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ABSTRACT Current theories of snow metamorphism indicate that sublimating snow crystals have rounded shapes, while growing crystals have shapes that depend on growth rates. At slow growth rates, crystals are rounded. At moderate rates, they have flat faces with rounded edges. At fast growth rates, crystals have flat faces with sharp edges, and they have hollow faces at very fast growth rates. The main growth/sublimation mechanism is thought to be by the homogeneous nucleation of new layers at or near crystal edges. It was also suggested that the equilibrium shape of snow crystals would be temperature dependent: rounded above ⫺10.5°C, and faceted below. To test these paradigms, we have performed SEM investigations of snow samples having undergone metamorphism under natural conditions, and of snow samples subjected to isothermal metamorphism at ⫺4° and ⫺15°C in the laboratory. In general, current theories predicting crystal shapes as a function of growth rates, and of whether crystals are growing or sublimating, are verified. However, the transition in equilibrium shapes from rounded to faceted at ⫺10.5°C is not observed in our isothermal experiments that reveal a predominance of rounded shapes after more than a month of metamorphism at ⫺4 and ⫺15°C. Some small crystals with flat faces that also have sharp angles at ⫺15°C, are observed in our isothermal experiments. These faces are newly formed, and contradict current theory. Several hypotheses are proposed to explain their occurrence. One is that they are due to sublimation at emerging dislocations. Microsc. Res. Tech. 62:33– 48, 2003. © 2003 Wiley-Liss, Inc. INTRODUCTION The interest of studying the physics and microphysics of the snowpack has recently increased with the growing awareness that exchanges of reactive trace gases between the snow cover and the atmosphere could considerably modify the composition and chemistry of the lower atmosphere (Domine´ and Shepson, 2002, and references therein). These air-snow interactions not only affect atmospheric composition, but they also modify the composition of the snow, which eventually forms glaciers and ice caps where cores are drilled and analyzed to reconstruct past variations of atmospheric composition and climate (Dibb and Jaffrezo, 1997; Legrand and Mayewski, 1997; Steffensen et al., 1997). Therefore, the study of snowpack processes is one among several fields where efforts are needed to understand present and past atmospheric chemistry, and model its variations in relation to variables such as climate forcing by greenhouse gases and anthropogenic emissions. Numerous chemical processes have been identified in the snowpack, that lead to the release of reactive gases to the atmosphere. These include the release of NO and NO2 from the photolysis of the nitrate ion, NO3⫺, adsorbed on the surface of snow grains (Beine et al., 2002a,b; Honrath et al., 2000a,b), and the release of formaldehyde, HCHO, by solid phase diffusion out of snow grains (Perrier et al., 2003). Modeling HCHO fluxes requires a detailed knowledge of physical parameters that characterize the snow ©
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and transport through the snowpack. These include (1) physical parameters such as density and permeability (Albert and Shultz, 2002) and (2) microphysical parameters such as the shapes and size distribution of snow grains, and the specific surface area (SSA) of the snow, i.e., the surface area accessible to gases (Domine´ et al., 2002; Legagneux et al., 2002), and the curvature distribution of snow grains (Brzoska et al., 1999). For example, modeling the diffusion time of HCHO out of snow grains requires the knowledge of snow grain sizes (Perrier et al., 2002), and modeling diffusion fluxes involves snow SSA. In the case of NO and NO2 emissions by snow, our current understanding is that the production will be a function of the amount of NO3⫺ adsorbed on the surface of snow grains (Beine et al., 2002a,b, 2003). Photolysis of NO3⫺ will lead to the depletion of the snow grain surfaces in this species, which can be resupplied by solid state diffusion of dissolved NO3⫺. However, in the case of alkaline snow, NO3⫺ diffusion will be very slow (Beine et al., 2003; Thibert and Domine´, 1998) and
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other processes such as snow metamorphism will have to come into play to replenish surface NO3⫺. Metamorphism of snow is a set of processes that lead to changes in snow grain sizes and shapes. In the case of dry metamorphism (i.e., in the absence of liquid water), the main processes involved are sublimation and condensation of water molecules, which are transported through the gas phase (Colbeck, 1983a) within the snowpack interstitial air. Metamorphism thus remobilizes water molecules and solutes, and released solutes then have the potential to adsorb onto the snow grain surfaces. If metamorphism is rapid, solutes can be released much faster than by solid state diffusion. For example, the data of Nelson (1998) indicate that a few hundred microns of ice can sublimate in a day, while the diffusion distance of HCHO or HNO3 molecules over that time range is about 10 m (Perrier et al., 2003; Thibert and Domine´, 1998). Thus, understanding snow metamorphism quantitatively is crucial for the parameterization of snowpack physical processes in coupled air-snow models. Snow metamorphism is also a crucial field in avalanche research, as different types of metamorphism lead to different snowpack mechanical properties (Durand et al., 1999). Yet numerous other scientific fields are interested in snow metamorphism. Snow albedo, and, therefore, its radiative effect, depend on snow crystal size and shape (Schwander et al., 1999), which are determined by metamorphism. Quantifying interactions between the snow cover and soils and vegetation require a description of snow metamorphism (Boone and Etchevers, 2001), and predicting the duration of snow cover as well (Tappeiner et al., 2001). A detailed description of snow metamorphism that will be useful at the microscopic scales needed to predict solute release and the evolution of crystal shapes must take into account the physics of snow crystal growth. Numerous theories have been developed to that end (e.g., Colbeck, 1983a,b, 1989; Kobayashi and Kuroda, 1987), and observations have been made using optical microscopy (Colbeck, 1986). However, because ice is transparent to visible light and opaque to electron beams, scanning electron microscopy (SEM) has an enormous potential to reveal details in the changes in surface morphology of snow crystals. Yet SEM has only been used a few times to study snow (Domine´ et al, 2001; Iliescu and Baker, 2002; Wergin et al., 1995, 1996, 1998, 1999, 2002) and only once to observe specifically changes in crystal morphology during metamorphism (Legagneux et al., 2003). The purpose of this article is to use SEM to test our current understanding of the dry metamorphism of snow, and possibly to reveal new aspects that require clarification. We will first briefly recall the current state of knowledge in the field, and then report observations on snow samples having evolved in natural environments, where many variables can affect snow metamorphism. To constrain some of these variables, we have also performed laboratory experiments under isothermal conditions and made SEM observations on several snow samples evolved at ⫺4 and ⫺15°C.



DRY METAMORPHISM OF SNOW: THE MAIN CONCEPTS It is now recognized that transport of water molecules in dry metamorphism is mostly via the gas phase (Colbeck, 1983a). The driving force for transport is the gradient in water vapor partial pressure, ⵜP H2O (Colbeck 1983a), which is caused essentially by temperature gradients in the snowpack, but also by differences in the curvature of snow grains, according to the Kelvin equation: P H2O共r兲 ⫽ P0 exp共2␥Vm /rRT兲



(1)



where P H2O(r) is the saturating vapor pressure of water over an ice surface of radius of curvature r at temperature T, P0 is the saturating vapor pressure over a flat ice surface, ␥ is the surface tension of ice, Vm is the ice molar volume, and R is the gas constant. Of course, because ice is anisotropic (Hobbs, 1974), the surface tension depends on the crystallographic face and eq. (1) is written here in a simplified form. The rate of snow metamorphism is obviously dependent on ⵜP H2O, and this rate has been found to affect the shapes and sizes of crystals, and the cohesiveness of the snowpack. Numerous experiments and observations come to the conclusion that fast crystal growth rates lead to the formation of facets, or even concave (hollow) structures at very fast growth rates (Nelson and Baker, 1996), while slow growth rates form rounded structures (Colbeck, 1983b). Under atmospheric pressure, sublimation of snow crystals also leads to rounded structures (Nelson, 1998). Rapid growth takes place under high temperature gradients that induce high ⵜP H2O, and this can occur in the fall or early winter, when a shallow snowpack insulates a relatively warm ground from a cold atmosphere, or when nighttime radiative cooling leads to a snow surface temperature a few degrees colder than the underlying snow (Alley et al., 1990; Domine´ et al., 2002; Sturm and Benson, 1997). The first situation leads to the formation of hexagonal crystals, often hollow and cup-shaped, called depth hoar crystals. The second situation leads to the formation of faceted surface hoar crystals, but their shapes show more variation and include hollow cups and feather-shaped crystals (Domine´ et al., 2002; Hachikubo and Akitaya, 1997; Hanot and Domine´, 1999; Legagneux et al., 2002). Both depth hoar and surface hoar crystals grow to large sizes, sometimes several cm, that have little cohesion and form snow layers of high permeability. Cold room experiments (Marbouty, 1980) have shown that a temperature gradient of 25°C/m was needed for the formation of depth hoar crystals. Moreover, depth hoar formation also required snow densities lower than about 0.35 g/cm3. Above that limit, Marbouty (1980) inferred that insufficient free space prevented crystal growth. Slow growth takes place under low temperature gradients and forms rounded crystals that develop bonds between them, leading to snow layers of much stronger cohesion than hoar layers. Because of the reduced growth rates, crystal sizes often remain sub-millimetric under low-temperature gradient metamorphism (Domine´ et al., 2002; Marbouty, 1980). Under all types of gradients, the crystals that supply the water vapor
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undergo sublimation and show rounded shapes. This is true even in depth and surface hoar crystals, where parts of the crystals exhibit rounded shapes (Colbeck, 1983a). Numerous studies have been devoted to the explanation of crystal shapes as a function of growth rate, and of whether they are growing or sublimating. Reviewing these studies is clearly beyond the scope of this report, but the main conclusions and remaining uncertainties will be briefly mentioned here, to underline the potential of SEM in testing current theories and in contributing to resolving uncertainties. It is now widely believed that the most important mechanism responsible for snow crystal growth is the homogeneous nucleation of new ice layers at or near crystal edges (Beckmann and Lacmann, 1982; Frank, 1982; Nelson and Knight, 1998). Likewise, sublimation of crystals is initiated at edges, and sublimation of layers then propagate towards the center of the faces (Nelson, 1998). The growth/sublimation from spiral steps at emerging dislocations is not totally ruled out (Beckmann and Lacmann, 1982; Sei and Gonda, 1989) but should be negligible once the threshold for layer nucleation is reached (Nelson and Knight, 1998), which is easily the case in clouds and in the snowpack even under fairly low temperature gradients. This mechanism of layer nucleation seems to explain crystal shapes during sublimation and during growth at different rates as follows (Nelson and Baker, 1996; Nelson, 1998). Similarly to crystal growth, but in the opposite sense, the sublimation of ice crystals requires the nucleation of new sublimating ice layers, and this nucleation also takes place at crystal edges, where molecules are less strongly bonded. As the sublimating layer propagates towards the center of the face, the propagation rate decreases because the P H2O gradient is lower towards the center of the face and diffusion becomes more ratelimiting (Nelson, 1998). Thus, newly nucleated layers progress faster than overlying layers, and this leads to crystal rounding. This is valid for isothermal crystals (Nelson, 1998) but has also been observed for crystal sublimating in a temperature gradient (Colbeck, 1986). During growth, layers newly nucleated at edges initially progress rapidly towards the center of the crystal face, but again because of the diffusion limitation above the center of faces of sufficient size, layers tend to slow down. This is compensated by an increase in the accommodation coefficient of water molecules on the crystal face, resulting in essentially flat faces. However, this compensation can only work up to a point. Typically, the accommodation coefficient cannot be greater than unity, and at very rapid growth rates, this compensation effect becomes insufficient (Nelson and Baker, 1996). The growth rate at the center is then slower than at the edges and the crystal becomes concave and eventually hollow. At moderate growth rates, Colbeck (1983b) observed with optical microscopy that crystals had flat faces with rounded edges. At even slower growth rates, he observed totally rounded crystals above ⫺4°C. These last features have been confirmed by Nelson and Knight (1998) who studied small crystals, but no detailed physical explanation was proposed. The preferential sublimation of sharp edges, as expected from eq. (1), is certainly involved in the for-
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mation of these structures, however. Here, the adjectives very fast, fast, moderate, and slow, are used to qualify growth rates in a relative sense, because the limits between two of these adjectives vary with temperature (Colbeck, 1983b). When crystals are neither growing nor sublimating, they can be thought of as being in equilibrium. Initially, parts of the crystal may sublimate and others may grow, but eventually an equilibrium must be reached, as would be the case in an isothermal snowpack. Colbeck (1983b) performed growth experiments at different growth rates and postulated (Colbeck, 1983b, 1986) that the equilibrium shape should be temperature dependent: rounded above about ⫺10.5°C, and faceted below. However, this conclusion is based rather on an extrapolation to very low growth rates than on actual equilibrium observations. Colbeck (1986) himself acknowledged that he was “aware of no report of faceted crystals at low temperature and low growth rates in seasonal snow but such crystals may exist.” Uncertainties, therefore, exist on the actual equilibrium shapes of snow crystals as a function of temperature. Moreover, the abrupt shape transition at ⫺10.5°C has not been explained in terms of the mechanism of crystal growth and sublimation. In summary, layer nucleation during growth or sublimation can explain the flat faces of crystals at fast growth rates, their hollowing at very fast growth rates, and their rounding during sublimation. However, crystal shapes at slow growth rates, and in particular the postulated transition from rounded to faceted shapes at ⫺10.5°C has not been fully explained. EXPERIMENTAL TECHNIQUES Snow Sampling The snow samples whose natural metamorphism was studied were collected in the French Alps in February 2001 at Col du Lautaret (45°02’10”N, 6°24’26”E), 55 km E-SE of Grenoble. The sampling site was located in a small south-facing sheltered basin at an elevation of 2,058 m. This elevated site was used despite the absence of a nearby meteorological station, because during winter 2000 –2001, there was no snow at the lower elevations where stations are located. The sampling method was similar to that detailed in previous publications (Domine´ et al., 2002; Legagneux et al., 2002): vertical faces were dug to observe the stratigraphy of the snowpack and to locate the different snow layers to sample. Snow and air temperatures were measured at different heights with a thermocouple. Density was measured at different depths using a 500-ml plexiglas sampler. The snow was sampled in glass vials of about 150 cm3 that were immediately immersed in liquid nitrogen (N2(liq)) to stop metamorphism. Snow was kept in N2(liq) until transfer into the SEM. The snow samples used for cold room experiments were collected on 6 February 2002 at Bachad-Bouloud, near the Chamrousse ski area (45°7’10”N, 5°52’35”E), 15 km E-SE of Grenoble, at an altitude of 1,750 m. Sampling was done while it was still snowing. The fresh snow layer was 30 cm thick, and the top 3 cm were sampled into cubic boxes made of 3-cm-thick insulating foam, and whose volume was 1 liter. Glass vials were also filled with snow and immediately im-
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mersed in N2(liq) to observe the morphology of the fresh snow. The snow temperature was ⫺2.3°C. The insulating boxes were placed inside a thermally insulated trunk, which was driven to the laboratory in 30 minutes. One set of boxes was placed inside a cold room at ⫺4°C, and the other set in another cold room at ⫺15°C. The cold rooms are regulated within ⫾0.3°C, but the insulating material of the boxes resulted in undetectable temperature fluctuations inside the boxes. The evolution of these snow samples was then under the simplest conditions: no temperature gradient, no wind, and no exchange of water vapor or radiation with the atmosphere. Boxes were then sampled at various time intervals, and the sampled snow was placed inside a glass vial that was immersed in N2(liq) until transfer into the SEM. A given box was only sampled once. The measurements of the specific surface areas (SSA) of the snow samples studied here were also performed, to provided extra information on microphysical changes. However, most of these have already been published and will not be detailed in this paper devoted to SEM observations. The method used, which has a reproducibility better than 6%, was CH4 adsorption at 77 K, followed by B.E.T. analysis, as detailed in Legagneux et al. (2002). The SSA of some of the samples from Col du Lautaret are reported in Cabanes et al. (2003), and those of samples used in cold room experiments are detailed in Legagneux et al. (2003). Scanning Electron Microscopy Observations Observations of snow crystals were made with a field-emission scanning electron microscope (FE-SEM) LEO 1530 at GZG/ University of Go¨ttingen. The glass vials containing the snow were immersed and opened in N2(liq) and the snow was transferred onto the cupshaped, 15 mm2 sample holder in the N2(liq). The sample holder was then rapidly inserted into a mobile transfer chamber, so that the snow was in contact with the atmosphere for only a fraction of a second. The mobile transfer chamber was evacuated and connected to an Oxford CT1500HF cryo system, in which the sample holder was cooled to 90 K or colder. Windows allowed the inspection of the sample prior to its introduction in the main chamber of the SEM, where the sample holder was in thermal contact with a N2(liq)cooled stage. The snow was protected from vapor deposition by an anti-contaminator maintained around 80 K, i.e., about 10 K colder than the sample. The FE-SEM allowed operation at an acceleration voltage of 1 to 1.5 kV, with a current of 10 pA, with excellent resolution. Metal-coating the snow surfaces was, therefore, not necessary and was never done. One disadvantage of not using metal coating was occasional charging of the snow crystal surfaces that perturbed the images by generating bright lines or spots. After prolonged exposure to the electron beam, surface roughening by sublimation etching was also sometimes observed. Prolonged means 1 to 10 minutes, depending on the exact location of the snow sample in the receptacle. Sometimes, sublimation of snow crystals was observed under the beam. Figure 1 illustrates this problem. Figure 1a shows a column with capping plates that had started to grow at both ends. Figure 1b shows that after a few minutes under the beam, the plates had started



Fig. 1. SEM pictures illustrating the sublimation of a snow crystal under the electron beam. a: After a few seconds of exposure. b: After several minutes of exposure.



to disintegrate. These problems were minimized by reducing beam exposure as consistent with observations, and by discarding pictures with obvious artifacts caused by the electron beam. Magnifications greater than 25,000 were obtained, with a resolution better than 0.1 m, and 30 to 100 pictures were taken for each sample. Observation of Snow Metamorphism Under Natural Conditions Snow that fell during the night of 8 –9 February and in the early morning of 9 February 2001 was sampled three times at Col de Lautaret on 9, 13, and 15 February. Meteorological conditions during sampling and the stratigraphy of the snowpack are summed up in Table 1 and Figure 2. On 9 February, the snowpack had a total thickness of 135 cm. Fresh dry snow with a significant proportion of small stellar crystals formed a 24-cm-thick layer (hereafter: layer A) on the surface. Its density increased with depth from 0.10 to 0.20 g/cm3. Sample A1 was taken on the very surface, sample A2 was taken 2 cm below the surface, and sample A3 was taken in the bottom half of the layer. This fresh snow overlaid a 16-cm-thick refrozen snow layer “B,” that fell on 8 February in temperatures near 0°C, where sample B1 was taken. Underneath, older snow layers were present. On 13 February, the fresh snow layer “A” had shrunk down to 13 cm in thickness. The previous day was warm, with air temperature slightly exceeding 0°C, which caused slight melting of surface snow. The night of 12–13 February was clear and radiative cooling was efficient, so that 1 cm of surface hoar had formed, from which sample A4 was taken. The melt/freeze layer at the top of layer A was 2 cm thick (sample A5). Snow grains were very rounded and about 0.5 mm in size. A visual examination with a magnifying glass indicated that the bottom of layer A (sample A6) was unaffected by melting and was made up mostly of small rounded grains, whose initial form could not be recognized, with a few crystals whose original shapes (mostly stellar or dendritic) could still be recognized. The refrozen snow layer “B” had also slightly shrunk down to 13 cm, and
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SNOW METAMORPHISM AS REVEALED BY SEM TABLE 1. Sampling conditions and some measurements performed at Col du Lautaret, where natural metamorphism was studied Date and time (GMT)



Weather conditions



Tair (°C)



9-Feb 11:00



Cloudy Light west wind



⫺2.0



13-Feb 11:00



Sunny, no wind



⫹1.2



15-Feb 11:00



Sunny Light east wind



⫹1.0



Layer/sample



Depth (cm)



Tsnow (°C)



SSA (cm2/g)



A1 A2 A3 B1 A4 A5 A6 B2 A7 A8 A9 B3



0 2 20 27 0 2 8 20 1 3 8 20



⫺2.5 ⫺2.5 ⫺2.0 ⫺2.0 0.0 0.0 ⫺1.5 ⫺3.5 0.0 0.0 ⫺0.5 ⫺2.7



690 666 627 240 316 134 329 225 473 118 257 207



Surface Hoar Formation: Sequence A1-A4-A7



Fig. 2. Stratigraphy of the snowpack observed at col du Lautaret in February 2001. Surface hoar on 15 February (A7) was only observed in wind-sheltered areas.



sample B2 was collected. No modification was observed for lower layers. On 15 February, surface hoar had been wind-blown from the top of the snowpack, and had accumulated in hollows. It was sampled in a shallow pit that we had dug on 13 February, and where only layer A had been removed. There, it formed a soft 2-cm-thick layer consisting of recognizable surface hoar crystals (Fig. 2) from which sample A7 was taken. Around the pit, the top of the snowpack consisted of a melt-freeze sub-layer as observed under the surface hoar on 13 February. Sample A8 was taken from this melt-freeze layer. Underneath, the rest of layer A had visibly metamorphosed to a mixture of rounded and faceted crystals, where sample A9 was taken. Sample B3 was taken from layer B, which showed no visible change since the previous sampling. This report focuses on dry metamorphism, and only the samples that were not affected by melting will be discussed. Samples subjected to melting (A5, A8, B1 to B3) will be discussed in a later publication, and are mentioned and numbered here to keep the numbering consistent with future work. We will successively investigate the sequence A1-A4-A7 to discuss surface hoar formation, the sequence A1-A2-A3 to discuss the evolution of the snow shortly after precipitation, and the sequence A3-A6-A9 to discuss the metamorphism of the lower part of layer A.



Figure 3 shows SEM pictures of sample A1. Two types of crystals can be seen. Precipitated crystals, most of them dendritic, that have rounded edges (Fig. 3b), coexist with a majority of crystals with flat faces and very sharp angles. These latter features are indicative of rapid growth. Some faces are even hollow (Fig. 3c), indicating even faster growth. Pictures clearly show that these crystals grew onto rounded crystals (Fig. 3a,d), by the rapid deposition of water vapor. This is consistent with our temperature measurements, which indicate that the snow surface was colder than both the overlying air and the lower part of the snowpack (Table 1). Hence, water vapor fluxes all converged towards the snow surface, resulting in rapid crystal growth. The average linear growth rates can be estimated: precipitation had stopped about 2 hours before sampling. Crystals thus grew to 50 –150 m in 2 hours, so that the average growth rate was 25–75 m/h. Such growth continued during the following days. Even though partial melting took place between 9 and 13 February, radiative cooling at night allowed further or new growth and the formation of well-developed surface hoar crystals, as shown in Figure 4. Not all crystals were formed the preceding night, however, as some larger crystals (Fig. 4e) show signs of melting, and after having survived the warm day, appeared to have resumed growth the following night. The fast growth is evidenced by the development of very wellmarked hollow structures. One crystal shows steps that we interpret as growth steps (Fig. 4c, magnified on Fig. 4d). These steps clearly do not originate from an emerging screw dislocation, and it appears reasonable to suggest that they are nucleated at a crystal edge. The step height cannot be evaluated precisely, but it could be of the order of a micron. The average linear growth rate of crystals sampled on 13 February can again be estimated. The growth of crystals showing no sign of melting took place during the night preceding sampling. Crystals grew to 200 –1,000 m in about 14 hours, and the average growth rate was then 15– 70 m/h. Obviously, in the absence of meteorological monitoring, these rate values are only estimates. It is possible that growth rates reached significantly higher values over a limited time range at optimal growth conditions of T gradient and relative humidity. The presence of larger crystals in A4 relative to A1 mani-
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Fig. 3. SEM pictures of sample A1, collected 2 hours after the end of the precipitation event, on 9 February 2001. Newly formed surface hoar crystals with sharp edges are seen together with freshly precipitated crystals that have slightly rounded edges (see text). Amorphous ice deposits, formed by the condensation of atmospheric water vapor during transfer to the SEM chamber, can be seen on a, c, e.



fests itself in a large reduction of SSA: 690 to 316 cm2/g (Table 1). Pictures of crystals from sample A7 (15 February) are shown in Figure 5. This sample consists of a mixture of crystals with flat or hollow faces (Figs. 5a,d), and of crystals showing rounded edges (Figs. 5b,c). Since this sample was wind-blown, edge rounding such as seen in Figure 5c may be assigned to sublimation during wind transport. This is not the only possibility, however, as the morphology of the crystals in Figure 5b may also be reasonably interpreted by melting prior to wind transport. SSA of sample A7 (473 cm2/g) shows a significant increase relative to A4. This can be explained by the breaking of grains by wind, that produced new surfaces, and by sublimation during wind blowing, if it actually took place, that would have reduced grain size. A similar wind blowing event observed in the Arctic was also reported to increase snow SSA (Cabanes et al., 2002). In summary, the sequence, A1-A4-A7 illustrates that the rapid growth of surface hoar leads initially to flat faceted crystals, even though a few hollow



faces were observed. Hollow faces become more abundant as crystal sizes increase. These observations are consistent with the present understanding of snow crystal growth during metamorphism, discussed earlier. We can also suggest that wind transport may have induced sublimation, resulting in rounded edges, again in agreement with current theory. The sequences A1-A2-A3 and A3-A6-A9 will now be discussed to test other aspects of snow metamorphism. Snow Evolution Just After Precipitation: Sequence A1-A2-A3 Sample A2 (not shown) consisted of a mixture of precipitated crystals similar to that shown in Figure 3b and of crystals grown onto those crystals by water vapor deposition. This sample was essentially similar to A1, except that the proportion of precipitated crystals was higher and they were slightly more rounded. Sample A3 was made up of precipitated crystals (Fig. 6) and no crystal resembling surface hoar was observed. Stellar crystals and dendritic fragments can
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Fig. 5. SEM pictures of surface hoar crystals from sample A7, collected on 15 February 2001. a,d: Crystals with sharp angles. c: A rounded edge possibly produced by sublimation during wind transport. b: Rounded edges that may have been caused by either melting or sublimation during wind transport.



Fig. 4. SEM pictures of sample A4, collected on 13 February 2001, which consisted of large surface hoar crystals. d: A blow up of c that reveals structures interpreted as bunched growth steps (see text).



clearly be seen (Fig. 6a,b), but the initial shapes of numerous crystals cannot be recognized, as extensive rounding caused by metamorphism has already taken place. Table 1 shows that the temperature gradient around sample A3 was low: a few °C/m, and fairly slow growth rates are then expected, leading to rounded shapes. A few small flat faces were seen, however (Fig. 6d), and 8 small crystals (20 to 50 m) with sharp angles were seen in 51 pictures taken on this sample (Fig. 6c). Observing sharp angles on such small crystals would be very difficult with an optical microscope. If we assume that the snow fallen during the night of 8 –9 February was homogeneous in time, the main trend in the sequence A1-A2-A3 is crystal rounding. The present observations confirm that under a low temperature gradient, metamorphism leads to rounded shapes. Shapes become rounded even though metamorphism was rapid, because around ⫺2°C, very high water vapor supersaturations (and therefore growth rates) must be reached to observe facets and sharp angles (Colbeck, 1983b). The main observed trend in this sequence thus appears qualitatively consistent with the present understanding of crystal growth during metamorphism. However, the sharp angles observed on small crystals suggest that locally, crystal growth may have been



Fig. 6. SEM pictures of sample A3, sampled on 9 February 2001, at the bottom of layer A. a,b: The predominance of rounded shapes. c,d: Flat faces and very sharp angles, which were observed only on small structures.



rapid, at least according to current theory. Heterogeneous growth rates within the snowpack is indeed a possibility. The light wind present on 9 February induced air circulation in this surface snow layer. This fresh snow layer that formed a tortuous network doubtless had a low permeability (Albert and Schultz, 2002),
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Fig. 7. SEM pictures of sample A6, sampled at the bottom of layer A on 13 February 2001. Crystal sizes have increased relative to Figure 6. Some newly formed flat faces with sharp angles can be seen in d, while rounded shapes dominate.



and it is certain that local variations in this permeability existed in this snow layer. Entrainment of air with high humidity coming from deeper layers or from the atmosphere then took place, and the distribution of this humid air was also heterogeneous. We, therefore, suggest that, although most of this layer underwent sublimation and slow crystal growth leading to rounding, parts of the layer were subjected to large flows of humid air that led to crystal growth at a rate sufficient to form sharp angles. At this stage, we then come to the temporary conclusion that even in low temperature gradient metamorphism, local conditions can lead to rapid crystal growth and to the formation of facets and sharp angles. This is an addition to our present understanding, that is made possible by the use of SEM. Metamorphism of the Base of Layer A: Sequence A3-A6-A9 The metamorphism of the base of snow layer A can now be observed with images from the sequence A3-A6A9. Figure 7 shows pictures of sample A6. In general, crystal size has increased relative to sample A3 (Fig. 6) collected 4 days earlier. Grain boundaries are more abundant and have larger cross sections. Original crystal shapes cannot be recognized, except in rare instances such as the stellar crystal in Figure 7d. Although rounded shapes still dominate, there are now numerous newly formed flat faces with rounded edges. A few sharp angles were also observed, as on Figure 7d, where the tip of the stellar crystal shows a flat face with sharp angles. Figure 8 shows pictures of sample A9, collected on 15 February. Growth has continued, and crystal sizes frequently exceed 500 m. Flat faces now dominate over rounded structures. Grain boundaries have continued their growth. Very distinct flat faces, with edges having radii of curvature 10 to 20 m, are frequent.



Fig. 8. SEM pictures of sample A9, collected on 15 February 2001 at the bottom of layer A. Relative to Figure 7, crystal size has significantly increased, and flat faces with rounded edges predominate. Grain boundaries with large cross sections are common. f: Flat faces with sharp boundaries. g: Flat faces with sharp angles, and also hollow faces, suggesting very rapid growth.



Sharp angles, although rare, were observed (Fig. 8g). Some of these facets are even hollow, indicating very rapid growth at some stage. The predominance of flat faces in sample A9 indicates moderately rapid growth between 13 and 15 February. Crystal growth was probably driven by the warm days and cold clear nights that prevailed at that time, resulting in thermal cycling and the establishment of transient thermal gradients near the surface, although these gradients were certainly damped by about 10 cm of overlying snow. This cycling most likely produced alternatively sublimation and rapid growth stages, that lead to the disappearance of the smaller structures, the growth of the larger ones, and the formation of flat faces (Nelson, 1998). Crystal growth also led to the decrease of the tortuosity of the snowpack, which results in an enhanced permeability (Albert and Schultz, 2002), faster flows, larger water vapor fluxes, and faster crystal growth. Both the intense thermal cycling and the increase in snow permeability may then have contributed to the faster growth observed between 13 and 15 February. Average linear growth rates between 13 and 15 February can be estimated. A crystal size, as shown in Figure 7, is difficult to define considering the complexity of shapes. We propose to consider the size of a convex unit, and this is 100 –200 m in Figure 7. In Figure 8, the size has increased to 150 –500 m in 2 days, leading to an
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average linear growth rate of 1– 6 m/h. Although this estimate is a lower limit because growth occurred mostly when sufficiently elevated gradients were present, this value appears significantly lower than that estimated for surface hoar: 15–75 m/h. The sharp edges and hollow faces observed in surface hoar and the rounded edges observed in this deeper sublayer are then in agreement with the estimated growth rates and with the current understanding of snow metamorphism. The presence of sharp angles again suggest that air circulation and water vapor fluxes were heterogeneous. Again according to current theory, we propose that locally high water vapor fluxes were probably responsible for the formation of sharp angles and even hollow faces, as in Figure 8f and g. A summary of the evolution of the sequence A3-A6-A9 is that thermal cycling caused the number of crystals to decrease due to the sublimation of the smaller ones, average grain size became larger, grain boundaries increased in cross section, and flat crystalline faces larger than 500 m appeared in large numbers. This increase in crystal size is also well detected by the decrease in SSA of his sequence (Table 1): 627 cm2/g for sample A3, decreasing to 329 cm2/g for A6, and further to 257 cm2/g for A9. In contrast, the SSA of layer B remained fairly stable. Even though it is less than a day older than layer A, its SSA on 9 February was only 240 cm2/g, decreasing little to 207 cm2/g on 15 February (Table 1). We suggest that the initial melt/freeze cycling that layer B on 8 February underwent considerably decreased its SSA, and produced fairly stable snow that evolved slowly. This is confirmed by the sequence A2-A5-A8, where an initially fast SSA decrease due to melting (666 to 134 cm2/g) was observed, followed by a much slower decrease, to 118 cm2/g. Summary of Observations in a Natural Environment As a conclusion to this section, it can be stated that the general paradigms of snow metamorphism appear to be confirmed. Fast growth rates, as observed during surface hoar formation, lead to flat faces with sharp angles, and even to hollow (concave) faces. Moderate growth rates lead to flat faces with rounded edges. The novel observation is that in snow undergoing metamorphism at a slow to moderate rate, and where rounded edges largely predominate, flat faces with sharp angles, or even hollow faces, are observed. According to current theory, this indicates rapid growth, which leads us to conclude that growth rates can be very heterogeneous, probably because of heterogeneous snow permeability that leads to spatially variable water vapor fluxes. We have also made one observation that we interpret as crystal growth by ledge propagation from a crystal edge. We propose that this exceptional feature was observable because step bunching took place, leading to very thick ledges. The reason why such important step bunching took place is not understood. A more quantitative understanding of snow metamorphism would require modeling, which is beyond the scope of this report. Furthermore, modeling the natural environment is complex, especially considering that
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high-resolution 3-D modeling would be required to understand crucial details such as the formation of sharp angles during metamorphism at a moderate rate. To facilitate the interpretation of SEM observations, and in particular to test the hypothesis that the equilibrium shapes of snow crystals would change at ⫺10.5°C, we have performed laboratory experiments under simple controlled conditions. OBSERVATION OF SNOW METAMORPHISM DURING LABORATORY EXPERIMENTS The snow used for these experiments had an initial density of 0.12 and an initial SSA of 763 cm2/g. No settling was observed in the boxes, even after a month, from which we infer that the density remained constant. Under a magnifying glass, this snow appeared to be made up of a wide variety of crystal types: columns, plates, capped columns, stellar and dendritic crystals, column rosettes, various irregular crystals, and combinations of all of the above types were observed, suggesting that a thick cloud with a strong vertical temperature gradient was causing this snow fall. The shapes of falling crystals varied rapidly during the fall: at a given moment, numerous dendritic crystals would be observed, but 3 minutes later, this type of crystal would be totally absent, and a predominance of plates and irregular crystals could be seen. These rapidly repeated variations appeared, however, to give a fairly homogeneous snow layer. For SEM examination, only a limited number of crystals can be loaded onto the support, and variations of shape distributions between loaded samples is possible. Rime (i.e., supercooled water droplets that rapidly froze upon impacting the crystal) could not be visually detected. Figure 9 shows SEM pictures of the snow immersed in N2(liq) during field sampling. The wide variety of shapes is confirmed. A small number of rimed droplets was observed only on the column shown in Figure 9a. Most crystal edges are very sharp. The edges of the plates of Figure 9b and c appear rounded, but a careful examination reveals the presence of pyramidal faces that intersect the basal and prismatic faces with angles whose radii of curvature are less than 2 m. Some edges are slightly rounded, however (Fig. 9h), and sublimation during the fall of snow crystals probably took place. Figure 10 shows pictures of the snow after 1 day at ⫺4°C. The shapes of almost all crystals can still be readily recognized. The most visible effect is the rounding of edges. Some fairly sharp edges do persist, as seen on Figure 10d, even though the radius of curvature is greater than 2 m. On most crystals, radii of curvature of edges can be estimated to be within the range 10 to 20 m. Although morphological changes appear modest, the SSA shows a significant decrease, to 516 cm2/g. After 5 days at ⫺4°C, crystal shapes are significantly altered, as shown in Figure 11, and many new grain boundaries have started to form. Original shapes such as hollow columns and dendritic fragments can nevertheless be easily recognized. Although radii of curvature in the 50 –100 m range seem to dominate, some very sharp angles are present, that may be newly formed. Figure 11d shows an angle between a prism and a pyramidal face that has a radius of curvature of about 1 m. Here and in Figure 11e, the roughening of
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Fig. 9. SEM pictures of the snow collected near Chamrousse on 6 February 2002, and used in the isothermal experiments. This sample was collected within minutes of its fall and immediately immersed in liquid nitrogen. A wide variety of crystal shapes and habits were observed, almost all of them with sharp angles. Rime droplets can be seen in a.



the surface is due to beam abrasion, but this cannot be invoked to explain the sharp angle, as Figure 11f also shows a similar radius of curvature, while no abrasion can be detected. These extensive morphological changes manifest themselves in a large SSA decrease, to 381 cm2/g. After 14 days at ⫺4°C, extensive changes in crystal shapes have taken place (Fig. 12) and original shapes can rarely be recognized (Fig. 12d). The SSA is now 324 cm2/g, rounding is widespread, and grain boundaries with thick cross sections have formed (Fig. 12c). While no sharp edges between two flat faces could be found in 35 pictures taken, several flat faces were observed on rounded crystals (Fig. 12f and g). From observations of metamorphism under natural conditions, we concluded that, in a general context of growth at a moderate rate, local conditions could lead to the formation of sharp edges, or even hollow faces indicative of very rapid growth (Fig. 8). We are led to a similar conclusion here: Figure 12e– g shows three essentially rounded crystals of fairly similar sizes but with clear morphological differences: The crystal in Figure 12e is completely rounded, the crystal in Figure 12f has distinct flat faces with rounded edges, while the one in Figure 12g shows flat faces with very sharp boundaries.



The sharp angles observed locally during natural metamorphism led us to suggest heterogeneous flow in the snow pack. This process cannot be invoked here: under the present isothermal conditions, P H2O gradients can only be caused by differences in curvature, and supersaturations remain quite low (Colbeck, 1983a). For example, eq. (1) indicates that a radius of curvature of 1 m would only lead to a supersaturation of 0.8 Pa at ⫺4°C. As a comparison, a temperature difference of only 0.027°C would produce the same supersaturation, illustrating that curvature effects cannot in principle produce the water vapor fluxes caused by high temperature gradient metamorphism usually considered as required to form sharp angles (e.g., Colbeck, 1983b). Thus, the presence of those facets is troubling. A locally high concentration of structures with very small curvature appears very unlikely, as no such features were observed. Other possibilities will be reviewed in the Discussion. After 28 days at ⫺4°C, the snow crystals have completely lost their original shapes (Fig. 13) and the SSA has further decreased to 272 cm2/g. Grain boundaries almost all have a thick cross section. Very rounded shapes largely dominate. As in Figure 12, a few flat faces, most of them with rounded edges, could be observed (Fig. 13d,e). Some of these faces had fairly sharp
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Fig. 10. SEM pictures of Chamrousse snow after 1 day of isothermal metamorphism at ⫺4°C. Original crystal shapes can still readily be recognized, but edges have started to round off.



boundaries, such as one of the faces in Figure 13d. Between Figures 12 and 13 (14 and 28 days after sampling), the rate of change appears significantly slower than in the first part of the evolution. This is confirmed by the SSA measurements, that showed that SSA evolved as Ln(t) (Legagneux et al., 2003). In summary, the main features observed during isothermal metamorphism at ⫺4°C are crystal rounding and the growth of grain boundaries. This is in excellent agreement with the current understanding of snow metamorphism. Figures 9 to 13 strongly suggest that crystal shapes tend asymptotically towards very rounded shapes, and this is consistent with the rounded equilibrium shape postulated by Colbeck (1986) for T ⬎⫺10.5°C. However, small flat faces, that are probably newly formed, were observed. Although no sharp angles were seen between two adjacent flat faces, except possibly in Figure 13d, the intersection between a flat face and the rounded part of the crystal was sometimes quite sharp. These structures are not explained by the current paradigms of snow metamorphism. A further test of the theory of snow metamorphism is provided by our cold room study at ⫺15°C. Only the



sample that had evolved for 34 days was observed by SEM, and pictures are shown in Figure 14. Some original shapes such as plates, stellar crystals, hollow columns, and dendritic branches can still be recognized, demonstrating that isothermal metamorphism is much slower at ⫺15°C than at ⫺4°C. The degree of transformation at ⫺15°C after 34 days is about similar to that after 5 days at ⫺4°C, although here the SSA has already decreased to 309 cm2/g. Crystal rounding is clearly visible in Figure 14, and grain boundaries have started to form (Fig. 14e), although their cross sections are not very thick. These observations are similar to those already made by SEM on another snow sample subjected to isothermal metamorphism in a cold room at ⫺15°C (Legagneux et al., 2003). That previous study showed pictures after 49 days of evolution, which demonstrated that rounding was then even more pronounced. Our SEM investigations at ⫺15°C, therefore, do not support the suggestion of Colbeck (1986) that the equilibrium shapes of snow crystals at T ⬍⫺10.5°C are faceted with sharp angles. The observations of Domine´ et al. (2002) on the Arctic snowpack also showed no indication of such faceted equilibrium shapes. Indeed for snow having evolved at T ⬍ ⫺35°C for several
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Fig. 12. SEM pictures of Chamrousse snow after 14 days of isothermal metamorphism at ⫺4°C. Original crystal shapes can only rarely be recognized, as in d. New grain boundaries with thick cross sections are very common, as in c. Small rounded crystals have different shapes: completely rounded in e, with flat faces having rounded edges in f, and with flat faces having sharp boundaries in g. Fig. 11. SEM pictures of Chamrousse snow after 5 days of isothermal metamorphism at ⫺4°C. Original crystal shapes can still sometimes be recognized, and rounding is widespread. Sharp angles in d– g are probably newly formed. The rough surface structure on d and e is due to beam abrasion.



weeks, and perhaps months, even under some temperature gradient, rounded shapes were found to be dominant from photomacrographs. We are, therefore, obligated to question the suggestion that the equilibrium shape of snow crystal is faceted below ⫺10.5°C. Colbeck (1983b) showed by laboratory experiments that the supersaturation needed for faceted crystal growth decreased exponentially with temperature. It is then possible that the field observations and laboratory experiments on which this conclusion is based were not made under sufficiently low temperature gradients. Indeed, in natural environments, perfectly isothermal conditions never exist for long durations. Figure 14 does show, however, some facets that intersect with very sharp angles having radii of curvature of 1 m or less. These facets have no resemblance with those of fresh snow and are clearly newly formed. The coexistence, after such long evolution times, of such sharp features with a predominance of rounded shapes is again puzzling. We also note that the angles between faces on the sample studied by Legagneux et al. (2003) during isothermal experiments at ⫺15°C were not as sharp, although the metamorphic conditions were identical. Tentative hypotheses to explain these observations will be detailed in the following section.



DISCUSSION The main aspect addressed here is the formation of flat faces during isothermal metamorphism at ⫺4°C, and the formation of flat faces with sharp angles under similar conditions at ⫺15°C and during metamorphism under natural conditions. At this point, we do not claim to explain fully these observations, but we wish to propose hypotheses that can be tested in future studies. First of all, it is noteworthy that in both laboratory experiments and in field observations, the structures showing flat or sharp features are small, typically 60 m in diameter. We will first explore the possibility that peculiar geometries can generate locally large fluxes, with enhanced water vapor sinks on small particles. We, therefore, compare flux equations onto large structures with those obtained onto small structures. We consider a large structure with an equilibrium P H2O value resulting in a water vapor concentration Cin. This structure is fed by a neighboring structure having an equilibrium concentration Cout, a distance d away. Assuming steady state, i.e., ⌬P H2O⫽0, where ⌬ is the Laplacian operator, the flux of water molecules, Jlarge, on the large structure is: J large ⫽ D共Cout ⫺ Cin兲/d



(2)



where D is the diffusion coefficient of water molecules in air. In the case of a small structure, we now consider a spherical grain of radius Rin, with a water vapor con-
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Fig. 13. SEM pictures of Chamrousse snow after 28 days of isothermal metamorphism at ⫺4°C. Original crystal shapes cannot be recognized at all. Crystals are very rounded, and grain boundaries have very thick cross sections. A few flat faces were nevertheless observed, as in d and e. d appears to show a sharp edge between two flat faces.



centration Cin in its immediate vicinity, interacting with other structures located symmetrically around it, a distance d away, and with a concentration Cout > Cin in its immediate vicinity. The flux Jsmall on the small structure will then be: J small ⫽ 共D共Cout ⫺ Cin兲/d兲共d ⫺ Rin兲/Rin



(3)



The ratio Jsmall/Jlarge is then (d-Rin)/Rin, and this can reach significant values. With Rin⫽30 m, as typically observed for the small structures with flat faces, and d⫽150 m, as compatible with a snow density of 0.12, we get Jsmall/Jlarge ⫽ 4. In some cases, this can be sufficient to change the growth mode from rounded to faceted. Since the flux threshold for faceted growth is much lower at ⫺15°C than at ⫺4°C (Colbeck, 1983b), this is consistent with more numerous and sharper structures at ⫺15°C. This suggestion of local geometrical effects can explain fairly convincingly the observations under natural conditions, where even small temperature gradients can generate fluxes onto structures with small
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radii of curvature. For example, we believe that the facets and sharp angles of Figure 8g, which we suggested could be caused by locally enhanced air flow, can also be explained by the local geometry: a small structure with larger structures located relatively far away acting as an H2O source will experience fast growth. Under controlled isothermal conditions, however, eq. (1) implies that small structures will act as sources of water vapor, not sinks. To reconcile our hypothesis with the experimental conditions, we have to suggest that small temperature gradients may actually exist in our isothermal experiments. This is not impossible. The P H2O difference between surfaces having radii of curvature of 30 and 150 m is only 0.021 Pa at ⫺4°C, and this can be compensated by a temperature difference of only 6 ⫻ 10-4°C. Since our cold room is regulated within ⫾0.3°C, and even with the insulation provided by the boxes containing the snow, it is clear that such small temperature differences would be undetectable and cannot be entirely ruled out. This is not our favorite explanation, however. The other possibility that can be explored is that locally, crystal growth would not be by layer nucleation. Dislocations and stacking faults are present in snow (McKnight and Hallett, 1978; Mizuno, 1978; Oguro and Igashi, 1971), although in small numbers, and they may be involved locally in growth, especially at low growth rates where the threshold for layer nucleation may not be reached (Beckmann and Lacmann, 1982; Ming et al., 1988). Explaining quantitatively the formation of sharp angles by growth at dislocations or stacking faults would require mathematical developments and modeling that are well beyond the purpose of this paper. These developments may show that the limitation of water vapor fluxes by gas phase diffusion, which is thought to be responsible for rounded edges (Nelson, 1998), may not apply here. Indeed, growth by layer nucleation starts from the edges, which results in water vapor depletion at these very edges that favors sublimation and rounding at low supersaturation. On the contrary, spiral step growth starts from the center of faces, and a smaller depletion at edges could favor their stability during slow growth. Equally possible is the suggestion that sublimation starting at emerging dislocations would produce flat faces. Nelson (1998) has shown that rounded edges during sublimation by layer nucleation was caused by diffusion limitations, resulting in step propagation being faster near edges than near the center. With dislocations, sublimation would start at the center and move outwards, and this could lead to flat faces. This suggestion has the advantage of being easily reconciled with the observation of these flat faces mostly on small structures, which are expected to be sublimating according to eq. (1). Why some small structures would show such faces and others not, as in Figure 12e– g, may be explained by the presence or the absence of dislocations. Another contributing factor could also be the local geometry, as eq. (2) and (3) also apply to sublimation. Different dislocation densities may also explain the different observations reported by Legagneux et al. (2003), who studied the isothermal metamorphism of another snow sample at ⫺15°C. We suggest here that that other snow sample may have had a lower disloca-
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Fig. 14. SEM pictures of Chamrousse snow after 34 days of isothermal metamorphism at ⫺15°C. Original crystal shapes can fairly often be recognized: a stellar crystal (a), hollow columns (b,f), and a broken dendrite (f). Metamorphism thus appears much slower than at ⫺4°C. Rounded shapes predominate, but flat faces with sharp angles are fairly frequent (c,f, and inset). Sharp angles were observed exclusively on small structures.



tion density than that used in the present experiments. We postulate here that the nature of the ice nucleus can affect the dislocation density on the snow crystal growing in the atmosphere. Both snow samples were formed in different air masses that probably had different aerosol types with different ice nucleation properties. This would result in different dislocation densities, which could affect the sharpness of angles during the sublimation of small structures. A last possibility involving sublimation is that the diffusion limitation, held responsible for edge rounding during sublimation (Nelson, 1998), would not be operative on small structures. This appears reasonable, as the hollowing of faces during fast growth, which is also due to diffusion limitations, does not take place on small structures (Nelson and Baker, 1996). While this suggestion may indeed contribute to the explanantion of the phenomenon, it is difficult to reconcile with Figure 12e– g, which shows flat faces in some small crystals and none on others. The chemical composition of the snow may also affect its growth mechanism. Indeed, snow metamorphism involves sublimation-condensation cycles that entrain solutes (Domine´ and Shepson, 2002). Laboratory experiments have revealed that ice crystal growth was perturbed by the presence of dopants in the gas and liquid phases. Odencrantz (1968) used organic and inorganic dopants in the ppm concentration range to grow snow crystals from the gas phase. They observed habit and crystal size changes. Neustaedter and Gallily (1987) grew snow crystals from the gas phase in the presence of 5% (molar) of several alkohols and observed a change in habit and a reduction in growth rates. Anderson et al. (1969) grew snow crystals from the gas phase in the presence of unspecified, but apparently large, amounts



of methyl 2-cyanoacrylate and also observed a change in crystal size and habit. Oguro and Igashi (1971) observed that growing ice crystals from the liquid phase in the presence of ammonia increased the density of dislocation loops. This effect increased with increasing NH3 concentration, but no concentration value was given. Cross (1971) observed by SEM the sublimation of undoped and doped ice crystals, and concluded that dopants modified the mechanism of ice sublimation. The dopants were in the ppm range. Dopants in the atmosphere and in the snow are present in much lower concentrations that those used in the above experiments. Most atmospheric trace gases are in the low ppb to high ppt concentration range (Domine´ and Shepson, 2002). Most snow dopants are in the low to high ppb range (Legrand and Mayewski, 1997; Maupetit and Delmas, 1994). Since the above studies suggest that the effects of dopants increase with their concentration, it appears likely that their effect on the growth and sublimation of Alpine snow is minimal. More detailed experimental studies would be needed, however, to fully confirm this. SUMMARY We have performed SEM observations of snow crystals to test current paradigms of snow crystal shapes during metamorphism. In general, we confirm the general trends that are presently widely accepted. The understanding of these trends is largely based on the hypothesis that snow crystal growth and sublimation occurs by the homogeneous nucleation of new ice layers at or near crystal edges. Because growth and sublimation are diffusion limited, this mechanism leads to rounded faces during sublimation and slow growth. Growth at moderate rates leads to faceted crystals with
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rounded edges. At fast growth rates, flat faces with sharp angles are observed, and at very fast growth rates, faces become hollow, again because of diffusion limitations. Our observations confirm these general trends. Moreover, Colbeck (1983b, 1986) observed that the transition from rounded to faceted crystals during growth occurred at a supersaturation that decreased exponentially with decreasing temperature, and postulated that at slow growth rates and low temperatures (T ⬍⫺10.5°C), faceted crystals would be predominant. Our experiments of isothermal metamorphism at ⫺15°C, together with those reported by Legagneux et al. (2003), indicate that this suggestion is not correct, and that after over a month at ⫺15°C, rounded shapes largely predominate in snow during isothermal metamorphism. A novel observation has been made here, as we have seen a significant number of flat faces on small crystals, typically 60 m in size during isothermal laboratory experiments. These flat faces had rounded edges at ⫺4°C, and in the snow sample studied here, several such faces intersected with very sharp angles at ⫺15°C. We have proposed several hypotheses to qualitatively explain these features. Our favorite explanation is that these flat faces are due to sublimation initiated at emerging dislocations. Sublimation on these faces, therefore, starts at the center of faces, and propagates toward the edges, so that diffusion limitation cannot lead to edge rounding. The frequency of these flat faces can be expected to depend on the dislocation density, which presumably is different for each snow sample. It can also be affected by the arrangement of the snow crystals, as expected from eq. (3). Further mathematical developments and modeling are required to test the hypotheses presented here. ACKNOWLEDGMENTS This work was funded by CNRS through Programme National de Chimie Atmosphe´rique and through GDR RS-glace. REFERENCES Albert MR, Shultz E. 2002. Snow and firn properties and transport processes at Summit, Greenland. Atmos Environ 36:2789 –2797. Alley RB, Saltzman ES, Cuffey KM, Fitzpatrick JJ. 1990. Summertime formation of depth hoar in central Greenland. Geophys Res Lett 17:2393–2396. Anderson BJ, Sutkoff JD, Hallett J. 1969. Influence of methyl 2-cyanoacrylate on the habit of ice crystals grown from the vapor. J Atmos Sci 26:673– 674. Beckmann W, Lacmann R. 1982. Interface kinetics of the growth and evaporaion of ice single crystals from the vapour phase. II. Measurements in a pure water vapour environment. J Cryst Growth 58:433– 442. Beine HJ, Domine´ F, Simpson W, Honrath RE, Sparapani R, Zhou X, King M. 2002a. Snow-pile and chamber experiments during the polar sunrise experiment ‘Alert 2000’: exploration of nitrogen chemistry. Atmos Environ 36:2707–2719. Beine HJ, Honrath RE, Domine´ F, Simpson WR, Fuentes JD. 2002b. NOx During background and ozone depletion periods at alert: fluxes above the snow surface. J Geophys Res 107:4584. Beine HJ, Domine´ F, Ianniello A, Nardino M, Allegrini I, Teinila¨ K, Hillamo R. 2003. Fluxes of nitrates between snow surfaces and the atmosphere in the european high Arctic. Atmos Chem Phys 3:335– 346. Boone A, Etchevers P. 2001. An intercomparison of three snow schemes of varying complexity coupled to the same land surface model: local-scale evaluation at an Alpine site. J Hydrometeorol 2:374 –394.
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