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ABSTRACT

Snow and vegetation interactions are being significantly affected by global warming conditions, particularly in
high altitude and high latitude regions. The increase in vegetation productivity (greening) observed in these
snowy regions has become one the main drivers of feedback loops leading to the intensification of climate change.
Concomitantly, the spectral quality of photosynthetically active radiation (PAR) propagated by snow covers can
be affected by their black carbon (BC) contents. The resulting variations in the red to blue, red to far-red and
blue to far-red spectral ratios of propagated PAR can potentially influence a number of fundamental photobi-
ological phenomena associated with the growth and development of plants above and underneath snowpacks.
Consequently, these variations may contribute to vegetation changes that can reinforce feedback loops. Despite
the importance of these interconnected biophysical processes, an evidence-based understanding about BC-elicited
variations in the spectral quality of PAR reflected and transmitted by snow is still lacking. In this paper, we
address this knowledge gap by methodically evaluating the sensitivity of snow reflectance and transmittance to
varying amounts of BC impurities, and examining their impact on the corresponding spectral ratios. Our investi-
gation is conducted using an in silico approach supported by measured data obtained from natural snow samples
with distinct characteristics. Our findings unveil specific qualitative and quantitative trends for BC-elicited
variations in the spectral ratios of PAR propagated by snow. Besides advancing the current knowledge about 

photobiological phenomena with serious environmental ramifications, our investigation also highlights practical
aspects relevant for the effective prediction and management of such ramifications, notably through the combined
use of remote sensing technologies, in situ experiments and high-fidelity simulations. Furthermore, it is expected
that the employed in silico experimental framework can also serve as a reliable platform for future environmental
studies involving the effects of BC impurities on snow radiometric responses.

Keywords: snow, carbon-based impurities, photosynthetically active radiation, reflectance, transmittance,
spectral ratios, vegetation greening, feedback loops.

1. INTRODUCTION

The importance of snow for the sustainability of life on Earth has been widely recognized. Besides representing a
vital source of freshwater 

1–3 and providing essential thermal insulation for different biomes, 

4–6 it also has a strong
influence on radiative forcing processes affecting the planet’s climate. 

7–9 Moreover, the snow light attenuation
mechanisms associated with these processes can affect both the quantity and quality (spectral distribution)
of photosynthetic active radiation (PAR) propagated to the vegetation present in snowy regions, 

10, 11 eliciting
photobiological responses that can further alter the ecology and energy balance of these regions. 

12–14 Not 

surprisingly, snow cover variations have a central role in a broad scope of environmental studies. 

1, 2, 6, 9, 14–17

In the last decades, the deposition of light-absorbing impurities (LAIs) 

18 into snow, notably those originating
from anthropogenic activities, has also been brought to the forefront of interdisciplinary research initiatives
involving climate change. 

7, 8, 19, 20 This can be attributed to the scientific community’s increasing interest in the
feedback loops associated with global warming 

16, 17, 21 as well as in the compounding effects that the deposition of
these impurities in snow-covered landscapes can have on the viability of local ecosystems and in the accentuation
of those loops. 

9, 22 Despite recent advances in these intertwined areas of research, the impact that the deposition
of LAI particles can have on the photobiological interactions between snow and vegetation has yet to be fully
unravelled along with its far-reaching environmental ramifications.
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Small particles of LAI base materials, such as carbon and dust, can be wind transported far from their 

sources and reach snow-covered regions across the planet. 

9, 23, 24 Once these aerosols, also referred to as light-
absorbing particles (LAPs), 

8 are deposited in a snowpack, they can alter its light attenuation mechanisms. More 

specifically, they can enhance light absorption, notably in the visible (photosynthetic) spectral domain. This, 

in turn, leads to a reflectance (albedo) decrease and heating. The latter accelerates the growth of snow grains, 

which further decreases reflectance, and increases snowmelt. The surface darkening resulting from the decrease 

of snowpack reflectance and the exposure of materials (e.g., soil and vegetation) underneath it further increase 

the energy available for melting. 

8, 20, 25

Besides these radiative forcing processes associated with variations in the amount of light absorbed within 

the contaminated snowpacks, there are also effects associated with light propagated (reflected and transmitted) 

by them and impinging on the nearby vegetation. The resulting changes in vegetation productivity, or green-
ing, 

11, 15, 16, 26 are also known to affect radiation exchange and snowmelt. 

3 These interconnected processes can 

substantially contribute to the aforementioned feedback loops 

16, 21 and, consequently, have a significant impact 

on the local an global climate. 

7–9, 18, 22

In this work, we primarily address the effects of carbon-based impurities, also referred to as light-absorbing 

carbon (LAC) particles, 

23, 27 on the spectral quality of light reflected and transmitted by snow. It is worth noting 

that the deposition of LAC particles in snow is less episodic than that of dust particles. 

18 Moreover, the effects 

of both types of particles are comparable even though the LAC concentrations in snow are often on the order 

of parts per billion, while the concentrations of dust particles are often on the order of parts per thousand (by 

mass). 

18, 22 This aspect underscores the stronger absorption efficiency of the former.

The LAC particles can be loosely divided into two main groups, namely black (inorganic) and brown (or-
ganic) carbon. 

28, 29 As previously noted, 

27, 29 the term “black carbon” (BC) has been employed inconsistently 

in the related literature. Within the context of this work, it refers to carbonaceous materials that are formed 

during the incomplete combustion of fossil fuels (e.g., motor vehicle aerosols) and strongly absorb light across 

the entire visible spectral domain. On the other hand, brown carbon (BrC) refers to carbonaceous materials 

that are associated with biomass burning (e.g., wood smoke aerosols) and absorb light primarily at low visible 

wavelengths. 

8, 28, 29 Although both BC and BrC have been shown to be key climate forcing parameters whose 

influence on the planet’s energy budget needs to be properly accounted for, 

29–31 this investigation focus on the 

former due to its dominant light-absorbing role, ubiquity and more established optical properties. 

8, 22, 23, 28

It has been extensively demonstrated that PAR markedly affects a wide range of photobiological responses 

affecting the growth and physiological development of plants, from seed germination and chlorophyll production 

to stem elongation and photoperiodism. 

12, 32, 33 The extent of its impact on different types vegetation and on 

the equilibrium of their hosting biomes depends not only on the amount of light propagated (reflected and 

transmitted) in the photosynthetic domain, but also on its spectral quality. 

34–36 This can be quantified in terms 

of red (600-700 nm) to blue (400-500 nm), red to far-red (700-800 nm) and blue to far-red ratios of propagated 

light, denoted by R/B, R/F R and B/F R, respectively. 

33, 34

In the case of seed germination, the breaking of dormancy for many species, including those found in high 

altitude or high latitude regions, is induced by variations in the R/F R ratios. 

13, 32 It is also believed that spectral 

variations in solar light play a pivotal role in the regulation of the growing season and phenology of vegetation 

found in those regions. 

37, 38 For instance, trees located at latitudes above the Arctic polar circle need to induce 

growth cessation and bud formation even during periods that they are exposed to light, i.e., without an actual 

expression of photoperiodism. 

39 The net effect of these two phenomena is commonly referred to as bud set, 

40 a 

complex physiological process representing the transition phase from active growth to dormancy. 

41 It has been 

speculated that this process is enhanced by increases in the R/F R ratios of light impinging on the trees. 

13, 39 It 

has also been noted that the inhibition of stem elongation prompted by increases in R/F R ratio of light reaching 

Arctic trees is also regulated by the amount of available blue light. 

13

Given the significant effects of BC impurities on the attenuation of light in the photosynthetic domain, it is 

likely that their presence could alter the spectral ratios of PAR propagated by snow covers. Such alterations, 

in turn, would result in observable changes in the productivity of different types of vegetation found in snowy 

regions. Despite the importance that such changes may have for the ecology and climate of those regions, existing
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studies in this area usually do not specifically address the effects of BC impurities on the quality of light reflected 

and transmitted by snow. 

17, 20 Among the main obstacles faced by research efforts aimed at this timely topic, 

one can highlight the difficulties that the low concentration of BC impurities deposited in snowpacks can pose 

for the detection and analysis of their impact on snow spectral responses. 

42

Due to these difficulties, Warren 

19 recommended the use of computer modeling in conjunction with controlled 

laboratory experiments on artificial snow with large amounts of BC impurities. 

7 We note, however, that artifi-
cially prepared snow samples often lack the morphological diversity (e.g., different grain sizes and shapes) found 

in natural samples. Moreover, the use of large amounts of BC impurities may defeat the purpose of studies specif-
ically attempting to determine BC-induced effects on the light propagation mechanisms of snowpacks located in 

high altitude and high latitude regions of interest for climate studies. These snowpacks are often characterized 

by the presence of relatively small, albeit influential, amounts of these carbon-based materials. 

19, 20, 43, 44

To overcome the constraints outlined above, we employed a computational (in silico) investigation approach to 

assess the sensitivity of the spectral ratios of PAR reflected and transmitted by snow samples containing realistic 

amounts (within ranges reported in the related literature) of BC impurities. More specifically, we conducted 

controlled in silico experiments, supported by nivological and radiometric data obtained from real snowpacks, 

using the model for light and snow interactions known as SPLITSnow (SPectral LIght Transport in Snow). 

45, 46 

This first-principles model explicitly accounts for the particulate nature of snow in order to output reliable 

radiometric data (e.g., spectral reflectance and transmittance) for different experimental scenarios. In addition, 

as described in the next section section, its original ray-optics formulation has been expanded to predictively 

simulate light attenuation effects elicited by the presence of carbon-based impurities deposited in dry and wet 

snow samples through suspension and sedimentation processes.

Our investigation findings are expected to strengthen the current knowledge about the interactions among 

light, snow, BC impurities and vegetation. Such an evidence-based understanding is essential for the reliable 

interpretation of in situ and remote observations of biomes severely affected by global warning 

15, 22 and, conse-
quently, for the implementation of more effective procedures for the monitoring and management of those biomes. 

Moreover, it provides the foundation for the development of more comprehensive climate change models that can 

appropriately take into consideration not only vegetation greening and feedback loops prompted by variations 

in PAR reflected and transmitted by pure and BC-contaminated snow, 

9, 21 but also the long-term ecological 

implications of these processes. These include, but are not limited to, the expansion and reduction of vegetation 

covers in snowy regions more susceptible to increasing warming conditions such as the Arctic. 

15, 17

The remainder of this paper is organized as follows. In Section 2, we describe the algorithmic features incor-
porated into the core component of our in silico experimental framework. In Section 3, we outline the data and 

the methodology employed in our investigation. In Section 4, we present our findings. In Section 5, we discuss 

their significance for environmental and climate studies involving snow and vegetation interactions affected by the 

presence of BC impurities. We then conclude in Section 6 with a summary of the outcomes of our investigation 

and directions for future research in this area.

2. LIGHT ATTENUATION BY CARBON-BASED IMPURITIES

The in silico experimental framework employed in this investigation has as its central component the SPLITSnow 

model. 

45 The ray-optics formulation of this stochastic model allows for a (light) ray interacting with a given 

snow sample to be associated with any wavelength (denoted by λ) within the spectral domain of interest. In this 

section, we present the algorithmic features specifically incorporated into the model to account for the presence 

of BC and BrC impurities.

As indicated in the SPLITSnow’s formulation, 

45, 46 the probability of a ray being absorbed while traversing 

an ice grain can be calculated using the following equation based on the Beer-Lambert law: 

47, 48

p a g 

(λ) = 1− e 

−α ice 
(λ)d g , (1)

where α ice 

(λ) and d g 

correspond to the specific absorption coefficient (s.a.c.) of ice and the distance travelled 

within a grain, respectively. 

45
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Similarly, the probability of a ray being absorbed while traversing pore space occupied by liquid water can 

be expressed as: 

p a p 

(λ) = 1− e 

−α water 
(λ)d p , (2)

where α water 

(λ) and d p 

correspond to the s.a.c. of water and the distance travelled within the pore space, 

respectively. 

45

The s.a.c. of ice can be expressed as:

α ice 

(λ) =
4π k ice 

(λ)

λ
, (3)

where k ice 

(λ) corresponds to the imaginary part of the complex refractive index of ice. 

49 To obtain the s.a.c. of 

water, the term k ice 

(λ) in Eq. 3 is replaced by k water 

(λ), the imaginary part of the complex refractive index of 

water. 

50, 51

We note that, depending on the length unit selected for d g 

and d p 

(e.g., cm), λ in the right side of Eq. 3 has 

to be converted to the reciprocal, or inverse, of that unit (e.g., cm 

−1 ). In this way, α ice 

(λ) and α water 

(λ) are 

also given in that reciprocal unit, and the probability p a 

becomes unitless, varying from 0 to 1 as expected.

In order to account for the occurrence of BC and BrC impurities in the ice grains (through a sedimentation 

process 

30 ) and/or in the pore space (through a suspension process 

43 ), we employ a more comprehensive version 

of Eq. 1. More precisely, the probability of absorption of a ray traversing a given grain is computed using the
following equation:

p a g 

(λ) = 1− e 

−(α ice 
(λ)+α BC 

(λ)S BC 
+α BrC 

(λ)S BrC 
)d g , (4)

where α BC 

(λ) and α BrC 

(λ) correspond to the s.a.c. of BC and BrC impurities, respectively, and the parameters
S BC and S BrC 

(ranging from 0 to 1) represent the fractions of these materials present in the grains through
sedimentation.

Likewise, the probability of absorption of a ray traversing a portion of the pore space containing liquid water 

as well as suspended BC and BrC impurities is computed using the following equation:

p a p 

(λ) = 1− e 

−(α water 
(λ)+α BC 

(λ)(1−S BC)+α BrC 
(λ)(1−S BrC))d p . (5)

We also employ Eq. 5 when the traversed portion of the pore space does not contain water. However, in this 

case, the term α water 

(λ) is set to zero.

The s.a.c. of BC impurities is computed using the following formula derived from related works 

28, 29, 52, 53 on 

the light absorption by these materials:

α BC 

(λ) =
M BC 

λ BC

λ 

A BC
c BC 

D, (6)

where M BC 

, A BC 

and c BC 

correspond to the mass absorption efficiency 

22, 28, 53 (or MAE, in m 

2 /g), the Angstrom 

exponent 

54, 55 and the concentration (in ng/g) of the BC impurities, respectively, while λ BC 

is the reference 

wavelength (in nm) used to experimentally obtain M BC 

54, 55 and D represents the density of the snow sample 

(in kg/m 

3 ).

Both D and c BC 

in Eq. 6 refer to the sample in a dry state. However, if the employed c BC 

value refers to the 

sample in a wet state, i.e., with a water saturation (fraction of the pore space occupied by liquid water, denoted
by S ∈ [0 ..1]) greater than zero, then D in Eq. 6 is replaced by: 

46

D wet 

= D + SD water 

(

1− 

D

D ice

) 

, (7)

where D water 

and D ice 

correspond to the densities of pure liquid water and ice, respectively.

For the computation of the s.a.c. of BrC impurities, the terms referring to BC impurities in Eq. 6 are replaced 

by the corresponding terms referring to the former. It also worth mentioning that, since the MAE is commonly 

expressed in m 

2 /g, while D and the distances (d g 

and d p 

) may be expressed in kg/m 

3 and cm, respectively, a
conversion of units may be required so that α BC 

(λ) and α BrC 

(λ) are expressed in cm 

−1 .
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3. MATERIALS AND METHODS 

3.1 Snow Characterization Data

Within the employed in silico experimental framework, 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 (Ψ ∈ [0 ..1], with Ψ
equal to 1 yielding perfectly spherical grains), 

45 which is represented by a random variable with a probability 

distribution previously employed for particulate materials. 

45 As suggested in the UNESCO-IHP report on The 

International Classification for Seasonal Snow on the Ground, the “size of a grain or particle is its greatest 

extension”. 

56 Accordingly, in our simulations, the size of a grain corresponds to 2b, with b also represented by
a random variable. Similarly, the grains’ facetness (f ∈ [0 ..1], with f equal to zero yielding perfectly smooth
grains) is represented by a random variable with a normal probability distribution. 

45

In studies involving simulations of snow spectral responses, one may choose to employ a representative 

virtual snow sample with a characterization primarily based on the assignment of average values (provided in the 

related literature) to the material parameters. In this investigation, to broaden our observations, we considered 

three representative virtual snow samples with distinct morphological traits, default BC contents and wetness 

levels. More precisely, we considered two dry samples (D1 and D2) associated with dry snowpacks formed on 

the Norwegian Svalbard archipelago in the Arctic, 

57 and one wet sample (W) associated with a wet snowpack 

formed at the US Army Cold Regions Research and Engineering Laboratory in Hanover, USA. 

10

The descriptions and corresponding radiometric datasets for the dry snowpacks were provided by Salvatori et 

al. 

57 and made available through the SISpec (Snow and Ice Spectral) library. These SISpec snowpack samples, 

identified as S158 and S197, were used to guide the selection of appropriate values (presented in Table 1) for 

the parameters employed in the characterization of samples D1 and D2, respectively. For the wet snowpack, 

identified here as P18 (assessed by Perovich on January 18), its description and radiometric data 

10 were used to 

guide the characterization (Table 1) of sample W. For more details about the selection of parameter values used 

in the characterization of samples D1, D2 and W, the interested reader is referred to Appendix A.

Table 1: Parameter values employed in the characterization of the selected snow samples.

Samples

Parameters D1 D2 W

Grain size range (µm) 150–450 400–1000 500–1000 

Temperature ( 

◦ C) -5 -1 -1
Thickness (cm) 11 19 11
Water saturation 0 0 0.18
Density (kg/m 

3 ) 385 300 300
BC content (ng/g) 3 6 5
BC sedimentation fraction 1 1 0.5
Facetness range 0.01–0.23 0.2–0.4 0.1–0.3
Facetness mean 0.1 0.3 0.2
Facetness standard deviation 0.05 0.1 0.1
Sphericity range 0.6–0.95 0.6–0.95 0.7–0.95
Sphericity mean 0.9 0.8 0.85
Sphericity standard deviation 0.1 0.07 0.1

3.2 Black Carbon Properties

It has been recognized that different methodologies can be employed to obtain appropriate values for the param-
eters used to quantify the absorptive properties of BC impurities, 

53, 54 namely, the reference wavelength λ BC 

, 

the mass absorption efficiency M BC 

and the Angstrom exponent A BC 

introduced earlier (Section 2). In this 

work, the selection of values for these parameters was based on the aethalometer method. 

54 This choice took 

into account the widespread use of this method and the fact that it does not depend on supplemental data 

sources. 

54, 58
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Accordingly, we set λ BC 

to 880 nm, which corresponds to the standard wavelength employed in BC mea-
surements using aethalometers since the absorption of light by other compounds, notably BrC impurities, at this 

wavelength is markedly weaker than that at lower wavelengths. 

58 Thus, the aethalometer readings are unlikely 

to be biased by the possible concomitant presence of BrC compounds in the material sample employed in BC 

measurements.

Similarly, we set M BC 

to 16.619 m 

2 /g, which corresponds to the value recommended by the manufacturer 

of these devices when they operate at 880 nm. 

59 Hence, the product M BC 

λ BC 

becomes equal to 14625, a value 

consistently employed by related works in this area. 

29–31, 55, 59 Lastly, we elected to set A BC 

to 1 as the default 

value for the Angstrom exponent of BC impurities as indicated by relevant studies involving the light absorption 

by these aerosols. 

28, 29, 54

3.3 In Silico Experimental Setup

Our controlled in silico experiments consisted primarily in the computation of directional-hemispherical re-
flectance and transmittance curves for the selected snow samples using the SPLITSnow model, 

45 with its for-
mulation expanded to account for the presence of carbon-based impurities as previously described (Section 2). 

These curves were computed considering a spectral resolution of 5 nm, with 10 

6 incident rays per sampled λ. 

This number of rays was selected to ensure asymptotically convergent radiometric readings with a confidence 

of 0.1% as indicated by the exponential Chebyshev inequality. 

48 Regarding the light incidence geometry, we 

considered a normal angle of incidence of 0 

◦ (with respect to the samples’ normal vector). As reported below, 

this choice took into account the measured conditions in which the reference radiometric datasets were obtained.

The measured reflectance curves 

57 correspond to reflectance factors calculated considering a hemispherical 

incidence geometry, with an acquisition sensor positioned directly above the target snowpacks. The modeled 

reflectance curves, on the other hand, correspond to directional-hemispherical reflectances. We note that in 

studies involving the radiometric responses of materials characterized by a near-Lambertian behaviour, such as 

snow irradiated from an angle of incidence of 0 

◦ , 

60 for practical purposes directional-hemispherical reflectance 

and hemispherical-directional reflectance factor can be used interchangeably. 

61

As for the modeled transmittance curves, our in silico experimental setup was based on the experimental 

setup employed by Perovich. 

10 More precisely, we computed the transmittance values at the indicated thickness 

(equivalent to the depth of the samples’ bottom boundary). Thus, once a (light) ray exits a snow sample 

at the specified thickness (bottom depth), it is considered permanently propagated by the sample, i.e., it no 

longer contributes to the sample’s transmittance values at that depth. In the experimental setup employed by 

Perovich, 

10 the transmittance acquisition sensor was placed on the top of a dark plywood platform, above which 

snow was accumulated following snowfalls. We also note that an angle of incidence of 0 

◦ allows for more light to 

penetrate the samples. This, in turn, yields not only stronger reflectance responses to BC contamination, 

7 but 

also relatively larger and, thus, more dependable transmittance responses 

11, 61, 62

Our in silico experiments were organized into three stages. Initially, in stage I, we compared modeled 

radiometric curves computed for the selected samples with measured radiometric curves obtained for the reference 

snowpacks. 

10, 57 This enabled us to verify the plausibility of the samples’ characterization datasets (Table 1) 

and to establish well-grounded baselines for our subsequent experiments. Afterwards, in stages II and III, we 

conducted reflectance and transmittance experiments to assess the respective impact of BC content variations 

on the spectral ratios of PAR reflected and transmitted by the selected snow samples.

While, in stage I, we used the default values (Table 1) assigned to the BC contents (concentrations), in 

stages II and III, we considered incremental increases to those values. These increments were based on ranges 

provided in the related literature, 

19, 20, 43, 43, 44 notably for snow deposits located in the Northern hemisphere. 

More specifically, for the reflectance experiments, we considered BC contents varying from zero to 36 ng/g, with 

increments of 9 ng/g . We note that the amount of light transmitted by snowpacks, even just a few cms thick, is 

significantly smaller than the amount of reflected light. Hence, in order to obtain transmittance values with a 

magnitude appropriate for the analysis of light transmission profiles, we employed a narrower range, from zero 

to 12 ng/g, and a smaller increment, 3 ng/g.
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Finally, as generally acknowledged, two aspects are particularly essential for the dependability of any in silico 

investigation, namely, the assessment of its predictions’ fidelity 

63 and the means to enable their reproducibility 

and replicability. 

64 We note that the predictive capabilities of the SPLITSnow model 

45 employed in our experi-
ments have been extensively evaluated through quantitative and qualitative comparisons with actual measured 

data and observations reported in the related literature. 

11, 46, 65, 66 Also, the degree of fidelity of its predictions 

was further illustrated through our stage I experiments described in Section 4.1. Regarding their reproducibility 

and replicability, it is worth mentioning that we made SPLITSnow accessible for online use 

67 through our model 

distribution system. 

68 Furthermore, all supporting datasets, such as the spectral refractive indices for water and 

ice, employed in this work are openly available in a dedicated data repository. 

69

3.4 Sensitivity Analysis

To complement our reflectance and transmittance experiments, we also carried out a differential sensitivity 

analysis 

70, 71 with respect to the impact of increasing BC content on the samples radiometric responses across 

the blue (400-500 nm), green (500-600 nm), red (600-700 nm) and far-red (700-800 nm) bands of the spectral 

domain of interest. For this analysis, we employed a sensitivity index (SI) that provides the rate of the change 

in the output quantities, which correspond to snow reflectance and transmittance in this work, to the change 

in a selected snow characterization parameter while the other parameters are kept fixed. 

71 A rate equal to 

1.0 indicates complete sensitivity (or maximum impact), while a rate less than 0.01 indicates that the output 

quantity is insensitive to changes in the selected parameter. 

72

Relying on these concepts, we computed the mean sensitivity index (MSI) for the four selected spectral bands. 

This allowed us to quantify the mean rate of change in reflectance and transmittance with respect to alterations 

in BC content, within these bands. More specifically, for the reflectance curves, this index is expressed as:

MSI =
1 

N

N
∑ 

i=1

SI i 

=
1 

N

N
∑

i=1

|ρ c 

(λ i 

)− ρ e 

(λ i 

)|

max{ρ c 

(λ i 

), ρ e 

(λ i)} 

, (8)

where ρ c 

and ρ e 

correspond to the reflectance values computed for the control (without BC impurities) and 

examined cases, respectively, and N is the total number of wavelengths (λ i 

) sampled with a 5 nm resolution 

within a selected spectral band. Similarly, for the transmittance curves, the ρ c 

and ρ e 

values in Eq. 8 are replaced 

by the control and examined transmittance values denoted by τ c 

and τ e 

, respectively.

3.5 Spectral Ratios

To examine the effects of increasing BC contents on the spectral quality of PAR propagated by the snow samples, 

the reflectance and transmittance experiments were accompanied by the calculation of the selected spectral ratios 

using the following formulas: 

33, 34

R/B = 

ρ(660)

ρ(400)
, (9)

R/FR = 

ρ(660)

ρ(730)
, (10)

and

B/FR = 

ρ(400)

ρ(730)
, (11)

where ρ(λ) denotes the reflectance value obtained at the wavelength λ (in nm).

Similarly, to quantify the spectral quality of the light transmitted by the samples, the ρ(λ) values in Eqs. 9 

to 11 were replaced by transmittance values denoted by τ (λ).
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4. RESULTS

4.1 Stage I - Baseline Experiments

As shown in the graphs presented in Fig. 1, the radiometric curves computed for the virtual snow samples con-
sidered in this investigation showed a close agreement with the measured curves provided by Salvatori et al. 

57 

and Perovich 

10 for the reference natural snowpacks (Section 3.1). In fact, the root-mean-square errors (RMSE) 

calculated for the modeled curves depicted in Fig. 1 were below 0.01 (or 1%). More precisely, the RMSE values 

obtained for samples D1 (Fig. 1a), D2 (Fig. 1b) and W (Fig. 1c) were equal to 0.0048, 0.0044 and 0.0021, re-
spectively. This degree fidelity 

63 enabled us to reliably proceed to the next stages of our investigation.
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Figure 1: Comparison of modeled and measured radiometric curves. (a) Sample D1. (b) Sample D2.
(c) Sample W. The modeled curves were computed using the SPLITSnow model and the snow characteriza-
tion datasets presented in Table 1. The measured reflectance curves were provided by Salvatori et al., 

57 while 

the measured transmittance curve was provided by Perovich. 

10

4.2 Stage II - Reflectance Experiments

The reflectance curves obtained for the dry samples D1 (Fig. 2a) and D2 (Fig. 2b) depicted a nonlinear decrease 

following an increase in their BC contents. This trend is consistent with previous analytical and laboratory-based 

observations about the reflectance of BC-contaminated snow reported in the literature. 

19, 73 Although the same 

qualitative behaviour was also observed in reflectance curves obtained for the wet sample W (Fig. 2c), their 

overall magnitude was lower than that of the curves obtained for the dry samples. This quantitative aspect, in 

turn, is consistent with in situ observations about the reflectance reduction prompted by the presence of liquid 

water in the pore space of natural snowpacks. 

10 We note that, in previous works involving the simulation of BC 

effects on the reflectance of snow samples, there was no specific indication of the presence of liquid water in their 

pore space. 

7, 74

In Fig. 3, we provide the MSI plots computed for the BC-affected reflectance curves of each snow sample 

(Fig. 2). As shown in these plots, the impact of BC impurities monotonically increased across the spectral 

(PAR) domain of interest, with the largest and smallest MSI values being obtained for the blue and far-red 

bands, respectively. Furthermore, although the MSI values calculated for each spectral band increased as we 

considered larger BC content, the rate of change (ROC) associated with each band became less accentuated.

In Fig. 4, we present the spectral ratios of reflected light computed for the snow samples. While the B/F R 

and R/F R ratios decreased as we considered larger BC contents, the R/B ratios increased. The plots presented 

in Fig. 4 also show that the ROC was more accentuated for the B/F R ratio, followed by the R/B ratio and 

then the R/F R ratio. Furthermore, the ROCs observed for the B/F R and R/B ratios became less accentuated 

as the BC contents were increased. In the case of the R/F R ratio, although the ROC noticeably decreased for 

the initial BC content variations, from 0 to 18 ng/g, it exhibited a nearly linear behaviour for the subsequent 

BC content variations, from 18 to 36 ng/g. All these rends were observed for the three snow samples.
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Figure 2: Modeled reflectance curves obtained considering incremental increases in the samples’ BC contents.
(a) Sample D1. (b) Sample D2. (c) Sample W. The curves were computed using the SPLITSnow model and the 

snow characterization datasets presented in Table 1 unless otherwise stated.
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Figure 3: MSI values computed across the blue (400-500 nm), green (500-600 nm), red (600-700 nm) and far-red 

(700-800 nm) bands for the samples’ modeled reflectance curves (Fig. 2) associated with increasing BC contents.
(a) Sample D1. (b) Sample D2. (c) Sample W.
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Figure 4: Spectral ratios calculated using the samples’ reflectance values (Fig. 2) computed considering incre-
mental increases in their BC contents. (a) Sample D1. (b) Sample D2. (c) Sample W.

As also indicated in Fig. 4, the computed spectral ratios of reflected light were characterized by a relatively 

small magnitude, with wider ranges being observed for the wet sample W (Fig. 4c). It is important to note, 

however, that even subtle changes in these ratios can significantly affect the plants’ metabolism 

37 and alter 

physiological processes associated with their adaptation to varying environmental conditions. 

13
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4.3 Stage III - Transmittance Experiments

To the best of our knowledge, previous laboratory and computational studies involving BC effects on the prop-
agation of light by snow have not addressed the impact of BC impurities on transmittance responses. 

7, 8, 22, 73–75 

The scarcity of information in this area may be explained by the technical difficulties associated with the in situ 

measurement of these responses 

10 as well as by the fact that usually light transport models for snow are primarily 

developed to output reflectance values. 

74, 76 Viewed in this context, the results of our in silico transmittance 

experiments, presented in Figs 5 to 7, can be seen as a fresh assessment of light transmission by BC contaminated 

snow, notably with respect to the spectral quality of the transmitted light.
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Figure 5: Modeled transmittance curves obtained considering incremental increases in the samples’ BC contents.
(a) Sample D1. (b) Sample D2. (c) Sample W. The curves were computed using the SPLITSnow model and the 

snow characterization datasets presented in Table 1 unless otherwise stated.

As shown in Fig. 5, the transmittance curves obtained for samples D1, D2 and W depicted a markedly 

nonlinear decrease following an incremental rise in their BC contents. Such a decrease is likely to be associated 

with the nonlinear light absorption properties of the BC impurities. 

29 However, there may be other factors that 

need to be taken into account. For instance, in the case of wet sample W, while its reflectance curves were 

lower than the reflectance curves obtained for samples D1 and D2 (Fig. 2), its transmittance curves were higher 

than the transmittance curves computed for those samples (Fig. 5). This suggests that the presence of liquid 

water in its pore space can also have a noticeable effect in its light attenuation mechanisms. By reducing the 

refractive index differences between the snow (ice) grains and the surrounding medium, the presence of liquid 

water increases the probability of light being refracted from the grains to the pore space. 

11 This sequence of 

events, in turn, may mitigate the attenuation of light transmitted through the sample.

In Fig. 6, we provide the MSI plots computed for the BC-affected transmittance curves of each snow sample 

(Fig. 5). In these plots, we can observe the same qualitative trends identified for the MSI values computed 

for the BC-affected reflectance curves (Fig. 3). In short, the impact of BC impurities monotonically increased 

across the spectral (PAR) domain of interest, with the largest and smallest MSI values being obtained for the 

blue and far-red bands, respectively. However, we noted a relevant quantitative difference. More precisely, the 

MSI values obtained for the transmittances were remarkably higher than those calculated for the reflectances. 

This aspect indicates that the transmitted light is distinctively more sensitive to the presence of BC impurities 

than the reflected light. It is also worth noting that this difference in sensitivity was lessened by the presence 

of liquid water in the pore space. More specifically, for the wet sample W, the MSI values obtained for the 

BC-affected reflectances (Fig. 3c) were relatively higher (compared to those obtained for the other samples), 

while the MSI values obtained for the BC-affected transmittances (Fig. 6c) were relatively lower (also compared 

to those obtained for the other samples).

In Fig. 7, we present the spectral ratios of transmitted light computed for the snow samples. Again, we can 

observe the same qualitative trends identified for the spectral ratios of reflected light (Fig. 4). Namely, while the 

B/F R and R/F R ratios decreased as we considered larger BC contents, with the former having a markedly more 

accentuated ROC, the R/B ratio increased. However, the obtained spectral ratios of transmitted light (Fig. 7) 

were remarkably higher than the spectral ratios of reflected light (Fig. 4). This observation is consistent with
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Figure 6: MSI values computed across the blue (400-500 nm), green (500-600 nm), red (600-700 nm) and far-
red (700-800 nm) bands for the samples’ modeled transmittance curves (Fig. 4) associated with increasing BC 

contents. (a) Sample D1. (b) Sample D2. (c) Sample W.

0 3 6 9 12

black carbon (ng/g)

0.5

2

3.5

5

6.5

s
p

e
c
tr

a
l 
ra

ti
o

s

 R/B

 R/FR

 B/FR

(a)

0 3 6 9 12

black carbon (ng/g)

0.5

2

3.5

5

6.5

s
p

e
c
tr

a
l 
ra

ti
o

s

 R/B

 R/FR

 B/FR

(b)

0 3 6 9 12

black carbon (ng/g)

0.5

2

3.5

5

6.5

s
p

e
c
tr

a
l 
ra

ti
o

s

 R/B

 R/FR

 B/FR

(c)

Figure 7: Spectral ratios calculated using the samples’ transmittance values (Fig. 5) computed considering 

incremental increases in their BC contents. (a) Sample D1. (b) Sample D2. (c) Sample W.

the higher magnitude the MSI values calculated for the transmittance curves (Fig. 6) in comparison with those 

calculated for the reflectance curves (Fig. 3). Lastly, the wet sample W presented the least accentuated ROCs 

for all three spectral ratios (again, compared to those obtained for the other snow samples), further alluding to 

a mitigating effect elicited by the presence of liquid water in its pore space.

5. DISCUSSION

5.1 Vegetation Connections

The results of our in silico experiments presented in the previous section showed that the increase in the samples’ 

BC contents led to the increase in their R/B ratios and the decrease in the R/F R and B/F R ratios calculated for 

both reflected and transmitted light. In the case of the spectral ratios of reflected light, their BC-elicited variations 

are more likely to affect the growth and physiological development of plants whose organs are completely or 

partially above a snow cover (e.g., trees). It has been postulated that decreases in the R/F R ratio and reductions 

in amount of blue light (leading to higher R/B and lower B/F R ratios) impinging on these plants can inhibit their 

dormancy and promote stem elongation. 

13, 39 Accordingly, the variations in the spectral ratios of reflected light 

observed in our in silico experiments suggest that the increase in the BC contents of snow covers may promote 

the continuation of these plants’ growth in periods in which they would normally transition to a dormant state.

In the case of the spectral ratios of transmitted light, although they can also positively affect the growth of 

plants whose organs may be partially covered by a relatively thin layer of cover, they are known to particularly
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influence physiological processes directly associated with the different life stages of subnivean vegetation. For 

instance, it has been reported that seed germination and organ emergence can be inhibited by decreases in the 

R/F R ratios, 

32, 77 while cold tolerance activation and chlorophyll production can be inhibited by reductions in 

the amount of blue light (i.e., higher R/B and lower B/F R ratios) reaching plants found completely below snow 

covers. 

34, 78 Thus, the variations in the spectral ratios of transmitted light observed in our in silico experiments, 

namely R/F R and B/F R decreases, and R/B increase, suggest that the increase in the BC contents of snow 

covers may negatively affect the growth and physiological development of subnivean vegetation.

Based on the observed in silico trends outlined earlier, one can draw preliminary inferences about the eco-
logical effects of BC impurities deposited in snow covers. More specifically, it is possible that the presence of 

these impurities, even in relatively small amounts (below 40 ng/g), may inhibit the growth of graminoids (e.g., 

herbaceous sedges 

15 ) and nonvascular plants (e.g., mosses found in colder areas of Arctic tundra 

17 ) whose photo-
synthetic organs (located close the ground) are more likely to receive light transmitted by snow covers than light 

reflected by them. Conversely, it is also possible that the presence of BC impurities may promote the growth 

of vascular plants (e.g., trees 

39 ) whose photosynthetic organs (located further away from the ground) are more 

likely to receive light reflected by snow covers than light transmitted by them.

These inferences align with reported evidence indicating the expansion of forested areas in high latitude 

regions 

17, 38 as well as the shift of Arctic tundra vegetation toward vascular plants, 

79 namely shrubs, which 

are normally more dominant in relatively warmer areas. 

17 Hence, it is probable that the net result of the 

aforementioned positive and negative effects of snow-deposited BC impurities on the physiological development 

of vascular and non-vascular plants may further contribute to the extensive vegetation greening verified in these 

biomes, which has been linked to increasing snowmelt and land warming conditions. 

15, 17, 79

As with any investigation centered on computer simulations, our in silico findings are subject to confirmation 

through comparisons with measured data to be obtained from controlled in situ experiments conducted on natu-
ral snow covers containing BC impurities, preferably located in regions of interest for climate change studies. We 

remark, however, that the intrinsic difficulties associated with in situ experiments 

10, 19 have been, and continue 

to be, key incentives for a myriad of computational (modeling) initiatives aiming at addressing the knowledge
gaps in this area. 

7, 8, 18, 20, 22, 24, 74

5.2 Climate Connections

Besides the impact of vegetation greening on the ecology of biomes found in high altitude regions (e.g., the 

Alps, the Andes, the Himalayas and the Rockies) 

16, 80 and high latitude regions (e.g., the Arctic), 

15, 21, 79, 81 all 

of considerable relevance for global warming studies, it can also play a significant part in feedback loops that can 

dramatically affect the planet’s climate. 

17, 21 For instance, it can alter solar energy exchanges that can lead to 

faster snowmelt and reduced snow cover. These, in turn, further intensify greening, which can potentially reduce 

the amount of melt water available for the plants during their growing stages. 

3, 16 As a consequence, at a certain 

point, vegetation productivity may start to decrease. In addition to impairing the biodiversity of the affected 

biomes, 

21 this can prompt noticeable alterations in their host terrains’ absorbed radiation profile and temperature 

regime, which represent physical quantities directly associated with environmental (soil-snow-vegetation-climate) 

feedback loops. 

16, 82

The presence of BC impurities in snow and their effects in the spectral quality of light reaching the vegetation 

found in the affected regions can potentially shift the tipping point of vegetation productivity. We remark that 

our findings suggest that BC-elicited variations in the spectral ratios of light propagated by snow may promote 

greening in landscapes with a dominant presence of species that grow higher, and mitigate it in landscapes with 

a dominant presence of species that grow closer to the ground. Moreover, they also suggest that these processes 

may become more intense as the amount of deposited BC impurities increases. Such alterations in the type of 

vegetation coverage of a given region can result in changes in its surface alb edo. As pointed by Yu et al., 

17 these 

changes could further affect the local climate and the planet’s energy budget. 

17

It is also worth mentioning that a significant decrease in BC deposition, notably in the Northern Hemisphere, 

is projected for the next decades. 

9 Such a decrease, would likely alter snow cover contributions to climate
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changes. 

20, 22 In the case of the spectral quality of light propagated by snow with reduced levels of BC contami-
nation, one would expect a corresponding reduction of the effects prompted by BC impurities. Nonetheless, the 

ever-evolving dynamics of these interconnected environmental processes 

14, 15, 20 accentuates the need for their 

effective monitoring and predictive analysis.

5.3 Black Carbon Issues

Given the environmental ramifications of vegetation greening and its inferred sensitivity to variations in the 

amount of snow-deposited BC impurities, such variations need to be carefully evaluated. However, despite its 

importance, the precise quantification of BC impurities in snow-covered landscapes remains elusive, notably in 

regions more affected by global warning. 

20, 42, 44

Recall that the amount of BC impurities deposited in snow is relatively small in natural settings. 

19 Accord-
ingly, its effects on snow spectral responses can be markedly masked by alterations in other snow characteristics 

such as grain size. 

11, 20, 42 Despite the current technological limitations in this area, the impact of BC impuri-
ties on snow spectral responses should not be overlooked. It can significantly influence the outcomes of highly 

specialized applications 

14, 15, 17 involving the assessment of snow and vegetation interactions.

Previous studies involving the impact of BC impurities on light propagated by snowpacks 

18, 19, 22, 73, 74 were 

primarily based on the analysis of snow reflectance responses. The results of our in silico experiments indicate 

that snow transmittance responses may be more sensitive to the BC impurities’ light absorption efficiency than 

snow reflectance responses. Moreover, they suggest that the presence of liquid water in the pore space of snow-
packs tends to mitigate this different level of sensitivity. Given their direct connections with the light penetration 

depth (at which incident light is reduced by ≥ 99% 

11, 83 ) of snow layers covering important natural resources, 

such as vegetation and soil, 

17 these transmittance related aspects should be also taken into account in future 

studies in this area.

6. CONCLUSION

In this paper, we have employed an in silico experimental approach supported by measured data to investigate 

the effects of BC impurities on the spectral quality of light propagated by snow. Our experimental results 

depicted similar qualitative and distinct quantitative trends for the BC-elicited variations in the spectral ratios 

of PAR reflected and transmitted by snow. More specifically, for both light propagation mechanisms, the R/B 

ratios increased while the R/F R and B/F R ratios decreased as we considered rising BC amounts (within ranges 

reported for natural snow deposits). These trends, however, were considerably more prominent for transmitted 

light. In fact, our findings indicate that snow transmittance is more sensitive to the presence of BC impurities 

than its reflectance. They also suggest that these differences tend to be mitigated by the presence of liquid water 

in the pore space of snowpacks.

A myriad of photobiological phenomena linked to plant growth and development, from seed germination to 

stem elongation, are prompted by variations in the spectral quality of PAR impinging on vegetation. The afore-
mentioned BC-elicited trends for the spectral ratios of reflected and transmitted light are likely to positively affect 

the productivity of higher vegetation and negatively affect the productivity of subnivean vegetation, respectively. 

Accordingly, they may play a part in the expansion and retraction of different types of vegetation observed in 

regions of particular interest for the assessment of climate change processes such as the Arctic. Consequently, we 

believed that these trends need to be taken into account in the analysis and prediction of greening alterations 

leading to feedback loops with a direct impact on the ecological sustainability and energy budget of snow-covered 

biomes found in those regions.

The aspects mentioned above stress the importance of closely monitoring and studying the interactions 

between light, snow, BC impurities and vegetation, notably in high altitude and high latitude regions more 

affected by global warning conditions. Given the geographical location of these regions, the use of remote sensing 

technologies may be instrumental for the success of those initiatives. It has been noted in the literature, however, 

that the relatively small amounts of BC impurities deposited in natural snow covers pose considerable difficulties
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for these technologies. It has also been acknowledged that, to overcome these difficulties, it is essential to 

strengthen the current understanding about the impact of these particles on the light attenuation mechanisms 

of snowpacks.

We aimed to align our investigation with these efforts by systematically examining the sensitivity of the 

spectral responses of distinct snow samples to changes in their BC content. It is worth noting that, to the best of 

our knowledge, no prior study has addressed the effects BC-contaminated snow deposits on the light propagated 

by other natural materials covered by them. Hence, the insights derived from our transmittance experiments 

bring forward aspects relevant for the remote sensing of a wide variety of landscapes, from forests to deserts.

The interconnected processes addressed in our investigation are highly complex, not only in terms of the 

sheer number of biophysical variables that need to be considered, but also with respect to their spatial and 

temporal scales. Accordingly, the investigation presented in this paper leads to a number of avenues for future 

research. These include, but are not limited to, the in-depth examination of the entangled effects of snow melting 

and the accumulation of BC impurities, as well as the comprehensive assessment of the impact of heterogenous 

distributions of these particles in multilayered snowpacks (e.g., resulting from distinct snow falling events) on 

the dynamics of those processes and on the spectral responses of key remote sensing targets such as soil and 

vegetation. We note that such responses are central in the calculation of spectral indices, such as the NDVI 

(normalized difference vegetation index) 

84 and the NDSI (normalized difference snow index), 

85 extensively used 

in the remote sensing applications involving those targets.

We believe that new developments in these intertwined lines of research will rely on the pairing of good quality 

measured data obtained in situ and remotely, with reliable predictions obtained through high-fidelity computer 

simulations. The results of our in silico experiments also indicated, both quantitatively and qualitatively, that 

such predictions can be provided by the first-principles computational framework employed in this investiga-
tion, notably with respect to the effects of BC impurities on snow reflectance and transmittance. Accordingly, 

we expect that it can serve as an in silico platform not only to extend the scope of this study, but also to 

facilitate the interdisciplinary exploration of related timely topics, such as the coupling effects of greening and 

snowmelt alterations on the carbon uptake of vegetation under accentuated warming conditions, by the scientific 

community.
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Appendix A: Selection of Parameter Values for the Virtual Snow Samples

As stated in Section 3.1, we used real snow samples, namely SISpec samples S158 and S197 as well as Perovich’s 

sample P18, as references to guide the selection of parameter values used in the characterization of the virtual 

samples D1, D2 and W, respectively. In other words, whenever actual information and data were available, that 

information was taken into account. For example, general nivological information and snow profile diagrams were 

made available in the SISpec database alongside the measured reflectance curves for samples S158 and S197, 

57 

and a general description of sample P18 was provided by Perovich 

10 alongside its measured transmittance curve. 

In this appendix, we briefly outline the steps (supported by the aforementioned quantitative information) leading 

to the assignment of values to the main snow characterization parameters listed in Table 1.

To select the parameter values used in the characterization of the virtual samples D1 and D2, we initially 

consulted the nivological information provided in the SISpec database for the respective SISpec samples as 

well as their snow profile diagrams. It is worth noting that some particular qualitative aspects needed to be 

considered for some parameters. For example, the thickness reported as general nivological information about a 

given sample corresponds to its top (uppermost) layer. However, for many SISpec samples, a close examination 

of their profile diagrams indicates that there are several additional layers of snow beneath the top layer. In 

several instances, this layer can have a dominant role associated with its specific morphological characteristics, 

with most of the relevant light attenuation processes taking place within it. These aspects were corroborated by 

the SISpec leading administrator. 

86 Accordingly, they were also taken into account in the selection of thickness
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values for the virtual samples, with more relevance being attributed to their top layers when appropriate (e.g., 

relatively low amount of light transmitted to the bottom layers).

For the selection of the parameter values used in the characterization of the virtual sample D1, we elected 

to consider the top layer of the SISpec sample 158 since its characteristics allow for a negligible amount of light 

transmission to its bottom layers. This layer was composed of rounded grains and its reported thickness was 

11 cm. Accordingly, we employed the same value for the thickness of sample D1, and selected a grain size 

range leading to a mean grain size equal to 300 µm, which corresponds to the grain size reported for the top 

layer of sample S158. In addition, the density and temperature of sample D1 were set to 385 kg/m 

3 and -5 

◦ C, 

respectively, which also correspond to the measured values for the top layer of sample S158.

For the virtual sample D2, we elected to examine all layers of the SISpec sample S197 since its uppermost 

layer was only 1 cm thick, allowing for significant light transmission to the bottom layers. Accordingly, we set 

the thickness of sample D2 equal to 19 cm, which corresponds to the aggregated thickness of all layers of sample 

S197, which were mostly composed by rounded grains. Moreover, its thin top layer had particles with a relatively 

wide range of sizes, up to 1000 µm, its second layer was composed by particles with an average size equal to 

1000 µm, while its third and fourth layers were composed by particles with average sizes equal to 500 µm. Thus, 

for sample D2, we assigned a grain size range, namely 400–1000 µm, that approximately encapsulated the most 

relevant grain sizes reported for sample S197. Since the density of the top layer of sample S197 was not provided, 

we chose to set the density of sample D2 to 300 kg/m 

3 , which is within the range of values provided for the 

densities of the second and third layers of sample S197. Regarding the temperature of sample D2, we elected to 

use the temperature of the top layer of sample S197, namely -1 

◦ C.

For the virtual sample W, we used as reference the parameters values reported by Perovich 

10 in his descrip-
tion of sample P18, which was composed of rounded grains. More precisely, for the thickness and grain size 

range of sample W, we assigned the values specified in Perovich’s description, namely 11 cm and 400–1000 µm, 

respectively. For its density, we selected a value, 300 kg/m 

3 , that corresponds to the value associated with the 

middle portion of sample P18 as also reported by Perovich. 

10 As for the temperature of sample W, based on 

Perovich’s description of the metamorphic conditions of sample P18 (its actual temperature was not reported), 

we elected to set the temperature of virtual sample W to -1 

◦ C, a value close to the snow freezing point.

Lastly, in the absence of supporting quantitative data for specific characterization parameters, such as water 

saturation and black carbon content, we considered qualitative information associated with the reference samples. 

For instance, while the SISpec samples were reported to be dry, 

57, 86 the Perovich’s wet sample was reported to 

be “saturated in water”. 

10 Accordingly, for the virtual sample W, we selected a water saturation value (S = 0.18, 

which corresponds to a free water content of approximately 13% of the sample’s total volume considering its 

density equal to 300 kg m 

−3 ) consistent with wetness levels provided in the literature for snowpacks in similar 

conditions. 

56 Also, the values (between 3 to 6 ng/g) assigned to the default BC contents of the virtual samples 

were selected taking into account BC content ranges reported for natural snowpacks 

19, 20, 43 located in regions 

susceptible to levels of BC contamination similar to those affecting the provenance regions of the reference 

samples.
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