o f  t h i s  impo r t an t  water resource.  

These experiments w i t h  ERTS-1 imagery i n d i c a t e  t h a t  s a t e l l i t e  moni- 
t o r i , . ~  of  t h e  a rea l  e x t e n t  o f  mountain snowcover, d u r i n g  l a t e  summer a t  
l e a s t ,  may be f e a s i b l e  i n  c e r t a i n  l i m i t e d  s i t u a t i o n s .  I n  c l oud - f r ee  con- 
d i t i a n s  w i t h  l i t t l e  vege ta t ion  h i d i n g  t h e  snow, an ERTS-type system w i l l  
7 rov i de  4a ta  of i m n e l i a t e  ope ra t i ona l  u t i l i t y .  On t h e  o t h e r  hand, veqe- 
t a t i o n  and c louds a re  a p t  t o  s e r i o u s l y  i n t e r f e r e  w i t h  t h e  i n f o r m a t i o n  
tran:mi t t e d  much o f  t h e  t ime.  Only a  system us i ng  pass ive  ( o r  a c t i v e ? )  
microwave r a d i a t i o n  has t h e  p o t e n t i a l  t o  mon i t o r  t h e  snow under a l l  con- 
d i  t i onb .  An u l t i m a t e  snow mon i t o r i ng  s a t e l l  i t e  may w e l l  combine v i s i b l e  
l i g h t  sensors such as those on ERTZ-1 w i t h  microwave rad iometers ,  i n  
o rder  t o  add occas ional  h i g h  r e s o l u t i o n  images t o  t h e  a l j -wea the r  i n f o r -  
mat ion f low f rom t h e  l w e r  r e s o l u t i o n  rad iometers .  
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