Journal of Glaciology, Vol. 43, No. 143, 1997

Vapor transport, grain growth and depth-hoar
development in the subarctic snow
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ABSTRACT. Measurements from the subarctic snowpack are used to explore the re-
lationship between grain growth and vapor flow, the fundamental processes of dry-snow
metamorphism. Due to extreme temperature gradients, the subarctic pack undergoes
extensive depth-hoar metamorphism. By the end of the winter a five-layered structure
with a pronounced weak layer near the basc of the snow evolves, Grain-size increases by
a factor of 2-3, while the number of grains per unit mass decreases by a factor of 10. Ob-
served growth rates require significant net inter-particle vapor fluxes. Stable-isotope ra-
tios show that there are also significant net layer-to-layer vapor fluxes. Soil moisture
enters the base of the pack and mixes with the bottom 10 cm of snow, while isotopically
light water vapor fractionates from the basal layer and is deposited up to 50 cm higher in
the pack. End-of-winter density profiles for snow on the ground, compared with snow on
tables, indicate the net layer-to-layer vapor flux averages 6 x 10 “kgm *s ! though
detailed measurements show the net flux is episodic and varies with time and height in
the pack, with peak net fluxes ten times higher than average. A model, driven by ob-
served temperature profiles, reproduces the layer-to-layer flux pattern and predicts the
observed weak layer at the base of the snow. Calculated layer-to-layer vapor fluxes are
ten times higher than inter-particle fluxes, which implies that depth-hoar grain growth is
limited by factors other than the vapor supply. This finding suggests that gain and loss of
water molecules due to sublimation from grains takes place at a rate many times higher
than the rate at which grains grow, and it explains why grains can metamorphose into
different forms so readily.

LIST OF SYMBOLS Piss Radius after a long period of time
To Initial radius

a Slope, linear regression for snow depth 8 Surface area of grain
b Intercept, linear regression for snow depth it Time
¢ Slope, linear regression for snow density T Temperature
Cp, €1 Curve-fitting coeflicients Ty Temperature at the melting point (0°C)
d Intercept, linear regression for snow depth |74 Volume of ice particle
d Mean grain diameter v Vertical convective velocity
Djj+1  Average of the mesh opening of the jth and the 5 Nertieal eoordinate

e P T— a Clonstant, equal to 0.0001266
Dy Water-vapor diffusion coefficient in air p Y e

Y R B, B2 Clonstants
e Uncertainties in a calculated value -

p Density of snow

.2 Enhancement factor ; 3

- e ; o Density of ice
g Number of grains per unit mass = v A

53 ; - Ps Layer density

90 Initial number of grains in the sample ; W / fensi ; . )
B Layer thickness 0 Arér;dpor :(stnsny at the melting point
j(t) Condensation rate of water vapor per unit area of (. e m)

grain (0] Porosity
I Vertical water-vapor flux
& Latent heat of sublimation (2838 ] ¢ h INTRODUCTION
L Number of sieves
m; Mass of ith grain Dry snow will metamorphose into large, ornate depth-hoar
M; Total weight fraction in the jth sieve grains when subjected to a strong temperature gradient. If
m; Average mass of a grain in the jth sieve the gradient is weaker, the grains will still grow, but depth-
N Number of grains per unit volume hoar characteristics may be less conspicuous or absent. Un-
N; Number of grains in the jth sieve der both weak and strong gradients, the grain growth is fed
Ny Total number of grains in a sample by water-vapor transport through the pore spaces of the
R Gas constant for water vapor (04619 ] g ' °C ™) snow. The two processes, grain growth and vapor trans-
P Grain radius (mm) port, are the basis of dry-snow metamorphism. Combined,
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they control the movement and redistribution of mass, che-
mical species and isotopes in the snowpack. They also con-
trol the grain- and bond-size distribution, and therefore the
thermal and mechanical properties of the snow. Though the
two processes are intimately linked, we know surprisingly
little about their relationship.

The existing literature does little to help. Most papers on
dry-snow metamorphism are descriptive or theoretical. Of
the few sets of measurements of vapor-transport or grain-
growth rates, only one (de Quervain, 1958) contains simulta-
neous measurements of both processes. One reason for the
scarcity of data is that there is no direct method of measuring
vapor transport, which often produces changes in mass too
small to be detected. Also, it is difficult to define, let alone
measure, grain-growth rates. But perhaps the fundamental
reason is the perception that transport and growth were ade-
quately measured years ago. In our opinion, this is not the
case, and the lack of data has delayed an understanding of
snow metamorphism.

In this paper we present an extensive set of measure-
ments, including simultaneous measurements of grain
growth and vapor transport. It is the culmination of more
than 30 years of work on the subarctic snowpack, which is
ideal for observing both processes because they are acceler-
ated due to the extreme temperature gradients (Iig. 1). To
track both vapor flow and grain growth, we have used
many techniques. The development of a distinctive depth-
hoar textural sequence was documented by direct observa-
tion and photomicroscopy. Changes in the number of grains
and estimates of grain-growth rates have been computed
from photogrammetric and sieve measurements. Density
and layer-thickness measurements have been used to caleu-
late net vapor-transport rates between layers of snow. Mea-
surements of stable isotopes allowed us to determine the
distances over which the vapor travels. Extensive sets of
vertical temperature profiles have been used with a model
to calculate in a detailed manner where in the snowpack
the water vapor comes from and where it is deposited.
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Fig. 1. The bulk vertical temperature gradient for the subaretic
snow cover near Fairbanks. The temperature gradient from an
alpiine snow cover in Colorado ( Armstrong, 1985) is shown
Jor comparison. The critical gradient necessary for kinelic
growth and depth-hoar development is shown as a dot-dash
line.

We chose to work in a natural snow cover hecause we felt
it was difficult or impossible to reproduce snowpack condi-
tions adequately in the laboratory. But as a consequence of
this choice, errors associated with individual measurements
were substantial. We addressed the problem by replicating
measurements and doing them vear after year. We also mea-
sured key processes using multiple techniques, and have
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calculated vapor-transport rates by several independent
methods. Results have been consistent, so we have confi-
dence in their validity.

What emerges from our measurements is a picture of a
vigorous, layer-to-layer vapor transport. A continuous flux
of water vapor moves from the soil into the snow. Basal snow
layers lose vapor to upper lavers, leading to the development
ol a conspicuously weak depth-hoar layer near but not at the
base of the snow. At the same time, there is rapid grain
growth. Grains increase in size by a factor of 2-3, while the
total number of grains decreases by a factor of 10. The grain-
growth rates require net inter-particle flux rates that turn
out to be about one-tenth of the magnitude of the net layer-
to-layer flux rates. This leads us to conclude that significant
grain growth and depth-hoar development could take place
even if layer-to-layer transport rates were reduced, and it
suggests why grains can metamorphose so readily.

Yosida (1953) developed a description of “hand-to-hand”
transfer of water-vapor molecules through the snow that has
become a virtual paradigm for the way we think of the rela-
tionship between vapor transport and grain growth. In the
“hand-to-hand” model, water-vapor molecules condense on
the bottom of an ice grain, while other molecules sublimate
from the top, thereby producing a continuous flow of vapor.
If the two rates do not balance, the grain grows or shrinks.
But at what rate do water-vapor molecules condense and
sublimate from a grain? How far can individual water mo-
lecules travel before becoming incorporated in a grain? We
believe the measurements we present below show that the
rates of condensation and sublimation are quite high. The
water molecules comprising a grain apparently change
many times over during the course of the winter, resulting
in grains that can metamorphose with extreme rapidity,
even if their size changes little, Water molecules are highly
mobile since they do not reside long on an individual grain.
Hence, they can travel distances as great as the snow depth
during the winter, albeit traveling the distance in a series of
short hops from grain to grain.

EXPERIMENTAL SETTING

Measurements were made at the University of Alaska

Fairbanks Agricultural Experiment Station (64749" N,
147°52" W). The region has a dry, continental climate with
continuous snow cover from October to April; forested
areas and valley bottoms are nearly windless because of
strong and persistent inversions, Low winter air tempera-
tures (<—257C) are common, and above-freezing tempera-
tures virtually absent. The temperature at the base of
snowpack remains below freezing all winter, averaging —
5°C (Sturm and others, 1995). Deeper in the soil the tem-
perature is higher, so there is a continuous [lux of heat and
moisture [rom the soil to the snow. The source of the heat
flux, which averages about 4 Wm % is the cooling of the
soil (negligible), the freezing ol ample soil moisture
(3W m ) and the sublimation of about 0.5 g cm 2 of ice
%) (Sturm, 1989, 1991;
Sturm and Johnson, 1991). The low air temperatures and re-

from the soil to the snow (IWm

latively high soil temperatures also produce extreme tem-
perature gradients across the snowpack (Fig. 1) that create
water-vapor density gradients which lead to rapid kinetic
crystal growth and the development of a snow cover that
consists mainly of depth hoar. By the middle of winter, the
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subarctic snowpack is less dense, more permeable and coar-
ser grained than snowpacks found in more temperate
climates.

Measurements at the experimental site extend back to
1963 (Trabant, 1970; Trabant and Benson, 1972; Johnson and
others, 1987; Sturm, 1989, 1991; Friedman and others, 1991;
Sturm and Johnson, 1991, 1992). Detailed measurements were
made during the winter of 1986-87.

METHODS

Measurements of snow grain-size and character, snow den-
sity and laver thickness, snow temperature and stable iso-
topes were made on three types of samples: (1) from snow
on the ground, (2) from snow on the ground but above an
impermeable tarpaulin, and (3) from snow on tables. The
snow on the ground but above the tarpaulin was isolated
from the flux of moisture from the soil, but otherwise was
subjected to the same heat flux as natural snow. Because
cold air could circulate under the tables, the snow there
was not subjected to strong temperature gradients and did
not metamorphose into depth hoar (see the experiments of
Kojima, 1959; Trabant and Benson, 1972; Armstrong, 1985). It
also underwent negligible isotopic fractionation, which en-
abled us to use it to define the initial isotopic composition
of the snowpack against which changes in the composition
of the snow on the ground could be compared.

Grain-size

The grain-size was measured by sieving, It is a fast, efficient
method that samples a large number of grains. We used a
stack of nine sieves, each 20 cm in diameter. Snow samples
were collected monthly from each snow layer during the
winter of 1986-87. Each sample (300 cm®) was gently
sheared across the mesh of the top sieve to break it apart.
In most cases the samples were quite fragile and this hap-
pened readily. Once the sample was disaggregated, the
sieve stack was agitated by hand for 60s with a rocking
motion. After agitation, the snow fraction in each sieve was
weighed with an accuracy of + 0.1 g The work was done at
or below —187C to prevent snow from sticking to the sieves.

At one time, sieving was widely used in snow studies
(Bader and others, 1954; Benson, 1962; Keeler, 1969; Fukue,
1977; Granberg, 1985), but it has seen less use recently
because it requires disaggregation of the snow sample,
breaking snow grains as well as bonds, creating a bias to-
ward smaller sizes. However, “the bond between individual
grains is substantially weaker than the individual grains, so
that it is possible to prepare a cohesionless, siftable mixture
from cohesive snow without breaking up individual crystals
to an appreciable extent” (Bader and others, 1954; see also
Kry, 1975). Moreover, microscopic examination of snow
fractions after sieving (unpublished information from M.
Sturm, 1992) confirms that most grains remain intact, par-
ticularly for depth hoar where the bonds between grains are
small in relation to the grains themselves.

The average grain-size determined by sieving was com-
pared with the average size determined by photogram-
metric methods. For two snow layers, samples were
collected six to ten times during the winter. Part of each
sample was sieved, and part was disaggregated onto a
black background and photographed using a Zeiss Tessovar
microscope. From the photographs, 50-200 grains were
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digitized by tracing their outlines with the stylus of a Zeiss-
Plot stereological system. The mean cross-sectional area of
the digitized grains was determined and reported as the
diameter of a circle with the equivalent area.

Density and layer thickness

During 11 winters, between 1966 and 1987, we systematically
measured the density profile of snow on the ground and the
tables several times a winter. In 198687 the density and
thickness of ten layers of snow on the ground and the com-
parable ten layers on the tables were measured approxi-
mately twice a month. Since depth-hoar metamorphism
obliterated all primary natural stratigraphic markers in the
snow on the ground (but not on the tables where depth hoar
did not develop), it was necessary to introduce artificial
markers to identify these layers. On both the ground and
the tables, colored powder was spread on the snow surface
after each snowfall. In this way, the upper and lower bound-
aries of layers were delineated and it was possible to make
density and grain-size measurements tied to individual
layers. Snow compaction was computed [rom measured
changes in thickness of the snow between layers (accuracy
4 3 mm). Little or no cross-boundary migration of snow
grains was observed.

Density was measured using a 100 cm” cutter and stan-
dard techniques (National Research Council of Canada,
1954; unpublished information from U.S.A. Snow, Ice and
Permafrost Research Establishment, 1962; Carroll, 1977).
The cutter could sample individual layers thicker than
3 ¢cm. Multiple measurements were made on each layer,
and the results averaged. Fine-grained and new snow could
be sampled with a reproducibility of +2%, so the average
of several density measurements is estimated to have the
same accuracy. Tor depth hoar, which is fragile and more
difficult to sample, reproducibility was +7%.

Temperature

Individual vertical temperature profiles in the snow were
measured hundreds of times from 1963 onwards using dial
thermometers or thermistors. Continuous (hourly) profiles
were monitored at the experimental site in 198487 using a
data logger and an array of thermistors described by Sturm
(1989, 1991) and Sturm and Johnson (1992). Additional con-
tinuous monitoring was done in 1989-90 and 1991-92 at a
site 15 km away (Sturm and others, 1993) using a similar
method.

Isotopic ratios

Stable-isotope ratios of "*O to '°O and of deuterium to

hydrogen were measured during 11 winters between 1966
and 1987. Snow samples (500 em?®) were collected sequen-
tially from top to bottom at the end of winter, before the
thaw. Analysis protocols are described by Friedman and
others (1991). Results are expressed relative to Vienna Stan-
dard Mean Ocean Water (V-SMOW) in standard delta
units (6D and 6'*O) in parts per thousand (per mil). The
isotope ratios were used to track the transport of water
vapor from the soil to the snow and upward within the
snow. In effect, water vapor from the soil, which is isotopi-
cally heavier (higher values of 31D and 6"0) than the over-
lying snow, was used as a natural tracer. The isotope ratio of
the soil moisture was measured by collecting the ice that
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formed under the impermeable tarpaulin at the end of
winter. The vapor flux out of the soil was also measured by
collecting this ice from a known area and weighing it.

RESULTS

A depth-hoar metamorphic sequence

Metamorphism in the subarctic snow results in the develop-
ment of a sequence of five distinct textural layers (Fig. 2;
Table 1). The uppermost layer (M1) consists of new or re-
cent snow. The underlying layers exhibit kinetic crystal-
growth forms and would be called either “solid” or “skele-
tal” depth hoar (Akitaya, 1974). The top two depth-hoar
layers (M2 and M3) have textures that are common. They
appear in the International Classification of Seasonal Snow
on the Ground (ICGSSG; Colbeck and others, 1990) as types
4a and 4b, or a and 5b if they tended to form vertical
chains of cups. Layer M4, consisting of squat, eroded
prisms of depth hoar, has no textural analog in the ICSSG
and does not seem to form in moderate climates. Character-
istically, its columnar prisms have sharp, striated lower
edges, but smooth, eroded upper edges indicative of
growth at the bottom and mass loss by sublimation at the
top. It is noticeably the weakest layer in the snowpack,
often collapsing spontaneously or due to a slight jarring.
Layer M5 would be classified as 5¢ in the ICSSG, and the
inclusion of this texture and the type example used in the
ICSSG comes from observations made during this study.

The sequence described above is both stratigraphic and
metamorphic. As a layer of snow metamorphoses, it evolves
from MI to M2 and so on. Consequently, layers at the base
of the snow exhibit more “advanced” stages of depth-hoar
metamorphism than those above. Not only have the lower
layers been subjected to temperature gradients longer than
the overlying layers, but they have also experienced stron-
ger gradients, since metamorphism early in the winter
occurs when the snowpack is thinner (Fig. 1).

Changes in grain-size and number

Mean grain-size of a sieve sample was calculated using the
following equation (Iriedman and Sanders, 1983):

Table I. Five metamorphic textures of subarctic snow

Sturm and Benson: Vapor transporl, grain growth and depth hoar

S5
)

'

Lig. 2. The stratigraphic sequence of snow textures ( crystal
and grain morphologies ) typically found in the subarctic
snow cover during the winter. It is also a metamorphic se-
quence for individual layers of snow, with layers progressing
Srom M1 toward M5. See Table I and text for layer descrip-
tions.

5 LMD

=1=
f —— — — — — ———— 1
100 (1)

-

where d is the mean grain diameter for the sample, M is the
weight fraction in the jth sieve,and D; ;1 is the average of

Texture Description C-axes Size ICSSG equivalent Source
orientation

Ml New and recent snow: mostly stellar crystals, Random -5 mm le, 1d,
broken stellars and stellar branch remnants 2a,2h

M2 Salid-type depth hoar: small erystals often equant, Random 0.5-2mm ta. 1b Akitaya (1974
with distinet facets, no striae

M3 Cups, chains of cups: large pyramidal cups Vertical 420 mm 5a, 5h Trabant and Benson (1972),
opening downward, heavily striated, skeletal Colbeck (1986), Sturm (1991)
growth, some scrolling

M4 Squat hexagonal cylindrical prisms: striated and Vertical 4-20 mm None Sturm (1991)
sharp on lower edges; eroded and glassy on top
edges; very weak bonds

M5 Long thin prisms: keel-like ice growths on Horizontal 625 mm ¢ Sturm (1991)

upper surfaces; sharp edges, heavily striated
lower surlaces: hexagonal end-caps
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the sieve-mesh opening of the jth and j+ Ith sieves, with a
total of L sieves.

From the sieving, grain distributions were also deter-
mined, Normally, a size distribution is determined from
the weight fraction in each sieve (Royse, 1970; Blatt and
others, 1972; Friedman and Sanders, 1983) based on the pre-
mise that the size of a grain is related to the size of the sieve-
mesh opening through which it passed. For spheres and
other simple, regular shapes, this is true (Ludwick and
Henderson, 1968), but for highly convoluted shapes like
depth hoar, a simple relationship may not exist. 1o avoid
complicated and possibly arbitrary conversions between
grain-size and sieve size, we dealt directly in grain mass.
For several representative depth-hoar samples, the indivi-
dual grains in cach sieve were weighed to establish a rela-
tionship between the sieve-mesh size and the average mass
of the grains in the sieve (Fig. 3). Bader and others (1954)
performed a similar procedure, and their data (Fig. 3)
agree well with ours.

The data were fit with a polynomial:

—_—3
T = o (%) (2)

where 1 is the average mass (g) of a grain in sieve, Djj. 1,
in mm, is defined in Equation (1) and a = 0.0001266. If a
collection of perfect ice spheres were sieved, the value of «
would equal 0.0001698 (dotted line in Fig. 3). The curve for
depth hoar lies surprisingly close to the curve for spheres,
and it is likely that more rounded snow textures would lie
even closer. Using Equation (2), the average mass of a grain
caught in a particular sieve can be determined. Since the
total weight fraction of snow in the sieve was measured, the
total number of grains in each sieve could be estimated.

Summing for all sieves permitted the total number of

grains in a sample to be estimated as well (Appendix A).
Average grain-sizes determined by sieving and from
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Fig. 3. Grain mass as a function of sieve size. nis the number of
samples that were weighed. Steve size is customarily given as
the length of the diaganal of the mesh openings. Data from
Bader and others (1954) are tncluded for comparison, and
are surprisingly consistent given the radical differences in
length of time the sieves were agitated ( see text ). A calcu-
lated curve ( dotted ) is shown for a hypothetical snow consist-
ing of ice spheres.
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Fig 4. A comparison of average grain-size determined by siev-
ing with size determined by photographic methods for loose
grains. The agreement is good at 10 cm height. At 4 cm
height, the agreement is accepitable except for large, ornate

grams.

photographs are compared in Figure 4. Sieve measure-
ments tend to be biased toward smaller grain-sizes as a
result of breakage of single grains. Stereological measure-
ments tend to be biased toward larger grains because two
touching grains may be digitized as a single larger grain.
Dullien and Mehta (1972), working with salt grain-size dis-
tributions, found the same bias. In general, we observed dif-
ferences to be less than 1 mm. However, for snow that had
metamorphosed into large, complicated grains, the agree-
ment between the two methods was not as good. For these
samples, differences in size arose because the large, ornate
grains were poorly suited to being characterized by an
equivalent circle or measured by sieving,

Metamorphosis of the snow into depth hoar was accom-
panied by a two- to three-fold increase in the grain-size. In
Figure 5, the average size, determined by sieving and calcu-
lated using Equation (1), has been plotted for four layers of
snow on the ground and two layers on the tables. At 4cm
height, and to a lesser extent for the other layers, some
growth had already taken place before the first measure-
ments were made, so the initial grain-size is not known. As
suggested hy the dotted lines in Figure 5, most grains were
less than 1 mm in diameter at the start. They grew quickly
after deposition, but growth rates soon decreased, as can be
seen in the curves for the layers at 20 and 30 cm. Grains in
layers of snow on the tables, not subjected to strong tem-
perature gradients, maintained nearly constant size during
the same period that grains on the ground were growing,

As grain-size increased, the grain-size distributions
changed (Fig. 6). The shift in the distribution curves indi-

{

cates (a) the steady increase in the average grain-size, (b)
the steady increase in standard deviation, evidenced by
widening of the curves, and (¢) a gradual shift from un-
imodal to bimodal then back to unimodal distributions.
This evolution can be seen most clearly for the snow layers
at 10 and 20 cm, where a strong mode at 1.44 mm gradually

disappeared while a second mode at 2.68 mm built, shifted
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Fig. 5. The increase in mean grain diameter of four lavers of
snow on the ground and two layers on the tables during the
winter of 1986-87. Some growth ( indicated by dotted lines)
had occurred before the first measurement. The initial size
was about Imm. Compare the lack of change in size for layers
on the tables with layers on the ground.

L 1 1 1 1

table: 4 cm

40

20

Frequency (%)

Grain-size (sieve) (mm)

Fig. 6. Cumulative grain-size distribution curves for four
layers on the ground and one layer on the tables. The snow at
4 cm had already metamorphosed into depih hoar before it was
Jirst sieved. A dotled line indicating the initial distribution
has been added to each set_for reference. Heavy solid lines are
the final distribution of the winter,
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to the right and broadened as the snow metamorphosed into
depth hoar. At 4cm height, the layer was already depth
hoar when it was first sieved, so its distribution curves
remained constant throughout the winter. Again, the large
changes observed for snow layers on the ground contrast
sharply with the limited changes observed for layers on the
tables.

The evolution of grain-size was accomplished through
an order-of-magnitude decrease in the number of grains
per unit mass (Fig. 7; Appendix A). Data from four layers
of snow have been plotted as a function of time since deposi-
tion to highlight the trend. For these layers, most of the re-
duction in number occurred in the first few weeks. For
example, the number of grains in the snow layer at 30 cm
changed in the first 40d from approximately 65 x 10° 1o
less than 10 x 10" grains kg ', but in the following 110 d the
number of grains hardly changed at all. The decrease was
accomplished by a drop in the number of small grains and
a rise in the number of large grains. When first measured,
there were no grains in the four largest sieves, but more
than 50 x 10” grains kg ' in the smallest sieve. By the end
of the winter, the four largest sieves contained over 2 x 10
grains kg ', all of them depth hoar, and the number in the
smallest sieve had been reduced by a factor of 5.

60x10 © - D
s ® 20cm
b 50 - ¢ 30cm
& (1) =(g o-B,)+Bexp(-pt)
g(t) =(g o-B,)+B,exp(-
@ 40 o
@ go=47.6e+06
o o7 B=42.76+06
g B,=0.0524
g 20 *» R
=
10
al *
0 : T T T ¥ T ¥ T
0 40 80 120 160

Time since deposition (days)

Fig. 7. The evolution of the number of snow grains ( per unit
mass) for snow layers at 4, 10, 20 and 30 cm, winter of
1986—87.

The data in Figure 7 can be fit with an exponential
curve:
g9(t) = (g0 — Br) + Bre ™ (3)
where gis the number of grains per unit mass at time £, g is
the initial number of grains in the sample, 476 x 10"kg ',
and ) and 35 are constants equal to 427 x 10° and 00524,
respectively, when time (£) is measured in days. Though we
do not use the results of Equation (3) directly, we present it
here because the reduction in the number of snow grains
during depth-hoar metamorphism has been noted by many
observers (Paulcke, 1934; Seligman, 1936; Bader and others,
1954 Benson, 1962; Akitaya, 1974) but not previously quan-
tified.

Changes in density and layer thickness

The end-of-winter density profile of the subarctic snowpack

il
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Fig. 8 Composite end-of-winter densily profiles for snow on
the ground and tables near Fairbanks, 1966—87. Snow on the
tables was not subjected Lo strong temperature gradients, while
snow on the ground was. The ground snow develops a profile
that is nearly constant with height, while the table snow
develops a profile that decreases with height. The profiles
have been calculated from density profiles from 11 winters.
Data for table snow are shown by the + symbols. Density
prafiles from the end of winter have been non-dimensiona-
lized by dividing the snow depth (h) and snow density (p)
by the total depth ( hioral) and the mean density { paye ).
Using these nondimensional depth—density curves, the mean
profile has been determined.

was usually uniform with height (Fig. 8). In contrast, the
profile for snow on the tables showed a decrease in density
with height (Fig. 8) more typical of snowpacks found in
temperate climates. The contrast is due to differences in den-
sification rates and in the way vapor transport redistributes
mass in the pack. Layers on the ground densify more slowly
than equivalent layers on the tables, while at the same time
they lose mass due to an upward-directed vapor flux.

To illustrate, we note that all ten layers comprising the
1986-87 ground pack densified at a lower rate than the
equivalent layers on the tables (Table 2; Fig. 9). On both
table and ground, layers experienced an initial period of
rapid densification followed by a secondary period of
slower densification, but during both periods the ground
snow densified more slowly than the table snow. In fact, dur-
ing the secondary period, snow layers on the ground experi-
enced little or no change in density, while equivalent layers
on the tables continued to densify.

As the snow layers densified, they settled and com-
pressed, leading to changes in thickness (Table 3; Fig. 10).
Commensurate with changes in density, layers on the
ground compressed more slowly than layers on the tables.
Rates in the lowest layers on the ground ranged from 0.5 to
1.0mmd |, then decreased to less than 0.l mm d !several
weeks after the snow was deposited. Layers on the tables
compressed at rates twice as fast, and continued to com-
press after layers on the ground had virtually ceased chan-
ging thickness. Basically, the depth hoar on the ground is
more resistant to compaction than the fine-grained snow
on the tables, a fact that has been noted by Kojima (1959),
Akitaya (1974) and Armstrong (1983). This “stiffness” arises
because the depth hoar forms vertical grain structures, de-
scribed by Trabant and Benson (1972), Akitaya (1974),

500 Dec. Jan. Feb. Mar. |
250 o & -
i .
£ 200 A = B2
2 = * ]
= 150 -.__,i-ﬂ_ . IS
@ ot
S 100 47 -
=]
0 O table i
®  ground
0 - -

T T T T

T T
340 360 15 35 55 75
Day of year (1986-87)

Fig. 9. Densification of snow layer 3 on the ground and the
tables, showing typical rapid densification at first, and
slower densification later.

Table 2. Density (kg m™>) of ten snow layers during the winter of 1986-87; layer thicknesses are given in Table 3
by (1 kg 1y g v §

Date 21 Nov 28 Nov 3 Dec 12 Dec 20 Dec 31 Dec 6 Jan 14 Jan 26 Jan 10 Feb 2] Feb 10 Mar
1986 1956 1986 1986 1986 1986 1987 1987 1987 1987 1987 1987
Elapsed time (d) 0 ¥ 12 21 29 40 46 54 66 8l 92 109
Layer 10 119 116 115
Layer 9 125 170 168 175 164
Layer 8 72 150 178 171 196 191
Layer 7 120 111 151 161 192 200 183
Laver 6 200 195 185 191 200 196 185 198
Layer 3 194 187 182 200 201 202 218 192
Layer 4 110 167 191 190 191 198 191 200 200 179
Layer 3 120 135 163 160 180 186 169 175 170 170 189 170
Layer 2 158 145 161 155 168 160 170 155 175 168 168 162
Layer | 172 155 183 160 151 173 162 145 168 172 157 171
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Table 3. Thicknesses (em ) of ten snow layers during the winter of 1986-87; densities are given in Table 2

Date 21 Nov 1986 28 Nov 1986 3 Dec 15 Dec 1986 31 Dec M Jan 1987 27 Jan 1987 10 Ieb 21 Feb 11 Mar 1987
1986 1986 1987 1987
Elapsed time (d) 0 7 12 29 40 51 67 8l 92 110
Laver 10 21 1.1 0.9 |
Layer 9 5.3 34 . 53] 4.6 52
Layer 8 8.5 6.8 13 6.1 6.1
Layer 7 1.8 3.5 24 32 25 24
Laver 6 2 2.5 23 23 2 22 1.5
Layer 5 30 25 22 21 23 21 28
Layer 4 11 36 3 3 3.3 35 3.1 27
Layer 3 6.7 7.5 6.8 5 5 55 13 49 16 53
Layer 2 23 2 1.8 2.3 2 no data no clata 1.5 2] 24
Layer | 6 6 7 2.9 6 no data no data 6 58 46
10 1 I L 1 1 1 i | | |
T Dec. Jan. Feb Mar. [
. = . o 21 November 1990: 0600 h
oo
= e A B ground 5 | -
§ .= O table ha
< _
g 6- - E
% a
< £ 04 SNOW SUrfaCem——— |
= )
4+ - o
g
(7]
& T T T T T T & 0.2+ =
340 360 15 35 85 75
Day of year (1986-87) A Measured temperature
e CUTVE it 0 data (Equation (8))
0.0+ =

Fig. 10. Compaction of snow layer 3 on the ground and the
tables, showing typical rapid compaction at first, and slower
compaction later.

Colbeck (1986) and Sturm (1989, 1991), that function as stifl’
but brittle columns.

Vertical temperature profiles in the snow

Vertical temperature profiles in the subarctic snowpack
show strong concave-downward curvature (Fig. 11, a fact
we have verified many times during the past 30 years (un-
published information from C. S. Benson, 1972; Sturm, 1989,
1991). From one winter to the next, despite substantial differ-
ences in weather, snow depth and stratigraphy, temperature
profiles are similar. In a survey of over 12 000 measured
temperature profiles taken between 1987 and 1992, over
75% exhibited concave-downward curvature,

Isotopes and the height of water-vapor mixing

About 5% of the total snow water equivalent at the experi-
mental location was derived from the upward flux of water
vapor out of the soil. The flux averaged 26 x 0 "kgm *s '
(Table 4), sufficient to deposit a layer of ice about 0.5 ¢cm thick
beneath an impermeable tarpaulin. Ice beneath the tarpaulin
was enriched in deuterium and "0, compared to normal win-
ter snowfall, because it was derived from rainwater (Fried-

In general, it is possible to calculate only the net water
vapor fluxes, not the gross fluxes. Net fluxes are calcu-
lated from differences between the initial and final mass
of a snow grain or layer. Large, balanced fluxes can po-
tentially exist yet give rise to no change in density.
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Fig. 11 A typical temperature profile from the subarctic snow
showing strong concave-downward curvature.

man and others, 1991), This enrichment amounted to 4050
per thousand 1) when measured in 1975, 1985 and 1986 (Fig.
12). Where no tarpaulin was present, the water vapor from the
soil entered the snowpack, enriching the basal layer of snow in
deuterium and 0. Based on ten sets of 6D profiles taken he-
tween 1966 and 1987, this basal enrichment ranged from 19 to
30 per thousand 6D when compared to equivalent snow layers
on the tables (Fig. 12). The enrichment extended up through 10
cm in the snow, corresponding roughly with the M3 layer
(Fig. 2).

We have calculated the isotopic composition of the basal

Table 4. Uprward-directed soil water-vapor flux

Year Flux

2
kem “s

1967-68" 32 x 107
196869 28 x 107
1969 70" 35 %107
1973-74" 17 x 107
198586 18 %107
198687 26 x 107
Average 26 % 10 7

* Trabant and Benson (1972
oo . =
C. 8. Benson, unpublished (1974),
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Fig. 12. Profiles of 8D values ( per thousand) for snow on the
tables, bare ground and a tarpaulin on the ground. Note that
the basal 10 cm of snow on the ground is consistently heavier
than the equivalent layer on the tables, while the opposite is
true for the top 10 cm.

layer of the snowpack for the hypothetical case where soil
moisture was simply mixed into the layer. This was done by
adding the mass of soil moisture (listed in'lable 4), times the
measured 8D values of that moisture, to the product of the
initial snow mass times its measured 01> value. I'or the years
for which we have data, mixing gives calculated 6D values
of =193 vs —184 (measured) for 1975; —164 vs =155 for 1985;
and —180 vs —177 for 1986. In all cases, the measured value
is “heavier” (depleted in lighter isotopes) than the value cal-
culated by mixing. For 1985 and 1986, we can also calculate
the 020 values for the case of simple mixing and compare
them to the measured values. These are plotted in Figure 13.
Both measured 6D and 60 values are “heavier” than the
hypothetical values due to mixing alone. We conclude, as
did Friedman and others (1991), that while mixing is impor-
tant, it is not the only process affecting the isotopic compos-
ition of the basal layers of snow. The slope of the lines
connecting the isotopic compositions calculated for pure
mixing to the measured compositions (Fig. 13) suggests that
isotopic fractionation during sublimation and diffusion was
also operating.

The snow on the ground, but above the impermeable
tarpaulin, also showed a slight basal enrichment in 6D
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Fig. 13. Isotope trajectories for basal snow samples, 1985 and
1986, Numbers indicate the slope of the trajectories.

(Fig. 12). This could not have been the result of the migra-
tion of soil moisture into the snow, so it must have been due
to the preferential removal of water vapor enriched in light
isotopes. It confirms our conclusion that the final isotopic
composition of the basal snow layer was the result of two
processes: enrichment due to the migration of “heavy” soil
moisture into the layver, and fractionation of vapor within
the layer, resulting in the loss of “light” vapor upward un-
der the influence of temperature gradients.

The “light” vapor appears to have traveled up to the top
of the pack where some or all of it condensed. A consistent
feature observed from 1966 to 1987 was a 5-20 cm thick
layer at the top of the pack that was enriched in light iso-
topes (hydrogen and '®0)) (Fig. 12). The observed enrich-
ment varied from 10 to 30 per thousand dD. In 1975, new
snow had fallen just before the samples were collected, so
the enriched zone was just below the new snow layer. We
know of no mechanism in dry snow that could preferen-
tially remove “heavy” isotopes at the top, so we conclude
the isotopic shift was the result of deposition of light iso-
topes moving up from below.

ANALYSIS
Estimate of layer-to-layer vapor transport

The growth of large depth-hoar crystals (Figs 2 and 5) is
proof of the existence of net water-vapor fluxes” between
snow grains. Guhbler (1985) referred to these as “inter-part-
icle vapor fluxes” Such local net fluxes do not require the
movement of vapor from one snow layer to another, nor do
they necessarily result in a change in layer density. Net
fluxes between layers, on the other hand, change the layer
density and cause grain growth or shrinkage.

* Rapid variation in air temperature affects the near-sur-
face snow temperature and can alter the curvature of the
top 10—15 em of the temperature profile, either enhancing
the concave-downward curvature (cooling) or reversing
the curvature (warming) near the top. This near-surface
effect can usually be detected.
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The existence of net layer-to-layer vapor fluxes has been
questioned, Marbouty (1980) and Armstrong (1983) found
that the mass of a layer of snow remained constant during
the growth of faceted depth-hoar grains, suggesting that
the net layer-to-layer transport was zero. Trabant and
Benson (1972), working in snow subjected to stronger temp-
crature gradients for longer periods of time, found measur-
able amounts of mass transferred from one layer to another.
Alley and others (1990), using measurements of snow density
and the concentration of methanesulfonic acid in thin layers
of near-surface snow undergoing depth-hoar metamorph-
ism, also concluded that there was significant mass trans-
fer. The present study, conducted at the same location used
byTrabant and Benson, reaches the same conclusion.

The magnitude of the net layer-to-layer flux can be esti-
mated by comparing end-of-winter density profiles from the
ground and the tables (Fig. 8). Since the net layer-to-layer
flux on the tables was negligible, we assume that any differ-
ence in the density profile on the ground compared to that
on the tables is the result of a net upward transport of vapor
on the ground. For ground snow, the loss of mass (rom the
hottom of the pack was roughly equal to the gain at the top
(Fig. 8). If in the course of a winter (&170d) the mass
(=14 kg m %) moved up and none moved out of the top of
the snow cover, it would require a net vapor flux of
95 x 10 "kgm “s . If this came from a lower layer 0.20 m
thick, and went into an overlying layer 0.30 m thick (Fig 8),
the average vapor-llux gradient would have been 47.6 x
|0'7kg m s 'm ' This is an upper limit since it fails to
account for the fact that snow on the tables compacts more
rapidly than snow on the ground (Fig. 10), a point we return
to later.

Calculation of layer-to-layer vapor transport
To calculate the net layer-to-layer flux, it is necessary to

solve the continuity equation for a compacting layer of
Snow:

Sturm and Benson: Vapor transport, grain growth and depth hoar

poh  aps 0l ,
h 8t+ ot~ 0z (4)

where p; is the layer density, £ is time, h is layer thickness, zis
a vertical coordinate, and .Jy, is a vertical mass flux, here
limited to water vapor. Both .J; and z are positive upward,
and the minus sign accounts for the fact that when more
vapor enters through the bottom than exits through the top
of the layer (a negative flux gradient) it increases the mass of
the layer. The overbar denotes spatial averages across the
layer.

We can solve Equation (4) using the density and thick-
ness measurements made in 1986-87 ('Tables 2 and 3),
though large uncertainties in thickness ( +3 mm) and den-
sity (£14kg m ™) result in uncertainties in flux almost as
large as the flux values themselves. Also, data from a cru-
cial period between October and November, when the two
basal layers of snow were probably experiencing vigorous
vapor transport, are missing. Combined, the problems
make our data insufficient to do a full seasonal vapor mass
balance. However, they are sufficient (o indicate the general
time evolution of layer-to-layer fluxes in the snow, our main
interest.

For each snow layer, linear compaction and densification
curves of the form:;

h(t)=at +0b (5)
ps(t) = et +d (6)

were fit to the data inTables 3 and 4. Compaction and densi-
fication rates were relatively high immediately after a snow
layer was deposited, but quickly dropped to lower rates
(Figs 9 and 10), so the initial period of rapid change and the
final period of slower change were fit separately. For initial
and final line segments, derivatives were approximated by
differentiating Equations (5) and (6). p; and h were evalu-
ated at the midpoint of each line segment, and Equation
(4) was then solved, giving an early- and late-winter value
of the vapor flux gradient. The results are listed in Table 5,

able 5. Calculated layer-to-layer water flux gradients, net vapor fluxes and integrated fluxes, 1986-87

Layer Start End Dayy Density Thickness M fot ap/ot aljozx Net flux
kgm * m 10 “ms! 10 7kgm s ' 10 7kgm *s'm ' 10 "kgm 2s 'm !
| 21 Nov 1986 2] Feb 1987 92 165 0.059 1.39 1.6 55 0.3
2 21 Nov 1986 21 Feb 1987 92 163 0.019 394 14.2 189 04
% 21 Nov 1986 15 Dec 1986 24 155 0.064 95.83 1529 79.2 5.1
3 15 Dec 1986 2] Feb 1987 68 177 0.049 -8.28 35.7 1.7
kL 3 Dec 1986 31 Dec 1986 28 163 0.037 57.06 3235 -70.5 =26
Iy 31 Dec 1986 2| Feb 1987 52 193 0.032 (.00 11.0 14.0 0.4
5 15 Dec 1986 14 Jan 1987 30 192 0.026 38.87 226 263.3 6.9
5 14 Jan 1987 21 Feb 1987 34 199 0.022 0.55 22.6 17.6 0.4
6 15 Dec 1986 21 Feb 1987 68 194 0.022 1.04 1.5 10.5 0.2
7 31 Dec 1986 27 Jan 1987 27 135 0.036 102.94 274.1 108.8 39
7 27 Jan 1987 21 Feb 1987 25 180 0.027 0.00 579 =579 -1.6
8 14 Jan 1987 27 Jan 1987 13 157 0.080 192.94 586.8 -206.7 -16.5
8 27 Jan 1987 21 Feb 1987 25 181 0.068 2894 19.1 28.5 1.9
9 14 Jan 1987 21 Feb 1987 38 170 0.050 2315 11.2 67.1 34
10 27 Jan 1987 10 Fely 1987 14 117 0.012 8264 18.1 no data” no data”

Bold-faced values are significant and not due to uncertainties in calculations,

B,

Subscript *17% initial period of rapid compaction.
Subscript *f”, final period of slower compaction.
- ~ LS o . .
Top layer of snow diflicult to work with: values unreliable.
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with subscript “i” referring to the initial and *f” to the final
line segments. The results are also depicted graphically in
Figure 14. The flux gradient was multiplied by the average
layer thickness to determine the net flux from the layer (also
in Table 5). Based on an error analysis (Appendix B), we list
significant values in bold type. Initial values were not avail-
able for layers 1, 2

The mass redistribution took place in a complex and

and 6, nor final values for layers 9 and 10.

episodic manner. Peak flux gradients, generally observed
immediately after a layer was deposited, were an order of
magnitude greater than average values. These peak values,
however, were maintained for relatively short periods of
time, suggesting that much of the mass redistribution in the
snow took place in short, intense bursts.

A more puzzling result was that the snow layers that
gained mass (+ in Fig. 14) were not always near the surface
of the snow. Stable-isotope data indicate an accumulation of
vapor in the upper layers of snow (Fig. 12), and these layers
are preferential sites for condensation of water vapor
because they are colder than the snow lower in the pack
(Nyberg, 1938). Condensation of vapor from the air results
in the development of surface hoar (Lang and others, 1985;
Colbeck, 1988). We expected that condensation of vapor
moving up from the base of the pack would result in in-
creased mass just below the surface. Instead, the calcula-
tions indicate that the mass often increased deeper in the
pack. The coarse time resolution (two values per winter for
each layer) make it possible that near-surface layers accu-
mulated vapor when they were at the surface, but lost
vapor later, when they were buried by new snow, thus end-
ing in a net deficit over the period of calculation. It is also
possible that we are mistaken in thinking the snow/air inter-
face is the locus for vapor condensation.

snow layer
+ layer gained mass during interval

layer lost mass dunng :nterval

Calculated flux gradients and net fluxes for the bottom
two snow layers were relatively low (Table 5; Fig. 14), but the
measured flux of vapor from the soil (Table 4) and the
stable-isotope data (Fig. 12) suggest that these layers should
have experienced some of the highest fluxes in the pack.
They are the warmest layers, and are subjected to strong
temperature gradients in early season (Fig. 1). The most like-
ly explanation for the low values is that we missed a key
period of high flux early in the winter just after the two
layers were deposited. They had been on the ground nearly
40d at the time that they were first measured in November
1986, and had already metamorphosed into depth hoar.
This interpretation is even more plausible if we compare
flux gradients and net fluxes based on measurements of in-
(1986-87) with the values calculated from
end-of-winter density profiles (1966-87; Table 6). The aver-
age flux gradient for 198687 is about half the value calcul-
ated from a comparison of table and ground density profiles
(Fig, 8), and the net flux in 1986-87 is about ten times lower.
The values calculated from density-profile comparisons in-
clude early winter fluxes that are missing from the 1966-87
data set, and they agree with the values published by
Trabant and Benson (1972) ('lable 6).

For a true comparison, however, it is necessary to correct
hoth our 1966-87 density profile values and those of Trabant
and Benson (1972) for differential snow settlement on the
tables and the ground. Both sets (’

dividual layers

Iable 6) have been calcul-
ated without measuring changes in the thicknesses of snow
layers. The calculations are based on two assumpuons (1
there is no net vapor flux in snow on the tables (8Jy/8Z in
Equation (4) is zero), and (2) the compaction rate,
(7=/h)(Dh/0t), is the same on the tables as on the ground.
Under these assumptions, the flux gradient on the ground

W —

©

—_— (0<aiZ<5X 108 kgmZsTmT) e e — @
e l2yer lost mass during interval |
(@Jz=5% 108 kgm2s'm7) i

+ |l em— s
|

— L il mm—r T @

— — + + +10

+ + — — - |®

[
W | @
? —_ — —_— - - e @
) 5 Nov. 3 Dec. 15 Dec. 31 Dec. 14 Jan. 27 Jan. 10 Feb. 22 Feb.
<+—— 1986 - 1987 —

Fig. 14. Layer-to-layer vapor-flux gradients for the snowpack of 198687, Plus signs indicate a layer that was gaining mass, minus
signs one that was losing mass. The size of the symbol ( big or little ) suggests if the rate was high or low. The vertical dashed lines
in layers 3,4, 5, 7 and 8 indicate the initial and final periods ( see Figs 9 and 10).
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Table 6. Comparison of net fluxes and flux gradients from this and other studies

Source

10 7k;_{ m s 'm

Flux gradient

Flux gradient Nel flux Net Flux

! 10 "kgm ?s 'm™! 10 kgm %5 ! 10 "kgm %s !

(uncorrected ) ( corrected ) { uncorrected ) { corrected )

‘Table and ground density profiles, 1966-87 ( Fig, 8" 47.6 376 95 7.5
Trabant and Bensan (1972)

Basal hoar, 1965-66 32 432 69 3.6

Basal hoar, 196569 744 64.4 97 8.4
Average, ten layers, 1986-87 (‘Table 5)* 26.2 272 1.2 1.2
Peak 263.3 2633 16.5 16.5
Average calculation from model using temporal 500 50.0 25 25

profiles, 1987, 1991, 1992

Peak 500.0 500.0 15.0 15.0

Uncorrected indicates that differential compaction between tables and ground snow has not been accounted for.

; p 7 R4 o] o 2
Corrected by subtracting 10 x 10 “kgm “s 'm ' (the difference between table and ground compaction rates).
b S g g I

* . . : o
Based on 11 table and ground density-profile comparisons, 1966-87.

L 2 . - e +
Based on comparisons of densification rat

%
+

can be evaluated by subtracting the densification rate for
snow on the tables from the densification rate for snow on
the ground. Unfortunately, the second assumption is
wrong, Figure 10 shows that for stratigraphically equivalent
layers, the layer on the table compacts more quickly than
the layer on the ground, particularly immediately alter de-
position. Later in the winter the compaction rates are more
nearly equal. In 198687, the difference between table and
ground compaction term averaged 1.2 x 10 f"kgm gt
Using this value, we have corrected the flux gradient and
net flux values inTable 6. Even with the correction, flux gra-
dients computed from the snow-layer data of 1986-87 are
still 50% lower than the [lux gradients computed from den-
sity profiles for 1966-87. If we assume that flux gradients for
the 40 d period at the beginning of winter missing from the
1986—87 data were approximately equal to the maximum
observed flux gradient {>200 x 107 kegm *s 'm Y, then
the recalculated values for 1986-87 are consistent with the
values computed from other data, Given that flux measure-
ments cannot be made with great accuracy, we consider the
agreement between the two methods quite good. Also,
despite missing the flux from the two basal layers in 1986
87, the data for higher layers are still valid and are useful
for showing the magnitude of the layer-to-layer fluxes and
the complexity of the evolution of the layer-to-layer vapor-
flux system.

A model of layer-to-layer vapor transport

We now develop a simple model in order to examine the
time-dependent transport of water vapor. It is a one-dimen-
sional vapor-diffusion model, based on observed vertical
temperature profiles in the snow, and the dependence of
the equilibrium water-vapor density on temperature. T'he
temperature profiles (Fig. 11), and the dependence of the
water-vapor density on temperature, are both non-linear
functions. In combination, they produce an equilibrium
water-vapor density profile in the snow that has two inflec-
tion points. As a consequence, the model predicts that there
will be a semi-stationary zone low in the pack where the
snow density will decrease due to the loss of water vapor,
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Based on data in'lable 5. Values are spatial and temporal averages ol flux gradient and net flux magnitudes.

and a complementary zone high in the pack where the den-
sity will increase due to the accumulation of vapor.

To run the model, we assume vertical heat and vapor
flow. We further assume that the thermal conductivity is
constant with height. In fact, thermal conductivity in-
creases with height (Sturm and Johnson, 1992), which
would result in vertical temperature profiles that had con-
cave- upward curvature, if conductivity were the only vari-
able. Because this is the opposite of what is normally
observed (Iig. 11), our assumption of constant conductivity
results in conservative estimates of vapor-flux gradients,

We also assume that the water-vapor density is in ther-

mal equilibrium with the local snow and can be predicted
by the Clapeyron equation, a common assumption (Bader
and others, 1954; Colbeck, 1982). The equilibrium vapor
density (py) is:
Py = p\_”(,[l.(']'—]’(.J/(RTTH}] (7)
where Tj) and pyg are the temperature and vapor density at
the melting point (0°C and 4.847 gm ), L is the latent heat
of sublimation (2838 g '), R is the gas constant for water
vapor (04619 J ¢ ' °C "), and T is temperature (see Colbeck
(1990) for the derivation of Equation (7)),

To each measured vertical temperature profile, we fit a
smooth non-linear function of the form:

1

T(z) = ¢y + ¢ =
(z— ) + ey

(8)
using a least-squares regression that minimizes the resi-
duals. Equation (8) was chosen because it fits the data well,
but otherwise has no physical significance. The fitting process
is required to smooth the data in order to compensate for
slight errors in temperature or the thermistor position. We
substitute Equation (8) into Equation (7) to get a relation-
ship between the equilibrium water-vapor density and
height in the snow (p, = py(z)) for each temperature profile.

Next we assume that the vapor transport can be de-
scribed by:

J\- = —FD()

+ dpyv (9)

where ., is the water-vapor flux, Dy is the water-vapor dif-

1=
&
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fusion coeflicient in air, @ is the porosity, v is the vertical
convective velocity, and £ is an enhancement factor. Equa-
tion (9) is similar to Colbeck’s (1982) equation (I). Sturm
(1989, 1991) and Sturm and Johnson (1991) have shown that
convection is common in the subarctic snow, so the second
term on the right in Equation (9) may he important. But to
simplify, we accommodate the convection in a heuristic

fashion: we allow I, the enhancement factor, to increase if

there is convection, but we remove the explicit convection
term. Colbeck (1993) suggests F ranges from 4 to 6, but
admits we know little about its true range of values. If con-
vection were present it would be higher than 6, and the
magnitude of our flux gradients would increase. Since our
main interest is the pattern of vapor transport, this simplifi-
cation is unlikely to be severe,

Without an explicit term for convection, Equation (9)
reduces to Ficks law. Differentiating with respect to height
in the snow (z):

Bk P py dpe OF
5= (r58)+ (Fras)| o

De Quervain (1973) derives a similar result.

We now assume that F'is constant with height. In reality,
it probably varies. Colbeck’s (1993) work suggests it should
be a function of pore size in the snow. As shown in Figures
2 and 5, grain-size decreases with height, so pore size prob-
ably does too, and F must vary. However, we have no data

on how [ varies, so we leave it a constant. If it varied, it
would change the magnitude but not the sense of our results.
Combining Equations (10) and (4), we get:
dps & py

. al,

ot Va2 8

in which the flux gradient is given in terms of the second
derivative of the water-vapor density, which can be approxi-
mated by numerically differentiating the combined Equa-
tions (7) and (8) twice, using a central difference scheme.

(11)

Equation (11) also describes the rate at which a layer of

snow will densify due to vapor condensation or sublima-
tion, and we refer to it this way in our results.

Using Equations (7)—(11) and measured temperature
profiles (taken every 6 h in 1986-87 and every 1h in 1989—

1 | 1

21 November 1990: 0600 h

0.6 L8
E
£ A snow surface. I
@ X maximum
g haight of maximum
=
& - | MR

0.0 T .

-10x10*® -5 0 5 10

Densification rate (kg m3sT)

Fig. 13. The densification rate as a function of height ( see text

Jor method of calculation ), calculated for the temperatuie pro-
Sile shown in Figure 11. The densification-rate maximum is
Just below the snow surface, and the minimum is about half-
way between the base and the top of the snow.
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90 and 1991-92), we have calculated the vapor-flux gradi-
ent (or densification rate resulting from vapor condensa-
tion) as a function of height in the snowpack. lo illustrate
the procedure, the temperature profile in Figure 11, typical
of many profiles, has been fit with Equation (8). The densi-
fication-rate profile corresponding to the temperature pro-
file, calculated using F'=4, is shown in Figure 15. It has a
minimum about one-third of the way up through the pack,
and a maximum just below the top. These, respectively, are
the locations of the most vigorous mass loss and gain. For
each temperature profile, the same procedure was followed
and the magnitudes of the maximum and minimum
densification rates were recorded. They are plotted as a
function of time in Figure 16. The height of the minimum
(as a fraction of total depth) 1s also plotted; the height of
the maximum is not shown since it was always slightly be-
low the snow surface.

Densification rates were generally about +50 x 107
kgm *s 'm ', though peak values ranged as high as
+500 x 107 kgm s 'm . This range of values is similar
to that calculated from changes in snow-layer density (Table
6). Most peaks were transient spikes associated with rapid
changes in air temperature. Maximum and minimum densi-
fication rates were coupled, but not identical. When the pack
began to lose mass from the lower part at a high rate, it hegan
to accumulate at a high rate in the upper part. In the model,
we do not force the integrated value to be zero (1.e., our system
is “open”), so these two rates do not have to be equal.

Several large events have been marked in Figure 16. All of
these events occurred when the air temperature was low
(Thir < —25°C) and the snow relatively thin (<30 cm). The
events have the same form: densification rates increase
rapidly when the air temperature mitially drops, but decay
as the cold weather continues. Unlike the transient spikes,
these events last several days and indicate an appreciable
amount of transport. The events show marked differences in
magnitude from one winter to the next. In 1986—87, one event
had densification rates in excess of 500 x 10 " kg m “s 'm’’
and lasted 10 d. This occurred while the snow was less than
20 cm deep. In the other winters, the snowpack built up in
the fall before the air temperature decreased, so calculated
densification rates were about one-fifth of the magnitude ob-
served in 1986-87.

The height of the minimum densification rate (top
panels in Figure 16) tended to be low in the pack, particu-
larly early in the winter when loss rates were highest. The
result suggests that there would be a zone of net mass loss,
potentially a weak layer, low in the snowpack. Its predicted
location coincides nicely with the location of layer M4,
which is noticeably weak (Fig. 4) and has textural features
that suggest mass loss by sublimation. In 1989-90, the loca-
tion of the minimum moved slowly but progressively higher
in the snow during the season. Early in the winter when
transport rates were highest, it tended to be located 20
30% of the way up from the base of the snow. By the end of
the winter it was 70-80% up from the base.

In summary, our temperature model predicts a vapor-
transport system that moves mass most vigorously from
low (but not the base) to high in the pack. Vapor-flux gradi-
ents vary more than an order of magnitude, and are in the
same range as those determined by other means ('lable 6).
The location of the minimum densification rate coincides
with a notably weak layer.
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Estimates of grain-to-grain vapor transport

In 198687, about one out of ten grains grew, while the rest
shrank (Fig. 7). If one assumes spherical grains and no layer-
to-layer vapor fluxes, this would yield an increase in size by
a factor of 2-3, which is close to what was observed (Iig. 3).
We can use these grain-growth measurements to estimate
the net inter-particle flux.

First, we estimate the net inter-particle flux from photo-
grammetric measurements of the width, height and thick-
ness of 70 grains photographed in March 1986. Irom these

measurements, we calculate that the end-ofswinter mass of

individual grains varied from | to 8 x 10 ”kg. The grains
began to grow in November 1983, at which time their mass
was nearly an order of magnitude smaller. Subtracting the
initial mass from the final mass and dividing by the elapsed
time, the growth rates ranged from 1 to 11 x 10 “kgs .
Dividing by the average surface area of an individual
grain, estimated from the photographs, we calculate that
the net inter-particle vapor flux averaged 0.24 to
090 x 10 "kgm *s ' during the winter.

Calculation of grain-to-grain vapor transport

We can also use the changes in the average grain-size shown
in Figure 5 to estimate the net inter-particle flux. The
growth curves have been replotted as a function of the
elapsed time since cach layer was deposited (Fig, 17), with
grain diameter replacing grain radius for convenience. Two
distinct trajectories (grain radius vs time) are suggested by
the data, one for the lower snow layers (4 and 10 em), and
one for the upper snow layers (20 and 30 em). The lower
layers were less dense than the upper layers and on average
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5"C higher in temperature, two conditions conducive to
more rapid growth.

The trajectories shown in Figure 17 are exponential
curves:

r(t) = oo — (Poc — 70) exp (—axt) (12)

where 7 is the grain radius (mm), ry is the initial radius.
equal to 0.532 mm for both upper and lower layers, and r
is the radius a grain converges to with time. For the lower
layers, oo =2.13 mm and o=
'+ = 1.88 mm and a = 0.0102.

0.0209; for upper layers,

1 | | | |
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g
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Fig. I7. Grawth-rate curves for two upper and two lower layers
of snow, 198687, with the net inter-particle vapor flux im-
plied by this growth rate ( see text for details ) shown on the
right axis.
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When differentiated, Equation (12) gives the growth
rate:

dr

e

The exponential forms in Equations (12) and (13) indicate a

a(rs —1o) exp (—adt) . (13)

growth rate (dr/dt) proportional to the number of grains
present in a layer at a given time (i.e. the number of vapor
sources), and are consistent with Equation (3), which indi-
cates that this number decays exponentially with time.
Equation (13) can be used with a simple model of sphe-
rical grains to estimate the net inter-particle vapor flux. Ap-
proximating snow grains as ice spheres is not that extreme
an assumption given the similarity of the curve for spheres
and the other curves in Figure 3. The model also recuires
the assumption that the rate of water-vapor condensation
on a spherical grain is proportional to its surface area. Un-

der these assumptions, the rate of change of mass of an aver-
age grain with time (dm/dt) is:
dm o dr
—— 4’ﬂ'{}i'f'2 —_ (1,1)
dt dit

where p; is the density of ice, and we have made use of the
relationship dV/dt = (9V /dr)(dr/dt) between the vo-
lume (V) and the radius to derive Equation (14). The rate
of condensation of water vapor per unit area (j(t)) on a
growing grain multiplied by the surface area of the grain
(S = 47r?) must equal the time rate of change of mass, thus:
dr 2

i) = pi T pie(ree —ro) exp(—at). (15)

Based on the data in Figure 17, the net condensation rate
or net inter-particle flux rate, j(t), was initially high, but
then diminished, asymptotically approaching zero as the
winter progressed. The warmer, more rapidly growing
grains of the lower layers initially experienced net fluxes
several times greater than those in the colder, upper layers
of snow. The average values calculated with the model (0.52
and 0.68 x 10 "kgm “s ' for upper and lower layers, re-
spectively) are consistent with the average values esti-
mated from photogrammetric measurements. These rates
are for “average” grains. Actual fluxes must have varied
widely.

DISCUSSION

We have shown that net layer-to-layer vapor fluxes exist in
the subarctic snowpack using four independent methods: (1)
end-of-winter density profiles, 1966-87 (Iig. 8); (2) density
and layer-thickness measurements, 1986-87 (Fig. 14); (3)
stable-isotope measurements, 1966-87 (Fig. 12); and (4)
results from a model based on observed temperature pro-
files (Fig. 16). Isotope data indicate that transport distances
for the vapor were equal to the snow depth, about 50 cm in
our experiment.

The four methods agree, within a factor of 4, on the
magnitude of the net layer-to-layer flux (Table 6), and this
agreement is closer if reasonable adjustments are made. It
is good agreement given the difficulty of making the mea-
surements. Our best reconciliation of all methods suggests
that the average net layer-to-layer flux is 6 x 107 kg
m s ' (Table 6). Short-lived peak values are +50 x 10 ¥
kem ~
16). As the values suggest, the net flux varies in an episodic
manner, with brief bursts of high values. In 1986-87 the

s |, eight times higher than average (Table 5; Fig.

https://doi.orgf§.3189/50022143000002793 Published online by Cambridge University Press

bursts were observed in early winter when the snow was
thinnest and the temperature gradients strongest (Figs |
and 16). Under those extreme conditions, a lot of vapor
may have moved in a short period of time.

The data also demonstrate the existence of inter-particle
fluxes. During the extreme depth-hoar metamorphism that
takes place in the subarctic snowpack, one out of ten grains
increases in size by a factor of 2-3 (Fig. 3), while the rest of
the grains shrink and disappear in order to supply vapor to
the growing grains (Figs 5 and 7). The observed growth
rates imply an average inter-particle flux of 0.52 to
068 x 107 kgm*?s", with peak values about six times
higher (Fig. 17) maintained only for short periods just after
snow layers are deposited.

Comparing the average layer-to-layer and inter-particle
flux values, we reach a key conclusion: net layer-to-layer
fluxes are approximately ten times greater than net inter-
particle fluxes.

Several implications follow from this fact. First, the ob-
served layer-to-layer net flux rates are unnecessary to main-
tain depth-hoar growth. The layer-to-layer rates could drop
by an order of magnitude, and presumably the vapor supply
to growing grains would still be sufficient to maintain stea-
dy growth. As a tangible demonstration of this fact, we note
that the texture and grain-size of basal snow layers over an
impermeable tarpaulin were indistinguishable from those of
snow not over the tarpaulin, even though the tarpaulin
blocked a substantial contribution of vapor from the soil
(Table 4).

There was also no detectable difference in density pro-
files over the tarpaulin vs over the soil. This highlights the
fact that the density changes induced by layer-to-layer
fluxes are right at the limit of detectability. Any decrease in
layer-to-layer flux would have resulted in changes in density
too small to be measured and the conclusion that layer-to-
layer fluxes were not present. We believe this is why both
Marbouty (1980) and Armstrong (1985) observed distinct
depth-hoar growth but concluded that there were no layer-
to-layer fluxes.

A second implication of the high ratio of layer-to-layer
to inter-particle fluxes is that the limiting factor for depth-
hoar growth is not the rate at which vapor is being supplied
to the growing grains. This is not a new finding, but is de-
rived here in a new manner. Colbeck (1983, 1986), based on
laboratory crystal-growth experiments and the literature,
concluded that kinetic growth forms like depth hoar result
from the dynamics of crystal growth rather than limitations
in the rate at which vapor is supplied to the crystal. Our
data, based on the mismatch between inter-particle and
layer-to-layer flux measurements, support this conclusion.

Why, then, if the vapor supply stays high throughout the
winter (Fig. 13; 'Table 5), does the grain-growth rate flatten
out and the inter-particle flux rate drop precipitously, as
shown in Figure 177 We speculate that the answer is con-
tained in Figure 2, which illustrates how ornate and compli-
cated the depth-hoar structure becomes over time. This
geometric complexity could affect the growth rate in three
ways. Grains could grow so large as to lose thermal cffi-
ciency in cooling, thereby becoming progressively less effi-
cient for growth, and more efficient for loss by sublimation.
Gubler (1985) proposed an idea such as this in his grain-
growth model. Alternately, the amount of vapor bypassing
grains and moving to higher layers in the snow could in-
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crease, decreasing the growth rate. Finally, the growth
could be space-limited, with growth rates diminishing
when growing grains begin to interfere with each other.
However, observations suggest that individual grains have
more space and interfere less as depth hoar develops, so we
rule out this last mechanism as a control immediately.
There seems (o be no intrinsic limit on the size of kinetic
crystal forms like depth hoar. Koch and Wegener (1930),
Knight and De Vries (1985) and M. Sturm (unpublished in-
formation, 1987, 1995) have all described individual crevasse
or ice-cave hoar crystals up to 15 em in length. In Fairbanks,
surface hoar can grow to 4 cm in length over several clear
nights. In contrast, the largest depth-hoar grains we have
observed are about 3 cm in length, and they are the result
of months of growth. A key element in the growth of large
surface and cave hoar is rapid air convection. Colbeck
(1988) indicates that air speeds up to Ims ' may be in-
volved in their growth. If air convects in the snowpack,
flow rates are closer to 0.2-2mms " (Sturm, 1989, 1991).
This mismatch in convective speeds makes it unlikely that
depth-hoar growth requires air convection and, further,
that somehow, as the season progresses, changes in the con-
vective flow cause more vapor to bypass grains, However,
we cannot completely discard the idea, because depth-hoar
grains become so deep, skeletal and hollow that supplying
water vapor to the enclosed spaces may be difficult.
Scrutiny of the depth-hoar sequence illustrated in Figure
2 and the growth rates shown in Figure 17 suggests that ther-
mal control may be the best explanation. Depth-hoar grains
reach a maximum size part-way through the winter, vet
their form continues to change, Initially the predominant
forms are downward-facing hexagonal cups. These become
larger, more ornate and deeper with time, eventually be-
coming almost as large as the prisms found in the lower
layers of the pack (compare M3 to M4 and M3; Tahle 1).
The growth rates (Fig. 17) flatten out before the more ad-
vanced depth-hoar forms of M4 and M5 are realized.
Thus, the transformation from M3 to M4 and M35 textures

takes place at nearly constant size, indicating that rates of

mass loss and gain by sublimation are ncarly balanced.
This interpretation suggests thermal control as the limiting
factor on depth-hoar size, with grains reaching a size suffi-
cient to make them sites of both gain and loss at the same
time.

One other key result from this study is an explanation
for the weak layer (M4 in Fig. 2) near but not at the base of
the snow. The M4 layer has striking textural features asso-
ciated with high rates of mass loss by sublimation and
reduced grain bonds. Our temperature-profile model pre-
dicts a semi-stationary zone of high vapor loss at about the
same height. Such a zone would lead to the development of a
weak layer with sublimation features like those observed.
The zone arises as a direct consequence of the non-linear
temperature profiles interacting with the highly non-linear
vapor-density dependency with temperature. Similarly
curved profiles are commonly observed in the alpine snow-
packs of Colorado and Montana, U.S.A., and in these loc-
ations there have also been indications of avalanches
running on a depth-hoar layer near but not at the base of
the snowpacks. Perhaps the avalanches are triggered by dis-
ruption of a layer similar to the weak M4 layer.

Lastly, do our data allow us to evaluate the hand-to-
hand model of Yosida (1955)? Not directly, We cannot tell
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from our data if the layer-to-layer transport is achieved
through a series of small hops by water molecules, moving
from one grain to another, or by longer-distance transport.
The observations that almost all depth-hoar grains have
growth features on the bottom and erosion features on top
supports the hand-to-hand concept. On the other hand, the
fact that the net layer-to-layer flux rates are so much higher
than the inter-particle flux rates could indicate excess water
vapor bypassing grains. However, grain growth limited by a
thermal control, not vapor supply, as discussed above, seems
more likely, and supports the “hand-to-hand” process.

Our study indicates that grains gain and lose water mol-
ecules at a rate many times higher than the rate at which
they grow. It explains why the grains can so readily meta-
morphose, even if they do not change size. The malecules
comprising an individual grain go into the vapor state and
back to the solid state many times over during the winter.
Basically, a growing grain in the subarctic snowpack is in
near-cquilibrium throughout the winter but has a high rate
of mass exchange and a high potential for metamorphism.

CONCLUSIONS

The subarctic snowpack near Fairbanks, Alaska, metamor-
phoses completely into depth hoar by the end of the winter.
The depth hoar evolves through a sequence of five textures,
producing a layered structure including a layer near (but
not at) the base of the snow, which is poorly bonded, has
obvious sublimation features, and is notably weak. Sieve
measurements indicate that during the transformation into
depth hoar, the mean grain-size increases by a factor of 2- 3,
while the number of grains per unit mass decreases by a
factor of 10. Growth rates are initially high, but then de-
crease, approaching zero by the end of the winter.

Calculations indicate that the observed growth rates
require an inter-particle flux rate of 06 x 10 “kgm “s '
Net layer-to-layer vapor fluxes from the base to the top of
the snowpack are an order of magnitude higher, with peak
values two orders higher. Detailed measurements made in
1986-87 show that the layer-to-layer vapor transport takes
place in an episodic manner, with the net flux varying with
time and position in the snowpack. Peak fluxes are observed
carly in the winter and just after layers are deposited. Snow
layers just above the base of the snow tend to be preferential
sites for high rates of mass loss, while layers near the surface
tend to be sites of mass gain, The existence of this base-to-
top transport system is confirmed by stable-isotope data,

A model based on observed temperature profiles and
diffusive vapor transport predicts a bottom-to-top layer-to-
layer vapor-flux system similar to the one indicated by den-
sity and isotope measurements. The model also correctly
predicts the development of a weak layer near the base of
the snow.

From the study, we observe that net layer-to-layer vapor-
transport fluxes are ten times higher than the net inter-par-
ticle fluxes. This accounts for kinetic grain growth and
depth-hoar formation being observed in snow covers where
changes in layer density could not be detected. It also sug-
gests that the decrease in grain-growth rates observed by
the middle of winter is not the result of decreasing vapor
supply, but rather of some other mechanism, most likely a
thermal control resulting from changes in grain-size and
form. The 10:1 ratio of fluxes also suggests that rates of mass

Y
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loss and gain for individual grains are many times higher
than the growth rate of the grains. With such high rates of
vapor exchange, the growing grains can be thought of as
being in near-equilibrium throughout the winter, and
therefore readily able to metamorphose even while their
size remains constant.
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APPENDIX A

CALCULATION OF NUMBER OF GRAINS IN A
SAMPLE

Ifa snow sample is sieved through L sieves, the total mass in
the jth sieve, M, is the sum of the masses of individual
grains:

N

J

M= m (A1)

=1

where N; is the number of grains in the jth sieve, and the


https://doi.org/10.3189/S0022143000002793

mass of the ith grain in that sieve is m;. If the average mass
ofa grain in the jth sieve is m;, then:
=M

m;

N; (A2)
Figure 3 establishes a relationship between m; and sieve
size. Using this relationship, a value of 11; was determined
for each median sieve size used in the study (defined as the
average of the size of the sieve through which a grain passes
and the size of the sieve on which it came to rest), M; was
determined for each sieve by weighing its contents, and N;

was calculated from Equation (A2). The total number of

grains in a sample (Ny; plotted in Figure 7) is:
5
Nr=) N (A3)
j=1

In this study, we chose to calculate Ny for samples of con-
stant mass (1kg). The number of grains per unit volume
(N) is:

N = Ntp (Ad)

where p is the density of the sample.

Uncertainties in values of Nt were large, chiefly because
uncertainties in 1m; were large, particularly for larger
grains, We estimate that errors were possibly + 50%.
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APPENDIX B

UNCERTAINTY IN LAYER-TO-LAYER FLUX
MEASUREMENTS

The uncertainties in the calculated value of the flux gradi-
ent (0.Jy/0z) can be determined by considering the uncer-
tainties (e) in the measured values of h, ps and dp, /Ot:
snow layer thickness (h); ¢, = +3 mm
snow layer density (p):e, = +8kgm

compaction rate (Oh/dt): eg, = +6 x 10 ' ms !
densification rate (9p. /0t ): €, = +1 %X [0 kgm 357,

This produces an uncertainty in the calculated value of
A.J [0z equal to (Young, 1962):

Etotal =

ohjot \* (on/ot PRy il
(_h_luﬂ) +( h.? ps’-}:) +(IC(‘V:) +(ﬁfif;)

where (h(t) and pq(t) are from the curves illustrated in Fig-
ures 9 and 10. Using reasonable values for h, p., dh/dt and
dps/ Ot shows that the uncertainty in the flux gradient is
more sensitive to errors in thickness than density and that
uncertainty is on the order of 25 x 10 "kgm s 'm ',
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