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ABSTRACT

Alterations in seasonal snow covers can have profound ef-
fects not only on the planet’s climate, biodiversity and fresh
water supplies, but also on the occurrence of natural hazards
like floods and avalanches. The mapping and monitoring of
these alterations often rely on the calculation of spectral in-
dices such as the NDSI (normalized difference snow index).
Despite the extensive use of the NDSI in remote sensing ap-
plications, several aspects related to its sensitivity to changes
in snow characteristics remain to be broadly unveiled. These
changes can take place during environmentally-induced meta-
morphic processes, which are being accentuated by increas-
ing global warming conditions. In this work, we system-
atically examine the impact that concomitant metamorphic
changes on key nivological characteristics, namely grain size
and density, can have on the NDSI of snowpacks with varying
liquid water contents and irradiated from distinct light inci-
dence directions. Our investigation is carried out through con-
trolled in silico experiments conducted using a first-principles
simulation framework supported by in situ measured data ob-
tained from natural snowpacks.

Index Terms— snow, spectral index, metamorphism.

1. INTRODUCTION

The reliable mapping and monitoring of seasonal snow covers
are essential for a wide range of studies with pivotal impor-
tance for ecological sustainability and human safety, from
biodiversity analysis, hydrological modeling and climate
change predictions [1, 2] to flood forecasting and avalanche
warning [3, 4]. The snowpacks forming these covers undergo
continuous environmentally-induced transformations, collec-
tively known as seasonal snow metamorphism [5]. Through
successive metamorphic processes, such as sublimation, melt-
ing, settling and freezing, key nivological characteristics of
snowpacks can change considerably [6, 7, 8], leading to
variations in their spectral responses [9, 10]. The detec-
tion and correct interpretation of these alterations, in turn,
are instrumental for the effective assessment of snow covers
increasingly affected by global warming conditions [11, 12].
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The remote assessment of snow covers primarily involves
airborne sensors with reflectance bands in the visible (VIS)
and shortwave-infrared (SWIR) spectral regions [12, 13]. Re-
flectance values acquired at these bands are then used to cal-
culate spectral indices. Among these indices, the normalized
difference snow index (NDSI, ranging from -1 to 1) [14] is ar-
guably the most extensively employed in this area [2, 12, 15,
16]. Its formulation is based on the high and low reflectance
values of snow in the VIS and SWIR regions, respectively
[13]. Thus, changes in the nivological characteristics affect-
ing snow spectral responses are translated to variations in the
calculated NDSI values. The appropriate interpretation of
these variations can then be used to support the remote study
of snowy landscapes and complement ground-based observa-
tions of their alterations over time [1, 8, 12, 17].

Metamorphic processes are known to lead to significant
increases in the grain size and density of snowpacks [4, 6, 7,
18]. Although a myriad of studies have been conducted on
the effects of grain size on snow reflectance [9, 10, 16, 19],
the combined effects of grain size and density changes on the
NDSI have not been object of comprehensive examinations to
date, specially considering wet conditions.

These nivological characteristics are difficult to be con-
trolled during fields studies of snow metamorphism [4, 18].
Laboratory studies, on the other hand, often rely on artificially
prepared snow samples whose characteristics can consider-
ably diverge from those of natural samples [10]. Computa-
tional (in silico) studies, albeit representing a viable alterna-
tive, are bound by the intrinsic limitations of the employed ab-
stract representation of a complex granular material like snow.

In this paper, we investigate the effects that metamor-
phism elicited changes in the grain size and density of snow-
packs, in both dry and wet conditions, can have on their
corresponding NDSI values calculated for different angles of
light incidence. To overcome the aforementioned difficulties
of in situ experiments, we employ an in silico approach sup-
ported by measured data obtained from natural snowpacks
[20]. Our investigation is carried out using a first-principles
model for light interactions with snow, known as SPLITSnow
(SPectral Light Transport in Snow), that explicitly accounts
for its particulate nature in order to output high-fidelity radio-
metric data for different experimental scenarios [21, 22].
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2. INVESTIGATION FRAMEWORK

For the in silico experiments described in this work, we se-
lected two distinct virtual snow samples, henceforth referred
to as samples I and II. Their characterizations were based on
actual snow samples (from snowpacks located on the Norwe-
gian Svalbard archipelago, in the Arctic) with negligible lig-
uid water and impurity contents. These samples’ nivological
descriptions were made available through the SISpec (Snow
and Ice Spectral) library along with their respective measured
reflectance curves, which were obtained in situ [20]. More
precisely, these samples, identified as SISpec S6 and S195,
were respectively employed to guide the selection of plausi-
ble values (Table 1) for the parameters used in the character-
ization of the virtual samples I and II. For conciseness, more
detailed information about the inferences leading to the selec-
tion of these values is provided elsewhere [23].

Table 1. Parameter values employed in the characterization
of the snow virtual samples considered in this investigation.

Samples

Parameters I I
Grain size range (um) 200-300  150-800
Temperature (°C') -8 -3
Thickness (cm) 18 10
Density (kg/m>) 360 340
Facetness range 0.05-0.25 0.1-04
Facetness mean 0.15 0.25
Facetness standard deviation 0.075 0.1
Sphericity range 0.7-0.9 0.9-0.97
Sphericity mean 0.8 0.935
Sphericity standard deviation 0.1 0.05

In our simulations, snow grains are described as prolate
spheroids with a semi-major axis equal to b and a semi-minor
axis related to b by the grains’ sphericity (¥ € [0..1], with ¥
equal to 1 yielding perfectly spherical grains) [21], which is
represented by a random variable with a probability distribu-
tion (PD) previously employed for particulate materials [21].
Thus, the size of a grain corresponds to 2b [24], with b being
associated with a random variable with a uniform PD. Simi-
larly, the grains’ facetness (f € [0..1], with f equal to zero
yielding perfectly smooth grains) is represented by a random
variable with a normal PD [21].

We considered the virtual samples subjected to different
metamorphic stages (A, B and C). These stages are associated
with incremental changes in the samples’ grain size and den-
sity, with the latter being linked to their porosity [22]. Based
on empirical observations reported in the literature [4, 5, 6, 8],
we considered distinct increments for the average grain size
and density, namely 50% and 25%, respectively. Given the
particular features of the reference samples (e.g., composed
of rounded grains), it was assumed that they had already been
subjected to some degree of metamorphism. Accordingly, we

considered the samples characterized by the parameter values
presented in Table 1 to be in stage B. For stages A and C, we
also considered the same default values presented in Table 1,
with the exception of the grain size range and density param-
eters whose values were respectively reduced and increased
using the aforementioned increments. The values assigned to
the samples’ grain size range and density with respect to each
metamorphic stage are presented in Table 2.

Table 2. Values assigned to the grain size range (grs) and
density (D) parameters employed in the characterization of
the snow virtual samples at their distinct metamorphic stages.

Sample I Sample II
Stages gsr (um) D (kg/m®)  gsr(um) D (kg/m®)
A 100-234 288 50-584 272
B 200-300 360 150-800 340
C 300-450 450 425-1000 425

We note that, although the grains’ sphericity and facetness
may also incrementally change during ongoing, advanced
stages of metamorphism, these changes are likely to be rel-
atively small in these stages [5]. Thus, their impact on the
magnitude of snow reflectance is expected to be minor in
these cases [21, 25]. For this reason, and considering the
scarcity of supporting quantitative information about the
metamorphic variations of these parameters, we elected to
keep them fixed during our simulations, and to leave the
investigation of their impact on the NDSI to future work.

To extend our scope of observations, we also randomly
varied (within physically valid limits [5]) the width of the
grain size ranges assigned to stages A and C of each virtual
snow sample (Table 2). It is also worth mentioning that, to
the best of our knowledge, quantitative information about this
variable is not readily available in the literature either.

Our controlled in silico experiments consisted in com-
puter simulations with the purpose of computing directional-
hemispherical reflectance curves for the virtual snow samples
at their distinct metamorphic stages. Reflectance values ob-
tained from these curves were then used to calculate the NDSI
values for each sample at each metamorphic stage.

The simulations were conducted using SPLITSnow [21,
22] and considering a spectral resolution of 10 nm, with 10°
incident rays per wavelength. In order to expand the dimen-
sionality of our investigation, we also incrementally varied
the angle of light incidence () and the samples’ water satu-
ration (S € [0..1] representing the fraction of a sample’s pore
space occupied by liquid water) during our simulations. This
also enabled us to account for the putative impact of these
parameters on the samples’ reflectance and, consequently, on
the calculated NDSI values [25, 26]. We note, however, that
the modeled reflectance values employed in this work, unless
otherwise stated, were obtained considering a normal angle
of incidence (f = 0°) and the samples in a dry state (S = 0).
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To calculate the NDSI values associated with each in sil-
ico experiment described in this work, we employed the fol-
lowing formula [14]:

N sy — PB60) — p(1650)

p(560) 1 p(1650)’ M

where p(\) denotes the reflectance value obtained at the
wavelength A (in nm). It is worth mentioning that differ-
ent versions of this formula can be found in related works
[1, 12, 17, 26]. However, as stated by Riggs ef al. [13], the
selection of bands for calculating the NDSI is guided by the
sensor(s) being used in a given study, and this spectral index
is relatively insensitive to the exact location of the sampled
wavelengths within the VIS and SWIR selected bands.
Lastly, to facilitate the reproducibility of our findings, we
made the SPLITSnow model accessible for online use [27].
Furthermore, all supporting datasets, such as the spectral re-
fractive indices for ice and water, employed in this investiga-
tion are openly available in a dedicated data repository [28].

3. RESULTS AND DISCUSSION

In order to establish reliable baselines for our in silico exper-
iments, we computed the reflectance curves for samples I and
IT using the default parameter values present in Table 1. We
then compared the modeled curves with measured curves pro-
vided for the SISpec samples [20] used as references. These
comparisons, depicted in Fig. 1, reveal a close agreement
between the modeled and measured curves. This observation
is corroborated by the low root-mean-square errors (rmse)
calculated for the modeled curves computed for samples
I (rmse = 0.0168, or 1.68%) and II (rmse = 0.0176, or
1.76%) with respect to their measured counterparts.
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Fig. 1. Comparison of measured and modeled reflectance
curves obtained for samples I (left) and II (right) considering
the default parameter values presented in Table 1.

In Fig. 2, we present the graphs depicting the reflectance
curves obtained for the virtual samples considering the in-
cremental increases in their grain size ranges and densities
associated with their metamorphic stages A, B and C (Ta-
ble 2). As noted in the literature [9], although the overall
shape of the reflectance curves remains the same as meta-
morphism progresses, their magnitude with respect to distinct
spectral regions varies. More precisely, as it can observed
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Fig. 2. Modeled reflectance curves obtained for samples I
(left) and II (right) with respect to the metamorphic stages A,
B and C (Table 2).

in Fig. 2, the overall magnitude of the reflectance curves de-
creased from stage A to B, and from B to C. This trend is
consistent with the inverse relationship of snow reflectance
and grain size, notably when this granular material is sub-
jected to metamorphism, with larger grains leading to lower
reflectance values [10]. The larger differences between the
curves in 700-1300 nm region are also consistent with re-
ported observations indicating that snow reflectance in this
spectral region is highly sensitive to grain size variations [19].

On the other hand, while density increases are also
likely to lead to reflectance decreases in the 700-1300 nm
region [29], they may prompt reflectance increases in the
400-700 nm region [30]. It is worth noting that the connec-
tions between density and snow spectral responses are still
not well-established. Indeed, reported inferences about these
connections [30] are largely based on average reflectance
values (calculated from measurements over the entire 350-
2800 nm spectral domain [29]), rather than on specific re-
flectance values obtained for distinct spectral regions (e.g.,
VIS or SWIR). Nonetheless, the smaller differences among
the curves obtained for sample I (with the lower grain size
and larger density values) in the 400-700 nm region and
larger differences in the 700-1300 nm region are in line with
the empirical observations mentioned above.

In Fig. 3, we present plots depicting the NDSI values cal-
culated for the virtual samples at each metamorphic stage, and
considering increasing angles of incidence. As it can be ob-
served in these plots, the depicted NDSI trends were directly
correlated to the metamorphic stages, with higher NDSI val-
ues being obtained for the stages associated with the larger
grain sizes and densities. It can also be noted that these trends
are markedly nonlinear. More specifically, for small devia-
tions in the angle of incidence (0° < 0 < 15°), the variations
in the NDSI values were minor. However, as the angle of in-
cidence increases, the NDSI values become noticeably lower.
This can be attributed to a significant nonlinear reflectance in-
crease in the SWIR region and a minor reflectance increase in
the VIS region. Thus, the numerator of Eq. 1 becomes smaller
while its denominator becomes progressively larger, yielding
lower NDSI values. Incidentally, similar reflectance varia-
tions were observed in simulations conducted using a distinct
modeling approach [9].
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Fig. 3. NDSI values computed for samples I (left) and II
(right) with respect to each metamorphic stage (Table 2) and
considering increasing angles of incidence ().

In Fig. 4, we present plots depicting variations in the
NDSI values calculated for the selected samples at their
metamorphic stages (A, B and C) as their water saturation
(S) values are increased. As it can be noted in these plots, the
increase in the samples’ water saturation led to a near linear
increase in the NDSI values. This trend may be explained by
the impact that the presence of liquid water can have on light
attenuation mechanisms affecting snow reflectance [21]. By
reducing the refractive index differences between the grains
and their surrounding medium, it reduces the probability
of light being reflected by the grains while increasing the
probability of light being refracted by them. Additionally, it
increases the probability of SWIR light being absorbed (while
traversing a snow sample) in comparison with VIS light since
the extinction coefficient of water is considerably higher in
the SWIR region [21]. The net effect of these mechanisms is
a trend toward a reflectance increase in the VIS region, and a
decrease in the SWIR region. Hence, the numerator in Eq. 1
tends to increase while the denominator tends to decrease,
yielding higher NDSI values.
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Fig. 4. NDSI values computed for samples I (left) and II
(right) with respect to the each metamorphic stage (Table 2)
and considering increasing water saturation (,5) values.

Our findings indicate that snowpack changes elicited by
metamorphic processes can lead to significant NDSI varia-
tions. We remark that our in silico experiments were con-
ducted considering incremental increases in the samples grain
size ranges and densities. During actual observation cam-
paigns, the reflectance measurements required for NDSI cal-
culation can be obtained over an extended period of time, dur-
ing which the presence of liquid water may also change. Ac-
cordingly, the observed NDSI differences may become even
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Fig. 5. Comparison of NDSI values computed for samples I
(left) and II (right) considering the boundary cases of this in-
vestigation: stage A, dry (S = 0) and stage C, wet (S = 0.2).

more pronounced in these situations. This aspect is illustrated
in the graphs presented in Fig 5. Given the importance of
reliably mapping and monitoring snow covered landscapes
[2, 13, 15, 17], notably those located in geographical regions
more susceptible to accentuated warming conditions affect-
ing snow metamorphic processes [1, 11, 12], it is essential to
properly account for the combined impact that alterations in
different snow characteristics can have on the spectral indices,
such as the NDSI, extensively employed in these tasks.

4. CONCLUSION AND FUTURE WORK

Although the NDSI and grain size relationship has been
examined in the literature [15, 16, 25], empirical evidence
regarding the NDSI sensitivity to progressive metamorphic
changes in both grain size and density, leading to significant
increases in their magnitudes, is scarce. In this work, we
aimed to address this evidence gap by investigating the im-
pact of these changes, considering not only distinct angles of
light incidence, but also varying water saturation levels.

To our knowledge, the combination of these experimen-
tal dimensions has not been systematically examined in pre-
vious works involving NDSI calculations for snow at differ-
ent metamorphic stages. The trends observed in our work
indicate a noticeable increase in the NDSI as a snowpack be-
comes progressively denser and composed of larger grains.
Moreover, the NSDI values associated with these changes de-
crease nonlinearly for relatively large angles of incidence, and
increase nearly linearly with higher water saturation levels.

Clearly, the correct interpretation of NDSI variations, par-
ticularly those associated with the accentuated metamorphism
of snow covers subjected to increasing warming conditions,
requires a comprehensive understanding about the processes
leading to alterations in the snow spectral responses. The pur-
suit of this overarching objective will likely involve an inten-
sification of interdisciplinary research efforts in this area.

As future work, we plan to further expand the scope of our
investigation by including more samples and examining the
NDSI sensitivity to larger grain shape changes that can occur
during early metamorphic stages. We also intend to examine
the effects of aggregated variations in the water and impurity
contents of metamorphic snow samples on the NDSI.
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