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Rate of decay of speciﬁc surface area of snow during isothermal experiments and morphological changes studied by scanning electron microscopy Loïc Legagneux, Thomas Lauzier, Florent Dominé, Werner F. Kuhs, Till Heinrichs, and Kirsten Techmer



Abstract: The quantification of the specific surface area (SSA) of snow crystals and of its variation during metamorphism are essential to understand and model the exchange of reactive gases between the snowpack and the atmosphere. Therefore, the decay rate of SSA of five fresh snow samples was studied in the laboratory at –4, –10, and −15◦ C under isothermal conditions in closed systems. The time-evolution of the snow SSA can in all cases be very well described by an empirical law of the form, SSA = −A log(t + t) + B, where A, B, and t are adjustable parameters. B seems to be closely related to the initial SSA of the snow, and A describes the SSA decay rate. Our preliminary findings at −15◦ C suggest that a linear relationship exists between A and B, so that it may be possible to predict the decay rate of snow SSA from its initial value. For the first time, images obtained from scanning electron microscopy show that crystal rounding of snow is the main process taking place during isothermal metamorphism. New grain boundaries also form. More surprising, however, was the formation of new basal, prismatic, and pyramidal crystal faces, sometimes with very sharp angles, especially at −15◦ C. The growth of facets with sharp angles is not fully explained by current theories of snow metamorphism and has not been observed before. PACS Nos.: 68.35Md, 68.37Hk, 81.20Ev, 81.05Rm Résumé : La quantification de la surface spécifique des cristaux de neige, et de ses variations pendant le métamorphisme, sont essentielles pour comprendre et modéliser les échanges de gaz réactifs entre le manteau neigeux et l’atmosphère. Dans ce contexte, la vitesse de décroissance de la surface spécifique (SS) de 5 échantillons de neige fraîche a été étudiée au laboratoire à –4, –10 et −15◦ C dans des conditions isothermes et dans des systèmes clos. L’évolution temporelle de la SS de la neige peut dans tous les cas être très bien décrite par une loi empirique de la forme SS = −A log(t + t) + B, où A, B et t sont des paramètres
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Can. J. Phys. Vol. 81, 2003 ajustables. B semble être étroitement lié à la SS initiale de la neige, et A décrit la vitesse de décroissance de la SS. Nos travaux préliminaires à −15◦ C suggèrent qu’une relation linéaire existe entre A et B, de telle sorte que la prédiction de la vitesse de décroissance de la SS de la neige pourrait être prédite à partir de sa SS initiale. Pour la première fois, des images obtenues en microscopie électronique à balayage montrent que le principal processus se déroulant pendant le métamorphisme isotherme est l’arrondissement des grains. D’une manière surprenante, la formation de faces basales, prismatiques et pyramidales, parfois avec des angles très vifs a été observée à −15◦ C. La croissance de ces faces avec des angles vifs n’est pas totalement expliquée par les théories actuelles du métamorphisme, et n’avait pas été observée jusqu’à présent.



1. Introduction It has recently become clear that snow surfaces have a strong impact on the chemical composition of the lower atmosphere [1]. Recent field campaigns in Greenland, the Canadian high Arctic, and Antarctica have demonstrated that chemical and physical processes take place within the snowpack and lead to the emission of nitrogen oxides NO and NO2 [2–4], nitrous acid HONO [5], and formaldehyde HCHO and acetaldehyde CH3 CHO [6–8]. Uptake of hydrogen peroxide H2 O2 by the snowpack was also observed in Greenland [9]. Understanding and quantifying the processes responsible for these air–snow exchanges is mandatory to model atmospheric chemistry over snow-covered regions. These processes include adsorption/desorption of trace gases on snow crystal surfaces, diffusion of these gases in and out of snow crystals, and heterogeneous reactions. Quantifying adsorption/desorption and the rate of heterogeneous reactions require the knowledge of the surface area available for these processes. Diffusion fluxes also contain a surface term. Besides atmospheric chemistry applications, the knowledge of the snow surface area is necessary to quantify the transfer rates of water vapor and model metamorphism [10]. As detailed in ref. 11, the total snowpack surface area (TSA) available for interaction between snow crystals and gases can be expressed as  T SA = SSAi hi ρi (1) i



where SSAi , hi , and ρi are the specific surface area, thickness, and volumic mass of snow layer i, expressed in cm2 g−1 , cm, and g cm−3 , respectively. The snowpack TSA is thus a dimensionless quantity that can be expressed in m2 of snow per m2 of ground. The thickness and volumic mass (hereinafter written as density) of snow layers can be readily measured in the field. The SSA is more difficult to measure, and we use methane adsorption at 77 K to measure it in the laboratory [12,13]. Legagneux et al. [13] recently proposed a compilation of 176 snow SSA values that can be used in models of air–snow interactions. It has been shown that the SSA of fresh snow decreases with time [14,15] and it has been suggested that this SSA decrease could lead to the release of adsorbed gases in the atmosphere [16]. Thus, the rate of decrease of SSA must also be known for an accurate quantification of air–snow exchanges. This decrease is caused by snow metamorphism, i.e., by modification of the size and shape of snow crystals during aging. The rate of decrease of the SSA appears to be influenced by several factors, including temperature, temperature gradient, and wind speed. However, it is difficult to determine the effects of each one of these parameters from field measurements alone. In an attempt to contribute to the quantification of this rate, we performed laboratory experiments in closed systems, where we investigated the influence of temperature on the rate of decrease of snow SSA under isothermal conditions. The snow microphysical properties, which determine the SSA and the evolution of the microstructures during metamorphism, may crucially influence the resulting changes in the SSA. We have thus studied the morphological changes of snow crystals and especially their sizes and shapes using a field emission scanning electron microscope (FE-SEM) fitted with a cryostage. ©2003 NRC Canada
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Table 1. Snow characteristics and conditions of the five SSA decay experiments. Expt. No.



Date and place where sampled



Snow crystals types



Cold room temp. (◦ C)



Snow density in boxes



1



16 Jan. 2002 Col de Porte



Plates, needles, columns, dendritic crystals, capped prisms, bullet rosettes



–15



0.075



2



6 Feb. 2002 Chamrousse



Short prisms, columns, plates, stacks of plates, various combinations with sharp angles



–15



0.12



3



6 Feb. 2002 Chamrousse



Same as above



–4



0.12



4



21 Feb. 2002 Col de Porte



Graupel



–15



0.14



5



21 Feb. 2002 Col de Porte



Dendritic crystals, needles, columns, plates



–10



0.18



2. Sampling and experimental methods 2.1. Sampling Four snowfalls were sampled near Grenoble in January and February 2002. The snowfalls of 16 January and of 21 February were sampled at Col de Porte, at an altitude of 1340 m and about 10 km north of Grenoble in the Chartreuse range. The 21 February precipitation can be subdivided into two distinct snowfalls that were sampled separately. Snow already on the ground consisted of columns, needles, and dendritic crystals, while falling snow consisted of graupel. The 6 February snowfall was sampled at Bachat-Bouloud near the Chamrousse ski area in the Belledonne range, at an altitude of 1750 m and about 16 km to the south-east of Grenoble. Samplings and snow properties are listed in Table 1. Air-tight boxes of about 1 L inner volume, made of insulating material, were thermally equilibrated with the snow and then filled with snow. Great care was taken (i) to minimize compaction and (ii) to disturb the snow structure as little as possible during sampling. Six to eight identical boxes were filled for each snowfall, except for the graupel that fell on 21 February at Col de Porte that was sampled directly into a vacuum chamber used for the SSA measurements. Glass vials were also filled with snow and immediately immersed in liquid nitrogen, N2(liq) , to measure the SSA of the falling snow and for subsequent microscopic examination. All snowfalls were sampled during the fall or just afterwards. Considering that large amounts of snow were sampled each time, we selected only thick snowfalls to ensure homogeneous snow in all boxes. No heterogeneities were encountered, except in the lower part of the snowfall sampled at Col de Porte on 21 February, where the proportions of the various crystals seemed to show significant lateral variation. The snow-filled boxes were placed in a thermally insulated trunk and were transported to the laboratory within less than 30 min where they were placed in a cold room at the desired temperature: –4, –10, or −15◦ C. The first measurement was performed within the following 24 h, and thermal equilibration with the cold room was then complete. 2.2. Measurements of the SSA and density of snow Snow from the boxes was used to fill a 260 cm3 vacuum chamber that was then connected to our SSA measurement system. The SSA was measured by CH4 adsorption at N2(liq) temperature (77.15 K), as described by Hanot and Dominé [16] and detailed by Legagneux et al. [13]. The principle is to determine the number of CH4 molecules that can be adsorbed on the snow surface. This requires the measurement of the adsorption isotherm of CH4 on the snow sample, which is interpreted with a BET method [17] to obtain the SSA of the snow sample and the net heat of adsorption of CH4 on ice, QCH4 . The latter ©2003 NRC Canada
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Fig. 1. Evolution with time of the SSA of the five samples studied. (1200 h = 50 days).
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Table 2. Results of the five SSA decay experiments. Expt. Temp. No. (◦ C)



Initial SSA (cm2 g−1 )



Logarithmic fit (t (h)) SSA (cm2 g−1 )



Correlation coeff.



1 2 3 4 5



728 763 763 1059 480



SSA = −173.4 log(t SSA = −194.8 log(t SSA = −169.1 log(t SSA = −276.2 log(t SSA = −176.0 log(t



0.9982 0.9976 0.9765 0.9980 0.9782



–15 –15 −4 –15 –10



+ 4.19) + 833.6 + 3.98) + 880.1 − 6.49) + 745.9 + 5.0) + 1128.4 + 71.3) + 763.7



parameter can be used to test the reliability of the SSA measurements, as a value of 2240 ± 200 J mol−1 has been recommended [13]. The reproducibility of the method and its accuracy, taking into account systematic errors due to the BET treatment, are 6 and 12%, respectively [13]. In the case of the graupel sample stored in a vacuum chamber, the chamber containing the snow was taken out of the cold room, immersed in N2(liq) , and connected to the system. After the measurement, the chamber was returned to the cold room so that the very same snow was used for all measurements in this case. The snow density was measured as the ratio of mass over volume. The boxes were all filled to the same level to easily detect compaction and density increase during aging. 2.3. Observation of snow-crystal morphology At each SSA measurement, snow was sampled into a glass vial that was stored in N2(liq) for subsequent examination. In the case of graupel, an initial sample was placed in N2(liq) during the field sampling, and another one after the last measurement. Optical photomacrographs were taken using a macro lens and bellows [11]. FE-SEM pictures were also taken. The transfer of the snow samples onto the SEM sample holder was performed in N2(liq) . During the introduction procedure, the snow was in contact with the atmosphere for only a fraction of a second. During SEM examination, the snow was placed on a N2(liq) -cooled stage. The FE-SEM was operated at an acceleration voltage of 1–1.5 kV, and metal-coating was not needed. Magnifications up to 13 000 were used, with a resolution better than 0.1 µm. Samples from experiment 5 were not studied by SEM. For each sample studied, 40 to 150 pictures were taken.



3. Results No density change was detected in any of the samples, and the values are shown in Table 1. The initial SSAs ranged from 480 to 1059 cm2 g−1 , with the highest value being obtained for graupel consistent with the highly porous structure of such snow crystals [18]. The SSA decreased in all cases, ©2003 NRC Canada
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as shown in Fig. 1. All five decay curves have a similar appearance. An exponential function of the form, SSA = A exp(−Bt), a power law of the form, SSA = At −B , and a logarithmic function of the form, SSA = −A log t + B, where t is the time and A and B are the adjustable parameters, were tested to fit the decays. The SSA value of the fresh snow immersed in N2(liq) in the field was not used in these fits and is not shown in the plots. In all cases, the best fit was obtained with the logarithmic equation. For example, the correlation coefficients for the 16 January snowfall were 0.8799 for the exponential equation, 0.9853 for the power law, and 0.9978 for the logarithmic equation. The fit could be further improved by adding a third fitting parameter, as shown in (2), where A and B are in the same units as the SSA. The parameters used in each case are shown in Table 2. SSA = −A log(t + t) + B



(2)



A large number of SEM pictures were obtained for the 16 January snowfall (Col de Porte) and the 6 February snowfall (Chamrousse), and some of those pictures are described below. The 16 January snow consisted of a very large number of crystal types: plates, columns, dendritic crystals, needles, prisms capped by plates or dendritic crystals, bullet rosettes, sometimes capped by plates or dendrites. A few dendritic crystals were lightly rimed, but rime made up less that 2% of the snow mass. Only pictures showing the evolution of dendritic crystals and prisms capped by plates are shown in Fig. 2. Figure 2 shows that the snow, immersed in N2(liq) during sampling and therefore whose evolution was stopped just after its fall, has sharp edges. The radii of curvature of the plates on the capped prism and of the dendrite edges are probably less than 10 µm. The first measurement, after about 1 day in the cold room, shows that the edges are still sharp, although slight but detectable rounding has taken place. The pictures taken after 2 and 5 days show clear rounding. Angles are not sharp anymore, and the ridges on the prisms are barely noticeable after 5 days. The same trend persists with further aging. After 15 days, the radii of curvature on the plates appear greater than 50 µm, and the structures on the prisms have completely disappeared. It was noted with surprise that although rounding is widespread, flat basal, prismatic, and pyramidal faces appear on plates and even more so on dendrites, and sometimes unexpectedly show fairly sharp angles, as shown in Fig. 3. These faces were observed for experiments 1 and 2, performed at −15◦ C. A few faces were observed for experiment 3 performed at −4◦ C, but they were rather rare, while they were quite frequent at −15◦ C. Experiment 5 was not investigated by SEM and neither was experiment 4 for aged graupel. Optical pictures were taken, but they did not reveal such detailed features. Another feature frequently observed was the formation of grain boundaries, as shown in Fig. 4. Few grain boundaries were observed in fresh snow and those were usually the center of bullet rosettes as shown in Fig. 4 (top left). Newly formed grain boundaries became more abundant with aging. The formation of necks, simple grain boundaries, and triple junctions could be seen to become more frequent as aging progressed. Figure 4 indicates that the width of the region perturbed by grain boundaries is 2 to 5 µm. The top right picture of Fig. 4 shows an exceptional disruption, possibly caused by a large misfit between adjacent crystals.



4. Discussion 4.1. Rate of the SSA decrease The logarithmic equation (2) used to fit the data is purely empirical and is not meant to have any physical meaning. However, it is interesting to attempt to detect a relationship between the values of these parameters and the physical characteristics of the snow. First of all, one notes that when t + t = 1 h, then SSA = B. Thus, B may be close to the initial SSA of the snow at the beginning of the experiment. We admit, however, that the meaning of “initial” SSA is not entirely clear, as snow morphological changes occur at all stages, including during its formation and precipitation. Thus, we feel there is no justification in trying to reach precise definitions, but Table 2 suggests that there is indeed a reasonable ©2003 NRC Canada
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Fig. 2. (a) Images of the snow from experiment 1 obtained by scanning electron microscopy. The shape evolution of capped columns and of dendritic crystals is shown. From top to bottom: crystals immersed in liquid nitrogen during field sampling, crystals after 1 day at −15◦ C, after 2 days, and after 5 days. Scale bars: 100 µm. (b) Same as Fig. 2a. From top to bottom: crystals after 9 days, after 15 days, after 23 days, and after 49 days (all at −15◦ C). Scale bars: 100 µm.



correlation between B and the SSA of the snow sampled in the field. This suggestion does not seem valid for experiment 5, but as mentioned above, there were some spatial variations in the morphology of the snow that resulted in the data quality being not quite as good as for experiments 1, 2, and 4.



©2003 NRC Canada
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Fig. 3. SEM images showing the growth of flat faces with sharp angles, after long stays at −15◦ C. Both top left pictures are from experiment 2 after 34 days. The other four pictures are from experiment 1 after 49 days. Scale bars: 20 µm.



We also note that dSSA A =− dt (t + t)



(3)



and A is therefore directly related to the rate of decrease in the SSA. We expect this rate to be related to snow microphysics, as smaller structures will disappear more rapidly [15]. Smaller structures will lead to a greater SSA, and we therefore investigated whether there exists a correlation between B (suggested to be correlated to initial SSA and therefore to snow microphysics) and A. Figure 5 indeed suggests the existence of a linear relationship at −15◦ C: the greater the value of B, the greater its rate of decrease. Of course, this is based on only three points, and this conclusion should be considered as very preliminary, but nonetheless the correlation coefficient is 0.9973. Figure 5 also shows that for a B value around 750 cm2 g−1 , the predicted rate of decrease is greater at –4 and −10◦ C than at −15◦ C, in agreement with observations and theoretical predictions [10,19,20] that metamorphism is faster at higher temperatures. There does not seem to be an obvious comparison between the −4◦ C and the −10◦ C data points, but again data are less reliable for both these experiments, and subtle considerations are therefore not in order. The parameter t was first introduced to simulate the uncertainty regarding the time of origin of the isothermal evolution. Its physical meaning is not clear as it is adjusted to optimize the logarithmic fit. At any rate, the sensibility of A, B, and correlation coefficient to t is very low. In the case of experiment 1, for example, with t = 1, A is 168.6 instead of 173.4, B is 820.1 instead of 833.6, and R 2 is 0.9980 instead of 0.9982. To parameterize SSA decay in models, we then suggest to use t = 1 so that B would be the initial surface area for t = 0, i.e., when snow precipitates. We are thus led to speculate that the rate of decrease of the snow SSA in a closed system under ©2003 NRC Canada
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Fig. 4. SEM images of grain boundaries. Top: samples from experiment 1. Top left: center of a bullet rosette after 15 days. Top middle and right: newly formed grain boundaries after 45 and 9 days, respectively. Bottom left: sample from experiment 2 after 34 days. Newly formed neck and grain boundary are visible. Bottom center and right: newly formed grain boundaries and neck. In bottom right, condensation of atmospheric water vapor during sample loading is visible. Etching of the ice surface by the electron beam is readily visible at the magnifications used. Scale bars: 10 µm.



isothermal conditions may be described by a logarithmic law whose main parameters A and B would be linked by a linear relationship. We may be able to approximate this law by using the initial snow SSA as a B value, and, at −15◦ C, determine A using Fig. 5. We can also speculate that other linear relationships may be valid at other temperatures. Once the mathematical laws are corroborated by more experiments, predictions of the rate of SSA decay could then be made using linear relationships established for different temperatures. The parameter t may also be used, and we suggest that the residence time of snow on the ground can approximate t. Obviously the validity of (2) would be limited in time, as it eventually leads to negative SSA values. However, the SSA value of experiment 1 would reach zero after 7.3 years, and would still be 202 cm2 g−1 after 6 months. This latter value is actually close to the SSA values of aged Arctic spring snow [11] so that such a law, if it is found to be applicable to natural conditions, may be useable for the seasonal snowpack. Jellinek and Ibrahim [21] used an exponential law to describe the SSA decrease of laboratory-made ice spheres. Dominé et al. [12] have shown, however, that their method that used N2 adsorption rather than CH4 was not reliable. 4.2. Morphological changes Snow metamorphism observations show that at fast growth rates, such as caused by strong thermal gradients, faceted crystals are formed [19], while at slow growth rates, caused by isothermal or lowtemperature gradient conditions, rounded shapes are formed [19,22]. Slow growth rates are encountered in deep firn where temperature gradients are very low, and firn observations using optical microscopy ©2003 NRC Canada
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Fig. 5. Correlation between the adjustable parameters A and B of (2) found for the five experiments. A linear least-square fit of the data at −15◦ C is shown; its equation A = 0.3416B + 108.74, and its correlation coefficient is 0.9973. 300
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[23] do show rounded forms and the absence of any visible facets. The equilibrium form of snow crystals under atmospheric pressure is also considered to be rounded [22], and the shape of sublimating crystals is rounded as well [24]. Our SEM pictures indeed show that crystal rounding is the main morphological change taking place. At −15◦ C, the initial evolution clearly shows that rounding becomes widespread. However, and for the first time, we have also observed the formation of new facets. In the case of experiment 1, new facets have clearly started to grow after 9 days, and after 49 days most pictures do show facets. The same is true for experiment 2 after 34 days. At −4◦ C (experiment 3), some facets are also present, but after 28 days they have less extension, are less frequent, and the edges are very dull. These facets can often be distinguished from the initial flat structures in fresh snow, especially in the case of basal planes. In fresh snow, flat basal planes are usually not perfectly flat. They often show some sort of undulation and are often slightly concave near their center, especially along the surface of dendritic crystals. In contrast, our SEM pictures show that newly formed basal planes are perfectly flat within the resolution used, even though their edges are rarely sharp. Figure 2 shows such newly formed basal planes on dendritic crystals after 15 and 49 days evolution. It is not surprising that such facets have not been observed before under these conditions, since SEM has rarely, if ever, been used to study metamorphism. With an optical microscope, the facets on our samples were not visible. Overall, the snow is in contact with a partial water vapor pressure, PH2 O , close to the saturation vapor pressure of ice at the cold-room temperature. On a microscopic scale, each structure has its own curvature and thus may be out of equilibrium with the mean ambient pressure. The vapor fluxes are then governed by Kelvin’s law. For example, the edges of a crystal are undersaturated with respect to the mean PH2 O , while concave structures are oversaturated. The edges should then sublimate and become rounded to reduce their curvature [24]. Since our experiments were performed in a closed system, sublimating molecules have to condense elsewhere, i.e., on structures of lower curvature. Concave structures do undergo condensation, as witnessed by the formation of necks and grain boundaries, and our observations indicate that sometimes flat faces also grow. The formation of flat faces is consistent with growth by layer nucleation [25] at very low supersaturations, as the rate of layer nucleation under isothermal conditions would indeed be very low, causing existing layers to become complete before others are nucleated. Coexistence of edge rounding and face flattening has been suggested by Nelson [24], and it is obvious in Fig. 3, top right. In experiment 2, after 34 days some sharp angles also appear (Fig. 3, top left), suggesting rapid growth. Temperature gradients are an unlikely explanation. Temperature fluctuations in the cold room are ±0.5◦ C, and the samples are within insulated boxes made of 30 mm thick closed cell foam that ©2003 NRC Canada
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should considerably limit the establishment of thermal gradients. At this point, we are not able to explain the existence of such sharp angles under isothermal conditions at −15◦ C. Local anomalies in the vapor pressure field, caused by peculiar snow microphysics and unusual curvature distributions, might be responsible for that.



5. Conclusions This first experimental study of the decrease of the snow SSA during isothermal metamorphism shows that the rate of this decrease can be described in an excellent manner by a logarithmic equation. Moreover, the observed preliminary correlation between the two main parameters of this equation suggests that the rate of decrease of snow SSA can be predicted by considering the initial snow SSA only. For the moment, we have preliminary data to perform these predictions at −15◦ C only, but these findings justify further investigation at other temperatures. This simple parameterization is only valid under isothermal conditions and thus cannot, for the moment, be applied to the complex natural environment. It is intriguing, however, to see that the SSA decays observed in the Arctic and in the Alps by Cabanes et al. [15] can also be best fitted by a logarithmic equation. There is thus hope that a simple parameterization of the SSA decrease can be found and used in coupled air–snow chemistry models, and also in models of snow metamorphism. Regarding the physics of snow crystal growth, the theory of layer nucleation and step generation at angles during sublimation may explain the newly formed facets observed in aged snow, but the presence of sharp angles is puzzling and warrants detailed theoretical studies.
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