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ABSTRACT. McCall G lacier has the only long-term mass-ba lance record in Arctic 
Al aska. Average annual ba lanrrs over the p eriods 1958- 72 a nd 1972- 93 were - 15 and 
- 33 cm , respec tively; recent annual bala nces (1993- 96) a re abo ut - 60 cm, a nd the m ass­
balance g radient has increased. For an Arctic g lacier, with its low mass-exchange ra te, thi s 
marks a sig nificant nega tive trend. 

Recentl y acquired el evation profil es of M c Call Glac ier a nd ten other glac iers within a 
30 km radius were compa red with topographic maps made in 1956 or 1973. M os t of these 
glac icr s h a d average annu a l mass bal a nces be tween - 25 a nd - 33 cm, whil e J\![ cCall 
Glac ier ave raged - 28 cm for 1956- 93, indicating that it is representative of the region. In 
contras t, changes in terminus pos ition fo r the different glac ie rs vary ma rkedl y. Thus, 
mass-bal ance trends in this region cannot be es timated from fr ac tional leng th cha nges at 
time-sca les of a few decades. 

Wc d eveloped a simpl e d egree-day/acc umul ation mass-ba lance model fo r M cCa 11 
Gl ac ie r. The model was tes ted using prec ipita tion and radi osonde tempera tures from 
weather sta tions at Inuvik, Canada, and Ba rrow, Kaktovik a nd Fa irbanks, Al as ka, and 
was calibra ted with the m easured balances. The J nuyik data reproduce all measured mass 
balances of M cCall Glacin well and a lso reproduce the long-term trend towa rds more 
negative ba la nces. Data from the other ta ti ons do not produce a tisfac tory model results. 
We spec ul a te that t he Arcti c Front, ori ented cast west in this region, causes the d ifTe rences 
ill model results. 

INTRODUCTION 

The Arctic appea rs to play a crucia l role during changes in 
global clim a te, both recent a nd past (e.g. Alley, 1995). Gen­
eral circula tion models indicate that increased greellhouse­
gas concentration in the a tmosphere may lead to clim ate 
warming, a nd that thi s wa rm ing may be m ost pronounced 
in the Arctic (e.g. Houghto n a nd others, 1996). Close moni­
toring of the Arctic cli ma te is essenti al to tes t these predic­
ti ons. 

There are few weather sta tions in the Arctic, and the cli­
matic interpretation of the ir records is hampered by la rge 
inter-a nnua l va ri abi lity, short record leng ths, heat-island 
effec ts a nd unknown spati a l representivity (e.g. Kell y and 
others, 1982; Bowling, 1991). A complementa ry approach to 
detect potenti a l changes in the Arctic cli m a te is to study 
corresponding changes in natural se ttings, such as on 
glac iers (e.g. Cogley and others, 1995, 1996; Dowdeswell, 
1995) o r in permafrost (Lachenbruch, 1994; Osterkamp 
and Romanovsky, 1996). The remoteness of g laciers and the 
cumul ative nature in which changes of their m ass ba lance 
are di splayed by their volume and length m a ke them sensi­
tive indicators of climate cha nge. On the o ther hand, the 
climatologica l interpretatio n of short-term changes of indi­
vidua l g laciers can be d ifficult, because errors in mass­
balance measurements can obscure existing trends and 
becau e it is not known a prio ri how representa tive a parti­
cul a r glac ier is with in a geographic region. Changes in 

g lac ier length a re a lso complicated by glacier fl ow a nd there 
is a poorly understood time lag be tween changes in mass 
ba lance and te rm inus response U6ha nnesson a nd others, 
1989; Schwitter a nd Raymond , 1993; Echelmeyer and 
others, 1996). 

In thi pape r wc present a nnua l and long-term mass­
ba lance data frol11 M cCall G lac ie r, Alaska. Thi s g lac ier is 
located in the northernmos t glac ie ri zed region of the United 
Sta tes and its m ass ba lance is directl y influenced by climate 
change in this Arcti c region. Short-term compa rative 
studies on neighboring glac iers indicate tha t M cCall 
Glacier is region ally representa ti\ ·e. Furthermore, the suc­
cessfulmodeling of its mass-ba la nce record, usi ng m e teo ro­
logical pa rameters from distant weather stati ons, implies a 
la rger-scale representivity of thi s glacier 'S mass ba lance. 

BACKGROUND ON MeCALL GLACIER 

M cCall Glacier is located in the Romanzof Iounta ins at 
69° 17 ' N, 143°50 ' \tV, close to the northern front o r the north­
eastern Brooks R a nge (Fig. I). The glacier is about 8 km long 
a nd has an a rea of 7.4 km 2

. Ice o riginates in three cirques, 
from east to west, Upper, Middle a nd Lower, and Oows from 
a n elevation of 111 ore than 2700 111 to the present terminus at 
1350 m with a m ean slope of8° (Fig. 2). Precipita tion sources 
for the glaciers in this region a rc the Bering Sea, about 
700 km to the west, and the Arctic O cean, about 100 km to 
the north. Seasona l mass excha nge on McCall G lacier is 
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1: McCall 
2: Hanging 
3: Gooseneck 
4: Bravo 
5: Wolverine Crag 
6: N. Hubley 
7: S. Hubley 
8: Arey 
9: E. Okpilak 
10: W. Okpilak 
11: Esetuk 

Fig. l. Existing glaciers between Hulahula and ] ago R ivers, northeast B rooks Range. Numbers indicate glaciers that were sur­
veyed between 1993 and 1995. T he outline of the Okpilak Batholith, a large granitic intrusion, is shown as a dotted line. 

quite small: the current winter and summer balances a re 
a round 20 and - 60 cm, respecti vely. Annual precipita tion 
is about 0.5 m (Wendl er and others 1974), more than ha lf of 
which fa ll s as snow. u 'abant and Benson (1986) showed that 
superimposed ice form ation and internal accumulation a re 
sig nificant on the gl acier, with the latter contributing more 
than 40 % of the a nnual net accumul ation. Because of 
pa tterns in mounta in shading a nd wind deposition, the 
eq 1I ilibrium-li ne altitude (ELA ) is not well-defined; instead 
it spans an elevation range of 350 m in an average yea r 
(\ Vendler and IshikalVa, 1974; Trabant a nd Benson, 1986). 
The mean annual a ir temperature is about - 12°C a t 1700 m 
elevation. The nea r-surface and basal ice temperatures in 
the aeeumulation a rea a re between - 10 and - 1.5°C (Orvig 
a nd Mason, 1963). In the ablation a rea, surface-ice temper­
atures are less than - 10°C, while the basal ice is temperate, 
a t leas t near the center line (Traba nt and others, 1975). 

Previous slUdies of the surface geometry and the m ass 
and energy ba lance of M cCall G lacier were made during 
the Internati onal G eophysical Year (IGY) in 1957- 58 (e.g. 
Sa ter, 1959) and duri ng the period 1969- 75 (e.g. Wendler 
a nd others, 1972, 1974). Our continuing il1\'estigations began 
in 1993 (R abus a nd others, 1995) with measurements o f sur­
face a nd bed geometry, mass ba lance, meteorological va ri­
ables, ice temperatu re and ice velocity (R abus a nd 
Echelmeyer, 1997). 

DEFINITIONS 

It is important to set forth seve ra l definitions of the m ass­
ba la nce terms used in thi s slUdy. We follow those of 0 strem 
and Brugman (1991), with some changes in refercnce to 
Arctic glaciers. 

The mass balance of a glacier can be measured using 
either glaciological, topografJhical or hydrological method s. The 
g laeiological method involves measurements of local m ass 
ba la nce using poles and snow density in pits. These data 
a re used to calculate the balance for a given hydrological 
yea r, either beginning and ending a t a specifi ed date (fixer/­
date system ) or fi'om one summer surface to the next (strat i­
graphic system). The topographica l me thod compares two sur-
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faces, defin ed by surveying the glacier (by photogrammetry 
or other methods) at two different times. 10 convert the cal­
culated volume change to m ass balance, one must ass ume a 
bulk density for the (unknown) proporti ons of ice, firn and 
snow tha t a re lost or gained . In contras t to the glaciologica l 
method, in which sys tem a ti c errors accumulate, the topo­
graphic method becomes more acc ura te when evaluated 
over a longer time span (Krimmcl, 1989). Both glaciologieal 
and topographica l methods have been used on IVI cCall 
G lacier (Trabant and Benson, 1986; R abus and others, 
1995). The hydrologica l m ethod determines mass balance 
from precipitation and the di scharge of a n outlet stream. 
The geometry of the drainage basin and a ufeis formation 
makes this method unfm'orable for M cCa ll Glacier 
(Wendler a nd others, 1972). 

Two additional sources of accumula ti on, internal accumu­
lation a nd slljJeTimposed ice, complicate m ass-ba lance meas­
urements on Arctic g laciers with their cold surface 
temperatures (e.g. \ Vaka hama and othe rs, 1976; Traba nt 
and M ayo, 1985; Traba nt and Benson, 1986). Internal acc u­
mul ati on occurs by the refreezing of surface water that per­
co lates below the previo us summer surface into the firn and 
macroscopic features such as crevasses. Superimposed ice 
forms near the equilibrium line by refreezing of water on 
top of the las t summer surface. Both contributions to the 
mass ba la nce are considered by using the topographical 
method over sufficiently long time period s. In contrast, the 
glaciological method, which u ually dete rmines the surface 
balance above the las t summer surface, ineludes only super­
imposed ice. Internal accumulati on must be estimated inde­
pendently. We define the net balance as the sum of the surface 
bala nce a nd this intern a l accumulation. 

Va rio us method can be used to ca lcul ate the balance for 
the enti re glacier given the local pole ba l ances. In the balance 
vs elevation method, a low-order polynomi a l is filled to the 
loca l ba la nces vs eleva tion . The net ba lance is then obta ined 
as a sum of interpola tecl loeal balances in successive eleva­
tion bands, weighted according to the a rea- elevation distri­
bution of the glacier. In a different approach, a contour map 
of mass balance is constructed using two-dimensional inter­
polation of the local ba lances. Then numerical integration 
of the ba la nce over the g lacier surface g ives the net balance. 
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Fig. 2. ,\ laps qfsurveyed glaciers. with elevation contour interval of 100 Jt (-:=::;30.5111 ). Elevation labels il/ meters are added ldure 
/00 fl cOlllours coincide with 100 m contollrs 10 beller Ihan ± 5 111 • • \ orlll is upward. Tick marks representing [/T1\1 easling and 
northing are ShOWI1 em)' 2 km. GPS jmfiles are S/lOlI'l1 as solid lines, with small solid symbols corresponding to illdividual poillt 
measurements; these apJlear as solid heav), hllesJor the continuolls profiles. For M cCall Glacier, additional o/Jen S),mbols mark 
locations optically surveyed in 1972 and 1993. The acquisilion datesJor map photogra/J/~)' and GPS profiles are givenJor each 
glacierJollowing the abbreviations "1I1"alld "Jl': respe(tive~y. Roman Illlmerals indicate t/ie c01Tesponding topographic map in Table 
3. Dotted curves represent the new termillus outlilles calculated by ollr volume-challge algorithm. Surveyed terminlls outlillesJor 
differen,-vears are sholt'nJor r I ~ OkJ)ilak ClaCler and NI cCall Glacier. 

\Vc call thi s the balance-map method; it can be implcmenLcd 
succcssfull y onl y if the mas -bala nce network prO\·idcs sufTi­
cient a rea l coverage. 

otherwise notcd and a ll ba lances, including long-term 
ave rages ca lcula tcd O\·er seve ra l decades, a re g i\·cn as annual 
va lues. 

\ Vc also di stinguish between !let accumulation, which is the 
net amount of a nnual prcc ipitatio n and poss ibl y reli-ozc n 
mclt that is added to the g lacier, and winter balance, \\·hic h is 
the maximum snow balance on LOp of thc las t summer sur­
fac e in the spring. 

A ll mass ba lanccs a rc givcn in water cqui\·a lcnl unless 

MASS-BALANCE RECORD OF McCALL GLACIER 

The m ass-ba la nce reco rd on J\l cCa ll G lac ier is fragmcnted. 
A fcw abla ti on measurcm e nts wcrc made in the midl950s 
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(Keeler, 1958), a new program was ini tiated in 1969 and con­
tinued until 1972 (Trabant a nd Benson, 1986; Wendler and 
others, 1972) a nd our ongoing program began in 1993. These 
monitoring programs gener a lly involved a nnual balance 
measurem ents using the glaciological method . In addition, 
average ba lances over longer periods were determined 
using the topographic method , as described by Dorrer and 
Wendl er (1976) and Rabus a nd others (1995). In this section, 
we present the results of these programs in a n internally 
consistent framework. Beeause the measurem ent techniques 
and method s used to ca lcul a te annual ba lance differed, we 
first describe the method s by which the bas ic data were 
obtained and then describe a re-evalua tion of the ea rlier 
data within our present framework, along with an analysis 
of the errors. \IVe arc then a ble to discuss cha nges in mass 
balance, focusing on the differences between the 1970s and 
the 1990s. No a nnual mass-ba lance measurem ents a re avail­
able from the 1950s. 

Glaciolog ical tnass-b a lance tnethod s: 1970s 

In 1969, Trabant and Benson (1986) established a network of 
about 70 m ass-balance poles. The heights of th e poles were 
measured m onthly from M ay to September, a nd snow-pit 
measurem ents were made in spring and fall. A fixed hydro­
logica l year, beginning I O ctober, was used . Glacier-wide 
net bala nce was determined , a long with the individual com­
ponents o f ice, superimposed ice, internal accumulation and 
snow. H owever, the exact computationa l m e thod used in 
calcula ting glacier-wide bala nces from local ba lances is not 
known but most likely the ba lance-map m ethod was used. 
They estim ated the error in the net ba la nce to be ± 5 cm 
for the 1970, 1971 and 1972 ba la nces and ± 8 cm for the 1969 
ba lance. 

In-situ measurements of internal accumulation were 
carried out by Trabant a nd Benson. They m onitored the 
growth of individual ice layers in the firn at specific 
locations. H owever, the spa ti a l pattern of inte rna l acc umu­
lation was irregular and it was felt that extrapolation to un­
measured a reas would be inacc urate. Instead, an indirect 
method was used. Potenti a l in ternal accumula tion was re­
stricted to areas where th e g lacier surface was judged to be 
permeable to water, both m eltwater and r a infa ll. For each 
pole in this permeablc area, a maximum capacity for 
interna l accumulation was calculated using shallow-ice 
tempera tures. The average capacity was a bo ut 45 cm per 
unit a rea (water equivalent), with onl y sm a ll spati al and 
yea r-to-yea r variations. The available surface water was cal­
culated from measured summer precipita tion plus the 
difference between the spring snow balance a nd the autumn 
firn ba la nce. Internal accumul ation was then taken to be the 
small er of the availabl e water and the max imum capacity. 
An important res ult of this analysis was tha t the capacity 
for inte rna l accumu lation was usually much larger tha n 
the available water (Traba nt and Benson, 1986). Therefore, 
interna l acc umulation on Arctic glaciers is probably "liquid 
limited" vs "thermall y limited". It was a lso fo und that up to 
40% of the net accumul ation on the glacier was in the form 
of interna l acc umulation, m aking it a significant contribu­
tion to the mass balance of thi s Arctic glacier. 

Glac iological tnass-b a l ance tneth od s: 1990s 

Our m ass-ba lance measurements cover the p eriod 1993- 96. 
A network of 16 poles a long the center line o f the glacier and 
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in the three cirques was established in mid-June 1993. It was 
extended to 34 p oles in 1995 in an effon to establish a n a real 
coverage simila r to that in the 1970s. For each of the four 
yea rs, the pole heights were measured early in the spring 
(May to mid-June) and near the end of the abla tion season 
Uuly - ea rl y September). Density profiles of the snowpack 
were measured in spring a nd autumn a t one- three 
locati ons. No au tumn density measurements we re made in 
1994 or 1996. 

Contra ry to the 1970s, we used the stratigraphic system 
to define the ba lance yea r in the 1990s. Late-summer sur­
faces at each pole were determined by probing th ro ugh the 
winter snow ea ch spring. \lVith the exception of a n a rea in 
the upper cirque in 1994, identifi cation of the summer sur­
face was usua lly un ambiguous. Snow bal ance was m easured 
at each pole a nd at some additiona l sites, g iving a total of 
24-54 locatio ns each year where we determined winter 
ba lance. 

For the years 1995 and 1996, we established correlations 
between the local balance measured at the poles within the 
limited 1993 network (with 16 p oles ) and that a t the addi­
tional pole. of the extended ne twork. We then used these 
correlations to ex tend the limited measurem ents in 1993 
and 1994 to a g r eater areal coverage in those years. Balance 
maps were constructed from each year's data, using this 
ex trapolated coverage as needed. All balances fo r 1993- 96 
were calcula ted using thi s method, sampling the m ap on a 
100 x 100 m g rid . 

A sonic snow-surface sounder was installed a t the con­
fluence of the three cirques, somewhat below the mean 
1970s equilibrium line, for m easuring accumula tion and 
ablation. Continuous reco rds ex ist for June 1993 - June 
1994, and for M ay- September 1996. These records show 
that, typically, the ablation season began in the first week 
of June and ended in mid-Aug ust, thus being less than 
2~ months in duration. The m aximum snow depth at this 
location was about 60 cm; thi s snow and between 25 and 
50 cm of ice were melted during the ablation season. Most 
of the snowfall occured in la te Augu t, September and 
May; there was little winter precipitation. 

Interna l accumulation was es timated following a proce­
dure simila r to that used in the 1970s. The to ta l available 
water percolating into the permeable zone was approx i­
mated by the spring snow bala nce minus the a utumn firn 
ba lance, plus summer precipitati on. Rainfall was measured 
at a precipita tion gauge located on the eastern m oraine at 
an elevation of 2100 m. The extent of the permeable zone 
was delineated from fi eld observations. This provided a 
relatively crude but consistent estimate of internal accumu­
lation. We discuss this important contribution below. 

How do we obtain an error estimate for the ba lance-map 
approach? Lliboutry (1974) modeled the mass ba lance of an 
individua l po le as the sum of three terms: a sp a tia l term, a 
temporal term a nd a random error of about ± 20 cm. This 
error incorporates (i) the individual reading er ror, typicall y 
la rgest in the accumulation a rea, (ii ) the mismatch between 
the individua l pole and the local average, and (iii ) extrapo­
lation errors of limited pole networks. Cogley a nd others 
(1996) ela imed that the error of the glacier-wide balance 
equals Llibo utry's value for a n individual pole. We take a 
different view point: if the netwo rk has sufficient a real cover­
age, then the error is domina ted by the components (i) and 
(ii ). As these e rrors should be ra ndomly distributed among 
the poles, the average glacier-wide error should be reduced 
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acco rding to 1/ /ii, where n is the number of poles in the 
network. Fo r example, with 30 poles, we obta in a value of 
± 4 cm for an estimate of the random error in annua l 
bala nce. Insuffici ent a rea l representation of the mass­
ba la nce ne twork and system atic errors in th e extrapolation 
of snow a nd firn density will somewhat inc rease thi s value. 
Given these and other sources of erro r, we arrive at 
± 8 cm as a conservative error estimate for the annual 
balances. It appli es onl y to the surface ba lance, without 
interna l acc umulati on. Erro rs in the interna l acc umulation 
cannot be a nalyzed ri gorously with the m easurements in 
hand; below we present minimum and maximum scenarios 
for thi s contribution. 

Re-evaluation of the 1970s balance data 

In order to ascerta in the sp ecific method s utili zed with the 
earli er d a tase t, and to place all the mass-ba lance ca lcula­
tions into a consistent framework, wc have re-evaluated the 
glaeiological mass-balance data from th e 1970s (unpub­
li shed information from D. Trabant ) unde r the protocoljust 
desc ribed for our 1990s d a ta . First, we calculated the ba l­
ances using a fi xed-da te system in order to check our values 
with those published by Trabant and Benson (1986). These 
calcula tions were ca rri ed out on the enti re d a tase t of about 
70 polcs a nd on a sub-se t of the network tha t was equivalcnt 
to the 34 p oles measured in 1995- 96. Wc re-e\'a]ua ted the net 
bala nce on these two networks using two approaches (Tabl e 
I): ba lancc m aps bmap and the balance vs el evation method 
(bele,·) with a third-order p olynomial fit to the bala nce curve 
and a n a rea- elevation cur ve derived from the 1956 USGS 
I : 63 360 m a p. ~e t acc umul ation, amap, deriyed from the 
ba la nce m aps, is also given in the table. In the las t section 
ofT able I a re li sted the published va lues of these pa rameters 
from Tra ba nt and Benson (1986), a long with their va lue of 
interna l acc umulation, a ( i ) ' 

TilbLe 1. Re-evaLuation if 1970s mass-balance data (Ji ted­
date system). Units ill cm 

1990, sub-sel Full 1970.\ nrl Pnbli rhfd 

YC'a r bmap aUlap b l,]C' \ · btn a p auwp belc'\ b (/ a (q 

1969 45 8 ·H +2 10 +3 +2 9.9 3.6 
1970 3 23 I 28 + 8 19.0 5..1· 
1971 10 23 5 5 26 - 8 1+ 15.8 5.6 
1972 18 19 24 12 22 20 19 I·U 5.7 

There a re seve ra l points to notice from thi s tabl e. First, 
the va lues that wc calculated using onl y da ta from the 1995 
96 sub-se t agree with those from the full network to with­
in ± 5 cm. This sugges ts tha t the sub-se t provides adequate 
a rea l coverage. Secondl y, bll1ap genera lly agrees with bclcv to 
within one standa rd error ( ± 8 cm), an encouraging result 
given the complex shape of the mass-ba la nce contours on 
these m aps (Fig. 3). Thirdly, the agreement be tween the re­
ca lcul ated va lues and tho 'e li sted by Traba nt and Benson 
(1986) is within the sta ndard error but, because we used the 
same da ta, it is somewhat surprising that the agreement is 
not better. These differences do imply th a t a rc-evaluation 
under o ur fra mework is necessary for developing a n illlern­
a ll y consistent ana lys is o f the mass-balance record. 

Rabus and ErheLmeyer: i\lJass balance if M cCaLL Clacier 

To fac ilitate this, we treated the 1970s data in exactly the 
same way as those of the 1990s. \ Vc first transformed the in­
dividual pole ba lances from the fi xed-date sys tem into the 
stratigraphic system, subtracting the difference of the initial 
and fin a l snow balances for the balance year. We then used 
the balances for those poles in the 1995- 96 sub-network to 
construct ba lance maps for the years 1969- 72. 

Results for the cotnbined mass-balance record 
1970s and 1990s 

The combined m ass-balance record for the period s 1969- 72 
and 1993 96 in the stratigraphie system is given in Table 2. 
The fi rs t two da ta columns show the surface ba la nce b(s) 

and its corresp o nding acc umula tion area ratio (AAR). The 
foll owing columns show net bal a nce b, net accumulation a, 
interna l accumul ation a{i), a nd the net balance AAR and 
ELA. For the 1990s, the net values arc given fo r minimum 
a nd maximum calculations of internal acc umula tion, which 
a re discussed below. bw and Ps a re quantiti es n eeded for 
these ca lculations; bw denotes the m aximum winter ba lance, 
which wc approximate by the snow balance on the date 
li sted, and Ps is the summer precipitati on measured a t our 
precipita ti on gauge between the d ate listed and 10 August, 
the las t day of significant melt. The ELA is an average eleva­
ti on for the equilibrium line; the actual line of ze ro bal ance 
often spans ab o ut 300 m in elevation, as already noted . 

The 4 year average annual surface balance was - 29±3 
cm from 1969 to 1972 and - 63 ± 3 cm from 1993 to 1996, in­
clieating a pronounced trend towa rds more negative surface 
balances from the 1970s to the 1990s. This trend is appa rent 
despite the inclusion of the exceptionall y co ld year 1996, 
which had the most positive ba lance ever measured on 
M cCall Glac ie r. The balance m aps for the surface ba la nces 
1969- 72 and 1993- 96 are shown in Figures 3 a nd 4, respec­
ti\·ely. In the 19705, the lower (wes tern ) cirque was a lways an 
a rea of acc umul a tion and maximum ablati on near the ter­
minus was always less than 180 cm a I. In cO lllras t, the yea rs 
1993- 95 were cha racteri zed by considerable abl a tion of old 
rirn and ice in the lower cirque a nd a maximum a bl a ti on of 
more than 200 cm a 1 nea r the terminus. In 1994, the year 
with the most negati\"( surface ba lance, maximum a bl ation 
exceeded 350 elll . For these 3 yea rs, firn acc umul a tion was 
restricted to t wo sma ll regions ill the centers o f the upper 
and middl e cirques. In contras t, 1996 was more simila r to 
the 1970s rega rding the patterns of firn acc umulation and 
ablation. Examina tion of the ba la nce maps (Figs 3 a nd 4) 
confirms tha t there is no meaning ful definiti on of a specific 
ELA on M cCa11 Glacier. 

From a clima tological point of vi ew, it is the surface 
ba lance of a n Arctic glacier th a t co rresponds to the usual 
mass ba lance of warmer tempe ra te glaciers, wh ich is g iven 
as the simple difference between summer abl a tion and 
winter accumula tion. The net ba lance of an Arctic g lacier 
additiona ll y includes interna l acc umulation and therefo re 
a lso depends on o ther factors, such as mean winte r temper­
a ture, the permeabilit y of the g lacier surface to water and 
ra infall on the snowpac k. \Ve require both surface a nd net 
balances to eal ibrate the mass-ba la nce model presented in 
a later sec tion , a nd thus wc need a n acc urate esti m a te of 
interna l acc umul ation in the 1990s. 

Scenarios of internal accumulation 

Because interna l acc umulati on is difficult to meas ure di-
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Table 2. Combined record oJannuaf surface and net mass baLances (stratigraplzic system ) 

l 'far b, AAR b CL GpI AAR ELA 

1969 - .13 0.27 -·f5 10 8 0.3+ 2150 
1970 - 13 0.62 - + 23 9 0.62 19+0 
1971 - 23 0.47 - 12 20 11 0.48 2070 
1972 -25 0. 15 1+ 23 11 0.47 2060 

J\ fillimum internal accumulation 

1993 72 0.07 - 69 4 3 0.07 2290 
199+ - 102 0.08 -99 5 3 0.08 23+0 
1995 -73 0.02 -72 I I 0.02 2+00 
1996 - + 0.52 I 25 5 0.53 1990 

A ll mass ba lances are in cm, ELA in 111 and AAR di mension less. 

rectly (Traban t and Mayo, 1985), we estim ate it. Nea r-sur­
face firn temperatures in the 1990s were simi lar to those in 
the 1970s, and thus the capaci ty for in ternal accum ulation 

-53 cm -13 cm 

-10 
-1 0 

- 23 cm -25 cm 

Fig. 3. BaLance maps oJ the stratigmphic surface mass 
baLance, 1969- 72. ContouTS oJ equaL mass balance are shown 
for - 200, - 100, - 50, 0, +25 and +50 on waterequivaLent. 
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The 0 cm contour is the equilibrium Line ( E. L.). GLacier-wide 
annual balances are noted. 

G alii AA R £LA 

.\Ia<illllllll internal accumulation Date b .. p, 

- 50 9 22 0.30 2190 6-30 17 12.9 
- 77 8 25 0.22 2260 6-30 26 12.8 
- 55 5 18 0. 18 2330 6-25 9 13.4 

3 27 0.58 1970 5-6 20 11 .5 

should be approx imatel y equal to its mean value de ter­
mined in the 1970s (Trabant a nd Benson, 1986). We then pro­
pose two possible scena rios for the ex tent of the glacier 

-10 

-72 cm 
-20 

-102 cm 

-73 cm -4 cm 

Fig. 4. Balance maps if the stratigraj)hic swJace mass 
baLance, 1993- 96 (con tour Labels as in Figure 3). Glacier­
wide baLances are noted. T he asterisk shows the location if 
the sonic mnger. 

.L. 

.L 
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surface where internal accumulation may occur ( the 
"permeable zone" ): (I) an area eq ua l to the region ofpositi\"C 
firn ba la nce in a g iven year, a nd (2) a n area equal to the 
permeable zone in the 1970s. Scenario I prO\'ides a mini­
mum estimate of internal acc umul a tion, while 2 provides a 
m ax imum est im a te for the 1990s. \ Vc begin wi th a di sc ussion 
of these different ass umptions. 

In the 1970s, the area assumed to be permeabl e was 
approx imately eq ua l to the area of firn acc umul ation (i. e. 
where the loca l surface balance was positi\'e). For the yea rs 
1993 95, accumu la tion ofne\\ firn was negligibl e, with sur­
face-balance AARs as small as 0.02. U nder these conditions, 
scena rio (I) leads to very small amo unts of interna l accumu­
la ti on (Table 2, co lumn 6). 

Scenario (2) invokes considera ble internal accumul a­
tion outside the a rea of ne\\' firn accumulat ion in the 19905 
a nd, as such, is a maximum est im a te. It is important to note 
tha t internal acc umulation need no t be restricted to a reas 01' 
the surface tha t arc porous in a microscopic sense. For 
example. SateI' (1959) noticed that a la rge number of small 
ClT\'asses (5- 20 cm wide) opened in the upper ablation area 
during the cold winter months, but th ey were closed by re­
freez ing of water in summer. This process ac ts as a sink for 
internal accu mul a ti on in the ea rl y melt season. It also 
m a kes the surface impermeable to water in the la te melt 
season. We note tha t for yea rs 1993- 95 internal acc umula­
ti on exceeds net acc umulat ion under this scenario (Table 2, 
co lumns 11 and 10). Thi s is a direct result of the large a mount 
of o ld firn that is a bl ated and becomes run-off in the late 
melt scason, a long with some melt of the earl y season 
interna l acc umul a tio n. For 1996, maximum and minimum 
scena rios of intern a l acc umulation a re si mil ar. with interna l 
acc umulation be ing abo ut 25% of the net acc umulation. 
This is similar to th a t obse rved in thc 19705 mainly because 
the permeable zo ne actuall y had a bo ut the sa me ex tent 
during these time periods. 

The large contribution or intern a l acc umulation to the 
m ass ba lance of Arctic glaciers such as l\l rCa ll Glacier is 
sig nificant because estim ates of water released by these 
g lac iers to sea-level rise may need to be re-C\'aluated il'based 
sole ly on surface-ba lance measurements. This has been di s­
cussed by PfeITer and others (1990) in applicat ion to the 
Greenland ice shee t. 

Topographic mass-balance measurements 

C umul ati\'e net m ass balances for the time intcT\'a ls 
between the field programs can be de termined using g lac ier 
surface-elevation data obtained by ph o togrammetr y or sur­
\'ey ing; these cumul ative balances can then be di\'ided by 
the number ofvears in the inten 'ening time to gi\'C the ave r­
age net balance ove r each inten ·a l. Comparison of these 
long-term topographic balances with th e net balances pre­
sented abO\ 'C then g i\'es a picture o f m ass-ba lance trends 
during the las t -1·0 years. The long-term average ba lances 
a lso provide useful constra ints on the mass-balance m odel­
ing described in a la ter section. 

A direct photogrammctric comparison by Dorrer a nd 
\ Vendl er (1976) ga\ 'e a \ 'alue of - 13 cm for the long-term a\'er­
age a nnual balance from 1958 to 197 1, a somewhat less nega­
ti\ 'e \ 'a lue than the a\'erage of the 1970s net balances (- 19 cm ). 
I n a nother stud y, R abus and others (1995) compa red the 
ele\ 'a ti ons at abo ut 60 locations on the glac ier surface, as 
sUl"\'Cyed in 1972 (personal communica tion from D. 

Rabus alld Echelme,.ver: .1 lass balance qf iIleCal! Glacier 

Traba nt ), with a 1958 topographic map (American Geogra­
phical Soc iety, 1960). However, there a re la rge system a ti c 
errors in the 1958 topographic map and, thus, it was difficult 
to make a reli able es tima te for the 1958 72 mass balance 
using thi s method. " ' hil e wc cannot directl y eva luate th e 
errors in D orrer's (1975) a na lysis (that m e thod did not in­
vo lve the 1958 map), wc believe them to be smaller tha n 
those associated with the 1958 map. A s a n independent 
check, wc have also compared the above-mentioned 1972 
\'ertical eie\'ations with a I: 63360 seale topographic m a p 
produced by the U.S. G eological Survey (USeS) from 
1956 photography. Despite the la rger error inherent in the 
coarser contour inten'al (100 ft or 30.5 m ), thi s compari so n 
ga\'C an es timate of - 17 ±6 cm for the long-term average 
balance from 1956 to 1972. This value is close to that o f 
Don'er and Wendler (1976) and, combining the two 
estima tes, wc obtain a va lue of - 15±5 cm for the 1958- 72 
ave rage annual net balance. 

By resun'eying the 1993 surface ele\ 'ati o n at the same 
positions used in 1972, Rabus a nd others (1995) determ ined 
the a\ 'erage annual net m ass balance fo r the period 1972- 93 
to be - 33 ± I cm. Thi s is sig nificantl y more nega ti\'e than the 
1958- 72 average balance of - 15 ± 5 cm, thus giving furthe r 
support to a change in clim ate in this reg io n. 

Tn.June 1995. the surface elevations a t a bout 40 of thesc 
positio ns were again res urveyed. Combination of these da ta 
with snow depths at each site allowed us to ca lculate th e 
volullle change, and thus make a topogra phic estimate of 
the ave rage ma ' s ba lance fo r 1993 and 1994. Using a density 
01' 0.90 ~II g m :1 to conver t ice to water eq uiva lent, an annual 
\'a lue of - 65 ±6 cm was obtained for these 2 years. (This 
\'alue of density may introduce a slight bias toward a lllore 
negative ba lance because there was sig n i fi cant ablation of 
old r; '- '1 during both years (Krimmcl , 1989).) 

\Ve ca n compare thi s average 1993- 94 ba lance with 
those presen ted in 1able 2 under the different scenarios of 
interna l acc umulati on. 1a king the ave rage of the 1993 a nd 
1994· ba la nces in this table, \\'e find (b(H)l = -87 ± 8c m, 
( b(1I1ill ) I = - 84 ± 8 cm a nd (b(lIlax )l = -63 ± 6 cm for the 
1993- 9+ per iod. The close agreement between the latter 
\'a lue and the topographical \'a lue (-65 ± 7 cm ) implies that 
the scena ri o that predic ts m ax imum interna l acc umul atio n 
is probably more reali stic. Compari son of th e glaciologica l 
surface ba la nce and topographica l ba la nce yields a value of 
22 cm for the mea n annua l internal accumulation O\'er thi s 
2 year p eri od. These results ugges t th at the zone of per me­
ability, where interna l acc umulati on occ urs, is much large r 
tha n th e a rea offirn form a tion during wa rm summers. Thi s 
further sugges ts that alternative processes of interna l accu­
mu latio n, such as refreez ing of water in c revasses, may be 
importa nt. 

In a simil ar stud y, H aakensen (1986) has found that 
long-te rm topographic ba lances and cumul ative surface 
ba lance on an Arctic g lacier in J\orway differ by about 
1+ cm, wh il e these two typ es of' balance agree quit e well fo r 
the more temperate glac ie rs he studied . H aakensen inter­
preted these differences as interna l acc umul ation of a n 
amount equa l to 14 cm a I. 

Record of net mass balance and possible implica­
tions 

In Figure 5 wc compile the various net ba la nces discussed 
above. The max imum scena ri o of inte rn a l acc umulation 

339 

https://doi.org/10.3189/S0022143000002665 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000002665


Journal ifGlaciology 

'ro 0 +------ ---------H 
E 
~ 
-Cl 

~ -40 c: 
ro 
ro 
.0 

a; 
c: 

60 65 70 75 80 85 90 95 

year 

Fig. 5. Net mass-balance record if M cCall Glaciel: T he record 
is combined Jrom the topographically determined long-term 
average values, 1957- 72 and 1972- 93, and the average bal­
ances during the 4 year periods 1969- 72 and 1993- 96 ( bold 
line). The individual annual net balances are also shown 
( thin line ). 

was used for the 1990s (right side of Table 2). A strong trend 
toward increasingly negative mass ba lances stands out 
clea rly, wi th high inter-annua l vari ability abo ut this trend. 
An even m ore negative trend wo uld be shown if the mini­
mum scena rio for interna l accumulation were used. 

By applying an approximate mass-ba la nce model to a 
va ri ety of g lacieri zed regio ns, Oerlemans and FOJ·tuin 
(1992) found an empirical rela tion, ~b{1J{ ) = - 0.512 - 0.662 
log 10 (P ), between the mean a nnual precipita tion, P (about 
0.5 m a - \ on M cCall G lacier ), and the mass-ba lance res­
ponse t.b(ll< ) of a glacier to a uniform I K increase in mean 
annual temperature. I f we assume that the observed 
changes in average net ba lance, ~b, on M cC a ll Glacier are 
caused by a uniform cha nge in temperature, a nd that the 
prec ipita tion is nearly constant, then we can use O erlemans 
and Fortuin's model to estimate the causal temperature 
change as t.T = lK x (t::,.b j t.b(lI<)) ' From 1957- 72 to 
1972- 93, we find an estima ted increase of 0.6 K in air temp­
erature fo r this 20+ year interva l. (Simi la rly, we wo uld 
obtain an additiona l 0.4 K temperature increase from 
1972- 93 to 1993- 96; however, the short dura tion of the later 
period m akes thi s es ti ma te u nrcli able). Of course, the preci­
pitati on need not be constant over these intervals. 
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Mass-balance g radient 

The gradient ofl ocal surface ba la nce with elevation refl ects 
the climatic regime of a glacier. A long-term cha nge in the 
balance gradient may indicate a change in the climate 
towards one which is more continental or more m a ritime 
(e.g. Oerlema ns a nd Hoogendorn, 1989). To inves tigate this 
possibi lity, the annual surface ba la nce as a function of eleva­
tion was calcula ted from the ba la nce maps in Fig ures 3 and 
4. For each of the two time period s we used the concurrent 
surface elevation, thus taking into account the sig nificant 
thinning since the 1970s. The results a re shown in Figure 6. 
Since the 1970s there has been an increase in the vari ability 
of the local mass balance. Linear regrcssion of the mass­
balance cur ves as a fun ction of (concurrent) eleva tion for 
the 1970s and fo r the 1990s g ives the heavy lines shown in 
these figures. The average annual ba lance grad ient for the 
1970s was 172 + 4 cm km- I and 201 + 6 em km I fo r the - --, 

1990s. Wi thout the exceptiona lly co ld year in 1996, the 
balance gradient in the 1990s would be slightly higher 
(210 cm km I). We conclude tha t there has been a sig nifi cant 
increase in th e ba lance gradient on McCall G lacie r from 
the 1970s to the 1990s. A possible interpretation is a larger 
mass exchange in the 1990s, with the more negati ve ba lances 
being caused by a d isproportionate increase of ablation at 
lower elevations. The mass-ba la nce modeling described in 
a later section lends further support to such a cha nge. 

REGIONAL REPRESENTIVITY OF McCALL GLA­
CIER MASS BALANCE 

The data from M cCall Glacier compri se the only long-term 
record in Arctic Al aska. One m ay questi on how representa­
tive this record i in a regional contex t. To investigate 
whether the trends in the M cCa ll G lacier balance refl ect a 
coherent regional signal, we m ea sured changes in surface 
elevation a long the center li ncs of tcn other glacie rs in the 
northeastern Broo ks Range (Fig. I). Our surveys were ca r­
ried out once on each glacier during the period 1993- 95, 
and the eleva tio n changes with respec t to 1956 or 1973 topo­
graphic maps we re used to estimate long-term m ass bal­
a nces over the intervening time period . 

(b) 19905 

-- mean t--t----------t--tt---r--~I;_-+I 

-3 

___ 1993 
_ 1994 
-A- 1995 
~ 1996 

-2 o 

Fig. 6. SUlJace mass balance bs as aJunction rifelevation z: ( a) Jar the period /969- 72, and (b) Jar the period 1993- 96 For both 
periods, z is the actual surface elevation at that time. In each case, the heavy line represents a linear least squaresJit of allJour mass­
balance curves bs (z). 
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The surveyed glaciers (all into three morphological 
group (Fig. 2): larger valley g laciers (MeCall , Esetuk and 
the two Okpil a k Glaciers ), small er va ll ey g laciers (Arey, 
\Volverine Crag, Gooseneck, Bravo and the two Huble), 
Glaciers,) and one cirque g lacier (H anging Glacier ). The 
distance from M cCall Glacier to Arey Glacier is about 
5 km, and about 20 km to Esetuk and the two Okpilak 
Glaciers. All the other glaciers are immediate neighbors of 
M cCall Glacier, that is, their drainage basins are within or 
ha\'e a common border with the McCall Glacier drainage 
basin. 

Topographic maps 

Four adjacent USGS maps o[ sca le I: 63 360 and a contour 
inten 'al o[ 100 n (30.5 m) were used in thi s a nal ysis. The da­
tum of the m aps is NAD27, with elevation given above mean 
sea level. Mapping photography was acquired in two difTer­
ent years: 1956 and 1973. The maps for each g lac ier, num­
bered I to IV, a nd the dates o[ photography are gi\'en in 
Tables 3 and 4. 

Three sign ifica nt error sources can be present in the ele­
vation contours of these maps (Echelme),er a nd others, 
1996): (i) a random error on thc order o[ ± 15 m, (i i) local 
systematic errors in regions where the photographs ha\'C 

Table 3. N/easured efevation f!ffselsJor the topogmphic map 
sheets qf tll is slu~y 

I 'S(;S I,' 63 360 . \ 0. lear (c.z) 11 .IIe/hod 
Qjlarlrallgte Shee! 

III 111 

Demarca tion point 135 1956 + 1 :3 5 Spot 
:-Ioun( :- fi chelsoll 131 IT 1956 +20 13 5 1 Profile 

+22 I Spot 

1\ lou nt I\li chelson .\1 [)] I!:m + 17 SpOt 
2 6 5 Profile 

1+ 3 + Profile 

Demarcat io n point .\ 5 IV 195(; :\one 

Rabus and Echelme,yer: A/ass balance rf 111 cCall Glarier 

poor stereoscopic quality, and (iii ) a systematic omet 
between the map and the true elevation. The la tter errors 
can be on the o rder of 20 m because geodetic control [or 
the photogrammetry was extremely sparse in thi s part of' 
North America. 

The random error will cause fluctuations about a 
smooth curve of' elevati on change vs ele\'ation on a g lacier, 
but its efTec t on the cumul ative mass balance (as an area­
weighted average of' eb'at ion change) is reduced by the 
square root of' the number of' contours considered 
(Echelmeyer and others, 1996). 

Potentia l systematic ofTsets f'or each map were identified 
in two ways: either we surveyed the true elevation of'topo­
grap hic highs that were labeled to ± 10 ft (3 m) on thc maps 
("spot elevations" ) using static Global Positioning System 
(GPS) method s, or we made airborne laser/GPS profiles 
(Echelmeyer and others, 1996) over bedrock surfaces and 
evaluated the elevation difTerence between the profiled bed­
rock and the map contours. A geoid model (Alaska 94) was 
used to relate these ellipsoid heights to mean sea level. ~'lean 
\'ertical de\'ia tions, (Do z), bet \\'een our surveys and the map 
ele\'a tions are g i\ 'C n inTable 3 for both the spot ele\'ations and 
the bedrock profiles. The corn:sJJonding standard dev iation, 
0' , and the number ofsurl'eyed points, n, arc also shown. The 
GPS elC\'ations ha\'C an accuracy of 0.5 m or belter. 

:\To significa nt vertical offset was found for map 1. Both 
spot e!e\'ations and profile data show that map 11 is cons is­
tentl y 20 ± 2 m higher than the measured elevations. The si­
tuation on ma p III is somewhat more complex. A spot 
measurt'ment m ade a few kilomete rs south of\Vest Okpil ak 
Glacier shows the map is 17 m higher than the measured 
\'alue, while profile measurements made about 10 km north 
of the glac ier indicate th at the map is 14 m lower than 
expected. In the immedi ate vicinity of'the glacier terminus 
wc find th at t he map is 2 ± 3 m lower than the profiled sur­
f'ace. The int erpretation o[ thi s pallern as a ramp-like 
north- south ofr~et clearly needs more survey data. In li eu 
o[ such data , wc assume a ze ro constant offset (Doz ;::::; 0 m) 
(or this map in the vicinit y of West Okpil ak Glac ier. Map 
TV was not field-checked and wc used Doz ~ 0 m from the 
adjoining map ( lIT ). These choices ass ure similar small ele-

Table 4. /\Iass-balance and terminlls changes, 1.956 or 1973 to present, rf // Brooks Range glaciers 

Glacier ,I lap GPS Area L 2 11111l "'! ll iL':: . I,/JP(,/ c.1 · X 10' C. z rl ) c.L 
. \ ;lIl1ber allt(l'ea.r .lIe/hod alld),ear 

km~ km III 111 m \ Ill!) cm b~kCall m 

1\IcCa ll 1956 a 1993 .i8 7.6 1350 2500 :\ 7.0 11.6 28 1.00 390 
Hanging 1956 gl 199+ 0.8 1.8 1800 2350 :-\\ \ ' 0.0+ 0.5 I 0.Q.l· 260 
S. Huble), 1956 gl 199+ 1.2 3.0 15+0 2300 :-\:-\E 1.3 10.5 25 0.89 890 
;\I. Hubb' 1956 gl 199+ 1.8 3.1 1690 2300 E)lE +.2 22.0 52 1.86 1030 
\ \·oil'. Crag 1956 g., 919.1 1.9 3.0 1625 2100 ;\lE +.6 23.3 5+ 1.93 265 
Bral'o 1956 gl 1995 1.(; 3.2 1690 2300 \\. 1.8 10.2 2+ 0.86 300 
Go()sl'neck I 1956 gl 1995 1.1 3 1 l-f70 2200 NNW I.·f 12.3 28 1.01 16 
Esc tuk II 1956 a 1993 7. 1 7.7 J:l50 2500 NW 9.2 12.9 31 l.ll 81+ 

I\IcCa l1 Op. 1972 op. 1993 .1.8 7.6 1350 2500 1\ +.+ 7.7 :l:J 1.00 270 
\\·.Okpilak III 1973 a 1993 11.0 8.3 14 10 2+00 :\ \\ ' 12.+ 11.3 51 1.5+ +20 
E.Okpilak 1\ ' 1973 a 1993 8,8 6.0 15+0 2+00 :\:--IE 6.5 7.3 33 0.99 1020 
Arc)' 1\" 1973 g., 199+ +.6 + ') 14 70 2300 N \\' 53 11.+ +9 1.48 570 

" The immediate snOllt area of' Arc)' Glacier is loca ted on map: I 56. 
h Ice equi va lent 0\'('1' en tire time per iod. 
( \Valcrequi\'a lcl1t , annual a\Tragc. 
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vation changes in the upper accumul ation a reas of both 
'Nest and East Okpilak Glaciers. The mean olTsets for each 
map were used to correct map contour elevations. 

Local systematic errors can be identifi ed by unreason­
able deviations in the elevation-change curves of the dilTer­
ent glaciers. Also, we have examined the actual m apping 
photographs for areas of poor contras t. T n most cases, these 
local errors appear to be relatively small. However, their 
effect on the cumulative balance depends crucially on th e 
a rea distribution of a particular glacier, a errors in exten­
sive acc umulation areas can strongly influence such mass­
balance ca lculations. 

Survey lTIethods 

Three dilTerent GPS-based methods were used to survey the 
center- line elevations and termini of the glaciers. In 1993, an 
airborne profi ling system was used (Echelmeyer and others, 
1996). The horizontal and vertical accuracies of thi s system 
are about ± 0.3 m. r n 1994 and 1995, we u ed two dilTerent 
ground-based methods. The more acc urate ( ±0.3 m ) in­
volved continuous kinematic GPS profiling while skiing 
down the glacier. The second method utili zed a lightweight 
dilTerential GPS system to determine the coordina tes of spe­
cific points a long a center-line profile relat ive to a nearby 
benchmark. The vertical acc uracy of this latter method 
was ± 3 to ± 8 m , depending on conditions. 

Elevation a nd volulTIe change 

The ground tracks of the profil es o n each glacier a re shown 
in Figure 2, superimposed on topographic maps. Profiles of 
Arey and Wolverine Crag Glaciers consist of isolated survey 
points acqu ired with the less accurate ground-based 
method disc ussed above. On the other glac iers, the profil es 
·were acquired with either the airborne or the high-accuracy 
ground-based methods, with points spaced every 1- 1.5 m 
a long the profil e. 

Horizonta l coordinates of each GPS profile were tran -
formed from the WGS84 da tum to the map d atum 
(NAD27). Vertical height above the ellipsoid was trans­
formed to elevation above mean sea level using the Alaskan 
geoid model. The geoid separation above the ellipsoid in our 
study a rea varies between +3 and +6 m. 

Elevati on change was obta ined by determining the ele­
vation at each point where the profile intersec ted a m ap con­
tour line. Cubic-spline interpola tion was used between the 
data points on \ ,yolverine Crag and Arey G laciers. The 
random error of elevation change is dominated entirely by 
the ± 15 m random error in the m ap contours. Even in the 
case of the less accurate GPS method, the combi ned error i 
only slightl y la rger, ± 17 m. 

To determine the change in glacier volume using a single 
longitudinal profile on each g lacier, we ass umed that the 
elevation change at each contour was constant across the 
width of the g lacier. As the glacier thinned or thickened, its 
width, and therefore a rea, would a lso change. \Ve estima ted 
thi s change in width by multiplying the elevation change 
a long a specific contour line by the cotangent of the slope 
of the valley walls at that contour. The projected 1990s out­
lines of each g lacier, as determined using this a lgorithm, are 
shown in Figure 2 as dotted lines. The terminus outlines of 
McCall and \ Vest Okpilak G laciers were a lso surveyed to a 
horizonta l accuracy of ± 2 m using GPS methods. There 
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was satisfactory agreement between these surveyed glacier 
outlines and those calcu la ted by our a lgo rithm. 

Volume change was then calcula ted foll owing the 
method of Finsterwalder (1954). The area-averaged thi ck­
ness change was obta ined by dividing the total change in 
volume by the area of the glacier, here taken to be the aver­
age of the mapped a rea and the 1990s a rea. The average net 
mass ba lance (water equiva lent) was calcu lated by dividing 
by the time interval and assuming a density of 0.90 M g m 3, 

thus taking the densit y distribution with depth to be 
constan t. 

A rigorous error es timate for the volume-change calcu­
lati on involving a single center-line profil e is difficult to 
obtain (e.g. Sapiano a nd others, 1998). We estim ated this 
error from the fo llowing analysis of the McCall G lacie l­
data: elevation changes along two center-l ine profil es, one 
descending from the upper cirque and the other from the 
lower cirque, were de termined using the optical survey data 
from 1972 and 1993 (o pen symbols on the M cCall Glacier 
map in Figure 2). These ele\·ation changes were then used 
to calc ulate the cumul a tive balance from 1972 to 1993, and 
the results were compared to those fi"om a two-dimen io na l 
interpola tion of the entire set o[surveyed positions, includ­
ing a ll those olT the center line (Rabus a nd o thers, 1995). The 
profi les yielded an average change of - 7.6 m of water, which 
agrees within 10% of the value -6.9 m quoted by Rabus a nd 
others (1995). A simi la r error estim ate on another glacier 
was obtained by Sapiano and others (1998) using a different 
method. 

The contribution of local svstemati c errors was il1\"Csti­
gated by comparing the volume change for a smoothed ele­
vation-change curve with th at for the o rig inal unsmoothed 
curve. In most cases, the dilTerence in volume change was 
less th an 10 % . In the case of West Okpilak Glacier, where 
the difference was g reater than 10%, we used the smooth 
vers ion o[ the cu rye. 

R esults 

Elevation changes on these different g laciers are shown as a 
function of 1990s clevation in Figures 7 and 8 for the two 
per iod s 1956- 93 and 1973- 93, respectively. In both fi g ures 
the plot in the upper leftha nd co rner shows the average ele­
vation change for a ll the g laciers in the time period consid­
ered (so lid line), along with one standard de\·iat ion abo ut 
thi s average (light gray) and the envclope of all va lues of 
elevation change for the glaciers (dark gray ). This plot is 
useful in determining how meaningful the average elevation 
change is. All glaciers show strong thinning at lower eleva­
tions a nd a decrease in the magnitude of thi s thinning with 
increasing elevation. For 1956 to the 1990s, the average ele­
vation change was abou t - 60 III at 1400 m and abo ut - 14 m 
at 2000 111; they were abo ut 15 m sma ll er for the period from 
1973 l O the 1990s. 

For a ll other plo ts in Figures 7 a nd 8, the elevation 
change on the individua l glaciers is compared to the average 
elevation change for a ll glac iers over the same time period. 
For the period 1956- 93 (Fig. 7), the elevation changes of 
Ese tuk, Gooseneck, Bravo and South Hublcy Glaciers agree 
well with those on M cCall Glacier. North Hubley a nd 
' Volver ine Crag Glaciers show significantly larger elevation 
changes than those observed on M cCall Glacier. During 
the 1973- 93 period (Fig. 8), ele\·at ion cha nges on West and 
Eas t Okpilak and Arey Glaciers were simila r to those on 
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M cCall Glac ier. Table 4 conta i ns further results on the 
different glaciers. The first pa rt o f this table shows the dates 
of sUI"\'ey and the methods used , a nd geometri c pa rameters 
of the glaciers, including mean g lacier area A, glacier length 
L , elevation of the terminus (Zmin ) and head of the glacier 
(ZIIW' ), all at the time of mapping; a nd the mean aspect of 
the glacier. The second part of the table gi\'es the volume 
change, 6. V, the a rea-averaged elc\'ation cha nge for the 
time period, 6.Z(A ), the long-term average net bal a nce, and 
the change in terminus pos i tion, f:;.L, from the da te of map­
ping to the 1990s. In order to assess the representivity of 
M cCall Glac ier, we have also calculated the ratio of the 
m ass balance of the study g lac iers to that for M c Call 
G lacier (second to last column of Table 4). Va lues range from 
0.04 to 1.9. H owever, the majority of glaciers had va lues of 
1.0 ± 0.2, tha t is, their a\'erage m ass balances arc within 
20% of the M cCa ll Glacier ba la nce. Four of the g lac iers 
have somewha t m ore negative ba la nces of a round - 50 cm, 
while the sm aller cirque glacie r (H anging Glacier ) was 
close to equilibrium . 

The observed vari ations in m ass balance between 
"anomalous" a nd "normal" glaciers could refl ect corres­
ponding diflCrences in geographic location, a rea- altitude 
di stribution , aspect or size (e.g. Tangborn a nd others, 
1990). Howe\'er, for the northeas t Brooks R ange glaciers, 
we found no indicati on of any simple relationship between 
m ass-balance va ri ati ons and a ny of these factors. 

In summa ry, the data from the various glaciers indicate 
that the mass-balancc trends of l\1"cCall Glacier a re rcpre­
sentative for the region of the northeastern Brooks R ange. 
Most of the glaciers studied show a n overall thinning at the 
rate of 30- 40 cm a I (ice). Pelto (1996) has reported a similar 
uniformity in the annual mass ba la nce for eight g laciers in 
the North Cascades. The a\'erage ba lance of these temperate 
g lac iers was - 39 cm over a 10 year period (1984-94), and 
there was a strong correl ati on be tween time series of a nnual 
ba lance for the different glaciers. The regiona l average and 
g lacier-to-glacier vari ati ons in m ass balance obse rved by 
Pelto were simil a r in magnitude to those wc fo und in the 
northeast Brooks Range and, because of this, we might 
expect a si m il a r degree of correlation between mass­
ba lance trends of different gla cie rs in this pa rt of the Brooks 
R ange. Thus, the mass-ba lance trends that we have found 
on M cCall G lacier may well represent regional trends. 

Mass balance and changes in term.inus position 

vVhile the long-term mass ba la nces of our d ifferent study 
g laciers arc for the most part simil a r, the corresponding 

Esetuk 
Gooseneck 
Bravo 
Wolv.Crag 
N. Hubley 
S. Hubley 
Hanging 
McCall 

0 .0 0.1 0.2 0.3 0.4 

relative length change 

ra tes of terminus retreat are not. In Fig ure 9, we show the 
rela tive change in leng th of each glacier. There is no consis­
tent picture, except that each glacier has retreated. For 
instance, compare M cCall Glacier with Gooseneck and 
East Okpilak Glac iers. The elevation-change curves and 
the average mass ba la nces over the respec tive time pel-iods 
a rc nea rl y identical (Table 4; Figs 7and 8), ye t over the same 
time periods M cCall Glacier retreated substanti all y, while 
Gooseneck Glacier showed negligibl e retreat and East 
Okpilak Glac ier showed four times more retreat tha n 
M cC a ll G lacier (Fig. 9). This is probably due to the particu­
la r geometry of each glacier, especially tha t nea r the termi­
nus (e.g. Gooseneck Glacier had a vertica l terminal ice face 
in 1956 that thinned without retreat to produce the gentle 
ice slope ex isting at present). It is clear from the res ults of 
this section that retreat of the termi ni of different glaciers is 
a complex function of g lacier geometry a nd mass ba lance, a 
finding similar to that of Eehelmeyer and others (1996) and 
Sapia no and others (1998) for different locations. Licheno­
metri c dating of la te Holocene mora ines by Calkin a nd 
Evison (1996) also indicates a compl icated pattern of term i­
nus changes since the cnd of the Littl e Ice Age (about AD 

1890) in this region of the Brooks R a nge. 

THE MASS BALANCE OF McCALL GLACIER AND 
CLIMATIC CHANGE IN THE ARCTIC 

In this sec tion we investigate the correla tion between the 
m ass ba lance of M cCall Gl acier and climatological da ta 
from weather stati ons 100- 650 km away from the g lacier. 
Thesc correlations a re used to determine how representa­
tive the balance of M cCa ll Glacier is fo r thi s pa rt of the 
A rctic on a la rger ("synoptic" ) scale. \ Ve utili ze an empirical 
degree-day model fo r the mass bala nce, with the m ass­
ba la nce data from the 1970s and 1990s a nd a combination 
of d a ily and monthl y weather-station d a ta . Using thi s model 
to fi ll gaps in balance record then allows us to speculate on 
the climatic causes of the increasing negative balance trend 
a nd glacier thinning. 

The locations of the weather sta tio ns considered in this 
study a re shown in Figure I (inse t) and relevant param eters 
a re gi\"cn in Table 5. vVe focus on the summer temperatures 
a t thcse stati ons, which a rc possibly rel a ted to abl ati on, a nd 
precipitati on during the months in which acc umulation on 
the glacier is likely. 

Model description 

Physical mass-ba la nce models use me tcorologica l input 

1973-905 

E. OkPilaki 
W. Okpila Arey • __ 

McCall F -,.---,----,,-----, 
I I I I 

0.0 0.1 0.2 0.3 0.4 

relative length change 

Fig. 9. R egional patterns rif changes in glacier length (relative to length) Jor northeast B rooks Range glaciers from 1956 to t/ze 
1990s and 1973 to the 1990s. 
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Table 5. First-order weather siations within 700 km radius qf 
M cCall Glacier 

I tealher 
flalion 

Record 
lenglh 

Dislal1reji"OlJ1 
.I !rCall Glacier 

km 

Loral d ill/alic selling 

11l1l\-ik 1961- prcsenl 430 50 kill inland, Arctic slope 
Barro\\' 19-1-8- prescnt 550 Arctic coas ta l 
KaktO\-ik 19-1-8 1988 100 Arclic coas ta l 
Fa irbanks 1948 prese nt 650 COl1lill cnra l, interior AK 

data to predi ct the energy a nd m ass flu xes a t the surface of a 
glacier, from which the m ass bala nce is deri\ -ed. These 
models require high-resolutio n energy-ba la nce measure­
ments a nd ha\'e genera lly been dC\'eloped fo r temperate 
glac iers (e.g. O erl emans, 1992; Conway a nd others, 1995), 
a nd they do not account for internal accumulati on. For 
these reasons, we use a n empirical mass-ba la nce model, es­
senti a ll y a least-squares regression of the measured mass­
ba lance sc ri es with two clim a to logical inputs. The first is 
the sum of p ositive degree d ays, D, as ca lcula ted from 
twice-daily radiosonde soundings made a t o lle of the weath­
er statio ns li sted in Table 5. D is calcul ated fo r the median 
elevation o f the glac ier, a bout 2000 m. The second input is 
acc umul a ti o n, A, as ca lcula ted from precipita tion measured 
a t one of the stations. The ba la nce model is then simply the 
I i near combi nati on 

(1) 

where 6. m a rks per-cent devi a ti o ns of qua ntiti es from their 
co rrespo nd i ng means duri ng the cal ibra tion peri od. (If, 
instead, b is modeled as a fun cti o n of D a nd A , ra ther tha n 
of their devi a tions (6. ), then a third consta nt appears on the 
right ha nd side. This consta nt can be expressed as a function 
of thc mean valucs of b,A a nd D.) The constants Cd a nd Ca 

a rc determined by the leas t- squa res fit of Equa tio n (I) to the 
set of eig ht m easured mass ba la nces gi\'en in Table 2. ?-.lodel s 
fa r both the surface a nd the net bala nces (m aximum 
intern a l acc umul ati on) a rc presented. 

Spec ificati on of the ac tua l input param e ters requires 
some ca re. Surface tempera ture is oft en influenced by local 
effeeLs, such as selecti\'e heati ng a nd low stra tus clouds, espe­
cia ll y in Arctic coastal locatio ns. For thi s reason, wc follow 
Sa mpson (1965) a nd Conway a nd others (1995) in using the 
a ir tempera ture over a wea the r stati on at the m edi a n ele\'a­
ti on of M cCall Glac ier, which genera ll y fa lls between the 
850 a nd the 700 mbar press ure levels. Wc have found that 
the mea n laye r temperature, T, as determin ed from the 
hypsometri c equati on (List, 1963) 

T = (zs!jo - Z7()O~r- _ 273.16 [0C] (2) 
67.442 x log (~g~ ) 

shows a be tt er correla tio n with measured temperatures on 

the glacier tha n does a simple interpola tio n o f radiosonde 

temperatures. In thi s equa tio n, ZS50 a nd Z700 a rc the 850 

a nd 700 mba r pressure le\·el s. The daily tempera ture at this 

medi an el evati on, T,,, was ea lcul a ted as the a \ 'erage of the 

t wo laye r temperatures a\'ai la bl e each day. A compa rison 

of'Td for each of the weather sta ti o ns with the d a i ly temper­

ature measured a t 2100 m o n lVlcCall G lac ier (o n the mor­

a ine) for M ay-September 1994 is shown in Figure lO a; other 

years show similar co rrel a tions. The da il y temperature 

abO\'C InLl\·ik foll ows that o n l\1cCall Glac ier m ost close ly, 

Rablls and Echelme,.ver: ~Mass balance qf AI cCall Glacier 

with a correla ti o n coefficient of 1"2 = 0.78 for the entire 
p eri od and 1"2 = 0 .66 if only positive temperatures a re con­
sidered (Fig. lOb). These correla ti ons a re quite good , espe­
ciall y considering the di sta nce to the sta tion. A high deg ree 
of correlat ion a lso suggests that temperature on the m or­
a ine a t M eCa ll Glacier arc not a ffec ted by local heating. 
Correlations for Barrow and Fa irba nks a re not as strong 
( 1"2 = 0.54 and 0.51 for the entire p eriod, respectively ). Cor­
rel a ti on coeffi c ients of simil a r m agnitude wcre found by 
Conway and o thers (1995) between temperatures on Blue 
Glac ier (Washing ton) and those a t a nearby radiosonde 
sta ti on, a lthoug h that sta ti on was much closer to the g lac ier 
(70 km ). 

The sum of positive degree days in a gIve n yea r IS 
obtained from these daily tempera tures as 

D = L max[T;I , O°C] . (3) 
hal.y{'ar 

This sum was calculated for a ll yea rs on reco rd for each of 
the sta tions. 

As a measure o f precipita ti o n o n the glacier, we tri ed the 
da ily precipita Li o n at Inuvik a nd Ba rrow. No acceptable 
correlati on was fo und with the 1994 measurements o n the 
g lacier. Because o f this, wc chose to ca lculate the a nnual 
accumulation o n the glacier, A, fro m the monthl y precipita­
tion, PIlI' at InLl\ 'i k or Ba rrow. Thi s was done in two ways in 
order to bracket the a mount of inte rna l acc umulation. First, 
wc summed the "solid" precipitati o n over 1 yea r, beginning 
with month m t in a u[Umn of the previo us year. The a mo unt 
of solid precipita ti on was estim a ted using the fracti on of 
days, NJI.(Td < 0 C )/Nm during the month in which the 
daily temperature, Td, was below freez ing. H ere, NIIl is the 
number of days in month m . Thus, 

/1't +1 year N (T. < 00C) 
A = ""'" p. ---=,.:cI1-'---=d ___ -'-

L III N
m 

(4) 

The remainder of the to ta l precipita ti on is ass umed to be 
lost as run-off. \tVhil e this is reasonabk for acc umul ati o n on 
temperate glac ie rs a nd for surface acc umulati on in ge nera l, 
net acc umul ati o n on Arctic g lac ie rs m ay be g reater as a 
result of intern a l acc umulati o n. To a llow for thi s in th e 
m ass-bala nce m odel, wc a lso used a second, a ltern a tive ex­
press ion for A 

HI :! 

A = LPn" (5) 

In thi s case, a ll o f the monthly prec ipita ti on falling between 
month 1'111 in the previous a ul.Ltm n a nd month 1n2 of Lh e 
ac tua l bala nce yea r is assumed to contribute to the ne t acc u­
mulation. :\Ieither Equati on (4) o r (5) accounts for the pa rt 
of intern al accumulation that is due to refreezing of surface 
melt; thi s latter pa rt depends on summer temperature 
defin ed in Equa tio n (3). 

Results of the mass-balance model 

A s sta ted earli er, both the surface ba la nces and the net ba l­
a nces in Table 2 were used (indepe ndently) to ca libra te the 
model. There were two main sets o f criteri a used to judge 
the quality of the fit : first, the co rrela tion coe ffi cient s 
between measured mass balance a nd degree days a nd acc u­
mula ti on, and secondly, a n examina tion of how well the 
long-term average a nnual net ba la nces for the p eri ods 
1958- 72 (- 15 cm ) a nd 1972- 93 (-33 cm ) \\'ere reproduced. 
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Fig. 10. ( a) Average daily temperatures measured on 1\;/ cCalf Glacier at 2100 m during summer 1994 compared to the mean 
temperature qfthe 700- 850 mbar la)'er over i nuvik, Barrow and Fairbanks. (b) Conelation between the temperatures on !If] cCall 
Glacier and TdJrom i nuvik soundings dll1"ing summer 1994. Only jJositive tem/Jeratures, which enter the jJositive degree -da), sum, 
are shown. 

Additiona l criteri a we re used to constrain the solu tions, 
incl uding the physica ll y reasonabl e assumption th at an 
increase in precipitati on at a sta tion shoul d cause a more 
positive mass balance on the g lacier, not more negative. 

In order to fi nd the best choices of stations, months of 
precipitation, a nd relat ion be twcen station precipitation 
a nd accumul ation (Equ ations (4) or (5)), numerous calibra­
tion model runs were conducted . H ere, we present onl y the 

Table 6. Results oJmass-balance model with Barrow data 

Accumulation 
model 

Equati on (+) 
Equa ti on (5) 

U,ing measured anllual slIIiace halances 

8 
8 

7TI'2 

6 

C'multi 

0.98 
0.99 

CA 

0.88 
0.93 

sal ient features of these runs, focusing on those whieh gave 
the best fi ts to the data. Pa rame ters for two typical sll1jace 
bala nce models using d ata from Ba rrow are presented in 
Tabl e 6, a nd for Inuv ik in Table 7a. In Table 7b, wc present 
sim ilar resul ts for the best net balance m odels using Inuvik 
data. T he first co lum ns li st the equa tio n used to calcul a te 
accumu lation from ~" a nd the limiting months in Equ a­
tions (4) or (5), the next four are the m ulti-vari able (Cmulti ), 

(b) 
CD CDA 58-72 

elll 

0.23 0.22 115 
0.23 0. 14 - 96 

(b) 
72-93 

CIll 

78 
77 

- 1.53 
1.30 

- 0.36 
0.29 

Key: 711.1, Tn2 Stan/ending momhs in Equati ons (4) and (5). 

CA, CD, C,"Hlti, GDA 

(b) 

34·6 

Correlation coeflic iellts: between mass ba lance and accumulmion/dcgrec days both and between 
accum ulation and degree days. 

Mea n mass ba lance over per iod ind ica ted. 
:\ lodel parametcrs: for acculllu lation! degrce days. 
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Table 7. Results qf mass-balance model with 1nuvik data 

AUlllUlllatioll 
lIIodel 

Equaliun (4) 
Equalion5, 

(a ) Csillg measured su rface balallces 

7111 ,n2 CullIlti 

8 0.95 
8 6 0.96 

CA 

0.42 
0.30 

CD 

0.82 
0.82 

(b Csillg lIIeasurer! net balall(es (lIIa":11111111 inlemal aUlllllulalioll) 

Equation (4) 
Equation (5) 

Kc)': same asTablr 6. 

8 
8 6 

0.96 0.49 0.80 
0.98 0.37 0.80 

GDA 

0.06 
0.22 

0.06 
0.22 

(b) (b) Ca Cd 

58 - 72 72 - 93 
cm cm 

- 29.6 4.'>.1 0.68 -0.82 
- 31.1 +5.8 0.68 -0.90 

- 18.1 31.5 0.62 - 0.66 
19.+ - 32.1 0.62 0.73 

single variable (CD for D and CA for accumulation ), and 
cross-co rrelation (Co A ) coefficients (as defined by e.g. Le­
trcguilly, 1988), th e next t wo are the long-term annual bal­
a nces calculated from the model (for InU\'ik , the station 
record does not completely overlap the 1958- 72 time 
period ), and the las t two columns a re the coefficients Cd 

a nd Ca in the resulting model (Equation (ll) . 

Surface mass-ba lance predictions for the best-fit model 
over the entire span of the station data are shown in Figu re 
lla for Barrow, and in Fig ure 12a for Inuvik. The model s 
shown arc those for wh ich Equation (5) is used to define 
the D to A relationship, 'with parameters g i\ 'en in the first 
row in Table 6 and 7a. The shaded band in these figures is 
the error in the so lution obta ined by assum ing \'ariations o f 
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15 % in D a nd A, and a n error of ± 8 cm in the mcasured 
balanccs (shown as solid circles ). A smoothed curve through 
the modeled ba lances is shown as a light line in each figurc; 
and thi s curve illuminates a ny trends. The input data for 
each model are shown in Fig ures lib and 12b, respectively. 
Figure 12c shows the modeled net balance using the Inuvik 
data and Equation (4) (the first row inTabl e 7b). 

"Ve dese ribe results from eaeh of thc model runs in turn: 

(I ) Barrow. At a first glance, some of the corre lations using 
the Barrow data seem to be ignificant. However, the de­
gree-day correlation coefficients arc sm a ll (CD < 0.28), 
implying that the ba la nce is not strongly correlated with 
tempera ture. This is unexpected for M cC all Glacier. 
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More importantly, there is a negative correlation 
between sUI-face balance and acc umul ation - not a 
physically realistic prediction. In addition, the modeled 
long-term aver age net balances of 89 cm for 1958- 72 
and - 57 cm for the 1972- 93 peri od are much more nega­
tive than the mea ured values (- 15 and - 33 cm , respec­
tively). Also, the long-term trends in balance do not 
agree with those in the degree d ay sums (cf. Fig. lIa and 
b). Thus, we conclude that there is no significant and rea­
listic correla tion between Barrow climatological data 
and the mass balance of M c C all Glacier. 

(2) lrllwik. The correlations of Inuvik data with the ba lance 
on McCall G lacier a rc generally good, especi a ll y when 
the most reaso nable months a re used as starting and 
ending dates in Equati ons (4) a nd (5). Based on the so­
nic-ranger data a nd our observations in the field , acc u­
mulation for the ba lancc year begins in mid-August and 
ends in June. Thus, we wou ld expect that m] = 8 in 
Equation (4), and ml = 8 and m2 = 6 in Equa tion (5). 
Models with these , ·alues of m] a nd m2 give the best fits 
to the measured balances, a lthough a variation of 
± 0.5 month in these pa ramete rs does not change the 
correlation a great dcal. T here is a strong negative co rre­
lation between balance and Inuvik degree days 
(CD = - 0.8), and a somewhat weaker, but pos iti,·e 
(and, therefore, physically m eaningful ) correl a tion with 
Inuvik precipitation (CA = 0.3- 0A} If the net ba lances 
in Table 2 are used to calibrate the model, then the 
modeled long-tcrm averagc net balances are - 18 ± 4 cm 
and - 32 ± 3 cm for 1961-72 a nd 1972-93, respecti'"Cly . 
This is in excellent agreement with measured long-term 
nct balances. The trends in balance and the es timated 
dcgree-day sums a lso agree well with the m easured 
values, as shown in Figure 12a- c. We conclude that the 
cl imatological variables at Inuvik are significantly cor­
related with the balance on M cCall Glacier, a nd that 
they can be used to model the ba lance as a function of 
time. Equations (4) and (5) gave similar results for the 
model parameters and correlation cocfficients a nd, thus, 
they both appear ro be useful in defining the precipita­
tion- accumulation relationship. 

The correlat ion coefficients bctween the McCall 
Glacier mass ba lance and climarological p a ra meters 
from InU\·ik are similar to what Pelto (1996) found in 
his study of eight North Cascade (Washington ) g laciers. 
He found that correl ation coefficicnts between balance 
and ablation-season temperature were between 0.68 
and 0.84, whi le the correlat ion with accumulation­
season temperature (a measure of winter precipitation 
for those glaciers ) was bctween 0.35 and 0.59. 

(3) Kaktovik . Unfortunately, the climatological record at 
Kaktovik, 100 km to the north ends in 1988, so wc can 
only use four of the measured ba lances in Table 2 to cali­
brate a model using these data. In order to de termine 
whether such a limited calibration is meaningful , we 
first at tempted it using the 1969- 72 sub-set with the 
Inuvik data, which, as has been shown above, gave good 
results with the fu ll balance set. The calibrat ion with the 
Inuvik sub-se t showed a consistentl y good cor relati on 
using Equ a tion (5) and the long-term balances were also 
in good agreement with those listed in Table 7a, imply­
ing that the reduced calibration set can produce mean­
ingfu l results. 
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Applying this limited ca libration method to the 
K aktovik data, we obtain + 15 cm for the average annua l 
surface balance from 1958 to 1972 a nd - 35 cm for 1972-
88. These results fo r K a ktovik show the correct qua lita­
tive trend toward s m ore negative ba la nces but they a re 
otherwise quite different from the corresponding meas­
ured values and from the Inuvik model res ults. We a lso 
compared the a nnual balances from 1961 to 1988 pre­
di cted by the Inuvik m odel and those using K aktovik 
d ata. The correlation between the two was poor. vVe con­
clude that despite its closer proximity, K a ktovik is con­
siderably less suita ble than Inuvik fo r m odeling the m ass 
ba la nce of M cCall Gl acier. Reason s for this are given 
below. 

(4) Fairbanks. Repl acing the degree-day sum in the Inuvik 
m odel with the sum for Fa irbanks causes a ge nera l drop 
in correlation and increases the m isfit between meas­
ured a nd modeled long-term mass ba lances. H owever, 
the correlati ons and the modeled long-term values a re 
superior to those from Barrow or K a ktov ik. This implies 
tha t, while elim ate cha nge in interi o r Alaska is clearly 
different from tha t a t M cCall Glacier, these differences 
a re less pronounced th an those between M cCall Glacier 
a nd the two Arcti c coastal locati ons. 

Discussion 

The excell ent co rrela tion of the M cC a 11 Glacier m ass 
bala nce with elim atolog ical pa rame ters from Inuvik, 
430 km to the east, suggests thi s glacier can pro\'ide a cli­
matic index for thi s p a rt o f the Arctic. The trend over the 
las t four dccades towards increas ingly negati\'e ba lance is 
likely caused by a synoptic sca le (cv 500- 1000 km ) clima te 
cha nge. 

It is interesting to compare this synoptic-sca le rcpresen­
ti vity with that ove r a la rger scale ("2: 1500 km ) across the 
Arctic. M ass-balance records from other high northern la ti­
tude g laciers (summa ri zed by Cogley a nd others (1995, 
1996)) do not co nG rm an A rctic-wide trend in the climate. 
In fac t, the 35 year long mass-bala nce record of \ Vhite 
Glacier, the main foc us of Cogley and o thers' study, shows 
no significant trend . The White Glac ier reco rd, meas ured 
about 1500 km to the no rtheast ofInu vik, shows no correla­
ti on with elimatological p a rameters from Inuvik nor with 
the ba la nce of J\1cC a ll Glacier. The difference in trends 
betwee n M cCa ll and "Vhite Glaciers is further illustra ted 
by a compa rison of their long-term bala nces, ca lculated fo r 
White Glacier from d a ta presented by C ogley and othe rs 
(l995): from 1958 to 1972, the average ba lance on M cC a 11 
Glacier was - 15 cm a nd on White Glacier (from 1960 to 
1972) it was - 12 ± 4· cm. From 1972 to 1993, it was - 33 cm 
on M cC all Glac ier, while on White Gl acier it was much less 
negati\'e (- 10 ± 3 Clll ) from 1972 to 1991. 

The poor co rrela ti on between the M cCall Glacier m ass 
ba la nce and clim atological paramete rs from Ba rrow a nd 
Ka ktov ik impli es tha t climate-change p atterns ha\'C been 
different at these Arctic locations. To reveal these diffe rent 
patterns, in Figure 13 we compare smoothed time series of 
D a nd A for the different stations and up to 45 years dura­
ti o n. The pos iti ve degree-day sum (Fig. 13a ) shows a regul a r 
pattern of maxima a nd minima, superimposed on a linear 
wa rming trend . The p er iod of the oscill a ti ons is not well-re­
so lved but it was estima ted to be about 18- 20 years fo r Ba r­
row a nd Kaktov ik, a nd about 16 yea rs fo r Fairbanks a nd 

R abus and EcheLmeyer: M ass baLance of AlIceaL! Glacier 

c 

'" Q) 

E 

E 
Q) 
"'f 
0> 
C 

.Q 
~ 
c 
0 

~ .;; 
Q) 
"0 

C 
~ 
Q; 
a. 

40 

20 

0 

-20 

-40 

positive 
degree day 
sum D 

'. 
Inuvik 
Barrow 
Kaktovik 
Fairbanks 

50 55 60 65 70 75 80 85 90 95 
c 
~ 60 
E 

E 
~ 40 
0> 
C 

.Q 
~ 20 
c o 

Inuvik 
Barrow 
Kaktovik 

~ 0 ~~~------------~--~~------------~~ 
.~ 

"0 

C -20 
~ 

winter 
precipitation A 

'" \" --, -" ',- .. :;---­
_/ 

Q; 
a. 

50 55 60 65 70 75 80 85 90 

year 

Fig. I3. Smoothed ( GallssJiLter of width 2.5 a) annual degree 
dajl slim at 2100 111 eLevation ( a) and solid jmcijJilalion ( b) 
as caLcuLatedJrom Inllvik, B arrow, Kaktovik and Fairbanks 
data . 

95 

Inuvik. Acc umulation (Fig. \3 b ) shows an overall trend to­
ward sm a ll er values with a less well-defined cyclic pattern. 
There was a n anti-co rrela ti on between winter precipitati on 
a nd summer temperature a t Ba rrow and K a ktov ik. Such a n 
anti-correl a ti on has also bec n observed between the mean 
annua l temperature and w i nter prec ipitati o n a t these two 
stations (Zha ng and O sterka mp, 1993) but it is contrary to 
the genera lly acce pted idca of a coupled increase in temper­
ature a nd precipita tion in the Arctic (e.g. H oughton and 
others, 1996). Inuvik shows sm a ll er osc ill ati ons in A that 
are more in phase with those in D , further illustrating the 
difference between the clim a te at M cCall Glacier and 
Inll\'ik and that at Barrow a nd K a kt ovik. 

It is interesting that thc M cCa ll Glacier m ass balance 
and the clima tolog ical va ri a bles at Kaktovik, onl y 100 km 
away, a re poo rl y correla ted, while conditions at locati ons 
that are seve ral hundred k ilometers apa rt from another 
(such as Nl cC a ll Glac ier a nd Inuvik, and Ba rrow and K a k­
to\' ik ) a re well correlated with one another. "Ve propose that 
these co rrel a ti ons arc rela ted to the mean summer position 
of the Arctic Front. Barry (1967) has compiled the statistics 
on the summer position o r the Arctic Front over North 
America for a 5 year period . He found th a t the mean 
summer temperature of a n Arctic region is related to its 
mean (i"onta l position. In p a rtic ul a r, the front a lways li es to 
the south ofWhit c Glacier in the Canadia n Arctic and that 
glacier is therefore trul y Arct ic in regime. Ba rrow and 
K aktovi k were both north of the mean fronta l pos itions for 
a ll 5 years, whil e the front was north of Inu\'ik and McCa11 
Glacier a bo ut 65% of the summers. 

Changes in climate may be related to co rres ponding dis­
placements in the mean summer position of the Arctic 
Front. Thi s wo uld synchronously affect regions located 
along the leng th of the front in an east- west directi on for 
possibl y seve ra l hundred kilometers, and poss ibly cause 
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simil a r clim atic changes p arallel to it (such as Inuvik and 
M cC a ll Glac ier or Ba rrow and Kaktovik ). Locations sep a­
rated in a north~south direction, norma l to the front, may 
exp eri ence differing climate changes, even if they arc rela­
tively close together (e.g. M cCall Glacier a nd Kaktovik ). 
Further evidence for the importance of the Arctic Front has 
been given by ScolL (1992), who showed tha t mea n summer 
temperatures at tree line in Canada are significantly co rrc­
lated with the magnitude of the cha racteri stic change in a ir 
temper ature that marks the passage of the front in spring. 

Other factors may also cause the clima te of the coasta l 
stations to differ from those loca ted some di stance inl and 
(M cC a ll Glacier and Inuvik ), such as summer sea-ice con­
diti ons. Howe\·er, our calculations of deg ree days involve 
temperatures measured 1000+ m above the ground and, 
therefore, local phenomena such as coastal fog cannot b e 
directly linked to differences in D. 

CONCLUSIONS 

"Ve h ave determined an interna lly consistent mass-balance 
record for M cCa 11 Gl ac ier for the years 1969~72 and 1993~ 
96. The 1970s data were re-evaluated under the same frame­
work as the 1990s data . Sep a rate records of surface mass 
ba lance and net balance, which include internal accumul a­
tion, were compiled. Average surface balance was 
~29 ± 3 cm from 1969 to 1972, and ~63 ± 3 cm during the 
p eriod 1993~96. The corresponding annu a l net balances 
were about ~ 19 and ~43 cm, respectively. This pronounced 
trend towards negative m ass ba lances is confirmed by long­
term average net ba lances, which were determined from 
topographical volume changes: ~ 15 cm from 1958 to 1972, 
and ~33 cm from 1972 to 1993. The gradient of the surface 
mass ba lance with elevation increased by 17 % between th e 
period s 1 969~ 72 and 1993~96. 

Net m ass balance is consistently about 25~30% more 
positive than the surface ba lance on :M cC a ll Glacier, a 
result of internal acc umulation in the cold firn and ice. In 
the yea rs 1 969~ 72, about 50 % of the net accumulation was 
internal, while during the period 1993~96 almost all of it 
was interna l. A direct compari son of the average surface 
ba la nce from 1993 to 1994 with the corresponding net 
balance determined by repeat surveys of glacier-surface ele­
vation gave an ave rage interna l acc umulation of 
+22 ± 13 cm a- I for this 2 year period , which again was 
most of the net accumul ation. 

Long-term average net ba lances over the p eriods 1956~93 
and 1972~93 for M cCall Glacier and ten other glaciers in the 
northeast Brooks Range were determined by compari son of 
1956 a nd 1973 photogrammetric maps with surface-elevation 
profiles made in the 1990s. The glaciers revealed a broadl y 
similar p attern of negative annual mass ba lances, most of 
which (including M cCa ll Glacier) were about ~30 cm. A 
few of the glaciers showed somewhat m ore negative m ass 
balances of about ~50 cm. The amount of thinning, as a 
fun ction of elevation on M cCall Glacier, was also roughly 
simil a r to that observed on the other glacier s. This implies 
tha t the mass balance of M cCa ll Glacier is representa tive 
of the glaciers in thi s region. 

M ean retreat rates a nd fractiona l length changes were 
also m easured for these 11 glaciers. They show a more com­
plicated regional pattern than the mass ba lances, with some 
glaciers showing a concomita nt retreat with the ongoing 
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thinning, and others showing little retreat under similar 
thinning. The diffcrences in retreat rate a nd fractional 
length ch ange are probably caused by differences in glacier 
geometry, esp eciall y near the termini. 

The m ea sured mass-ba la nce record of I'vleC all Glacier 
shows a significant correlation with clima tological para­
meters from Inuvik, 430 km to the east. A m ass-balance 
model, based on thi s co rrela tion, indicates tha t the trend to­
ward more negative balances is due primaril y to an increase 
in summer temperatures, and secondarily to a simultaneous 
reduction in precipitation . 

Whil e there is a good correlation be tween M cCall 
Glacier 's m ass ba lance and clim ate data from Inuvik, there 
is no reason a bl e co rrelation with c1imatologieal p a rameters 
from Barrow, 550 km to the northwest, K aktov ik, 100 km to 
the north, or from Fairbanks, 650 km to the south. vVe inter­
pretthe presence or absence of co rrelations be tween each of 
these stations a nd McCall Glacier, and between the stations 
themselves, as being determined by their locations relative 
to the mean summer position of the Arctic Front. 

We conclude that the m ass ba lance of M c C a ll Glacier is 
representa tive on both a regional scale a nd a larger 
(500+ km, o r synoptic) scale. A s such, the M cC all Glacier 
mass-balance record is an important measure of ongoing 
climati c change in the Arctic. 
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