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Abstract.

Snow microstructure evolves continuously during dry snow metamorphism, governing many effective physical
properties of snow. Accurately representing this evolution in snowpack models requires objective descriptors of grain
size and grain shape together with reliable temporal evolution laws. However, the evolution of snow microstructure
has not been systematically characterized over the full range of dry snow metamorphism conditions. Here, we in-
vestigate the temporal evolution of several grain-size and grain-shape descriptors during dry snow metamorphism
using a unique 4D X-ray tomography dataset comprising 20 experiments covering a broad range of temperatures,
temperature gradients, and initial snow types. We analyze specific surface area (SSA), optical and microwave grain
sizes, correlation length, structural anisotropy, three curvature-based grain-shape descriptors, as well as the full
chord length and mean curvature distributions. Our results reveal that SSA evolution is far more diverse than gen-
erally assumed, including transient increases under strong temperature gradients. Optical and microwave grain-size
descriptors often differ in both absolute value and temporal evolution, suggesting that snowpack models should
predict both rather than a single grain-size descriptor. Vertical structural anisotropy does not systematically de-
velop under temperature gradients, contrary to the common assumption. Overall, the initial snow microstructure
strongly controls grain-shape evolution and, to a lesser extent, grain-size evolution, while both are also influenced by
temperature gradient and mean temperature. These results provide new experimental constraints for developing and
evaluating snow microstructure representations and temporal evolution laws in snowpack models. Future snowpack
models could benefit from predicting the full chord length and mean curvature distributions rather than only scalar

descriptors.

1 Introduction

Dry snow microstructure consists of an arrangement of sintered ice crystals surrounded by air. This microstructure
evolves due to thermodynamic disequilibrium at the ice-air interfaces, known as dry snow metamorphism (Yosida
et al., 1955; Colbeck, 1983). Two types of transformations are classically distinguished in dry snow metamorphism:

equi-temperature metamorphism (ETM) and temperature-gradient metamorphism (TGM). These transformations
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generate a wide diversity of snow microstructures characterized by grains of different sizes and shapes (e.g., Fierz
et al., 2009). Characterizing snow microstructure and its evolution during metamorphism is essential for many snow-
related applications, as snow microstructure controls snowpack behavior at larger scales, such as avalanche release
(e.g., Schweizer et al., 2003), hydrology of mountain regions (e.g., Holko et al., 2011), and Earth’s surface energy
budget (e.g., Dumont et al., 2014).

Snow microstructure has traditionally been described in terms of grain size and grain shape. In field observations,
these quantities are assessed visually following the International Classification for Seasonal Snow on the Ground
(Colbeck et al., 1990; Fierz et al., 2009). After manually separating the grains, grain size is defined as the largest
extension of a grain and grain shape is described qualitatively through the snow type. Detailed snowpack models,
such as CROCUS and SNOWPACK (Lafaysse et al., 2025; Lehning et al., 2002), naturally adopt this framework
by representing snow microstructure through grain size and grain shape. Grain size is represented by the optical
grain diameter derived from the specific surface area (SSA), whereas grain shape is characterized by an empirical
sphericity index.

Although this representation has proved successful in many applications, it has several limitations. The empirical
sphericity index cannot be measured, preventing quantitative comparisons with experiments and making it difficult
to relate directly to the physical properties of snow. The temporal evolution of SSA is described by empirical laws.
Recent studies have shown that these laws do not always reproduce field observations under alpine and Arctic
conditions (e.g., Morin et al., 2013; Barrere et al., 2017; Domine et al., 2019; Calonne et al., 2020; Woolley et al.,
2024, 2026). In addition, these two quantities do not necessarily capture all the microstructural information required
to model certain effective properties, such as thermal conductivity (e.g., Calonne et al., 2014b) or microwave radiative
properties (e.g., Picard et al., 2022). Addressing these limitations first requires identifying objective descriptors of
grain size and grain shape.

More generally, describing the size and shape of the skeletal portion composing a porous medium has been a
long-standing issue (Torquato, 2002). Notions of size and shape are intertwined, and it can be complicated or even
meaningless to disentangle them. Various geometrical descriptors have therefore been developed to characterize
porous media. Among the most widely used are the Minkowski functionals, the chord length distribution, and the
two-point correlation (or autocorrelation) function (Torquato, 2002). For a 3D space, the Minkowski functionals
comprise the total volume, surface area, integral mean curvature, and integral Gaussian curvature. Together, they
provide a compact (and complete, under certain conditions) description of the geometry and topology of porous
media, as established by Hadwiger’s theorem (Hadwiger, 1957). The chord length distribution characterizes the
lengths of linear segments contained within a given phase of the porous medium and has proved useful for transport
phenomena, such as Knudsen diffusion and radiative transfer (Ho and Strieder, 1979; Tassopoulos and Rosner,
1992). The two-point correlation function characterizes spatial correlations within the microstructure, from which

characteristic structural length scales can be derived (Torquato, 2002).
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When it comes to describing snow microstructure, the choice of the pertinent geometrical descriptor depends on
the physical process of interest. For example, the size and shape of the snow grains that a photon experiences in the
visible light range are not the same as in the microwave range. In the following, we present commonly used geometrical
parameters that can be defined unambiguously and that are or could be related to snow effective physical properties.
Specific surface area (SSA) describes the ratio between the total surface area and the total snow mass or volume (e.g.,
Arakawa et al., 2009). This property is of primary importance for radiative transfer in the visible and near-infrared
ranges, as it is directly related to snow albedo (Wiscombe and Warren, 1980; Gardner and Sharp, 2010; Dumont
et al., 2017). The optical grain size, also referred to as the spherical equivalent grain size, can be directly derived from
SSA (Warren, 1982; Grenfell et al., 1994). Curvature characterizes the local shape of the ice-air interface (Coléou
et al., 2001; Flin et al., 2004; Calonne et al., 2014a). It is of particular interest for dry snow metamorphism because
curvature gradients drive vapor transport and therefore the evolution of the snow microstructure. The variance of
mean curvature quantifies the geometrical heterogeneity of the ice surface and has recently been proposed as a
controlling factor for SSA evolution (Braun et al., 2024). The first moment of the chord length distribution is related
to SSA (Underwood, 1969), whereas higher-order moments contain additional information on the distribution of
structural length scales and can be related to the optical and microwave radiative properties of snow (Malinka,
2014). Recently, a microwave grain size, based on the moments of the chord length distribution, was introduced by
Picard et al. (2022) to model microwave scattering by the snowpack. Different characteristic lengths can be derived
from the two-point or autocorrelation function (Métzler, 2002), including the exponential correlation length (Lowe
et al., 2013; Calonne et al., 2014a; Krol and Lowe, 2016), which is strongly related to microwave radiative transfer
in snow (Vallese and Kong, 1981; Wiesmann and Maétzler, 1999). The structural anisotropy of snow describes the
preferential orientation of the snow microstructure. It can be computed from any directional geometrical property,
but is often calculated with the correlation lengths (e.g., Lowe et al., 2013; Calonne et al., 2014a; Leinss et al.,
2020). It governs the anisotropy of several physical properties of snow, such as thermal conductivity, diffusivity, or
electromagnetic permittivity (e.g., Calonne et al., 2012, 2014b; Leinss et al., 2020; Sundu et al., 2024). Finally, the
Euler characteristic and the genus are topological invariants which have been used to describe the connectivity, or
bond network, within the microstructure (e.g., Schleef et al., 2014a; Hagenmuller et al., 2014; Bernard et al., 2023).

The influence of metamorphism conditions on the above-mentioned geometrical metrics has been investigated
only for a limited number of cases. Most studies are based on cold-laboratory experiments and X-ray tomography.
Concerning SSA, while a decrease with time is commonly observed (e.g., Flin et al., 2003; Schneebeli and Sokratov,
2004; Taillandier et al., 2007; Kaempfer and Schneebeli, 2007; Hachikubo et al., 2014; Wiese and Schneebeli, 2017),
different evolutions, such as an increase in SSA, have been reported for specific conditions (Domine et al., 2009;
Wang and Baker, 2014; Bouvet et al., 2023) but remain to be more thoroughly characterized. The exponential
correlation lengths (e.g., Lowe et al., 2013; Schleef and Loewe, 2013; Calonne et al., 2014a), curvature distributions
(e.g., Coléou et al., 2001; Flin et al., 2004; Calonne et al., 2014a), and the anisotropy of the exponential length
(e.g., Lowe et al., 2013; Calonne et al., 2014a; Leinss et al., 2016) have been studied only for a few specific cases of
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metamorphism, which prevents a comprehensive picture of their evolution from being drawn. Regarding structural
anisotropy, a simple model of its temporal evolution was proposed by Leinss et al. (2020) as an attempt to enable the
use of the anisotropy in snowpack models as an internal variable. This model was evaluated on five cases of dry snow
metamorphism due to the lack of additional suitable data. More recently, Braun et al. (2024) proposed a physically
based evolution law for SSA. Although promising, this model still requires some empirical adjustments and has not
yet been thoroughly evaluated because of the lack of experimental datasets covering a sufficiently broad range of
dry snow metamorphism conditions. These studies highlight the need for a more systematic characterization of the
evolution of grain-size and grain-shape descriptors across the broad range of dry snow metamorphism conditions
encountered in nature. Such observational data are needed both to improve the physical understanding of snow
metamorphism and to develop and evaluate temporal evolution laws for snowpack models.

Here, we provide the first systematic characterization of the temporal evolution of multiple grain-size and grain-
shape descriptors across a broad range of dry snow metamorphism conditions using the 4D dataset of Dick et al.
(2026D). It consists of time series of 3D tomographic images from 20 snow metamorphism experiments with systematic
variations of temperature gradient, temperature, and initial snow microstructure. We focus on objectively measurable
metrics of potential interest for the modeling of the snow microstructure and its physical properties. We investigate
the temporal evolution of SSA, the distribution of chord lengths and its derived microwave grain size, the distribution
of surface mean curvature and its variance, and the exponential correlation length and its anisotropy ratio. In
addition, we investigate two complementary descriptors of grain shape and topology: the Willmore energy and the
genus. The Willmore energy, derived from the mean and Gaussian curvatures, quantifies how much a surface deviates
from a spherical or planar shape (Willmore, 1992), while the genus is a topological descriptor closely related to the
Euler characteristic that describes the connectivity of grains within the porous medium (Richeson, 2010; Schleef
et al., 2014c).

The paper is organized as follows. Section 2 presents the experimental dataset together with the definitions and
methods used to characterize grain size and shape. Section 3 describes the temporal evolution of the grain size and

grain shape descriptors, followed in Section 4 by their analysis and implications for snowpack modeling.
2 Method

2.1 4D tomographic dataset

This study is based on the experimental dataset of Dick et al. (2026b), which consists of 20 time series of 3D
tomographic images of snow evolving under various dry snow metamorphism scenarios. The experiments cover a
subset of the combinations of three mean temperatures (—3, —8, and —17°C) with four temperature gradients (0,

10, 40, and 100 K m~1!), applied to five initial snow types defined as follows:



125

130

135

140

145

150

https://doi.org/10.5194/egusphere-2026-4897
Preprint. Discussion started: 31 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

— The DF samples refer to 5 samples of decomposing and fragmented precipitation particles with rimed surfaces

(towards graupel), with densities between 84 and 91 kg m~ and SSA values between 57 and 58 m? kg~!.

— The RGI samples refer to 10 samples of rounded grains considered as light in the present study, with densities

between 225 and 245 kg m~3 and SSA values between 27 and 28 m? kg~ 1.

— The RGd samples refer to 3 samples of rounded grains considered as dense, with densities between 335 and

345 kg m~2 and SSA values between 19 and 20 m? kg~!.
— The FC sample refers to 1 sample of faceted crystals of density 243 kg m~3 and of SSA 23 m? kg™!.

— The DH sample refers to 1 sample of depth hoar of density 225 kg m~3 and of SSA 21 m? kg™!.

The temporal evolution of each snow sample was monitored for 7 days, with scans acquired every 4 hours at a
nominal voxel size of 8.45 um. The tomograph was located in a cold laboratory, and the thermal conditions around
the snow samples were controlled by a dedicated environmental cell installed inside the tomograph. The images have
a size of length x width x height = 11 x 11 x 7.6 mm?®. This volume is sufficiently large to be representative of the
whole snow sample under study (Kaempfer et al., 2005; Brzoska et al., 2008; Zermatten et al., 2011; Calonne et al.,
2011). For all the experiments, an ice layer was prepared at the bottom of the snow sample to avoid the formation
of an air gap, which would alter the temperature gradient. For 12 time series, the bottom ice layer appears on the
images and was cropped before calculation. The maximum cropped height was 0.4 mm. The snow within the volume
is homogeneous, which has been assessed both qualitatively and quantitatively. In the Appendix, Figure Al shows
the homogeneity of the vertical profiles of SSA and density for RGl samples exposed to three temperature gradients
at -3°C. Snow density remains nearly constant throughout the experiments. Only the DF samples exhibit a small
increase of 5-10 kg m—3

setup is provided by Dick et al. (2026b), and the complete 4D dataset is available in Dick et al. (2026a). Videos of

over the 7-day experiments (Appendix, Figure A2). A full description of the experimental

the 20 snow evolution time series are available on YouTube at https://www.youtube.com/@Snow-Science.
2.2 Computation of the grain size and shape descriptors
Specific surface area and optical diameter

Specific surface area of snow (SSA, in m? kg~1!) is the total ice surface area per unit snow mass. A characteristic

grain size for optical applications, the optical diameter (Warren, 1982), is derived from SSA as

6
SSA pres S

dopt =

with pice the ice density equal to 917.5 kg m—3. The optical diameter corresponds to the diameter of a sphere having

the same SSA as the considered snow volume.
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In this study, SSA was calculated using the Crofton approach described in Lehmann and Legland (2012) with a
26-neighbor adjacency. This method is based on the Cauchy-Crofton formula, which explicitly relates the surface
area to the number of intersections with any straight line in a 3D volume (Boykov and Kolmogorov, 2003). Its high
accuracy compared to other area computation methods for various images was demonstrated by Hagenmuller et al.

(2016). Optical diameter was derived from SSA using Eq. (1).
Chord length distribution

The chord length distribution p(l) describes the probability of finding chords of a specific length [ in the microstruc-
ture. It characterizes the full spectrum of structural length scales within the ice matrix. The first moment of the
distribution, i.e., the mean chord length, is related to the optical diameter (Underwood, 1969), while the full dis-
tribution can be used to derive all optical properties of the microstructure (Malinka, 2014) and is linked to the
two-point correlation function (Méring and Tchoubar, 1968) under certain assumptions discussed in Krol and Lowe
(2016).

The chord length distribution of the ice phase was computed from the 3D tomographic images in each Cartesian
direction z, y, and z of the snow volume, and the lengths of intersections between these lines and the ice phase are
called chord lengths (I). Chords intersecting the image boundaries were discarded. The chord length distributions
obtained along the three Cartesian directions are denoted by p(l;), p(ly), and p(l.).

Microwave grain size

The microwave grain size (Iprw, in mm) was introduced by Picard et al. (2022) as a grain size metric that opti-
mally describes microwave scattering by snow. It is defined as the Porod length [, weighted by a factor K called

polydispersity, as:
law = Kl (2)

The Porod length I, is the inverse of the slope at the origin of the autocorrelation of the indicator function (Debye

et al., 1957), and is linked to the SSA and deunsity p of snow through (Krol and Lowe, 2016; Picard et al., 2022):

1-9¢
=4
P SSApice

3)

with ¢ = p/pice the volume fraction of ice, p being the snow density, and pjic. the ice density.

The polydispersity factor K characterizes how widely the length scales vary within the microstructure and carries
information on the shape and relative arrangement of the grains, as described in Picard et al. (2022). This factor
depends on ratios of the first four moments of the chord length distribution, as:

3
N |2 H2 43 Ha 2 —2/3
K= — —= 1-— 4

(24/~L‘1l 63 Pt 8u?¢ )( ?) @)
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where i1, p9, i3, f14 are the first four moments of the chord length distribution. In the present work, the i-th moment

was computed by combining the chord length distributions measured along the three Cartesian directions as:

=y > [usa )

J€{=y,2}7

where j denotes the Cartesian direction and p(l;) is the probability of observing a chord of length { in direction j.
Exponential correlation length

The exponential correlation length (I., in mm) is a characteristic length of the snow microstructure derived from the
two-point correlation (or autocorrelation) function of the indicator function (Debye et al., 1957; Torquato, 2002).

The two-point correlation function is defined as:
C(r;) =I(z+1;)I(z) — ¢ (6)

with the ice phase indicator function I(z), which is equal to 1 in the ice and 0 in the air, ; the displacement
in the Cartesian direction i = z,y,z, and ¢ the volume fraction of ice. In snow, the two-point correlation function
decreases approximately exponentially with r;, and the decay rate depends on the size and arrangement of the
microstructure. Different characteristic lengths can be derived from the two-point correlation function, as described
in Matzler (2002). The slope of the two-point correlation function at the origin can be expressed in terms of SSA
(Debye et al., 1957), while the third derivative of the function at the origin can be related to the curvature length
(Krol and Lowe, 2016). Here we used the approach based on an exponential fit (e.g., Méatzler, 2002; Lowe et al., 2013;
Calonne et al., 2014a; Krol and Lowe, 2016), in which a length, called exponential correlation length, I, is derived
by fitting the normalized two-point correlation function in the Cartesian direction ¢ with an exponential function of

the form:

aw (%) ®

In porous media, the vector (I.,,lc,,l..) is often used as a characteristic length scale of the microstructure, without

distinguishing between the ice and pore phases (Calonne, 2014).

In this study, we computed the two-point correlation function from the tomographic images using the Fast Fourier
Transform (e.g., Newman and Barkema, 1999) in each Cartesian spatial direction z, y, and z. In practice, displace-
ments 7; up to half the image size were considered for each Cartesian direction (i.e., 5.5 mm for directions = and y
and 3.8 mm for direction z minus the cropped ice layer when applicable). The exponential correlation lengths .,
le,, and l., were then derived by applying Eq. (7) to each obtained two-point correlation function. The fit was made
using a least-squares approximation on the full displacement range r; for each Cartesian direction i. An example
of a two-point correlation function and its exponential fit is provided in the Appendix (Figure A3). An average
exponential correlation length . was computed as the arithmetic mean of the three lengths:

le, +1c, +1c
I, = ﬁfy (8)
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Note that this metric is called exponential correlation length in Métzler (2002) and Krol and Léwe (2016), in reference

to the exponential fit applied, but, for the sake of conciseness, is simply called correlation length in this study.
Structural anisotropy

The structural anisotropy A characterizes the preferential orientation of the ice matrix, i.e., its elongation along a
particular spatial direction. It can be derived from any length defined in the three Cartesian directions, but it is
often calculated based on the anisotropy of the correlation lengths (Lowe et al., 2013; Calonne et al., 2014a; Leinss

et al., 2020) and defined as:

2.
A(le) = Tl 9)

where l.,,lc,,l.. are the correlation lengths in the directions z, y, and z, as described above. The ice matrix of snow
is isotropic when A(l.) =1, is anisotropic and preferentially elongated along the vertical axis when A(l.) > 1, and is
anisotropic and preferentially elongated along the horizontal plane when A(l.) < 1. Another definition of structural
anisotropy has been proposed by Leinss et al. (2016), as the relative difference of the correlation lengths between the
horizontal and vertical axes. However, both definitions are related as shown in Leinss et al. (2020). We calculated the
correlation length in each Cartesian direction using the method described in the paragraph above, and the structural

anisotropy using Eq. (9).
Surface curvature distribution

At a given point of the 3D image on the ice-air interface, two principal curvatures can be calculated: a maximum
curvature k1 and a minimum curvature xs. From these two curvatures, mean curvature H and Gaussian curvature
K can be calculated as:

*llil K2
H =3k + ko) (10)

K =kKiko
In the present work, the normal vector field at the ice-air interface is oriented from ice to air, which translates into
a convex or saddle-shaped surface for H > 0, a concave or saddle-shaped surface for H < 0, and a flat surface for
H=0.

Mean and Gaussian curvatures were computed from the 3D images using the open-source library DGtal (DGtal).
This library calculates curvatures on discrete surfaces using a numerically efficient method based on the theoretical
work of Lachaud et al. (2022). Curvature was calculated using the Interpolated Corrected Normal Current (ICNC)
method. The radius to compute the ICNC curvature was set to 4 voxels, while the ring radius to compute the
convolved normal was set to 3 voxels. We regularized the surface before computing the curvature, and discarded the

voxels in the vicinity of the image borders (a 5-voxel, or 0.04 mm, margin was taken at each border).
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Mean curvature variance

The mean curvature variance (0%, in mm~2) describes the dispersion of the local mean curvature values around the
average mean curvature. It is zero for a collection of spheres of identical size, while it is positive for spheres with
different sizes or with surface irregularities. Thus, it can be interpreted as a descriptor of the irregularities of grain
surface or heterogeneity of grain size. The mean curvature variance appears as a driving term in the SSA evolution

law proposed by Braun et al. (2024). The mean curvature variance is defined as:

2
0% = %/Hstf %/Hds (11)
S S

We derived the mean curvature variance from the mean curvature distribution using Eq. (11).
Willmore energy

The Willmore energy (W, in mm~2) is defined as:

_ 1 (g L
W_S/H ds S/de (12)
S 5

Expressed in terms of the principal curvatures, this becomes:
W= [ (k1 — ro)?d (13)
= 49 K1 ) S
S

This quantity is an alternative formulation of the classical Willmore functional W = | oH 2dS, commonly used in
differential geometry as a measure of the bending energy of closed surfaces (e.g., Pinkall and Gross, 2024). As defined
here, the Willmore energy quantifies the local difference between the two principal curvatures over the ice surface. It
is locally equal to zero when the two principal curvatures are equal, as on a sphere, or when both vanish, as on a plane.
Consequently, it quantifies the extent to which the grain surface deviates from being spherical or planar, providing a
measure of the local shape contrast. For snow microstructures, it therefore remains low for smooth rounded surfaces
and extensive planar facets, while increasing with the development of surface features such as sharp edges, ridges,

and striations. The Willmore energy was derived from the mean and Gaussian curvature distributions using Eq. (12).
Specific genus

The Euler characteristic x describes the topology of the microstructure (Richeson, 2010). It is a topological invariant:
a torus and a cup with a handle have the same Euler characteristic. For a closed surface, the Euler characteristic of

the surface x(9) is related to the integral of the Gaussian curvature by the Gauss-Bonnet theorem:

x(S) = %f[(ds (14)
s
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The genus (g, dimensionless) can be interpreted as the number of handles, or independent loops, in the porous
medium, and provides information about the connectivity of the grains. The genus is related to the Euler charac-

teristic through:

with N the number of boundaries, or the number of ice objects and air bubbles. For a single closed surface without
bubbles, Eq. (15) yields g =1— @, as used for snow in Schleef et al. (2014b). Because the genus is physically more
intuitive than the Euler characteristic, and because the number of boundaries carries little information here, we
present the temporal evolution of the genus instead of the Euler characteristic. Because both the Euler characteristic
and the genus depend on the amount of material considered, we normalized the genus by the snow mass. The
resulting specific genus (in kg~!) enables comparisons between samples of different densities.

In the present work, we computed the FEuler characteristic of the surface and the number of boundaries using the
open-source library DGtal (DGtal) after closing the borders of the images. The Euler characteristic of the surface
was computed as the number of vertices minus the number of edges plus the number of faces. The genus was derived

from the Euler characteristic of the surface using Eq. (15).

3 Description of the temporal evolution of grain size and shape

This section describes the temporal evolution of the grain-size and grain-shape descriptors during dry snow meta-
morphism. Scalar descriptors are presented first, followed by the chord length and mean curvature distributions.
While scalar descriptors provide average characteristics, distributions capture the full range of sizes and shapes,

revealing additional information on their heterogeneity.
3.1 Scalar descriptors of grain size and shape
DF samples

Figure 1 shows the evolution of the size and shape descriptors for the DF samples (decomposing and fragmented
particles) under ETM (-3 and -8°C) and TGM (10, 40, and 100 K m~! at -3°C).
Initially, the DF samples exhibit an optical diameter of about 0.12 mm, corresponding to a high SSA of approxi-

—1 characteristic of freshly deposited snow. During metamorphism, the optical diameter increases

mately 58 m? kg
under all conditions, reaching about 0.17 mm under ETM and 0.32 mm under a temperature gradient of 100 K m~!.
This increase reflects the systematic decrease in SSA, which is particularly rapid during the initial stage, as com-
monly reported for high-SSA snow (Legagneux and Dominé, 2005). The SSA decay rate strongly depends on the
temperature gradient: at —3°C, it is —2.8 m? kg~! day~! under ETM and nearly doubles to —5.3 m? kg~! day—!

under 100 K m~1.

10
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The microwave grain size and correlation length start from substantially lower values of about 0.055 mm and
increase gradually with time. Increasing the temperature gradient accelerates the evolution of both descriptors: after

L as under 10 K m~!. Reducing the temperature

7 days, their values are more than twice as large under 100 K m™
under ETM mainly slows their evolution.

In contrast to the previous descriptors, the anisotropy ratio does not exhibit a monotonic response to the tempera-
ture gradient. Initially, DF samples show a slight horizontal anisotropy, with values between 0.87 and 0.91, reflecting
a preferential horizontal orientation of the ice structure. Under 100 K m~!, the anisotropy gradually increases to-
wards 1, indicating the loss of the initial anisotropy. At 40 K m~1, it first decreases from 0.87 to 0.80 before returning
close to its initial value, whereas at 10 K m~!, it continuously decreases to 0.75, indicating a reinforcement of the
initial horizontal arrangement. Under ETM, no significant changes are observed.

Finally, the DF samples are characterized by very high initial values of mean curvature variance, Willmore energy,
and specific genus, compared to the values obtained for the other samples (see sections hereinbelow). It reflects
their heterogeneous surface curvatures and complex, non-spherical grain shapes. All three descriptors decrease dur-
ing metamorphism, although their response depends on the metamorphism regime. The mean curvature variance
decreases faster under ETM and weak TGM than under 100 K m~?, indicating that rounded grains and faceted
crystals develop more uniform surface curvatures than highly-developed depth hoar. Conversely, the Willmore energy
and the specific genus show a smaller sensitivity to the temperature gradient. Reducing the temperature from -3°C

to -8°C slows down the evolution of all three descriptors under ETM without modifying their general trends.
RGI samples

Figure 2 shows the evolution of the size and shape descriptors during ten experiments conducted on RGI samples
(light rounded grains): one ETM experiment at -3°C and nine TGM experiments combining gradients of 10, 40 and
100 K m~! with mean temperatures of -3, -8 and -17°C. For the experiment at 100 K m~! and -3°C, the first scan
was acquired after a delay of 3 h 20 min and the curves were shifted accordingly. Curvature-based descriptors could
not be calculated at 60 and 152 h for the experiment at 100 K m~! and -8°C.

The RGI samples initially exhibit an optical diameter of about 0.24 mm, corresponding to an SSA of approximately
28 m? kg~!. Under ETM and temperature gradients of 10 and 40 K m~!, the optical diameter increases gradually as
SSA decreases. Higher temperature gradients accelerate this evolution, whereas lower temperatures slow it down. For
example, the SSA decay rate is 0.5 m? kg~! day~! under ETM and 0.95 m? kg~! day~! under 40 K m~! at —3°C,
but only 0.4 m? kg=! day ! under 40 K m~! at —17°C. Different combinations of temperature and temperature
gradient can also produce similar evolutions; for instance, the SSA evolution under ETM at —3°C closely matches
that under 10 K m~! at —8°C. A distinct behavior is observed under 100 K m~!, with an initial transient stage. The
optical diameter first decreases before increasing, reflecting a transient increase in SSA. At —3°C, SSA increases by
about 2 m? kg~! during the first 12 h, corresponding to a temporary decrease in optical diameter of about 0.013 mm.

As temperature decreases, this transient stage becomes longer, while the magnitude of the initial decrease in optical
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diameter becomes smaller. At —17°C, no transient decrease is observed and the optical diameter remains nearly
constant for about 60 h before slightly increasing.

The microwave grain size and correlation length exhibit simpler evolutions. Both start from similar initial values
(about 0.07 mm) and increase under all conditions. Increasing the temperature gradient accelerates the evolution

of both descriptors, whereas decreasing the temperature slows it down. Under 100 K m~! at -3°C, both descriptors

1 1

more than double over 7 days, with a growth rate of 0.013 mm day ™", compared with only 0.002 mm day~" under
10 K m~!. Under 100 K m~! at -3°C and -8°C, the microwave grain size remains nearly constant during the first
20 and 30 h, respectively, before increasing. At 100 K m~*!, lowering the temperature from -3°C to -17°C reduces
the microwave grain-size growth rate from 0.013 to 0.003 mm day—!. Different combinations of temperature and
temperature gradient can produce comparable evolutions, such as 40 K m~! at -17°C and 10 K m~! at -8°C.

As observed for the DF samples, the anisotropy ratio exhibits contrasting responses depending on the applied
temperature gradient. Initially, the RGl samples show a slight horizontal anisotropy (0.90-0.93). As for DF, ETM
does not significantly modify this initial state, whereas a weak temperature gradient (10 K m~!) progressively
reinforces the initial horizontal orientation, with the anisotropy reaching 0.83 at -3°C. Increasing the temperature
gradient progressively weakens the horizontal anisotropy and, at 100 K m™!, develops a vertical one. At -3°C, the
anisotropy reaches 0.96 under 40 K m~! and 1.18 under 100 K m~! after 7 days. Again, lower temperatures mainly
slow these evolutions, with the strongest effects observed at -17°C.

The curvature-based descriptors reveal marked differences between ETM, weak TGM, and strong TGM, in contrast
to the systematic decreases observed for the DF samples. The initial mean curvature variance is much lower than
for the DF samples, reflecting the more homogeneous surface curvatures of rounded grains. Under ETM, the surface
curvatures become even more uniform, with their variance decreasing by about 20 % at -3°C. Conversely, surface
curvatures become more heterogeneous under temperature gradients, with the increase becoming larger as the
gradient strengthens. After 7 days, at -3°C, the mean curvature variance increases by about 10 % under 10 K m~!,
doubles under 40 K m~! and triples under 100 K m~!. Under 100 K m™!, most of the increase occurs at the
beginning, during the first 20-30 h at -3°C, after which the curves approach a plateau. This indicates that the
largest changes in surface curvature heterogeneity occur during the early stages of strong TGM. Lower temperatures
mainly extend this initial growth period without substantially affecting the final values reached after 7 days.

The Willmore energy exhibits a different response to the metamorphism conditions than the mean curvature
variance. Under ETM, it decreases monotonically (about 20% at -3°C), which is consistent with the formation of
rounder grains. A similar decrease is observed under a temperature gradient of 10 K m~*!, despite the formation of
facets. More unexpectedly, a slight net decrease is also observed under 40 K m~!, whereas a non-monotonic increase
is observed under 100 K m~'. Hence, the Willmore energy responds differently during the formation of depth hoar

depending on the gradient intensity, likely related to the degree of striation and angularity of the formed depth hoar.
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Finally, the specific genus exhibits a broadly similar dependence on temperature gradient to the Willmore energy.
It indicates a slight decrease in the number of handles under ETM and 10 K m~!, while 100 K m~' produces a net

increase after 7 days, reflecting strong topological variations.
RGd samples

Figure 3 shows the temporal evolution of the descriptors during TGM experiments on the RGd samples (dense
rounded grains) subjected to temperature gradients of 10, 40, and 100 K m~! at a mean temperature of -3°C.
Curvature at 80 hours could not be computed for 100 K m~!. As for the DF and RGI samples, the temperature
gradient strongly controls the evolution of all descriptors. However, the response of the RGd samples differs markedly
from the other snow types, particularly for SSA and the optical diameter.

The RGd samples initially exhibit an optical diameter of about 0.33 mm, corresponding to an SSA of around
20 m? kg~!. The optical diameter exhibits a strong dependence on temperature gradient. Under 100 K m~!, the
optical diameter decreases markedly from 0.33 to 0.25 mm, associated with a rapid SSA increase of about 6 m? kg~!
during the first 40 h. At 40 K m~!, both descriptors remain nearly constant, whereas at 10 K m~! the optical
diameter increases slightly from 0.33 to 0.35 mm, corresponding to an SSA decrease to about 18 m? kg~!.

The microwave grain size and the correlation length differ markedly from the optical diameter, both in their
absolute values and temporal evolution. Their initial values, ranging from 0.080 to 0.095 mm, are about a third of
the optical diameter. Both descriptors increase under all temperature gradients, indicating overall grain coarsening,
in contrast to the optical diameter. However, this increase is not steady, with little evolution during the first ~40
h, corresponding to the period of rapid SSA increase. The coarsening rates increase with temperature gradient,
reaching on average 0.0035-0.004 mm day~! at 100 K m~! compared to about 0.001 mm day~' at 10 K m~*! for
both descriptors.

The RGd samples exhibit the weakest initial anisotropy of the three snow types (anisotropy ratio ~ 0.95). Unlike
the DF and RGI samples, no reinforcement of the initial horizontal anisotropy is observed. Instead, all temperature
gradients promote the development of a vertical anisotropy, which remains limited at 10 K m~! (0.97) but becomes
pronounced at 40 and 100 K m~?, reaching 1.2 and 1.34, respectively.

The curvature-based descriptors also show a strong dependence on the temperature gradient. The mean curvature
variance and the Willmore energy both exhibit limited changes at 10 K m™!, but increase markedly at 40 and
100 K m~!. This increase reflects a more dispersed distribution of the mean curvatures and principal curvatures
along the surface, i.e., an increase in the surface heterogeneities or complexity of the grain surface geometry. Finally,
the specific genus decreases slightly at 10 K m~!, remains nearly constant at 40 K m™!, and increases strongly at
100 K m~*.
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FC and DH samples

Figure 4 shows the evolution of the descriptors during equi-temperature metamorphism at -3°C for one FC sample
and one DH sample.

The FC and DH samples initially exhibit optical diameters of about 0.28 and 0.30 mm, corresponding to SSA
values of about 23 and 21.5 m? kg—!, respectively. The optical diameter increases for both samples throughout ETM
as SSA decreases. The evolution is much larger for the DH sample, with the optical diameter rising from 0.30 to
0.44 mm (rate of 0.02 mm day 1), corresponding to an SSA decrease to 15 m? kg~! (rate of -0.92 m? kg=! day~1).
In contrast, the FC sample exhibits only a slight increase in optical diameter, corresponding to a decrease in SSA
to 20.5 m? kg~! (rate of -0.37 m? kg~! day~!). The stronger SSA decrease for the DH sample is consistent with the
progressive smoothing of its striated and angular surfaces.

The initial microwave grain size and correlation length are similar, with values of about 0.085—-0.095 mm for the
FC sample and 0.16-0.18 mm for the DH sample. Both descriptors increase only slightly during ETM (rates of
0.0003 mm day~* for DH and 0.001 mm day~! for FC), indicating limited coarsening for both snow types.

The FC and DH samples inherit the anisotropy acquired during the TGM experiment: initially, the FC sample
exhibits a horizontal anisotropy (0.83), whereas the DH sample exhibits a vertical anisotropy (1.18). ETM produces
almost no change in either sample, indicating that this process preserves the initial structural orientation.

Finally, the FC and DH samples also differ markedly in their initial curvature-based descriptors. The mean
curvature variance, Willmore energy, and specific genus are substantially higher for the DH sample, reflecting more
heterogeneous surface curvatures and a higher connectivity than the FC sample. During ETM, all three descriptors
decrease, with much larger reductions for the DH sample than for the FC sample. These trends indicate a progressive
smoothing of the grain surfaces together with a decrease in the connectivity of the ice network. Consequently, the
differences between the FC and DH samples diminish during ETM, particularly for the Willmore energy and the

specific genus.
3.2 Chord length distributions

Next, we investigate the evolution of the chord length distributions to characterize the full range of length scales
within the snow microstructure. This analysis provides further insight into the evolution of the scalar grain-size
descriptors presented above, in particular the optical diameter (or SSA) and the microwave grain size, which are

both closely related to the chord length distribution.
3.2.1 Evolution during the TGM experiments

The evolution of the chord length distributions during temperature-gradient metamorphism is presented in Figure 5.
Changes occur in both the mean and the spread of the distributions and depend on the initial snow type and the

applied temperature gradient. The minimum chord length displayed corresponds to the size of 2 voxels (16.90 pm).
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DH samples.

The RGI samples initially exhibit a unimodal distribution centered near 0.13 mm, with maximum chord lengths
of approximately 0.5-0.6 mm. A temperature gradient of 10 K m~! mainly widens the distribution towards larger
chord lengths, indicating overall grain coarsening. Gradients of 40 and 100 K m~! broaden the distribution by
simultaneously increasing the proportion of short chords (below 0.1 mm) and long chords (between 0.25 and 0.5 mm).
Hence, unlike the scalar size descriptors, the chord length distributions reveal that the formation of larger grains
occurs alongside the development of finer ice features under TGM. For all gradients, decreasing the mean temperature
primarily slows down the evolution.

Compared with the RG] samples, the RGd samples exhibit a broader initial distribution centered around 0.19 mm,
with the longest chords reaching 0.7 mm, but undergo similar changes under TGM. Long chords (0.3-0.5 mm) become
slightly more frequent at 10 K m~!, whereas short chords (below 0.15 mm) become increasingly frequent at 40 and
100 K m~!, reflecting the formation of finer ice structures such as striations.

The DF samples exhibit a distinct initial distribution, with a peak centered around 0.07 mm and maximum

chord lengths of only about 0.3 mm. Under all temperature gradients, the distributions move towards larger chord
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lengths, indicating grain coarsening, while simultaneously broadening, indicating increasing size heterogeneity. This
broadening becomes more pronounced as the temperature gradient increases: after 7 days, the maximum chord

length reaches about 0.7 mm under 100 K m~!, compared with about 0.4 mm under 10 K m~!.
3.2.2 Evolution during the ETM experiments

Figure 6 shows the evolution of the chord length distributions during equi-temperature metamorphism. In contrast
to TGM, ETM produces similar changes across snow types. The distributions evolve towards larger chord lengths,
consistent with microstructural coarsening. The magnitude of the evolution, however, varies between snow types: it
is smallest for the RGIl and FC samples and largest for the DF and DH samples, which show the greatest increase in
long chord lengths. A concurrent reduction in short chords is also observed, which likely results from the smoothing
of grain striations in the DH samples, whereas it reflects overall grain coarsening in the DF samples. Consistent
with the scalar size descriptors, lowering the temperature mainly slows the evolution without modifying the overall

distribution shape.
3.3 Mean curvature distributions

Next, we investigate the evolution of the mean curvature distributions to characterize the diversity of local surface
curvatures within the snow microstructure and their evolution during metamorphism. These distributions comple-
ment the scalar curvature-based descriptors presented above by capturing the evolution of the entire curvature

range.
3.3.1 Evolution during the TGM experiments

Figure 7 shows the evolution of mean curvature distributions during temperature-gradient metamorphism. To relate
the distribution features to actual grain shapes, 3D images of the snow microstructure are provided in Fig. 8.
The distributions are first analyzed for the RGI samples to identify the main changes associated with the different
temperature gradients. The distributions of the RGd and DF samples are then examined to assess the influence of
the initial snow microstructure on these changes.

The RGI samples initially exhibit a unimodal distribution centered around 8 mm™!, indicating predominantly
convex grain surfaces. The negative curvatures mainly correspond to grain necks and the highest positive curvatures
to ice protuberances (Fig. 8a). Consistent with the curvature-based descriptors, distinct changes in the distributions
emerge depending on the applied temperature gradient. Under 10 K m~!, the distribution progressively becomes
bimodal. The main peak shifts from about 8 to 5 mm™!, reflecting surface coarsening, while a secondary peak
develops around 0 mm~! as flat facets form, as shown in Fig. 8d. Although the distribution tails change little quan-
titatively, their physical meaning evolves: high positive curvatures become associated mainly with facet edges rather

than rounded protuberances. In contrast, gradients of 40 and 100 K m~! produce markedly different distributions,
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Figure 8. Relationship between snow grain features and mean curvature values. 3D renderings of selected snow microstruc-
tures with the ice-air interface colored according to specific intervals of mean curvature. A 0.85 mm-thick vertical image slice
is shown. Blue shows negative mean curvatures, red shows positive mean curvatures, and green shows mean curvatures close
to zero. Panels show (a) an initial RG] sample, (b,e) an initial DF sample, (c,f) a DH sample, and (d) a FC sample. The

curvature intervals are: (a) blue: —20 to 0 mm™!, red: 12 to 30 mm™}; (b,e) red: 10 to 40 mm ™, green: —2 to 2 mm™"; (c,f)

blue: —25 to —5 mm ™!, red: 5 to 25 mm™!, green: —2 to 2 mm™*; (d) green: —1.5 to 1.5 mm ™.

characteristic of depth hoar formation. After a transient bimodal stage, the positive peak disappears, and the fi-
nal distribution is dominated by a sharp peak centered near 0 mm~! with long asymmetric tails. The increase in
near-zero curvatures at the expense of positive curvatures reflects the development of large faceted surfaces (Fig. 8)
at the expense of rounded surfaces. The distribution tails also evolve. The negative tail broadens, reflecting the
development of concavities within surface striations (Fig. 8c). Meanwhile, the positive tail decreases in amplitude
but remains broad, associated with the formation of sharp grain edges and striations (Fig. 8c). This broadening of
both distribution tails explains the increase in the mean curvature variance reported in the previous section. Lower
temperatures mainly slow these transformations; for example, the distributions obtained at -17°C after 148 h closely
resemble intermediate stages observed at -3°C.

The RGd samples display the same overall evolution despite narrower initial distributions centered around 4 mm—".

Weak gradients produce the bimodal distributions typical of faceted crystals, whereas strong gradients generate the

sharp peak at zero and broad, asymmetric tails, associated with depth-hoar formation. Compared with the RGI
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Figure 9. Histograms of mean curvature for DF, RG], FC and DH samples at six time steps during ETM.

samples, the RGd samples develop even broader positive and negative tails, consistent with the stronger development
of striated surfaces.
Unlike the RGIl and RGd samples, the DF samples exhibit a broad initial distribution composed of a main peak

around 13 mm~!

and a secondary peak near 0 mm~'. The latter reflects the flat surfaces inherited from plate-like
precipitation particles (Fig. 8e), whereas the broad positive peak results from the coexistence of decomposing and
fragmented particles and graupel (Fig. 8b). Despite this different starting point compared to rounded grains, the
evolution converges towards the same regimes. Under 10 K m ™!, the main peak shifts towards lower curvatures (about
9 mm~!) indicating surface coarsening, while the secondary peak remains nearly unchanged, reflecting faceting. The
large reduction of the positive tail of the distribution reflects the progressive disappearance of highly convex graupel

features. In contrast, under 40 and 100 K m~', the main peak gradually vanishes, and the distribution evolves

towards the asymmetric peak centered at zero that characterizes depth hoar.
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3.3.2 Evolution during the ETM experiments

Figure 9 presents the evolution of the mean curvature distributions during equi-temperature metamorphism. Unlike
TGM, ETM systematically smooths the curvature distributions by reducing extreme positive and negative curvatures
and promoting more rounded grain surfaces. The magnitude of this evolution, however, depends on the initial snow
type. For the DF samples, the initial bimodal distribution evolves towards a unimodal distribution centered near
10 mm~!. The secondary peak disappears, and the positive tail shortens as the highly convex graupel features
progressively vanish. Similar changes occur at -8°C but at a slower rate. The RG] samples undergo only minor
modifications. The distribution becomes slightly narrower and shifts towards lower curvature values, consistent with
the development of a coarser and more homogeneous rounded microstructure. The FC and DH samples show two
distinct responses to ETM. For the FC sample, the bimodal distribution progressively disappears, the peak around
8 mm~! becomes more pronounced, and the distribution approaches that of rounded grains, reflecting the progressive
rounding of facets and grain edges. In contrast, the DH sample retains its sharp peak around 0 mm™~!, indicating
the persistence of extensive flat facets. Only the tails become narrower, consistent with the smoothing of striations
and the rounding of grain edges. Hence, unlike the FC sample, the DH sample does not recover a rounded-grain

distribution under ETM.

4 Analysis and discussion

The previous section described the temporal evolution of the snow microstructure observed throughout the experi-
ments of Dick et al. (2026b). Here, we discuss the main findings on grain-size and grain-shape evolution during dry

snow metamorphism, compare them with previous studies, and examine their implications for snowpack modeling.
4.1 Insights into grain size and shape evolution
The diversity of SSA evolution

SSA exhibits a wide range of temporal evolutions, as summarized in Fig. 10a. Depending on the initial snow type
and the applied temperature gradient, it may decrease monotonically, remain nearly constant, or even increase.
Under ETM, SSA systematically decreases at a rate that depends on the initial microstructure and mean tem-
perature, consistent with numerous laboratory and field observations (e.g., Cabanes et al., 2003; Legagneux et al.,
2004; Taillandier et al., 2007; Kaempfer and Schneebeli, 2007; Hachikubo et al., 2014). However, although the FC
and DH samples have similar initial SSA values, they exhibit markedly different decreases under ETM at —3°C:
approximately 6.6 m? kg=! for DH and only 2.5 m? kg~! for FC during the 164 hours of experiments (Fig. 10a).
Thus, our results suggest that the SSA decay rate is not only controlled by the initial SSA value. Braun et al. (2024)
proposed the mean curvature variance as a controlling factor of SSA evolution under ETM, with a more heteroge-

neous surface curvature distribution promoting faster SSA decay. This is consistent with our results, as the mean
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Figure 10. (a) Comparison of SSA evolution for all experiments performed at -3°C, expressed as SSA normalized by the
initial value (SSAo). The initial snow type is indicated by the line style, and its mean initial SSA is given in the legend. (b)
Comparison of the SSA evolution during TGM between selected experiments from Wang and Baker (2014) and the present
study using the RGIl and RGd samples.

curvature variance of the DH sample is approximately four times larger than that of the FC sample. Furthermore,
the DF sample, which exhibits both the highest initial SSA and the largest mean curvature variance, undergoes the
largest SSA reduction (approximately 20 m? kg=!).

In contrast to ETM, SSA exhibits a much broader range of behaviors under TGM (Fig. 10a). For the DF sample,
characterized by high initial SSA and high mean curvature variance, SSA decreases systematically, consistent with
previous studies on TGM (e.g., Schneebeli and Sokratov, 2004; Taillandier et al., 2007; Calonne et al., 2014a; Wang
and Baker, 2014; Bouvet et al., 2023). Moreover, the SSA decrease is amplified by the temperature gradient. In
contrast, snow with intermediate to low initial SSA and mean curvature variance, represented here by the RGI and
RGd samples, does not exhibit a unique SSA evolution. Instead, the response depends strongly on the temperature
gradient (Fig. 10a). Under a gradient of 100 K m~!, SSA increases by about 5 m? kg=! for RGd, whereas RGI
shows only a transient increase during the first 12 h before decreasing, resulting in a net loss of about 7 m? kg=!.
At 40 K m~!, SSA remains nearly constant for RGd but decreases gradually by about 7 m? kg=! for RGL. At 0 and
10 K m~!, SSA decreases for both snow types.

The SSA increase under strong temperature gradients for snow with intermediate to low initial SSA was first
described by Domine et al. (2009) and later investigated in detail by Wang and Baker (2014) during the first 48 h
of temperature-gradient metamorphism. Figure 10b compares selected experiments from the latter study with our
observations. The close agreement confirms the strong influence of both the initial snow microstructure and the

temperature gradient on SSA evolution. As discussed in Wang and Baker (2014), the diversity of SSA evolution
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Figure 11. Comparing the grain size descriptors for all the experiments at -3°C: scatter plot of (a) the microwave grain size
versus the correlation length and of (b) the optical diameter versus the correlation length. The grey lines correspond to the

temporal evolution between the initial and final states.

reflects the competition between two opposing processes during TGM: grain growth, which reduces the ice surface
area, and the development of surface heterogeneities due to the Mullins—Sekerka instability (Mullins and Sekerka,
1964), such as striations and hollow shapes, which increases it. Which process dominates depends on both the applied
temperature gradient and the initial snow microstructure. Under 100 K m~"!, the rapid development of striations,
skeletal interfaces and other surface irregularities can temporarily compensate for, or even exceed, the surface area
loss associated with grain growth. In contrast, snow with initially high SSA already shows a highly irregular interface,
leaving little potential for the formation of additional surface area. Even under high temperature gradients, grain
coarsening thus dominates and SSA decreases. This confirms that the evolution of SSA cannot be interpreted solely

as a measure of grain growth.
Comparing grain size descriptors

Grain size was characterized using three scalar descriptors (the optical diameter, the microwave grain size, and the
correlation length) together with the chord length distributions. A comparison between the different descriptors is
provided in Fig. 11.

The microwave grain size and the correlation length exhibit absolute values in the same range and consistently
indicate grain coarsening during both ETM and TGM for all snow types (Fig. 11a). This is consistent with Picard

et al. (2022), who showed that both descriptors are closely related and even coincide for microstructures with two-
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point correlation functions strictly exponential. The coarsening rates of the two descriptors increase with temperature
gradient: for example, coarsening is about ten times faster at 100 than at 0 K m~! for the DF samples. In contrast,
the optical diameter is systematically two to three times larger than the correlation length and microwave grain size,
and its evolution does not always indicate a grain size increase (Fig. 11b). During TGM, the optical diameter may
either increase or decrease depending on the balance between processes that increase or decrease the snow surface
area, as discussed above for SSA.

These contrasting behaviors indicate that the three descriptors probe different length scales of the snow microstruc-
ture. This is illustrated by the following two examples. During the formation of depth hoar from an RGd sample
under a temperature gradient of 100 K m™"', large ice structures develop simultaneously with thinner ice features
such as surface striations. The development of thinner ice features is well captured by the chord length distribution,
with the increase of chords shorter than 0.15 mm (Fig. 5). As a result, the optical diameter decreases (from 0.33 to
0.25 mm), whereas both the microwave grain size and the correlation length increase (from about 0.09 to 0.12 mm)
(Fig. 3). A second example is the evolution of depth hoar under ETM, where surface striations and sharp edges are
progressively smoothed out, while the overall dimensions of the ice structure remain nearly unchanged. Again, the
smoothing of striations is well captured by the chord length distribution, with the decrease of chords shorter than
0.15 mm (Fig. 6). Accordingly, the optical diameter increases markedly (from 0.30 to 0.44 mm), whereas the mi-
crowave grain size and the correlation length show little change (Fig. 4). These examples indicate that the microwave
grain size and the correlation length primarily reflect the large-scale dimensions of the ice structure, whereas the
optical diameter is also sensitive to small-scale surface features. These differences are consistent with previous studies
showing that optical and microwave grain metrics characterize different aspects of snow microstructure (Métzler,
2002; Krol and Lowe, 2016). The information summarized by these scalar descriptors is captured by the chord length
distributions, which simultaneously describe the evolution of both the large-scale and small-scale structural features

of the ice network.
Structural anisotropy evolution

Structural anisotropy exhibits a more complex evolution than generally reported. During TGM, snow is commonly
described as evolving toward a more vertically oriented ice structure because of preferential vertical heat and mass
transport (Schneebeli and Sokratov, 2004; Lowe et al., 2013; Calonne et al., 2014a; Bouvet et al., 2023). As sum-
marized in Fig. 12, we systematically observed this behavior for all samples only under the strongest temperature
gradient (100 K m~!). Under moderate and weak temperature gradients, the development of vertical anisotropy is
not systematic. Instead, some samples evolve toward a more horizontally oriented structure. This is the case for the
DF sample at 40 K m™! and for both the DF and RGI samples at 10 K m~!. To our knowledge, this behavior has
only been reported by Wiese and Schneebeli (2017), although a direct comparison is difficult because their definition
of anisotropy differs from ours. Leinss et al. (2016) suggested that the development of horizontally oriented structures

may result from snow densification. However, this mechanism is unlikely to explain our observations, as little to no
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Figure 12. Overview of the structural anisotropy evolution observed in the present study. A comparison with the anisotropy
modeled by Leinss et al. (2020) for temperature gradients of 25, 50, and 100 K m™' at a mean temperature of 0°C is also
provided (data digitized from Fig. 2a of Leinss et al. (2020)).

compaction occurred during any of the experiments (Fig. A2). Hence, the observed anisotropy evolution is primarily
driven by the microstructural transformations associated with vapor transport during dry snow metamorphism.
Another important result is the strong influence of the initial snow microstructure on the evolution of structural
anisotropy during TGM. For example, under identical conditions of 100 K m~! at -3°C, anisotropy increases by only
about 0.1 for the DF sample, compared with about 0.25 for the RGI sample and 0.4 for the RGd sample. Moreover,
not only the rate but also the evolution pathway depends on the initial microstructure. This is illustrated by the
two RG samples at 40 K m~!: despite sharing the same snow type and similar initial anisotropies (0.95 and 0.92),
the RGd sample develops a more vertically oriented structure, whereas the RGIl sample first develops a slightly
more horizontally oriented structure (0.88) before reversing after about 50 h, leading overall to almost no change in
anisotropy after 7 days (0.96). This suggests that even small differences in the initial anisotropy, and more generally
other characteristics of the initial snow microstructure, such as density, may strongly influence the development of

structural anisotropy during TGM.
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Figure 13. Summary of the evolution of the curvature-based shape descriptors during all the experiments at —3°C.

Under ETM, in contrast, the initial structural anisotropy is largely preserved (Fig. 12). Both the horizontally
anisotropic FC sample and the vertically anisotropic DH sample retain their initial structural orientation throughout
the experiments, consistent with the modeling results of Bouvet et al. (2022).

Finally, in addition to the anisotropy ratio based on the correlation lengths used throughout this study, an
anisotropy ratio based on the mean chord lengths measured along the three Cartesian directions was also computed
for comparison. The anisotropy trends are consistent between the two definitions, but their amplitudes are substan-
tially smaller when based on the mean chord lengths (Appendix, Fig. A5). For example, for the RGd sample under
100 K m~!, the anisotropy ratio increases from 0.95 to 1.34 (increase of 0.42) when computed from the correlation
lengths, compared with only 0.96 to 1.10 (increase of 0.14) when computed from the mean chord lengths. This
indicates that the anisotropy ratio based on the correlation length provides a more sensitive descriptor of changes

in the preferential orientation of the overall ice structure.
Curvature-based grain-shape descriptors

Among the three curvature-based descriptors investigated, two characterize snow grain shape: the mean curvature
variance and the Willmore energy. The mean curvature variance quantifies the heterogeneity of mean curvature across
the grain surface, while the Willmore energy quantifies the deviation of the grain surface from being spherical or
planar. The Willmore energy increases with the development of sharp edges and striations while remaining relatively
low for both smooth rounded surfaces and extensive planar facets. Figure 13 summarizes their evolution for all

experiments performed at —3°C.
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The mean curvature variance evolves differently depending on both the initial snow microstructure and the meta-
morphism regime (Fig. 13a). In general, stronger temperature gradients produce larger curvature heterogeneities,

increasing progressively from faceted crystals to depth hoar formed under 40 K m~!

, and reaching their highest
values for depth hoar formed under 100 K m~!. Conversely, ETM decreases the mean curvature variance through
progressive surface smoothing. Across the snow types, a clear distinction can be made between FC and DH, and
even between depth hoar formed under different temperature gradients. DF and DH exhibit, however, comparable
mean curvature variances: in DF, the curvature heterogeneities arise primarily from highly convex dendritic branches
(Fig. 8b,e), whereas in DH they arise from large angular grains with abundant surface striations (Fig. 8c,f). Likewise,
the FC and RG samples cannot be clearly distinguished, as both exhibit relatively low mean curvature variance.
In contrast, the Willmore energy does not evolve systematically with the metamorphism regime (Fig. 13b). During
ETM, it consistently decreases for all snow types, reflecting progressive surface smoothing. During TGM, however,
its evolution depends strongly on the initial snow microstructure and no clear trend with the applied temperature
gradient emerges. Across the different snow types, only DF exhibits a distinct signature, with the highest Willmore
energies. RG, FC and DH show overlapping values, indicating that different snow microstructures can exhibit similar
Willmore energies. In particular, rounded grains and faceted crystals can have comparable Willmore energies because,
in FC, the decrease associated with the formation of large planar facets is compensated by the increase associated
with the development of sharp edges, leading to an overall value similar to that of the rounded grains. The Willmore

energy therefore provides limited discrimination between snow types.
4.2 Implications for snowpack modeling

Current detailed snowpack models represent the snow microstructure using only a limited set of microstructural
descriptors (Vionnet et al., 2012; Lehning et al., 2002; Lafaysse et al., 2025). They predict a single grain-size
descriptor, the optical diameter through the evolution of SSA, together with empirical grain-shape descriptors such
as the sphericity index (Vionnet et al., 2012; Lafaysse et al., 2025) or the grain-bond connectivity index (Lehning
et al., 2002).

Different snow applications, however, require additional microstructural information. For example, microwave
applications require a grain-size descriptor such as the microwave grain size or the correlation length (Wiesmann
and Miétzler, 1999; Matzler, 2002; Picard et al., 2022), together with structural anisotropy (Leinss et al., 2016),
whereas snow optics requires grain-shape information beyond SSA (Libois et al., 2013; Krol and Léwe, 2016).
Future snowpack models could therefore benefit from representing multiple complementary grain-size and grain-
shape descriptors. In particular, the microwave grain size or the correlation length could be implemented alongside
SSA. The temporal evolution of these descriptors reported here provides new experimental data to develop and
evaluate such parameterizations. As a first step toward developing physically based grain-shape descriptors, we

investigated two curvature-based descriptors. Additional shape descriptors could be explored using the dataset of
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Dick et al. (2026b) to address specific application needs. The implications for SSA and structural anisotropy modeling
are discussed in dedicated sections below.
Beyond predicting a small set of scalar descriptors, future snowpack models could benefit from predicting the full

chord length and mean curvature distributions, from which application-specific descriptors could be derived.
Modeling SSA

Current snowpack models assume that SSA decreases monotonically during dry snow metamorphism (Brun et al.,
1992; Lehning et al., 2002; Vionnet et al., 2012). However, Wang and Baker (2014) and the present study show that
this assumption is not always appropriate during TGM, as a wide range of SSA evolutions are observed, including
increases. Although the observed increases are modest, they are sufficient to modify the optical properties of snow
and may therefore influence the surface energy budget (e.g., Warren, 1982; Flanner and Zender, 2006; Libois et al.,
2013). For example, an increase in SSA from 20 to 25 m? kg~! corresponds to a decrease of approximately 20%
in optical diameter. Future SSA evolution laws should therefore be improved to reproduce the full range of SSA
evolution observed during dry snow metamorphism.

In that direction, efforts have been made to propose physically based laws governing SSA evolution. In particular,
Krol and Léwe (2018) derived an equation linking SSA evolution to the mean curvature and the normal interface
growth velocity. These two fields are defined for smooth surfaces evolving continuously in time. Our experiments show
that significant topological changes can happen under certain metamorphism scenarios, as large genus variations
are obtained. These topological changes produce singularities in the mean curvature and velocity fields, which need
to be carefully taken into account when using this equation. More recently, Braun et al. (2024) suggested a linear
relation between 0% and (p;.. SSA)2. We evaluated this relationship using our dataset and found that it holds only
for a limited subset of the experiments, mainly for the DF samples and for temperature gradients up to 40 K m~!
(Appendix, Fig. A4). This suggests that the proposed relationship is not yet sufficiently general for the range of
snow types and metamorphism conditions investigated here.

More generally, our dataset indicates that SSA evolution laws should account for snow microstructure, mean
temperature, and temperature gradient. In particular, the initial SSA alone does not appear to be sufficient to
characterize the influence of the snow microstructure, as shown in Sect. 4.1. Another controlling factor under ETM
might be the mean curvature variance, as suggested by Braun et al. (2024). Consequently, evolution laws such as
that of Taillandier et al. (2007), which depend only on the initial SSA and mean temperature, are unlikely to capture

the full diversity of SSA evolution during dry snow metamorphism.
Modeling structural anisotropy

Structural anisotropy controls the anisotropy of several physical and mechanical properties of snow (e.g., Leinss
et al., 2016; Sundu et al., 2024). For example, the thermal conductivity of vertically oriented depth hoar can be

up to 1.5 times greater in the vertical direction than in the horizontal plane (Calonne et al., 2011). Despite this,
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structural anisotropy is not yet represented in operational snowpack models, although a first parameterization was
recently proposed by Leinss et al. (2020). In this formulation, temperature-gradient metamorphism systematically
drives the ice structure toward a more vertically oriented configuration, with the rate of evolution depending on the
applied temperature gradient and the initial anisotropy.

Our observations do not support this predicted systematic increase in vertical anisotropy. Under weak and mod-
erate temperature gradients, the snow microstructure may instead evolve toward a more horizontally oriented con-
figuration. A direct comparison between the predictions of Leinss et al. (2020) and our observations is provided
in Fig. 12. Our results indicate that the temperature gradient, the mean temperature, and the initial structural
anisotropy should all be accounted for when modeling the evolution of structural anisotropy. However, the way these
factors are represented in the parameterization of Leinss et al. (2020) should be refined, as it does not capture the
diversity of the observed anisotropy evolution. Furthermore, our results suggest that the evolution may also depend

on additional characteristics of the initial snow microstructure, such as density.

5 Conclusion

We investigated the temporal evolution of different grain-size and grain-shape descriptors during 20 experiments
of equi-temperature and temperature-gradient metamorphism. Seven scalar descriptors were analyzed: SSA and its
derived optical diameter, correlation length, microwave grain size, structural anisotropy, and three curvature-based
shape descriptors. Furthermore, the temporal evolution of the chord length and mean curvature distributions was
characterized. The respective influences of the temperature gradient, the mean temperature, and the initial snow
microstructure on the grain size and shape evolution were highlighted.

QOur main conclusions are:

1. Increasing the temperature gradient generally accelerates the evolution of snow microstructure descriptors,
whereas decreasing the mean temperature slows it down. However, several descriptors exhibit behaviors that

depart from these general trends.

2. The initial snow microstructure strongly controls grain-shape evolution and, to a lesser extent, grain-size evo-
lution. In particular, snow with high initial SSA (around 60 m? kg~!) exhibits more systematic and monotonic

evolution during both TGM and ETM than rounded grains do.

3. SSA may either decrease or increase during TGM depending on the initial snow microstructure and the applied

temperature gradient. This contrasts with the monotonic decrease generally assumed in snowpack models.

4. Correlation length and microwave grain size consistently increase during both ETM and TGM, whereas the op-
tical diameter may increase, decrease, or remain nearly constant. They are also about two to three times smaller
than the optical diameter throughout the experiments. Thus, choosing the grain-size descriptor appropriate to

the physical process under investigation is particularly important.
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5. The development of vertical ice orientation is not systematic during TGM, as horizontal orientation may

instead be reinforced depending on the applied temperature gradient and the initial anisotropy.

This study provides new perspectives for improving snowpack models regarding the choice of microstructural
descriptors and the formulation of their evolution laws. In particular, current SSA evolution laws in snowpack
models could be refined using the experimental observations presented here. Snowpack models could also benefit
from representing multiple complementary descriptors of grain size and grain shape. For example, models could
predict the optical diameter for optical applications together with the microwave grain size or the correlation length
for microwave applications. Grain shape could be represented using curvature-based descriptors, such as the mean
curvature variance or the Willmore energy, as explored in this study. An even richer representation of snow mi-
crostructure could be achieved by predicting the full chord length and mean curvature distributions, from which
multiple application-specific descriptors can be derived.

Although this study covers a wide range of snow types and metamorphism conditions, future work could extend
the dataset to additional snow types, such as precipitation particles and melt forms, and thereby further support

the development of next-generation snowpack models.
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Figure A1l. Density and SSA vertical profiles at six time steps for RG] samples exposed to gradients of 10, 40 and 100 K m™*

at -3°C. For these three experiments, the bottom ice layer was cropped from the image: a maximum of 0.34 mm was removed

for the gradient of 100 K m™*.

36



https://doi.org/10.5194/egusphere-2026-4897
Preprint. Discussion started: 31 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

DF

Density [kg m 2]
&

RGd
346
_ 344
ki
fo 342
-
e
£ 340
=
Aa
338
336
FC, DH
245
FC
£7240
g
20
=
£ 295
w
=
5
A 230
DH
225 ‘ ‘ ‘ ‘ ‘ ‘ . ‘
0 20 40 60 80 100 120 140 160
Time [h]

Figure A2. Evolution of density for DF, RGl, FC and DH samples during the TGM and ETM experiments.

37

100

40

VTEKm



https://doi.org/10.5194/egusphere-2026-4897
Preprint. Discussion started: 31 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

1.01

0.8+

0.61

Normalised two-point
correlation function

Normalised two-point
correlation function

0.0 0.2 0.4 0.6 0.8 1.0
displacement r; [mm]

—————— computed — fitted

Figure A3. Normalized two-point correlation function for the whole range of displacement r; above and magnified below
for a sample of depth hoar. Dashed lines correspond to the two-point correlation function defined in Eq.6 in the x (blue), y

(green), and z directions (red), while solid lines correspond to their respective exponential fits computed from Eq.7.
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