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ABSTRACT

Carbon-based nanoparticles, originating from anthropogenic
actives (e.g., industrial production) or natural events (e.g.,
wildfires), can be wind-transported and deposited in snow-
covered regions. These light absorbing impurities (LAIs)
alter the radiative exchanges between the snow covers and
their surrounding environment, affecting its ecology, hydrol-
ogy and climate. Due to the serious ramifications of these
processes, notably in regions markedly affected by global
warming conditions, it is necessary to further the current
knowledge about the extent of these impurities’ impact on
light propagated by snow. While it has been established that
those with an inorganic origin (e.g., fossil fuel combustion)
have stronger light absorption capabilities, those with an
organic origin (e.g., biomass burning) tend to be deposited
in significantly larger quantities. In this paper, we examine
this tradeoff and compare the effects of these two types of
LAIs, respectively known as black and brown carbon, on
the spectral responses of snow samples characterized by pa-
rameter values reported for natural snowpacks. To carry out
this investigation, we employed an in silico experimental
framework and used measured reflectance and transmittance
datasets as baseline references for predictive simulations.

Index Terms— snow, reflectance, transmittance, black
carbon impurities, brown carbon impurities.

1. INTRODUCTION

In the last decades, increasing warming conditions are posing
significant risks to the environmental sustainability of a wide
range of ecosystems, particularly those located in high alti-
tude and high latitude regions [1, 2]. Variations in the mor-
phology and composition of snow covers found in these re-
gions are contributing to alterations in the dynamics of a myr-
iad of processes, from snow melting and vegetation expan-
sion to radiative exchanges associated with local and global
climate changes [3, 4].

This situation is being accentuated by the contamination
of snow covers by light-absorbing impurities (LAIs), notably
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carbon-based nanoparticles. These carbonaceous aerosols can
be wind-transported far from their emission sources and reach
remote regions, where they can modify the snow and light
interactions associated with the aforementioned processes [,
6, 7]. For instance, carbon-based impurities originating from
deforestation activities in the Amazon basin may end up in the
Andes [8, 9]. Also, while carbon-based impurities originating
from wildfires in North America and Siberia may reach the
Arctic [4, 10], those originating in wildfires on South America
and Australia may end up in Antarctica [11, 12].

These light-absorbing carbon (LAC) nanoparticles can
be classified in two main groups, namely inorganic (black)
and organic (brown) [13, 14, 15]. It is worth noting that
the term “black carbon” (BC) has been employed inconsis-
tently in the related literature. Within the context of this
work, it refers to carbonaceous impurities formed during the
incomplete combustion of fossil fuels (e.g., motor vehicle
aerosols), while the term brown carbon (BrC) refers to car-
bonaceous impurities associated with biomass burning (e.g.,
wood smoke aerosols). Despite their significant contributions
to the ecological, hydrological and climatological transfor-
mations observed across the planet, the understanding about
the specific roles of BC and BrC impurities is still far from
complete, particularly with respect to the latter [7, 10].

BC impurities are known to have stronger absorption ca-
pabilities [14] and a less episodic occurrence [7]. However,
the deposition of BrC impurities may be substantially larger
in natural snowpacks, on the order of parts per million [16] in-
stead of parts per billion as in the case of BC impurities [11].
This aspect raises the question whether the larger accumula-
tion of BrC impurities may lead to alterations on the snow
covers’ light attenuation mechanisms similar to those elicited
by the deposition of BC impurities. We note that a compre-
hensive understanding about these impurities is essential for
their reliable detection, both in situ and remotely [11, 17], and
the mitigation of their detrimental influence on environmental
processes affecting different biomes worldwide [10, 18].

In this paper, we address this open question using a robust
in silico approach supported by measured data obtained from
natural snowpacks. More specifically, our investigation was
conducted using a first-principles model for light interactions
with snow, known as SPLITSnow (SPectral Light Transport
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in Snow), whose ray-optics formulation was expanded [19] to
predictively simulate light attenuation effects elicited by the
deposition of BC and BrC nanoparticles in snow samples un-
der different water saturation states. Accordingly, we were
able to obtain high-fidelity depictions of variations in the re-
flectance and transmittance profiles of snow samples contam-
inated by BC and BrC impurities under different conditions.

To the best of our knowledge, this is the first investigation
comparing the effects of these carbon-based impurities on the
spectral responses of snow samples that takes into account the
distinct absorption capabilities of these impurities, their dis-
tinct concentrations in natural settings, as well as controlled
alterations in the samples’ nivological characteristics. To en-
able the reproducibility of our findings, we made SPLITSnow
accessible for online use [20] and released the optical datasets
employed in our simulations [21].

2. INVESTIGATION FRAMEWORK

2.1. Materials

In this work, we considered representative virtual samples
with characteristics based on those of a real sample from a
snowpack formed at the US Army Cold Regions Research
and Engineering Laboratory in Hanover, USA [22]. This ref-
erence sample was selected for the following reasons. While
most measurement campaigns focus on snow reflectance mea-
surements, transmittance measurements are still scarcely re-
ported in the literature [23]. For this sample, both reflectance
and transmittance measurements were made available [22].
We were then able to employ them to assess the fidelity of our
baseline simulations as described in the next section. Also,
the snowpack was formed in a rural location susceptible to a
relatively small amount of carbon-based contamination. This
relatively low, albeit radiometrically significant, level of con-
tamination, enabled a reliable analysis of the samples’ light
transmission profiles. This task would have been prone to
uncertainties if one would consider high levels of contami-
nation, which would prompt stronger light attenuation within
the samples and markedly decrease their transmittances.

The default parameter values employed in the characteri-
zation of the virtual snow samples are provided in Table 1. For
conciseness, more detailed information about the selection of
these values based on the reference sample’s nivological de-
scription is provided elsewhere [19].

We considered two groups of virtual samples. Their dis-
tinctive characteristics were the type and the concentration of
their impurities. More specifically, for the samples contain-
ing BC nanoparticles, we set their concentration to 5 ng/g
according to values reported for natural snowpacks in the lit-
erature [4, 24]. Similarly, for the samples containing BrC
nanoparticles, we set their concentration to 500 ng/g, also
considering values reported for natural snowpacks [16].

It has been recognized that different methodologies can
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Table 1. Default parameter values employed in the character-
ization of the virtual snow samples.

Parameter Value
Grain size range (uum) 500-1000
Grain facetness range 0.1-0.3
Grain facetness mean 0.2
Grain facetness standard deviation 0.1
Grain sphericity range 0.7-0.95
Grain sphericity mean 0.85
Grain sphericity standard deviation 0.1
Temperature (°C') -1
Water saturation 0.18
Thickness (cm) 11
Density (kg/m®) 300

be employed to obtain appropriate values for the parameters
used to quantify the absorptive properties of carbon-based
impurities, namely, the reference wavelength, the mass ab-
sorption efficiency and the Angstrom exponent [19]. In this
work, the selection of values for these parameters was based
on the aethalometer method [15]. This choice was based on
the widespread use of this method and the fact that it does not
depend on auxiliary data sources [15, 25].

For consistency with related works [13, 14, 26], we
elected to set the mass absorption efficiency and the reference
wavelength for the BC and BrC samples to 16.619 m2g—!
and 880 nm, respectively. We note that their product is
equal to 14625 [19], a constant commonly employed by
those works. Although other values could be chosen (e.g.,
31.1 m2g~" and 470 nm [26]), their product is nearly the
same as that of the previous values. As for the Angstrom
exponent, we selected 1 and 2 for the BC and BrC samples,
respectively [13, 15]. This translates, as expected [14, 27], to
the latter having relatively stronger absorption capabilities in
the shorter wavelengths than in the longer wavelengths, albeit
with the former remaining the dominant absorber [13].

We also note that carbon-based impurities can be found in
the ice grains (through a sedimentation process) and/or in the
samples’ pore space (through a suspension process) [28]. In
our simulations, we considered both sedimentation and sus-
pension fractions (varying from 0 to 1 [19]) equal to 0.5.

2.2. In Silico Experimental Setup

Our controlled experiments consisted in the computation
of directional hemispherical reflectance and transmittance
curves for the selected snow samples using the SPLITSnow
model [19, 29]. These curves were computed considering a
spectral resolution of 5 nm, with 10° incident rays per sam-
pled wavelength (). This number of rays was selected to
ensure asymptotically convergent reflectance and transmit-
tance values. We also considered and angle of incidence of
0° for consistency with the measurement setup employed to
obtain the reference measured datasets [22].



In order to obtain a baseline for our simulations, we com-
puted reflectance and transmittance curves for a BC sample
using the default parameter values provided in Table 1, and
compared them with the respective measured curves provided
by Perovich [22] for the reference sample. The close agree-
ment between the modeled and measured datasets (Fig. 1), as
well as the low root mean square errors calculated for them,
0.0092 (or 0.92%) and 0.0021 (or 0.21%) for the reflectance
and transmittance curves, respectively, reinforced the plausi-
bility of the default values selected for the nivological param-
eters listed in Table 1.
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(a) Reflectance curves. (b) Transmittance curves.

Fig. 1. Modeled and measured radiometric data obtained for
a selected BC sample.

We then proceeded to assess the BC and BrC samples’
spectral responses with respect to six test cases (Table 2).
For case W1, we used the default parameter values listed in
Table 1. For the lower grain size range cases (W2 and D2) and
lower density cases (W3 and D3), we set these parameters to
150-500 pm and 150 kg/m?, respectively. For the dry state
cases (D1, D2 and D3), we set the water saturation to 0.

Table 2. Test cases considered in this investigation.

Case Description

W1  Samples in a wet state.

W2  Samples in a wet state & with a lower grain size range.
W3 Samples in a wet state & with a lower density.

D1 Samples in a dry state.

D2 Samples in a dry state & with a lower grain size range.
D3 Samples in a dry state & with a lower density.

Lastly, in order to quantify the differences between the re-
flectance curves obtained for each test case, we computed the
mean relative differences between the corresponding curves
obtained for the samples. This metric (expressed in terms of
percentage) is calculated using the following formula:

L~ lpsrc(N) = pee (V)|
MRD, = ; o0 x 100, (1)
where pprc(\;) and ppco();) represent the reflectance values
obtained for the samples BrC and BC with respect to each test
case, and N corresponds to the total number of wavelengths
sampled with a 5 nm resolution within the spectral region of
interest (400-900 nm). Similarly, to quantify the differences
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between the transmittance curves, we computed MR D ; using
Eq. 1 with the reflectance values replaced by the transmittance
values obtained for each test case.

3. RESULTS AND DISCUSSION

The reflectance curves (Fig. 2) obtained for the BC and BrC
samples depicted small relative differences with respect to all
test cases. This is corroborated by the corresponding low
MRD, values presented in Table 3. Also, these differences
were slightly more pronounced for shorter wavelengths. Al-
though, the reduction of the samples’ grain size range led
to small reflectance increases (Figs. 2(b) and (e)), which is
consistent with empirical data [30], the differences remained
similar. They became nearly negligible, however, when we
reduced the samples’ density (Figs. 2(d) and (f)). Further-
more, the samples’ distinct water saturation states did not af-
fect these qualitative observations, albeit the reflectances were
lower for the wet cases as expected [22].
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Fig. 2. Modeled reflectance curves obtained for the BC and
BrC samples considering the default parameters listed in Ta-
ble 1 and the test cases indicated in Table 2.

The transmittance curves (Fig. 3) obtained for the BC and
BrC samples, albeit having a significantly lower magnitude in
comparison with the reflectance curves, depicted proportion-
ally larger relative differences with respect to all test cases.



This aspect can also be verified by comparing the MRD,
and MRD. values presented in Table 3. Again, these dif-
ferences were markedly more pronounced for shorter wave-
lengths, which is consistent with the wavelength-dependence
of the BC and BrC impurities’ absorption spectra [14, 19].
Moreover, as expected [23], the grain size range reduction led
to a decrease in the transmittances (Fig. 3(b) and (e)), while
the density reduction led to their increase (Fig. 3(c) and (f)),
with the smaller transmittance difference being observed for
cases W3 and D3. Overall, as also expected [23], the wet
cases depicted larger transmittances, notably in the visible do-
main, than their dry counterparts.
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Fig. 3. Modeled transmittance curves obtained for the BC
and BrC samples considering the default parameters listed in
Table 1 and the test cases indicated in Table 2.

Our preliminary findings suggest that, despite the over-
all weaker absorption capabilities of the BrC impurities, their
occurrence in much larger amounts [16, 12] can make their
impact on snow reflectance comparable to that of the BC im-
purities. Variations on snow nivological characteristics led to
small mean relative differences, from 0.45% to 2.04% (Ta-
ble 3), in the reflectances of the BrC and BC samples. On
the other hand, the impact of BrC and BC impurities on snow
transmittance can differ more significantly even considering
the larger deposited amounts of the former. Furthermore, the
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Table 3. MRD, and MRD, values calculated for each test
case (Table 2).

Test Cases
Metric W1 W2 W3 D1 D2 D3
MRD,(%) 2.04 173 0.85 155 133 045

MRD. (%) 2544 7634 5.14 22.61 66.11 3.11

corresponding mean relative differences are more susceptible
to variations in the snow nivological characteristics. In our
in silico experiments, these differences ranged from 3.11% to
76.34% (Table 3).

These observations indicate that, despite their more
episodic occurrence, the contributions of BrC impurities to
snow and environment interactions should not be overlooked.
Thus, efforts to expand the relatively limited understanding
about these contributions [7, 10] should be similar to those
that have been directed to BC contributions to date. This
aspect is highlighted by the fact that, while there are tangi-
ble perspectives for the reduction of BC impurities in some
regions [18], the deposition of BrC impurities continues to
raise in highly-sensitive regions, notably due to the increas-
ing frequency of their originating emission events [8, 12].
The effective tackling of this timely topic will likely require
the pairing of in situ and in silico experiments with remote
sensing technologies based on airborne and satellite systems.

4. CONCLUSION

The deposition of carbon-based impurities in snow can alter
its mechanisms of light propagation, leading to the intensifi-
cation of several pivotal processes affecting different regions
and their human and animal populations. Studies in this area
have been primarily directed to BC nanoparticles, which are
characterized by stronger light absorbing capabilities. How-
ever, the increase in the emissions of BrC nanoparticles, ei-
ther from anthropogenic activities or natural events accentu-
ated by climate changes, is gradually changing this scenario.
With larger quantities of these nanoparticles being accumu-
lated in snow covers, their role in those processes are likely to
become increasingly more prominent.

In this work, we compared the overall effects of BC and
BrC nanoparticles on snow spectral responses. Our prelimi-
nary findings suggest that, as their depositions tend to follow
distinct trends, with policies being implemented to reduce BC
emissions, their impact on snow reflectance and transmittance
may reach similar levels.

To further investigate this topic, future studies should ex-
pand on the analysis of factors affecting the spectral responses
of contaminated snow. These initiatives may involve simu-
lations considering different concentrations of BC and BrC
impurities, as well as distinct choices for their absorption pa-
rameters. These simulations, in turn, should complement, and
be supported by, broader measurement efforts in this area.
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