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Elevation, voluIlle and terIllinus changes of nine glaciers 
in North AIllerica 
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ABSTRACT. Nine glaciers in Alaska and Washington, U. S.A., originally mapped as 
pa rt of the International Geophysical Year (IGY) in 1957- 58, were re-mapped between 
1993 and 1996, eight using airborne surface eleva tion profi ling a nd the ninth using 
g round-based kinematic global positioning system methods. Elevation, volume and ter
minus changes were determined for the approximately 38 year period between the IGY 
m apping and the profiling. All nine glaciers showed substanti al thinning a t lower eleva
tions; seven of the nine thickened a t higher elevations. None of the g lac iers had a signifi
cant net volume increase; two had close to zero cha nge, and the others had a decrease. For 
the eight glaciers for which we could obtain quantita tive informatio n, the mean th ickness 
change was - 10 m with a large scatter, 8 m standard deviation. The vo lume and terminus 
changes had no clear geographic pattern, and no simple relationship between volume 
change and terminus advance or retreat was identifi ed . The larges t error in the estim ated 
volume changes is due to map errors. 

INTRODUCTION 

It is important to monitor small glaciers a nd ice caps 
because they a re sensitive ind icators of local climate and 
because they may have a significant effect on sea level (e.g. 
Meier, 1984, 1990; O erlemans a nd FOI·tuin, 1992; Schwitter 
a nd Raymond, 1993). Mass balance is often determined by 
traditional stake methods once or twice a yea r. H owever, 
in many parts of the world, including North America, these 
types of measurements are sp a rse (e.g. Haeberli and 
Hoelzle, 1993), a nd it is attractive to apply other techniques. 
One sueh technique is the "topographic method", in which 
the average annua l mass bala nce is determined over a 
period of evera l years by the compari son of two topo
graphic maps. The foundation for such a topographic com
parison was ~s tabli s hed in North America w ith the 
preparation of a se t of photogrammetric maps in 1957- 58 
as part of the I nternational Geophysical Year (lGY ) (Amer
ican Geographical Society, 1960). Nine small glaciers, whose 
locations are shown in Figure I, were chosen to be rep resen
tative of different climatic regions in Alaska and Washing
ton, U.s.A. A map of each glacier was produced a t a scale 
of I : 10000 a nd a contour interval of 5 m. 

Expense and logistical problems, especially those aris
ing from the necessity of establish ing ground control in 
remote areas, have made it difficult to re-map the IGY 
glaciers. Recent de ta il ed maps of only two of the n ine 
glaciers have been published: Lem on Creek in 1989 (M a r
cus and others, 1995) and Wes t Gulkana in 1986 (M a rcus 
and Reynolds, 1988). M cCall G lacier has also been the sub
j ect of ongoing research by Rabus a nd others (1995), includ
ing complete resurveying of the surface in the 1990s (R abus 
and Echclmeyer, in press). 

The cartographer for most of the IGY maps noted that a 
method of mapping these glaciers without esta bli shing 
ground control would result in a great saving of tim e a nd 

money (Case, 1959). This can be done now by airborne sur
face-elevation profi ling. We developed a profi ling sys tem 
which mounts in a I ight a ircraft capable offl ying in the na r
row mountain va lleys typical of these sm a ll glaciers (Echel
meyer a nd others, 1996), a nd used it to m ap eight of the nine 
glaciers between 1993 a nd 1996. We profi led the ninth glacier 
using g round-based su rvey methods. 

The profi le data co ll ec ted by these methods consist of 
elevations measured a long one or more longitudinal tracks 
down a glacier. Altho ug h the coverage is limited, the accu
racy is one or two orders of magnitude be tter than that com
monly obtained in pho togrammetry. We have developed a 
method that extrapola tes these profil e d ata to approxima te 
the complete topography of a glacier a t the ti me of profiling, 
thereby permitting the calculation of vo lume change. 

H ere we present our observations of the recent glacier 
elevation profi les. The methods of profile a nd map compa r
ison a re outlined, a nd surface-elevatio n changes are cal
cula ted . The quality of the IGY maps is then discussed. 
Glacier volume and te rminus changes a re calculated using 
these maps and the profi le data, and the errors in the 
volume change are es tim ated. The observed changes a re 
considered in a regiona l context, and some of the connec
tions with glacier geometry, climate, sea level and glacier 
dyna mics are discussed . 

OBSERVATIONS 

The airborne elevation-profiling sys tem 

The elevation-profi li ng system consists of a pu lsed infrared 
lase r range r, a gyroscope and a compass, all rigid ly 
mounted on a single p latform in the rear of the aircraft . 
The ranger measures the distance from the aircraft to the 
ice surface, and the g yro and compass together determine 
the or ientation of the ranger. The pos ition of the aircraft is 
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Fig. 1. Location mapsfor the nine ICY glaciers. Numbers are average annual balances ((ba) in Table 5). Also included as open 
triangles are Wolverine Glacier (* ) and Gulkana Clacier ( * * ) from 1966 to 1995 (personal communication from USCS, 1996). 

determined using continuous kinematic global positioning 
system (CPS ) techniques. Data from the separate compo
nents of the system are combined to give the elevation and 
horizonta l coordinates of discrete points on the surface of 
the glacier. Sampling at 25 H z yields elevations and posi
tions along the surface about every 1.2 m on the profile. 
The accuracy of the elevations has been shown to be typi
call y 0.3 m or better, although it can be worse over steep sur
faces because uncertainty in the orientation of the ranger 
cau es appreciable uncertainty in the point of intersection 
with the surface. Further details are given in Echelmeyer 
and others (1996). 

These data a re presented in a niversal Transverse Mer
ca tor (U TM) projection, with hori zontal coordinates refer
enced to the World Geodetic System of 1984 (WGS84). 
Surface elevations are given as height in meters above the 
WGS84 ellipsoid (here designated "HAE"). These coordi
nates a re not referenced to the same datum as most maps, 
and care must be taken when comparing the two. 

Elevation profiles 

Table I gives a description of each glacier and a summary of 
the data collected. As indicated in the table, several profiles 
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were flown along each glacier in order to obtain more com
plete spatial coverage. Figure 2a shows an example of these 
profiles along Bear Lake Glacier. The ground tracks of these 
profiles, which are the loci of points where the ranger beam 
intersects the ice surface, are superimposed on the glacier 
topography as defined by the ICY map. (The map contours 
are given in approximate elevation above mean sea level.) 
Figure 3 shows the elevations measured along one of these 
profil es, together with the map elevation (HAE ) at each 
contour. There are some gaps in the data because of limi ta
tions in the ranger perform ance over rough and steep ter
rain (Echelmeyer and others, 1996). Figure 2b- i show the 
g round tracks of the profil es on each of the other glaciers. 
The profiles on Polychrome were obtained with g round
based kinematic CPS methods. 

Map control 

Most of the ICY maps were referenced to local control net
works that were not tied accura tely into any absolute coo r
dinate system, horizontal or vertical. This prevented a 
direct comparison of the maps with our profile data. It was 
therefore necessary to tie the maps into the \VCS84 refer
ence system by resurveying at least two of the ICY control 
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Table 1. Glacier characteristics in 1957 and profile information 

Glacier General location 

Blue Olympic ~loul1la in s, \\lA 
Bear Lake K enai ~rountains, AK 
C hikuminuk Kuskokwim Aloul1lai ns, AK 
L emon C reek :'-Jorthern Coast :'vlountains, AK 

Lill1cJan'is Northern Coast ~[o unta ins, AK 
McCa1l 31 Brooks Range, AK 
Polyc hrome Western Alaska Ra nge, AK 
West Gulkana Central Alaska Range, AK 
\ Vo rthington Cent ral Chugach Alounta ins, A K 

( I) Ave rage surface slope. 
(21 Leng th of glac ier o n date of map photographs. 
(31 D a ta from Rabus a nd others (1995). 

Slope I 

6" 

6 
9 ' 
5 ' 

11 0 

7.5 0 

II 
8 ' 

8 

points used for each map. \Ve used geodetic GPS methods to 
obtain coordinates to an accuracy of better than 0.2 m. Fig
ure 2a- i show the positions of these points for each g lacier. 
The names listed , when available, a re those of the IGY sur
vey. Otherwise, the points a re ass igned a number which co r
responds to point elevations printed on the maps. The exact 
locations of the IGYcontrol points were sometimes a mbigu
ous in the fi eld, even though there was evidence of a cairn or 
other marker at each site that we surveyed. In some cases, 
more than the necessary two points were sun'eyed, provid
ing a check of our coordinate transformation procedure. 
The coordinates of a ll control points were determined with 
resp ect to nearby U.S. Geologica l Survey (USGS ) bench
m a rks, most of which were first- order points. The coordi
nates of the IGY control points which we surveyed and 
those of the uses benchmarks used as reference a re g i\'en 
in Sapiano (1996). 

Snow depths 

The compari son of our elevation data with those from the 
maps is further complicated because the two datasets ""ere 
often collected a t different times of yea r (Table I). To correct 
for thi s difference, whenever possible we measured, at the 
time of profiling, a longitudina l profi le of snow depth a long 
each g lac ier by probing to the pre\' io us summer surface. 
Substantial errors m ay be expected where the snow is deep 
a nd the summer surface difficult to identify. The measured 
snow depths were ex trapolated over the entire surface a rea 
to obtain the ave rage snow thickness. Where we could not 
measure snow depth directly, various es timati on methods 
were used. The methods and results are summa ri zed in 
Table 2. 

ABSOLUTE COORDINATES FOR THE IGY MAPS 

The fi rst step in t he comparison of the m ap and profi le ele
vat ions was to transform the loca l coordinates used on the 
IGY maps to the WeS84-referenced coordinates used for 
the profile data. Both a hori zonta l a nd a vertical adjustment 
were required. 

The horizontal coordinates were determined by p lacing 
each IGY map on a d igitizing table and measuring the hor
izonta l positions of two of the control poil1ls in the coordi
nate system defin ed by the table. These coord inates, 

Length 2 

km 

4.4 

6.3 
5.5 
6.5 
3,2 

7.6 
+.0 
4.4 
6.0 

Photo date 

?? September 1957 

28 Jul ), 1957 
6 September 1957 

18 September 1957 
18 September 1957 

26 August 1958 
7 August 1957 

28 .1ul ), 1957 
17 :'I lay 1957 

Profile date 

20 June 1996 
28 Ma), 1994 

II Ala)' 1996 
31 Ala)' 1995 
31 ~ I a)' 1995 
27, luly 1993 
28 June l995 
12June 1993 
31 :'Ila), 199+ 

./I'umber '!! prrifiles 
collected 

5 
4 
6 
2 
4 
2 
2 

2 

toge the r with the corresponding ' VGS84-referenced coordi
nates d ete rmined by o ur ground survey (sta ted in UTM ), 
supplied the information necessary to determine the pa ra
meters to sca le, transla te a nd rotate the digit ized maps to 
the ' VGS84 reference system (see Sapi a no, 1996, for details). 

The ve rtica l coordina tes (HAE) we re determined by 
compa ring our surveyed elevations of the control points 
with those of the IGY survey, thereby es tabli shing the ap 
propr ia te mean vertica l offset for a pa rtic ula r glacier. We 
found th e IGY control to be internally consi tent [or most of 
the m aps. Because it was no t required to tic either of the ele
\'at ions (m ap or profi le) to sea leve l, and because the 
glac ie rs ""ere relativel y smal l, the verLical transformation 
was independent of a ny geoid model a nd its assoc iated 
errors. 

Th e coordinates of a map point determined by these 
methods suffer from two sources of uncerta inty. A minor 
problem is our digitizati o n procedure, which introduced a 
hori zonta l random error of about 5 m; the systematic error 

rc/ble 2. 1'1 rea -average snow depth olllhe glacieTS near the time 
if pl'Ofiling 

Glacier Snow depth Comments 

m 

Blue 5.3 ± 1.5 Calcu lated from snow dept hs coll ected at 
time of profile (persona l communicatio n 
fro m H. Conway) 

Bear La ke 2.8 ± 1.0 Calculated fro m snow depths collected in 
1996 

Chikuminuk 4.2 ± (sma ll ) Calculated from snow depths co ll ec ted at 
time ofprofik 

Lemo n C reek 2.0 ± 1.5 Estimated (" om snow d epths collec ted la te in 
1996 

LittlcJan' is 

McCall 

1.5 ± 2.0 Estimatcd from visua l observations at t ime 
of profilt 

"" 0 ~rap photographs taken close to time of 
profile 

Polychrome 0.2 ± (sma ll ) E stimated from , ·isual observations at time 
of profile 

Wes t Gu lk ana 2.3 ± (sma ll) Estimated from 1987 snow-depth obse r
vat io ns and 1993 snow-depth data from 
nea rby Gulkana G lac ie r 1 

Worthington M ap photograph taken close to t ime of 
profil e 

iI Snow-depth data from M a rch a nd Traballl (1996). 
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Fig. 2. ICY glacier topography with the 1990s profile ground tracks. Elevations are those shown on the ICY map, and the contour 
interval is 25 m. The l CYand 1990s boundaries are shown by the solid and dashed lines, respectively. ICrcontrol points are shown 
by the solid triangles. ( a) Bear Lake, ( b) McCall, (c) Chikuminuk, (d) Lemon Creek, (e) Little Jarvis, (f) Blue, (g) 
Polychrome, (h) West Culkana, (i) Worthington. 
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Fig. 3. Bear L ake Glacier pnifile and map elevations along one rif the prqfiles shown in Figure 2. Elevations are height above the 
WGS84 ellipsoid ( HAE in meters). This prrifile was extended well beyond the glacier boundary to measure the proglacial area. 
There are some gaps in the elevation-prrifile data where the terrain is steep and over the rough moraine near the terminus. 

is relatively small. A much more serious problem, which 
could lead to major systematic errors, is the possible mis
identification of an IGY map control point in the fi eld. How
ever, such errors seem to be ruled out by the checks which we 
made by profiling over mapped bedrock areas, as discussed 
below. 

SURFACE-ELEVATION CHANGES 

We determined the surface-elevation changes between the 
time of map construction and that of elevation profiling at 
points where the ground track of the profil e intersected the 
map contours (Echelmeyer and others, 1996). Software de
veloped by B. R abus (personal communication, 1995) was 

20 

I " ~ 

used to find these intersection points. Elevation changes at 
the contour intersections on Bear Lake Glacier are shown 
in Fig ure 4 for the three profil es fl own, along with their 
average values. These changes are defined as profile eleva
tion minus map elevation, and thus negative values of eleva
tion cha nge indicate thinning since the IGY. Intersection 
points on bedrock are shown with sma ll fill ed . ymbols. It 
was not a lways feas ibl e to measure elevation changes in the 
highest glacierized regions; these were estimated by extra
polation and are indicated by la rge fill ed circles. Average 
elevation changes for the remaining eight glaciers, including 
these extrapolated changes, are shown in Figure 5. The aver
age elevation change shown is the mean elevation change 
over a ll the profiles on the glacier that intersec t a given con-
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• .Ij, :J ____ ~.!:. .•. i. ~ .: _____________________________ .6 

124 

-E -Q) 
C) 
c 
~ 
.c 
Co) 

c 
0 
;:; 
~ 
> 
Q) 

w 

-20 

-40 

-60 

-80 
200 

... .. .. ~ 
.. . 

400 

AA 
A 

A", 

600 800 

HAE (m) 

'. 

... Profiles 1 ,2 and 3 
Average of three profiles 

... ..• . Bedrock intersections 
--+- Extrapolated data 

1000 1200 1400 

Fig. 4. Bear Lake Glacier elevation changes (m) vs elevation ( HA E ) for the three different pnifiles. The average elevation change 
is shown with a solid line. Points where the prrifile crosses bedrock are indicated with small solid symbols. The lmge solid symbols 
indicate extrapolated data points on the glacier. 
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Fig. 5. Average elevation change (111) vs elevation ( HAE). All I Cr glaciers are shown except Bear Lake (see Fig. 4). The solid 
symbols indicate extrapolated data points. 

tour. All elevation-change curves show signifi cant thinning, 
with a max imum of 110 m in the lower regions of some 
glaciers. Seven of the nine g laciers showed some thickening 
a t higher elevations. Each of the curves shows sha rply re
duced thinning at the IGY pos ition of the terminus; this is 
because the thin ice that existed there was removed comple
tely as the terminus retreated , leaving unchanging "bed
rock" that was later profil ed. Glaciers that underwent 
significant retreat, such as 'Nest Gulkana, di splay this effect 
more strongly than those tha t did not retreat much, such as 
Worthington Glacier. The upper part of the elevation 
change profile for McCall Glacier has been omitted in Fig
ure 5 because of large IGY m ap errors; complete profiles 
were compa red to a 1956 USGS m ap (Rabus, 1997). 

In order to calcul ate volume a nd a n a rea-average thi ck
ness change, onc must decide what will be included within 
the bo undari es of a g lacier. Our choices a re shown in Figure 
2a-i. In some cases, the boundari es include ice slopes which 
contribute water, but not ice, to the glacier vall ey (e.g. 
vVorthington and Blue Glaciers). In the case of Blue Glacier, 
a region known as "Snow Dome" was included, even though 
p a rt of it feeds another nea rby glacier. The distribution of 
a rea with elevation within these bounda ri es was needed for 
each glacier. \t\'e de termined the a rea contained between the 
contours of the IGY m aps by using the digiti zed contour 
data and an area calculation routine developed by B. R abus 
(p ersonal communication, 1995). A temporal average of the 
a rea within each eleva tion interval was calculated by ta king 
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the mean of the IGYarea and t he 1990s area; the latter was 
determined as p a rt of the m ap-construction methods des
cribed below. Curves of average a rea vs elevation for eight 
of the glaciers a re shown in Figure 6. The curve for M cCall 
Glacier is not shown, because of the large IGY m ap errors; a 
curve based on the USGS m ap is given by R abus (1997). 

MAP QUALITY AND ERRORS IN ELEVATION 
CHANGE 

Several factors need to be considered in estimating errors in 
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elevation change: the acc uracy of the profil e l~ the accuracy 
of the maps (including our determination of map control) 
and the accuracy of our comparison of profil e and map ele
vations. The error in the elevation profi les is too sma ll to 
a ffect the estimated elevation changes significantly. The 
error in our method s for comparing m ap and profile eleva
tions is significant (see Sapiano, 1996, for deta il s), but the 
m ain fac tor is the accuracy of the m aps. The tests described 
below give a measure of the combined effect of these errors. 

The vertical accuracy of the nine IGY maps is stated to 
be one half a contour interval, or 2.5 m (Case, 1959; Ameri-
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Fig. 6. A rea distribution expressed as percentage qf total average area per 25 m elevation interval vs elevation ( H A E ). T he average 
areas are calculatedfrom the areas shown in Table 5. 
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can G eographical Society, 1960). However, seve ral maps in
clude som e das hed contours, which indicate reduced accu
racy in regions of poor photographic contras t. We 
inspected the avail able photographs used for the IGY map
ping, a nd found no obvious problems in addition to those 
indicated by these dashed contour lines. H owever, the maps 
of C hikuminuk and M cCall Glaciers have substanti al sys
tematic errors, as di scussed below. 

Information on the m agnitude of random and system
atic errors in the maps a nd those inherent in our method s 
of compa ri son was obta ined by examining apparent eleva
ti on cha nges where the profil es intersected contour lines on 
unglacierized terrain (" bed rock", indicated by the sma ll 
fill ed circles in Figure 4). Because of the la rge vertical errors 
that can be in troduced in the steep areas found at the head s 
of many glaciers, only the bedrock intersec tions in the pro
glacia l a reas were used to judge map qualit y (except on Chi
kuminuk Glac ier, as noted below). Unfortunately, some of 
the proglacial a reas are steep as \.vel l. The num ber of such 
intersec tio ns on each map, along with the mean elevation 
d ifference, the standard dev iati on about this mean and the 
standard error of the mean for these bedrock contour inter
sections, a re li sted inTable 3. 

The sta nda rd devia tion about the mean p rov ides an esti
mate of the random errors in the map-profile comparison. 
The ave rage of these sta ndard deviations a m ong the differ
ent glaciers is about 5- 6 m . At face value, this is a measure 
of the random errors in the contours and in o ur digitizing 
procedures. H owever, much of the bedrock was so steep tha t 
the values inTable 3 probably tend to overes timate the error. 
This is borne out by inspec ti on of the elevation-change data 
fo r individua l profi les (not shown ), which, with some excep
ti ons, tend to be smoo th a t beLLer than 5 m . As a conserva
ti ve estimate, wc therefore adopt a value of 5 m for the 
random er ror for all glaciers except Blue Glacier (Table 4). 
This \'a lue is equal to one contour interval, o r twice that ori
gina ll y proposed. 

A check on poss ible systematic errors introduced by our 
map-control procedures is give n by the mean difference a nd 
the sta nda rd error of the mean inTable 3. When the standard 

Table 3. D ifferences between profiled and IGYmap elevations 
on bedrock in proglacial areas (except on Chikuminuk 
Glaciel; as noted in text). Mean difference is Imiile minus 
( conected) map elevations 

Clarin .\ illllbnqfbed- Meall Standard de 1li- Standard error 
rock (on/ollrs dU]erellrf aLiol1 aboul mean cif mean 

111 111 111 

Bl ue 12 3.7 10.8 3. 1 
Bca r La ke 24 1.5 4.0 0.8 
Chikumi nuk, 

cast bra nch 4 28.5 5.7 2.8 
Chikumin u k, 

west branch 8 - 11.1 7.0 2.5 
Lemon Creek 6 - 2. 1 8.4 3.4 
Li ttleJ an' is 4 0.3 5.9 2.9 
i\1 cCa ll i1 8 - 10.8 7.6 2.7 
Polyc hrome 0 
West Gul kana 7 - 1.3 1.0 0.4 
\\'orthinglOn 3 - 3.0 0.3 0.2 

I , Da ta fro m R abus and othe rs (1995). 

Table 4. Summary oferroTS in elevation change 

Random errors Systematic errors 
Glacier JlJap and digiti?atioll DetectedjTolII bed- Contour-drawing 

errors rork illtenections error 

m m m 

Blue 8 
Bear Lake 5 2 
Chikuminuk 5 11 large 
Lemon Creek .') I 
Lit tl eJ an'is 5 
McCall :, large large 
Polychrome :, I I 
West Gu lkana 5 1 
Worthington 5 2' 3 

error of the mean is less than the mcan difference, there may 
be an erro r in the control and therefore a system atic error in 
map elevation. If Chikuminuk, M cCall and ' I\1orthington 
Glaciers a re excl uded, these er rors wo uld appear to be about 
I m. Fina ll y, th ere is the poss ibility of a sys tem a ti c error in 
the contour. drawn in the glacic ri zed areas, esp ecia lly above 
the snowline whcn the photographic contras t was poor and 
the contours d as hed. Photogra mmetrically, conto urs tend to 
"Ooat" upward in such cases (personal communication from 
M.E. Southe rn, 1984). The magnitude of these errors is diffi
cult to estim a le; the values listed in Table 4 a re our best 
guesses. We assign larger values to maps with d as hed con
tours. Since this is an estimate of the systcmatic error in con
lO ur drawing, in pri nciple it appli es to an entire g lacier. Ir we 
had trcatcd acc umulati on and ablation areas sepa rately, the 
error wo uld have been small er in the latter, because thc 
photographic contras t there was usuall y good . 

The ove ra ll q uali ty of the different maps va ri es. Based 
on the er rors shown inTabl es 3 a nd 4, and our examinati on 
oflhe mapping photography, we can make the following re
marks: 

Bear L ake, Lemon Greek, L ittle J arvis and T;JIest Gulkana 
Glaciers: T hese maps appea r to have a n accuracy of 
about 5 111 , except possibly in the accumula tion area of 
Bear La ke G lacier where thcre are some d as hed con
tours. There is no appa rent systematic ofE e t (relative to 
the co nlro l points) in any of these maps. 

Blue Glacier: The mappi ng photographs appear to be ex
cell ent a nd how minima l snow cover, bu t the random 
error based on the bedrock contours appears to be rela
tively large (11 m). However, the proglac ia l bedrock is 
complex a nd qui te steep. The scatter in the elevation
change curve (Fig. 5) for Blue Glacier is about ± 5 m. 
Based on these two values, we assign a va lue of ± 8 m 
for the random error in the contours of thi s glacier. 
There a re no dashed contours, and thereforc only a 
sma ll system atic error is assigned. It should a lso be noted 
that Davey (1962) states tha t the 1957 map is o f excellent 
quality, with a vertical acc uracy of Im. This m a kes our 
estima te quite conservative. 

Glzikuminuk Glacier: This g lacier consists o f two main 
branches (Fig. 2c), with a common terminus. In the pro
glacia l region the bedrock intersections show no signifi
cant sys tem a lic offset. H owever, for thi s g lac ier only, the 
values li sted in Table 3 a re lhose for the upper bedrock 
regions o f the two branches (mostly hig h-elevation 

127 https://doi.org/10.3189/S0022143000002410 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000002410


J ournaloJGlaciology 

passes), and these both show la rge ve rtical offse ts that 
a re in opposite directions. This is probably due to 
probl ems with the surveying of the photogrammetric 
control during the IGY fi eld program. At that time, 
theodoli te surveys were ca rri ed out from only two con
trol poin ts, and they were spaced a long a short (150 m ) 
baseline that proved inadequate. The locati ons of o ther 
points needed for photogrammetric control were deter
mined by intersection from these two control poin ts. The 
geometr y of these intersections was poor, and thus the 
positions of the photo-control points were subj ect to sig
nificant errors. This was especially true in the east 
branch, where the intersection angle was quite sm a ll. 
M oreover, our measurement of one of the distances that 
the IGY surveyors calculated differed from their va lue 
by one meter out of 700. La rge system atic map errors 
a re therefore no surprise and a re thought to outweigh 
any random effects fo r this map. 

Polychrome Glacier: The elevation profil es of this g lacier 
were measured on th e surface, and there were no inter
sections with bed rock contours. H owever, this g lacier 
was the focus of the doctoral disser tation of the IGY 
m ap cartographer, a nd an extensive a nalysis of its qua l
ity was given there (Case, 1959). This map most likely 
mee ts the published accuracy of ± 2.5 m. The appa rent 
thickening near the steep terminus of this glacier (Fig. 
5) could be due to sm all hori zontal errors in either the 
m ap or our comparison with it. H owever, the thickeni ng 
could also be real, caused by glacier fl ow into the a rea 
where the heavy debris cover has suppressed ablat ion. 

Al cCaLL Glacier: The m ap shows m aj or problems in the 
proglac ial area (Table 3), and there a re several dashed 
contours in the upper regions. R abus and others (1995) 
studied the map problems and found them to be so sig
nificant that they preferred to use the 1956 U SGS 
1: 63 360 scale map to calculate the change in vo lume. 
We use their volume-change calcula tions for M eCall 
Glacier in the nex t section. H owever, the elevation 
changes shown in Figure 5 were calculated with resp ect 
to the IGY map. 

Worthing ton Glacier: This map was m ade from photo
graphs of poor contrast that were ta ken when the g lacier 
was snow-covered . There a re many d as hed contours. At 
first sight, the limited data a lso suggest a system atic 
error of 3 m, but thi s is not significant, considering that 
there are only three bedrock intersec tions. The sm a ll 
standard error of the mean is probably an accident, jud
ging from the values for other glaciers with more d a ta . 
Nevertheless, we account for thi s possible shift a nd the 
dashed contours by increasing the respective sys tem ati c 
errors, as shown in Table 4. 

M ost of the error estimates in Table 4 a re conservative. 
The random and system atic errors m ay be combined 
(assuming that they a re independent) to give an estimate 
of the standa rd error in elevati on at one of the contours. In 
mos t cases, the random error domina tes a nd lead s to an 
error of ± 5 m (8 m for Blue Glacier and 6 m for Worthing
ton Glacier) in elevati on. As discussed above, this is the 
error in H AE; height above mean sea level would dep end 
on the accuracy of the geoid model used . The map errors 
shown in Table 4 a re the limiting factor in the acc uracy of 
our elevation-change calculati ons. 

128 

VOLUME AND TERMINUS CHANGES 

Calculation of voluIlle change 

The problem of calculating g lacier volu me change by com
paring sequenti al topographic maps is an old one (e.g. Fin
sterwalder, 1954). However, new methods a re needed to 
compare m aps with our elevation profil es, because a two-di
mensiona l topographic m ap of the glacier must be con
structed from profil es that consist of elevation vs position 
along onl y a few tracks down the glacier'S surface. We have 
developed such a method of m ap construction that supple
ments the profile data with information from the IGY maps 
about the general shape of the glacier and of the surround
ing valley. 

First, a n elevation change at each of the m ap contour 
elevations was determined . Some glaciers, such as Lemon 
Creek a nd Little J arvis, a re fairly simple, with only onc 
main branch or tributa ry. On these we averaged the eleva
ti on cha nge for the different profiles at each contour, with 
the results as shown in Figure 5. Other glaciers, such as Blue 
and Chikuminuk, have seve ra l major branches. On Blue 
Glacier we profil ed mos t of these branches, and used the 
results of individual profil es within each branch. Below the 
confluence of these branches, we averaged the elevation 
changes from the different profil es. On other g laciers, such 
as \Nest Gulkana, some small e r branches were not profiled a t 
all. For those branches, we used profile data from the closest 
branch. In those cases where no profil e data were coll ected 
at the highest elevations, the average of the uppermost data 
points was used (Fig. 5). Usually thesc highest areas a re 
small a nd do not contribute significantly to the estimated 
volume change. 

The resulting (average ) elevation changes at each IGY 
contour were then used to construct new contours by a pro
cedure similar to that described by Echelmeyer and others 
(1996). \lVe assumed that during a change in elevation, each 
glacier contour retained its shape. Some justification for this 
assumption can be seen in de tailed su rvey data from 
McCall G lacier (Rabus a nd others, 1995, fig. 5). Each con
tour was relabeled with the new elevation, a nd stra ined uni
formly to fit between the new (l990s) glacier boundaries, 
which were found using the slopes of the valley walls as 
measured on the maps. The points of intersection of the 
new contours with the proj ected vall ey walls defin ed the 
new boundary of the glacier at the time of profiling. The 
procedure resu lted in a new set of contours sp aced at irregu
lar elevation intervals. A se t of contours correspond ing to 
the elevation labels of the IGY map conto urs was then deter
mined by in terpolation. M ap construction by this method 
was not feasible in the highest accumula tion areas, but, 
where it was, Finsterwalder 's (1954) method was used to 
compute the change in volume. 

In the upper accumula tion areas the slope of the valley 
walls was often difficult to de termine, and the above proce
dure could not be used to fi nd the new bounda ry, nor could 
the conto urs be strained. When this occurred, the bound
a ri es were assumed to be unchanged from those mapped in 
the IGY. The volume change between each pa ir of conto ur 
lines in these regions was then calculated as the product of 
the area between these two contours and the m ean elevation 
change fo r the pair. T he total volume change for these 
regions was then found by summation. This wa a reason
able approach because the el evati on cha nges, a nd therefore 
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the boundary changes, a re generall y small in these upper 
reglOns. 

The resulting cha nges a re summ ari zed in Table 5. The 
area-average thickness cha nge is the tota l volume change 
divided by the average of the areas at the beginning and 
the end of the measurem ent interval. It is emphas ized that 
the result depends upon our choice of g lacier boundaries, 
shown in Figure 2a- i a nd discussed above. Seasonally cor
rected average thickness changes are a lso li sted in Table 5. 
These corrections were necessa ry because the maps and el e
vati on profil es were made a t different times of year. Mos t of 
the IGY maps were produced from photographs taken in 
latc summcr, while most of thc profil es we re obtained early 
in the melt season. Corrections were usua ll y made by sub
tracting the snow thicknesses in Table 2 from the average 
thickness changes, although a slightly more complex proce
dure had to be followed when the IGY photographs were 
made in mid-summer. Since there had usuall y been little if 
any ice abla ti on at the time of profilin g, subtracti on of the 
snow thi ckness at the time of profiling means, effectively, 
that the elevation change is ca lculated with respect to the 
previous summer surface, which occurred in late summer 
of the calenda r year previo us to that of profiling. Therefore, 
the time inten 'al is reduced by a year e.'):cept fo r M cCall and 
'Vorthing ton Glaciers, fo r which no seasona l co rrection was 
necessar y. The errors associa ted with seasona l co rrections 
a re not important over the long intervals (such as 1957 to 
the 1990s), but a re importa nt over the short intervals. 

Becau e of the m ap problems discussed above, the values of 
the thickness cha nge for Chikuminuk Glacier inTable 5 are 
those for the west branch onl y. The McCall Glacier data 
were taken from Rabus and Echelmeyer (in press ) who used 
the 1956 USGS m ap, as noted a bove. We have also included 
vo lume-change calculati ons using the 1986 map of West 
Gulkana Glacier (Marcus and R eynolds, 1988), the 1989 
m ap of Lemon Creek Glacier (M a rcus and others, 1995), 
and va rious m aps of Blue Glacie r (D avey, 1962; U SGS 1987 
m ap); these results give some temporal inform ation on the 
changes. Volume changes using the 1987 USGS m ap of Blue 
Glacier we re calculated in a simplified and less accurate 
manner using the area distributi o n curve in Figure 6; no 
change in a rea was taken into account except near the ter
minus. The aver age elevation cha nge was combined with 
the area d istribution curve; individua l branches were not 
treated se parately. 

The seasona lly correeted thickness ehange of a glaeier 
can be used to estimate the long-te rm average annual mass 
balanee. In o ur convention, thc a nnual balance is the mass 
ba lance ave raged over the g lac ie r surface. ''\Tha t we cal
eul ate is the long-term ave rage o f the annual ba la nce, here 
abbreviated as "average annu a l ba la nce", denoted (b,,); the 
brackets a re used to emphasize th e time averaging, which 
is usually over m any yea rs. Ba la nce is ex pressed in m a- I 
(water equi valent). To obtain ave rage balances from season
a ll y corrected average thickness changes we used a mean 
density of 850 kg m -3. As was di scussed by Krimmel (1989), 

7able 5. Glacier changes. The values in tlte last column are in water equivalent units. A negative change indicates mass lossJrom 
the time ofmapping to the present 

Gtac1n ,lIeasuremelll date.1 alld .IfllSollally J 'alume challge Area at earlier Area at tater time 
corrected illten'a! ] time 

10" m 
" lOG m 2 IOli m2 

Bl ur 1957- 96 (ss/57 ss/95) 5 5.93 5.93 
193952 (ss/39- S5/52) - 31 '2, 5,73 

1952 57 (ss/52-ss/57) ++6 2 5,66 5.93 
1957- 87 " (ss/57- ss/87) .,-30 5.93 5.+7 
1987 96 '" (ss/87- ss/95) 2+ 5.47 5.93 

Bra r Lake 1957- 9+ ss/57- ss/93) - 65 6.77 6.68 

Chikumill u k ] 1957- 96 (s5/57- ss/95) (+8) (5.77) (5.33) 

Lemon Creek 1957- 95 (ss/57 ss/94) 16+ 12.04 11.71 
1957- 89 (ss/57 ss/89) 132 " 12.62 (5) 11.73 ' 
1989- 95 (5s/89 ss/9+) 32 161 

Lit tleJ a rvis 1957- 95 (ss/56-ss/94) 0 2.50 2.+5 

i\IcCa 11 7 1956- 93 (ss/56 55/93) 64 6.20 6.00 

Polychrome 1957 95 (ss/57,s/94) - 15 1.84 1.70 

\\'es t Gu lka na 1957- 93 (ss/57 ss/92) 93 4.20 3.59 
1957 86 ss/57 ss/86) 87 4,.20 3.65 
1986- 93 (ss/86- ss/92) - 7 3.65 3.59 

Worthington 1957- 94 (5/57 5/94) + 5 8.55 8.32 

11 Seasona ll y corrected mCilSUrelTIcnt interva ls a rc in pa rentheses; ss slands fo r "su mmer surface". 
2 From D a"ey (1962). 

.·Irffl -az·erage 
thicklless challge 

m 

- 0.8 
- 5,+ 
+8.0 
+ 5.3 
- 4.3 

- 9.7 

(+ 1.+) 

- 13.8 
- 10.8 
- 3.0 ,0 

0.0 

- 10.5 

- 8.5 

- 24.0 
- 22 
- 2 

+ 0.6 

:I Calc u la ted using 1990 USGS I : 24 000 i\loU11l O lym p us map, which was m ade from 1987 photographs . 
. ] Chi kum illu k "ales are assoc ia ted with large errors and should be used w ith ca utio n. 

From M arcus and ot hers (1995). 
G Calcu lated by subtracting the two numbers above. 

From Rabus and Echel meyer (in press ) who used 1956 USGS map, 

Sf(I fO l/a!1y corrected LOllg -term m'frage 
average thirklless mass balance (ba) 

challge 

m m a 
] 
w.c. 

5.8 ± 2.5 - 0.13 ± 0.06 
5.3 ± J - 0.3 ± ' 
7.7 ± 1.0 + 1.3 ± 0.2 
4.4 ± 2.5' + 0.1 ± O. I? 
8.4 ± 2.5' - 0.9 ± 0.3' 

12.5 ± 2.8 - 0.30 ± 0.07 

3 ± la rge ) (-0 ± la rge ' 

15.8 ± 2.5 0.36 ± 0.06 
II ± ? 0.3 ± ? 

5 ± ? 0.8 ± ? 

1.5 ± 2.8 - 0.04 ± 0.D7 

- 10.5 ± -kO 0.24 ± 0.09 

8.7 ± 2.2 -0.20 ± 0.05 

25.2 ± 2.2 0.61 ± 0.06 
21 ± ' - 0.6 ± ? 
+ ± J - 0.6 ± J 

+ 0.6 ± 3.9 + 0.01 ± 0.09 

129 https://doi.org/10.3189/S0022143000002410 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000002410


J ournal qfGlaciology 

the topographic method of mass-bala nce ca lculation does 
not account for the loss of old firn in the mid-elevation 
reaches of a glacier th at is thinning. Sorge's law, prescribing 
a consta nt density profi le th rough time, does not apply in 
thi s old-fi rn zone. I n the ablation a nd upper accumulation 
zones we ass umed a density of 900 kg m 3, a nd a value of650 
kg m - 3 for the old firn that was removed. The resul ting 
mean density was obtained by weighting by the fractional 
area of each zone. Obsen 'ations on two of the glaciers indi
cated that the fractional area was about 0.50 for the ablation 
zone where ice was melted, 0.20 for the old-firn zone a nd 
0.30 for the accumula tion zone. The esti mated error in our 
mean density is about 6% in (ba ), wh ich is small compa red 
to the effect of error in the seasonally corrected thickness 
changes. The resulting a\'erage bala nces and the seasona lly 
corrected averaging intervals are given inTable 5. 

In interpreting the elevation-cha nge data, it is impor
ta nt to remember that the volume a nd average thickness 
changes of a glacier a re determined by weighting the eleva
tion change (Figs 4 a nd 5) by the a rea distribution function 
(Fig. 6). Li tll eJ a rvis G lacier is a good example of how this 
can a ffect the interpretation. Althoug h thinning occurred 
along much of the glacier length (Fig. 5), the area-average 
thickness change (and thus (ba) ) was close to zero because 
of the la rge fractional a rea at h igher elevations (Fig. 6), 
where thickening did occur. 

Terminus changes 

T he IGY terminus positions were de termined directly from 
the maps. T he recent terminus positions of Bear Lake, C hi
kuminuk, McCall and Polychrome Glaciers were surveyed 
on the ground. The recent terminus positions of the other 

glaciers were determined from the profi le data by identify
ing a d istinct change in surface slope where the profile 
crossed the new terminus, sometimes aided by photographs 
taken at the time of the profi ling. The results are summa r
ized in Ta ble 6. In mos t cases, the error in the average retreat 
rates is about I m a- I, a lthough it should be noted that the 
effects of seasonal cha nges in terminus position might 
increase this error somewhat. Most, but not all , of the 
glaciers retreated from their IGY positions. Data from 
several other maps have been incl uded for comparison. 

ERRORS IN VOLUME CHANGE AND IN RELATED 
QUANTITIES 

It is convenient to di scuss the errors in volume change in 
terms of the error in the area-average thickness change, 
which is simply the vo lume change divided by the average 
glacier a rea. There are three main sources of error. They 
arise from (I) errors in our construction of a glacier's surface 
from profil e data; (2) random errors in elevation change 
(measured at the intersec tion of the profil e track with the 
individual contours; Tabl e 4); and (3) the cor responding sys
temati c er rors (also inTable 4). 

Errors in map construction: A test of our algorithm for the 
const ruction of the new surface was conducted using 
the 1957 and 1986 West Gulkana Glacier m aps (the latter 
from M arcus and R eynolds, 1988). Simulated ground 
tracks of airborne elevation profi les were drawn on the 
1986 map, and contour-crossing elevations were deter
mined. This permitted us to construct a version of the 
1986 map using our algorithm. Then the volume and 
average thickness changes were computed betwecn our 

Table 6. Glacier terminus changes. Advance is taken as Ihe recent position minus Ihe IGYposition along a line perpendicular 10 

both terminusfi'011Is. The last column ( A ) is the ratio qfthe length-averaged thickness change to that at the terminus 

Glacier Jl1easuremellt Terminus Horizolllal NllInberof Terminlls Shape Jaclor 
intervat advauce ullcertainty years advance rate 3 !L 

m m ma 

Bluc 1I 1957- 96 +80 ± 50 39 + 2 -om 
1939- 52 ' ( 200) 13 (- 150 
1952- 57 ,51 (+ 50) 5 (+ 10) 

Bcar Lake 1957- 96 515 ±5 39 13 0.32 

Ch ikuminuk 1957- 96 - 830 ±5 39 - 21 0.18 

Lemon Creek 1957 89 -700 ±5 32 22 
1989 95 -100 ± 50 6 - 16 ± 8 0.1 0 I , 

Litt lcJ arvis 1957 95 - 190 ± 50 38 - 5 0.34 

l'vlcCa 11 12, 1958 72 - 68 ±5 12 6 
1972 93 - 285 ±5 21 14 0.41 (4) 

Polychrome 1957- 95 + 10 ±5 38 +0.3 0.24 

West Gulkana 1957 86 - 400 ± 10 29 14 
1986 95 - 180 ± 50 9 20 ± 5 0.35 1 

\ Vonhington il l 1957- 94 220 ± 50 37 - 6 0.11 

1 Thcre are two separate termina l lobes. The retreat rate shown is their mean advance rate. 
2 \ 'alucs from R abus and Echelmeyer (in press). 

,3 Error in terminus advance ratc is ± I m a 1 except where noted. 
+ !L was calculated over the entire measurement interva l. 

(5) From Davey (1962). Va lues are shown in parelltheses because ofunknowll accuracy. 
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"constructed" 1986 surface a nd the 1957 m ap. These 
changes were compared to those computed using Fin
sterwalder 's m ethod applied directly to the actu al 1957 
and 1986 m aps. Taking the la ter va lues to be the "con
trol", we fo und that the area-average thi ckness ehange 
calcul ated using the construeted surface was overesti
mated by 4. 1 m on the lower part of the glacier and 
underestimated by 1.4 m on the upper. These diITerenccs 
on the lower a nd upper g lacier tend to compensate 
because of the area distribution on this g lacier; this 
may not a lways be the case. O ve r the entire g lacier, our 
construction m ethod gave a n average thickness ehange 
of - 20.9 compa red to - 22.2 m for the d irect m ap-to-map 
method, o r a n error of 1.3 m (1a ble 7). We use thi s error 
as representative of all glac iers. 

Random enors in elevation change: R andom errors of a few 
meters in elevation change a t the individua l contours 
(Table 4) should not have a la rge effect on the a rea-aver
age thickness cha nge, because their effects tend to cancel 
(Echelmeyer a nd others, 1996). Quanti tatively, the error 
in the a rea-average thickness change due to th ese ran
dom errors is equal to the value in column 2 of Table 4 
diyided by the square root of the nu mber of contours 
used to caleula te the volume cha nge. As this la tter num
ber is on the o rder of 100 fo r m ost glaciers, the random 
error component of the to tal error is quite small 
( rv O.5 m ) This was confirmed on Worthing ton Glacier 
by using bo th the measured el evation curve in Figure 6 
and a smoothed \·e rsion of it. The difference in average 
thickness cha nge was 0.5 m . 

Total error in average thickness change: The tota l error in the 
area-average thickness change is the combin a tio n of the 
map construction error (about 1.3 m), the error resulting 
from rando m contour noise ( typicall y 0.5 m ) a nd the 
systematic errors shown in Table 4 (a nd di scussed 
above). These errors a rc independent, so the to ta l error 
is the squa re roo t of the sum of their squa res. The res ult
ing tota l errors a re mos tly in the range 2- 4 m . The map 
errors tend to be the la rgest contributors to the total 
error in ave rage thickness cha nge, but the map construc
tion error is sig nificant. 

Total error in seasonally corrected average Ihickness change: The 
error in the seasonally correc ted average thickness 
change (1able 5) contains a n additional, independcnt 
component, the error in the average snow depth a t the 
time of profiling (Table 2). It is rel atively sm a ll and 
increases the tota l error only sI ightl y, at leas t over the 
long time interva ls cha rac teri stic of the IGY - profile 
compa rI sons. 

Total error in average annual balance: The tota l erro r in the 
long-term average annual ba la nce (Table 5) conta ins yet 
another independent component, the error in the den
sity of abo ut 6% . This is a lso relatively sma ll, and the 
errors prev io usly discussed dominate the tota l error. 

The foregoing discussion is focused on the errors in the 
IGY-map-to-1990s-profil e compa ri son, and the situ ation is 
slightl y different over the shorte r intervals in Ta bl e 5. For 
these intervals we have not ana lyzed the quality of the maps 
involved, and in the case of Blue Gl ac ier we have used a less 
acc urate method of map-to-m ap a nd map-to-profile com
pa ri on. We a ttempted error estima tes when we had some 

Table 7. Comparison qf methods used to calculate volume 
change 

,\Ie/hod Lower region 
6.H I 

LiJjm region Enlirr glacier 
6.H I 6.H I 

m m m 

Di rect map-tO-map comparison IL! +7.6 12.9 - 22.2 
Profile-to-map compar ison 3 51.5 11.5 - 20.9 
Di ffe rence between methods +'1.1 !.+ - 1.3 

I 6.H refers to area-a\·crage thickness change. 
6.H calculated from d irec t comparison of tlVo maps. 

(:l 6.H calcu lated from comparison of onc map with the surface con
structed from profi le data. 

basis for estimating the quali ty of the relevant maps. It is 
elea r that the errors a re large ove r the shorter intervals. A 
pa r ticular problem is the lack of information abou t the 
quality of the 1989 L emon Creek G lacier and 1986 W·es t 
G ulka na Glac ier maps (Marcus a nd R eynolds, 1988; M a r
cus a nd others, 1995); the photographs used for mapping 
seem to show rela ti, "Cly poor deta il a bove the snowlines. 
Because of uncerta inty in the bounda ri es used by Marcus 
a nd Reynolds for 'Vest Gulkana G lac ie r, we ca lculated the 
ch a nges using our bo undaries as show n in Figure 2h. 

It is important to cmphas ize tha t the errors in Ta ble 5 
apply to glacier-wide average qua ntiti es. For example, the 
error in the seasonall y corrected, g lacier-wide avcrage 
thi ckness change is co nsiderably sm a ll er than the error s in 
the elevation cha nges a t indi"idual contours di scussed in 
a n ea rli er secti on. T hese la rge indi,·id ua l errors are espe
cia ll y evident in Fig ure 5 for Blue a nd Littl e.Jan 'is Glaciers; 
in the former the re is considerable scatter in ele\·ati o n 
change, and in the la tte r there is a probabl y artificia l step 
(a t 1300 m). Errors like these are mainl y d ue to errors in in
di v id ua l conto urs. H owever, when g lac ier-wide averages a re 
co mputed, the effec t of such errors is rcduced stat isticall y, 
because they have a la rge random component. The ITlOs t 
im portant error, a nd t he most diffic ult to estimate, is t ha t 
d ue to systemati c bias in the contou I' li nes. 

REGIONAL SUMMARY 

In thi s sec ti on, we re \·iew the glac iers in a regional pe rsp ec
tive in order to illumin ate any trend s in volume or terminus 
cha nge. For reference, the estim a ted long-term aver age 
a nnua l mass balances (Table 5) a re p re. ented in the m a p in 
Fig ure I. Also shown a re the average va lues for Gulka na 
Glacier (persona l communicati on from USGS, 1996; see 
a lso Echelmeyer a nd o thers, 1996) a nd Woh-erine Glacic r 
(pe rsona l communication from uses, 1996) for the period 
1966- 95. The USGS a \·erage balances we re obtained by aver
aging over the annual ba lances. T he resulting error is un
known, but it could be la rger than the typica l errors in o ur 
map-to-profil e compa risons, because of the cumulati ve e ffec t 
of unknown systemati c e rrors in the USGS annual ba la nces. 

Brooks Range 

M cCall Glacier, which is located in the Arctic clim a tc 
reg ime of the Brooks R a nge, is the m ost northerly o f the 
IGY glac iers. It has been the subj ec t o f intermittent study 
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over the last four decades (Sater, 1959; Wendler and others, 
1972; R abus and others, 1995) and is part of an ongoing 
mass-balance study (Rabus, 1997; Rabus and Echelmeyer, 
in press ). The terminus has retreated about 300 m and the 
average thickness has decreased by 11 m. Rabus and Echel
meyer (in press ) estimated average ann ual mass balances of 
- 0.15 and - 0.33 m a I for the periods 1958- 72 and 1972- 93, 
respectively. Thus, a doubling in the rate of mass loss has 
occurred. Their studies show that this glacier is representa
tive of other g laciers in the northeastern Brooks R a nge, and 
of the region on a synoptic scale. 

Central Alaska 

The two glaciers located in thi s region are West Gulkana 
and Polychrome, in the eastern and western Alaska R ange, 
respectively. Polychrome is not considered representative of 
its region, because it is heavily debris-covered for n early half 
its length. The largest decrease in thickness occurred at 
1700 m (Fig. 5), which was the lowest debris-free elevation 
on the glacier. Below this, the dense debris cover limited ab
lation. 

Between 1957 and 1992 West Gulkana Glacier thinned 
by 25 ± 2 m. The larger Gulkana Glacier, located 4 km to 
the east, thinned by 11 ± 5 m over a slightly longer interval 
(Echelmeyer and others, 1996; personal communication 
from USGS, 1996). The average annual mass balances were 
- 0.64 ± 0.06 a nd - 0.2 ± 0.1 m a- I (water), resp ectively. 
Because the two glaciers have similar aspect a nd climate, it 
is likely that these impre sive differences are due to differ
ences in the di stribution of glacier area with elevation. A 
large fraction of the area ol"vVest Gulkana Glacier is below 
2000 m, while a large fraction of Gulkana Glacier is higher. 
This elevation corresponds approx imately to the present 
equilibrium-line altitude in this region (Mayo and Trabant, 
1986). 

Interpretation of temporal trends in the balance ol"West 
Gulkana Glacier from the data inTable 5 is difficult because 
of the uncertain errors involved , particula rly over the inter
val 1986- 93. Mayo and Trabant (1986) reported a pos itive 
change in the balance regime ofGulkana Glac ier sometime 
around 1976. Such a trend is opposite that observed to the 
north on M cCa11 Glacier. However, balances during the las t 
5 years have been strongly negative, which is simil a r to the 
recent trend on M cCall Glacier (R abus and Echelmeyer, in 
press). 

Changes of other glaciers in central Alaska are discussed 
by Echelmeyer a nd others (1996). 

Bering Sea region 

Because 01" the problems with the map of Chikuminuk 
Glacier, our es timate of its thickness change is not ·reliable. 
The terminus retreat is more than 800 m, the largest of all 
the nine glaciers. Given thi s re treat, it seems unlikely that 
Chikuminuk Glacier had many years of positive mass 
balance over the last four decades. 

Southern coastal Alaska 

Southern coastal Alaska is heavily glacieri zed, a nd no single 
glacier appears to be representative of it. The average 
annual bala nce varies from zero to about - 0.4 m a lover re l
a tively short dista nces (Fig. I); there are no prominent east
west trends. 
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The most westerly glacier, Bear L ake, is abo ut 10 km 
from the ocean a nd has undergone a large decrease in aver
age th ickness (-12.5 ± 2.8 m, seasonally corrected ); this is 
close to that determined by Echelmeyer and others using 
USGS maps from 1950 to 1993 (- 12 ± 5 m, season a ll y cor
rected ). Its average a nnual balance (- 0.30 ± 0.07 m a- I) is 
not significantly different from that of Wolverine G lacier 
(-0.25 m a I; personal communication from USGS, 1996), 
located 35 km to the northwest and somewhat furth er in
land, as measured from 1966 to 1995. ''\Tolverine, like Gul
kana, could have ignificant errors in the long-term 
average balance arising from accumulating annual bal
a nces with a systematic error. Two hundred kilometers to 
the northeast and a bout 30 km from the ocean, ' '\Torthington 
Glacier showed littl e change (see also Echelmeyer a nd 
others, 1996). On the other side of the St Elias a nd Fair
weather Mountains, LittleJarvis G lacier (50 km from the 
coast) also showed lit tle change. H owever, neither glacier 
is likely to represent accurately the cha nges in the heavily 
glacierized mounta ins that lie be tween them. The single 
IGY glacier in southeast Alaska, Lemon Creek, is located 
about 180 km south of Little Jar vis a nd 10 km from the coast. 
It has experienced the second largest average thickness 
change (-16 m) of the IGY glaciers. The data in Table 5 sug
gest a recent trend toward more negative recent balances, 
but the unknown errors make thi s con~lusion uncertain. 
The rate of terminus retreat of Lemon Creek Glacier shows 
no significant trends (Table 6). The terminus is very steep. 

Washington 

Blue Glacier is located in a temperate maritime climate 
regime, about 65 km from the ocean, and it has a large 
m ass-exchange ra te. Several studies of its changes in surface 
elevation, mass balance and terminus position indicate a 
complex history (e.g. Davey, 1962; Echelmeyer, 1983; Arm
strong, 1989; Spicer, 1989; McClung a nd Armstrong, 1993). 
The combined map a nd profile observations, expressed in 
terms of annual bala nce averaged over the different observa
tiona l intervals, and terminus position referenced to 1957, 
a re summarized in Fig ure 7. (As noted above,"Snow D ome" 
is included as part of the glacier.) This figure shows some of 
the detail that is not resolved by our long-term measure
ments. During the interval between the IGYand our profil
ing, (ba ) was negative, a shown by the heavy line, but there 
was a net advance of the terminus. Not shown in the fig ure is 
a retreat which began about 1980. 

Changes of several other glaciers in Washington have 
also been measured . The extensive m ass-balance record of 
South Cascade Glacier indicates only a few positive ba la nce 
years over the p eriod 1959- 95, with a n average long-term 
annual balance of about - 0.5 m a lover the entire period 
(Krimmel, 1995). This glacier is located about 200 km east 
of Blue Glacier in a dri er, less maritime climate regime. 
Pelto (1996) also m ade observations on eight glaciers in the 
Jorth Cascades from 1984 through 1994, and reported an 

average annual bala nce of - 0.38 m a I for them. Since 1960, 
South Cascade has retreated, with no short-term periods of 
advance. On the other hand, Harper (1993) observed that 
glaciers on Mount Baker advanced in the 1960s and 1970s. 

DISCUSSION 

It is worth reca lling that our measurements give o nly the 
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Fig. 7. B lue Glacier annual balance averaged over different 
time intervals, and its terminus position. 

long-term (almost fo ur-decade) average of the annua l 
balance averaged over the glacier surface, a nd thus do not 
resolve what must be a complex temporal and sp atial beha
vior; the temporal behavior was illustrated by Figure 7. Onc 
might a rg ue that this long-term averaging migh t provide 
some simplificati on, and that this would facilita te the com
parison of different glaciers to identify regiona l p atterns, but 
these seem to be complex. There was a defi nite long-term 
thinning in A rctic and interi or Alaska, but near the coast 
the trends a rc not as clear (Fig. I). In this sectio n we consider 
bri efl y some of the connections between the results and 
glacier geom etry, climate, sea level and glacier dynamics. 

Glacier geometry 

Some of the complexity in the pat terns of the changes of 
these glaciers must be because of their differen t geometri es: 
size, surface slope, distribution of area with elevation and its 
relation to th e position of the equilibrium line, a nd so on. It 
is clear tha t th e distribution of area accoun ts for the differ
ent behavio r of West Gulkan a and Gulkana G laciers noted 
above. H owever, the effects of geometry on the other 
glaciers is less obvious, and we have not at tempted any sys
tematic a na lysis. 

Changes in mass balance and climate 

O erleman s a nd FOl-tuin (1992) have used a n e nergy-balance 
model to investigate changes in a glacier 's m ass ba lance in 
response to a change in mean annual air tempera tu re. Their 
model indicates that the temperature derivative of annua l 
mass bala nce averaged over the surface of the glacier, here 
denoted by ba, is dependent on the annua l precipi tation 
averaged over the glacier, P, following the empirical 
relat ion 

aba 
aT = - 0 .512 - O.66210g P (1) 

for P ;:::: 0.22 m a- I We have applied this relation to sevcral 
of the glaciers in our study, recognizing tha t caution is in 
order because Equation (I) does not take two key factors into 
account, nam ely, the effects o f glacier geometry a nd glacier 

flow; the lat ter causes most glaciers to adjust their sizes to 
atta in zero a nnua l mass balance a fter an extended climate 
change. An estimate of mean annu al precipita tion for the 
different glaciers was obtained from various sources; these 
sources and the estimates are listed in Table 8, along with 
aba/aT using Equation (I). If we ass ume that each glacier 
was in steady sta te (zero annual m ass ba lance) a t the start 
of the IGY, then we may use our values of the long-term 
average annua l m ass balance li sted in Table 5 to estimate 
the effective tem perature change, ,0.T, using Equation (I). 
If we also ass ume that the precipitation was consta nt at our 
estimated value over the approximately 38 yea r time 
p eriod, and tha t the temperature ch ange was a step ch ange, 
without detail ed temporal structure, then 

These values of,0.T are given inTa ble 8. 

Table 8. Estimated annual precipitation, the derivative if 
annual balance with respect to mean annual temperature, 
aba / aT, and changes in mean annual air temperature, ,0.T, 
from Equalion (J) 

GLacier 

Blue 
Bear La ke 

Lemon 
C reek 
LittleJ arvis 

McCall 

West Gulkana 

Al/lI.ual /Jreci
/Jilalioll 

m 

4.21 
3.60 

2.85 

(2.00) 

0.50 

2.'1·5 

Source qfjmcifJitatiol1 
data 

La Chapelle (1965) 
O hInu ra a nd others 
(1992) 1 

O hmu ra a nd others 
(1 992) 1 

U.S. Nationa l "Veathcr 
Sen.ice 21 

Rabus and o thers 
(1 995) 
O hm ura and o the rs 
(1 992) 1.1 

Db, 
aT 

m a 

- 0.92 
- 0.88 

0.81 

- 0.71 

- 0.31 

- 0.77 

/:;.T 

0.1.1 
0.34 

0.48 

0.06 

1.03 

0.93 

(2) 

(11 OhInura and others found tota l annua l precipitation to be ver y close to 
the sum Ofl hC' w itHer 1l1aSS ba lance and the summer precip itat io n . These 
are the va lues reponed here. 

{2 Estimated from the 1.30 In average p rccip ita tion recorded for t he inter
va l 1961 90 in Ha ines, Alaska. 

There a rc severa l assumptions leading to Equations (I) 
and (2) and they are probably weak. H owever, the values 
listed in Table 8 suggest that the temperature changes in 
A rctic and interio r A las ka may have been larger than those 
in south coasta l A laska and coas ta l Washington. \lVe could 
use the shorter- term balance cha nges listed in Ta ble 5 for 
'!\lest Gulkana, L em on Creek and Blue Glaciers to estimate 
temperature ch a nges that are not tied to the assumption of 
zero initial ba la nce. H owever, the shortcomings of Equation 
(1), the unusua l geometry of the g laciers and the unknown 
accuracy of the 1980s maps make such an approach uncer
tain. Data of R a bus and Echelm eye r (in press ) fo r M cCall 
Glacier show a strong decrease in average annua l m ass 
ba lance from 1957- 72 (-0.15 m a I) to 1972- 93 (-0.33 m a \ 
and O erlemans a nd Fortuin's m odel leads to a n estimated 
0.6 K temperature increase fo r thi s part of Alaska. 

Although Equa tion (I) predicts a large r ch a nge in 
ba lance on a g lac ier with a large a nnua l precipita ti o n rate, 
the change in ba la nce relative to a g lacier's annua l m ass ex
change (or glacier activity; M eier, 1984) is genera lly much 
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larger on Arctic or sub-Arctic g laciers. For example, the 
average annua l balance of Lemon Creek Glacier from 1957 
to 1994 (-0.36 ± 0.06 m a- I) is somewhat more negative 
than that of McCall Glacier from 1956 to 1993 (-0.24 ± 
0.09 m a- I). However, the negative balance of McCall is the 
more impressive when compared with its winter accumula
tion, which it actually exceeds (R abus and others, 1995). The 
negative Lemon Creek balance is only 10'10 of its winter ac
cumulation. 

Sea level 

Because of the complexity of the pattern of glacier volume 
change, we have not attempted the sort of regional extrapo
lation that would be necessary for a direct calcu lation of the 
effect of glacier changes in western North America on sea 
level. However, the implications of our observations for an 
earlier extrapolation are of interest. In estimating the contri
bution of mounta in glaciers to changing sea level, Meier 
(1984) extrapolated the limited glacier mass-balance data 
from around the world using an assumed regional relation
ship between the annual mass exchange of a glacier (one
half of winter minus summer balance, or activity) and its 
mass balance. We checked this relationship using our average 
annual balances for the IGY glaciers and information on 
mass-exchange rates estimated by va rious methods, usually 
by extrapolation from other glaciers where it has been meas
ured. Except for McCall Glacier, the ratios of average 
annual balance to activity are simila r to those stated by 
Meier, but we find that a major problem with establishing 
thi s sort of relationship is the large uncertainties in the activ
ities. The large negative average a nnual balance of McCall 
Glacier gave a value of - 1.00 for the ratio, which is different 
than the - 0.22 estimated by Meier. However, because of the 
limited glacierized area in the Brooks R ange, this difference 
would have no effect on his estimate of sea-level change. 

Relation between volum.e and term.inus position 

There is no simple connection between glacier volume and 
terminus position during the four-decade interval covered 
by our measurements. (A similar conclusion was reached 
by Echelmeyer and others, 1996). For example, the long
term volume ch anges of Worthington and Little J arvis 
Glaciers were positive or near zero, but their termini re
treated. The long-term volume change of Blue Glacier was 
negative and its terminus advanced; the advance is a clue to 
an earli er period of thickening. These observations indicate 
that there is a time lag between volume and terminus 
ch anges. This is no surprise, but it is of interest to consider 
h ow it fits into the present theoretical picture of glacier re
sponse. Nye (1960), J 6hannesson and others (1989) and 
Schwitter and Raymond (1993) have considered the possibi
lity that the ratio of the thickness change averaged over the 
length of a glacier (w ithout regard to changes in width ) to 
the thickness change at the terminus, iL, is roughly con
stant, particularly over long time intervals. This ratio is 
important in the theory of the time response of a glacier to 
a change in balance, and one might hope that it would be 
reasonably constant when evaluated for the long; a lmost 
40 year interval of our measurements. For the nine IGY 
glaciers, the ratio varies considerably, as shown in the last 
column in Table 6; the mean is 0.24 and the standard devi
atio n about the mean is 0.13. Since glacier width is rarely 
uniform, another ratio was calculated by replacing the 
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longitudinal average by the surface average (the average 
thickness change). The scatter was not reduced, indicating 
that other factors are involved. 

SUMMARY AND CONCLUSIONS 

As part of the IGY program (1957- 58), nine glaciers were 
chosen to represent different climatic regimes in North 
America, and maps were made of them using aerial photo
grammetry. We measured surface-elevation profiles of these 
glaciers during the period 1993- 96, most with an airborne 
profiling system. The original maps and the new profiles 
were transformed into the same geodetic datum by resur
veying the IGY control. By comparing these profiles with 
the maps, we then determined volume a nd area-average 
thickness changes for each glacier. ,,ye also measured 
changes in terminus position. Errors in the volume-change 
calculations were dominated by errors in the maps, espe
cia lly those with poor photographic control or contrast, 
a lthough the error associated with map construction from 
a limited number of profiles was significant. 

All g laciers showed significant thinning at lower eleva
tions. At higher elevations some glaciers thinned and others 
thickened, but the m agnitude of the changes was much less 
than at lower elevations. The area-average thickness changes 
and the long-term average annual mass balances were nega
tive for a ll but two glaciers, which had near-zero changes. 
For the eight glaciers for which we cou ld obtain quantitative 
information, the mean thickness change was - 10 m with a 
large scatter, 8 m standard deviation. The long-term average 
thickness changes did not show simple regional trends. Most 
of the glaciers retreated over the ",38 yqr time period, but 
one showed significant advance. No consistent relationship 
between volume and terminus changes was identified. 

It remains to be discussed how representative the nine 
IGY glaciers are of the glacierized regions they were chosen 
to represent. Clearly, Polychrome Glacier, which has an ex
tensive debris cover, is not representative of the central 
Alaska R ange. West Gulkana Glacier, also in the Alaska 
R ange, showed a large decrease in thickness compared with 
that ofGulkana Glacier a few kilometers away (Echelmeyer 
and others, 1996; personal communication from USGS, 
1996). As noted above, thi s is due to the area-elevation dis
tribution of West Gulkana Glacier, which at least on the 
basis of casual observation is unlikely to be representative 
of the glaciers in this part of Alaska. In the Bering Sea 
region, the map of Chikuminuk Glacier has such large 
errors that it is not of much use. The IGY map of McCall 
Glacier also has large errors, but a USGS map has been 
analyzed (R abus, 1997). R abus and Echelmeyer (in press ) 
found McCall to be representative of the glaciers in the 
northeastern Brooks R ange. Bear Lake, Worthington, Lem
on Creek and Blue Glaciers are thought to represent the 
regions in which they are located. However, the heavily gla
cierized St Elias and Fairweather Mountains are probably 
not well represented by either Worthing ton or LittleJarvis 
Glacier, as these two are located on the periphery of the 
ranges. 

On a broader view, the fact that most of the nine IGY 
glaciers have thinned over the study period does support 
the observation that, in general, North American glaciers 
are thinning. H owever, our study shows that the IGY 
glaciers are not sufficient to resolve the regional trends in 
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balance. \ Vhat coverage wo uld be needed to resolve the re
gional trends is an importa nt question that has not been an
swercd by o ur study, but p crhaps may be answered in thc 
future with the hclp of the accurate and effi cient methods 
of airborne elevati on profil ing. 
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