THE MASS BUDGET OF BLUE GLACIER, WASHINGTON#*

By E. LACHAPELLE
(Department of Atmospheric Sciences, University of Washington, Seattle, Washington, U.S.A.)

AssTrRACT. Blue Glacier has an area of 4-3 km.?, a volume of 0- 57 km.3, a mean density of 088 g. cm. 3
and an altitude range of 1,275 to 2,350 m. above sea-level, It is an active temperate glacier in a strongly
maritime climate where the net budget gradient varies from 10 mm. m.~" in the ablation zone to 7 or
8 mm. m.~" in the accumulation zone, There is a very large snow accumulation each winter and a large
snow melt each summer which exceeds by several times the ice melt. The annual mass budget is strongly
influenced by altitudes of the freezing level during spring and autumn storms, for these determine whether
the heavy precipitation falls as rain or snow. Recent glacier variations are 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 per year.

Resume. Le bilan de masse du Blue Glacier, Washington. Le Blue Glacier a une surface de 4.3 km*, un volume
de 0,57 km?, une densité moyenne de 0,88 g em 3, entre les altitudes 1275 et 2350 m au-dessus du niveau de
la mer. C’est un actif glacier tempéré dans un climat maritime prononcé, ol le gradient du bilan net varie
de 1omm m~" dans la zone d’ablation 4 7 2 8 mm m~' dans la zone d’accumulation. I y a une trés forte
accumulation en hiver et une forte fonte de neige en éé qui dépasse de plusieurs fois la fonte de la glace.
Le bilan de masse annuel est fortement influencé par les altitudes de gel pendant les tempétes de printemps
et d’automne, car elles déterminent la forme solide ou liquide des fortes précipitations. Les récentes variations
du glacier sont quantitativement liées aux fluctuations climatiques, mais il n'y a pas de claire relation de
cause 4 effet. Depuis 1958, la masse du glacier augmente de 0,49, par an en moyenne.

ZUSAMMENFASSUNG. Der Massenhaushalt des Blue Glacier, Washington, Der Blue Glacier besitzt eine Fliche
von 4,3 km* und ein Volumen von 0,57 km?, Seine mittlere Dichte ist 0.88 g em=3. Er erstreckt sich von
1275 m bis 2350 m Sechéhe. Es handelt sich um einen aktiven temperierten Gletscher unter einem stark
maritimen Klima, in dem der Gradient des Netto-Massenhaushaltes von 10 mm m-" im Ablationsgebiet
bis 7-8 mm m ' in der Akkumulationszone variiert. Die jihrliche Schneeablagerung im Winter und die
Schneeschmelze im Sommer sind beide sehr gross; die Schneeschmelze tibersteigt die Eisablation um ein
Vielfaches. Der jihrliche Massenhaushalt hiingt stark von der Hohenlage der Null-Isotherme wiihrend der
Frithjahrs- und Herbststiirme ab, die dariiber entscheiden, ob schwere Niederschlige als Regen oder Schnee
fallen. Die rezenten Gletscherschwankungen stimmen quantitativ mit dem Gang des Klimas iiberein, doch
zeigt sich keine klare Bezichung von Ursache und Wirkung. Die Masse des Gletschers nimmt seit 1958 um
durchschnittlich 0,49, pro Jahr zu.

DESCRIPTION OF THE GLACIER

Blue Glacier is a temperate alpine glacier originating 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 cirque accumulation flows to the
lower glacier via an 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 valley 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. 1 and 2).

Figure 3 presents vertical cross-sections of ice depth along a longitudinal profile and
selected transverse profiles. This longitudinal profile coincides with flow lines in the upper
and lower parts but not over a 1 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.?; this figure has been
used in the following mass budget computations. Ice depths in the accumulation zone have
been determined by electro-thermal drilling (LaChapelle, 1963) which reached presumed
bedrock at depths and locations indicated in Figure 2. Ice depths for the lower glacier are
based on recently re-interpreted data from a 1957 seismic survey by Allen (personal com-
munication), and on a gravity survey in 1960 and 1961 by Corbaté (1965). The seismic
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survey occupied 18 stations below the 1,625 m. contour on the glacier surface, while the
gravity survey occupied 146 stations below approximately 1,675 m. Independently determined
bedrock configurations from the two surveys are in good, though not perfect, agreement.
The author’s profiles in Figure 3 interpolate the differences.

Fig. 1. Oblique aerial photograph of Blue Glacter from the north-north-east. (Phatograph by A. S. Post)

These numerous ice depth data accumulated since 1957 allow an estimate of total glacier
volume and subglacial topography. A total of 17 transverse ice depth profiles (including those
in Figure 3) have been constructed from existing bore-hole, seismic and gravity information.
Known bedrock surface slopes at the glacier margins are also considered in approximating
these profiles. From these data, the total volume of Blue Glacier is estimated to be

https://doi.org/10.3189/50022143000018633 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000018633

THE MASS BUDGET OF BLUE GLACIER, WASHINGTON 611

124¢ 1220 o o
Leveef] Tatoosh i 'ﬁo it

Island ~ %

Washington

a8°N,

47°

Blue -~
Glacier

to White Glacier

T

A

borehole sites
and depths in meters

L C & =
N
E3

Lig. 2. Topographic sketch map of Blue Glacier. showing present

outline, 1815 and 1goo outlines, lines of praofiles in Figure 3,
location of bore holes and principal olacier features

https://doi.org/10.3189/50022143000018633 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000018633

JOURNAL OF GLACIOLOGY

H12

spaaay aamfins 0061 puv
Cropr appunxosddp syy aparpuy apfold puapngrauo] ) ur sauy pAysocr a0 Mg o sapfoid asizasuva pup puipnpEue 8 ALl

0081
(v=%)1

si8j0W

0002

uojbuiysopm ‘sndwh|o tW

131909 an|g

PLLTE) - !
1919019 8 T~

Sliges |-00s!
T
B e e E
E" L
¥ooipeq pawnsaid : » - |
Buiyaoes sajoy esog : \\\ l/. I
— s b
_o\ E i Iu 0002
4 43 ~ W 4 v [

s1040W OOG 0 .mvﬁ\\llllx —% .E\F..l\.)!c.

https://doi.org/10.3189/50022143000018633 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000018633

THE MASS BUDGET OF BLUE GLACIER, WASHINGTON 6[3

5'7x108m.3. Firn density distribution and depth to impervious ice (about 15 m. on the
snowdome, 25 m. in the cirque) have been deduced from thermal drill performance, leading
to mean densities for profiles in the accumulation zone which vary from 0-80 to 0-87 g. cm. 3.
Assuming mean density of the lower glacier to be 0-9o g. cm. 3, the total water volume is
5-0x105m.J and the overall mean glacier density is 0-88 g. cm.—3. Mean 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 per cent of
the mass, while 25 per cent of the volume is in the accumulation zone and the remaining
10 per cent 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” (Meier, 1962). This concept has
been extended to accumulation and ablation zones by LaChapelle (1962) and to the ablation
zone (“ablation gradient”) by Haefeli (1962). The net budget gradient of the Blue Glacier
ablation zone (lower glacier) is 10 mm. m.~", a figure derived from the two years (1959 and
1960) when the glacier was closest to mass equilibrium (Fig. 4). This value, based on a more
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Fig. 4. Plot of annual ice ablation as a function of altitude for 1959 and 196o, both years of near-equilibrium mass budget.
Slope of the curve is the net budget gradient

thorough data analysis, is larger than the 8 mm. m. ' previously reported for these two
seasons (LaChapelle, 1962). Variations in snow deposition make the gradient for the accumu-
lation zone more difficult to determine, especially when accumulation is averaged across the
entire glacier. It has an apparent mean value around 7 to 8 mm. m.~" in an equilibrium year.
Present firn limit on Blue Glacier is a zone centred on an altitude of 1,725 m., just below the
foot of the ice falls.

Accumulation zone center-line flow velocities in summer range from about 20 m. yr.~*
at the heads of the snowdome and cirque to 60-80 m. yr.~* just above the ice falls. Annual
mean of center-line flow velocities is 50 m. yr.=" just below the firn limit, diminishing to
20 m. yr.=" or less near the terminus (from a paper on surface-velocity and surface strain-rate
data from lower Blue Glacier to be published by M. I. Meier, C. R, Allen, W. B. Kamb and
R. P. Sharp). Maximum ice-fall velocities reach 300 m. yr.=' or more (summer values) but
these flow vectors shift direction erratically.

T'ne Mass Bupcer

In the following discussion, all values of volume (m.?) or specific budgets (m.) are in terms
of water equivalent unless otherwise stated. The terminology of Meier (1962) is adopted
wherever applicable,
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Two principal quantities may be used to determine the net amount of ice a glacier gains
or loses each year. These are the amount of annual snow accumulation remaining at the end
of the ablation season, and the amount of ice wastage below the snow line during the ablation
season. In addition, there is a transient quantity of water which is added each year as snow
and removed as melt water. To specify the annual mass budget completely by including this
transient mass, both the accumulation total and residual accumulation must be measured.
Ideally, this should be done by winter snowfall measurements, but this is often impractical
and, except for one season, such measurements have not been made on Blue Glacier. Instead,
snow ablation has been measured throughout the ablation season and this observed loss added
to residual accumulation to obtain the total value. This method introduces an error by failing
to account for possible periods of ablation during the accumulation season. Such periods are
known to occur on Blue Glacier each year, especially in the late autumn, and the total mass
is thus consistently underestimated. Another error is introduced in the accumulation total
when settlement around ablation stakes causes snow ablation to be overestimated in terms of
water loss (LaChapelle, 1959). These two errors have opposite signs and tend to cancel.

Mount Olympus, the first prominent peak encountered by storm systems crossing the
Washington coast, is often exposed to winter winds reaching 40 to 45 m.sec. ' or higher.
Wind-drifting of snow is strong (though not as strong as might be expected in these circum-
stances—see discussion in the next section), and snow accumulation is uneven. Distribution
of deposited snow also varies from year to year in the accumulation zone, while it remains
more consistent on the lower glacier, where wind action is less violent. Residual snow depths
in autumn must therefore be widely sampled, normally at 100 or more points. A hand-driven
sectional 8 m. probe of high-temper steel tubing, equipped with a conical point 1-2 cm. in
diameter, is used to sample snow depths. It has been shown (LaChapelle, 1954) thata maritime
snow cover following the first ablation season undergoes a marked increase in ram resistance
caused by winter refreezing of interstitial melt water. Such a probe readily detects this increase,
for in practice it can be driven through the current snow cover but not into last year’s firn.
Snow thickness observations on crevasse walls serve to check the probed depths wherever
possible.

During the 1958 summer melt season 50 ablation stakes were distributed over the surface
of Blue Glacier. Unlike accumulation, snow wastage rates were found to be remarkably
uniform over large areas of the glacier, the only significant variation being a gradual decrease
with altitude. A similar condition was found for ice wastage below the snow line. Even on
the lower glacier, surrounded by mountain walls, there was little cross-glacier variation of
wastage rate except at the extreme margins. Subsequent wastage records each year have
utilized a single line of stakes distributed to sample appropriate altitude intervals up the center
of the lower glacier and the cirque. Additional stakes sample wastage in the snowdome area.
While surface wastage rates do not vary widely over adjacent parts of the glacier, the total ice
ablation is strongly dependent on length of exposure after retreat of the snow line. Thus the
transient snow-line position must be recorded frequently by sketches and photographs.

Annual accumulation each year is determined by plotting observed water equivalent
depths on a map, drawing lines of equal water accumulation and measuring the total volume
by planimetry.

Annual ice ablation is determined in two ways. First, lines of equal water-equivalent ice
wastage for the end of the ablation season are plotted with the aid of wastage observations
and snow-line positions. Total volume of ablation is then determined by planimetry. Secondly,
total ice ablation rate at selected times throughout the summer is computed from exposed ice
areas and short-interval mean ice wastage rates at those times, and then plotted as a function
of time. The total ice ablation is the area under the plotted curve.

From snow areas and snow water-equivalent wastage rates, the total amount of snow
ablation is caleulated by the second method used for ice ablation.
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The curve showing cumulative ice ablation is obtained by plotting the area under the ice
ablation rate curve as a function of time. A similar curve for residual accumulation is obtained by
subtracting the area under the snow ablation rate curve from total accumulation. The
difference between them in the mass balance (Meier’s cumulative budget total), whose value at the
end of the budget year is the net mass budget. The 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 October) 1956 through 1963 are
summarized in Table 1.)

TasLE 1
Annual Annual Mass Specific Ratio of accumulation area
Year accumulation ice melt balance mass balance to accumulation area
10 m.? of water m. At mass balance At end of ablation season

Date Ratio Date Ratio
1956* 722 1-24 -5-08 +1:39 Mass surplus 1 September  3-54
1957 No record Probably mass deficit
1958 0: 90 8-00 —7-10 —1:70 13 August 1-56 15 October 0-38
1959 3-04 3-30 —0-26 —0:06 16 October  1-21 7 November 1-10
1960 2-87 3-05 —0-18 —0-04 10 October  1-33 18 October 1-20
1961 6-24 3-14 +3-10 +0-71 Mass surplus 2 October 1-47
1962 4-78 2-80 198 +0:45 Mass surplus 1 October 1-38
1963 371 5-16 —1-45 —0-34 1 October  1-11 16 October  0-go

* Data from Hubley (1957) for 1 September.

Errors in the mass budget observations are difficult to estimate. One of the most likely
sources of error is the lack of knowledge about accumulation -ablation processes in the ice falls,
Though physically above 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 uncertain. Also, there is a strong subjective element 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
measured points, but the magnitude of increase is difficult to judge. Hubley (1957) has
estimated the overall errors in computing the Blue Glacier budget as L 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. Data presented in Table I should be regarded
as approximations only.
Consider the mass budget features illustrated by the curves in Figure 5:

1. There is a very large annual mass accumulation, ranging from 12 to 16 106 m.5 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 part 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 1-6 (1958) to 4-2 (1962).

3. Half or more of the ice melt occurs after mid-August and in most cases during September
and October.

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

The annual mass budget is the difference between ice melt and residual 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 accumulation in turn is the difference
between large accumulation and large snow melt. The mass budget in the present glacier
configuration and climate is thus rather sensitive to small changes in the large quantities
involved, a sensitivity which is further enhanced by the interrelationship among these quan-
tities. The effect of increased snow melt (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
deficit.

PresenT AND PasT CLIMATE

The Blue Glacier climate is mild and extremely wet. Precipitation in the Olympic Moun-
tains is the highest in the conterminous United States, about 8o per cent of that which
reaches Blue Glacier falling as snow. Table II lists ohserved annual precipitation, both the
mean 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 measured
ratio of rain to snowfall in 1957—58, when about 20 per cent of the precipitation fell as rain.
Total mean precipitation 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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TagLE II. BLUE GLACIER PRECIPITATION SUMMARY ; SEPTEMBER TO SEPTEMBER

(in m. water)

From glacier budget From Snowdome micrometeorological site
(mean for entire glacier)
Snow accumulation  Estimated rain ~ Total Snow accumulation  Estimated rain ~ Total
1958* 312 0:74 3-96 3-04 0-74 3-78
1959 2-78 0-89 3-67 2-67 0-8g* 3-56
1960 3-50 0-81 4-31 3-25 0-81 4-06
1961 3-80 0-99 4-79 395 0-99 494
1962 3-50 0-81 431 2.0 0-72 362
1963 3-21 1-04 4-25 4+52 1-04 5-56
+ August to August. * In part measured.

Seasonal climate variations for the one complete year of observation (1957-58) and the
relation of these to climate of nearby lowland stations are given in Fig;ure 6. Records at the
latter indicate the period of observation was slightly below normal in precipitation and
unusually warm. The Blue Glacier records are obtained at the Snowdome research station,
2,020 m. a.s.l.
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Fig. 6. Blue Glacier 1957—58 climate and its relation to the lowland stations at Forks and Tatoesh ILsland
The U.S. Weather Bureau maintains a first-order weather station at Tatoosh Island, 102
airline kilometers north-west of Blue Glacier. Daily radiosonde flights from this station identify

the freezing level in the atmosphere adjacent to the Olympic Mountains. These data for
195969 are summarized as monthly 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 Mountains, though the coastal lowlands may frequently be exposed to fog and
drizzle. Unsettled summer weather usually brings rain to the glacier in July but occasionally
snow on the upper glacier in August.

Energy exchange involved in summer melt on Blue Glacier has been studied at length and
the results previously communicated (LaChapelle, 1959, 1960, 1961; Giddings and
LaChapelle, 1961). In summary, solar radiation is the dominant (about 60 per cent) source
of heat to the summer snow surface which accounts for almost all the melt, long-wave radiation
cooling during fair weather providing a sink for most of the heat available from other sources.
In the autumn solar radiation rapidly diminishes in importance, being replaced by sensible
and latent heat transfer during warm storms as the principal source of melt, while radiation
cooling predominates during fair weather. Dry, cold weather by late September can lead to
a net daily radiation deficit in the accumulation zone, accompanied by frost penetration into
the firn of 0-5 m. or more. Radiation in winter, both long- and short-wave, plays a minor part
in the glacier energy balance, the dominant feature being accretion of mass at sub-freezing
temperatures during the 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 the unusually high density of newly fallen
winter snow (LaChapelle, 1957). This ranges from 0-15 to 0-30 g. cm.~? and during mid-
winter months averages 0-25 g. cm. 3, a much larger value than the 0-07 to 0-10 g. cm.?
commonly found in alpine winter snow covers. This high 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 new snow in the face of high winds, together with the
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cementing effect of frequent riming, probably has an influence on the glacier mass budget.
Fluffier low-density snow would likely be swept away in large quantities from higher elevations
by the gale-force winds prevailing here in winter.

High-quality climatological records, continuous since 1893, are available from the
Tatoosh Island Weather 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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Fig. 8. Tatoosh Island ten-vear running means of annual temperatures and precipitation. The brackets indicate a period of
resurgent glacier activily in western Washington

GLACIER VARIATIONS AND THEIR RELATION TO CLIMATE

Recent Blue Glacier variations have been interpreted by Heusser (1957) from botanical
evidence. He concluded that the glacier reached a maximum stand about 1650, at which time
it coalesced with White Glacier to occupy the present Glacier Creek Valley. A second and
similar maximum occurred about 1815, after which the glacier retreated rapidly for nearly
a century. During the first decade of the twentieth century the terminus maintained a fixed
stand, then again retreated rapidly until 1953. Since this date the terminus has been very
nearly stationary, a slight advance having occurred in 1955 (Fig. 9). Davey (1962), from a
comparison of topographic maps compiled from aerial photography in 1939, 1952 and 1057,
showed that the glacier had a strongly negative mass budget from 1939 to 1952, although there
was a slight gain in the upper part at this time. From 1952 to 1957 the glacier gained sub-
stantially more mass than it lost in the previous 13 yr. (net specific budget of 8 -5 m. of water
Vi, —Qing W)

The short cessation of retreat after 1900 and that after 1953 both correspond to mean
temperature minima at Tatoosh Island, while the intervening period was marked by rapid
retreat 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 1900,
make it possible approximately to reconstruct the 1900 outline and surface profile 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.c. shifting the curve in Figure 4 to the left)
only 50 m., a figure consistent with the recorded climate variation of mean temperature. The
19oo 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 overan extensive
part of the ablation zone, overriding that due to change in total area.
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Fig. g. Blue Glacier terminus variations since 1650 (after Heusser)

The nature of the present-day climate control of the Blue Glacier mass budget has already
been reported (LaChapelle, 1960) and these conclusions are briefly reviewed here.

On any glacier there exists a marked interrelationship between the accumulation and
ablation 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
Glacier are approximately 1 May to 15 June and 1-31 October. 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
mentioned 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 not the case with Blue Glacier, for rain
and snow frequently alternate in spring and fall, and rain occasionally may fall even in
mid-winter. In short, Blue Glacier experiences a large surplus of precipitation but a varying
amount of snowfall which depends critically on whether snow or rain falls during spring and
autumn storms,

Under present conditions the freezing levels are relatively low in May, with precipitation
normally as snow. In some recent seasons April and May precipitation has, in fact, largely
made the difference between near-equilibrium and large deficit mass budgets following
relatively dry winters. A warm May accompanied by early onset of melt instead of accumula-
tion leads to a large mass deficit, 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 freezing levels during the autumn storms are consider-
ably lower than the monthly means, in contrast to spring. Snowfalls blanketing the whole
glacier have been observed as early as the first week in September, but such termination or
severe inhibition of the melt season usually does not occur until October. When autumn
storms bring rain instead of snow, melt is greater than that in fair weather because convection-
condensation replaces a weak radiation regime. The Blue Glacier mass regime today is thus
critically controlled by freezing level of the spring and fall storms. This relationship is especially
important on the lower glacier (ablation zone), because extra snow accumulation here instead
of rain clearly reduces the annual ice melt, a reduction effected by transient snow which itself
adds nothing to the mass budget accumulation term. These conclusions concerning the
climatological factors which dominate the Blue Glacier mass budget—oplentiful winter
precipitation, importance of spring and autumn weather, and sensitivity to temperature as
reflected by freezing levels—are essentially the same as those reached by Ahlmann (1940) for
Styggedalbreen in Norway.

The amplitude of the periodic mass fluctuation illustrated by the curve of total glacier
mass vs. time in Figure 10 is termed the annual mass lurnover. Barring seasons of anomalous
ablation or accumulation, this amplitude is approximately represented by the sum of annual
snow and ice melts, a quantity which may be determined hydrologically through stream
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Fig. ro. Total mass of Blue Glacier as a function of time for 1958 though 1963
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discharge measurements as well 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 specific budget terms:

a®
5= ﬁ)
where a* = specific mass turnover (Meiers’s apparent ablation),

D = specific mass (mean water-equivalent depth) of the glacier.

The larger the value of I;, the more potentially unstable is a glacier in its reaction to climatic
fluctuations, for any perturbation in a*, and thus in net mass budget, will represent a larger
percentage change in the total glacier size. An extreme example of instability is that of small
glacierets which form in response to minor climatic changes and whose lives span only a few
years (I; = 1). At the opposite extreme are polar ice sheets (/; = 1071). Blue Glacier, with
I; = 0-03 lying midway between these extremes, is unlikely to experience a drastic percentage
change in mass during climatic fluctuations measured in decades but is one whose life cycle
can readily fall into a time-scale of centuries. Present annual energy input to Blue Glacier is
sufficient to remove it entirely in one-third of a century if mass accretion were to cease
completely.

Finally, response of Blue Glacier to present climate is also shown in Figure 10. Note that
the maxima in the curve of annual 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 10 m,}
of water per year, or, in specific mass budget terms, +-0-15 m. yr.". Blue Glacier is slightly
out of equilibrium with the present climate and tending to grow by about o-4 per cent per
year.

1
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