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Cover -----Aerial vi ew o f  the 6-ki lometer wide terminus o f  Col umbi a Glac ie r  , 
taken on August 14 ,  1984. In front o f  the glacier trapped iceberys 
and smaller i ce  blocks a r e  confined by a submerged moraine shoal. 
Beyond t h i s ,  icebergs d r i f t  south along the west side o f  Heather 
I s l a n d  ( l e f t  center) ,  and t h e n  sometimes to the east i n t o  Valdez Arm 
and Prince William Sound ( l e f t  distance). USGS photo by M .  F .  Meier. 
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Col umbi a  G l  a c i  e r  i n  1984: D i  s i  n teg ra t  i on Underway 

by M.F. ~ e i e r ,  L. A. Rasmussen and D. S.  M i l l e r  

Columbia G l a c i e r  i s  a la rge,  iceberg-calv ing g l a c i e r  ( f i g .  1) near Valdet,  

Alaska. The terminus o f  t h i s  g l a c i e r  was r e l a t i v e l y  s t a b l e  from t h e  t ime  o f  t h e  

f i r s t  s c i e n t i f i c  s tud ies  i n  1899 u n t i l  1978. During t h i s  p e r i o d  t h e  g l a c i e r  

terminated p a r t l y  on Heather I s land  and p a r t l y  on a submerged moraine shoal. 

Post (1975) suggested t h a t  i f  it were t o  r e t r e a t  from t h e  s t a b i l i z i n g  moraine 

shoal, a  p e r i o d  o f  d r a s t i c  r e t r e a t  would ensue. De ta i l ed  s tud ies  were made du r ing  

1977-78, and moni to r ing  has cont inued through 1984. I n  June, 1980, a p r e d i c t i o n  

o f  d r a s t i c  r e t r e a t  was issued (Meier and o thers  ,- 1980). 

I n  December, 1978, t h e  g l a c i e r  terminus re t rea ted  from Heather Is land,  and 

r e t r e a t  has acce lera ted each year  s ince then, except du r ing  a  p e r i o d  o f  anomalously 

low c a l v i n g  i n  1980. Although t h e  g l a c i e r  has not  terminated on Heather I s l a n d  

s ince 1978, a p o r t i o n  o f  t h e  terminus remained on t h e  c r e s t  o f  t h e  moraine shoal 

u n t i l  t h e  f a l l  o f  1983. By December 8, 1983, t h a t  f e a t u r e  had receded more than 

300 m from t h e  c r e s t  o f  t h e  shoal, and by December 14, 1984, had disappeared 

completely, l eav ing  most o f  t h e  terminus more than 2,000 meters behind t h e  c r e s t  

o f  t h e  shoal. 

Recession o f  t h e  g l a c i e r  f rom t h e  shoal has placed t h e  terminus i n  deeper 

water, a l though t h e  g l a c i e r  does n o t  f l o a t .  The a c t i v e  c a l v i n g  face o f  t h e  

g l a c i e r  now terminates i n  seawater t h a t  i s  about 300 meters deep a t  t h e  g l a c i e r  

cen te r l i ne .  Rapid c a l v i n g  appears t o  be associated w i t h  buoyancy e f f e c t s  due t o  

deep water a t  t h e  terminus (Post, 1975; Brown and others,  1982; Sikonia, 1982) 

and subg lac ia l  r u n o f f  (S ikon ia ,  1982). 



Columbia G lac ie r  has shown a seasonal p a t t e r n  o f  f l u c t u a t i o n  superimposed on 

a long-term t rend  o f  acce le ra t i ng  r e t r e a t  s ince 1976 ( f i g .  2). These seasonal 

changes i n  length,  due t o  seasonal changes i n  iceberg ca lv ing ,  a re  a l s o  d isplayed 

i n  f i g u r e  3. The 1,100 meter r e t r e a t  du r ing  1984 ( through December 14) was f a r  

g rea te r  than i n  any prev ious  year, t h e  next  g rea tes t  was 600 meters i n  1983. 

The observed long-term r e t r e a t  i s  compared w i t h  t h a t  p r e d i c t e d  by a c o n t i n u i t y -  

equat ion model (Rasmussen and Meier, 1982), a f i n i  t e - e l  ement dynamic model 

( S i  konia, 1982), and a f i n i t e - d i f f e r e n c e  dynamic model (Bindschadler and Rasmussen, 

1983) i n  f i g u r e  2. The acce le ra t i on  o f  t h e  observed r e t r e a t  i s  roughly cons is ten t  

w i t h  r e s u l t s  o f  p r e d i c t i v e  models a l though t h e  models a l l  p r e d i c t e d  t h a t  r a p i d  

r e t r e a t  would occur somewhat sooner than observed. It should be noted, however, 

t h a t  t h e  t i m i n g  o f  t h e  r e t r e a t  determined by models was expressed on ly  t o  t h e  

nearest  one o r  two years. 

The r e t r e a t  i s  shown i n  map view i n  f i g u r e  4; p o s i t i o n s  o f  the terminus a re  

shown a t  t h e  end o f  t h e  summer r e t r e a t  pe r iod  f o r  t h e  years 1974 and from 1978 

through 1984. Deep embayments I n  the terminus occurred i n  most e a r l i e r  years, b u t  

s ince 1982 t h e  terminus has been approximately s t r a i g h t .  

The p o s i t i o n s  o f  markers s e t  ou t  on the g l a c i e r  sur face i n  August 1984 

t o  measure t h e  r a t e  o f  f l o w  a r e  shown i n  f i g u r e  4. These markers were s e t  (by 

use o f  a he1 i c o p t e r )  on top  o f  seracs ( i c e  p innac les)  on t h e  extremely rough 

glac ie r  surface ( f i g .  5) .  The markers were surveyed f requent ly ,  from two survey 

s t a t i o n s  on r idges t o  t h e  east of t h e  g l a c i e r ,  over a pe r iod  o f  about t h r e e  

weeks. One marker (number 11) was t racked by an automated distance-measuring 

dev ice  from Heather I s l a n d  every 15 minutes du r ing  t h e  same per iod.  

Changes i n  t h e  surface a l t i t u d e  a re  examined by p l o t t i n g  t h e  a l t i t u d e  change 

s ince J u l y  27, 1974 fo r  each of 17 markers. Topographic maps e x i s t  f o r  t h a t  da te  

and f o r  September 1, 1981 and, f o r  only t h e  lower p a r t  o f  t h e  region, f o r  



September 10, 1983. A d e t a i l e d  sur face topography ana lys i s  (Rasmussen and Meier, 

1985), based on photogrammetr ica l ly  determined a l t i t u d e s ,  g ives  t h e  a l t i t u d e  a t  

t h e  p o s i t i o n  o f  each o f  6 markers between June 2, 1977 and September 1, 1981, 

and f o r  11 other  markers between J u l y  24, 1976 and September 1, 1981. A p re l im-  

i n a r y  ana lys i s  o f  t h e  photography from two more f l i g h t s ,  on August 2, 1982 and 

October 15, 1982, and surveys on August 13, 1984 y i e l d e d  a d d i t i o n a l  a l t i t u d e  

data. The a l t i t u d e  change s ince Ju l y  27, 1974 i s  shown ( f i g .  7) i n  terms o f  t h e  

average f o r  6 upper markers and t h e  average f o r  11 lower markers. A s t rong 

acce le ra t i on  o f  sur face lower ing  ( t h i n n i n g )  occurred i n  1981 . 
The bed topography has r e c e n t l y  been est imgted (Brown and others,  i n  

p repara t i on )  f o r  t h e  lower p a r t  o f  t h e  region, thus enabl ing es t ima t ion  o f  t h e  

g l a c i e r  th ickness a t  t h e  p o s i t i o n s  o f  6 markers (numbers 7-11 and 17) forming a  

progression down t h e  c e n t e r l i n e  o f  t h e  g l a c i e r .  By using t h e  r a t i o  o f  seawater 

dens i t y  t o  i c e  dens i ty ,  it i s  p o s s i b l e  t o  determine t h e  p a r t  o f  t h e  th ickness 

unsupported by buoyancy. Th is  i s  shown i n  f i g u r e  8  as a f u n c t i o n  o f  t ime s ince 

1977 f o r  each of t h e  6 markers. The seasonal v a r i a t i o n  has been removed by 

choosing maps o r  o the r  sur face topography analyses on o r  near September 1 o f  

each o f  t h e  f i v e  years  f o r  which data a re  shown, and by c p r r e c t i n g  t o  t h a t  da te  

any a l t i t u d e  values t h a t  were n o t  exac t l y  on.Septernber 1. For each marker, a  

curve Ss drawn through t h e  f i v e  p o i n t s  and i s  ex t rapo la ted f o r  about a  year  i n t o  

t h e  fu tu re ,  Although t h i s  graph suggests t h a t  t h e  lowest  k i l omete r  or two along 

t h e  c e n t e r l i n e  w i l l  f l o a t  w i t h i n  about a  year, i c e  has genera l l y  calved before  t h i s  

occurs; t h i s  c a l v i n g  increase as t h e  unsupported th ickness becomes small i s  what 

forms t h e  bas is  o f  a  c a l v i n g  law (Sikonia,  1982) used i n  modeling Columbia Glac ier .  

T h e  i c e  th ickness unsupported by buoyancy a t  marker 17 i n  1984 i s  very' c lose  t o  

t h a t  p red ic ted  a t  t h e  terminus by Sikonia (1982, p. 824). 

Dur ing l a t e  w i n t e r  and spr ing  o f  1984, t h e  i c e  c l i f f  a t  t h e  terminus was 



abnormally low and i r r e g u l a r .  I n  one segment,-where t h e  water depth i s  100 t o  

170 m, a p o r t i o n  of t h e  g l a c i e r  flowed out  as a tongue about 500 m long and 500 m 

wide ( f i g .  9 ) .  This tongue had a freeboard (he ight  above sea l e v e l )  a s  low as a 

few meters, i n d i c a t i n g  t h a t  i t  was f l oa t i ng .  Such a phenomenon has no t  been 

observed before a t  Columbia Glac ier ,  and i n d i c a t e s  t h a t  t h e  th ickness unsupported 

by buoyancy had, f o r  a sho r t  t ime, l o c a l l y  d imin ished t o  zero. 

The v e l o c i t y  t r e n d  over  t h e  p a s t  several years i s  shown i n  f i g u r e  10 f o r  a 

p o i n t  f i xed  i n  space near t h e  p o s i t i o n  o f  1984 marker number 17; t h e  t r e n d  of 

g l a c i e r  th ickness i s  shown as we1 1. As w i t h  t h e  unsupported th ickness data  ( f i g .  

8), t h e  seasonal v a r i a t i o n  has been removed from these two curves. Because t h e  

t ransverse v a r i a t i o n  o f  v e l o c i t y  i s  known (Fountain, 1982; Meier and other;, 1985), 

i t  i s  p o s s i b l e  t o  es t imate  t h e  t o t a l  vo lumet r ic  f l u x  through t h e  g l a c i e r  cross-  

sec t ion  conta in ing  t h i s  p o i n t  by us ing  t h e  est imated bed topography. The f l u x  

values corresponding t o  t h e  f i v e  p o i n t s  on t h e  curves i n  f i g u r e  10 are, from 1977 

t o  1984: 1.34, 1.36, 1.40, 2.56, and 3.95 km3/year. The sharp increase i n  f l u x  

i s  caused by t h e  sharp increase i n  v e l o c i t y  and i s  on ly  s l i g h t l y  tempered by t h e  

m i l d  d e c l i n e  i n  thickness. 

The vo lumet r ic  d ischarge of icebergs from Columbia GI a c i e r  i s  increasing.  

The iceberg ca l  v iny  f l u x  from June 17, 1983 t o  October 4, 1984 i s  shown i n  

f i g u r e  11. During t h e  1977-78 measurement. year  t h e  c a l v i n g  f l u x  averaged about 

1.4 km3/year; i n  t h e  second h a l f  of 1983 the average value was about 3 km3/year 

and from January 1 through October 4, 1984, almost 4 km3/year. The iceberg 

d ischarge on September 1, 1984 (about 5 km3/year) was appreciably g rea te r  than 

t h e  vo lumet r ic  f l ow  of t h e  g l a c i e r  near marker 17 (3.95 km3/year) on t h a t  date. 

Thus g l a c i e r  f l ow ,  a l though i t  has increased markedly, i s  not  keeping up w i t h  t h e  

discharge o f  iceberys. 



A l l  t h e  evidence i n d i c a t e s  t h a t  Columbia G lac ie r  i s  now i n  a phase o f  r a p i d  

and acce le ra t i ng  d i s i n t e g r a t i o n .  The r a t e  o f  terminus r e t r e a t  i s  i nc reas ing  

( f i g ,  2, 3 ) .  The g l a c i e r  i s  t h i n n i n g  a t  an ever more r a p i d  r a t e  ( f i g .  7 ) .  

Because o f  t h i s  th inn ing ,  a c o n d i t i o n  o f  f l o t a t i o n  i s  being approached ( f i g .  8) 

and has been a t t a i n e d  b r i e f l y  i n  a t  l e a s t  one l o c a l  area ( f i g .  9 ) .  Although t h e  

g l a c i e r  i s  t h inn ing ,  t h e  v e l o c i t y  i s  increas ing r a p i d l y  so t h a t  t h e  vo lumet r ic  

f l o w  r a t e  i s  acce lera t ing ,  e s p e c i a l l y  s ince e a r l y  1982 ( f i g ,  10). The r a t e  o f  

d ischarge o f  icebergs i s  a l s o  acce le ra t i ng  ( f i g .  11) and i s  apprec iab ly  l a r g e r  

than t h e  g l a c i e r  f l o w  rate.  Thus t h e  g l a c i e r ,  i n  s p i t e  o f  a r a p i d  drawdown of 

i t s  i c e  reserves, i s  unable t o  ba lance ' the  increas ing losses by iceberg  discharge. 

C lea r l y ,  d i s i n t e g r a t i o n  i s  now underway. 

There i s  no evidence t h a t  d i s i n t e g r a t i o n  and iceberg d ischarge w i l l  dece lera te  

soon. The r a t e  o f  change o f  almost a l l  p e r t i n e n t  va r iab les  i s  toward ever  f a s t e r  

breakup, which i s  cons is ten t  w i t h  t h e  p r e d i c t i o n s  based on numerical model i ng. 

It should n o t  be assumed, however, t h a t  t h e  increas ing iceberg d ischarge w i l l  

cause g r e a t l y  increased iceberg  problems w i t h  shipping i n  Valdez Arm. The 

moraine shoal, which had a maximum s i l l  depth o f  23 m below lower low water i n  

t h e  l a t e  19701s, prevents t h e  escape of l a r g e  icebergs i n t o  open water, and thus  

ac ts  as a f i l t e r  t o  prevent  l a r g e  outbreaks o f  i ce .  
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Figure 2.--Changes i n  t he  leng th  o f  Columbia Glac ier  since 1976. Upwards t rend 
represents advance, downwards t rend represents re t rea t .  Heavy 1 i ne  i s  
observed behavior of t he  terminus, averaged over the  width. L i gh t  
l i n e s  labeled (a ) ,  (b) ,  and ( d )  show publ ished p red i c t i ons  using 
d i f f e r e n t  k inds o f  nume~ ica l  models: a, Rasmussen and Meier (1982); 
b , S i  koni a (1 982) ; d , B i  ndschadl e r  and Rasmussen (1  983) . 
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Figure  3.--Seasonal advance and r e t r e a t  o f  Columbia Glacier f o r  t h e  years  1976- 
84, superimposed onto one year  f o r  comparison. The curves a r e  repeated 
i n  t h e  gray areas t o  e i t h e r  s ide  t o  help v i s u a l i z e  t rends.  S o l i d  do ts  
a r e  data  p o i n t s  abta ined by photograrranetry ( e r r o r  i s  about 10 m) ,  open 
c i r c l e s  a r e  observat ions  by 1 ess-accurate methods (ship-borne radar, 
ground surveys),  and smooth curves a re  drawn through d a t a  po in ts .  
Data f r o m  a e r i a l  photographs taken on March 12 and A p r i l  24, 1984, a r e  
p l o t t e d  as v e r t i c a l  l i n e s  because o f  t h e  d i f f i c u l t y  i n  d i f f e r e n t i a t i n g  
t h e  low, i r r e g u l a r  i c e  c l i f f  f r o m  f l o a t i n g  ice.  Values a r e  averaged 
over t h e  w i d t h  of t h e  a c t i v e  terminus. 



Figure  4.--Map showing the c o n f i g u r a t i o n  o f  the  terminus o f  Columbia G l a c i e r  
a f t e r  summer r e t r e a t ,  f o r  the  years 1974 and 1978-84. Small crosses 
represent  t h e  Un iversa l  Transverse Mercator coordinates i n  meters. 
Also i n d i c a t e d  a r e  t h e  marker l o c a t i o n s  (dots )  and survey s t a t i o n s  
( t r i a n g l e s )  used d u r i n g  the August, 1984 f i e l d  program. Markers 
numbers 2, 3, 5-11 and 17 a re  on o r  near t h e  main stream o f  t h e  g l a c i e r  
f low.  Marker 17 was on t h e  g l a c i e r  i n  August b u t  t he  te rminus 
subsequently r e t r e a t e d  back from t h a t  locat ion .  



Figure 5.--Oblique aerial photograph showing the roughness of the glacier surface. 
View i s  t o  the west, about 2 km above the terminus. Average re l ie f  f r o m  
summits t o  valleys i s  about 25 m; local re1 i ef may range up t o  40-50 m. 
USGS photograph by M. F.  Meier, August 14, 1984. 



Figure 6.--Longitudinal section o f  the terminus of Columbia Glacfer, as o f  August, 
1984, The 1981 and 1974 profiles a're also shown. Note that the 
terminus o f  the glacier has retreated into water about 300 meters 
deep, but that the i c e  i s  not  floating. Also, large icebergs are 
grounded against the moraine shoal, trapping other floating ice blocks 
and delaying their release to  navigable waters. 



Figure  7.--A1 t i t u d e  d e c l i n e  s i n c e  J u l y  27, 1974 f o r  t h e  average o f  6 markers 
(numbers 2, 3, 5, 6, 13 and 14) i n  the upper p a r t  o f  t h e  reg ion  and 
f o r  11 markers (numbers 7-12, 15, 17, 19-21) i n  t h e  lower  p a r t .  The 
1984 values a r e  probab ly  high compared w i t h  the o the r  values (as 
i n d i c a t e d  by the arrows):  i n  1984 markers on serac t o p s  were surveyed, 
whereas the  o the r  values were determined photogrammetr ica l ly  a t  p o i n t s  
u s u a l l y  a t  the l i p s  o f  crevasses. 



Figure 8.--Part o f  g l a c i e r  th ickness unsupported by t h e  buoyant e f f e c t  of t h e  
seawater. Marker numbers 7-11 and 17 form a progression downglacier 
approximately along t h e  c e n t e r l i n e  ( f i g .  4 ) .  Arrows i n d i c a t e  t h a t  t h e  
1984 values are  probably high compared w i t h  t h e  o t h e r  values because 
surveys were t o  serac tops. 



Figure 9.--0bl ique aerial photograph showing the glacier terminus on March 29, 
1984. The water in front of the glacier (foreground and l e f t )  i s  
choked w i t h  iceblocks. Note tha t  the ice c l i f f  i s  low, indist inct ,  
and irregular, and that a tongue o f  i ce  (arrow) has flowed out in 
advance o f  the i c e  c l i f f .  The freeboard of this tongue i s  very low, 
indicating t h a t  i t  i s  floating. USGS photograph by R.  M .  Krimrnel . 



Figure 10.--Surface speed (component t o  the  south) .and.'glacier thickness f o r  a p o i n t  
f i xed  i n  space near the 1984 posi t ion o f  marker number 17  ( f i g .  4) .  



Figure 11.--Calving f lux  from June 17 ,  1983 through October 4 ,  1984. The values 
are averages between tlmes of aerial  photography, and thus are plotted 
as a histogram. The arrow indicates the average value f o r  the  year 
September 1 ,  1977 t o  August 31, 1978. The c i r c l e  indicates  the  f lux 
of i c e  towards the  terminus on September 1 ,  1984. 


