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ABSTRACT. A rela ti vely lightweig ht and simpl e a irborne sys tem for surface 
ele\'a ti on profilin g of g laciers in na rrow mountain \'a ll eys has bee n d evel oped and 
tested. Th e a ircra ft posi ti on is dete rmined by kinem a tic globa l pos i ti oning sys tem 
(GPS) methods. Th e di sta nce to th e g lacier surface is d etermined with a lase r range r. 
The acc uracy is about 0. 3 m, suffi cient to permit future changes to be observed O\'e r 
short time interval s. L ong-term cha nges can be es tim a ted by compa ri son of profil es 
with ex isting ma ps. El eva tion profil es obta ined in 1993- 94 from three glac iers in 
centra l a nd south-central Alas ka a re compared \\'ith ma ps mad e a bo ut 1950 . The 
resulting a rea-a\'eraged , seasonall y correc ted thickness cha nges during the in te n 'a l 
are : Gulk ana Glac ier (ccntral Alaska Range) - 11 m , \\'orthington Gl ac ier (centra l 
Chugach Mountains) + 7 m, and Bea r Lake Glacier (K ena i Mounta ins) - 12 m. All 
three g lac iers retrea ted during the inte r\,a l of compari son. The es tim a ted unce rtainty 
in th e a\'erage thi ckness change is ± 5 m , which is mainly due to erro rs in the existing 
maps. C onstraints on th e acc uracy o f th e ma ps are obta ined by profilin g in proglac ia l 
a reas . 

1. INTRODUCTION 

Although mountain g lac iers and sma ll ice caps corn prise 
only a bout 3% of the g lacieri zed a rea of the Ea rth , th ey 
a re p a rti cul a rl y interes ting because th ey a re sensiti ve to 
elima te cha nge, and because th ey may ha \'e a signifi cant 
effec t on sea level ( ~I e i e r , 1984, 1990; O erl emans a nd 
Fortuin , 1992; Schwitte r a nd R ay mond , 1993). U nfo rtu­
nately, traditional g round-based a nd photogramm etri c 
m e th od s of g lac ier m ass-b a la nce m easureme n t a re 
diffic ult and /or expensive. As a result , onl y [our o r fi\ 'e 
glaciers in th e United Sta tes a re regul a rl y monito red . 
L a rge distances, o r ogra phi c ba rri e rs, a nd diffe re nt 
climatic regimes make it diffi cult to extra pola te th ese 
data to obta in a regiona l pa ttern of cha nges . 

A promising me thod fo r increas ing the cO\'erage of 
g lacier mass-ba lance studi es is by surface ele\ 'a ti o n 
measurement [i"om sa tellites or aircra ft . Studies of th e 
polar ice shee ts using bo th methods have a lready begun 
(Zwally a nd others, 1989; Douglas a nd others, 1990; 
Blankenship and oth ers, 1992; G a n 'in and Willi a m s, 
1993; Lingle and others, 1994; Kra bill a nd others, 1995; 
Thom as and others, 1995). The small size and steep slop es 
of mounta in glaciers a nd small ice caps make direc t 
measurements by satellites and large a ircra ft unsuitable , 
although th e use of interferometry has promise (c.g. 
Goldstein and others, 1993) . At presen t, th e bes t me th od 
for mounta in glaciers seems to be a ltim etry from sm a ll 
aircra ft. H ere we desc ribe a lightweight, simple, a nd 
rela tively inexpen sive system suitabl e for a small airc ra ft 
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capa ble of Oying in mounta in \·a ll cys. W e then present a 
sample of d a ta from three g laciers in central a nd soulh­
centra l Alaska, and give a comparison of th e eleva ti on 
profil es with topogra phi c data from ex isting ma ps. These 
compa ri sons are then used to determin e th e \'olum e 
change o f each glac ier, a nd these changes a re p ut into th e 
contex t o f regional pa tte rns in mass ba la nce. 

2. DESCR IPTION OF THE SYSTEM 

The goa l o f laser profilin g is to meas ure the a bso lute 
surface eleva tions of points a long a pa th fl ovl'n down a 
glacier. T o do this, one must simulta neou sly determin e 
the pos i ti on of the surface rclali\'e to th e a ircraft and th e 
a bso l u te position of th e a i rcraft . The la tter is d eterm i ned 
by du a l-frequency kin em a ti c globa l positioning sys tem 
(GPS ) m e thod s. Ca rri e r ph ase measurem ents a re mad e 
once per second wi th two rece i\'C rs, one on board the 
aircraft a nd the oth er a t a fixed , known location (Kra bill 
and IVl a rtin , 1987; M ad er a nd Lucas, 1989 ) . These GPS 
da ta require post-missio n processing. Th e distance from 
the airc ra ft to the point o n the surface is d e te rmined by a 
lase r ra nge r. Th e ra n ger opera tes a t 905 nm , a nd 
sampl es a t 25 Hz, whic h corres ponds to a m easurement 
interval o f a bout 1. 2 m a long the surface a t a typical 
aircraft speed of 30 m Si . The beam dia m e ter is 0.18 m 
at a di sta nce of 100 m. R efl ec ti ons a re o bta ined a t a 
maximum di stance of 500 m from snow a nd about 200 m 
ri 'om ice, rock, and vege tation. The ori entation of the 
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bea m is m eas ured by a \ 'e rti ca l- ax is g\TO a nd a m agne ti c 
compass , eac h sampled a t 25 Hz. Th e range, beam 
ori enta tion , a nd GPS timing d a ta a re sto red b y a sma ll 
on-board computer; G PS position data a rc stored by the 
rece i\"( rs . Th e senso rs a re mounted o n a sing le sma ll 
pl a tform whi ch is shock-m o unted in th e aircra ft. The 
to ta l m ass o f th e sys tem is 50 kg and its volum e is less 
th a n I m :l . The a ircra ft is a m odifi ed sing le-eng ine Piper 
PA I2 o n wh ee l-skis. 

TII'o e leva tion profil es fl own OITr th e sa m e ground 
trac k a t diffe rent times a rc need rd to obta in e1 el'a ti on 
cha nges o \'e r short tim e inten'a ls. Acc urate real-tim e 
pos itioning o[ th e a ircraft , required for fl ying th e second 
profil e, is prO\'ided by diffe renti a l GPS meth ods whi ch 
permit the pilo t to fly be tween \I'aypoints es ta blished on 
th e track o r th e origina l pro fil e. O\U mu ch of Alas ka \Ve 
must es ta bl ish an FM ra d io link between the on-boa rd 
a nd fixed GPS recei\'e rs [or relay ing th e differenti a l 
co rrec ti ons. [n some reg io ns the co rrec tions ca n be 
obta in ed rrom a communi cati on sa tellite sig na l or a 
commercia l radi obeacon which has been es ta bli shed fo r 
thi s purpose. 

3. ACCURACY OF THE SYSTEM 

A. Pos ition of the aircraft 

Kin ema ti c G PS meth od s ge ne n Il y req uire o ptim um 
trac ki ng co ndi ti ons for th e g rea tes t a cc u racy a nd 
effi ciency in data reduct io n. 1\Ieasureme nts a r c genera ll y 
mad e whe n th cre a re a t leas t six sa tellites a t an e le\'a ti on 
of 20' or m o re a bOl,(, th e ho rizo n. and , II'he n possible, \Ve 
a \'oid pe ri od s of ionosph e ric disturban ces . D a ta a rc 
collected se\ 'e ral minu tes before take-o ff in o rd er to 
loca te th e a ircra ft acc ura tel y rela til 'C to th e fix ed GPS 
rece i\ 'C r ("initi a li za ti on" ); thi s procedure is re pea ted aft er 
la nding (" rc-initi a li zati o n" ) . After the missio n II'e soke 
{o r the positi o n of the airc r a ft a t each second during the 
fli ght by process ing eith er fOr\I'a rcl or backvvard in time 
fi'om th ese i ni ti a liza ti ons. 

ft is difTi c ult to assess th e aircra ft pos iti o n erro rs. Two 
recent GPS softw are pac kages gi\'e solutio ns whi ch a rc 
consisten t \I·i th each oth er a t th e 0.1 0-0.1 5 m [e\ ·e l. Th ese 
two so luti o ns so metimes dillc r by sn 'eral m e ters from the 
so lutions g ive n by older software. \\'hen th e GPS data a rc 
ma rgin a l th en either no so lutio n can be obta ined or th e 
so lutions obtained by forw a rd a nd backwa rd process ing 
may diffe r b y 2 m or more in th e l'C rti ca l. \\Te use se\'cra l 
para meters to judge th e qu a lity of a so lution , including 
th e geo me tri c strength o f th e sa tellite constell a ti on and 
th e roo t-mea n-square d evi a ti o ns of the so luti o ns from a ll 
possible combinat ions of fo ur satellites a t eac h m casurc­
ment tim e (o nce per second ), and th e consistency of 
soluti o ns at " cro. sO I'e r" p o ints wh e re tll"O profil es 
int ersec t. \\Then these crite ria are fa \'o ra bl e . \I'C judge 
that a so luti o n is "good ", which impli es a \'e rti cal 
acc uracy of 0 .2 m or belle r. A se ries of tes ts in which 
th e a irc raft " 'as tax ied alo ng a runway of known eln'a tion 
gave results whi ch we re reprodu cible to a stand a rd 
de\'ia ti on o r 0.02m in th e \:e rti ca l. I t is like ly th a t thc 
horizo nta l acc uracy is be tte r th a n the verti cal because o[ 
the gco me try o[ th e GPS sate llite constell a tion. 

E rliehneJ'er alld a/hers: Airborne sl/ljare proJifillg 

B. Range and tiIl1.ing 

T es ts of the ra nger O\'er se\'e ra l sur\'l:yed di sta nccs, a nd 
ovcr onc dista nce using diffe re nt renec tin g m a teri a ls, 
indica te a sta nd a rd d e\'ia tion o f about 0.04 m. The re a re 
a lways a few m easurements th a t fa il or a re o b\'io usly 
erroneous und e r a c tua l night conditions, but th ey can be 
edited. Flight tes ts OHr a sun'eycd step in surface 
e le\'ation indica te that the relative timing or the position 
a nd dista nce m easurements is accura te to be tte r th a n 
40 ms. Th e th eo re ti ca l acc uracy o[ th e timing circ uitry is 
8ms, whi ch corres ponds to a bo ut 0.2111 of hori zontal 
m oti on of the a i rc r a ft. 

C. Attitude 

Flight tes ts ca rri ed out during 1994 ol'er a fi'oze n la kc 
(which \\'as ass umed to be fl a t ) indica te th a t th e gy ro 
d e termin es p itc h a nd roll ang les to a n acc uracy of a bout 
2° . Th e errors a rc la rge ly du e to coupling o f th e 
accelera tion hi s to ry a nd th e hyste resis of the gyro , a nd 
they are a bout an order of mag nitude la rge r th a n th e 
errors measured in th e la borato ry under sta ti c conditio ns. 
The headin g is e ith er assumcd to be tange nt to th e GPS­
determined g round track of th e airc ra ft , or measured by 
th e magnc ti c compass .1L has a n un ce rta inty o[up to [00, 
d epcnding upon cross-wind s, turning ra te and o th er 
fac tors. 

\\'hen the aircraft is nying a pprox ima tely d own slo pe, 
the errors in surface ele\'ati o n ca used by th e e rro rs in 
pitch and roll a ng les a re proportion a l to the height o[ th e 
a ircrali a bo\ 'e th e surface a nd to th e sine of an a ng le. For 
pitch, thi s a ng le is th e dilference be tween th e pitc h a nd 
surface slope a ng les; for roll , it is th e roll ang le itse lf. 
These erro rs \'a ni sh when the ra nge r beam is perpendi­
c ul a r to th e su rface, " 'hi ch we pro m o tc by a n a ppropri a te 
se ttin g 0[' th e pitc h of th e instrument platform within th e 
a ircra ft. The effec t of heading erro r o n surface eleva ti o n is 
sig nifi cant only O\'e r steep surfaces, a nd usua ll y is sm all 
compared to th e e ffects of pitch and roll errors. Th e to tal 
e rror in ele\'a ti o n due to th e combin ed effec ts of pitc h , ro ll 
a nd headin g \ 'ari es from less than 0.1 m to I m o r m o re 
und er extreme co nditi ons; 0. 2 m is typical. This e rro r is 
minimi zed by fl y ing as 10\1' as sa fe tv permits (50- 300 m ), 
a nd by minimi z in g roll angles, eith er by making flat turns 
o r by di\'iding a sha rpl y cUJ'\ 'ing path into segm ents i[ a 
continuous pass wo uld require la rge ro ll angles . 

D . Repeat profiles 

T o detect ch a nges by repea t i ng prc\'iousl y m easu red 
pro files, fli ght p a ths must be rc produccd as acc ura te ly as 
poss ible. The diffe renti a l GPS positi oning is acc ura te to 
a bo ut 5 111 , but th e a ircra ft ca nnot be fl o\l'n a lo ng th e 
pred etermin ed pa th to this acc urac y. Compli ca ted fli g ht 
pa ths ol'c r two g lac iers \I'ere re pea ted \I'ithin stand a rd 
d evi a ti ons o[ 15- 45 m in ho ri zo nta l pos iti o n under 
conditions of subs ta nti a l cross-winds. 

E. Overall accuracy of the s ysteIl1. 

In most situati o ns, the errors in a m easurement o f sLlrface 
e levation a re dominated by th e e rrors in the GPS-

539 https://doi.org/10.3189/S002214300000352X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300000352X


J ournal of Claciology 

determined ele\"a tion of the aircraft and those in th e pi tch 
a nd roll angles. Trea ting these erro rs as ind ependent a nd 
taking 0.2 m for each , the net error in surface eleva tion is 
typicall y about 0.3m (stand a rd d eviation ). This es timate 
may be somewhat conse rva tive consid ering th e res ults of 
seve ra l direct meas urements of sys tem acc uracy. R e­
peated measurements ove r a frozen lake under various 
Oi ght conditi ons gave an ele\"a ti on which differed from 
th a t which was concurrentl y surveyed on the ground by 
a n average of 0 .06 m, with a sta nd a rd deviation of 0.1 3 m 
along th e fli g ht p ath. Airborne profl le e leva tions 
measured a long Gulkana Gl ac ier (Fig. I ) in 1993 
differed from spot eleva tion val ues surveyed on the 
g round by a sta ndard deviation of 0.3 m. Mu ch of this 
difference was because the profile was measured a month 
after th e ground survey, and because the ground track did 
not coincid e exac tly with the surveyed points; both effects 
required co rrections which were diffi cult to make. Fin a lly, 
for the 1993 fli ghts on Gulka na Glacier, the m ean 
difference of 27 crossover elevations between two profiles 
meas ured on the same day was 0.12 m; two m easured 
points were required to be within 0.5 m hori zonta l 
distance of each other to qualify for comparison. 

System perform a nce is periodically chec ked by 
profiling frozen lakes with ind ependently but concur­
rentl y measured elevati ons, a nd by obtaining crossover 
data when feasible. Idea ll y, control meas urements would 
be made eve ry fli ght over a surveyed runway or o ther 
reference surface, but this is often impractica l in our 
operations because th ey are often staged from grave l bars 
or g lacier surfaces . An y such reference surface mu st be 
surveyed a t the tim e of compa rison by GPS m ethods 
ra ther th an relying on map eleva tions, which can be in 
error by severa l m eters. 

4. RESULTS 

Eleva tion profiles from three small temperate glaciers ­
Gulkana, Worthington and Bear Lake Glaciers (Fig. I ) 
- in centra l and south-central Alaska a re presen ted as 
exampl es of the profi les from the 30 or so glaciers which 
we have studi ed. Good GPS solutions were obtained for 
a ll three. The da ta a re archived with W orld Da ta Center 
A: Glaciology. Th e charac teristics of these three glaciers 
and o[ th e da ta obtained a re given in Table 1. 

A m ap ofGulk a na Glacier is shown in Figure 2. Three 
profiles were flown a long this glacier; the surface eleva tion 
a long one of these is shown in Figure 3, and comparisons 
wi th m a p eleva tions along the three profiles (discussed 
la ter) a re shown in Fig ure 4. Similar information for two 
profi les on Worthing ton Glac ier is shown in Figures 5, 6, 
and 7, a nd for three profil es on Bear Lake Glacier in 
Figures 8, 9, and 10. 

5. THE PROBLEM OF MAP AND PROFILE 
COMPARISON 

A. Maps and their quality 

In the United States th ere a re two sources of maps 
showing g lacier surface elevations. The first is a se t of nine 
glac ie r maps mad e during 1957- 58 by th e American 
Geographical Society ( 1960). They have a sca le o[ 
I : 10000 and a conto ur interva l of 5 m , but few of th em 
have a bso lute control , which is necessa ry [or comrarison 
with our profiles. The other maps, covering most of 
Alaska, were macl e by th e U.S. Geological Survey 
(USGS ); they are the ma p used he re. :Many of the 

• Fairbanks 

~ ... - - --

GULF OF ALASKA 

154°W 
1500 W 146°W 

Fig. I. Location map. The gLaciers profiled are indicated by upper-case characters. 
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Table 1. Glacier characteristics (1993- 94) and data obtained 

GLacier Localioll Length 

km 

Gulka na Central Alaska R a nge 8 
Worrhingro n Central Chugach i\Iountains 6 
Bear La ke K enai }'Iou n ta ins 6 

• The terminus has two bra nch es . 

uses ma ps of in teres t to us were made fro m photo­
graphy acquired in 1949 or th e 1950s. They h ave a scale 
of I: 63 360 and a contour interval of 100 ft (30 .5 m ) . The 
standard of acc u rac y is ha lf a contour interva l (a bout 
15 m) in the \"e rti cal, and a bo ut 50 m in th e ho ri zontal, 
which is almos t two ord ers of m agnitude poo re r th a n th e 
profil e da ta . H owe\'er, th e accuracy of a give n m a p IS 111 

fac t unknown, a nd may be better or worse th a n the 
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Fig. 2. Gulkana Glacier . T o/)ography ill 1954 ( most of the 
glacier) and 1949 ( lowest kilo meter oj the glacier), with 
the tracks oJ the 1993 elevation l)roJiles . Elevations are ill 
jeet and the contour interval is 100./t (1jt = 0.30.5 m) . 
Hatched areas are ice masses which are within the 
I~ydrologic basin bllt are not included in the "connected 
glacier" area listed in T able 3. Pass I ( Main B ranch) 
was extended into the IHoglacial area to test tlte mal) 
accuracy . T he gal) oj 1.5 km in this pass is due 10 a gal) in 
the ranger data over rough moraines. 
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T erminus elel'atioll 

m 

11 80 
660 (S ) , 720 (1\" ) ' 

4 70 

Date 

12 June 1993 
3 1 May 1994 
28 May 1994 

sta nd a rd , depending upon the q u a lity of th e a er ia l 
photographs used in ma p constru c ti on, the prox i mi ty 
and qu ality of the ground control, th e steepness o f th e 
terra in , and oth e r factors. Ano th er prob lem is th a t 
photographs fro m m o re than one d a te have some tim es 
bee n used for a sin g le glacier, a nd contours which a re 
mi sm a tched because of rea l cha nges between these d a tes 
have been smoothed by the ca rtogra phers. Gulk a n a 
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Fig . 3. Gulkalla Glacier. All emm/)Ie oJ)roj iled and map 
elevations (jJass 2, Al ain Branch, Fig . 2) . The poinls 
labelled" mall , rock contollr" are shown as unglacieri.ced 
017 the majJ . T he two difj erent ma/J/ling dates ( Fig. 2 and 
T able 3) account .Jor lhe slight break in lite slo/le oJ the 
map sll1fa ce ( as defined b)1 the poin ts) at aboul 1270 m 
elevation. 
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Fig . 4. Gulkana Glacier. Elevation changes vs mal) 
elevation j or the three /Jrojiles. The map elevalions are 
]rom 1954 above 1270 III elellation, and from 1949 below . 
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Fig. 5. I !'orthillgtoll Glacier. To/}ogra/}/ry ill 1950, with the tracks of the 1994 elevatioll /Jrqfiles . Elevatiolls are ill j eet 
(! jt = 0.305 Ill) . Hatched areas are ice masses which are within the h)ldrologic basin but are not illcluded ill the 
" connected glacier" area listed in Table 3. 

G lacier, for example, was mapped from a com posite of 
1954 a nd 1949 photograph y. T he dates of p h o tography 
a re sometimes incomplete on the maps, and th e mo nth 
\\·hen they were taken is gene ra ll y no t g iven. Th e exact 
da tes for the g lac iers d iscussed he re have been confi rmed 

by the mapping age ncy. 
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Fig . 6. l l'ort/Zillgtoll Glacier. An exam/}Ie of IJrojiled alld 
mal} elevations (j}(/ss 1. Fig. 5) . 
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Fig . 7. W orthington Glacier. Elevation changes vs mal} 
elevation jar the two /HOjiles. 
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Fig. 8. Bear Lake Glacier. Topography ill 1950, It' it/z t/ze 
tracks oj the 1994 elevation profiles. ( .1''1 '0 useful data were 
obtailled on pass 2.) Ele1'atiolls are in j eet ( 1 jt = 
0.305 m) . Hatched areas are ice masses wizirh are within 
the /l)'drologic basin but are not included ill the ,. cOllnected 
glacier" area listed ill Table 3. 
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Fig . 9. Bear L ake Glacier. An exam/)le oj IJroji/ed and 
mal) elevations (pass 1, Fig. 8) . 
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Fig . 10. Bear Lake Glacier. El f/'atioll challges l'S map 
eLel'a/ioll/or the three pro/iles . The·· rock" points at high 
eteNltiollS are at the head if tlte glacier It'here it is e.\trell7e0' 
steej) ( Fig. 9) alld the ranger dala are jnohibilil'e~1' Ilois), . 
S/lch j)Oillt.1 are e\ eludecl frOIll the error (l/w~J'sis as 
described il7 the telt. 

B. Reference syste Ins 

Th e compa ri so n of m a p a nd profile d a ta requires ca re in 

th e use of reference sys tems for both ho ri zonta l and 

,·ert ica l coo rdin a tes . GPS coordin a tes a re initi a ll y ca lcu­

lated in a n Earth-ccntcred Cartes ia n sys tem: these a re 

th r n tra nsfo rm ed to la titud e a nd long itud e on the Wo rld 

Geodetic System 1984 (\\'GS84) ellipsoid, a nd heig h t 
a bO\"C this ellipsoid. Th e \\'GS8+ ellipso id and datum , 

,,·hi ch a re esse nti a ll y eCj ui,·a lent to th e :\lorth Ameri ca n 

Da tum 1983 (NAD83 ), a re th e sta ndard fo r GPS geod esy 

in :\lo rth Ameri ca. H o " ·n·n, most maps in Al as ka are 

refe ren ced to a diffe rent sys tem, th e :\lo rth Ameri can 
Datum 1927 (NAD27 ), so a compa ri so n of profiled a nd 

map eln·a tions reC] ui res other transforma ti ons. First. th e 

profiled la titud e a nd long itud e are tra nsformcd to th e 
:,\AD27 refe rence sys tem, ,,·hich us u a ll v ill\·o h-es a 

ho ri zonta l shift of a lm ost 200 m . Secondl y, thc :\AD27 

la titud e a nd long itud e are tran sfor m ed to planar 

coo rdin a tes by a co nformal projcct io n to th e particular 

zo ne of th e Un i ,"Crsal T rans,·erse i\ r erca tor sys tem CUT;\ r) 
in ,\·hi ch a g lacier is located. The UT~I coo rdin a te g rid is 

ma rk ed on th e 1.)SGS maps, a ll o,\·ing co-registration. 

Third ly, the profiled e!c,·a tions a re transform ed from 
heights a bo\"(' the \\'GS84 el lipsoid to ele, ·a ti ons a bo,·e th e 

geoid (o nhometri c he ig h ts) using th e :\la ti onal Geodetic 
SUr\TY m odel GEO ID94 (Alaska ). which g i,"Cs a bes t 

est im ate of th e separa ti o n bet\\"('en th e e llipso id and the 

geo id thro ughout A las ka. This mode l ca n haw erro rs on 

the o rd e r of2m, especia lly in moun ta in areas . 
All pro file coo rdin a tes are ultim a tel y measured \\·i th 

respec t to the \\ 'GS84 coordina tes of a benchm a rk at or 

nea r th e fi xed recei,"Cr. The ellipso ida l h eights of th ese 

bench m a rk s are oftc n es ti m a ted from th eir ta bula ted 

ort hometric height s. This mcans th a t th e ellipso id a l 

heigh t of the bench mark is not a l wa ys known acc u­

ra tel y, because of e rrors in th e geo id m od el. For thi s 
reason we a rchi,·e th e benchmark coordinat cs with the 

res t o f" the d a ta to pcrmit future co rrec tions, if necessary . 

Echelll1~) 'er al/d others: A irbome .flll/ace jJro/iling 

c. Elevation changes 

With a common re!e rence sys tem esta bli sh ed as just 

desc ribed, th e m ap and the track of th e pro fil ed points 

may be co-registered. The hori zonta l coo rdina tes of 

points where th e profile (o r pro fil es ) intersect the contour 

lines a re then determined using a di giti zing ta ble a nd 
su itable numerical algorithms. This permits, fin a ll y, the 

compari son orthe profiled a nd map eleva tion s. The errors 

in registration and in th e d e te rmin at ion of the intersec­

t ions are both a bout 10 m (sta ndard devia ti o n ) in th e 
horizonta l. Th e first is mor(' critical because it can lead to 

sys tematic e rrors in eln ·ation , but both erro rs a rc sma ll 

compa red with th e 50 m hori zo ntal map stand a rd noted 
abo,·e. The e le,·ation erro r resulting trom a horizontal 

error is th e product of this h o ri zonta l erro r a nd th e 
tangent o f the surface slop e a ng le. 1 n regio ns o f steep 

surface slopes this error ca n bc 10 m or more . 

As a tes t o f th e acc uracy o f" th e ma ps, we measured 

appare nt elc,·ation changes in unglacierized areas along 

th e profiles. Some of thc res ults a re indica ted b y th e so lid 
symbols in Figures 4.7 , a nd 10 . The ele,·a tion compa ri so ns 

on stee p rocky passes a t th e h eacls of the glac ie rs are poor, 

as expec ted from the a bo\"C di sc uss ion of hori zontal errors. 

Of co urse, ch a nges in glae ieriza tion and seasona l snow 
cm·e r are a lso contributing factors. Fortun a tely, in th e high 

steep rcg io ns th ere is usua ll y little glacier area. The 

ele,·a ti on compa risons in th e proglacial areas a re bette r, 

eye n th oug h th e surface is so m c times stee p there as well. 

The res ults of" th ese proglacial compa ri so ns are shO\\"I1 in 
T ab le 2. In thi s table, lhe mean difference is th e appa rent 

eic, 'a ti on change a\"('raged o , "C r a ll points where the 

profiles cross bedrock contours. The standard de,·iat ion 

about this mean indicates th e ty pical sca tter o f a contour 

ele,·a ti on abo ut thi s mea n difference, and as such is a 
measure of the random error in th e con tour lines (about 

10 m , 'c rtical ) . The stand a rd d e,· ia ti on 0/ th e m ea n is a 

measure o f ho,,· well the mean difference is d ete rmin ed. 

This standard de,·iation, when compared to th e mean 

difference itself, sho\\·s that th e mea n difference is no t 
con,·i ncing ly dilTerent from ze ro fo r any of th e g lac iers. 

This sugges ts that th e ele,·atio ns o n the maps a rc corrcc t to 

within at least a !"CW meters, a nd that no svstematic 

co rrect ions fo r these glac iers seem to be justifi ed on the 
basis of this e rror determination. 

Table 2. Pr~!iled minus map eleNdiolls ill ullglacieri;:.ed 
regiom below termini 

Glacier , \ ·/lmber 0/ ,llea/l Standard Standard 
(ontours difference daiation del'iatiol/ o}" 

abollt the the lIleal/ 
. 

mean 
m m m 

Gulkana 17 1.8 9.4 2.3 
\ \. orthington 16 --4.2 10.8 2.7 
Bea r La ke 18 0.5 9 .0 2. 1 

Stand a rd d eyi a ti on a bout m ean di,·id ed by th e sq uare 

roo t o f the number of conto urs. 
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The results of this analysis a re tha t in the proglacial 
areas th e sys tematic errors in map elevations are small , 
but the contours have random errors of about 10 m. The 
errors are la rger in the highest parts of the glaciers, but 
this is usuall y not serious because there is li ttle area there. 
The main qu es tion is whether over the main glacier a rea 
th e errors are simila r to those in the proglacial area. ' f\Te 
know that very large errors sometimes occur when the 
photographs used for map constru ction have poor de ta il 
in snow-covered areas, but we have examin ed th e 
photographs used for a ll three glaciers, and find no 
obvious problems with them. Nevertheless, in the case of 
Bear Lake Glacier, at leas t, we suspec t that there are 
errors wh ich exceed th ose in th e proglacia l area . Figure 
10 shows a trough a nd peak com bination in the eleva tion 
cha nge between abou t 900 and 1100 m, which seems 
physically unreasona bl e. I t therefore a ppears tha t th e 
effect of additional systemati c errors such as these needs to 
be consid ered. 

Strong tectoni c ac ti vity in south-central Alaska could 
a lso contribute to differences in the profil ed and map 
eleva tions. For example, a great ea rthquake in 1964 
caused su bsidence of abo ut a meter in the vicinity of Bear 
La ke and Worthing ton Glaciers (Small and Wh a rton , 
1969). No correc tions for these effec ts have been mad e. 

D. VolulIle change 

T o calcul ate the volume change of a glacier, the first step 
is to defin e the glacier's original bounda ri es on th e map. 
This usuall y involves some arb itrary d ecisions regarding 
what areas to includ e a nd whether a basin-wide vo lume 
cha nge is to be dete rmined (for hydrologic purposes, for 
example) or a cha nge limited to conn ec ted parts of a 
glacier. (We presen t res ults for the "connected glacier" 
here.) The next and most cri ti cal step is to extrapolate the 
eleva tion data from a profile (or profiles) to the glacier 
surface, thus obta ining an app roximate but complete 
to pograp hic map at the time of profiling. This is done by 
constru cting a " new" contour line (a t the time of 
profiling) from each "old " one (from th e map) using 
the following rul es: (I ) The new con tour has the elevation 
of the old one plus an amount ,6,h, the eleva tion 
differences, read at the appropriate elevation from 
Figure 4, 7, or 10. (For the highest contours it is usua lly 
necessary to extra polate to elevations slightl y higher tha n 
those measured. ) (2) T he intersec tion point of the new 
contour with the va ll ey wall is found by moving th e old 
point up (or down) the valley wall by a vertical a mount 
,6,h a long a line drawn between the old intersection points 
on opposite sides of th e valley. (3) Th e new contour is a 
contracted version of th e old, strain ed between the old 
points of intersection with the vall ey walls to fit between 
the new. This procedure determin es th e new bound a ries 
of the glacier and a new set of con lour lines a t irregula rly 
spaced ele\'at ion intervals. A se t o f co ntour lin es 
corresponding to the elevations on the original map (at 
each 100 ft eleva tion ) is found by interpolati on. A 
vari a tion of this app roach is used in the lowest part of 
the glacier, where a com bination of th e pro fil ed eleva ti ons 
and extra pola ted ma p contours is used to construct the 
topography of the deglacierized a rea. Th e new position of 
the terminus can be identifi ed by a sharp kink a nd 
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fl a tten ing in the profil e d a ta . For each of the three glaciers 
this position coincides closely with the positi on of the 
terminus as es tim ated from U2 photographs (obtained 
during th e NASA High Altitude Aerial Photograph y 
Progra m ) , which were used to fill in the deta il s of the 
termin us shape a t the tim e of profiling. 

VVilh the original and new maps in ha nd , the last step 
in the calculation of \'olum e change is a sta ndard one, for 
which we use th e method of Finsterwalder (1954). We 
compule the average thickn ess change over the glacier by 
dividing the total vo lum e change by the average of the 
old and new planimetri c areas. 

Th e error in th e average thickness cha nges is difficult 
to es timate. We believe that there are three dominant 
contributions to th is error: ( I ) the random contour error 
of 10 m which was found in the proglacial a rea, (2) 
addition a l, systematic contour errors over th e glacier 
surface as noted above in connec tion with Bear Lake 
Glacier, a nd (3) an error due to limited coverage, 
because our measuremen ts a re along profiles a nd , thus, 
do not cover the complete surface. The first of these 
( IOm di vided by the squ are root of the number of 
contours used in the volume-change es timate when the 
weighting is equal) is roughl y 2 m. Th e second and third 
errors are diffi cult to quantify, but limited ana lysis shows 
them to be a bout 3.5 and 2 m, respecti vely. Trea ting 
these three contributing errors as ind ependent, the net 
error in the average thickn ess change is 4-5 m. Other 
errors, including tha t associated with making seasonal 
corrections (discussed below), also add to th e net error, 
but their contribution is smaller . Com bining all these 
terms gives an estimated net error in the seasonall y 
corrected average thickness changes of ro ughly 5 m 
(standard deviation ). This net error a pplies to a ll three 
glaciers di scussed here. 

6. GLACIER CHANGES 

Most of th e measured surface eleva tion cha nges at the 
points where the profiles cross the map contours are 
shown for the three glaciers in Figures 4, 7, and 10; the 
cha nges a re summarized in T abl e 3. Most notable is the 
area l average thickness cha nge between th e time of the 
map pho tograph y (typicall y the earl y 19505) and of 
profiling ( 1993 and 1994) : - 10.9, + 11.1 , and - 7.8m for 
Gulkan a, Worthington a nd Bear Lake Glaciers, respec­
tively, each with a 4 or 5 m error. Assuming that the 
va riation of dens ity with depth has not changed 
significantly, this is the average net mass balance (ice 
equivalent) between the measurement dates. 

The behavior of the termini is a lso summarized in 
Table 3. All three glaciers retreated during th e 40--45 year 
period between the map photograph y a nd the profile 
measurem ents . Worthington, with the most positi ve 
ba la n ce, retreated the leas t. As no ted a bo\'e , th e 
terminus positions of a ll th ree glaciers appear similar at 
the tim e of profiling (1993- 94) and the tim e of the U2 
photography (typicall y in the la te 1970s and early 1980s). 
Most of the retreat therefore seems to have occurred 
between a bout 1950 a nd a bout 1980 , a lth ough an 
uncertain ty of roug hly 200 m in our determination of 
positions from th is photography needs to be kep t in mind. 
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[cllelmCJ'er (!lid alllen : . firbome .11I1.!a(f profilillg 

Table 3. Glacier challges 

GlIlkal/a /f 'orlllillgloll B ear Lake 

Pro file da te 12 June 1993 3 1 ~ I ay 1994 28 ~ ray 1994 

~la p p hotogra ph y 18 Ju ne 1954* 12 A ugust 1950 t 7 Aug ust 1950 

28 Au gust 19.]·9-; 13 Septclll ber 1950* 

~ r ap id en tifi cat ion ~l t H aye;, B-3 , 1\-3 \' a ldez A-5 Sew a rd A-6, A- 7 

U2 p hoto d a te A ugust 198 1 A u g ust 1978 Aug ust 1984 
\ 'o lull1e cha ngr I pro file-m ap ) 1.9+ X 10H m 3 + 0.97 x I OH m:l - 0 .48 x I OH m:l 

A rea ( t i mc of p rofi le ) 1. 70 X 107 m 2 0 .86 x 107 m :! 0 .58 x 10 7 m2 

A rea (tim r of ma p ) 1.85 x 107m 2 0 .88 x 107 m :! 0 .66 x 10' n/ 

Arca (a \'C rage ) 1.78 X 107 m 2 0.87 X 107m 2 0 .62 x 10' m:! 

A \'e ragc thi ckn ess ch a nge 
.. 

- 10.9m + ll.lm - 7.8m 

R e trea t o f termi n us 1750m 3 10 m (a \wageH
) 560 m 

(250 m N, 380 m S ) 

• ~Iap ~ J t H a yes B-3 (no rth of 63 15' ) ; a ll of th e g lac irr (cxcept th e 10 llT r kilome te r ) as it \ \'<lS in 195-J.. 
'1' M a p ~rt Hayes A-3 (so uth of' 63° 15' ) ; th e lowes t kil o l11 c ter of the g lac ier as it \\'as in 1949. 

t A ll excep t uppe r I km . 

* G p pe r 1 km . 
•• Th ese \ '~liu es conta in no scason a l correcti ons. 

H Th c tc rminus has t\\'o bra nches, no rth and so uth . 

Th c a\'C rage thi c kn ess cha nges li s tcd in T a bl e 3 (o r 

\\'o rthingto n and Bea r L a ke G lac ie rs conta in a signifi ca lll 

season a l contributi o n beca use th e pro fi les \\T re measured 

d ur ing spring, whi le th e map ph o tog ra ph y \\'as aCCJ uircd 
in la te sum me r la te in th e ab lat ion season ), Thc thi ckn ess 

ch a n gcs d urin g the illt en 'a l la te summ er 1950- la te 

sUl11mer 1993 ca ll b e a pprox ima ted b y subtract ing th e 

iII'C rage SIl O\\' thi ckn ess a t th e tim e o f pro filin ?; fi 'om th e 
thi ckn ess cha nges in T a ble 3, Fo r Bea r L a ke G lac ie r \\'e 

use a \ 'a lue 0[ 4.+ III fo r th c sno\\' thi c kn ess , es tima ted (i-o m 

the 1993 9+ \I'in te r ba la nce of Il ea rb y \\' oh'erin e G lac ie r 

(p rclimi nan' L SG S data ; perso na l cOl11m uni ca ti on fro m 
D, Tra ba llt , 1996 ). Fo r \\'o rthi ngto n G lac ier \\' e use th c 

sa me \ 'a lue. a lth oug h it is more un ce rta in beca use o f th e 
g rea te r di sta nce fro m \\ '0 h'erin e G lac ier Fig, 1), F o r 

G ulk a na G lacier \\'e m a ke no co rrect io n becausc mos t o f 

th e m a p photog ra ph y \\'as acquired in sp rin g, Th c 
res u ltin g seaso na lh' co rrectcd a\'Crage thi ckn ess cha nges 

a re summ a rized in T a ble +, The un certa int y is 5 m 

(sta nd a rd de\' ia ti on ) , as di sc ussed a bO\'C. Th e th ickn ess 

changc of \\'o rthin glO n G lac ier \\'a s pos iti\ 'r (o r pe rh a ps 
nca r zero \\'hil e th e c ha nges o f th e o th er two \\'e IT 

st ro ll g ly nega ti \'c. 

7. COMPARISON WITH OTHER MEASUREMENTS: 
THE REGIONAL PICTURE 

Beca use th e ma in purpose of a irbo rn e e lel'<lli on pro fi ling 

is to p rO\'ide info rm a ti o n a bou t regio na l mass-ba la n ce 

pa tte rn s, it seems wo rthwh ile , en' n in th is ea rly stage o f 
o ur p rogra m, to co nsid e r th ese pa tte rns using our res ults 
a nd d a ta from o th er so u rces \\'hen rc! c \'a n t. 

T h e bes t cOIl\ 'C' nt io n a l mass-ba la n ce d a ta in ce ntra l 

a nd so uth-ce ntra l Al as ka a re fr o m Gulk a na a nd 
\\ 'oh 'e rin e G lac icrs ( Fig , 1). The m eas urements began 

in 1965, a nd a re pub li sh ed in six \'o lum es a nd bul le tin s 

ckscr ibin g th e ba la n ces of g lac iers \\'o r ld\l' ide e.g . 
Hae bcrli a nd oth ers, 199+) , Limited d a ta from Blac k 
R apids G lac ier ( Fi g , I ) also ex iS! (H einri c hs a nd others, 

199+ , I n a dditi on, thi ckn ess cha ngcs o f sn'e ra l glaciers in 
Figu re I ha\ 'c bee n es tim a tcd for I'a ri o us tim e peri ods, In 
th e A la ska R a nge , Gu lka n a (1\ la\'o a nd T ra ba nt , 1986 ) , 

\\ 'es t G u lka na I \la rcus a nd R ey nold s, 1988 ) a nd Eas t 
Fork (C la rk e, 1986 ) ha \'(' b ce n ill\ 'Cs tiga tecl, 1 n th e Kcna i 

t'l Iount a in s, \\'o il'erine (1\ l ayo and Tra ba nt, 1984; 1\ layo 

and o th e rs 1985 ) a nd t\\'O in th e Braciky La kc bas in 

rBredth aucr a nd Harri so n , 198+ ) ha \'e been Ill eas ured . 
Th e g lac ie rs in th e K e nai 1\ lounla ins a rc o f intcres t 

beca use th ey a rc close to Bea r La ke Gla c ier. but th e 

in tc r\'a ls s tu d iecl a rc suni c ienti y d iflc re nt (i'o lll ours to 
ma ke use fu l com pa ri so n s d iffi cul t. H o \\'(' \ '(' r , it is int e r-

Table -I, Seasollal{r mrrecled IIIicklll'.I',1 c/}({lIge.l 

Glacier IlIlelTal 

Gu lka n a Spr ing 1954'-

sp ring 1993 
\\'orthin g to n La tr summ e r 1950 

la te SlIll1m e r 1993 
Bea r La ke La te SUll1l1l e r 1950-

la te SUl1lm e r 1993 

Sea,\o//al{J' correcled 
Ihicklless challge ( ice 

eq// imlelll) 

m 

11 

+ 7 

12 

'Sec T a bl e 3 fo r co mp lica ti on In d a les o f Ill a p 
photogra phy, 
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es ting th a t se\T ral or these g laciers (\\ 'oh-erine, and 

Kac hem a k a nd l\uka in the Bradl ey Lake basin ) ha\Oe 
re trea ted durin g inte n oa ls of positi\T or nea r- ze ro 

balance, and thus hmoe shown the sa m e beh a\O io r as 
\\Oo rthingron Glacier no ted a bo\Oeo 

A. Gulkana Glacier and the Alaska Range 

A history o f th e surface e leya ti on ofGulk ana Glacier fi'om 

1875 to 1983 was gi\T n by ~/la yo and Trabant (1986 ) 0 

They noted that stro ng thinning earlier in the century 

had ch a nged to \\Oea k thi ckenin g by th e mid-19 70s, and 

pred ic ted th a t any addit ional recession wou ld amount to 

at most 100 m o This has pro\Td to be correc t , as no ted 

a bo\Oe o D es pit e th e stable terminus position, measure­

ments at three ind ex sites indica te th a t the trend in 
balance be tween th e mid-1980s a nd 1994 has bee n 

strongly negatiH'o 
~Iayo a nd Trabant ( 1986) argued that th e mass 

ba lance o f Gu lkana G lacier was re presenta tiw' of 

ba la nces in the eastern a nd centra l Alas ka Range, citing 
as e\O idence th e commo n existence of recent, ul1\oegeta ted , 

ice-co red morain es thro ughout th e a rea o \\'e also note 

that th ere is a simila rity between the annllal bal ance or 

Gulkana a nd th a t of n earby Black Rapids Glacier 

(H einric hs a nd o th ers, 19940, 1996 ) 0 \ Vest Gulkana 

G lac ier (loca ted a bo ut 4 km from Gu lka na G lac ier) 

decreased in thickness by an aHrage of about 16 m 

bet\\-een 1957 and 1986 ( ~ r a rcus and R eynolds, 1988; 
Chambers a nd others, 199 1) 0 Our data a llow another 

compariso n, this onc between Gulkana a nd East Fork 

G lacie rso E ast f ork is a 16 km long g lac ie r in th e Susitna 

bas in or the so uth-central Alaska Range, about 70 km 
\I-es t of Gulkana G lacier (Fi go 1)0 During th e interva l 

1949- 82 ih e a\-crage thickness of E as t Fork Glacier 

dec reased by abo ut 13 m (Clarke, 1986 ) 0 During th e 

inten oal cO\Tred by o ur m eas urements, 1954 ( 1949 nea r 

th e te rminus) to 1993, Gulkana Glacier thinn ed by a bo ut 
Ilm o \\Ohil e th e time periods a re sli ghtl y difTc rent for the 

t\\'o g laciers , th e simil arity in th e tota l thinning is 

probably signifi ca nt. The erro rs in a ll of th ese measure­

men ts a re ei ther la rge o r un kn O\\"I1 , but taken togethe r 

th ey lend support to th e claim th a t Gulkana Glacier has 
regio na l represe ntati\Oit yo O\"C r how la rge a region, a nd 
fo r what dist ribution of g lac ie r a rea with ele\Oation, a r e 

still o p en qu est ionso 

B. Thickness change and behavior of ter:minus 

An a ttrac ti\'e method fo r obtaining a regio na l picture of 

mass balance is to lry to rel a te the ave rage change in 

thi ckn ess to the cha nge in terminus p osition (or the 

change in thickness th ere ) , beca use th e la tter is easily 

mappedo F o r example , Schwitter and R aymond ( 1993 ) 

fou nd th at th e ra ti o of th e cha nge in thickness a t th e 
terminus to the change a \Oeraged O\oe r the g lacier su rface 

la y in Cl reaso nab ly naITO"O range (001 - 0.4 ) for 15 \Oa lley 

g lac iers which the)' examinedo Th ey pointed out that th e 
a pproach is likel)O to fai l (o r short tim e intenoals or when 

complex tra nsient effec ts a rc importa nt. \\'orthington 

Glacier and th e gla cie rs in th e K ena i ~ l o untains no ted 
abO\oe a ppea r to be examp les of this fa ilure, beca use they 

ha\"C re trea ted at times ofpositi\ 'e o r nea r-zero balanceo Il 
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is tru e that most of these b a la n ce estimates d epcnd upon 
reasona ble m a p acc uraC\o, but taken together th ey sugges t 

that a simple rela tion be t'vvee n ba lance and te rminus 

positi on may n ot exist for som e g lac iers, e\'en over time 
inten oals exceeding +0 yea rso 

8. SUMMARY 

A relativel y lightweight and compac t eb oa ti on profiling 

sys tem has b een de\Oeloped for mounta in g lac ie rs a nd has 

been found to ha\Oe a typi cal accuracy of 0 03 m o The 

system can prO\oide accurate baseli ne data against " ohi ch 

future clenltion changes can be m eas ured on a re la ti\-e ly 

sho rt tim e-sca le. Past ch a n ges can be estimated by 

comparing present eleya tions w ith th ose on existing 
mapso Such compariso ns a rc limited primari ly by th e 

qual ity of the m apso 

Ele\Oa ti o n pro fil es measu red during 1993 and 1994 on 

three glacier s in central and so uth -central A laska ha\Oe 

been compared with ele\Oa ti o n s {i'om maps m a de in th e 
ea rly 1950s o Corrections ha \ Oe b een made to acco unt for 

differences in seasona l timing b e tween th e profi les and th e 

photographs Llsed fo r m a p eonstructiono \ Vonhingto n 
Glacier (in the central Chugach ~ Iountains ) ex p erienced 
a n (\\Oerage th ickness ch a nge of + 7 m o This positi\Oe or 

nea r- ze ro th ic kness change contras ts w ith nega ti\'e 

thickness ch a n ges experienced by th e o th e r two g laciers, 
- llm for Gu lkan a (in th e ce ntra l Alaska R ange 240 km 

north of Worthing ton) and - 12 m for Bea r Lake (Kenai 

~ I ou n ta ill s, 220 km so u t h " oes t of \\' orthing ton ) 0 Th e 

errors in th e aye rage thi c kn ess changes are a bout 5 m 
(sta nd ard d eyia ti on), and are la rgel y du e to e rro rs in th e 

mapso Our es tim a tion of th ese errors is, in pan, obtained 

by compa ri son ofpro(iles with map contours in proglacia l 

a reaso Other signifi cant contributions to th e ne t error 
includ e th e limited co\Oe rage of th e profiles over th e 

g lac ier, a nd a dditi ona l m a p e rrors in regions of snow 
cO\oer. possibly beca use of a reduction in photographic 

surface definition o These la tter two errors are somewhat 
diffi cult to quantifyo 

\\'ith in th e es tim ated e rrors, \\Torthin g ton G lacier has 

had a positi\Oe o r near-zero ba la nce during th e inten'a l 

studied , a nd ye t it has re trea tedo Other glaciers in south­
ce ntral Alaska haye had simi lar behavior, indi cating th a t 

cha nges in g lac ier leng th a re not necessa ril y good 

indicato rs of g lacier mass bal a nceo 
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