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Abstract The albedo of snow is determined in part by the size and shape of snow crystals, especially in the short wave infrared (SWIR). Many models of snow albedo represent snow crystals by spheres of surface/volume (S/V) ratio equal to that of snow crystals. However, the actual S/V ratio of snow has never been measured simultaneously with the albedo, for a thorough test of models. Using CH4 adsorption at 77 K, we have measured the specific surface area (SSA) of snow samples, i.e. its ratio S/(V · ρ), where ρ is the density of ice, together with the snow spectral albedo using a field radiometer with nadir viewing, at Ny-Ålesund, Svalbard. Tests are performed at 1310, 1629, 1740 and 2260 nm, and we find a good correlation between the SSA and the snow spectral albedo in the SWIR (linear correlation coefficient R2 > 0.98 for the last 3 wavelengths). Snow samples having varied crystals shapes such as rounded crystals in windpacks and hollow faceted crystals in depth hoar were studied and crystal shape did not affect the correlation in a detectable manner. An interest in using SSA rather than crystal size to predict SWIR albedo is that the reflectance of large hollow crystals such as depth hoar or surface hoar will be correctly predicted from their SSA, while considering their large dimensions would underestimate reflectance. We compare these correlations to those predicted by commonly used optical models. The best agreement is found when we compare our data to the modeled hemispheric reflectance, corrected by an adjustable factor that shows a small wavelength dependence. We propose that, once these results have been confirmed by more studies, it may be possible to design a rapid and simple optical method to measure snow SSA in the field. Our results may also allow a more detailed use of remote sensing data to study snow metamorphism, air–snow exchanges of gases, and climate. © 2006 Elsevier B.V. All rights reserved. Keywords: Snow; Specific surface area; Albedo; Reflectance; Short wave infrared



1. Introduction The albedo of snow is a crucial climatic and hydrological variable, as it determines the energy balance of the snow surface and the temperature profile in the snow and in the lower atmosphere (Brun et al., 1989). ⁎ Corresponding author. E-mail address: [email protected] (F. Domine). 0165-232X/$ - see front matter © 2006 Elsevier B.V. All rights reserved. doi:10.1016/j.coldregions.2006.06.002



Snow albedo is determined by its light scattering properties that are a function of the size and shapes of snow grains and by absorption by the ice medium and by impurities (Warren, 1982). In the near UV and in the visible, ice is a very weak absorber, and its albedo is not very sensitive to its physical properties. It is largely dependent on its impurity content such as soot particles. In the short wave infrared (SWIR), i.e. in the wavelength range 1.5 to 2.5 μm, ice is a strong absorber and its albedo
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is very strongly determined by the size and shape of snow grains, while being insensitive to impurities (Warren and Wiscombe, 1980; Sergent et al., 1998). Describing the effect of crystal size and shape on snow optical properties is an enormous task (e.g. Wiscombe and Warren, 1980), and approximations have been proposed. That with the greatest practical interest is to replace snow crystals with spheres of equivalent surface to volume (S/V) ratio. This has been shown to give adequate representation of albedo, although other variables, such as the bidirectional reflection function (BDRF) were somewhat less well described (Grenfell and Warren, 1999; Neshyba et al., 2003). The advantage of these studies is that they show that the equivalent-sphere size of snow crystals is the main physical variable that affects snow scattering properties, shape being often secondary. Snow physical characteristics and impurity content change with time due to snow metamorphism that changes the snow grains' sizes and shapes (e.g. Dominé et al., 2003), and deposition of aerosol particles (e.g. Aoki et al., 2000). In general, both grain size and impurity content increase during metamorphism so that snow albedo decreases with time, and this must be accounted for in climate models to describe adequately the energy balance of the surface. With climate change, the variables that determine snow metamorphism, such as air temperature and the temperature gradient in the snowpack, will be modified and the time evolution of snow albedo will thus be altered, representing a potentially important feedback on global warming. Unfortunately, today there is no sufficient understanding of the factors that govern the rate of change of snow crystal size to understand this effect. The specific surface area (SSA) of snow is defined as the surface area of snow crystals that is accessible to gases per unit mass. It is usually expressed in units of cm2/g and is equal to S/(V · ρ), where ρ is the density of ice (Legagneux et al., 2002). SSA is a necessary variable to understand snow chemistry and air–snow exchanges of chemical species (Dominé and Shepson, 2002). For example, it is thought that semi-volatile organic compounds (SVOCs) are present in the snowpack as adsorbed species (Daly and Wania, 2004). SVOCs include persistent organic pollutants (POPs) such as chlorinated pesticides, polychlorobiphenyls and polycyclic aromatic hydrocarbons, that accumulate in snow because of the large SSA of this porous medium, to the extent that they can represent a threat for ecosystems and human health in snow-covered areas (Blais et al., 2001). As grain size increases, and therefore as SSA decreases during metamorphism, SVOCs are released to the atmosphere until snowmelt, where the appearance of a liquid phase can then lead to their solubilization and transfer to the



61



hydrosphere and ecosystems. A critical aspect in modeling the fate of SVOCs and in particular POPs in the snowpack is the understanding of the rate of decrease of snow SSA, and of the factors that govern this rate. This has motivated studies of the SSA evolution of snow, both in nature (Cabanes et al., 2002, 2003) and in the laboratory (Legagneux et al., 2003, 2004) where environmental variables such as temperature can be controlled. These studies have produced results for isothermal conditions, where physical models can readily be written but that unfortunately have a limited applicability to natural conditions. Inversely, data obtained for natural conditions have a better applicability but it is difficult to understand the role of the numerous variables that contribute to SSA decrease, so that equations produced are only empirical (Cabanes et al., 2003). Part of the problem of snow SSA studies is that SSA is in most cases measured by CH4 adsorption at 77 K. This is a lengthy operation requiring 2 to 3 h to obtain just one value. It also requires liquid nitrogen, not a simple requirement in many polar field studies. It is clear that the study of snow SSA and of air–snow chemical interactions would greatly benefit from an easier method to measure snow SSA. Since it has been shown that the scattering part of snow albedo could be modeled in an acceptable manner by spheres of equal S/V, there is a clear link between albedo and SSA =S / (V ·ρ). In the SWIR, impurities have little effect, albedo is determined by scattering and the relation with SSA is much simpler than that in the visible. At present a relationship between snow SSA and albedo in the SWIR can be proposed from the model of Wiscombe and Warren (1980), that relates the spectral reflectance of pure snow to the equivalent grain size (see their Fig. 8). However, this model has not been fully tested, because there has not been an easy way to determine the equivalent sphere radius of snow grains. Several definitions have been proposed with limited success, and Aoki et al. (2000) concluded that the radius of equivalent S/V would probably be the best, but no detailed test could be performed because S could not be measured. Here, in order to test Wiscombe and Warren's model and to establish a relationship between SWIR albedo and SSA, we have measured simultaneously both variables. Our motivations included: (1) knowing a SSA–albedo correlation would allow the rapid measurement of SSA by optical methods. For example a radiometer would allow facile and rapid SSA measurement in the field, without the need for liquid nitrogen. Measurements in a cold room would also be rapid, with an adequate optical setup. (2) Our current understanding of the temporal evolution of snow SSA (Cabanes et al., 2002, 2003; Legagneux et al., 2003, 2004)
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would be applicable to the prediction of the evolution of snow albedo. Even though today our knowledge of the rate of snow SSA decrease is limited, it is likely that rapid progress will be done once a rapid optical method is available. Models of SSA evolution can be applied to predict the evolution of the scattering part of albedo, and how this will change in a warmer world. 2. Methods 2.1. Snow sampling The work was done at several places near Ny-Ålesund, Svalbard (78°55.45 N, 11°55.67 E), between 21 April and 7 May 2001. Both surface snow and snow from deeper layers, sampled in the coastal snowpack that was about 50 cm thick, were studied. Optical measurements for surface snow were done without perturbing the snow. For deeper layers, a cylindrical glass container 6 cm in diameter and 1.5 cm high was filled with snow. The container was then placed on a thick block of a hard wind slab that had been sawed off, and optical measurements were performed rapidly. For SSA measurements of surface snow, the snow was sampled in glass containers that were immediately immersed in liquid N2, as detailed in Legagneux et al. (2002). For deeper layers, the snow used for the optical measurements was then used for SSA measurements. 2.2. Snow SSA measurements Snow surface area (SA, i.e. the surface area of the actual sample, expressed in cm2 per sample) was measured using a volumetric method with BET analysis (Legagneux et al., 2002). Briefly, the principle of the method is to determine the number of CH4 molecules that can be adsorbed on the snow surface. In practice, the adsorption isotherm of CH4 on the snow has to be recorded. A BET analysis (Brunauer et al., 1938) is then used to obtain the SA from the isotherm. The snow mass was determined by weighing, and the SSA was derived as the ratio of SA over mass. Legagneux et al. (2004) observed that CH4 adsorption on the stainless steel walls of the container used for SSA measurement produced an artifact of 5 to 20%, depending on the SA of the sample. This has been corrected for here. The method has a 6% reproducibility and a 12% accuracy, as detailed in Legagneux et al. (2002). 2.3. Optical measurements The snow reflectance factor was obtained with a field spectroradiometer (Fieldspec FR-Analytical Spectral



Device 1997) in the wavelength range 350–2500 nm with 1 nm resolution, and calculated as the ratio of incident solar radiation reflected from the snow target over the incident radiation reflected from a white reference Spectralon regarded as a Lambertian reflector. The absolute reflectance was obtained by multiplying this reflectance factor by the reflectance spectrum of the panel. The measurements were performed under clear sky conditions, with occasionally a few scattered clouds far from the sun. Sources of errors or noise in field spectroradiometric data may be due to incorrect viewing geometry in data acquisition, to the electronic components of the instrument (random noise), to atmospheric water vapor absorption bands (near 1400 nm, in the range 1800–2000 nm and above 2400 nm), to the low atmospheric radiance at wavelengths beyond 1700 nm, and to strong ice absorption bands near 1500 and 2000 nm, giving a low signal to noise ratio (S/N). A correct orientation of the spectroradiometer over the panel and at the surface is necessary for the snow target, particularly in the visible wavelengths up to 900 nm, to avoid reflectance value exceeding 100% and reflectance curves having an anomalous pattern. The S/N ratio can be improved by increasing the number of measurements for every radiometric acquisition. In our measurements the estimated error of absolute reflectance is about 2% (Casacchia et al., 2002). Twenty to thirty measurements were carried out for every target, and each measurement represented an integration of 50 acquisition cycles. In the data analysis below, data were smoothed over 9 data points, to reduce noise in the regions where the S/N ratio was low, mainly around 1380, 1980 and above 2380 nm. In the range 1800 to 1935 nm, the S/N ratio was very low and data were not plotted. Measurements were acquired 10 cm above the target, with a field of view of 25° thus covering a circular area 4 cm in diameter. Special care was taken that the radiometer was nadir viewing over the surveyed surface. As only SWIR measurements are used, the small thickness of some samples is not a problem. All measurements were carried out between 12:00 and 15:00 local time, when the solar zenith angle was between 64 and 68°. 2.4. Optical modeling methods The modeling of the reflectance of snow was done following the concepts of Wiscombe and Warren (1980) using the formalism of the DISORT (Discrete Ordinate Method Radiative Transfer) model detailed in Stamnes et al. (1988). Snow is represented by ice spheres, and
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Table 1 Summary of the SSA and reflectance experimental data Type of measurement



Snow type



Sample



SSA



N°



cm /g



g/cm



1310 nm



1629 nm



1740 nm



2260 nm



Surface snow Surface snow Surface snow Snow in glass



Fresh dendritic snow Needles and dendrites Surface wind crust Deep faceted crystals



1 2 3 4



0.013 0.16 0.34 0.22



Snow in glass



Deep faceted crystals



5a



Snow in glass Snow in glass Snow in glass



Deep faceted crystals Rounded crystals, a few facets Deep faceted crystals



6 7 8



Snow in glass



Depth hoar



9b



683 447 304 145 145 145 120 124 89 102 102 102



0.5400 0.4870 0.4485 0.3083 0.2998 0.2814 0.3019 0.3130 0.2128 0.2551 0.2421 0.2538



0.1848 0.1304 0.0924 0.0274 0.0295 0.0241 0.0245 0.0291 0.0126 0.0166 0.0166 0.0220



0.2769 0.1938 0.1557 0.0611 0.0636 0.0534 0.0543 0.0603 0.0268 0.0368 0.0352 0.0428



0.2571 0.1674 0.1195 0.0484 0.0491 0.0383 0.0407 0.0451 0.0141 0.0265 0.0193 0.0295



2



f g



f g



density 3



0.21 0.27 0.33 0.32 0.25



Reflectance



Reflectance



Reflectance



Reflectance



a



Reflectance was measured twice on 2 different samples from the same layer, because of the large size of crystals. Samples were then combined for the measurement of SSA. b Reflectance was measured 3 times on 3 different samples from the same layer, because of the large size of crystals. Samples were then combined for the measurement of SSA.



Mie diffusion is used to model light scattering. Calculations were done to obtain hemispherical reflectance, i.e. reflectance integrated over a half-sphere, and bidirectional reflectance with nadir viewing. 3. Results and discussion The snow samples studied and the data obtained are summed up in Table 1. Two samples had large crystals. Considering that optical measurements viewed a surface area of about 12 cm2, a representativity problem may arise, and 2 or 3 samples of the same layer were used each



time (see Table 1). Fig. 1 plots the spectral reflectance of 3 snow samples, and illustrates that the SWIR reflectance is related to SSA, while no obvious relationship appears in the visible. To perform a first rough test of the relationship between SSA and spectral reflectance, a linear correlation between these variables was sought at all wavelengths. Fig. 2 confirms the absence of correlation in the visible because albedo is affected by particulate impurities, that vary from one sample to another. The signal is also affected by underlying snow layers (Casacchia et al., 2001; Zhou et al., 2003) and by the glass container when present (see Table 1). In the Near and Short Wave IR,



Fig. 1. Spectral reflectance of 3 snow samples (1, 3 and 9 in Table 1 and Fig. 4), illustrating the effect of snow SSA on reflectance in the IR, and the lack of effect in the visible. Data for wavelengths λ between 1800 and 1935 nm are not shown because of a poor S/N ratio (see text).
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Fig. 2. Linear correlation coefficient between reflectance and SSA, as a function of wavelength. Data for wavelengths between 1800 and 1935 nm are not shown because of a poor S/N ratio. Negative peaks near 1960 and 2015 nm are an artifact due to low S/N ratio.



however, the correlation is excellent. The correlation coefficient, R2, is greater than 0.9 for all wavelengths where the signal is adequate. It is greater than 0.98 in the ranges 1425–1800 nm and 2076–2378 nm and exceeds 0.995 around 1450, 2185 and 2310 nm. Given the number of data points, all these values indicate correlations significant at levels p < 0.01. Fig. 3 shows plots of SSA vs. reflectance at 4 wavelengths: 1310 nm (Near IR, strong signal and fairly high R2 on Fig. 1), 1629 nm (MODIS band 6), 1740 nm (high reflectance value and good S/N ratio) and 2260 nm (SWIR reflectance peak). The model of Stamnes et al. (1988) was used to calculate at these 4 wavelengths the reflectance of snow made up of ice spheres of radii determined from their SSA, for a zenith angle of 65°. Two optical configurations



were used in the calculations: in the first one, the hemispherical reflectance was calculated, i.e. the ratio of the upward reflected flux over the incoming direct solar flux; in the second one, the bidirectional reflectance for nadir viewing was used. In either case, perfect agreement with the experiment is not expected because of the approximations inherent to the model and/or to the configuration. Regarding the first configuration, snow does not reflect light isotropically and substituting hemispherical reflectance for nadir reflectance is bound to be incorrect. Regarding the second one, the model makes approximations that makes its output quite uncertain as single scattering by spherical particles is quite different from scattering by a wide range of shapes. Comparing model output with our experimental data



Fig. 3. Plot of the reflectance of our snow samples at 1 NIR and 3 SWIR wavelengths vs. SSA. Our experimental data is compared to the predictions of the model of Stamnes et al. (1988). The model calculations show the hemispherical reflectance, multiplied by a factor to optimize agreement between the data and the model. The factor appears next to each curve. See text for details.
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showed that the best agreement could be obtained if the hemispherical reflectance was multiplied by an adjustable factor which takes into account the fact that the snow surface is not Lambertian. The comparison between data
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and the model is shown in Fig. 3. With the use of the corrective factor, the agreement between data and model is quite good. We also note that the corrections required to bring data and model in good agreement are quite small:



Fig. 4. Photomacrographs of the 9 snow samples. The numbers are the same as those in Table 1. Scale bars : 1 mm.
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25% at the most. On the contrary, when the bidirectional reflectance was used, the agreement was not as good. First of all, the shape of the curve was different, in that the increase in reflectance with SSA was always faster in the model, and second, high values of corrective factors had to be used (up to 4, at 1629 nm). It may seem surprising that hemispherical reflectance agrees better with the experiment than bidirectional reflectance, as our measurements are in a bidirectional configuration. We suggest that this is because the model makes some fairly large approximations by using Mie scattering, as mentioned above. In the hemispheric case, errors on all directions probably average out and partly compensate each other. In the bidirectional reflectance, the full error for a given configuration is obtained and may be quite large. Fig. 3 shows some scatter in the data, especially for low SSA values. These can of course be due to experimental error, both in SSA and reflectance measurements. The zenith angle also varies during each measurement and between various measurements. Finally, snow crystals are not spherical, as assumed in the model, and varying the shape may change the reflectance. Experimental errors have been discussed above, and are obviously greater for low SSA values. Optical measurements also have more error for snows with low SSA, because the signal is lower and because there is a representativity problem, as evidenced in Table 1 for sample 9. We also performed calculations for a solar zenith angle of 68°, at wavelengths of 1310 and 2260 nm. Relative to 65°, hemispherical reflectance increased, more so at longer wavelengths and at lower SSAs. At 1310 nm for a SSA of 700 cm2/g, the increase was 2%, while it was 18% at 2260 nm for a SSA of 100 cm2/g. Crystal shape also affects



reflectance (Leroux et al., 1998a,b). Fig. 4 shows photomacrographs of crystals from our 9 samples, and shapes range from quasi-sphere to well faceted depth hoar and fresh dendritic snow. Considering these sources of error, we conclude that our data behave in a manner reasonably close to that predicted by the model of Stamnes et al. (1988), once a correction factor has been applied. We note here that crystal shape does not seem to have a major influence on spectral reflectance as measured here, and that by far the main physical factor that determines snow spectral reflectance in the SWIR is its SSA. This new result is interesting, as it may facilitate the use of optical data obtained under BDRF conditions to retrieve information on the properties of snow crystals. This conclusion, although preliminary, clearly suggests that it may be possible to determine snow SSA from its reflectance at a single wavelength, or even over an optical band of a limited width. It would be simpler to find conditions with a linear relationship between SSA and reflectance. According to model results for SSA < 700 cm2/ g, the best linearity is at 1629 nm (R2 = 0.9965), while according to our experimental data, the best correlations are around 1450, 2185 and 2310 nm (R2 > 0.995). However, a non-linear response is not very complex to deal with, and Fig. 2 indicates that any wavelength greater than about 1500 nm would be appropriate. Absorption being very large at these wavelengths, the size of the particles is the main factor on the diffusion of light. If this conclusion is confirmed by subsequent studies, 2 main applications can be proposed. The first one is the design of a system to measure snow SSA in the field using SWIR reflectance. A set up of adequate geometry with a simple SWIR light source and a detector is in principle simple to construct, although extensive calibration efforts,



Fig. 5. Test of a linear correlation between snow SSA and reflectance over some ASTER and MODIS spectral bands.
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using snow crystals of different shapes will be required to establish the accuracy of the method. The second one is the use of remote sensing to monitor the changes in snow SSA over large areas. In this case, adequate model support will be necessary to account for variations in viewing and zenith angles, surface slope, atmospheric effects (diffusion and absorption) and cloud detection. Given all these effects, the task will be complex, although some effects such as diffusion are less important in the SWIR than in the visible (Vermote et al., 1997). In any case, extensive field validations that will also test for the effect of crystal shapes will be required (Fily et al., 1997; Painter et al., 2003). The use of the SWIR MODIS band 6 at 1629 nm seems adequate, although the spatial resolution is only about 500 m. Other satellites, such as SPOT, that have a resolution of about 10 m in their SWIR band (1580–1750 nm) or the ASTER/SWIR sensor (30 m resolution, 6 channels between 1700 nm and 2430 nm) could also yield valuable data. Fig. 5 shows that the good correlation observed for a given wavelength also applies to narrow bands, and the retrieval of snow SSA using linear relationships between ASTER or MODIS band reflectance and snow SSA is a realistic perspective, if the other variables mentioned above, that affect the signal, are taken into account. However, even after validation, the interpretation of remote sensing data cannot be done without simultaneous field observations of the snow surface by an expert eye. This is needed to avoid many artifacts such as but not limited to wind erosion of fresh snow and the exposure of the underlying aged snow of low SSA, resulting in an apparently fast SSA decrease. Other problems, especially for images with low spatial resolution, is that different types of surfaces (i.e. vegetation) or many snow layers often outcrop simultaneously (e.g. Dominé et al., 2002), and a confrontation of satellite data with ground observations indeed seems mandatory. 4. Conclusion By measuring simultaneously the SSA and the spectral reflectance of snow, we find that SSA is the main physical factor responsible for the variations in the SWIR reflectance of snow. Our data show that SSA is a better variable than many definitions of grain size used in the past (e.g. Aoki et al., 2000) to predict SWIR reflectance. For example, Fig. 4 shows that depth hoar crystals, while several mm in size, have a SWIR reflectance similar to those of snow samples with grains 3 to 5 times smaller, such as samples 6, 7 and 8. The SSA of the depth hoar sample has a value greater than expected from its size because depth hoar crystals are hollow (e.g. Dominé et al., 2002, 2003). These considerations would also apply to
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