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COLUMBIA GLACIER STAKE LOCAT I O N ,  MASS BALANCE, GLACI EK SURFACE ALTITUDE, AND 
I C E  RADAR DATA 1978 MEASUREMENT YEAR 

- - 

By L. R. Mayo, D. C. Trabant,  Rod March, and W i l f r i e d  Haeber l i  

INTRODUCTION 

Surveys were made t o  determine balance, motion, topography and i c e  

dep th  a t  Columbia G lac ie r ,  Chugach Mountains, Alaska, f o r  t h e  1978 Mea- 

surement Year (MY) as p a r t  o f  an i n t e n s i v e  research program by t h e  U.S. 

Geologica l Survey t o  i n v e s t i g a t e  t h e  s t a b i l i t y  o f  c a l v i n g  g l a c i e r s .  The 

s e t  of sys temat ic  measurements r e p o r t e d  here  i s  p a r t  of t h e  bas i c  da ta  

r e q u i r e d  f o r  g l a c i e r  dynamic analyses, computer models, and p r e d i c t i o n s  

o f  g l a c i e r  a c t i v i t y .  The 1978 MY (September 1, 1977, through August 31, 

1978) was chosen, r a t h e r  than  t h e  t r a d i t i o n a l  Hydro log ic  Year, t o  avo id  

stormy fa1 1 weather. The da ta  i n  t h i s  r e p o r t  a r e  t h e  f i r s t  year- long,  

g l a c i e r - w i d e  set  o f  balance and k inemat ic  m a s u r e n ~ n t s  a v a i l a b l e  f o r  

Col umbi a  G lac ie r .  

Columbia G l a c i e r  i s  a  r e l a t i v e l y  l a r g e  g l a c ~ e r ,  nea r l y  1,100 square 

k i l o m e t e r s  (km2) i n  area, i s  approx imate ly  68 k i l o m e t e r s  (km). long, ex- 

tends f rom about 3,700 meters (m) a l t i t u d e  t o  severa l  hundred meters 

below sea l e v e l ,  and ca l ves  i n t o  P r i nce  M i l  l i a m  Sound. Par ts  o f  t h e  

g l a c i e r ,  no tab l y  t h e  t e r m i  nus area, a re  h i g h l y  crevassed. 

We1 1 c o n t r o l  l e d  surveys o f  g l a c i e r  su r face  a l t i t u d e ,  s t ake  l o c a -  

t i o n ,  i c e  radar ,  and niass balance were made a t  approx imate ly  60 p o i n t s  

f o r  t h e  measurement year.  The measurement p o i n t s  a re  shown i n  f i g u r e  1. 
The da ta  i n  t h i s  r e p o r t  i n c l u d e  t h e  coord ina tes  o f  a l l  surveyed po in t s ,  

ba lance s take  readings,  snow and fir11 d e n s i t i e s ,  and delay t imes  f o r  i c e  

r a d a r  r e f l e c t  ions. A1 1 c o r r e c t  i ons  f o r  atmospheric r e f r a c t  i o n  and 

g l a c i e r  su r face  roughness have been incorpora ted .  

Many persons i n  a d d i t i o n  t o  t h e  au thors  p a r t i c i p a t e d  a c t i v e l y  i n  

t h i s  work, and p a r t  o f  t h e  c r e d i t  as w e l l  as t h e  r e s p o n s i b i l i t y  f o r  t h e  
--. - - - --. . . -  - - -- -- 



F i g u r e  1. - -Coord inate system, survey s t a t i o n s ,  stakes, and measurement l o c a t i o n s  
used f o r  t he  1978 surveys o f  Colurnbia G l a c i e r .  The square g r i d  r e -  
p resen ts  t h e  l o c a l  sea- leve l  coo rd ina tes  i n  meters.  The l o n g i t u d i n a l  
p r o f i l e  c o o r d i n a t e  system i s  shown by d o t s  every  2 km connected by 
l i n e s  drawn a long  t h e  c e n t e r l i n e  of t h e  t r u n k  g l a c i e r  and niain t r i b -  
u t a r i e s ;  va lues  a r e  i n  k i l ome te rs .  
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accuracy of t h e  ;-esul t s  i s  t h e i r s .  They i nc l ude :  Robert  B i  ndshadler,  

C. S. Brown, L e s l i e  Gitomer, R. 6. Krimmel, M. F. Meier, A u s t i n  Post, 

E ,  A. Seneai-, Mary Sh ie lds ,  W. G .  S ikon ia  and K. D. Watts. Three h e l i -  

c o p t e r  p i l o t s  niade hundreds o f  land ings  on ext remely  rough i c e ;  wr thank 
John McCamish, Jim Sheffers,  and Wa l t e r  Lasher f o r  t h e i r  sa fe  and 

s k i  11 f u l  f l y i n g .  

The m e t r i c ,  sea- leve l  -sca le  coo rd ina te  system used a t  Columbi a  Gla- 

c i e r  i s  based on t h e  Un iversa l  Transverse Merca to r  (UTM) System. The 

UTM place i s  not a t  a fixed a l t i tude  relat ive to  sea level ; therefore a 
sea- leve l -sca le  cco rd i  na te  system i s  used because i t  a1 lows s imp le r  

equat ions f o r  geodet ic  surveys than  t h e  UTM system, The o r i g i n  o f  t h e  

1  ocal  sea- leve l  coo rd i  na te  system f o r  Colunlbi a  G l a c i e r  i s  t h e  i n t e r -  

s e c t i o n  o f  UTM coo rd ina tes  480,000 m Eas t i ng  and 6,754,000 m Nor th ing,  

A t  Columbia G l a c i e r  t h e  sca le  change f rom UTM t o  sea l e v e l  i n v o l v e s  

d i v i d i n g  UTM d i s tances  by 0.999500. UTM coord ina tes  o f  any p o i n t  l i s t e d  

i n  t h i s  r e p o r t  may be c a l c u l a t e d  by: 

UTM E a s t i  ng = (0.999600) Xo 4. 480,000 

UTM N o r t h i ~ g  = (0.999600) Yo + 6,754,000 

The sea- leve l  coord ina tes  o f  t h e  survey monuments a r e  presented i n  

t a b l e  1. Two new monuments, Owl and Pika, were i n s t a l l e d  i n  1978. Sev- 

e r a l  a d d i t i o n a l  s t a t i o n s  served as temporary distance-measuri  ng t r a n s -  

ponder s i t e s ,  b u t  no permanent monuments were l e f t ,  The a l t i t u d e  o f  t h e  

monument a t  each permanent s t a t i o n  i s  given. Temporary cones were used 

f o r  b e t t e r  v i s i b i l i t y  a t  severa l  monuments. The a l t i t u d e  o f  t h e  t o p  o f  

the  a l t e r n a t i v e  p o i n t s  niay be ob ta i ned  by adding Ht, which i s  l i s t e d  i n  

t a b l e  1, t o  t h e  nnnument a l t i t u d e .  

The sca le  o f  t h e  survey network was e s t a b l i s h e d  i n  1974 w i t h  a  

l a s e r  d is tance-measur i  ng system. Subsequent d i s t ance  measurements 

( t a b l e  2 )  w i t h  two d i f f e r e n t  micr&ave systems and t h e  same l a s e r  u n i t  ' 

i n d i c a t e  t h a t  t h e  1974 P-' sca le  i s  approx imate ly  0.999890 t in les t h e  

a c t u a l  sca le .  High i r  bne eas t  branch o f  Columbia G lac ie r ,  t h e  t r i a n -  

g u l a t i o n  ex tens ion  o f  t h e  1974 sca le  i s  0.999400 t imes  t h e  microwave- 

measured d is tance .  Even though these small d isc repanc ies  o f  ne t  s c a l e  



were d iscovered  i n  1978, we d i d  no t  measure a  s u f f i c i e n t  rlunber o f  d i s -  

tances t o  r e c a l c u l a t e  a l l  t h e  survey rnonument coord ina tes .  Moreover, 

r e c a l c u l a t i o n  o f  n~onument coo rd i  nates i s  d i s r u p t i v e  ciur i  ng a  y e a r  of 

i n tens i  ve study, and t h e  sys temat ic  e r r o r s  a r e  i n s i g n i f i c a n t  conpared t o  

t h e  annual nmt ion  o f  t h i s  ve ry  a c t i v e  g l a c i e r .  

SURVEY CALCULATIONS 

S ~ r v e y s  were made us ing  f o r e s i g h t ,  t r i a n g u l a t i o n ,  and resec t  i o n  

tecnniques. Fo res igh t  surveys r e q u i r e  one h o r i z o n t a l  angle, one ver-  

t i c a l  angle, and t h e  s lope  d is tance .  T r i a n g u l a t i o n  r e q u i r e s  h o r i z o n t a l  

and v e r t i c a l  angles f rom two ins t rument  s t a t i o n s .  Resect ion, a  back- 

s i g h t  technique,  r e q d i r e s  two h o r i z o n t a l  angles between t h r e e  known 

po in t s ,  and t h r e e  v e r t i c a l  angles f r om a  s i t r vey i  ng i nstrument l o c a t e d  

near  t h e  po i  n t  be i  ng surveyed. -. 

I n  t h i s  r e p o r t  t h e  h o r i z o n t a l  d i s t ance  a t  sea l e v e l  (Dho) between a  

su rvey iug  ins t rument  and a  t a r g e t  i s  a  s p h e r i c d l  Ea r th  a rc  l e n g t h  ( f i g .  

2)  c a l c u l a t e d  by: 
- 'he x  tan-1 ~t cos ~t 

Dho -.- 
400 

+ re + D t  s i n  

where Dhe i s  t h e  E a r t h ' s  c i rcumference,  D t  i s  t h e  measured s lope  d i  s- 

tance  t o  t h e  t a r g e t ,  V t  i s  t h e  measured v e r t i c a l  ang le  t o  t h e  t a r g e t ,  - 
', 

p o s i t i v e  up f rom t h e  h o r i z o n t a l ,  Z i  i s  t h e  ins t rument  a l t i t u d e  above 

sea l e v e l ,  and re i s  t h e  E a r t h ' s  r ad ius .  The approx i r i~ate values, 

Dhe = 4 0 x 1 0 ~  m  ( t h e  o r i g i n a l  d e f i n i t i o n  o f  t h e  meter )  and 

re = 4 0 ~ 1 0 ~ / 2 ~ ,  y i e l d  r e s u l t s  w i t h i n  one p a r t  per  m i l  l i o n  (ppm) o f  

r e s u l t s  u s i n g  more p r e c i s e  E a r t h  c i rcumference  and r a d i u s  values. 

The a l t i t u d e  o f  each t a r g e t  was c a l c u l a t e d  us ing  t h e  equat ion:  

Zt = Z i  i- Dhi  s i n  Vt + A Z f  ( f i g ,  Z), where Z i  i s  t h e  ins t rument  

a l t i t u d e ,  Dhi i s  t h e  h o r i z o n t a l  d i s t ance  t o  t h e  t a r g e t  a t  t h e  ins t ru inen t  

a l t i t u d e ,  which i s  s imp ly  Dho (zir: re) , and AZf i s  t h e  c o r r e c t i o n  i n  

v e r t i c a l  d i s t ance  due t o  e f f e c t s  o f  E a r t h  cu rva tu re  and r e f r a c t i o n .  A Z ~  



t a r g e t  

F igure  2. --Geometry o f  ho r i zon ta l  d i s  t a n ~ x ,  a1 ti  tudes  , v e r t i c a l  ang les  , and 
curva t u r e - r e f r a c t  ion c o r r e c t  ion.  



can be c a l c u l a t e d  q u i t e  p r e c i s e l y ,  i f  t h e  h o r i z o n t a l  d i s t a n c e  i s  l$:ss 

t han  500 km, by u s i n g  t h e  equa t ion :  A ZP = f IIhi2 

A Zf  ranges f r om 0.18 t o  0.24 ni a t  a d i s t a n c e  o f  2 k n ~  t o  about 4.50 

t o  6.00 ni a t  10 km ( f i g .  3) ,  t h e  normal d i s t ance  o f  su r vey ing  a t  Coluro- 

b i a  G l a c i e r .  

The c u r v a t u r e - r e f r a c t  i o n  c o e f f i c i e n t ,  f, was mon i ta red  c a n t i n u a l  l y  

d u r i n g  t h e  f i e l d  surveys by measur ing t h e  v e r t i c a l  ang le  t o  a  re fe rence  

p o i  n t  o f  known a l t i t u d e .  l'he c o e f f i c i e n t  , P, id! mension, nleter p e r  

meter2 o r  "per  n ~ e t e r "  ) i s  c a l  c u l  a ted  by t h e  equa t ion :  
ZA - Z i  - DhiA t a n  V A  

f = 2  
D h i ~  

where ZA i s  t h e  a l t i t u d e  o f  t h e  r e f e r e n c e  s t a t i o n s ;  Z i  i s  t h e  i r i s t ru r~ len t  

a l t i t u d e ;  D h i ~  i s  t h e  h o r i z o n t a l  a r c  d i s t a n c e  a t  t h e  i n s t r u n e n t  a l t i t u d e  -. 
between t h e  i ns t r umen t  and t h e  re fe re l l ce  p o i n t  ( s i m i l a r  t o  t h e  geometry 

of f i g .  2 ) ;  and V A  i s  t h e  v e r t i c a l  ang le  measured t o  t h e  r e fe rence  

p o i  n t ,  

A l l  c a l c u l a t i o n s  were made i n  t h e  f i e l d ,  o f t e n  a t  t h e  survey p o i n t ,  

and l a t e r  checked i n  t h e  o f f i c e  u s i n g  a  s e r i e s  o f  i n t e g r a t e d  sub rou t i nes  

programmed f o r  t h e  Hew le t t  Packard HP-67* pocke t  c a l c u l a t o r .  The pro-  

grams a re  i n c l u d e d  as t a b l e s  3-9 i n  t h i s  r e p o r t .  The r e s e c t i o n  XY 

c o o r d i n a t e  equa t i on  was developed by S. M. Hodge (U.S. Geo log ica l  

Survey, T a c o ~ a ) .  A l l  o t h e r  c a l c u l a t i o n s  were developed by Mayo and 

Trabdnt.  The programs a r e  e v o l v i n g  r a p i d l y ,  and t h e r e  have been 

s i g n i f i c a n t  ch.anges f rom t h e  e a r l i e r  vers ions.  

*The use o f  brand names i n  t h i s  r e p o r t  i s  f o r  i d e n t i f i c a t i o n  purposes 

o n l y  and does na t  imp ly  endorsement by t h e  U.S. Geo log ica l  Survey. 



ISDPLETHS,  A Z ,  I N  METERS 

H?R:ZONTAL D I S T A N C E .  D h i ,  I N  METERS 

F i g u r e  3. - -Ear th  c u r v a t u r e  and atmospheric r e f r a c t i o n  c o r r o c t i o n , A  Zf  , 
as a  f u n c t i o n  o f  t h e  c u r v a t u r e - r e f r t . c t i o n  coef r  i c i e n t ,  f, and 
h o r i z o n t a l  d i s t ance ,  Dhi . 



COLUMBIA GLACI ER DATA 

A1 1  survey data f o r  Columbia G l a c i e r  ( t a b l e  10)  a re  c a l c u l a t e d  r e l -  

a t i v e  t o  t h e  survey monument coo rd ina tes  ( t a b l e  1) .  I n  most ins tances,  

t h e  da ta  i n v o l v e  o n l y  t h e  1978 MY. However, g l a c i e r  su r f ace  surveys 

made p r i o r  t o  1977-78 a re  i nc l uded  i f  they  were c l o s e  t o  s t a t i o n s  reoc- 

cupied i n  1978. An e x p l a n a t i o n  o f  t h e  i n f o r m a t i o n  i n  t a b l e s  10 and 11 

f o l l  ows. 

Pos i t  i on narnes 

The surveyed p o i n t s  have des igna t i ons  which f o l l  ow t h e  c u r v i  1  i near  

l o n g i t u d i n a l  coo rd i  na te  system ( f i g ,  1).  Th i s  system o r i g i  nates a t  t h e  

i c e  d i v i d e  between Columbia and Yale G l a c i e r s  ~ n d  p rov ides  k i l o m e t e r  

l o c a t i o n s  down t h e  c e n t e r i i n e  o f  Columbia G ILc ie r .  A s take  i n s t a l  l e d  i n  . 
1977 a t  t h e  52-km l o c a t i o n  i s  des ignated as 77-52. A  s take  des ignated 

as 77-40-5 ind 'ca tes  t h a t  a  1977 s take  was l o c a t e d  5  km a long a  p rec ise-  

l y  d e f i n e d  c r o s s - g l a c i e r  p r o f i l e  40 kni down t h e  l o n g i t u d i n a l  p r o f i l e .  

U.S. Geo log ica l  Survey Open-Fi 1  e  Report  78-264 1  i s t s  t h e  coo rd i  nates o f  

t h e  c t ~ r v i  1  i riear l o n g i t u d i n a l  and c r o s s - p r o f i l e  system. Where t h e  c ross  

p r o f i l e  has not  been p r e c i s e l y  de f ined ,  t h e  approxiniate 1  o c a t i o n  i s  

l i s t e d  as f o l l o w s :  A  s take  des ignated as 77-61.8-2.2E was i n s t a l l e d  i n  

1977 and i s  l o c a t e d  61.8 km down t h e  l o n g i t u d i n a l  p r o f i l e  (X '  c o o r d i  n- 

a t e )  and 2.2 km east  o f  c e n t e r  (Y '  coo rd ina te ) .  

The g l a c i e r  sur face was surveyed a t  t h r e e  p o i n t s  i n  t h e  v i c i n i t y  o f  

Xo Y, coo rd ina tes  des ignated by t h e  l o n g i t u d i n a l  p r o f i l e  system o r  a t  

t h e  o r i g i n  p o i n t  o f  a  s take  f o r  t h e  purpose o f  measuring a l t i t u d e  

changes of t h e  g l a c i e r  surface. Three a l t i t u d e  n~easu remn ts  a t  t h e  

42-km l o n g i t u d i  nal  p r o f i l e  p o i n t ,  f o r  example, a r e  des ignated 42-P, 

42-4, and 42-R. 

The l o c a t i o n s  o f  t h e  i c e  r a d a r  t r a n s m i t t e r  and r e c e i v e r  f o l l o w  t h e  

sane 1  oca t  i on-nami ng convent i o n  descr ibed  f o r  s takes but  a r e  preceded by 



t h e  notebook re fe rence  t o  t h e  r a d a r  survey. A p o i n t  named 78T94 

40.0-6.9 i n d i c a t e s  t h e  yea r  o f  t h e  measurement (1978), - t h e  person 's  

f i e l d  notes (T f o r  T rabant ) ,  and t h e  notebook page number (94)  f o l l o w e d  

by t he  d i s tance  down t h e  l o n g i t u d i n a l '  p r o f i l e  (40.0 km) and e i t h e r  t h e  

d i s t a n c e  a long a  de f i ned  c r o s s - g l a c i e r  p r o f i l e  (6.9 kill i n  t h i s  case) o r  

t h e  Y '  coo rd ina te  as f o r  s takes.  Both t h e  t r a n s m i t t e r  and r e c e i v e r  

p o s i t i o n s  used f o r  d s i n g l e  i c e  r a d a r  rteasurernent a r e  g i ven  t h e  same 

name. I n  some ins tances  o n l y  t h e  m idpo in t  (MP) between t h e  t r a n s n i i t t e r  

and r e c e i  v e r  was surveyed and t h e  t ransni i  t t e r - r e c e i v e r  antennii separ- 

a t i o n  ( S )  was measured d i r e c t l y .  

Balance da ta  

Each balance ( b ' )  measurement r e p o r t e d  ( t a b l e  10 )  i s  t h e  he igh t  o f  

t h e  g l a c i e r  su r f ace  on t h e  stake, nieasured f rom t h e  s take  bottom. 

Therefore,  t h e  a l t i t u d e  o f  t h e  g l a c i e r  su r f ace  a t  t h e  s take  may be c a l -  

c u l a t e d  by adding t h e  s take  Z c o o r d i n a t e  t o  t h e  s take  b '  reading.  The 

m a t e r i a l  a t  t h e  sur face i s  i n d i c a t e d  by a  l e t t e r  i n  parentheses. The 

balance nomenc la t l~ re  f rom Mayo, Meier,  and Tangborn (1972) was used f o r  

t h e  1978 Measurement Year data a t  Columbia G l a c i e r :  

( s )  snow which has no t  y e t  su rv i ved  a  complete a b l a t i o n  

season; 

( f  t h e  t o p  o f  t h e  1978 new f i r n  increment,  t h a t  i s ,  t h e  1918 

'summer sur face" ;  

( i  t h e  t o p  o f  o l d  i c e ;  

(F)  a  new term:  o l d  f i r n ;  77(F)  i s  t h e  t o p  o f  1977 f i r n .  

I c e  r a d a r  da ta  

A monopulse r a d a r  t r a n s m i t t e r  redes igned by R. D. Watts (U.S. 

Geo log ica l  Survey, Denver) was c e n t e r f e d  t o  a  60-m r e s i s t i v e l y  1  oaded 

d i p o l e  antenna. The antenna was i n s i d e  a  c l e a r ,  f l e x i b l e  p l a s t i c  t u b i n g  

which p rov ided  n ~ c h a n i c a l  s t reng th .  The r e c e i v e r  cons i s ted  o f  a  s i ln i  1  a r  

antenna, a  0.5-vol t " c l i p p e r "  t o  p r o t e c t  amp1 i f i e r s  f rom ove r - vo l t age  



i n p u t ,  a  v a r i a b l e  l i n e a r  amp1 i f i e r ,  another  " c l i p p e r "  and f i n a l l y  a  

S o n p T e k t r o n i x  465 osc i  11 oscope t o  measure t h e  t -aye1 de lay t ime. The 

s t ronges t  r e t u r n  s i gna l  was ob ta ined  by o r ienx ' i sg  t:ie antennas para1 l e l  

w i t h  assumed i c e  depth contours .  Data f r om ! 2 7 g ,  suc'~~:j::is a r e  presented 

i n  t a b l e  11, 

F i v e  checks were used t o  v e r i f y  t h a t  t h e  c o r r e c t  de lay t ime  was 

mcasured and t h a t  an observed wave was a c t u a l l y  a r e f l e c t e d  rada r  pu lse.  

F i r s t ,  t h e  o s c i l l o s c o p e  sweep must t r i g g e r  on t h e  f i r s t  pu l se  rece ived  

d i r e c t l y  from t h e  t r a n s m i t t e r .  The vo l t age  o f  t h e  f i r s t  pu l se  acce l -  

e ra tes  d u r i n g  t h e  f i r s t  q u a r t e r  o f  t h e  vo l t age  r i s e ,  whereas l a t e r  

vo l t age  r i s e s  dece le ra te  f r om zero t o  t h e  wave c r e s t .  Second, t r a n s -  

m i t t e d  and r e f l e c t e d  waves must be oppos i t e  i n  s ign. Th i rd ,  t h e  wave 

l e n g t h  o f  t h e  t r a n s m i t t e d  and r e f l e c t e d  s i gna l  must be t h e  same. 

Fourth,  t h e  same number o f  waves must be p resen t  w i t h  t h e  same r e l a t i v e  

s t r e q g t h  i n  t h e  t r a n s m i t t e d  and r e f l e c t e d  s i gna l s .  And l a s t l y ,  t h e  

r e p e t i t i o n  r a t e  and ou tpu t  s i g n a l  s t r e n g t h  o f  t h e  t r a n s m i t t e r  must be 

checked t o  v e r i f y  t h a t  t h e  t r a n s m i t t e r  i s  ope ra t i ng  normal ly .  I f  t h e  

i c e  depth i s  shal l owe r  t h a n  about 300 m, a1 1  these  checks cou ld  be made 

w i t h  one o s c i l l o s c o p e  s e t t i n g ;  t h i c k e r  i c e  measurements r e q u i r e  a  s e r i e s  

o f  ad justments  o f  bo th  t h e  a m p l i f i e r  and t h e  o s c i l l o s c o p e  t o  make t h e  

checks. A1 1  de lay t imes r e p o r t e d  a re  d e f i n i t i v e ,  t ho rough l y  checked 

r e f  1  e c t  i ons  . 

ACCURACY OF SURVEYS 

E r r o r  analyses a re  complex because on l y  p a r t  o f  t h e  t o t a l  e r r o r  i n  

a  survey r e s u l t s  i n  in iprec i  siorls o f  c a l  c u l a t i ~ n s  made f rom t h e  survey 

r e s u l t s .  For example, t h e  coord ina tes  o f  survey monuments may be i n  

e r r o r  by more t han  a  meter  because o f  hemispher ic-sca le  measurement 

e r r o r s ,  y e t  these  sarw coo rd ina tes  a r e  accura te  w i t h i n  a  few cent  i n ~ t e r s  

r e l a t i v e  t o  each o t h e r  w i t h i n  t h e  Colunlbia G l a c i e r  basin.  Furthemiore, 

t h e  a l t i t u d e  change a t  a  s p e c i f i c  p o i n t  on t h e  g l a c i e r  such as t h e  8-km 

" index p o i n t "  can be aieasured more p r u c i  s e l y  t h ~ n  t h e  a l t i t u d e  o f  s t a -  



t i o n  SUPER; t h a t  i s ,  a1 1  e r r o r s  i n  t h e  coo rd i na tes  o f  a  survey monument 

do no t  propagate th rough  t o  measurements o f  g l a c i e r  change as surveyed 

from t h a t  monument. 

Sys temat i c  e r r o r s  such as ne t  s c a l e  and ne t  p o s i t i o n  a re  r e l a t i v e l y  

un impor tan t  and may be o m i t t e d  f r om e r r o r s  i n  mot ion analyses. The s i g -  

n i f i c a n t  e r r o r s  i n c l u d e  (1) d e f i n i t i o n  o f  c u r v a t u r e - r e f r a c t  i o n  co r rec -  

t i o n s ,  ( 2 )  c l a r i t y  o f  survey t a r g e t s  t o  t h e  surveyor ,  ( 3 )  ang le  and 

d i s t a n c e  measurement p r e c i s i o n  f o r  each t a r g e t  survey, and ( 4 )  t h e  pro-  

blems assoc ia ted  w i t h  d e f i n i n g  t h e  su r f ace  o f  a  rough g l a c i e r  ( f i g .  4) 
and t h e  p o s i t o n  o f  l oose  stakes. 

C u r v a t u r e - r e f r a c t i o n  c o e f f i c i e n t ,  f ,  was d e f i n e d  w i t h i n  about 

t 1  x 10-9 o r  f 0.03 m v e r t i c a l  e r r o r  a t  5  km. The c l a r i t y  o f  t h e  su r -  

veyors '  t a r g e t  was enhanced by use o f  b r i l l i a n t  orange o i l c l o t h s .  I n  

genera l ,  t h e  su rveyor  c o u l d  d e f i n e  t h e  t a r g e t  w i t h i n t 0 . 0 5  m. Angle 

measurements i n c l u d e d  a  d i r e c t  and i n d i r e c t  s i g h t i n g  t o  each t a r g e t .  I n  

genera l ,  t h e  f i r s t  s e t  o f  h o r i z o n t a l  angles i n  a  1  ong s e r i  es o f  measure- 

ments such as a  ne t  survey d i f f e r  f r om  t h e  mean o f  t h e  s e t  by about 

+-0.00109 ( g r a d ) *  and t h e  v e r t i c a l  by o n l y  +0.00059. Th i s  same r e l a t i v e  

accuracy o f  su r vey ing  a p p l i e s  t o  s i n g l e  t a r g e t  surveys. An e r r o r  o f  

"00109 a t  5  km d i s t a n c e  i s  0.08 m. 

T r i a n g u l a t i o n  surveys were used ove r  most o f  t h e  g l a c i e r ,  and t h e  

es t ima ted  s tandard e r r o r  o f  measurerwn: a t  5-km d is tances  i s  

d ( 0 . 0 3 ) ~  t (0.0512 t (0.08)2 which i s  29.10 m. F o r e s i g h t  surveys 

i n v o l  v i n g  microwave-measured s l  ope d i s t ances  may have l a r g e r  e r r o r s .  

Tab le  2  shows t h e  s i z e  o f  e r r o r s  t h a t  may be assoc ia ted  w i t h  d i s t a n c e  

measurements. An e r r o r  o f  100 ppm i s  k0 .5  m a t  5  kin d is tance.  

*Grad, an angu la r  q u a n t i t y  equal t o  0.9 degree. Survey ing  i n s t r u -  

ments used a t  Columbia G l a c i e r  and a l l  c a l c u l a t i o n s  i n  t h i s  r e p o r t  

u t i l i z e  grad angles.  
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F i g u r e  4.--Schemztic c ross  s e c t i o n  o f  p a r t  o f  Columbia G l a c i e r  i l l u s t r a t i n g  

t h e  c o m p l e x i t i e s  o f  d e f i n i n g  t h e  g l a c i e r  su r face  a1 t i t u d e  a t  a  
p o i n t .  T h i s  i s  somewhat s i m p l i f i e d ,  because t h i s  t ype  o f  com- 
p l e x i t y  extends i n  a  t h i r d  d i m e n s w n  t h e  a c t u a l  i c e  sur face.  
The "average surface a l t i t u d e ' '  a t  any o f  t h e  d e f i n e d  p o i n t s  (A-F) 
i s  u n c e r t a i n  and i s  r e p o r t e d  as " s u r f a c e  d e f i n i t i o n "  i n  t a b l e  10. 



Stakes i n  t h e  i c e  cannot be p laced  e x a c t l y  v e r t i c a l  ly, and m e l t i n g  

snow and i c e  around t h e  s t a k e  leaves a h o l e  i n  which t h e  s take  can move. 

The s take  p o s i t i o n  u n c e r t a i n t y  i s  about 50.10 m. 

I n  most crevassed areas, t h e  seracs have f l a t  tops,  which we chose 

as t h e  g l a c i e r  su r face .  I n  ve ry  rough areas, we at tempted t o  choose a  

su r f ace  i n  the m idd le  o f  t h e  roughness ampl i tude.  To do t h i s ,  we s u r -  

veyed t h r e e  p o i n t s  (P,  Q, and R )  a round each p o i n t  where a l t i t u d e s  were 

t o  be compared. These t h r e e  p o i n t s  h e l p  average t h e  rough su r f ace  and 

a1 low c a l c u l a t i o n s  o f  t h e  index  p o i n t  a l t i t u d e  when t h e  p o i n t  i t s e l f  i s  
no t  access ib le .  For each t r i a n g l e ,  t h e  observer  on t h e  g l a c i e r  e s t i -  

mated how we1 1  t h e  t r i a n g l e  represen ted  t h e  sur face.  The accuracy 

es t ima te  f o l l ows  t h e  c r i t e r i a  t h a t  t r ~ e  p lane d e f i n e d  by t h e  t h r e e  

surveyed po i  r r t  s  r ep resen t s  t h e  average i c e  su r f ace  w i t h i n  t h e  r epo r t ed  

e r r o r  limit and t h a t  t h e  ac tua l  g l a c i e r  su r f ace  i s  no b e t t e r  d e f i n e d  

t h a n  t h e  above c r i t e r i a .  

An excep t i ona l  l y  l a r g e  u n c e r t a i n t y  was encountered d u r i n g  t h e  

77-08-30 survey of s t ake  77-E28. The survey was made d u r i n g  a  p e r i o d  

w i t h  a  s t r o n g  at r~ lospher i  c  i n v e r s i o n  which produced nii rage cond i t i ons .  

Nu t h e o d o l i t e  backs igh t s  were made t o  nleasure t h e  amount o f  r e f r a c t i o n ;  

t h e r e f o r e  t h e  c u r v a t u r e - r e f r a c t  i o n  c o r r e c t  i o n  c o u l d  have va r i ed  + 2 m. 

An f = 0 used t o  c a l c u l a t e  t h e  s take  p o s i t i o n  i n d i c a t e s  t h a t  t h e  l oca -  

t i o n  inc reased  0.5 m i n  a l t i t u d e  d u r i n g  t h e  1978 MY. An f = -802 which 

i s  a l s o  p o s s i b l e  ( l i g h t  pa th  i s  more curved t han  t h e  e a r t h  su r f ace ) ,  

wou ld  l ead  t o  t h e  conc lus i on  t h a t  t h e  i c e  t h i n n e d  1.5 m d u r i n g  t h e  year .  

The da ta  r epo r t ed  ( t a b l e  1 0 )  r ep resen t s  t h e  r e s u l t s  o f  f = 0. 
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Tabie 1.--Columbia Glacier survey monuments, local  sea-level  coordinates 
i n  meters. 

STAT1 ON ALTITUDE AUX I LLARY 
x 0 yo z "Ht 

Super 
Post 

Meier  
Hawa i i 
Pika 
Shard 
Bugs 
F a n t a s t i c  
Bumb 1 e bee 
Orgy 
Razor 

Owl 
Junc tu re  
Sorrow 
Hot 
J OY 

Grand Cent ra l  1977 18604.04 
Kadi n 1977 13466.48 

Easy 1977 20547.28 

Boom Boom 1974 14285.07 

Raf n 1978T 11044.4 11715.2 709.5 
P i c k l e  1978T 23825.2 18387.7 967.8 
Anger 1978T 3158.4 25359.8 1565.8 
A.J. 19 78T 
B a t t e r y  1978T 28724.3 36959.6 1564.1 
Corn ice  1978T 24419.1 47332.6 2541.5 

*Ht, Heigh t  of t a r g e t  from monument a l t i t u d e  
C, cone t o p  
p, p i p e  t o p  i f  monument i s  not  a t  p i p e  t o p  
b ,  base o f  pipe, rock  su r f ace  

1978T, temporary d i s t a n c e  measuring t ransponder  s t a t i o n  



Table  2.--Comparison of 1977 and 1978 microwcive- a d  laser-measured dis- 
tancss with distances calcttlated from the 1974 laser-controlled 

I 
i 

survey coordimkes. 1'r)iangulation calculations using the 1974 
Zaser-controlled net were used for the comparison. A l l  but the 
Last l i s ted  comparison were measurements using microwave equip- 
ment. An error o f  100 ppm 3s equal. t o  0 . i  meter per kilometer. 

Survey monuments Apparent e r r o r  i n  survey ne t  sca le  
meters ppm 

1977 Grand Cent ra l  - Orgy -1.18 -100 

1978 Razor - Owl -0.79 -1 21 

1977 Grand Centra l  - Kadin -0.56 -109 

1977 Easy - Boom Boom to. 59 t 80 

1977 Meier  - Fan tas t i c  -1.24 -124 

1977 Hot - Grand Centra l  -0.48 - 47 

1977 Hawaii - Post 

1977 Hot - Sorrow 

1977 F a n t a s t i c  - Bugs 

1977 Bugs - Shard 

1971 Grand Cent ra l  - Boom Boom -0.12 -11 . 

1977 Grand Cent ra l  - Razor 

1978 Grand Cent ra l  - Kadin 

1978 Grand Cent ra l  - Kadin 

1978 Grand Cent ra l  - Kadin 

1978 Grand Centra i  - Kadi n -0.47 - 90 

1978 Grand Cent ra l  - Kadi n -0.72 -1 38 
(Laser-measured) 



User sequencing of  programs i n  t a b l e s  3-9. The necessary r e s u l t s  of  a l l  c a l c u l a t i o n s  a r e  
a u t o m a t i c a l l y  s t o r e d  f o r  use by  subsequent progranis connected hy s o l i d  drrows. 

FORESIGHT TECHNIQUE -- TRIANGULATION TECHNIQUE REJECTION TECHNIQUE 
Ins t rumen t  L o c a t i o n  Known I n s  t r u n ~ e n t  L o c a t i o n  Known 111s trumen t Loca t ion  Unknown 

Tab le  3 

Monun~en t Coord inates  

Tab le  4 I 
HVDItl lVtl /Ait A - A - A n -  

Data En t ry /Rcduc t i on  Data En t ry lReduc t i on  Monument Coordi  nates  
and P r e d i c t o r  and P r e d i c t o r  

I 
I A i t ~  A i t Z  
I 

R e j e c t i o n  
Reenter 

Tab le  5 v 

F o r e s i g h t  R e s u l t  T r i a n g u l a t i o n  R e s u l t  



T a i l e  3.--UP-67 program t o  enter survey monment coordinates for fore- 
sight,  trianguzation, and resection caZeuZations. A11 program 

- --- - - - - - - 

i n s t r u c t i o n s  i n  t h i s  r e p o r t  u t i l i z e  t h e  f o l l o w i r s  convent ions: 

cJ - Under1 i ne denotes data t o  be keyed i n t o  t h e  ca l  c u l a t o r  

be fore  program execut ion. 

r-?- Cap denotes t h e  r e s u l t  o f  a  c a l c u l a t i o n  which i s  d isp layed 

by the  program execut ion, o r  data which i s  reca l  l e d  and 

d i  s p l  ayed. 

m- Box i d e n t i f i e s  t h e  user -cont ro l  l e d  subrout ine t o  be used. 

t - Arrow i n d i c a t e s  t o  press t h e m ]  key. 

R / S  - Press t h e  run/stop key t o  cont inue program execution. 

I NSTRUCTIONS $02 FORESIGHT SURVEY COORDINATES 

1. m- Programs c a l c u l a t o r  so t h a t  coord inates o f  t h e  azimuth r c f -  

erence s t a t i o n  "A" a re  entered. Stores 1 i n  I - r e g i s t e r .  .. 

2 *  & , n t h r o u g h  , '&' - Ht  i s  ti,: t a r g e t  he igh t  above t h e  

monument. Subrout i  ne en ters  coord i  nates o f  t h e  s t a t  i o n  

se:ected and adds Ht t o  t h e  monl~ment a l t i t u d e .  

3. - Programs c a l c u l a t o r  t o  en te r  coord inates o f  t h e  surveying 

instrument.  Stores 4 i n  I - r e g i  s te r .  

4. & , m t h r o u g h  , - Hi i s  t h e  he igh t  of t h e  inst rument  above 
t h e  monument, Subrout ine eg ters  t h e  coordi  nates o f  t he  s t a t i o n  

se lec ted  and adds Hi t o  t h e  monument a l t i t u d e .  

INSTRUCTIONS FOR TRIAhGULATION COORDINATES 

1. Use Table 4 programs t o  c a l c u l a t e  f (cu rva tu re - re f rac t j on  coe- 

f i c i e n t ) ,  Vt  ( v e r t i c a l  angle t o  t a r g e t ) ,  and A i t  ( h o r i z o n t a l  angle 

f rom azimuth re ference s t a t i o n  "A" t o  t h e  t a r g e t )  f o r  both i n s t r u -  

ment l oca t i ons ;  then use coord ina te  e n t r y  program as f o l l o w s :  



Ta b l  e 3. - - HP- 67 program t o  enter  survey monument coordinates for fore- 
s igh t ,  tri.angulation, and resec t ion  cnZcuZations--Continued. 

2. 0- Programs c a l c u l a t o r  t o  e n t e r  coord ina tes  o f  f i r s t  ins t rument .  

3. ,H-J . a t h r o u g h  , - Ente rs  coord ina tes  o f  f i r s t  i n s t r u m n t .  

4. m- Programs c a l c u l a t o r  t o  e n t e r  coord ina tes  o f  second inst rument .  

5. @-J , m t h r o u g h  @ , - Enters  coo rd ina tes  o f  second inst run lent .  

INSTRUCTIONS FOR RESECTION COORDINATES 

1. m- Programs c a l c u l a t o r  t o  e n t e r  coord ina tes  o f  s t a t i o n  "A" - See 

resec t  i o n  i n s t r u c t  ions  a1 so. 

2. & , through @ , Ht - Ente rs  coord ina tes .  Leaves 4 i n  

I - r e g i s t e r ,  so s t a t i o n  "B" e n t r y  can f o l l ow .  

Fo r  s t a t i o n  "B", s i n ~ p l y  & , a th rough  , q. Leaves 7 i n  

I - r e g i s t e r ,  so s t a t i o n  "C" e n t r y  can f o l l ow .  

Fo r  s t a t i o n  "C", s i n ~ p l y  & ,a th rough  a, f&l . 
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Table 3.--HP-67 progrum t o  enter survey monwnent coordinates for fore- 
s;ght, triangulation, and resection catculations. Station 
coordinates i n  program are i n  centimeters--Continued. 
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Tab1 e 4 .--HP-67 program t o  calculate f, QA, theodolite angles t o  a 
position "L1' t o  be located, slope distance t o  llL1l, and the 
vert ical  and horizontal angles t o  a targee, Vt and Ai t - -Cont inued .  

P r e r e q u i s i t e  - T h e o d o l i t e  and s t a t  i o n  "A" coo rd i  nates entered. 

R/S, 'VIA: . E n t e r  b o t h  opening and c l o s i r l g  shots  t o  "A" b e f o r e  

c a l c u l a t i n g  A i t .  Du r i ng  rev iew o f  data, i f  an e r r o r  i s  discovered, 

CLX, key - i n  c o r r e c t  value, resume da ta  rev iew w i t h  R/S. 

2. , . f~ i s  c a l c u l a t e d  u s i n g  o n l y  t h e  l a s t  s e t  o f  obse rva t i ons  

t o  "A". Exponent i s  d i sp layed  a u t o m a t i c a l l y  t o  i d e n t i f y  t h a t  f i s  

be ing  d isp layed.  f = 69.0~10-9 i s  t h e  l a r g e s t  poss ib l e  value. 

3. , . Ca lcu la ted  f r om s t a t i o n  coord inates.  

I f  coo rd ina te  i s  i n c o r r e c t ,  CLX, key i n  c o r r e c t  value, con t i nue  

w i t h  R/S. 

5. m, , R/S, 'T lwhich may be changed by, CLX, key i n  c o r r e c t  
m value, R/S, VDL . 

n 7. fi , + , fi , t , fi , t , V I t  , m, , R/S, A i t  . V t  and A i t  
rn may be r e c a l c u l a t e d  and d i sp layed  by: ,q, R/S, A l t  . 



Table 4.--HP-67 program t o  calculate f J  QA, theodolite dngles t o  a 
position "L" t o  be located, slope distance t o  "L", mzd the  
oert ical  and horizontal angles t o  a target,  V t  m.d A i t .  

INSTRUCTIONS 

These programs a r e  s p e c i f i c  t o  su rvey ing  ins t ruments  which read  ou t  

i n  grad angle u n i t s ,  h o r i z o n t a l  c i r c l e  p o s i t i v e  c lockwise,  and v e r t i c a l  

c i r c l e  w i t h  zero a t  t h e  zen i th .  

HVD~A - Four i n s t r ~ ~ r n e n t  readings t o  a  chosen re fe rence  s t a t i o n  "A". 

HDA - H o r i z o n t a l  d i r e c t  r e a d i n g  t o  "A". 

VDA - V e r t i c a l  d i r e c t  r e a d i  ng t o  "A". 

H IA  - H o r i z o n t a l  i n v e r t e d  read ing  t o  "A". 

V I A  - V e r t i c a l  i n v e r t e d  r e a d i  ng t o  "A" 

f~ - Ear th  curvature-atmospher ic  r e f r a c t  i o n  c o e f f  i c i e r l t  ca l  c u l a t e d  

f rom v e r t i c a l  angles t o  "A". 

QA - Azimuth f rom t h e o d ~ l  i t e  t o  "A" w i t h  t h e  geometr ic s i g n  

convent ion  t h a t  eas t  i s  ze ro  and coun te rc lockwise  i s  p o s i t i v e .  

XYZL - Coord inates o f  any t h i r d  l o c a t i o n  "L". 

HDL - H o r i z o n t a l  d i r e c t  t h e o d o l i t e  r ead ing  t o  "L". 

f - Curva tu re - re f rac t  i o n  c o e f f i c i e n t  used t o  c a l c u l a t e  v e r t i c a l  

angle t o  "L"; 60 x i s  a  t y p i c a l  value. 

VDL - V e r t i c a l  d i r e c t  t h e o d o l i t e  read ing  t o  "L". 

DL - Slcpe d i s tance  t o  "L1'. 

HVDIt - Ins t rument  read ings  t o  a  survey t a r g e t  liti1. 

Vt - V e r t i c a l  angle t o  "t" w i t h  t h e  s i g n  convent ion  t h a t  h ~ r i z o n t a l  

i s  ze ro  and p o s i t i v e  up. 

A i t  - H o r i z o n t a l  angle c l ockw ise  f r om "A" t o  "t" measured by a  sur -  

vey ing i nstrument "i ". 



Table 4.--HP-67 program t o  calculate f, QA, theodolite angles t o  a 
position "L" t o  be located, slope distartca t o  "LU, and the 
vert ical  and horizontal angles t o  a target,  V t  and Ait--Continued. 

hHVDL, f f i  0& XYZL H ~ # ~ ~ ~ Q L  
HUDT~ ,tf'L4,~*%i~ 

G rad - 
a GO! 4 ~ 5 ~ 4  846 DSi';r" 62 1 136 SJO; VDt 131 -, 

i 

ofiz ~ ; 3  047 RND 032 0 137 GSBd . 1 81 P i  
00; ? T ~ ; V I ~ V  €443 STJE FA 093 i 135 /,I,, !i33 + Ye 
fie4 6565 6.15 ~.....c %, 1331 ~ L ~ L S  139 GSEd 184 T 

P$S A':: 050 I ~ L G L C  895 F:;>; 148 $102 V l t  185 iSTA 
066 c ~ ( !  651 EL12 )/! 8:36 D j F 4  141 P ~ S  186 - 
0CT i?CLiHDHj 052 RC:5YL 837 kK5 142 U L c  187 $101 
685 + 3 fi53 - 098 RTi i  143 PZS 188 RTlJ 
dCS ,,;I a54 R C L ~  ~ f i  839 EEX 144 E C L ~  VDt 189 ?.Lei2 
dlB 5766 ffhV 055 ,?Lid Xi - 188 2 145 C S C ~  vk 140 CHS 
e l l  is& 05 6 - 181 ESB6 146 R [ . L ~  VZ* 191 € E X  
012 STC; LIDAr 857 i P  DAoA Ril.E f! 1 U S & 3 &  192 ,- 3 

813 6566 858 R .r 183 EN6 148 6563 193 + 
814 IC2i 05Y 6SBF 104 DSF2 199 R,..S 194 kTtr 
fi;5 Ci,$' 869 $106 QA 185 R,'3 158 P25 135 $LPLZ 
016 k C ~ 8  H h a  ' €461 RTh 106 STOE f I51 R C i O  HOf 136 

- 
J 

017 S T G Z  t i t 8 3  862 ILLELL? 187 6SE7 152 RCL4 tfDp3 i97 V 
816 Ji'Zi 863 FIX 188 ESEB 153 CS64 i 98 g 

019 S T  1 064 DSF'L 109 R; 154 R C i B  HDk 19.; - 
028 6586 065 ST03 ZL 118 - 155 RCLC 2ad + 
d21 CTCS V I M  066 I?.! 11; I i i S  156 ES54 20 1 3 

L 

82; p c  +. 86 7 R t 202 - 112 ~ ' L ~ L , I  157 + 
823 R:.>S 86e k ,:'s 113 6SBz DA;, 158 RCL2 q.t 283 F Z z  
024 #.LBL5 865 $107 X L  114 CS6.6 153 RCLS HIfiv 284 R T N  
825 5 0 878 R? 115 7 160 GSB4 285 NL6L5 
1326 R f  DX,, 071 R.'S 116 $ 16! t 206 6S61 Sca& 

027 bS6i 072 STOS X 11 7 162 R C L i  HLt 267 RCLG 
826 x 074' f 118 5 1 63 ' 288 l .  Y1' 
f2P STCIC DAi4 Bid Rf.5  119 CifS 164 F S  295 - 
038 iS 875 . 6SBL7 2 EEX 165 b'SE4 218 RCLT X I  
031 FCL; VDh 076 NBLE 121 5 166 + 211 R C L 4  X; 
032 556> - V/? 077 I ; : B ~  122 CHS 167 4 262 - 
833 R C L ~  V&q 071 R+ GL 123 #LCL7 168 .z 213 +F &oL 
034 6563 vfl 4373 CHS i 24 FDA~? 16,9 R.:S 214 KC?; ScJc 
035 TAh 086 RCLB 8~ 125 - aZ '178 #?EL0 215 .i' 

836 A 88! t 626 kCLC  ALL 171 CSB6 216 STDi OAiL 
037 CHS 8b2 f2S 12i  + P 172 F'ZS 21 7 ST\< 
038 RCiS ZA 083 RCL6 HL!9 128 STOA DL 173 R.1 215 4LBLd 
B39 K C L G  2; 8Z4 F2S 125 U S y  17.1 R./S 2:9 RCL? Z r  
840 - 685 + HDL 138 RTN 175 P S  228 RCL6 ZL 
8.i 1 t 036 e 131 t ~ t i ~ h  ' 176 RTN 221 - 
042 R C L i  C&iA 087 ~LBLJ  3 P2S 177 sLELi 222 RCLC 0 4 ; ~  
042 A'* tidl 133 ESB8 178 RCL6 Zi 223 [i' 2 - 
84 4 - a89 r;{s;/ 134 STliBHL+ 17: L 224 RTEi 
045 Eh& 63 8 4 135 GSBB 180 €EX 

23 



Ta b l  e  5. - -HP-67 program t o  caZcuZate the theodoZite horizontaZ and 
vert ical  direct  readings, and dbtance  t o  any XYZ coordinate; 
zwduce teZZurometer data; and caZcuZate the coordinates of a 
target surveyed by foresight. 

HDA - Tab1 e  4 

H I A  - Table 4  

%A, - Table 4 
XYZL - Tab le  4  

HDL - Table 4  

f - Tab le  4 
VDL - Tab le  4  

Move 

INSTRUCTIONS 

P a r t s  p e r  m i l l i o n  c o r r e c t i o n  f o r  t e l l u r o m e t e r  d is tance .  

Tel lu rometer  reading,  distance/0.03. 

Slope d is tance ,  i n c l u d i  ng ppm c o r r e c t i o n  as measured by 

t e l l  urometer. 

D i f f e r e n c e  between Dt  and DL ( t a b l e  4), p o s i t i v e  i n d i c a t e s  t h a t  

d i  s tance must be i ncreased. 

Slope d i  s tance between o p t i c  c e n t e r  o f  su rvey i  ng i nstrument , is 
and survey t a r g e t ,  t,  i n c l u d i n g  d i s tance  measurement o f f s e t  

c o r r e c t i o n s .  

HVDIt - Table 4  

Vt - Tab le  4 
A i t  - Tab le  4  

XYfZt - Sea- leve l -sca le  coo rd ina tes  o f  s l l rvey t a r g e t ,  t, w i t h  rev iew o f  

c u r v a t u r e - r e f r a c t i o n  c o e f f i c i e n t ,  f. 

P r e r e q u i s i t e  - T h e o d o l i t e  and s t a t i o n  'An coo rd i  nates. 

n H I A  ,@, h@ R/Ss HIA , R/S, . Both  opening and 1 s  pJ s f  s -  

c l o s i n g  shots  t o  "A" a r e  requ i red ' and  a r e  au tomat ica l  l y  updated i n  

s e r i e s  shots. 



Table 5.--HP-67 program to  calculate  the theodoZite horizontal ard 
ver t ica l  d i r ec t  readings, and distance to  any XYZ coordinate; 
reduce tellurometer data; and calculate  the coordinates of a 
target  surveyed by foresight--Continued. 

2. X Y Z L ,  same as table  4 

3.  H D L ,  f ,  V D L ,  same as table  4. ~ u b r o u t i n e s ~ , ~ ,  a n d a  take the 

place of previous progran! ( table  4 )  i f  f i s  not calculated. 

4. format (.000152), m, 
5. CELL,  , , m. Manual ly add offset  corrections. 

7. HVDIt/Vt/Ait - Same as table  4. 

8. Coordinates of " t "  are calculated only i f  both V t  and Ait have been 

displayed correctly by autoniatically executed subroutine . To 

correct or enter a1 ready calculated values of V t  and Ait: , 
incorrect , C L X ,  correct & , R/S, incorrect , CLX,  correct 

& , R/S, , R/S, , R/S, F, i f  f i s  incorrect,  CLX,  correct 



, Ta bl e 5 .  --HP-67 program t o  calculute the theodoli te horizontaZ and 
ver t ica l  d i r ec t  readings, and distance t o  any XYZ coordirlate; 
~ s d u c e  teZZurometer data; and calculate the coordinates of  a 
target  surveyed by foresight--Continued. 
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Table  5.--HP-67 program t o  calculate the theodolite horizontal and 
vertical direct readings, and distance t o  any XYZ coordirxzte; 
reduce te l luromete~ h t a ;  and calculats the coord<nates of a 
target surveyed by foresight--Coiitinued. 
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088 STOI P P ~  133 0 178 RCL6 % " 223 R / S  
089 DSP6 134 - &z 179 -+ 
098 Fi/S 135 + 18s RCLC Dhi, 

2 6 



Table 6.--HP-67 program t o  calculate the coordinates of a furget 
fiurveyed by triangulation. 

X Y Z i l  - Coord inates o f  ins t rument ,  s t a t i o n  1 i f  entered by 

coo rd i  nate e n t r y  program, t a b l e  3. 

XYZi2 - Coord inates o f  ins t rument  s t a t i o n  2  i f  en te red  by coo rd ina te  

e n t r y  program. 

Q A ~  - F i r s t  t h e o d o l i t e  r e fe rence  s t a t i o n  "A" azimuth. 

8 ~ 2  - Second t heodol i t e  re fe rence  s t a t  i o n  "A" azimuth. 

Vt-, A i t l  - V e r t i c a j  and h o r i z o n t a l  angles t o  t a r g e t  "ti' measured by 

f i r s t  i n s t r u n ~ n t .  

Vt2, A i t 2  - Angles t o  same "t", b u t  measured by t h e  second inst rument .  

Xt, Yt - Coordinates o f  "t". 

fl - f measured o r  assumed f o r  f i r s t  t h e o d o l i t e .  

Z t l  - A l t i t u d e  o f  "t" c a l c u l a t e d  u s i n g  f l  and Vt-. 
f2, Z t2  - Same us ing  da ta  f rom second t h e o d o l i t e .  

& - Inve rse  d i s tance  weighted average o f  Z t l  and Zt2. 

P r e r e q u i s i t e s  - 8 ~ 1 ,  8 ~ 2 ,  V t l ,  A i t l ,  Vt2, and A i t 2  must be p r e v i o u s l y  

ca l cu la ted .  Coord inates o f  both t h e o d o l i t e s  may have been 

en te red  by coo rd i  na t?  e n t r y  program. I f  not,  

coo rd ina te  i s  i n c o r r e c t ,  CLX, key i n  c o r r e ~ t  value, R/S t o  cont inue.  

2. s u b r o u t i n e s 0  ,m, D,m, a n d B m a y  a l s o  be used t o  r e c a l l  da ta  
n n i n  storage,  as a  check. ~ ~ 3 , m  ......, , R/S, Y i l  , R/S, Z i l  

3. XYZj2 -Same as f i r s t  ins t rument .  

n A i t l  ,m O P ~  f o r  2, , R/S, A i t l  . 5. 4 9 ,  , 
6. , . The f o l l o w i n g  subrou t ines  a re  c a l l e d  by R/S, o r  



Table  6.--HP-67 progrm t o  caZ.cuZate the coordinates o f  a target 
surveyed by trianguzation--Conti nued . 



Tab1 e 6 .--HP-67 progran t o  calculate the coordinates o f  a target 
surveyed by triangulakion--Continued. 

R / S  
ZCL7 80% 
&'S 

li.LBL4 QIZ 

,y= :' 
R .IS 

STU8 9, 
RCLT 

8 .' 5 
C 704 

$L BL 1s 
F31 

G T , ; 
kCL8 Gd.r 

R.i'$ 
RC1.A A i r .  

R,.:S 

BLELJ' 
sir0A Air, 
it': \' 
R"S 

$TO2 G, 
RCLA 91tI 

ff.'S 
6 TO5 

.$?6LE 
F3'::' 

GTOG 
&[!.$. vrz . . 

p .,.$ 
RCLG Airr 

R.;:S 
tiliL6 

S T i @  
!:: 1' 
Z,/$ 

r/+r 
RCLE A;tL 

R :..' 5 
&Ti16 

#L6L o 
D'F';' 
.I b 

RCLB ~ A I  

RCL A Air, 

09 1 - 
092 P:S 
843 ST02 Ql 
894 F:S 
055 RCL5 Yiz  
1356 RCLZ Y.i r 
89 7 - 
898 RCL4 g l ~  
849 RZLl %A' r 
1 etl - 
iB1 + f' 
182 p::: 
103 ST04 Dh,? 
104 f 2S  
185 Ci4.a~ 
186 - t 1 2  

187 LST;i 
10s & 3 

189 G1 
118 B 
11 1 t 
112 RCL7enq. 
113 - 
114 R C L E A i r L  
115 + 
116 F'ZS 
117 3 0 5  r z t .  
118 SIN 
119 RCL4 m , ~  
128 . Y . 
121 x:? 
122 Cti'S 
123 z 
i 24 B 
125 8 
126 4. 

127 RCLS 12r 
1 ZP - 
129 jTii62tr  
138 SIN. 
131 - 
132 STO; &, 
133 RCL? 6, 
134 F:S 
135 X:'i 

29 

1 36 + R  AX 
137 RCL1 X;t 

138 + 
139 P2S 
140 ST08 Xr 
141 P6'S 
142 R,'S Xr 
143 i i B L t  
144 A':I.'bY 
145 RCLL Yi! 
146 t 

147 P25 
148 ST09 Y t  
145 F$s  
158 RrS % 
151 rLBLc 
152 PZS  
153 RCLS %t 

154 P2S 
155 RCL3 2;f 
156 6 
157 4 
158 EEX 
159 , 5  
168 STOE Ce 
161 t 
16;" LSTX re 
I63 - 
164 .: 
165 STOI h;,, 
166 X' 
167 R i L B  V ~ I  
168 TclH 
169 t 
1 70 8C.L I 
171 x bz 
172 RCL3Zi, 
173 + 
174 STOCZ~I 
175 l i i S  
176 $LBLol: 
l i 7  $?Oil F, 
178 f'2S 
179 RCLS Yc 
180 P2S 

- 
+P %,a 

PZS 
STdT 

PZS 
RCLG 
RCLE k 

t 

ECLE re 
- 
X 

STOI Dl,,.,, 
RCLB F, 

X 

RCLS V t r  
TAN 
t 

ECL I 



Tab le  7.--HP-67 program t o  calculate the horizontal and vert ical  angles 
used for resection. A l l  angles i n  grad. 

INSTRUCT IONS 

Re1 a t  i ve p o s i t i o n s  and nami ng convent i o n s  f o r  monuments an4 ang les  

used by t h i s  program are:  
- - - *  

I---- Eas t  

Monuments a r e  surveyed i n  t h e  sequence, A1, B, A2, C, 83. 

A1 - F i r s t  s e t  o f  h o r i z o n t a l  and v e r t i c a l  d i r e c t  and i n v e r t e d  

t h e o d o l i t e  read ings  t o  monument "A". 

B  - T h e o d o l i t e  read ings  t o  monument "B". 

A2 - Second se t  o f  t h e o d o l i t e  readings t o  "A1'. 

C - T h e o d o l i t e  readings t o  monument "C". 

A3 - T h i r d  se t  o f  t h e o d o l i t e  read ings  t o  "A". 

VA, V B #  VC - Mean v e r t i c a l  angles t o  s t a t i o n s  "A" ,  "€3" and "C"; 

h o r i z o n t a l  i s  ze ro  and angles a r e  p o s i t i v e  above 

h o r i z o n t a l .  

BiA, AiC - Mean h o r i z o n t a l  angles. 

c - To ta l  of mean h o r i z o n t a l  angles AiC, CiB and BiA. Should 

be c l o s e  t o  400.0000 grad. 



Table 7 .--HP-67 program to  calculate  the horizontaZ and ve r t i ca l  arzgles 
used for  resection. A Z Z  angles i n  grad--Continued.' 

1- ~ D A ~ ,  , + , , V D A ~ ,  , +  , ,HIA~ , + ,  ,,VIAI, , , l ~ o ~ 1 1  , R/S, 'YDA~ , RIS, 
I I  m H I A ~  , R/S,  VIA^ . I f  a w  are incorrect,  C L X ,  key in correct 

value, R/S t o  continue. 

2. Theodolite angles t o  s ta t ions €3, A2, C and A3 are entered in the 

same manner as those t o  A l .  

r - l  6. , BiA 

n 7. m, A i C  , R/s,? 



Table 7.--HP-67 program t o  calculate  the  horizontal  and ve r t i ca l  angles 
used for resect ion.  A l l  angles i n  grad--Continued. 

J I)PP rl 
M B L A  

ST01 
Ci j; 
Xt" 1 

Esbfi 
GSBA 

$LBLB 
F3.: 

6Tci 
.$LSLZ 
RiL t 

R...'S 
R .1- 

ISZI 
GTC2 

*LBi 1 
C583 
6SE3 
Gf 8; 
kBi3 

R.1. 
ST0 i 

R " 
u 

ST3 E 
ISZI  
SF 3 
R TN 

*LBLG 
STOI 

CLX 
4 

X2 i 
6SBo 
6SE2 

$LELC 
STOi 

CL ,'; 
'& 

s: I 
6SE6 
GSBC 

#LBiD 
ST01 

CL X' 
1 

2 89 1 
Xc"I 092 

GSB8 89 3 
GSEG 89 4 

ILEA€ 035 
S T O I  096 
CLX 83 7 

1 036 
t;' 899 

X: 1 180 
b'SBir . 101 
GSBE 182 

$LELa 163 
1 164 

6SB4 105 
q 186 

65'64 187 
t 168 

1 104 
7 1 10 

6SP4 111 
t 112 
3 11 3 

- . 114 
RNL 115 

S TO4 1 1 6 
R i  S 117 

GSBb 118 
t lBL4 119 

ST01 120 
u 4 121 

RZL i V D  1 22 
CHS 12s 
EEX 124 

2 125 
t 126 

ISZI 127 
IS21 128 
RCLi VI 129 -. 

3 1 St? 

0 131 
0 132 - 133 

+ 134 
2 135 

i r/+ 

RNli 
RTH 

*iE;Lb 
r 
J 

C5E.l 
SiOE dB 

F . 4  
rLBLi; 

1 
3 

E.34 
ST3C Vc 

R / S  
r lPLd  

e 
RCL @ 
RCL 4 
6SE5 
RC: 2 
RCL6 
6SB5 
RCL8 
RCL4 
GSB5 
PZS 

RCLB 
PZS 

RCLd 
6S65 

4 - 
RElG 

STOD 0;R 
R,'S 

&Be 
~ L B L S  - 

X'i'O? 
4 
8 
8 

t 

t 

R Tti  

136 *LBLe 
- 137 0 

138 Pi% 
139 RCLE 
148 i':S 
141 RCLB 
142 GSE5 
143 P2S 
144 K C L 4  
145 RCL8 
146 6585 
147 KCLP 
146 RCi6 
149 GSE5 
i58 RCL4 
151 R C L ~  
1 5  f :S  
153 GSB5 
154 4 
155 - 
156 RtJD 
157 STOE Pic 
156' R/S 
159 0 
168 STdI 
151 H C L 4  HDe 
162 FZS 
163 RCL2 HDc 
164 PZS ' 

165 GSB5 
166 RCL6 HIs 
167 P S  
166 RCL4 mc 
169 F'ZS 
178 6SE5 
171 - 3 

i 72 CLB 
173 RCLD o ~ A  
174 RCLE c7/C 
1 75 + 
1 76 + 
177 R/S C 



Table 8.--HP-67 program t o  calculate the instrument XY coordinates by 
reseekion. 

P r e r e q u i s i t e s  - h o r i z o n t a l  angles A iB  and BiC, and coo rd ina te  XYZA, XYZB 

and XYZc. 

X i ,  X c o o r d i n a t e  o f  su rvey ing  ins t rument  a x i s  

Y i ,  Y coo rd ina te  o f  su rvey ing  i ns t rumen t  a x i s  

@A, azimuth o f  "A"  monument f rom t h e o d o l i t e ;  eas t  i s  zero, p o s i t i v e  

azimuth angles a re  coun te rc lockwise  f rom eas t  

X i  and Y i  a re  automat ica!  l y  s to red  f o r  subsequent ins t rument  a1 t i t u d e  

backs i  ght program ( t a b l e  9). 



Table 8.--HP-67 program to calculate the instrwnent XY coordirwtes by 
resection--Continued. 

CRPD 
eel J ~ L B L M  
082 MLBL.:, 
I102 ECLi G'iA 
884 K L E  d;C 
805 STdC 
606 Sc": 
Oar' STti l  B;C 
688 T A t l  
60s l . * A  
010 ST3i 
Gll RCL! x, 
012 RC:4% 
01 J - 
61 4 .A 

a ! ~  r t ' i ~ ?  XR 
0 :  ZCL7 Xc 
01 7 .. 
016 RLLC B A C  

1 i ~ i j  
620 1:X 
821 ST66 
022 h 

023 t 

624 RCLG Yc 
625 RCLZ Yd 
026 - 
02 7 + 
826 RCL? Y4 
823 R C L 5  YH 

@38 - 
831 RCLI 8;a 
Bj'i 4 

833 kCL5 Ye 
634 RCLG Yc 
0 35 - 
036 RCLE Lor e;c 
03 7 i 

836 t 

033 RCLl X A  
640 RGL: Xc 
84 1 - 
64.2 t 

643 - 
844 EtdTt 
045 STOEl 'K '  

046 RCL 1 COT Bid 
04 7 x 
846 1 
049 + 
850 S:i' 
Q51 RCLI tor 8 ; ~  
052 - 
055 CHS 
054 - 
855 S T O I  'L" 

856 RC.LZ YA 
e57 x 
058 kCL4 X 8  
059 t 

066 RCLi 
861 - 
862 RC'L5 Ye 
863 RCifi 'K' 
864 .< 
065 - 
866 KCL I 'L- 

. 867 RC.LG 'K"  
068 - 
065 - 
670 CSFS 
0 7 i  RND 
072 P:S 
073 ST01 Y; 
074 P:S 
875 RCL5 Y6 
0 76 - 
677 RiLO 'K' 
078 x 
873 RCL4 *a 
880 t 

981 RhD 
862 PZS 
0s; STOB x,' 
484 P Z S  
685 R i S  
086 6.LELB 
087 M L L .  
898 PZS 
889 RCL6 Hodj  
096 ST07 

UCL8 Hra~ 
ST09 
RCLl Vi  

PzS 
R / S  

#LBLC 
#LBic. 

RCLP '/A 
PZS 

RCLI Y; 
r"2S - 

RCLl XA 
' PZS' 
R i d  x; 
P: S - 

+ F. 
X28 QA 

DSF.4 
RN3 
RS'S e4 



Table  9.--HP-67 program t o  caZcuZate f and instmunent al t i tude by back- 
sight a t  a resection Zocation. 

- 

INSTRUCTIONS 

P r e r e q u i s i t e s  - V e r t i c a l  angles VA, VB, and VC; monument coord ina tes  

XYZA, XYZB, and XYZc; and i ns t rumen t  coord ina tes  X i  and Y i .  

A  - Abbrev ia ted  n o t a t i o n  f o r :  (1 )  D ~ A ,  t h e  h o r i z o n t a l  d i s -  

tance between t h e  i ns t rumen t  and "A". ( 2 )  ZiA, t h e  

ins t rument  a l t i t u d e  c a l c u l a t e d  u s i n g  DHA, VA, and a  

c u r v a t u r e - r e f r a c t  i o n  c o e f f i c i e n t ,  f, t o  "An. 

B  - Abbrev ia ted n o t a t i o n  f o r  Dhs and Z i g  as above. 

C - Abbrev ia ted n o t a t i o n  f o r  Dhc and Z i c  as above. 

AB - Abbrev ia ted  n o t a t i o n  f o r  ( 1 )  ~ A B ,  t h e  c u r v a t u r e - r e f r a c t i o n  

c o e f f i c i e n t  c a l c u l a t e d  u s i n g  D ~ A ,  Dhs, VA, and VB, 

and (2)  ZiAB, t h e  i n s t r u w n t  a l t i t u d e  which r e s u l t s  when ~ A B  

i s  used. Th i s  c a l c u l a t i o n  i s  very  s e n s i t i v e  t o  a l l  monument 

c o o r d i n a t e  and obse rva t i ona l  e r r o r s .  Maximum poss ib l e  va lue 

i s  69x10'~. Th i s  f va lue  i s  used as a  guide t o  choosing t h e  

f i n a l  f value. 

BC and CA - Abbrev ia ted  n o t a t i o n  as above. 

Z i  - Survey ing i rrstrument a x i s  a l t i t u d e .  

1. , S (60x10 -~ ,  an assumed normal va lue i s  used on t h e  

f i r s t  r u n  and may be changed by: CLX, key i n  new value, R/S, t o  
l-7 cont inue) ,  ZIA . 



Table 9.--HP-67 program t o  caZcuZate f and i n s t r w n e n t  a l t i t u d e  by back- 
sight a t  a r e s e c t i o n  Zocat ion--Cont inued. 

7. Choose an f va lue  which reduces t h e  s c a t t e r  o f  Z i  values. The Z i  

w i t h  t h e  s h o r t e s t  Dh va lue w i l l  be t h e  l e a s t  a f f e c t e d  by changes i n  

f and t h e r e f o r e  t h e  most accurate.  

n rn 8. , D ~ A  , R S ,  CLX and key i n  chosen&, R/S, ZIA . 
rn 9. , , R/S, chosen m, R/S, Z i g  . 

11. Se lec t  t h e  Z i  va lue  by i r l s p e c t i n g  a l l  o f  t h e  above r e s u l t s .  

12. S e l e c t e d a  , a ,v .  Stores Z i  a r~d  prepares c a l c u l a t o r  s torage 

r e g i s t e r s  f o r  f o r e s i g h t  p rog ram.  X i ,  Y i ,  Z i  and l a s t  used f a r e  

a u t o m a t i c a l l y  s t o red  f o r  use by f o r e s i g h t  programs. H D A ~  and H I A ~  

s t o r e d  f o r  c a l c u l a t i n g  t h e o d o l i t e  angles t o  any XYZ l o c a t i o n  and 

f o r  c a l c u l a t i n g  A i t  h o r i z o n t a l  angle even i f  ci c l o s i n g  read ing  t o  

monument "A" i s  n o t  poss ib le .  



Table 9.--HP-67 program t o  calculate f and instrument al t i tude by back- 
sight a t  a resection location--Continued. 

+ Te 891 RTN 136 RCi3 Zn 181 6SB6 
t 892 #LGLE 137 6SB5 182 cfij 

LST:: & 893 k/iD 138 RCL9 ZL 182 x 
+ S&/C 894 STG6 -Ti 134 GSB7 184 GSBD D h  
\ 1795 P,'S 14il RCL5 2, 185 ,y z 

Fi;, 836 RCLG H h 3  141 61178 let: GSB@ C/A 
RND $97 ST05 HDflr 142 #LBL5 187 COS 
Fzs a98 Rii6 HI43 143 RCL i f ig  188 x 
~1 .? 899 ST04 HJRj 144 CSB8 Vd 189 - 
R.. ~ 4 ;  1BB RCid X i  145 TdN 190 - 
p:S 181 RCL1 Q; i46 N 191 EN& 
I; TN 162 p : ~  147 - 192 END 

riSLL 103 ST05 Yi 148 GSBD Dhfi 143 R...'5 f 
Err' T I 164 R i. 149 6SB6 V B  194 RCL; \/fi 
F': S 1 d S  ST04 X I  158 Tat; 155 fOS 

tr 186 R C i 6 ~ i  151 zi 192 :121 
E E L  107 R.5 1 52 t 197 7 

E 106 &TOE 153 R 1  148 - 
CHS 183 diBLo 154 ST171 199 A21 
~2 y 110 CFd 155 /? 4. z8a 2i.L; 444 

s ~ o ~ f ?  1!1 1 156 RTN 28 1 ,jz 
CL ,$' 112 4 157 rLBL6 202 x 

R ~ L E  f 113 s rd r  156 X:I 28: x 
Eli6 114 RCL6 Zs 159 I 204 RCLi DAB -, 

F1'; i f 5  (;'St55 168 t 205 CSB0 V .  
R,. S 116 ELLS zfi 161 X2I 266 TAN 
F I :?: 117 6SB7 162 RCLi V, 287 4 

STCEf 118 ftCLZZ8 163 RTN 286 t 
x 119 GT08 16.1 dLBLD 203 CHS 

RTlr  126 rLbLiF 165 ,YZi 210 RTEl 
;ritLS 121 C F B  166 F0P 21 1 rLBL8 
F.3 1 22 1 167 6SB6 212 t 
THN '* 123 9 168 8 213 FI,i 
t 124 ST01 169 - 214 E.,.S 
.a 125 RCiSdc  170 X2I 

CHS 1 GSBs 171 RCL i Dhfi 
ISZI 127 R i L G  l e  172 R'TN 
152i 128 6587 173 $Let6 
RCL i Zhec 129 RCL6 2'6 174  3 

t 138 6T06 d l .  r 75 t 
131 4 i E L c  176 RT/J 

P2 S 132 SF17 177 ~ J i . 7  
F1? 133 1 1 78 - 
R:$ ZL ,, 13.1 s -. , 174 R C i i  Dhs, 
SF1 155 I tie ,y r 



Table 10.--Colwnbia G lac i e r  s w e y  r e s u l t s  2978 measurement year. 
Date I sea 1 eve1 coordinates I Balance Density 1 Surface 

! 

r, Z E dl. i p / C e f i n i t i o n  

Point  surveyed I Y - M - D  i meters meters meters meters ~g/m3 meters  . 

S k k e  97-2 17-09-29 13022./ S ' I 4 8 I -  9 zd73.8 X-8Cs1 



Tab1 e 10. --CoZwnbia GZac<er survey r 'esutta 1978 measurement year--Conti nued. 
Date I I Sea 1 eve1 coordinates / Balance Density1 Surface 

I 1 I % Z 6 / P l  ' xa D e f i n i t i o n  

I P o i n t  surveyed 1 Y - M - D  meters meters I 
meters I meters ~ g / n ~  I rrpters 



rD S $ ? $  p *  \ \ L \  . ~ g  .C a 2 
9 ', (I * a 1 5 3  C L L \ I b \ D  c,, -Q I I w h w ~  \ p ( ? q m  ' * . o ? *  C) 

1 v Q p  $ 3  $ 9  * > ? . - I  4 \C g o y : .  
; 0 * 4 * Q  V) 

7 3 
L 

0\ C 1 k  Q ' Q Q T  J 2 tt 2 
QI 
rt. W 

\ > > 2 2 Q  ' - \ 2 \  '., \ E ;  
" Q > o ' . o  I I ? $ O $  . c * + 9 ? 3  1 1 1 9 ? a 9 3  x ? ' s h  % % N L z N  0 n 
~ . q b ~  g i o %  ~~~~ c-t -I+ 3 

3 

IF- 
$ p \ y h  3 

'? s b  h 3 u b a u e g  3 
u ' 
10 
3 

-3 2. 
d 

-- - - . - 
u 
m 

1-4 I+ 1 -+ 3 -hV, 

0 P 0 
m -'. C 
c-t 3 1  

4, -C 
m -'. -t, w 

0 
7 do, 

0 0 V, 2- 0 
0 rn 
53 



Table 10.--Cotwnbia Glacier survey resutts 1978 measrirement year--Continued. 
i  ate Sea 1 eve1 coordinates I Balance Density I Surface 

Xa % z d ' P Definition 

Point surveyed Y - M - D  meters meters meters meters ~ g / m 3  - meters 

G/e .Sr f f  32-p 7 -  2 ~ ~ ~ 7 . 7  33990./ 9 5 ~ 0  to, 20 



Tab1 e 10. --CoZ2mrbia Glacier survey resuZts 2978 neamement  year--Conti nued. -. 
Date sea 1 eye1 coordinates Balance ~ e n s 1 i S u r f a c e  

x, % z I '  r Definition 

P o i n t  surveyed Y - M - D  meters meters meters meters ' ~g/m3 meters , 

Sfde77-Y&/.6 77-08-31 23117.2 3/8u9,2 6 .  22k) 



Tab1 e 10. --~olwnbia Glacier survey resu l t s  1978 measurement yem--Continued. 
Date Sea 1 eve1 coordinates Balance Densi ty ' Surface 

Xo X Z .  p 1 D e f i n i t i o n  
Point surveyed Y - M - D  meters meters meters meters ~q/m3 I I meters 

S u e  77-90-9 77-09-31 25/63. a m56,3 d 6 t s  7.z(~) 



Table 10.--CoZmbia GZacier survey resuZts 1978 measurement year--Continued. - - -  
Date sea 1 eve1 coordi nates 

Xo % z 
Balance 

6' 
. meters , Point surveyed Y - M - D  meters meters meters . 

sfak 77-90-7 77-08-3) Z7914.0 28272.6 63%5 Z/&) 
meters 

Density 

P 
~ g / m ~  

Surface 
Definition 



I 

Tab1 e 10. -40 Zwnbia Glacier survey resutts 1978 measurement ueat2--Cont i nued. - ., 
Date sea level coordinates Surface 

I 
Definition r, z 

Point surveyed I Y - M - D  meters meters meters I meters I ~g/rn3 ( meters . 







Table 10.--Columbia GZacier survey resuZts 1978 measurement year--Continued. 

I Date I .  Sea 1 eve1 coordinates Balance I Density1 Surface 
I 

, yo z ' P B e f i n i  t i o n  r, 
Poin t  surveyed Y - M - D  meters meters meters meters ~ g / m ~  . meters , 



Ta b l  e 1 0.  --CoZwnbia Glacier survey r e su l t s  i978 measurement year--Conti nued. 
Date Sea 7 eve1 coordinates Balance Density Surface 

I x, z d' P 
D e f i n i t i o n  r, 

Point surveyed Y - M - D  meters rnete'rs meters meters ~ g / m 3  meters 



2 4  2 
P 
Ch 

'J \ :  

'-Q\1 
:d 4 I 

"I: 3 
Y 
" Y "  

V u 
% % >  I 

a d o  
' p m " 9  
b < L  
h t \  

' h *  
@ . o x ,  
h \ \  .c + 9 
' Q u t \  

\ k h \  
* % k  

p. P, 
'h TI 

N h h  
L 7 & V  P O  
u " J T  

$ p a  
0, QO P o = \  L ' V  



Z .  I I P - I  
Definition 

I 

Tab1 e 10 .--CoZm3ia GZacie~ s w e y  pesuZts 1978 measurement yead--Conti nued. 
- 

Date Sea 1 eve1 cocrdi ~ a t e s  1 Balance I Density l Surface 

Point surveyed -- I Y - M - 5  meters meters meters / meters I ~q/rn3 1 meters . 





Table lO.--~olzmbia Glacier survey r e s u l t s  1978 measurmmt yem--Continued. 
Date Sea 1 eve1 coordinates Balance Density Surface 

Z 6' P 
Definition 

Point surveyed , Y - M - D  meters meters meters meters ~g /m3 meters 
r, 

54& 77-6L P-2.2~5 77-d B-fY 20 3 /392B,/ , /?Z. 3 /3. YLJ 



Table 10.--Colwnbia GLacitr s w e y  resu l t s  1978 measurement year--Continued. 
Date sea level coordinates Balance Density Surface 

% Z 6' r Definition 

Point surveyed Y - M - D  meters meters meters meters ~q/m3 meters , 

r, 
- 

I 

G / a r . S r K 6 % 6 - . 8 ~ - ~  77-09-02 17032.8 /075%A . /6%6 

ct&z77-6tS-LPg 79-08-3) - - - - k u ~ )  
S ~ ~ 7 ~ - ~ ~ ~ ~ ~ ~  78-09-cu 39796.9 /059&?6 /2%9 

\ 

6.3 6;) 

G/m. A%c-LtE-P 78-87 -63 / 9 763. +' /O &,57 /3Y. 7 to. sQ 



Tabie 10.--Columbia Glacier survey resuZts 1978 measurement year--Continued. 
Date Sea level coordinates Balance Density Surface 

\ g o  rb Z 6' P 
Definition 

Point surveyed I Y - M - D  meters meters meters I meters I ~ ~ / r n 3  I meters 



\ C T 2 T  8 2 2  c J ) % ( , ( ,  
%a',\ 
h ' c  

V '\1 $ 
.o E .  . o . *  ? , N c u  \ I s ,  9 
(7 Q ' Q  ( 1 4 L  - (9 



Table 10.--CoZmbia Glacier survey resuZts 1978 measurement year--Continued. 
Date I Sea 1 eve1 coordi ndtes I Balance I Density1 Surface 

z I ' I  P I  
Definition 

I 

Point surveyed I Y - M - 0  meters meters meters 1 meters ( ~ ~ / m 3  I meters . 

s k a b  77-E3d -2 77-68-3, ,29072 5 32993.2 - T ~ & L /  LO&.) 
9 . .  _-__-__' rhde 77-~31-2 78-08-28 -. --- -- 28023.5/ - s ~ , ~ - . ~  r u / r w  6.4 U/ 

G&,~ur6f3d-z-/' 78-08-28 28075:A 3.29927 7//. 2 to, . /o 

6hr. Sorf  LU-2-4 78-LT~-28 2B0/8.6 329783 7/d./ 



I Table 10.--Cotmbia Glacier survey results 1978 measurement year--Cont!nuad. 
Date Sea level coordinates Balance Density - Surface 

i 
. yo r, z I' P 

D e f i n i t i o n  

- Point surveyed Y - M - D  meters meters meters meters ~ g / m 3  meters 



Gh~.fu;.rf:L38+ '78-08-a 2656g0 3 1 6 7 ~ 6  

G ~ c S J ~ C : P ~ ~ - R  78-08-29 26590.6 316BY.J- 
G~uE. Surf 74R/ /O  79-68-29 26Y86.7  3/9$84 

I 

S~ALE 77-& 77-09- /3 /6ZO 6972$: 7 

GICU. S r f  ~ 2 - P  77-08-25. / ~ N X O  18 71% 7 

G / u  surf K2-P 78-b/o /3//%8 19 7m.5 
Sf~cke 7742 78-09-62 /307.,3 i8726.6 
Ghc. fl2 -P 78-09-02 / 3 j / ,~  9 49' 7/Z.5 

G/ac Sur6&2-@ 78-09:a /3092,2 /2?mZz 

_ _ _  _ _  - - . - .  - -. - --- - -  . - 

i - -  

I 

) Table 10. --CoZwnbia GZacier survey resu l ts  1978 measurement yem--Continued. I I 

- P o i n t  surveyed 

S&he 77-E.38 78-09-27 269///a8 3/2/8.@ . 69/.6 go(;) 
G/h,c, s u r f  E38-p 78-0 8-27 zdS5%7 3/ 69 3.3 6 87.0 ?o, i~ i  

Date 
\ 

Y - M - D  

Sea level  coordinates . - .  

, yo % Z 
meters meters meters 

Balance 

6' 
meters 

Density 

P 
~ g / m 3  

Surface 
Def in i t ion 

meters 
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\ Table 10.--CoZwnbia Glacier swvey results 1978 measmernent year--Continued. , 
Date I Sea 1 eve1 coordi nates I Balance 1 Oensitvl Surface - I Definition 

Point  surveyed I Y - M - D  meters meters meters [ meters I ~ g / m 3  I meters ~ 
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' Table l0.--colwnbia GZacier survey resu l t s  19?8 - measurement year--Continued. 
Date sea 1 e\;el csordinates Balance Density Surface 

I 1' p D e f i n i t i o n  
, x* Yo z 

P o i n t  surveyed ' 1 - M - D  meters ~ e t e r s  meters meters ~ g / m 3  meters . 

.S&h 77-inia-2 77-68-22 /3495?~ 2-126%<. 525.6 9./& 

6/&. ~ ~ { w ~ o - K - P  78-09-0/ /3$3-Ry  Z Y / b S s  52/.6 
see n e x t  a c for f 9 



I 1 Table 10.--CoZwnbia GZacier suxvey resuZts 1978 measurement yecz--Continued. 

- 
Oate 

- 
sea 1 eve1 coordinates Balance Density Surface 

I , z 6' 1' 
D e f i n i t i o n  x -  

I Y - M - D  
- 

I meters meters meters I meters I ~ ~ ' m 3  meters Po in t  surveyed - 









- ! Tab le  11.--CoZmbia GZacSer 1978 surface ice radar measurements--Continued. ' 
Date 

Point surveyed 

Sea 1 eve1 coordinates. 
s 
m 

Separation I Ice Radar 

Y - M - D  
delay time 

)AS 
xe . xd 2 

meters meters meters . 
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