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Introduction

Studies of the alpins snowpack are commonly concernsd with the hydrologic potential
of this resource, Two basic field techniques have been developed for measuring the amount
of water present in any given accumulation of snow., These are: (1) the snow sampling tube,
which is used to remove a core sample from the top to the bottom of the snowpack, This core
sample is then weighed on a scale which normally reads dirsctly in inches or centimeters
of watsr-squivalent, and (2) the so-called "pit” technique in which a large number of in-
dividual samples are removed from the wall of a pit dug for that purpose, weighed individ-
ually and then averaged over the depth of the pit, This averags valus, when multiplied by
the snow depth, gives the water equivalsnt present, Recent comparative studiss at Mt, Hood
in Oregon and in Alaska by Work, et al,, (1965) have shown that in shallow (<€ 50 cm), low
density (.1 - .25) snow covers, these two technigues produce comparable values but they
also point out that in the case of inexperisnced operators coperator error is a significant
factor in the use of the pit wall samples. The comparable accuracy of ths horizontal sampl-
ing technique was not evaluatsd in snowpacks over 50 cm, in depth. Using & variety of ver-
tical sampling tubes in snowpacks up to 500 cm. deep, it was found that the errer increas-
sd with increasing snow depth to maximum values of 3-12% depending on tube design., Even
assuming comparable accuracy from the pit techniqus in snow of this depth, its use is not
practical dus to the amount of time required to complete a measurement at a single site,
From the rasults of the above studies, it appears that ths use of a vertical coring tube
is a practical means of measuring depth load values under the depth and snow type condit=-
iong described.

Under certain conditions, howsver, it is felt that the ability of the vertical
coring tube to produce acgurats data is lass than the above study would indicate, In order
to consistently obtain accurate water-equivalent values in the deep (£ 2m,) dry snowpack
commonly found in the northern Rockies, it is usually necessary to plug ths bottom of the
tube with soil to prevent the loss of the largely cohesionless basal depth hoar layers, It
is not uncommon to find as much as 1/3 of the total pack thickness composed of depth hoar
or incipient depth hoar at higher elevations in this area, At the same time, it is quite
often the case that the surficial composition at the higher elavatiens is rock rather than
soil which prescludes plugging the snow tube,

Another situation in which the use of the vertical sampling tubs is not wholly sat-
isfactory is in measuring ths water equivalent of the annual snow layer on an alpine
glaciser. While the loss of snow from the bottom of the tubs is not a perticularly signifi-
cant fector here, the problem is to determine the exact depth of the amnual layer, partic-
ularly in the upper accumulation baein., There, it is often difficult te sense the transit-
ion from the most recent annual laysr to that immediately preceding it. This meens that
reproducibility is very greatly influsnced by the ability of the operator te accurately
determine the depth of this transition,

It is the purpose of this paper to discuss this problem in terms of the preliminary
results of snow studies at the U.S, Army Cold Regions Rssearch and Engineering Laboratory's
Goose Lake research site in the Beartooth Mountains of southwestern Montana, Dus to the
preliminary nature of the study, the data are pressnted in graphical form and only the most
obvious conclusions are drawn, A limited amount of data from ancther area iz presented for
purposss of camparison,

Nature and Location of the Research Area

Bacause the relstionships discussad hars may be unique to the snvironment which
produced them, it is pertinent to briefly discuss the characterizing elsments of that
environment,
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During the months of April and May of the wintsrs of 1964 and 1965, a program of
snow studies was underiaken at Goose Lake (3000 m) 19 km north of Cooke City, Montana,
{2330 m) en the south flank of the Beartooth Range at Lat, 45% 00°, Long, 108° 557,

During April of 1965, complementary studies were made on a traverse betwesn Caske City and
Goose Lake at six sub-equally spaced sitss., A destailed description of this general area is
given in Alford and wesks (1965),

Because these wers the first winter studiss to be performed in the vicinity of
Goose Laks, little is known of the average snow conditisns found there, Based on these
observations, 2.5 to 3 m, of snow ssems a reascnable estimate of the snow deptn thers dur-
ing an average winter., Snow accumulation wsually starts in late September or Necteber and
melt does not begin in the spring until early in May. The wsather systesms supplying snow
to the area come predominantly from the west and north and there is a prenounced oregraph-
ic effect on accumulation between Gooss Lake and Cooke City., The mean winter air tempera-
ture at 3000 m, is estimated to be betwesn =20 and -25°C,

Instrumenis and Procedures

During 1964; a ssries of 11 pii studiss was wade at the Goose Lake sits using the
SIPRE snow denmsity kit and standard pit techniques as described by Bensen (1962}, In add~
ition, a resistance-to-penetration profile using & rammsonds penstrometer (Hasfli, in
Bader, et al., 1954) was made immedistely adjacent to the pit wall,

In April, 1965, =2 traverss betwesn Cooke City and Goose Lake produced complementary
data at sight sitss at intarvals betwsen 2350 and 3150 m,

At sach pit, the primary wmsasurements were density (at 5-10 om, intervals), the
temperaturs gradient, visual stratigraphic rslationships and the rammsende profile, uWater
equivalent for sach pit was determined by averaging ths individual demsity values found at
5 to 10 cm intervals ovsr the depth imterval of the pit and multiplying the snow depth by
the resulting number, The individual demsity values are felt iso be accurats to +0,005
g/am3 (Bader, 1962) and snow depth, measursd at the pit wall with both a stsel taps and
with the rammsonds is fselt to be accurats to +2.0 cm,

The ramm hardness number is expressed in units of force. When it is integrated ovsr
a depth interval the resulting gquantity is the work done on the snow as the penstrometer
moves through a stated intesrval, In practice this integration is performed by multiplying
sach depth increment, &z3i, by its hardness number, Rj, and adding these valuss from z = 0
at the snow surface to the base of the pack, The total work done by the penetrometer in
moving from the snow surface to a stated depth zj may be written as 2j

Rj .-,J Rdz
0

In the present study, values for a j are taken at 5 cm, intervals teo tha base of the pack,

bssrvations and Discussion

1. Figure 41 shows the relationship which was found to exist between the load, in
g/cm2 and integratad rasm number for maximum valuss of Az at each pit. The minimum load
was 36 g/cm2 at an elsvation of 2350 m., The curve has been arbitrarily extrapolated
through the zerg point.

s a check on the ussfulnegs of the curve, load and integrated ramm values at 1 and
2 meter intervals in northwest and central Creenland wers alsn plotted. These walues were
taken from Benson®s (1962} graphical data sheets for his pit series from 4-0 te 4-350,
Considering the difficulties of estimating ths valuss from the graphicel data presentation
with accuracy, the agresment is felt to bs guite good,

2, A limitsd number of vertical cores, using a federal samplsr, were teksn inm con-
junction with the pit studiss during both 1964 and 1565, Agresmesnt bstween the two tech-
niques was posr, with the vertical sampler measuring only 70-75% of the load as determined
in a pit wall. A purely subjestive svaluation of this disecrspancy indicated that it result-
ed from the imebility of the Tederal sampler to retain the esssntially cohesionless depth
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hoar in the absence of an sarth "plug®, It was impossible te get such e plug as the surfi-
cial composition of the study site was largely morainal, with a high psrcentage ef large
stones,

Conclusions

The use of the rammsonds to determine load values in snowpacks with significent
thicknesses of depth hoar and on glaciers where the thickness of the snnual laysr cannot
be readily identifisd with a vertical coring tube appears feasible enough to warrant
further study. At the present time, the best technique feor obtaining water-squivalent in
both these cases is by pit-wall measurements. The effort invelvad im pit studies means
that only a limited amount of peints can be sampled at any one time,

An additional advantage of the rammsonde is that it produces a wider range of use-
ful data than the vertical coring tubs, While most ‘sf the correlations are quite empirical
at the present time, ramm number has been related te u#sconfined compressive strength
(Abele, 1963), and density (Bull, 1956; Keeler and Weeks, 1966), The rammsonde will also
delineats the vertical stratigraphy of the pack on a qualitative basis and should be capa-
ble of detecting the diffsrence between snow less than one year old and iced firn from the
praceding ysar on a glacier, *

The data discussed here are preliminary and this technigus cannot be used with con-
fidence until much additional work is dome. They do suggest, howsver, that an alternative
to vertical coring or pits may exist for use in those areas where those two techniques
are either too time-censuming or inaccurate to be profitably used,
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Figure 1. The smpirical relationship found to exist between load (L) and integrated ramm,
number (Rj) in dry snow deposits in the Bsartaoth Mountains of southwestern
Montana and in central Greenland,

ABPENDIX A

It is not felt that there are as yet sufficient data to warrant fitting an sguatien
to the curve in Figure 1. For those who may wish to examine this rslationship in more
detail at other field sites, the folleowing table is appended to this paper, presenting
the values upon which the curve in Figure 1 is based,

L (g-cm™2) Rj (Jjoules x 103) L (g-cm~2) R; (joules x 103)

0.0 0.00 67.5 0.47
35.0 0,17 70,0 a,45
36,5 .14 71.0 0.55
36,5 0.15 73,0 0.50
38.0 g.16 75.0 0.50
38.0 g.21 75.0 0.55
38.0 .18 76,0 0,65
40,0 0,20 82.0 0.76
44,0 0,23 82.0 0,77
47,0 0.29 90.0 0.95
51.0 0,27 90.0 1.00
53.0 0.35 898.0 1.18
61.5 0.40 104.0 1.28
64,0 0,40 115.0 1.75
66,5 0,50
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