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SYMBOLS AND ABBREVIATIONS 

[Number i n  parenthesis  r e f e r s  t o  the  page where the  symbol f i r s t  appears o r  where 
add i t i ona l  c l a r i f i c a t i o n  may be obtained.] 

Symbol Un i ts  
( w h e r e - x i c a b 1  e)  

" C 
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m 
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10 cyc l  eslsecond 

-- 
rn 

-"# 

grads 

m/a 
-- 

un i  tl ess 
- - 

Descr ip t ion  

Monument used f o r  backs ight  reference; a1 so used 

as a  subsc r i p t  ( 4 ) .  

Hor izonta l  angle (5 ) .  

Hor izonta l  angle (4).  

Monument used f o r  backs ight  reference; a1 so used 

a s  a subsc r i p t  ( 5 ) .  

Hor izonta l  angle (5 ) .  

Monument used f o r  backs ight  reference; a1 so used 

as a  subscr ip t  ( 4 . )  

Temperature (16).  

Hor izonta l  angle (4) .  

Hor izonta l  d is tance a t  sea l e v e l  (4) .  

Slope d is tance (5).  

Subscr ip t  denot i  ng a  f i x e d  " index" ho r i zon ta l  

1  oca t i on  (8).  

Frequency, mega her tz  (16 ) .  

Nor th Terminus measurements s i t e s  (13).  

Hor izonta l  d is tance i n  the equat ion of sur face 

slope (11). 
Sepdrat i  on between i c e  radar  t r a n s m i t t e r  and 

rece i ve r  antennas (16) .  

South Terminus measurement s i t e s  (13). 

V e r t i c a l  angle p o s i t i v e  up from hor i zon ta l  (5). 

Glac ie r  speed, ho r i zon ta l  component (26 ) .  

Year (26).  

D i r e c t i o n  number o f  a l i n e  (10).  
Subscr ip t  denot ing "atmosphere" (16).  



Symbol Un i t s  

(where appl i cab le)  

un i  tl ess 

un i  tl ess 

m/J.Js 

un i  tl ess 

un i  tl ess 
"- 
- - 
JJ s 
- - 
rn 

grads 
grads 

grads 
rn 

Descr ip t ion  

D i r e c t i o n  number o f  a 1 l n e  (10). 
D i r e c t i o n  number o f  a l i n e  (10). 
Speed o f  eiectromagnetic wave i n  vacuum (16). 

Subscr ipt  denot ing "delay" t ime (16). 

Ear th curvature and atmospheric r e f r a c t i o n  coef- 

f i c i e n t ;  subscr ipt  denotes "curvature and 

re f rac t ion1 '  (7) .  

Subscript denot ing " g l a c i e r "  surface (13). 

I c e  depth perpendicular  t o  bed (16). 

Survey instrument loca t ion ,  a l so  used a 
subscr ip t  (4). 

Subscript denoting g l a c i e r  " ice"  (16). 

P r o p o r t i o n a l i t y  constant i n  the equat ion o f  a 

l i n e  (8).  

A constant (10). 

Ki lometer (19). 

Meter (12).  

Time, i n  microseconds (16). 
Survey target; also used ao a subsc r ip t  (4). 
Local easterly coordinate a t  sea l e v e l  scale (4). 

Local norther1 y coordinate a t  sea 1 eve1 scale (4) .  

A l t i t u d e  above sea l eve l  (6).  

Apparent a1 ti tude o f  the g l a c i e r  surface from 
i c e  horizon observat ion (13). 

I n t e r i o r  angle a t  i , t r i s e c t i o n  survey (4). 

I n t e r i o r  angle a t  C ,  t r i s e c t i o n  survey (4). 

I n t e r i o r  angle a t  t ,  t r i s e c t i o n  survey (4). 

A1 t i  tude d i  f ference (6) . 



Symbol Uni ts  
jwhere appl icab le )  

grads 

grads 

Descr ipt ion 

Ver t ica l  e r r o r  due t o  e a r t h  curvature and atmos- 

pher ic  r e f r a c t i o n  (6 ) .  
Cu r v i l  i n e a r  coordinate transverse t o  g l a c i e r  

center l  ine ,  right-handed system (15 ) .  

Polar coordinate hor izontal  azimuth, p o s i t i v e  

countercl ockwi se from east  ( 4 ) .  

Microseconds (16) .  

Longitudinal c u r v i l i n e a r  coordinate a t  g l a c i e r  

centerl  ine  (2 ) .  

Dip angle a t  g l a c i e r  surface (8).  



GEODETIC TRISECTION, ALTITUDE, AND ICE-RADAR SURVEYING TECHNIQUES 

USED AT KNIK GLACIER, ALASKA, AND SUMMARY OF 1979, 1980, AND 1981 DATA 

By L. R. Mayo and D. C. Trabant 

ABSTRACT 

Knik G lac ie r  i n  south-central Alaska has the p o t e n t i a l  t o  re-form Lake George, 

Alaska's l a r g e s t  glacier-dammed lake. Measurements o f  surface a l t i t u d e ,  snow 

depth, terminus pos i t i on ,  g l a c i e r  speed, and i c e  depth are being made i n  an attempt 

t o  determine the mechanisms t h a t  could cause a s i g n i f i c a n t  readvance o f  the 

g l a c i e r .  

New surveying and data reduct ion techniques were developed by the  authors and 

employed successful l y  a t  Kni k Glacier.  These inc lude prec ise  geodetic surveying by 

the " t r i s e c t i o n "  technique, c a l c u l a t i o n  o f  surface a l t i t u d e  a t  a spatially-fixed 

"index p o i n t "  from three p o i n t  measurements on a rough, moving g l a c i e r  surface, and 

c a l c u l a t i o n  o f  i c e  thickness from low frequency radar  measurements. I n  add i t ion ,  

t h i s  r e p o r t  summarizes the  data c o l l e c t e d  from 1979 t o  1981 i n  support o f  t h i s  

goal. 

INTRODUCTION 

Kni k Glac ier ,  located i n  the  Chugach Mountains o f  south-central Alaska, p resent ly  

calves i n t o  the Knik River  along a gorge whose west bank i s  the east-facing f l a n k  

o f  Mount Palmer. A minor advance o f  the  g l a c i e r  would cause Lake George, Alaska's 

l a r g e s t  recen t l y  a c t i v e  glacier-dammed lake (Post and Mayo, 1971), t o  re-form and 

thus s i g n i f i c a n t l y  increase the immediate f l o o d  hazard along t h e  Knik River.  

Measurements on the g l a c i e r  i n  May o r  June from 1979 t o  1981 a t  s i t e s  shown on 

f i g u r e  1 con t r i bu te  t o  the  data base necessary t o  determine the  poss ib le  mechanisms 

t h a t  could re-form Lake George. The 1979 f i e l d  work establ ished p rec i se  geodetic 



ALASKA 

Study 

Figure 1.--Knik Glacier, Alaska, location of the data sites, and survey monuments. Stations on the glacier are 
kilometers from the head of the glacier along the 5 longitudinal coordinate system described by 
Trabant and Mayo (1979). 



coord ina te  systems f o r  use a t  Knik G l a c i e r  and base1 i n e  da ta  on t h e  g l a c i e r  

a1 ti tude (Trabant and Mayo, 1979). The 1980 and 1981 measurements were made t o  

determine sur face a l t i t u d e  and g r a d i e n t  changes, i c e  v e l o c i t y ,  snow depth, and 

g l a c i e r  th ickness.  The Knik G lac ie r  data a re  presented i n  cons iderable d e t a i l  i n  

t h i s  r e p o r t  because they were obtained and manipulated i n  a manner t h a t  has n o t  

been pub1 i shed e l  sewhere. 

Th i s  r e p o r t  a l so  descr ibes survey ing techniques developed by t he  authors :  a 

" t r i s e c t i o n "  method of geodet ic  surveying u t i l  i zes  two t heodo l i t es ,  o n l y  one o f  

which i s  a t  a known l o c a t i o n  and d i r e c t l y  measures t h e  v a r i a b l e  e a r t h  cu rva tu re  and 

atmospheric r e f r a c t i o n  c o r r e c t i o n  c o e f f i c i e n t ;  and a method o f  c a l c u l a t i n g  a 

rep resen ta t i ve  g l a c i e r  sur face a l t i t u d e  a t  a f i x e d  " index p o i n t "  on a moving, s lop- 

ing,  rough i c e  surface. The th ickness  o f  g l a c i e r  i c e  was determined by a surveying 

technique t h a t  uses low frequency radar .  The o b j e c t i v e  o f  these new methods i s  t o  

reduce t he  t ime requ i red  t o  accomplish f i e l d  work and, a t  t he  same t ime, increase 

t he  accuracy o f  surveys when cons iderabl  e d i  stances a r e  i n v o l  ved. 

TRISECTION METHOD OF GEODETIC SURVEYING 

Simple surveying techniques cannot be app l i ed  a t  Knik G l a c i e r  because o f  t he  s i z e  

of t he  area and t h e  l a r g e  expendi ture o f  e f f o r t  t h a t  would be invo lved,  The geo- 

d e t i c  surveys o f  g l a c i e r  su r face  a l t i t u d e s ,  p o s i t i o n  of mot ion  markers, and loca-  

t i o n  of i c e  rada r  antennas made a t  Knik inc luded c o r r e c t i o n s  f o r  the e f f e c t s  of 

e a r t h  curvature,  v a r i a b l e  atmospheric r e f r a c t i o n ,  and sca le  change w i t h  a1 t i  tude. 

The techniques used a t  Knik i n c l ude  t he  resec t ion ,  f o res igh t ,  and i n t e r s e c t i o n  

( i n c o r r e c t l y  termed " t r i a n g u l a t i o n "  by  Mayo and others ,  1979). More recen t l y ,  

another technique was devised termed t h e  " t r i s e c t i o n "  t h a t  was successful  l y  appl  ied 

a t  Knik G lac ie r .  The Nat iona l  Mapping D i v i s i o n  of t h e  U.S. Geological  Survey has 

occasional  l y  used a s i m i l a r  technique (J. D,  McLaurin, 1982, w r i t t e n  cunmunica- 

t i o n ) ,  b u t  t o  the au thors '  knowledge the method has n o t  been publ ished. T r i s e c t i o n  

d i r e c t l y  and q u i c k l y  determines, w i t hou t  t he  need o f  a d is tance  measurement, t he  

v a r i a b l e  e a r t h  cu rva tu re  - atmospheric r e f r a c t i o n  co r rec t i on ,  and t he  p o s i t i o n  and 



a l t i tude  of a theodolite located a t  a target. The t r isect ion method i s  more 

accurate than any of the other techniques, because al l  distances are  derived fran 

the survey net coordinates, which are more accurate than distances measured along 

single, unchecked lines.  Furthermore, i t  i s  the only surveying technique tha t  

measures direct ly  the vertical atmospheric refraction along a single observation 
line. The trisection survey combines geometric elements of the foresight, inter- 
section, and resection techniques. 

For the general case, ( f ig .  2 )  i and c need not be intervis ible;  the solution to  

the trisection survey i s  as follows: 

O t  = G A - A i t  ( 1) 

and a  = O C  - O t .  (2)  

Thus, a =  QC - @ A +  Ait3 ( 3  

Y = 400 - Cti (Note: 400grads = 360°) ,  (4 )  

and B =  2 0 0 - a - Y ,  (5) 

By combining equations 3, 4, and 5: 

B = O A - B C  + Cti - Ait - 200. ( 6  ) 

Using the Pythagorean theorem, 

where x and y are the coordinates o f  known points i and C .  

Applying the law of sines t o  find the horizontal sea level distance, ~h t ,  between 
the known instrument location, ( i ) ,  and the target  instrument, I t ) ,  

Dht  - - -  D h c  
sin6 sin y 

- - 
D h c  sin f.3 

Dht = 
sin y 



Figure 2.--Schematic comparison of surveying techniques. 
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By s u b s t i t u t i o n  us ing equations 4, 6, 7, and 9, 

Dht = 7 / ( * C - ~ i ) 2 ' + ( ~ C -  y i ) '  . sin(OA-OC) + C t i - A i t - 2 0 0  

sin ( 400 - Cti ) 
(10) 

The azimuths O A  and oc i n  equat ion 10 can be ca l cu la ted  f r a n  t h e  survey n e t  

coordinates : 

Thus the  distance, Dht , t o  the t a r g e t  can be ca l cu la ted  us ing  equations 10, 11, and 

12 i n  t e rns  of t he  survey n e t  coord inates ( x ~ , ~ ~ ) , f x i , ~ ~ ) ~ a n d ( ~ ~ , ~ ~ ) ;  

and the  r e a d i l y  measured ho r i zon ta l  angles, Ait and Ct i  . I n  t h i s  technique a 

theodol i t e  a t  t he  t a r g e t  e f f e c t i v e l y  replaces an e l e c t r o n i c  d is tance measuring 

system used i n  a fo res igh t  survey. From t h i s  p o i n t  on, the  geodet ic hor izon ta l  

l o c a t i o n  o f  t he  t a r g e t  inst rument  i s  ca l cu la ted  using the  f o r e s i g h t  equations found 

i n  Mayo and others (1979). 

The a l t i t u d e  of the t r i s e c t i o n  t a r g e t  instrument,  z t ,  can be measured q u i c k l y  w i t h  

a degree of confidence u s u a l l y  reserved on l y  fo r  de ta i led ,  p rec ise  geodet ic 

surveys, where simultaneous v e r t i c a l  angles between theodo l i t es  are observed and 

used t o  solve the  e a r t h  curvature - atmospheric r e f r a c t i o n  problem d i r e c t l y .  The 

d i f f e r e n c e  i n  a l t i t u d e ,  A Z ,  from the  pr imary instrument,  i, t o  the  t a r g e t  i n s t r u -  

ment, t ( t he  f o r e s i g h t  d i r e c t i o n ) ,  i s  the  average o f  the  f o r e s i g h t  and the  back- 

s i g h t  observat ions ( M o f f i t t  and Bouchard, 1975, p. 80). The p lane geometry 

so lu t i ons  fo r  A,z are d i f f e r e n t  because o f  the  combined e f f e c t  t h a t  e a r t h ' s  curva- 

t u r e  and atmospheric r e f r a c t i o n  have on t h e  observed ho r i zon ta l  angles (note the  

nonpara l le l  v e r t i c a l  re ference l i n e s  i n  f i gu re  2). I n  t h i s  method, the  s ign  o f  the  

backsight  angle must be changed. 

Hal f of the  d i  fference between ~h~ t an  vt  and ~h~ tan(-vi) i s the  v e r t i c a l  e r r o r  due 

t o  curvature and r e f r a c t i o n ,  A z Thus, 
f '  



The curvature-ref ract ion coe f f i c i en t ,  f , (see Mayo and others, 1979) can be calcu- 

l a t e d  f ran  the above in format ion.  The "er ror " ,  b z f  , i s  expressed as a "correc- 

t i o n "  by changing s ign  and can be converted i n t o  a  more genera l l y  usefu l  form 
where: 

- A E f  = f m t Z  . 

Combining equations 14 and 15 and so lv ing  f o r  the coe f f i c i en t ,  f :  

The d i s t i n c t  advantage o f  t h i s  surveying p r a c t i c e  i s  t h a t  the combined curvature 

and r e f r a c t i o n  co r rec t i on  i s  measured d i r e c t l y  w i t h  e a s i l y  obta inable v e r t i c a l  

angle data. Knowledge o f  the c o e f f i c i e n t ,  f ,  i s  usefu l  f o r  a p p l i c a t i o n  t o  o ther  

surveys conducted under s i m i l a r  condi t ions.  Another equa l ly  usefu l  approach i s  t o  

c a l c u l a t e  the  angular e r r o r  per  standard u n i t  o f  hor izonta l  d is tance as i s  prac- 

t i c e d  by the  National Mapping D i v i s i o n  o f  t h e  U.S. Geological Survey (J. D. 

McLaurin, 1982, w r i t t e n  communication). Both methods assume t h a t  curvature and 

r e f r a c t i o n  are uni form along the observed l i n e .  

The a1 ti tude o f  the t r i s e c t i o n  t a r g e t  instrument, once the curvature and r e f r a c t i o n  

c o e f f i c i e n t ,  f , has been determined, i s  ca lcu la ted  by the  geodetic f o r e s i g h t  

s o l u t i o n  explained i n  Mayo and others (1979, p. 4). 

GLACIER SURFACE ALTITUDE 

The purpose o f  repeated, p rec ise  g l a c i e r  surface a1 t i t u d e  surveys ( t a b l e  1  ) i s  t o  

determine the  r a t e  of th icken ing  o r  t h inn ing  a t  a spac ia l l y - f i xed  " index" loca t ion .  

I n  p rac t i ce ,  p rec ise  reoccupation o f  a l o c a t i o n  on a g l a c i e r  i s  n o t  on l y  t ime 

consuming, i t  may be impossible due t o  crevasses. Add i t i ona l l y ,  a  more representa- 

t i v e  a l t i t u d e  on a rough g l a c i e r  surface can be found by measuring several p o i n t s  

r a t h e r  than by measuring on ly  one. The technique described here enables prec ise  

g l a c i e r  surveys i n  a  minimum of f i e l d  time. A r o u t i n e  was developed which uses 



t h ree  surveyed points,  X ~ ~ , Z ~ ,  x2y2z2,  and x y  z near the  index po in t ,  x I y I  , t o  
8 8  8 

ca lcu la te  the down-dip surface azimuth, 0 , a standard p o l a r  coordinate canponent 

i n  the  hor izonta l  plane w i t h  eas t  as zero and p o s i t i v e  i n  the  counterclockwise 

d i rec t i on ;  the  dip, + , a v e r t i c a l  angle w i t h  hor izonta l  as zero and p o s i t i v e  up; 

and the  a l t i t u d e  o f  t he  index locat ion ,  z We assume t h a t  the  l oca l  g l a c i e r  
I' 

surface i s  represented by the plane def ined by the  th ree surveyed p o i n t s  ( f i g .  3). 

Even though the mathematical so lu t i on  t o  t h i s  problem may appear t o  be a "war o f  

l i nes " ,  i t  i s  more r e a d i l y  programmed and executed than t h e  more common s o l u t i o n  
using equations o f  planes and a ma t r i x  invers ion.  A program i s  ava i l ab le  frm the 

authors. 

The so lu t i on  begins w i t h  the two-point form o f  the parametr ic equations o f  a 1 i n e  

i n  th ree dimensions : 

- 
o - x1 + ( x z  - x l ) i  - 

y o -  Y, + ( Y ~ - Y ~ I ~  
and z = r ,  + (z2  - zl) j 

where X ~ Y , Z ,  are  the  coordinates o f  a l l  p o i n t s  along a l i n e ,  and j i s  a unique 

p r o p o r t i o n a l i t y  constant f o r  each p o i n t  along a l i n e  def ined by the  coordinates, 

xly,zl and x2y2z,, which may be two surveyed locat ions.  To f i n d  the  p o i n t  a t  which 

t h i s  l i n e  reaches the  a l t i t u d e  o f  a t h i r d  surveyed locat ion ,  Z ,  l e t  2, = r, i n  

equation 20 and sol ve f o r  j : 

Subs t i t u t i ng  t h i s  value o f  j back i n t o  equations 18 and 19, we f i n d  a po in t ,  

x o y o ~ o ,  which i s  the  i n t e r s e c t i o n  o f  an a l t i t u d e  contour l i n e  through x y z , and 
3 8 8 

the  l i n e  def ined by X ~ Y ~ Z ~  and ~,y,~,, because I, = z,. 



Measured 
Measured 

Note: If z z4 '8 i s  defined by equation (34). 

If z z4 ,@ is defined by equation (35). 

Figure 3.--Plan view geometry of glacier surface altitude calculation. 



The parametric equations f o r  the contour l i n e  are  thus: 

where j i s  def ined by equation 21. 

El im ina t ing  j and sol v ing f o r  y , 

I n  equations 22 and 23, x ,  - x ,  and y o  - y, are  d i r e c t i o n  numbers. From sol i d  

geometry two l i n e s  are perpendicular i f  and on ly  i f  t h e i r  d i r e c t i o n  numbers a r e  

such tha t :  a,  + b i b ;  + C,C,  = 0. 
I n  t h i s  case e l  and c , are zero and by making a 2  = -b  , and b ,  = a , we have d i rec-  

t i o n  numbers for  a l i n e  perpendicular t o  the contour l i n e .  

Using these d i r e c t i o n  numbers, the equations f o r  the  l i n e  perpendicular t o  the  

contour 1 ine, a fa1 1 1 ine, may be w r i t t e n  as, 

El im ina t ing  j and sol v ing  f o r  y , 

Y = k + y, + (x, - x , )  (x ) 9 
where k i s  a constant evaluated a t  a known po in t ,  x l ~ l ~ l ,  so t h a t  equat ion 28 i s  

the  fa1 1 1 i n e  through one o f  the  surveyed 1 o c a t i  ons. Therefore, 



Po in t  X , Y , Z , ,  the i n t e r s e c t i o n  o f  the contour 1 i n e  (equat ion 25) and the fa1 1 l i n e  

through the f i r s t  surveyed l o c a t i o n  (equat ion 28), i s  now found by equat ing the two 

expressions, so lv ing f o r  x, and l e t t i n g  x = x,: 
I 

t he  value y ,  may be found by s u b s t i t u t i o n  of x ,  f o r  x i n t o  e i t h e r  equations (25)  

o r  (28); and z ,  = z o  = z , .  

The hor izonta l  d is tance R between ~ , y , z ,  and x ,  y , ~ ,  i s  given by 

The v e r t i c a l  d i f ference,  A z , i s 

Az = 2 , -  2 , .  

The v e r t i c a l  angle of t he  f a l l  l i n e  o r  d i p  o f  the  plane, 4~ , i s :  

@ = tan- ' (+) 

and the  azimuth o f  the down-dip d i r e c t i o n  i s :  



The a l t i t u d e  of the  f i xed  index l o c a t i o n ,  x l y I ,  o r  any o t h e r  s p e c i f i e d  l o c a t i o n  can 

be c a l c u l a t e d  from t h e  coord ina tes  of one o f  t h e  surveyed l oca t i ons ,  x l y , z , ,  and 

t h e  d ip ,  @ , and dip-azimuth, o , o f  t h e  sur face-represent ing p lane  by: 

where R = Y ( x r - ~ ~ ) 2 f  ( Y ~ - Y I ) ~  

and @I = tan-I (::I::) 
The accuracy o f  each survey a t  Knik G l a c i e r  was 1 i m i t e d  p r i m a r i l y  by v a r i a b l e  

atmospher ic r e f r a c t i o n  i n  t h e  v e r t i c a l  and by t h e  rough g l a c i e r  surface. Small 

e r r o r s  i n  h o r i z o n t a l  p o s i t i o n ,  es t imated t o  be l e s s  than k0.30 m y  do n o t  c o n t r i b u t e  

s i g n i f i c a n t l y  t o  a1 t i  tude u n c e r t a i n t y  because t h e  v e r t i c a l  ang le  o f  most surveys 

was l e s s  than l o g .  A t  Knik G l a c i e r  f was u s u a l l y  determined w i t h i n  *5  x lo- '  rn-I 

which i s  an a1 t i t u d e  accuracy o f  about k0.10 rn. Roughness o f  t h e  i c e  su r face  i n  

some l o c a t i o n s  causes a problem i n  de f i n i ng  t h e  h e i g h t  o f  t h e  "average i c e  

surface".  Genera l ly ,  de te rmina t ion  o f  t he  average sur face  was w i t h i n  k0.05 m. 

Where t h e  i c e  i s  ve ry  rough t h e  sur face  d e f i n i t i o n  was es t imated  ( t a b l e  1 ) .  

SNOW DEPTHS 

Measurements o f  snow depth a r e  p o s s i b l e  a t  Knik us i ng  probe rods where t he  snow 

over1 i e s  so l  i d  i ce .  I n  t h e  accumulat ion zone t h e  o n l y  measurement t o  date was made 

by  observ ing t he  snow s t r a t i g r a p h y  on a crevasse wa l l .  To t he  au tho rs '  knowledge, 

t h a t  measurement o f  17 m o f  snow ( t a b l e  2 )  rep resen ts  t h e  t h i c k e s t  measured snow- 

pack ever  observed on t he  No r th  American Cont inent .  R e l i a b l e  and qu ick  techniques 

f o r  measuring such deep snow packs i n  t he  accumulat ion zones o f  g l a c i e r s  a re  n o t  

a v a i l a b l e  a t  t h i s  t ime, bu t  research t o  develop such techniques i s  p r e s e n t l y  under 

way. 



TERMINUS POSITION 

The terminus o f  Knik G lac ie r  i s  measured each year a t  20 loca t ions :  5 along t h e  

south-facing terminus (ST on f i g .  I ) ,  10 along the west-facing i c e  gorge where the 

g l a c i e r  ca lves i n t o  the  Knik River  ( 5 = 648 on f i g .  I ) ,  and 5 along the  nor th-  

facing terminus (NT on f i g .  1) .  The c u r v i l i n e a r  coordinate, [ , i n  t h i s  r e p o r t  i s  

equivalent  t o  the x '  coordinate i n  Trabant and Mayo (1979). 

The south terminus i s  surveyed from s t a t i o n  COLONY. Each year, the theodo l i t e  i s  

se t  t o  the  same v e r t i c a l  angle f o r  each p o i n t  t o  be surveyed, then the  hor izonta l  

angle i s  var ied  u n t i l  the cross ha i r s  i n t e r s e c t  the terminus as i n te rp re ted  through 

the telescope. Parts o f  the south terminus a re  covered by t h i c k  supraglac ia l  

moraine, so the i n t e r p r e t a t i o n  i s  n o t  precise, The p o s i t i o n  can be ca lcu la ted  by 

the  fores ight  technique; but  more simply, the change i n  pos i t ion ,  A , ( t a b l e  3) 

can be approximated from the observed change o f  g r i d  azimuth, A o t ,  o f  the l i n e -  

o f - s igh t  t o  the i c e  f r o n t  using the  fo l l ow ing  simple r e l a t i o n s h i p :  

A 5  = Dt cos Vt sin ( ~ 0 ~ )  (39) 

where Dt i s  the slope d is tance between the theodo l i t e  and the t a r g e t  and vt i s  the 
v e r t i c a l  angle, as prev ious ly  def ined f o r  o ther  surveys i n  t h i s  paper. 

The n o r t h  tenninus i s  surveyed by the same technique but  from survey s t a t i o n  SCAT. 

The n o r t h  terminus i s  n o t  hidden under as much morainal debr is  as the south 

tenninus, so the n o r t h  terminus surveys are  more accurate, I n  t h i s  case, however, 

a 5 i s  p o s i t i v e  i n  the  negat ive A Q  d i rec t ion ,  so : 

A (  = - D t  cos vt s i n ( h ~ ~ )  , ( 40) 

The terminus a t  the  10 west-facing i c e  gorge s i t e s  i s  very d i f f i c u l t  t o  survey. We 
survey e i t h e r  the top o f  the i c e  c l  iff using i n t e r s e c t i o n  techniques and a hovering 

he l i cop te r  as the t a r g e t  ( z g  i n  t a b l e  5) ,  o r  we survey on l y  the  he igh t  o f  the i c e  

hor izon a t  the tenninus as i t  i s  viewed from survey s t a t i o n  COLONY ( zg i n  t a b l e  
5). These two types o f  v e r t i c a l  surveys do n o t  g i ve  i d e n t i c a l  r e s u l t s  because t h e  



top  o f  the i c e  c l i f f  i s  n o t  always v i s i b l e  from COLONY. I n t e r s e c t i o n  on a hover ing 

h e l i c o p t e r  i s  n o t  always poss ib l e  due t o  h igh  winds. I n  1981, both types of 

surveys were performed s imul taneously  t o  p rov ide  a comparison. 

The ice-gorge terminus i s  measured along s i g h t  l i n e s  r a d i a t i n g  from s t a t i o n  COLONY 

t o  index l o c a t i o n s  G48 + 0.2 t o  648 .t 2.0. (See f i g u r e  4.) Coordinates o f  t he  

index l o c a t i o n s  ( t a b l e  4) a r e  s imply  subd iv is ions  o f  the  l i n e s  between the  index 

l o c a t i o n  coord inates de f ined  e a r l i e r  (Trabant and Mayo, 1979, p. 14). 

Due t o  the  random, l o c a l  changes a long a c a l v i n g  i c e  face, the  average terminus 
- 

pos i t i on ,  # , best  expresses t h e  sense and magni tude o f  t he  gross change i n  pos i -  

t i o n .  Changes i n  p o s i t i o n ,  A , ( t a b l e  5 )  o f  t h e  west - fac ing terminus cause 

changes predominant ly i n  t he  x coord ina te  o f  t he  surveyed po in t s .  Therefore,  t h e  

average terminus p o s i t i o n  a1 ong the  l o n g i t u d i n a l  coord inate,  E , was approx i -  

mated as a f u n c t i o n  o f  t h e  average x coord ina tes  o f  t h e  surveyed po in t s .  

where = 48,000 m and T I  = 15932.1 rn . 

GLACIER MOTION 

Motion markers made from lead-weighted f i s h  ne t s  and orange o i l c l o t h  were p laced a t  

f o u r  p o i n t s  on the  g l a c i e r  i n  1980. These were recovered, resurveyed, and moved i n  

1981. The ho r i zon ta l  d isplacement vec to rs  of the  markers a re  g iven  i n  t a b l e  6. The 

mot ion o f  t h e  g l a c i e r  i s  somewhat d i f f e r e n t  from t h a t  o f  t h e  markers however, 

because a marker r i d e s  on t he  i c e  sur face on ly ,  r a t h e r  than w i t h  a p a r t i c u l a r  i c e  

p a r t i c l e  i n  t h e  g l a c i e r .  Unrecovered markers a r e  l i s t e d  because they  may even tua l l y  

be found. 

I C E  THICKNESS 

A monopul se g l a c i e r  radar  system (Watts and Wright,  1981) was mod i f i ed  f o r  g r e a t e r  

power and used a t  f o u r  s i t e s  i n  May 1980 t o  ob ta i n  basal r e f l e c t i o n s  from Knik 



LOCAL COORDINATE, x , IN METERS 

Figure 4.--Geometry of the 2-kilometer transverse profile of the west-facing terminus 
of Knik Glacier where changes in the terminus are measured. 



G l a c i e r  ( t a b l e  7 ) .  The t r a n s m i t t e r  and r e c e i v e r  components a r e  separated by a 

d is tance,  S ,  t o  prevent  r e c e i v e r  over loading and antenna r i n g i n g .  I c e  th ickness,  

h ,  t he  slope d i s tance  from a  p o i n t  between t he  t r a n s m i t t e r  and r e c e i v e r  t o  the  

nearest  area o f  g l a c i e r  bed, i s  determined by measuring t h e  de lay t ime, td, i n  

microseconds, between t h e  a r r i v a l  a t  t he  r e c e i v e r  o f  t h e  a i r bo rne  wave and the  

r e f 1  ected wave. 

For f i g u r e  5 t he  Pythagorean theorem s ta tes  t h a t :  

- 2  BR = h 2 +  [*)z ; 

and s ince  

B R = T B R / 2 ,  

then 

- 
The pa th  l e n g t h  o f  t he  radar  s igna l  i n  i ce ,  TBR, can be c a l c u l a t e d  i f  t he  t ime and 

speed o f  t r a v e l  o f  the  radar  pu l  se i n  bo th  a i r  and i c e  a r e  known. The radar  s igna l  

i s  t r ansm i t t ed  s imul taneously  i n t o  t h e  a i r  above t h e  g l a c i e r  and i n t o  t he  i ce .  The 

r e c e i v e r  osc i l l oscope  which measures o n l y  de lay o f  t ime, td, i s  t r i g g e r e d  by t he  

a r r i v a l  of t he  a i  rborne wave. Therefore,  t he  t o t a l  t r a v e l  t ime i n  i ce ,  t i ,  i s  t h e  

sum o f  the  t r a v e l  t ime i n  a i r ,  l a ,  p l u s  t he  t ime between t h e  a r r i v a l  o f  t he  a i r  

wave and r e f l e c t e d  wave, td, measured a t  t h e  rece i ve r .  

The speed o f  r a d i o  waves i n  a i r ,  c a ,  i s  approx imate ly  t h a t  f o r  a  vacuum, 

c = 299.8 m/us. The speed i n  i ce ,  c i ,  i s  determined by t he  magnetic p e r m i t t i v i t y  

o f  i c e  a t  O°C f o r  t he  rada r  frequency, 1.7 MHz. 

J i r acek  and Bent ley  (1966, p. 319) measured a  speed o f  168.5 + 1.0 m/ps on t he  

Skel ton G lac ie r ,  a co ld ,  -20°C,  g l a c i e r  i n  An ta rc t i ca  us ing  30 MHz r a d i o  waves. 

In format ion from th ree  rev iew papers on t he  e lect romagnet ic  p r o p e r t i e s  o f  i c e  



(Evans, 1965; Dorsey, 1968; and Robin, 1975) i n d i c a t e  t h a t  r a d i o  wave v e l o c i t y  has 

n o t  been measured f o r  waves o f  1.7 MHz through 0°C g l a c i e r  i c e ,  These papers do 

n o t  i n d i c a t e  w i t h  c e r t a i n t y  t h a t  r a d i o  waves propagate s i g n i f i c a n t l y  more s l o w l y  i n  

0°C i c e  a t  1.7 MHz frequency than i n  -20°C i ce ,  a l though f u t u r e  measurements may 

prove otherwise.  Thus f o r  now we assume t h a t  a 1.7 MHz radar  pu l se  propagates a t  a 

speed, c i  = 168 m/ps, i n  0°C g l a c i e r  i ce .  Th is  corresponds t o  a r e l a t i v e  permi t- 

t i v i t y  o f  3.17 and an index o f  r e f r a c t i o n  o f  1.78. 

- 
Because TBR = C i  t i  

and because t ,  = S/ ia  , (49 )  

Combining equat ion 45 w i t h  50 t o  so lve f o r  i c e  th ickness,  

o r h = J[168( td + ~/299.8)] - s (52) 

2 
Measured ice depths a t  Knik Glacier a re  listed i n  t a b l e  7 .  

Atmosphere 

Transm 

Figure 5.--Schematic diagram of radar path in glacier. 
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Tab1 e 2.--Kni k G lac ier  snow measurements. Estimated accuracy, 
k0.10 m. Only the highest s t a t i o n  wi th  no snow i s  
l i s t e d .  

S i t e  - 
€ 

( km) 

Date - Snow depth 

( Y  Y . MMDD) (m) 



T a b l e  3. - -Knik Glacier  south and n o r t h  terminus p o s i t i o n  data, 1979, 
1980, and 1981. Constants a r e  under1 ined; assumed values 
are i n  parentheses. Re t rea t  i s  i n d i c a t e d  by a nega t i ve  
change i n   length,^ 6 . 

A--$out h Tenni nus surveys f r m  theodol i t e  0.53 rn above s t a t i o n  COLONY. 

S i t e  Date D t v t t A E  
(YY.MMDD) (m> (grads) (grad51 (m) 

ST-) 
ST-2 
ST- 3 
S T-4 
ST-5 

ST-1 
ST-2 
S T-3 
ST- 4 
ST-5 

ST-1 
ST- 2 
ST-3 
ST-4 
ST-5 

+12 -1 96.0356 
Average -4 

-1 96.051 1 - 2 
Average 

-22 0.4400 -565 
-203.41 21 1 
-200.5759 -22 
-1 98.4541 -22 
-1 96.1214 -1 1 

Average -124 



Tab1 e 3.--Continued 

0--North terminus surveys from t h e o d o l i t e  0.85 m above s t a t i o n  SCAT. 

S i t e  Date Dt vt t A t .  
(Y  Y. MMDD) (m ) (grads) (grads) (m 

NT- 1 79.0523 2267.1 -1 0.3756 -1 64.6369 
NT-2 79.0523 251 0.8 - 9.4920 -166.1130 
NT- 3 79.0523 3032.2 - -164.9778 
NT-4 79.0523 (3855.2) - 6.2771 -163.6838 
NT- 5 79.0523 (51 44.9) - 5.0007 -1 67.6807 

NT-1 
NT- 2 
NT-3 
NT- 4 
NT-5 

-163.7622 -31 
-1 64.8691 -49 
-1 63.8592 -53 
-1 62.701 6 -59 
-167.8222 + l  1 

Average -36 

NT-1 81 .0611 (2267.1 ) -1 0.3756 -1 65.3023 54 
NT-2 81.061 1 (251 0.8) - 9.4920 -165.0214 6 
NT-3 81.061 1 (3032.2) - 7.9293 -164.4274 27 
NT-4 81 ,061 1 (3855.2) - 6.2771 -162.9494 15 
NT-5 81.061 1 (5144.8) - 5.0007 -168.0430 18 

Average 24 



Tab1 e 4.--Coordinates o f  index 1 ocat ions a1 ong the west-facing 
terminus o f  Knik G l a c i e r .  The azimuths o a r e  
from s t a t i o n  COLONY t o  each index p o i n t .  

Index l o c a t i o n  Azimuth Local coordinates 
s + s  0 X 

(km) (grads) (m i, 



Table 5.--Posi t i o n  of Kni k G l a c i e r  terminus near 10 index 1 ocat ions along 
the  west-facing terminus: z g  i s  the  a l t i t u d e  a t  the  terminus; 
2 '  i s  the a l t i t u d e  o f  the  terminus as viewed from s t a t i o n  COLONY. 

g 

S i t e  - Date - Terminus p o s i t i o n  
E + t  X Y Z g  Z '  g A 6 
(km) (YY .MMDD) (m)  (m) (m) (m) (m) 

79.0523 
79.0523 
79.0523 
79.0523 
79.0523 
79.0523 
79.0523 
79.0523 
79.0523 
79.0523 

Average x 
Average 5 

81.061 2 
81 .0612 
81 .a612 
81 .0612 
81.0612 
81 ,061 2 
81.0612 
81 .0612 
81.0612 
81 .0612 

Average x 
Average 5 

21 965.3 107.5 
Average 1 02.0 

--- d m "  

23721 .O 98.8 
23522.7 100.8 
23348.9 97.1 
23165.1 86.7 
22964.0 97.5 
22759.7 98.2 
22569.8 99.3 
22372.8 86.4 
22170.7 87.6 
21 980.1 85.0 

Average 93.7 
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