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ABSTRACT. Blue Glacier has a n area of 4·3 km. ', a volume of 0·57 km .3, a mean densi ty of 0 · 88 g . cm. - 3 

and an altitude ra nge of 1,275 to 2,350 m. above sea- level. It is a n active temperate g lac ie r in a strongly 
maritime climate where the n e t budge t grad ient varies from 10 mm. m. - ' in the ablat ion zone to 7 or 
8 mm . 01.- ' in the accumulation zone. There is a very large snow accum ulation each winter and a large 
snow melt each summer wh ich exceeds by several times the ice melt. The annual mass budget is strongl y 
influenced by altitudes of the freezing level during spring and autumn storms, for these d e te rmine whether 
the heavy precipita tion falls as rain or snow. Recent g lacier variations a re quantitatively consistent with 
climate trends but there is no clear cause-and-effect relation. Since 1958 the glacier has been gaining mass 
by an average of 0·4 per cent pe r yea r. 

R ESUME. Le hilan de masse du Blue Glacier, Washington. L e Blue G lacier a une surface de 4,3 km" un volume 
de 0,57 km 3, une densite moyenne d e 0,88 g cm- 3, entre les a ltitudes 12 75 e t 2350 m au-dessus du ni veau d e 
la mer. C'est un actif glacier tempere dans un climat maritime prononce, ou le gradient du bila n net vari e 
de 10 mm m- ' dans la zone d 'abla tion it 7 it 8 mm m - ' dans la zone d'accumulation. Il y a une tres forte 
accumulation en hiver et une forte fonte de neige en e te qui depasse d e plusieurs fois la fonte d e la glace. 
Le bilan de masse a nnuel es t fo rtem ent influence par les altitudes de gel pendant les tempetes d e prinlemps 
et d'a utomne, car elles determinent la forme solide o u liquide des fortes precipi tations. Les recen tes variations 
du glacier sont quantitativement liees aux flu ctuations clima tiques, mais il n 'y a pas d e claire relation de 
cause it effet. D epuis 1958, la masse du glacier augmente de 0,4% par an en moyenne. 

ZUSAMMENFASSUNG. Der Massenhaushalt des Blue Glacier, Washington. D er Blue G lacier besitzt e ine Flache 
von 4,3 km ' und ein Volumen von 0,57 km l . Seine mittlere Dichte ist 0,88 g cm- l . Er erstreckt si ch von 
1275 m bis 2350 m Seeh6he. Es handelt si ch um einen aktiven temper ie rten Gletscher unte r einem stark 
m aritimen Klima, in dem der Gradient des Netto-Massenhaushaltes von 10 mm 01- ' im Ablationsgebiet 
bis 7- 8 mm m - ' in der Akkumulationszone va rii ert. Di e j a hrliche Schneeablagerung im Winter und die 
Schneeschmelze im Sommer sind beide sehr g ross; di e Schneeschmelze Ubersteig t di e Eisabla tion um ein 
Vielfaches. D er j ahrliche Massenhaushalt hang t stark von der H 6henlage d er N ull-Isotherme wahrend der 
FrUhjahrs- und H erbststUrme ab, die da rUber entsche iden , ob schwere Nied erschlage a ls R egen oder Schnee 
fall en. Die rezenten Gletscherschwankungen stimmen quantita tiv mit d em Gang des Klimas Uberein , doch 
zeigt si ch ke ine kla re Bez iehung von U rsache und Wirkung. Die M asse d es G letschers nimmt seit 1958 um 
durchschnittli ch 0.4% pro Jahr zu. 

DESCRIPTION OF THE GLACIER 

Blue Glacier is a temperate alpine glacier ong1l1a ting on the north-east flank of Mount 
Olympus. Two separate accumulation zones, the cirque and the snowdome, discharge through 
ice falls into the valley tongue, the lower glacier. All of the cit-q ue accumulation flows to the 
lower glacier via a n ice fall divided into two sections of unequal width by a nunatak. An ice 
divide on the snowdome separates the Blue Glacier drainage basin from ice flowing westward 
to the avalanche-fed vall ey tongue of Black Glacier. Surface ice flow appears to divide between 
the two glaciers at the topographic crest; in the following mass budget analysis this crest is 
assumed to represent the upper boundary of Blue Glacier in the snowdome area. Bore-hole 
evidence suggests the bedrock crest may not coincide with the surface crest, and thus the 
distribution of ice flow at depth in this area is presently open to conjecture (Figs. I a nd 2) . 

Figure 3 presents vertical cross-sections of ice depth a long a longitudinal profile and 
selected transverse profiles. This longitudinal profile coincides with flow lines in the upper 
and lower parts but not over a I km. reach below the ice fall (dashed line in Figure 2) . Total 
horizontal length of this profile is 3·9 km. , while the distance from the terminus to head of the 
cirque is 4.2 km. Map area of the Blue Glacier active ice is 4·3 km .2

; this figure has been 
used in the following mass budge t computations. I ce depths in the accumulation zone have 
been determined by electro-the t-mal drilling (LaChapell e, 1963) which reached presumed 
bedrock at depths and locations indicated in Figure 2. I ce depths for the lower g lacier are 
based on recentl y re-interpreted data from a 1957 seismic survey by Alien (personal com­
munication ), and on a oTavity survey in 1960 and 1961 by COl-bato (1965) . The seismic 

* Depa rtment o f Atmospheric Sci en ces, U ni versity o f 'Washing ton, Contri bution No. 94. 

609 

https://doi.org/10.3189/S0022143000018633 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000018633


610 JO U R NAL OF GLACIOLOGY 

survey occupied 18 stations below the 1,625 m. contour on the g lacier surface, while the 
gravity survey occupied 146 stations below approximately 1,675 m. Indep endentl y determined 
bedrock configurations from the two surveys a re in good, though not perfect, agreem ent. 
The author's profiles in Figure 3 interpolate the differences . 

Fig. l. Oblique aerial photograph of Blue Clacierfrom the 1l0rl.h-nOl'th-east. (Photograph by A . S . Post ) 

These numerous ice depth data accumula ted since 1957 allow an estimate of total g lacier 
volume a nd subglacia l topography. A total of 17 transverse ice depth profil es (including those 
in Figure 3) have been constructed from existing bore-ho le, seismic and g ravity informa tion. 
Known bedrock surface slopes at the g lacier margins are a lso considered in approxima ting 
these profiles. From these data, the tota l volume of Blue Glacier is estimated to be 
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THE MASS BUDGET OF BLUE GLAC I ER, WASHINGTON 

5' 7 x 10S m ) . Firn density distribution and d epth to impervious ice (about 15 m. on the 
snowdome, 25 m. in the cirque) have been deduced from thermal dri ll performance, lead ing 
to mean densities for profiles in the accumulation zone which vary from 0·80 to 0 ·87 g. cm. - 3• 

Assuming mean d ensity of the lower glacier to be 0'90 g. cm.- 3, the total water vo lume is 
S'o X 108 m .3 and the overall mean glacier density is 0·88 g . cm.- 3. M ean depth of the 
entire glacier is 133 m., that of the lower glacier is 147 m. and that of the cirque- snowdome 
85 m. The lower glacier encompasses 65 per cent of the glacier volume and 66 pe r cent of 
the mass, while 25 per cent of the volume is in the accumulation zone and the remaining 
10 per cen t in the ice falls. 

The vertical gradient of net mass budget at the firn limit has been defined as the "energy 
of glaciation" (Shumskiy, 1946) and the " activity index" (M eier, 1962). T his concept has 
been extended to accumulation and ablation zones by LaChapelle ( 1962) and to the ab lation 
zone (" ablation grad ient") by Haefeli (1962) . The net budget gradient of the Blue G lacier 
ablation zone (lowel- glacier) is 10 mm. m . - " a figure derived from the two years ( 1959 and 
1960) when the g lacier was closest to mass equi librium (Fig. 4) . This value, based on a more 
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Fig . 4. Plot of all llllal ice ablalion as a fll llction of altitllde (or 1959 and 196'0, both ) 'ears of near-equilibriulIl Ilia".,' budget. 
Slo/)e of the cllwe is the lIet budget gradient 

thorough data ana lysis, is la l'ger than the 8 mm. m. - I previously reported for these two 
seasons (LaChapelle, 1962). Variations in snow d eposition make the g radient for the a ccumu­
lation zone more difficult to de termine, especia ll y when accumu la tion is averaged a cross the 
entire glacier. I t has an apparent m ean value around 7 to 8 mm. m. - I in an equilibrium year. 
Present firn limit on Blue G lacier is a zone centred on an a ltitude of 1,725 m. , just below the 
foot of the ice fall s. 

Accumu lation zone center-line flow velocities in summer range from about 20 m . yr. - I 
at the heads of the snowdome and cirque to 60- 80 m. yr. _I just a bove the ice fa lls. Annual 
mean of center-l ine flow ve locities is 50 m. yr. - I just below the firn limi t, diminishing to 
20 m. yr. _ I or less near the terminus (from a paper on surface-velocity and surface strain -rate 
data from lower Blue G lacier to be pub lished by M. F. M eier, C. R. Allen, W. B. K a mb and 
R. P. Sha rp) . M aximum ice-fall ve locities reach 300 m. yr. _I or more (summer va lues) but 
these fl ow vectors hift direc tion erraticall y. 

THE MASS B UDGET 

In the fo llowing di scuss ion, a ll va lucs of volume (m. l ) or spec ifi c budge ts (m. ) are in terms 
of water equiva lent unless o the rwise stated. The terminology of l\!Ieier ( 1962) is adopted 
wherever app lica b le. 
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J OU R N AL OF GLA C I OLO G Y 

Two principa l qua nti ties may be u sed to determine the net amount of ice a glacier gains 
,0 1' loses each year. These a re the amount of annua l snow accumulation remaining at the end 
·of the abla tion season , and the amount of ice was tage below the snow line during the a blation 
season. In addi tion , there is a transient quantity of water which is added each year as snow 
and rem oved as m elt wa ter. T o specify the annua l m ass budget completely by including this 
t ransien t mass, bo th the accumula tion tota l and residua l accumula tion must be m easured . 
Ideally, this should b e done by win ter snowfa ll m easurem en ts, but this is often imprac tical 
a nd, except for one season , such measurem ents have not been made on Blue Glacier. Instead , 
snow a blation has been m easured throughout the abla tion season and this observed loss added 
to residual accumula tion to obtain the tota l value. This m ethod introduces an error by failing 
to account for possible periods of a bla tion during the accumula tion season . Such periods a re 
known to occur on Blue Glacier each year , especia lly in the late autumn, and the to ta l mass 
is thus consisten tly underestimated. A nother error is introduced in the accumula tion to ta l 
when settlement around a blation sta kes causes snow a bla tion to be overestima ted in terms of 
wa ter loss (LaCha p elle, 1959). These two errors have opposite signs a nd tend to cancel. 

Mount Olympus, the fi rst prominent peak encountered by storm systems crossing the 
W ashing ton coas t, is often exposed to win ter winds reaching 40 to 45 m . sec.- I or higher. 
Wind-drifting of snow is strong (though not as strong as might be exp ected in these circum­
s tan ces- see discussion in the nex t section), and snow accumulation is uneven. Distribution 
of d eposited snow a lso varies from year to year in the accumulation zone, while it remains 
more consisten t on the lower glacier , where wind action is less violent. R esidual snow d epths 
in au tumn must therefore be widely sampled, normally at 100 or more p oints. A hand-driven 
sectiona l 8 m. probe of high-temper steel tubing, equipped with a conical point I ' '2 cm . in 
.diam eter, is used to sample snow depths. It has been show n (LaCha pelle, 1954) tha t a m a ritime 
s now cover following the first abla tion season undergoes a ma rked increase in ram resistance 
caused by win ter refreezing of interstitia l melt wa ter. Such a probe readily detects this increase, 
for in p ractice it can b e d riven throu gh the current snow cover bu t not in to last year's firn . 
Snow thickn ess observations on crevasse wa lls serve to check the probed depths wherever 
possible . 

Dur ing the 1958 summer melt season 50 abla tion stakes were d istributed over the surface 
·of Blue G lacier. U nlike accumulation , snow wastage rates were found to be rem a rkably 
uniform over la rge a reas of the glacier, the onl y significa n t variation being a gradua l decrease 
with a lti tude. A similar condi tion was found fo r ice was tage below th e snow line . Even on 
the lower glacier, su rrou nded by moun tain walls, there was little cross-g lacier variation of 
wastage rate excep t at the extrem e m argins. Subsequent wastage records each year h ave 
utilized a single line of stakes distrib u ted to sam ple appropriate a ltitude intervals up the center 
of the lower glacier a nd the cirque. Addi tional stakes sample wastage in the snowdom e area. 
While surface wastage rates do not vary widely over adjacent parts of th e glacier, the total ice 
ablation is strongly d ep endent on length of exposure after re treat of the snow line . T hus the 
tra nsien t snow-line p osition must be recorded frequently by sketches and photographs. 

A n nual accum u lation each year is determined by p lotting observed water equivalen t 
depths on a map, drawing lines of equa l water accumulation and measuring the total vo lume 
by plan imetry. 

A nnual ice abla tion is determined in two ways. F irst, lines of equa l water-equi valen t ice 
wastage for the end of the ablation season a re plotted wi th the a id of wastage observations 
and snow-line positions. Total volume of ablation is then determi ned by pla nimetry. Secondly, 
to ta l ice ablation ra te at selected times throughou t th e summer is computed from exposed ice 
areas and short-i nterval mean ice was tage rates at those t imes, and then plotted as a function 
of time. T he total ice ab lation is the area under the p lotted curve . 

From snow areas and snow water-eq uivalent wastage rates, the tota l amount of snow 
.ablation is calculated by the second m ethod used for ice ablat ion. 
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THE MASS BUDGET OF BLUE GLAC IER, WASHINGTON 

The curve showing cumulative ice ablation is obtained by plotting the area under the ice a b lation rate curve as a fun ction of time. A similar curve for residual accumulation is obtained b y subtracting the area under the snow ablation rate curve from to ta l accumulation. The difference between them in the mass balance (M eier 's cumulative budget total ) , whose value at the .end of the budget year is the net m ass budget. T he curves intersect if the budget is negative. Such curves for each budget year 1958 through 1963 have been plotted in Figure 5. (Annual Blue Glacier mass budgets for the budget years (October to O ctober) [956 through 1963 are summarized in Table I. ) 
T AB LE I 

Anlluat Annuat Mass Specific Ratio of accumulation area Year accumulation ice melt balance mass balance to aCClllllulation area 106 m. 3 of water Ill . At mass balance At elld of ablation season 
Date Ratio Date Ratio 

1956 ' 7'22 1' 24 + 5'98 + 1'39 l\1ass surpl us I September 3'54 1957 ]\'0 record Probably mass d efic it 
1958 0 ' 90 8'00 - 7' 10 - 1'70 13 Augusl l ' 56 15 October 0 ' 38 1959 3'04 3 '30 - 0·26 - 0 ' 06 16 October 1·2 1 7 November 1 ' 10 1960 2·87 3'05 - 0' 18 - 0'04 10Ocrober 1'33 18 October 1·20 196 1 6· 24 3 ' 14 + 3 '1 0 + 0 ' 71 M ass surplus 2 October 1' 47 1962 4 ' 78 2·80 + 1' 98 , 0' 45 Mass surplus I October 1'38 1963 3'7 1 5 ' 16 - 1'45 - 0'34 I Ocrober 1 · 11 16 October 0'90 

'Data from Hublcy (1957) for l September. 

Errors in the m ass budget observations are difficult to estima te. One of the most likely sources of error is the lack of knowledge about accumulation- ablation processes in the ice fa lls. Though physically a bove the firn limit, this zone has a chaotic broken character which 
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increases surface area exposed to ablation. On the other hand, excess winter snow accumulates 
in the depressions and crevasses. For the present study, the ice falls are assumed to be zones of 
slight accumulation consonant with their position immediately above the firn limit, but the 
validity of this assumption is uncer tain . Also, there is a strong subj ective elem ent introduced 
in drawing contours of equal accumulation or ablation, for this depends on the observer's 
judgment and acquaintance with physical details of the glacier surface, as well as on the 
position of a number of isolated points on a map. Presumably, discerning judgment in this 
respect increases accuracy over that for lines of equal water depth drawn solely in regard to 
m easured points, but the magnitude of increase is difficult to judge. Hubley (1957) has 
estimated the overall errors in computing the Blue Glacier budget as ± 18 per cent in the 
accumulation zone and ± 10 per cent in the ablation zone. In the present view, the above 
uncertainties preclude specifying the errors so precisely, but Hubley's values are adopted as 
a reasonable order of magnitude. When the difference between accumulation and ablation 
is small (the glacier is near equilibrium), then the calculated magnitude of this difference may 
be grossly in error, and even of the wrong sign. D a ta presented in T able I should be r egarded 
as approximations only. 

Consider the mass budget features illustrated by the curves in Figure 5: 

I . There is a very large annual m ass accumulation, ranging from 12 to 16 X 106 m ) over 
the years of records, and equivalent to average depth of water (specific apparent 
accumulation) of 2 ·8 to 3· 7 m. added to the glacier surface each year. 

2. A large pa rt of this accumulation is removed each year as snow melt. The mass thus 
removed substantially exceeds that removed as ice melt, the ratio of the two ranging 
from I . 6 (1958) to 4· 2 (1962) . 

3. H alf or m ore of the ice melt occurs after mid-August and in m ost cases during September 
and O ctober. 

4- Except in 1958, equilibrium condition (curve intersection ) in m ass deficit years is not 
passed until October. An early (September) termination of the ablation season will 
almost a lways find Blue Glacier in a state of m ass budget surplus in the present climate. 

The annual mass budget is the difference between ice melt and residua l snow accumula­
tion, two quantities seen in this instance as relatively small compared with the total transient 
ice mass each year. On Blue Glacier the residual snow accumula tion in turn is the difference 
between la rge accumulation a nd large snow m elt. The mass budget in the present glacier 
configuration and climate is thus rather sensitive to small cha nges in the large quantities 
involved , a sensitivity which is further enhanced by the interrelationship among these quan­
tities. The effect of increased snow m elt (and its corollary, increased ice melt) is clear from the 
unusual season of 1958, when normal winter precipitation fell but in which the summer 
ablation season began a month early, in May instead of June, leading to a very large mass 
d eficit. 

PRESENT AND PAST CLIMATE 

The Blue Glacier climate is mild and ex tremely wet. Precipitation in the Olympic Moun­
tains is the highest in the con terminous United States, about 80 per cent of that which 
reaches Blue Glacier falling as snow. Table II lists observed a nnual precipitation, both the 
m ean for the entire glacier (from mass budget records) and that measured at a single point 
at the Snowdome micrometeorological site. The rainfall estimates are based on the m easured 
ratio of rain to snowfa ll in 1957- 58, when about 20 per cent of the precipitation fell as rain. 
Total mean precipi tation estimate for the glacier is probably low, for this includes lower 
elevations where more than 20 per cent would be expected to fall as rain . 
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1960 
1961 
1962 
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THE MASS BUDGET OF BLUE GLACIER, WASHINGTON 

TABLE II. BLUE GLACIER PRECIPITA TION SUMMARY ; SEPTEMBER TO SEPTEMBER 

(in m . water) 

From glacier budget 
(mean for entire glacier ) 

Snow accumulation Estimated rain 

From SI/owdome micrometeorological site 

3 - 12 

2 -78 
3 -50 

3- 80 
3 -50 

3 -21 

0 -74 
0- 89 
0-81 
0 -99 
0-81 
1- 0 4 

t August to Augus t. 

Total 

3 ' 96 
3 . 67 
4'3 1 

4 ' 79 
4 ' 3 1 

4'25 

SI/OW acculllulat ion 

3' 04 
2 - 67 
3- 2 5 
3 -95 
2-90 

4- 52 

* In part measured_ 

E stimated rain 

0- 74 
0 -89* 
0-8 1 
0 -99 
0- 72 

1-04 

Total 

3'78 
3'56 
4'06 
4' 94 
3. 62 
5'56 

Seasonal climate variations for the one complete year of observation (1957- 58) a nd the 
rela tion of these to climate of nearby lowland stations are g iven in Figure 6. R ecords at the 
latter indicate the period of observation was slightly below normal in precipitation and 
u nusually warm. T he Blue Glacier records a re obtained at the Snowdome research station, 
2,0 20 m . a.s .l. 
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Fig _ 6_ B llle Glacier 1957- 58 climate alld its relation to the lowland stations at Forks and Tatoosh Island 

The U.S. ",feather Bureau m a intains a first-order weather station at Tatoosh I sla nd , 102 

a irline kilometers north-west of Blue G lacier. Dai ly radiosonde fli ghts from this station identify 
the freezing leve l in the atmosphere adj acent to the O lympic Mountains. These data for 
1959- 63 are summari zed as month ly means in Figure 7. 
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Normal winter weather on Mount Olympus is stormy with few clear periods. In summer 
the static North Pacific High often brings long uninterrupted periods of fair weather to the 
Olympic Mounta ins, though the coastal lowlands m ay frequently be exposed to fog and 
drizz le . Unsettled summer weather u sually brings rain to the glacier in July but occas ionally 
snow on the upper g lacier in August. 

Energy exchange involved in summer melt on Blue Glacier has been studied at leng th and 
the results previously communicated (LaChap elle, 1959, 1960, 196 1; Giddings a nd 
LaChapelle, 196 1) . In summary, solar radiation is th e dominant (about 60 per cent) source 
of heat to the summe r snow surface which accounts for a lmost all the melt, long-wave ra di a tion 
coo ling during fa ir weather providing a sink for most of the hea t available from oth er sources. 
In the autumn sola r radiation rapidly diminishes in importance, being rep laced by sensible 
and latent heat transfer during warm storms as the princi pa l source of m elt, whil e ra diation 
coo ling predominates during fair wea ther. Dry, co ld weather by late September can lead to 
a net dail y rad iation d efi cit in the accumulation zo ne, accompanied b y frost penetration into 
the firn of o · 5 m. or more. R adiation in winter, both long- and short-wave, plays a minor part 
in th e g lacier energy b a lance, the dominant feature being accretion of mass at sub-fl-eezing 
temperatures during th e persistent storms, with fog, rime and high winds. Periods of both 
heavy accumulation and strong melting from solar radiation can be expected by late spring . 

A peculiar feature of the Blue Glacier climate is th e unusuall y high density of newly fa ll en 
winter snow (LaChapelle, 1957) . This ranges from 0 ' 15 to 0·30g. cm. - 3 and during mid­
winter months averages 0 ' 25 g . cm. - 3, a much larger value than the 0'07 to o · 10 g. cm. - 3 

comm only found in alpine winter snow covers. This h igh density is attributed to a prepon­
derance of needle-type snow crystals originating in shallow cloud layers at near-freezing 
temperatures. Stability of this dense n ew snow in the face of high winds, together with the 
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cementing effect of frequent riming, probably h as an influence o n the glacier mass budget. F luffier low-density snow would likely be swept away in large quantities from high er elevations b y the gale-force winds prevailing here in winter. 

High-quality c1imatological records, continuous since 1893, are availa ble from the Tatoosh I sland W eather Bureau station . These have been used to plot temperature and precipitation trends, since the turn of the century , in Figure 8. 
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GLACIER VAR IATIO NS AND TH EIR R ELATIO N TO C LIM ATE 

R ecent Blue G lacier variations have been in terpreted by H eusser ( 1957) from botan ica l evidence. H e concluded that the o-Iacier reached a m ax imum stand a bout 1650, at which time it coalesced with White G lacier to occupy the present G lacier Creek Valley. A second and similar maximum occurred about 18 I 5, after wh ich the glacier retreated ra pidly fo r nea rl y a century_ During the first decad e of the twentieth century the te I-minus mainta ined a fix ed stand , then again retreated rapid ly unti l 1953 . Sin ce th is date the tel-minus has b een very nearly stationary, a slight advan ce having occurred in 1955 (Fig. 9 ) - Davey ( 1962 ), from a comparison of topographic m a ps compi led from aerial photograph y in 1939, 1952 and 1957, showed that th e g lacier had a strongl y negative mass budge t from 1939 to 1952, a lthough there was a slight gain in the upper part at th is time. From 1952 to 1957 the glacier gained sub­stan tiall y more mass than it lost in the previoLls 13 yr. (net specific budget of 8 -5 m. of water vs. - 2-9m. ) . 
T he short cessation of retreat after 1900 a nd that after 1953 bo th correspond to mean temperature minima at T atoosh I sland, while the intervening p e riod was marked by rap id r etreat and slightly warmer conditions_ A precipitation maximum just prior to the first 
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retreat cessation may have caused it, though the temperature change alone will be shown 
sufficient to account for the cessation. 

Botanical and topographic evidence, together with an old photograph taken about 1 goo, 
make it possible approximately to reconstruct the 1 goo outline and surface profi le of Blue 
Glacier; these are indicated in Figures 2 and 3. Assuming the same annual accumulation and 
net budget gradient as today, it is possible to calculate the change in annual ablation which 
would lead to an equilibrium stand for the 1900 profile. Surprisingly, this change can be 
accomplished by lowering the firn limit altitude (i.e. shifting the curve in Figure 4 to the left) 
only 50 m., a figure consistent with the recorded climate variation of mean temperature. The 
Igoo Blue Glacier tongue extending 400 m. lower into the valley than today had much less 
influence then on the mass budget character than a surface level rise of 30 to 50 m . in the rest 
of the ablation zone. This high sensitivity to small climatic changes is a feature necessarily 
common to all glaciers with a high activity index and gentle surface gradient below the firn 
limit. A small shift in surface altitude causes a marked change in net budget over an extensive 
part of the ablation zone, overriding that due to change in total area. 
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The nature of the present-day climate control of the Blue Glacier mass budget has already 
been reported (LaChapelle, 1960) and these conclusions are briefl y reviewed here. 

On any glacier there exists a marked interrelationship between the accumulation and 
ab lation processes which establish the annual mass budget. A deep snow accumulation, for 
instance, not only adds an extra amount of mass but also inhibits ice melt by blanketing the 
ablation zone late into the summer. A long ablation season not only removes extra mass by 
melt but also limits the length of the accumulation season and inhibits mass accretion. On 
Blue Glacier a large mass surplus accumulates each winter, much of which is removed by 
strong summer melt. Mean mid-winter accumulation and mid-summer melt rates are both 
about 2' 5 cm. of water per day, while total accumulation and length of ablation season are 
both largely determined by spring and fall weather conditions. The critical periods on Blue 
G lacier are approximately 1 May to 15 June and 1- 31 O ctober. The reason for this is that 
upper air freezing levels fluctuate annually around the glacier altitude as a consequence of its 
relatively low altitude, and the most rapid fluctuations occur during the critical periods 
m entioned above (Fig. 8) . Alpine glaciers at higher altitudes normally receive most of their 
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precipitation as snow, except in mid-summer. This is no t the case with Blue G lacier, fo r rain 
and snow frequently alternate in spring a nd fa ll , and rain occasionally m ay fa ll even in 
mid-winter. In short, Blue G lacier experiences a large surplus of precipitation but a varying 
amoun t of snowfall which d epends cri ticall y on whether snow or rain falls during sp ring and 
autumn storms. 

Under present conditions the freezing levels are relative ly low in May, with precipita tion 
normally as snow. I n som e recent seasons April and May precipita tion h as, in fact, largely 
m ade the difference b etween near-equi librium and large defi cit mass budgets fo llowing 
relatively dry winters. A warm May accompan ied by earl y onset of melt instead of accumula ­
t ion leads to a large mass defi cit, as in 1958. September freezing levels are high, leading to 
substantial melt at a time when most of the ablation zone ice surface is exposed. By early 
October freezing levels have dropped sharply, most of the precipitation falling again as snow 
by October or early November. Mean freez ing levels during the autumn storms are conside r ­
ably lower than the monthly means, in contrast to spring. Snowfalls bla nketing the whole 
glacier have been observed as early as the first week in September, b ut such termination or 
severe inhibition of the m elt season usuall y does not occur until October. When a utumn 
storms bring ra in instead of snow, melt is g reater than that in fair weather because convection­
condensation replaces a weak radiat ion regime. T he Blue G lacier mass regime today is thus 
cri tically con trolled by freezing level of the spring and fall storms. This rel a tionship is especiall y 
importan t on the lower g lacier (ablation zone), because extra snow accumulation here instead 
of rain clearly reduces the a nnual ice m elt, a reduction effected by transient snow wh ich itself 
adds nothing to the m ass budget accumulation term. These conclusions concerning the 
c1imatological factors whi ch dominate the Blue G lacier mass budget- p lentiful winter 
precipitation, importance of spring and a utumn weathe r, a nd sensitivity to temperature as 
refl ected by freezing levels- are essentiall y the same as those reached by Ahlmann (1940) for 
Styggedalbreen in Norway . 

The amplitude of the periodic m ass fluctuation illustrated by the curve of. total g lacier 
mass vs . tim e in Figure 10 is termed the annual mass turnover. Barring seasons of anom a lo u s 
ab la tion or accumu latio n, th is amplitude is app roxima tely r epresented by the sum of a nnual 
snow a nd ice melts, a quantity wh ich m ay be determined hydrologically through stream 
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discharge m easurements as w ell as by ablation measurements on the glacier. The dimension­
less instability index is now defined as the annual mass turnover per unit glacier mass. It is. 
conveniently expressed in sp ecific budget terms: 

a* 
1i = D' 

where a* = specifi c mass turnover (Meiers's apparent ablation ) , 
D = specific mass (m ean water-equivalent depth) of the glacier. 

The larger the value of h the m ore potentially unstable is a g lacier in its reaction to climatic 
fluctuations, for any perturbation in a*, and thus in net mass budget, wi ll represent a larger 
percentage change in the total glacier size . An extreme example of instability is that of sma ll 
glacierets which form in response to minor climatic changes and whose lives span only a few 
years (I i = I ) . At the opposite extreme are polar ice sheets ( I i = 10- 4) . Blue G lacier, with 
I i = o· 03 lying midway between these extrem es, is unlikely to experience a drastic percentage 
change in mass during climatic flu ctuations m easured in decad es but is one whose life cycle 
can readily fall into a time-scale of centuries . Present annual energy input to Blue Glacier is. 
suffi cient to remove it entire ly in one-third of a cen tury if mass accretion w ere to cease 
completely. 

Finally, response of Blue Glacier to present climate is a lso shown in Figure 10. Note that 
the maxima in the curve of a nnual mass fluctuations can be connected by a straight line, in 
spite of annual differences in the fluctuation magnitude. This line has a slope of + 2 X 10 6 m .3 
of water per year, or , in specific mass budget terms, +0' 15 m. yr. - I. Blue G lacier is slightly 
out of equilibrium with the present climate a nd tending to grow by about o · 4 per cent per 
year. 

MS. received J D ecember 1964 
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