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ABSTRACT. Air^snow transfer processes impact both ice-core interpretation and
exchange affecting atmospheric chemistry. An understanding of seasonal differences in the
character of the surface snow will facilitate evaluation of possible preferential seasonal
exchange of reactive chemical species. Both diffusive processes and advective (ventilation)
processes can serve to alter the physical, chemical and isotopic character of snow and firn. In
this paper, we examine measurements of surface roughness over the course of a year at Sum-
mit, Greenland, and the implications for snow and firn ventilation. At Summit, during the
winter-over experiment, summer and fall sastrugi amplitudes were approximately 5 cm and
had smoothly curved profiles. The average amplitudes experienced mild increases in Janu-
ary, but by the end of February through March the amplitude increased to approximately
20 cm, and the profiles exhibited more abrupt geometries. Calculations are performed to
show the potential impact of the changing roughness on interstitial ventilation rates in the
snow, assuming that the permeability profile does not change in time. Under high winds,
ventilation velocities in the near-surface snow can be up to 3 cm s^1 in the winter, compared
to 1cm s^1 in the summer. The frequency of 12 m s^1 winds in the summer, however, is less
than in the winter. Under low-wind conditions, the summer roughness causes ventilation
rates that are comparable to diffusion rates. However, in winter even 5 m s^1 wind conditions
can cause the interstitial airflow due to ventilation to exceed the diffusion rates.

INTRODUCTION

Processes of air^snow transfer affect the deposition and post-
depositional change of atmospheric chemical species and the
record of those species within the snow, firn and, eventually,
ice cores. An understanding of seasonal differences in the
character of the snow and their impact on surface processes
may facilitate evaluation of possible preferential seasonal sig-
nals in ice-core records. While diffusion across the air^snow
interface is ubiquitous, advection of water vapor and gaseous
chemical species within the snow can also occur by ventila-
tion, the wind-induced interstitial airflow caused by `̀ form
drag’’pressure variations across snow roughness features such
as sastrugi (e.g. Colbeck,1989; Albert,1996;Waddington and
others, 1996). Ventilation of the snow can influence the tem-
perature and chemical composition of the snow and firn (e.g.
Albert,1993;CunninghamandWaddington,1993;McConnell
and others,1998).Winds across greater surface roughness pro-
vide the forcing for increased subsurface ventilation, but small
surface features such as sastrugi move in time, and their size
and even existence can experience seasonal differences.

In pit studies at South Pole, Gow (1965) and Gow and
Rowland (1965) found that the bulk of the year’s accumu-
lation was deposited as dunes during the winter; the dunes
were subsequently eroded into sastrugi by the winds, and
became more leveled during the summer by a process of
sublimation^deflation, with the result that the winter’s true
roughness is rarely if ever recorded in the stratigraphy.They
concluded that the stratigraphy at the South Pole could be
said to reflect conditions at the end of summer rather than at

the end of winter. In studies at Plateau station, Antarctica,
Weller (1969) found that differences in the amount of radi-
ation absorbed by the various faces of sastrugi were import-
ant in the observed preferential erosion, which tended to
level the surface. From pit studies and variability of snow-
stake data at Byrd Station, Antarctica, Benson (1971) con-
firmed the concept of the summer erosion of sastrugi, and
he found an annual variation in sastrugi development, with
the maximum irregularity late in winter and the minimum
irregularity in summer. In this paper we examine measure-
ments of surface roughness that were made on the centi-
meter-to-meter scale over the course of the 1998 winter at
Summit, Greenland. Calculations of snow and firn ventila-
tion under the several limiting conditions of surface rough-
ness and wind speed will be presented.

THE MEASUREMENTS

By leveling a thin blade several meters long into the surface
snow, profiles of the surface relief were measured at several
points in time. Figure 1 depicts a schematic of the measure-
ment device.The roughness was characterized by measuring
the height change between the surface of the snow and a hori-
zontal datum at 10 cm increments along the 2.5 m blade, or
more frequent increments where changes in slope were steep.
A bubble indicator on the top of the blade served as the indi-
cator for levelling the blade.These measurements were made
on surface features that were judgedto be characteristic of the
surrounding roughness, at a site away from all buildings and

Annals of Glaciology 35 2002
# International Glaciological Society

510
https://doi.org/10.3189/172756402781816591 Published online by Cambridge University Press

https://doi.org/10.3189/172756402781816591


other possible obstructions. In addition to these measure-
ments, peak-to-peak measurements of roughness features in
the predominant wind direction were measured for10 sastru-
gi using a reeled tape measure. It should be noted that the
sastrugi at Summit do not appear as long uniformwavefronts
in the snow, but rather as distributed bumps across an other-
wise very flat landscape. Nevertheless, it is useful for model-
ing purposes to have an estimate of a characteristic amplitude
and wavelength.

RESULTS

Figure 2 depicts the results of the snow roughnessblade meas-
urements. Between September andJanuary, the field person-
nel could not find roughness that they considered to be
significant; the roughness during that time period was less
than the 5 cm heights observed in September and January.
Summer and fall sastrugi amplitudes ranged between 3 and

8 cm and had smoothly curved profiles. The average ampli-
tudes experienced mild increases in January, but by the end
of February through March the amplitudes increased to
approximately 20 cm, and the profiles exhibited more abrupt
geometries. The roughness amplitudes over time are plotted
in Figure 3a, where again it is evident that the roughness was
significantly more pronounced in the late winter at Summit.
The peak-to-peak distances between roughness elements, or
roughness wavelengths, are shown in Figure 4. The wave-
lengths of the surface roughness elements are variable, and
fall between 5 and 20 m for most of the measurements. It is
evident that, although the amplitude of the snow roughness
elements is seasonally dependent, the wavelength of the snow
surface roughness at Summit does not show dramatic differ-
ences between seasons.

Meteorological and snowfall conditions have an impact
on surface roughness. Most polar sites experience occasional
or frequent strong winds that cause blowing snow and snow
redistribution both during and between snowfall events, and
it is often difficult for an observer to identify whether sus-
pended snow is due to snowfall or is wind-driven blowing
snow. The timing of the new snowfall may be inferred from
data from the ultrasonic snow-depth sensor. This sensor
detects the distance between the sensor (suspended at a fixed
location above the snow) and the snow surface.This distance
canbe affected by blowing-snowevents andby snow accumu-
lation. In Figure 5 the increase in snow depth as determined
from an ultrasonic snow-depth sensor is shown; the readings
obviously affected by blowing snow have been removed from
the data. The light thin line is the measured data using the
acoustic snow-depth sensor, the solid line is our visual
interpretation of the mean snow depth from the graph of the
acoustic measurements, the dotted spikes represent the accu-
mulation inferred from the mean snow-depth increase, and
the small diamonds are the snow roughness amplitudes from
Figure 3, included here for comparison to the other data.
Some of the snow surface chemistry measurements have con-

Fig. 1. Schematic of the snow blade.

Fig. 2. Measured roughness profiles.
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firmed the snowfall events (personal communication from A.
Stanzick, 2000). From this graph it is evident that snowfall
does occur throughout the yearat Summit, although snowfall
alone does not correlate to surface roughness.

In Figure 3, roughness amplitudes are plotted along with
air temperature, mean wind speed, and wind speeds
410 m s^1. Evidently the strong winds of December are
accompanied by relatively warm air temperatures (^20³C),
while the strong winds of January and February occur when
air temperatures are colder (^30³C and colder). While more
detailed studies of surface roughness formation are needed for
a thorough explanation, it is evident from this figure that sus-
tained high winds and very cold temperatures may act in con-
cert to promote the formation of increased surface roughness.

IMPLICATIONS FOR SNOWAND FIRN VENTILATION

Wind and surface roughness act in concert to induce pres-
sure variations across the surface. These pressure variations
drive ventilation, or interstitial airflow through snow. The
data on surface roughness show that the wavelengths of the
surface roughness range between 5 and 20 m year-round,
while the amplitudes of the roughness are 58 cm for much
of the year except in late winter to early spring, when they
increase to 25 cm or less. Both the increased size of the snow
roughness elements and the increased wind in winter imply
that snow and firn ventilation is likely to be more intense in
the late winter and early spring than in late summer or fall.

Calculated airflow patterns for late winter and late sum-
mer will be investigated using the two-dimensional finite-
element ventilation model that is described in detail in
Albert (1996). Surface pressure variations are dependent

Fig. 3. Snow roughness amplitude (a), air temperature (b), mean wind speed (c), and peak wind speeds 410 m s 1̂(d) at
Summit during the winter-over experiment.

Table 1. Parameters for the model runs

Snow roughness U P0

Amplitude Wavelength

m m m s^1 N m^2

Case 1 (summer) 0.08 5 12 8.9
Case 2 (winter) 0.25 20 5 1.2
Case 3 (summer) 0.08 20 5 0.39
Case 4 (winter) 0.25 5 12 28.0Fig. 4. Snow roughness wavelength from peak-to-peak measure-

ments during the winter-over experiments.
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uponthe wind speed and also uponthe roughness geometry.
For these calculations we employ surface roughness pressure
variations measured byVanoni and Hwang (1967) for water
flow over sinusoidal dunes; these data were scaled by
Colbeck (1989) for airflow over a sinusoidal snow surface.
From these studies, the amplitude of the maximum pressure
difference induced by steady flow over a sinusoidal wavy
surface is given in Equation (1):

p0 ˆ C»airU
2
10

h

¶
; …1†

where p0 is the amplitude of the pressure when the pressure
forcing followsa sinusoidal profile spatially, »air is the density
of air, U10 is the wind speed at10 m height, h is the amplitude
of the surface roughness, ¶ is the wavelength of the surface
roughness, and the constant of proportionality, C, was deter-
mined (Colbeck, 1989) to be approximately 3. We will now
use this idealized pressure amplitude to estimate the seasonal
pressure variation across the surface roughness. For the

calculations we will select 5 m s^1 as a typical low wind speed,
and12 m s^1 as a high wind speed. From the measured rough-
ness lengths, 5 m would be representative of a short length,
and 20 m would represent a long wavelength. We take 8 cm
to represent summer conditions, and 25 cm to represent late-
winter conditions. Using Equation (1),Table1shows the result-
ing amplitude of the surface pressure forcing for four model
runs. The summer pressure variations agree with summer
field measurements we have made at Summit.

Calculations for these scenarios are run using measured
snow and firn permeability profiles from Summit during the
summer, and we assume that the permeability profile does
not experience large seasonal change. The layering includes
regions of high-permeability under lower-permeability hori-
zons that allow for greater airflow velocities in the more
permeable buried layers (Albert, 1996). Figure 6a depicts the
calculated airflow patterns for 5 m wavelength, and Figure
6b depicts that for a 20 mwavelength.In eachcase, the magni-
tudes of the vectors are scaledto the largest velocity inthe case.
While the short-wavelength roughness induces airflow down
to approximately 2 m, the longer-wavelength surface rough-
ness induces larger relative airflows down to 4 m in the firn.

In Figure 7a and b, the laterally averaged interstitial air-
flow velocities are plotted vs depth for the four conditions
above, which bound the expected ventilation patterns at
Summit. Because the airflow profile (shown in Fig. 6) is
two-dimensional, at any given depth there will be airflow
velocities higher and lower than in this plot (due to the
location on the sine wave); nevertheless it provides an overall
view of the situation. Under high winds, ventilationvelocities
at the near-surface snow can be up to 3 cm s^1 in winter, com-
pared to 1cm s^1 in summer. The frequency of high 12 m s^1

winds in summer, however, is less than in winter. Movement
of a gas in snow under pure molecular diffusion conditions, in
the absence of ventilation, is roughly 0.03 cm s^1.Thus, under
low-wind conditions, the summer roughness causes ventila-
tion rates that are comparable to diffusion rates, and moder-
ate to high winds would be required for summer ventilation.
However, even low-wind conditions acting on the increased
snow surface roughness in winter cancause the interstitial air-
flow (ventilation) to exceed the diffusion rates.

Fig. 5. Snow depth, accumulation and sastrugi amplitudes
during the winter-over experiment. The light thin line is the
measured acoustic snow-depth data; the solid line is our visual
interpretation of the mean snow depth from the graph of the
acoustic measurements; the dotted spikes represent the accumu-
lation inferred from the mean snow-depth increase; and the
small diamonds are the amplitudes of the snow roughness.

Fig. 6. Calculated airflow patterns in the top 12 m of firn, when the wavelength of the surface roughness elements is 5 m (a) and
20 m (b).
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CONCLUSIONS

Measurements of snow surface roughness at Summit show
seasonal differences that can affect ventilation rates. Meas-
ured sastrugi amplitudes at Summit were several times
larger in February and March than in June^February,
apparently due to sustained strong winds and very cold tem-
peratures in winter. Model results assuming a time-invariant
permeability profile show that this increase in snow rough-
ness amplitude can cause increased interstitial airflow (ven-
tilation) in winter. Measured snow surface roughness
wavelengths less than about 30 m show no significant change
with season. Under high winds, ventilation velocities at the
near-surface snow can be up to 3 cm s^1 in winter, compared
to 1cm s^1 in summer. The frequency of 12 m s^1 winds in
summer, however, is less than in winter. Under low-wind
conditions, the summer roughness causes ventilation rates
that are comparable to diffusion rates. In winter, however,
even 5 m s^1 winds acting on the higher sastrugi amplitudes
can cause the interstitial airflow to exceed the diffusion rates.
Seasonally dependent snow surface features exist that can
create seasonal differences in advective/diffusive snow^air
transfer processes.
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