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Sublimation of snow is a fundamental process that affects the crystal structure of snow, and is important
for ice core interpretation, remote sensing, snow hydrology and chemical processes in snow. Prior inves-
tigations have inferred the sublimation rate from energy, isotopic, or mass-balance calculations using
field data. Consequently, these studies were unable to control many of the environmental parameters
which determine sublimation rate (e.g. temperature, relative humidity, snow microstructure). We pres-
ent sublimation rate measurements on snow samples in the laboratory, where we have controlled many
of these parameters simultaneously. Results show that the air stream exiting the snow sample is typically
saturated under a wide range of sample temperature and air-flow rate, within measurement precision.
This result supports theoretical work on single ice grains which found that there is no energy barrier
to be overcome during sublimation, and suggests that snow sublimation is limited by vapor diffusion into
pore spaces, rather than sublimation at crystal faces. Undersaturation may be possible in large pore
spaces (i.e. surface- or depth-hoar layers) with relatively high air-flow rates. We use these data to place
bounds on the mass-transfer coefficient for snow as a linear function of Reynolds number, and find that
hm = 0.566 Re + 0.075.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The sublimation of ice or snow is driven by an imbalance be-
tween the saturation vapor pressure (or vapor density) at a given
temperature, and the vapor pressure in the immediate vicinity of
an ice surface. If the former exceeds the latter, ice or snow subli-
mates to eliminate the imbalance. The sublimation rate of ice or
snow has important implications for surface energy balance calcu-
lations [1], mass balance calculations [2], studies of stable isotope
ratios [3], and studies of snow metamorphism [4]. Most prior work
has assumed that pore spaces within snow or firn (snow more than
one year old) are always at the saturation point [5], obviating the
need for an explicit calculation of the sublimation rate within
snow.

Although vapor movement through variably saturated firn due
to diffusion and ventilation has been modeled [6], because of a lack
of laboratory data the mass-transfer coefficient governing sublima-
tion had to be estimated. Prior work on determining the sublima-
tion rate of snow or ice in the laboratory has typically focused on
sublimation of single ice particles during forced convection under
high flow rates [7,8], while field work has typically used meteoro-
ll rights reserved.

: +1 802 656 0045.
Neumann).
logical observations to infer sublimation rate from energy balance
considerations [1].

In the present study, we attempt to directly measure the subli-
mation rate of a snow sample under forced convection in the lab-
oratory. This setting allows us to control many of the parameters
that influence sublimation rate in nature (i.e. grain size, micro-
structure, temperature, air flow through snow (referred to as ‘ven-
tilation’), and impurity content). Our methodology relies on precise
measurement of the vapor density of an air stream prior to, and
after passing through a snow sample of sieved snow grains with
coincident measurements of the sample temperature and air-flow
rate. We use our data to generate a revised estimate of the mass-
transfer coefficient for snow sublimation as a function of Reynolds
number. We discuss our results in terms of the physics of sublimat-
ing ice grains and compare our results with other models used to
calculate snow sublimation rate.
2. Methods

Our approach is to induce air flow through a snow sample in a
sealed chamber at a specified temperature and measure the change
in relative humidity (via a chilled-mirror hygrometer, which mea-
sures the frost point) as the air passes through the sample. We
measure the snow sample temperature, the vapor density, q, of
the air stream both up- and down-stream of the sample, the
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Nomenclature

as specific surface area of snow (m�1)
dp grain diameter (m)
D diffusivity of water vapor in air (m2 s�1)
hm mass-transfer coefficient (m s�1)
K thermal conductivity of air (W m�1 K�1)
Ls latent heat of sublimation (J kg�1)
m mass (kg)
M molar mass of water (kg mol�1)
Nu Nusselt number (dimensionless)
Pr Prandtl number (dimensionless)
r grain radius (m)
R gas constant (J K�1 mol�1)
Re Reynolds number (dimensionless)
S sublimation rate (kg s�1)
Sc Schmidt number (dimensionless)
Sh Sherwood number (dimensionless)

T temperature (K)
v air flow velocity (m s�1)
V volume (m3)

Greek symbols
m kinematic viscosity (m2 s�1)
q vapor density (kg m�3)
r degree of undersaturation (dimensionless)
/ porosity (dimensionless)

Subscripts
a air
in incoming
out outgoing
sat saturation
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temperature and flow rate of the air stream, and the pressure drop
across the sample. A schematic of the apparatus is shown in Fig. 1.

We use sieved aged natural snow composed of a specified grain
size (0.85 mm < grain diameter < 2.00 mm) to form disc-shaped
snow samples of radius 7 cm and thickness between 1 and 5 cm.
The snow sample is sifted into a ring of clear PVC, with fittings
to allow thermocouple wire to be incorporated into the sample
as it is formed. The sample is then clamped between two 30 cm
long chambers with smaller radii (5.25 cm); foam gaskets (5 mm
thick) are used between the snow sample and the chamber to pre-
vent air exchange between the sample chamber and the surround-
ing air. The larger diameter of the snow sample prevents air flow
from being channeled between the snow sample and the ring hold-
ing the sample. The sample chambers on either side allow the flow
to expand from small-diameter tubing (0.635 cm flexible Tygon),
which connects the sample chamber to the air stream, to the larger
diameter of the snow sample. The entire sample chamber is housed
in an insulated box connected to a re-circulating bath which keeps
the snow sample and air stream at a constant and uniform
temperature.

Upstream of the sample chamber, the forced flow of dry air
(q = 0 kg m�3) is controlled with a needle valve and flow rate is re-
corded (Sierra Instruments model 720 flow meter). The desired
water vapor density is introduced to this air stream via a saturator,
constructed following the method of Morris [9]. Our saturator is
�3 m of coiled copper tubing inserted in a re-circulating bath.
Dry air is bubbled through a tank of water at 25 �C, and then forced
through the saturator (set to �25 �C) at a high flow rate (�20 liters
per minute (LPM)). Frost is deposited on the copper coils for 30 min
as the air cools and water vapor condenses; air exits at the satura-
tion vapor density (q = qsat) determined by the bath temperature.
Fig. 1. Diagram of apparatus used for our experiments. Air is drawn through the sample v
to within �1 �C; a re-circulating bath maintains a constant temperature in the sample c
After frost deposition, air with any q can be generated by passing
dry air through the saturator, after setting the bath temperature
appropriately. This method is capable of generating an air stream
with a constant q to within our measurement precision of the frost
point (±0.2 �C) for several hours at a low flow rate before the frost
layer is exhausted.

After passing through the saturator, the air stream is directed
into a collapsible �1 L reservoir with an exhaust port. Air is drawn
via vacuum from this reservoir, sequentially through a chilled-mir-
ror hygrometer (General Eastern model 1211H; [10]), the sample
chamber containing the snow sample, a second hygrometer (Gen-
eral Eastern model 1211H), a second air flow meter (Sierra Instru-
ments model 822S), a needle valve to control vacuum strength, and
finally through a vacuum pump. The collapsible reservoir acts as
the source for air drawn through the sample; as long as the flow
rate into the reservoir is larger than the flow out of the reservoir,
the air drawn through the snow sample has a known source and
water vapor content. We also experimented with pushing air
through the snow sample, but found that even at the low flow rates
considered here (<10 LPM), this led to flow channelization through
the center of the snow sample, as evidenced by the evolution of a
conical-shaped region of sublimation on the upwind face of the
snow sample. Drawing air through the snow sample via a vacuum
pump generates near-parallel flow through the snow sample, as
evidenced by the even retreat of the upwind face of the sample
during sublimation.

3. Results

We sifted snow to select grains between 0.85 and 2.00 mm in
diameter to form disc-shaped snow samples with thicknesses of
ia a vacuum at the lower left. The cold room is maintained at a constant temperature
hamber to within 0.1 �C.
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5, 2.5 and 1 cm. We measured the snow sublimation rate of these
samples in 34 different simulations using a range of sample tem-
perature (�5, �9,�13, �19 and�23 �C) and air-flow rate (between
1 and 10 LPM). These flow rates correspond to residence times of
air in the snow sample of between 26 and 0.5 s, depending on
the particular snow sample thickness and air-flow rate being con-
sidered. These temperatures and flow rates were selected to
approximate the temperature and air-flow rates due to firn venti-
lation experienced by near-surface polar snow [6].

Although the re-circulating bath keeps the inlet air stream and
the sample chamber at a constant and uniform temperature, the
snow sample cooled during tests due to the latent heat loss during
sublimation. Fig. 2 shows the typical temperature change during a
test. In this plot, the three bold curves correspond to temperature
measurements from three different thermocouple probes embed-
ded in the snow sample. These thermocouples were placed in the
same plane in the sample, equidistant from the front and rear faces
of the sample. Thermocouple A (bold solid curve) was placed at the
center of the snow sample (7 cm from sample edge), thermocouple
B (bold dashed curve) was placed midway between the center and
the edge of the sample (3.5 cm from sample edge), and thermocou-
ple C (bold dotted curve) was placed 1 cm from the edge of the
sample; this is within the overlap resulting from the differing
diameters of the sample and the air-flow chamber. Consequently,
we expect little or no air flow through the sample at probe C.
The two thin curves correspond to measurements of the air tem-
perature upstream (thin solid curve) and downstream (thin dashed
curve) of the snow sample. In this test, the air-flow rate was 5 LPM,
and the flow began at time = 0 h.

This figure shows that probes A and B experienced approxi-
mately the same cooling throughout the test (�1 �C), but that
probe C cools appreciably slower, suggesting that sublimation
was much slower when the air flow velocity (v) is significantly re-
duced as in the overlap area, as expected. After the first 30 min,
probes A, B and C cooled much more slowly, reflecting the influ-
ence of conduction from the warmer sample chamber and re-circu-
lating bath. In very long duration tests (not shown), the sample
eventually developed a constant, heterogeneous temperature dis-
tribution that was coldest at the center and warmest at the edges;
the magnitude of the difference was a function of the snow struc-
ture (i.e. the effective thermal conductivity), sublimation rate and
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Fig. 2. Plot of temperature change from typical run: T = �15 �C, flow rate = 5 LPM,
sample thickness = 2.5 cm. Thick solid curve = temperature at sample center (7 cm
from edge), thick dashed curve = temperature 3.5 cm from edge, and thick dotted
curve = temperature 1 cm from edge, thin solid curve = temperature of air entering
the sample chamber, thin dashed curve = temperature of air leaving sample
chamber.
sample chamber temperature. In Fig. 2, the influence of conduction
from the re-circulating bath is apparent, as the sample tempera-
ture relaxes exponentially back to the initial temperature after
air flow (and consequently, sublimation) ceases at time �3.1 h.
The two air-temperature probes (thin curves) were located in the
entrance and exit chambers �10 cm from the snow sample, and
show relatively little temperature change, although a slight cooling
of the air temperature downstream of the sample is evident.

Ideally, the sublimation rate of the sample can be controlled by
varying the vapor density of the air entering the sample chamber
(qin) using the saturator and by varying the air-flow rate and the
temperature in the chamber. Our goal in this work was to bracket
the range of possible sublimation rate for a given temperature and
flow rate; consequently, we used dry air (frost point T < �50 �C, or
q < 3.8 � 10�5 kg m�3; [11]) to produce the results presented here.

Our sublimation rate measurements are presented in Fig. 3 as a
function of flow rate. We calculate the sublimation rate (kg s�1)
during a given run by converting the frost point data from the
downstream sensor (�C) to vapor pressure (Pa) and then to vapor
density (kg m�3). The sublimation rate is found by multiplying
the vapor density by the air-flow rate (measured as a volumetric
air flux, m3 s�1). We calculate the sublimation rate from each pair
of frost point and flow meter data (collected every 2 s) during the
run, and then average over the duration of the run to generate a
single sublimation rate. These data are indicated by the open cir-
cles in Fig. 3. The vertical bars on each circle denote the standard
deviation of the high-frequency sublimation rate data, and are a
measure of the uncertainty in our inferred sublimation rate. This
uncertainty is primarily due to uncertainty in the frost point mea-
surement (±0.2 �C). A second, much smaller, source of uncertainty
is due to uncertainty in the flow meter data. In Fig. 3, each panel
corresponds to the approximate sample temperature during the
series of runs (i.e. T = �5, �10, �15, �20 and �25 �C).

Most of the data presented in Fig. 3 used 2.5 cm thick samples;
half of the runs at �20 �C and all of the runs at �25 �C used 1 cm
thick samples. The difference in calculated sublimation rate at a gi-
ven temperature for samples with different thicknesses is indistin-
guishable on the scale of Fig. 3. That is, according to our results,
sample thickness (and hence residence time) does not contribute
significantly to the calculated sublimation rate. We discuss this
further below.

The open triangles in Fig. 3 represent the theoretical maximum
sublimation rate possible for each run. The theoretical maximum
sublimation rate is calculated using the mean air temperature
downstream of the snow sample and mean flow rate during the
run and by assuming that qin = 0, and that qout = qsat, where qsat(T)
is given by the Clausis–Clapeyron relation with respect to ice. It is
evident that, regardless of flow rate, sample thickness and temper-
ature, our measured sublimation rates are very close to the theo-
retical maximum.

A second way to present our data is to compare our measured
sublimation rate with our estimate of the maximum sublimation
rate as a percentage. The data from all tests are binned into inter-
vals of 2% in Fig. 4. This analysis shows that 74% (25 of 34) of our
measurements lie within 5% of the theoretical maximum value,
regardless of temperature, flow rate, or sample thickness.
4. Discussion

Our data (e.g. Fig. 4) suggest that the snow sublimates rapidly,
and that for snow samples with thickness 1 cm or greater, pore
spaces in snow are typically saturated with vapor, as other inves-
tigators have assumed [5]. The largest uncertainty in our measure-
ments is due to the frost-point hygrometers (±0.2 �C), followed by
uncertainty in the flow meter data. A tertiary source of uncertainty
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Fig. 3. Plot of sublimation rate as a function of flow rate, for five different temperature ranges. Open circles are data, open triangles correspond to theoretical maximum
sublimation rate at the same temperature and flow rate used in each run.
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is how best to deal with the changing, non-uniform snow sample
temperature (Fig. 2). To generate the results presented in Figs. 3
and 4, we calculate the theoretical maximum sublimation rate
for a given test as a function of time, using the thermocouple data
from the air downstream of the snow sample, as described above.
We assume that this temperature is representative of the air tem-
perature in the snow sample pore space. Ideally, we would calcu-
late the distribution of qsat for a given air temperature
distribution in the snow sample. It is evident in Fig. 4 that the in-
ferred sublimation rates of most of the runs (25 of 34) lie within 5%
of being perfectly saturated. The remaining runs show some degree
of sub-saturation of the air stream leaving the snow sample. Intu-
itively, one might expect that tests with either large flow rates, or
small sample thickness, or both, would produce sub-saturated air
leaving the snow sample. The lowest saturation ratios (85%, 86%
and 89% of maximum possible rate) are collected into the 89%
bin, and represent tests on 2.5 cm thick samples at flow rates of
8, 4 and 8 LPM flow rates, supporting this hypothesis. However,
of the 14 tests conducted at flow rate greater than 5 LPM, 9 of them
are within 5% of saturation. Furthermore, of the 9 tests below 95%
saturation, 4 of them have flow rates of 5 LPM or smaller. So while
these results qualitatively suggest that higher air flow rates corre-
spond to lower saturation of the airstream leaving the snow sam-
ple, the results are not conclusive; better representation of the pore
space air temperature and the non-uniform sublimation rate in the
sample (as indicated by sample temperature data in Fig. 2) could
help clarify this issue. For our purposes, we conclude that air leav-
ing the snow sample is usually saturated, although some evidence
for sub-saturation exists.

Recent work on the growth and melt of single crystals sus-
pended in liquid by Cahoon et al. [12] provides insight into the mi-
cro-scale processes active during mass transfer from crystals to the
environment. The experimental and theoretical results of Cahoon
et al. [12] demonstrate that there is no energy barrier to be
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overcome during the addition or removal of material at the mole-
cularly rough corners of the classic faceted snow crystal with six-
fold symmetry. During both grain growth and melt, the addition
or removal of material at these rough edges is much faster than
on faceted surfaces, where the exchange of material is an activated
process. This lack of an energy barrier causes the activity at the
rough edges to dominate the morphology of ice crystals, and may
explain our rapid sublimation rates.

If this conceptual picture is appropriate for sublimation of crys-
tals as well as for the melt forms investigated by Cahoon et al. [12],
then transfer of heat toward and water vapor away from the sub-
limating interface may limit the sublimation rate of a polycrystal-
line aggregate. Ice crystals sublimate as dry air enters the snow
sample; water vapor is advected throughout the pore space by
air flow until saturation vapor pressure is reached, preventing fur-
ther sublimation. In an adiabatic system, the crystal surface would
also continue to cool due to latent heat loss, until the ice surface
temperature and vapor density reached an equilibrium dictated
by the Clausis–Clapeyron relation. The two processes that promote
continued sublimation are advection or diffusion of water vapor
away from the ice-air interface (diffusivity of water vapor in air
�2 � 10�5 m2/s) and the diffusion of heat through the ice crystal
(thermal diffusivity in ice �1 � 10�6 m2/s). Sample temperature
data (Fig. 2) demonstrate that the sample cools for the first
�15 min after sublimation begins. After that time, heat conduction
through the crystal structure in the rest of the snow sample and
sample chamber (kept at a constant temperature by the re-circu-
lating bath) buffer further temperature change. Ultimately, equilib-
rium is reached between cooling due to the latent heat of
sublimation for a given flow rate and heat exchange with the sam-
ple chamber. Our results show that sublimation rates are small and
that saturation vapor density is reached before the sample cools by
more than a few �C. In this model, sublimation of snow at the
microscopic level is then essentially instantaneous; the bulk subli-
mation rate is limited by the air-flow rate (i.e. firn ventilation) and
the sample temperature.

We can assess this model by comparing the characteristic times
for advection and diffusion in our experiments. Our sieved snow
samples have pore space volume on the order of 1 mm3. Using
the diffusivity of water vapor in air of Massman [13], the diffusion
timescale from the surface of an ice grain to the center of the pore
space is �0.05 s. With the highest flow rate (Darcy veloc-
ity = 1.9 cm s�1), the residence time of air in the 1 cm thick snow
sample is much longer (�0.5 s); the residence time of air in a single
pore space (using pore velocity) is �0.02 s. These characteristic
times suggest that qsat should be reached in the first few mm of
the snow sample, providing support for the Cahoon et al. [12] mod-
el. In this case, pore spaces in snow or firn reach saturation vapor
density in the first layer or two of snow grains and are virtually al-
ways saturated. It may be possible to temporarily generate under-
saturated air in either large pore spaces (>1 cm or larger) or with
rapid air flow through snow packs or firn (>5 cm s�1).

In our experiments, the saturation vapor density is reached in
the first few mm and that the air leaving the snow sample is typ-
ically saturated, regardless of the sample thickness used. The sub-
limation rate should be independent of sample thickness (or
residence time) unless the sample thickness is less than or equal
to the depth in the sample where saturation is achieved; or equiv-
alently, unless the residence time is less than that required for sat-
uration to be reached. Consequently, we have plotted the
sublimation rate as a function of flow rate, rather than residence
time, in Fig. 3 to highlight the relationship between the sublima-
tion rate and the air-flow rate.

The work of Thorpe and Mason [7] provides another means of
evaluating our inferred sublimation rates. They measured and
modeled the sublimation of isolated ice spheres in a stream of
air of known humidity with relatively rapid flow rates (Re > 10).
A similar approach [8] was used to model the sublimation of ice
cylinders, though at much more rapid flow (950 < Re < 9000). Other
investigators used the model of Thorpe and Mason [7] to study the
sublimation of blowing and saltating snow grains [14]. In this mod-
el, the mass rate of change, dm/dt, of an ice grain is given by

dm
dt
¼ 2prr

Ls
KTNu

LsM
RT � 1
� �

þ 1
DShqsatðTÞ

ð1Þ

where r = grain radius, r = degree of undersaturation (= 0 for fully
saturated air), Ls = latent heat of sublimation, K = thermal conduc-
tivity of air, T = ice grain temperature, Nu is the Nusselt number,
M is the molar mass of water, R is the gas constant, D is the diffusiv-
ity of water vapor in air, qsat(T) is the saturation vapor density at T,
and Sh is the Sherwood number. The Reynolds number for our
experiments (0.25 < Re < 3.5) is lower than that studied by Thorpe
and Mason [7], but further work [14] suggests this relation may
be appropriate at lower Re. In this work, we have assumed that:

Nu ¼ 1:88þ 0:66Pr0:333Re0:5 ð2Þ
Sh ¼ 1:88þ 0:66Sc0:333Re0:5 ð3Þ

where Pr is the Prandtl number (= kinematic viscosity of air (ma)/
thermal diffusivity of air) and Sc is the Schmidt number (= ma/diffu-
sivity of water vapor in air). This model suggests that qsat should be
reached in the first few mm of the sample for all of our experiments,
which is consistent with our results. We scale the results of Eq. (1)
for a single sublimating grain to our aggregate measurements using
estimates for the number of grains in the first few mm of our sam-
ple. Assuming that the above relation holds for only the first layer of
ice grains (grain diameter �1.3 mm) in the sample, and that all
grains in this layer sublimate at the same rate, Eq. (1) predicts sub-
limation rates approximately a factor of 4 faster than our measure-
ments. This result suggests that either all grains in the first layer do
not sublimate at the same rate, our estimate for the number of
grains in the actively sublimating region is too large, or that we
have not adequately accounted for the contact area between grains.
In any case, we conclude that saturation vapor density is reached
between 2 mm and 1 cm depth (i.e. between the first layer of snow
grains and the entire thickness) in the snow sample.

Using the temperature data (e.g. Fig. 2) and the measured sub-
limation rate, we can determine to what extent our experiment
conserves energy. If the experiment is adiabatic, in a given time
period, the difference between the sensible heat carried into and
out of the sample by air flow should be balanced by the internal
energy change of snow sample and the energy used for sublima-
tion. In our experiment the energy balance is dominated by the la-
tent heat of sublimation, and that these terms are never perfectly
in balance, summing to between �10 and �40 J min�1. If all of this
energy is used to cool the snow sample, the sample temperature
would decrease by an additional �0.1 K min�1, well above our
detection limit. This residual energy can be expressed as a linear
function of the flow rate (r2 = 0.72). This is not surprising, given
the linear relationship between sublimation rate and Reynolds
number (discussed below). We suggest that this energy imbalance
is due to either energy exchange with the air stream, surrounding
apparatus (i.e. sample chamber, re-circulating bath) or a non-
homogeneous temperature distribution in the sample in the axial
direction. Thermocouple A was embedded in the center of the
snow sample during sample fabrication. As discussed above, the
model of Thorpe and Mason [7] suggests that most sublimation oc-
curs in the first few mm of the snow sample. Consequently, it is
possible that the snow sample in the region of active sublimation
cools more rapidly than our data from probe A indicates. These
two possibilities could be tested by additional temperature mea-
surements in the axial direction.
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5. The mass-transfer coefficient for snow sublimation

Albert and McGilvary [15] presented a model to calculate subli-
mation rates directly in an aggregate snow sample. As in [7], the
sublimation (or condensation) rate S (kg s�1) in [15] is driven by
the difference between the local vapor density (qv) and the satura-
tion vapor density (qsat):

S ¼ Vhmasðqsat � qvÞ ð4Þ

where V is the volume undergoing sublimation, as is the specific sur-
face area of snow, and hm is the mass-transfer coefficient. Since the
snow sample radius (7 cm) is larger than that of the air-flow chamber
radius (5.25 cm) we use only the portion of the sample undergoing
sublimation when calculating V, and use the inner radius of 5.25 cm
(see Fig. 1, discussion in Section 2). Because there was no published
experimental data on the mass transfer coefficient of snow, the calcu-
lations of Albert and McGilvary [15] employed a mass-transfer coef-
ficient for general porous media that was derived for other materials
[16]. We now use our data for S, V, v, as, and porosity (/), and solve for
hm in each run. In Fig. 5a, we plot our values of hm from all runs as a
function of temperature. The stars in Fig. 5a indicate the value of hm

for each run, assuming sublimation occurs in the first 4 mm of the
sample, a mean value suggested by the theory of Thorpe and Mason
[7] and consistent with Cahoon et al. [12]; the solid line indicates
the best-fit line to these values. The circles indicate the value of hm

assuming sublimation occurs throughout the initial 1 cm of the sam-
ple, corresponding to our minimum sample thickness; the thick
dashed line indicates the best-fit line to these data. The squares indi-
cate the value of hm assuming sublimation occurs in the first 1 mm
(the minimum value suggested [7] and [12]) the thin dashed line indi-
cates the best-fit line to these data. It is apparent that there is not a
strong correlation between hm and temperature (r2 = 0.12).

In Fig. 5b, we plot our values of hm from all runs as a function of
the modified Reynolds number (Re = dpv/ma(1 � /), where dp, is the
mean particle diameter) as in Albert and McGilvary [15], using the
same notation used in Fig. 5a. We find a nearly linear relationship
between hm and the modified Reynolds number (r2 = 0.99), regard-
less of temperature, suggesting that the modified Reynolds number
can be used to reliably calculate hm for our data. We suggest that
the true relationship between hm and Re lies in the region between
the two dashed lines; the solid line is our preferred solution
(hm = 0.566 Re + 0.075), and assumes that sublimation occurs
evenly throughout the first 4 mm of the sample thickness, a value
supported by [7] and consistent with [12]. We acknowledge that
our data cannot provide a unequivocal expression for hm, but this
work significantly improves the relationship of Albert and McGil-
vary [15] and shows a clear path forward for future revision. We
note that it may be possible to further refine this relationship using
our results along with lattice Boltzmann methods [17] or mass-
transfer calculations based on 3-D microtomography [18] to calcu-
late the actual region of active sublimation in the sample using the
measured pore space geometry.
6. Conclusions

We have conducted experiments to determine the sublimation
rate of a sieved snow sample between �5 and �23 �C, under forced
convection (0.25 < Re < 3.5). Our data show that the sublimation
rate of snow is very rapid, and that saturation vapor density is
reached in the pore spaces within at most the first 1 cm of the
snow sample, regardless of temperature or flow rate. These results
are broadly consistent with the results of Cahoon et al. [12] and the
model presented by Thorpe and Mason [7], although both suggest
that saturation could be reached much more quickly. We use the
model of Albert and McGilvary [15] to update the formulation of
the mass-transfer coefficient, and present a linear relationship be-
tween the modified Reynolds number and hm. We use our data on
sublimation rate of snow and assume that the sublimation occurs
within the first few mm of the sample to determine the mass-
transfer coefficient for snow sublimation as hm = 0.566 Re + 0.075.

A forthcoming paper will focus on comparing these results with
field measurements of snow sublimation [1,19,20]. Additional fu-
ture work will focus on using the methods outlined above to exam-
ine effects of sublimation on stable isotopic ratios.
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