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[1] The specific surface area (SSA) of snow is the surface area available to gases per unit



mass. It is an important variable for quantifying air-snow exchange of chemical species, and it is closely related to other variables such as albedo. Snow SSA decreases during metamorphism, but few data are available to quantify its rate of decrease. We have performed laboratory experiments under isothermal and temperature gradient conditions during which the SSA of snow samples was monitored for several months. We have also monitored the SSA of snowfalls subjected to large temperature gradients at a field site in the central Alaskan taiga. The same snow layers were also monitored in a manipulated snowpack where the temperature gradient was greatly reduced. In all cases, the SSA decay follows a logarithmic equation with three adjustable variables that are parameterized using the initial snow SSA and the time-averaged temperature of the snow. Two parameterizations of the three adjustable variables are found: One applies to the isothermal experiments and to the quasi-isothermal cases studied in Alaska (equitemperature (ET) metamorphism), and the other is applicable to both the laboratory experiments performed under temperature gradients and to the natural snowpack in Alaska (temperature gradient (TG) metamorphism). Higher temperatures accelerate the decrease in SSA, and this decrease is faster under TG than ET conditions. We discuss the conditions of applicability of these parameterizations and use them to speculate on the effect of climate change on snow SSA. Depending on the climate regime, changes in the rate of decay of snow SSA and hence in snow albedo may produce either negative or positive feedbacks on climate change. Citation: Taillandier, A.-S., F. Domine, W. R. Simpson, M. Sturm, and T. A. Douglas (2007), Rate of decrease of the specific surface area of dry snow: Isothermal and temperature gradient conditions, J. Geophys. Res., 112, F03003, doi:10.1029/2006JF000514.



1. Introduction [2] Snow crystals in dry snowpacks are subjected to water vapor gradients generated by temperature gradients in the snowpack and by curvature gradients on the surface of snow crystals. These effects drive sublimation/condensation cycles that modify the sizes and shapes of snow crystals and the physical properties of the snowpack. These changes are grouped under the term ‘‘snow metamorphism.’’ Two main regimes of dry metamorphism are described in the literature [Sommerfeld and LaChapelle, 1970]. Equitemperature (ET) metamorphism takes place under isothermal or low temperature gradient conditions ( > < =  ln t þ e 0:0961 SSA0  3:44ðTm þ 1:90Þ > > : ;



Uncertainties on the coefficients were found to be less than 3% by propagating random errors of 6% (the reproducibility of a SSA measurement) on individual SSA measurements. We found that random propagation in a given decay plot produced changes in experimental (A, B) values of less than 4% and less than 8 h on Dt. The determination of A0g, B0g and Dt0g takes into account 10 A, B and Dt values, resulting in fluctuation damping and in small errors. 4.3. Parameterization for Quasi-Isothermal Conditions [33] The same procedure was used to determine the predicted values of the rate parameters under ET conditions, A0i and B0i (Figure 7). The results are



We adjusted ag, bg, cg, xg, yg, zg in order to minimize the difference between A and A0g and between B and B0g. This was done by plotting A as a function of A0g and adjusting ag, bg and cg to maximize the correlation coefficient, while maintaining a slope of 1 and an intercept of 0. The same was done for B and B0g and xg, yg and zg. We obtained with A0g, B0g and SSA0 in cm2 g1, Tm in °C, and Dt0g in hours: A0g



¼ 0:0961 SSA0  3:44ðTm þ 1:90Þ



ð6Þ



B0g ¼ 0:659 SSA0  27:2ðTm  2:03Þ



ð7Þ



  0:341 SSA0  27:2ðTm  2:03Þ Dtg0 ¼ e 0:0961 SSA0  3:44ðTm þ 1:90Þ



ð9Þ



A0i ¼ 0:0760 SSA0  1:76ðTm  2:96Þ



ð10Þ



B0i ¼ 0:629 SSA0  15:0ðTm  11:2Þ



ð11Þ







 0:371 SSA0  15:0ðTm  11:2Þ Dti0 ¼ e 0:0760 SSA0  1:76ðTm  2:96Þ



ð12Þ



The rate expression for the evolution of SSA under isothermal conditions is then, again with t in hours, Tm in °C and SSA0 and SSAi(t) in cm2 g1: SSAi ðt Þ ¼ ½0:629 SSA0  15:0ðTm  11:2Þ 



ð8Þ



8 of 13



 ½0:0760 SSA0  1:76ðTm  2:96Þ



 9 8 0:371 SSA0  15:0ðTm  11:2Þ > > < =  ln t þ e 0:0760 SSA0  1:76ðTm  2:96Þ > > : ;



ð13Þ
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Figure 7. Same as Figure 6 but for SSA decay under isothermal conditions. As for equation (9), uncertainties on the coefficients were found to be less than 3%. 4.4. Data-Model Comparisons [34] Before discussing the conditions of validity of equations (9) and (13), it is necessary to compare their predictions to our experimental data. At the same time, we also test the predictions of FZ06, using equation (2), which gives an excellent approximation of the output of FZ06, using values of t and n kindly supplied by Flanner and Zender [2006]. [35] Figure 8 compares four experimental SSA decay plots with predictions from equation (9) or (13) and of



FZ06. Equations (9) and (13) reproduce all decay plots well, as expected because the adjustable parameters of these equations were fitted with those data. This agreement is nevertheless required to justify our explicit and implicit assumptions: (1) there are two distinct metamorphic regimes; (2) snow density is not a critical variable; (3) the value of the temperature gradient is not important within each regime; (4) the mean temperature of evolution is an acceptable substitute to the detailed temperature history. These aspects are discussed in more detail in subsequent paragraphs. Less expected is that FZ06 reproduces our data well in most cases. Indeed, FZ06 was tested by its authors



Figure 8. Comparison of the experimental data with the predictions of equation (13) for quasiisothermal SSA decays 9 and 20 of Table 2 and with the predictions of equation (9) for SSA decays 13 and 16 under temperature gradient conditions. The predictions of model FZ06 for the snow densities, temperatures, and temperature gradients of Table 2 are also shown (see text). 9 of 13
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under TG conditions with the data of Fukuzawa and Akitaya [1993] and in view of the nature of these data, it was not certain that it would fit actual SSA data well. The fit for experiment (13) is good, in fact as good as equation (9). Experiment (20) also shows an excellent fit. Experiment (16), although still good, is not fitted quite as well as the others. These runs of FZ06 were done without prior adjustments of sg and 8: respective values of 2.3 and 5 were used as recommended by Flanner and Zender [2006]. It would probably be possible to improve the fits by adjusting sg and 8, but we wanted to test the predictive value of FZ06. We conclude that it is in general quite good. We now discuss the conditions of validity of equations (9) and (13), commenting whenever relevant on the expected performance of FZ06 under the same conditions. 4.5. Conditions of Validity of the Rate Equations [36] Empirical relationships are generally valid only in the range of values investigated experimentally. In particular, equations (1), (9) and (13) are not valid at long times, because SSA values must remain positive. Legagneux et al. [2004] showed (their Figure 4) that in the isothermal case, equation (1) is a satisfactory approximation of the more accurate Ostwald ripening equation in the time range 0.5 to about 150 days. At short evolution times, equation (1) is valid only when (t + Dt) > 1, as SSA0 > SSA(t). The validity at long evolution times, estimated from our data, appears to be about 150 days in the ET case. This is adequate for most applications to seasonal snowpacks. In the TG case, depth hoar crystals form and SSA seems to trend asymptotically to about 80 cm2 g1 (re = 409 mm). The validity of equation (9) is then about 100 days. Beyond that, taking a constant value of about 80 cm2 g1 appears adequate. [37] That the SSA of depth hoar reaches an asymptotic nonzero value is explained by the crystal shape (Figure 1). Observed growth is essentially along the axis of the hollow prism. To a first approximation [Domine et al., 2001], the SSA of sufficiently large crystals will then be that of an infinite ice slab of the same thickness as that of the hollow prisms. This asymptotic value is not predicted by FZ06, which treats crystals as indefinitely growing spheres. However, Figure 8 shows that for durations relevant to seasonal snowpacks, this aspect does not cause major errors in the predictions of FZ06. [38] Figure 4 indicates that there are two regimes of SSA decay rate: ET and TG conditions, that correspond to the domains of predominance of two physical processes: curvature-driven metamorphism in the ET case [Colbeck, 1980; Flin et al., 2003; Domine et al., 2003; Legagneux et al., 2004] and temperature gradient-driven metamorphism in the other case [Marbouty, 1980; Colbeck, 1983; Domine et al., 2003]. Table 2 suggests that there may be an abrupt transition between both processes, as the mean temperature gradient for the ET evolution in Alaska was 8 to 9°C m1. Marbouty [1980] suggested that 20°C m1 was the threshold gradient for depth hoar formation, so that the boundary between ET and TG conditions, as far as SSA decay is concerned, lies somewhere between 9 and 20°C m1. [39] This observation seems to contradict Colbeck [1982] who stated that ‘‘radius of curvature differences cannot control the rate of metamorphism except possibly for brief
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periods immediately following a snowfall, when dendrite branches with a mean radius of 103 mm might occur’’. Here we suggest that as long as the temperature gradient is below a given threshold, ET metamorphism will control the rate of SSA decrease. This disagreement may only be apparent, however, as Colbeck was concerned with grain size and aspect, while we discuss SSA. Flanner and Zender [2006] also clearly show that ET metamorphism has a significant effect on SSA decay rate. Their Figure 5 demonstrates that under ET conditions, The SSA decay rate is only about half of that under TG = 50°C m1. [40] In the ET case, the Tm range studied is fairly narrow, from 19.2 to 4°C, and one may wonder whether equation (13) applies beyond that range. Arguments supporting that it does include (1) the snow layers studied in Alaska were subjected to temperatures ranging from 43°C to 0°C; (2) Legagneux et al. [2004] give theoretical support for the (A, B) correlation that is a priori valid at all temperatures. Of course, these considerations do not constitute a proof and additional data at low temperatures are desirable. However, we feel that extrapolating equation (13) below 19.2°C is reasonable. [41] The situation is more complex in the TG case. An extra variable is the magnitude of the temperature gradient. Water vapor fluxes depend on this magnitude and intuitively, one would expect the rate of SSA decay to depend on this variable. From Table 2, the range of mean temperature gradients studied is only from 31 to 54°C m1. Within this range, we detect no effect of the magnitude of the temperature gradient on SSA decay rate. However, the above values are averages over long time periods and gradient values as high as 198°C m1 were encountered at the beginning of the season of the Alaska field study. This leads us to suggest that the magnitude of the temperature gradient, as long as it is above a certain threshold, may not have a significant effect on SSA decay rate. This may seem counterintuitive, but one should not confuse metamorphic rate and SSA decay rate. A possible explanation is that microscopic details such as the thickness of the walls of depth hoar crystals determine SSA, rather than macroscopic characteristics such as visual crystal size. While crystal size is likely affected by the temperature gradient, it is possible that microscopic details are less affected. It may then be reasonable to suggest that equation (9) may apply over the whole range of temperature gradients observed in snowpacks. FZ06 predicts an effect of the magnitude of the temperature gradient, but this is expected since they approximate crystals as spheres. Spheres will then grow more rapidly under higher gradients and SSA will decay faster. Models with more realistic crystal shapes are needed to better understand the impact of the temperature gradient on SSA decay rates. [42] Other variables such as density should also affect the SSA decay rate, as indicated by the models of Legagneux and Domine [2005] and by FZ06. Density certainly has an effect, but Table 2 shows that our experimental density range is narrow, with all values 
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