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ABSTRACT

Observing snow pollution is crucial for understanding envi-
ronmental changes and assessing ecosystem health. Snow
is a vital indicator of atmospheric pollutants, and its spec-
tral properties can reveal concentrations of substances like
black carbon and dust, which affect climate and water quality.
Spaceborne hyperspectral instruments offer the required spec-
tral resolution to characterize optical active pollutants based
on their spectral shape. A simple method to derive snow prop-
erties using hyperspectral data from four specific wavelengths
is used, enabling accurate identification of snow contamina-
tion levels. We applied this method to in situ spectra and En-
MAP scenes from three locations, demonstrating its effective-
ness in varying conditions. The findings enhance our ability
to monitor and manage snow pollution, offering insights into
its implications for climate feedback mechanisms and water
resource management. In addition, this method allows the
determination of radiative forcing based on the detected con-
tamination.

Index Terms— Remote Sensing, Imaging Spectroscopy,
Snow, Pollution, Radiative Forcing

1. INTRODUCTION

Recent advancements in hyperspectral satellite technology
have revolutionized our ability to monitor environmental
changes, particularly in assessing snow pollution. Traditional
satellite sensors, while effective in capturing broad spec-
tral data, often lack the fine spectral resolution required to
distinguish subtle changes in snow composition. New hy-
perspectral satellites, such as NASA’s Hyperspectral Infrared
Imager (HyspIRI), the Environmental Mapping and Analysis
Program (EnMAP), and PRISMA (PRecursore IperSpettrale
della Missione Applicativa), boast significantly improved
spectral resolution, enabling them to identify a wider range
of atmospheric and surface features [1].

The accumulation of pollutants on snow surfaces poses
critical risks to ecosystems and human health, as these pol-
lutants can alter the albedo of snow and accelerate melting
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[2]. Previous satellite missions primarily relied on multispec-
tral approaches, which limited their ability to detect specific
contaminants such as black carbon, heavy metals, and other
particulate matter. In contrast, the enhanced spectral capa-
bilities of new hyperspectral systems allow for detailed snow
purity analysis by capturing numerous narrow spectral bands.
This granularity facilitates the identification of specific spec-
tral signatures associated with various pollutants, leading to
more accurate assessments of snow quality and pollution lev-
els.

Moreover, these advanced satellites provide higher spa-
tial resolution imagery, being crucial for monitoring localized
pollution sources and their impacts on snow dynamics [3].
The combination of hyperspectral data with point-based in
situ measurements and insights from the modeling of snow
spectra [4] led to a method that allows determining all pa-
rameters necessary for reflection modeling with only a few
spectral channels [5]. In this paper, we will test this method
on measured in situ spectra of artificially polluted snow sites
and three selected EnMAP scenes.

2. METHODS

2.1. Dataset

2.1.1. In situ data acquisition

In an experimental approach, a field test on artificial snow
pollution was carried out on March 16, 2023. The study
area comprised largely snow-covered areas around the town
of Scharnitz in Austria (47°23’ N, 11°16’ E). The measure-
ments were conducted with a hand held ASD field spectrom-
eter (spectral range from 350 to 2500 nm). The pollution was
carried out with collected chimney ash (charcoal), so strictly
speaking it is brown carbon instead of black carbon. A to-
tal of 35 measurements were made. In addition to the snow
surfaces also measurements of numerous other surfaces were
collected as ground truth for a parallel HySpex airborne cam-
paign. In the following, 6 recorded snow spectra of different
contamination are examined.
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2.1.2. EnMAP data

To investigate the applicability of the method in as diverse
areas as possible, three areas were selected for EnMAP data
takes (DT = Datatake ID). Two areas are located in the mid-
dle latitudes (temperate climate) in the mountains: the region
around the Aletsch Glacier in the Swiss Alps (46°28’ N, 8°4’
E), and the region around the Chilean winter sports resort of
Portillo (32°50’ S, 70°8’ W) in the South American Andes.
The Union Glacier (79°45’ S, 82°30’ W) in the Antarctic was
also selected as an example for polar climate. For the Aletsch
Glacier, a cloud-free EnMAP scene from 2024-03-25 (DT:
67718) was used, and for Portillo one from 2023-06-30 (DT:
26662). The Union Glacier was imaged twice in the southern
summer: on 2023-12-23 (DT: 55954), and 2024-01-07 (DT:
56774). All scenes were analyzed for snow parameters using
the following method.

2.2. Methodological approach

2.2.1. Data preparation

Since we performed all the radiometric corrections ourselves
to account for the illumination differences due to slope and
aspect, the data were obtained as a Level 1B data set. They
were delivered as two individual data sets for the VNIR and
SWIR spectral ranges with a radiometric resolution of 16-bit
(unsigned integers). The first step was to convert them into
radiance L using the calibration coefficients given in the meta
data. Now, for the conventional top-of-atmosphere (TOA) re-
flectance calculation, only the cosine of the solar zenith an-
gle cos(θ) would be taken, but we use an adapted correction
cos(ψ) which considers not only the solar zenith angle θ but
also the solar azimuth angle ϕ, the terrain slope angle β, and
the terrain aspect angle γ (Eq. 1). The latter two were calcu-
lated from a DEM generated from ASTER GDEM data [6].

cos(ψ) = cos(β) cos(θ) + sin(β) sin(θ) cos(ϕ − γ) (1)

Fig. 1 shows the calculated factor cos(ψ) for the EnMAP
scene of the Aletsch Glacier. The mean solar zenith angle θ
is 44.94°, the mean azimuth angle ϕ is 168.40°. Depending
on the slope, the pixels facing away from the sun can take on
negative values. These shadow areas are set to 0 in the further
calculation.

The factor cos(ψ) is now used the same way as if we are
using cos(θ) for the TOA reflectance R calculation (Eq. 2).
Additionally, to the derived EnMAP radiance L, we need the
earth-sun distance d, and the extraterrestrial solar irradiance
E0 which we obtained from [7]. Fig. 2 shows an RGB of the
corrected TOA reflectance of the Aletsch EnMAP scene. It
is clearly visible that the topographic features are much less
prominent.

R =
πL

dE0 cos(ψ)
(2)

Aletsch (2024-03-25 11:01:38)
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Fig. 1. Derived factor cos(ψ) for the EnMAP Aletsch scene.

Aletsch (2024-03-25 11:01:38) - corrected

Fig. 2. TOA reflectance RGB composite (641, 551, and 459
nm) of the EnMAP Aletsch scene.

Without terrain correction, the effective absorption length
is incorrectly determined, which increases the RMSE.

2.2.2. Snow parameter algorithm

The reflection behavior of snow depends essentially on the
imaginary part of the refractive index of ice χ, which we
adopt from [8]. From this we can calculate the bulk ice ab-
sorption coefficient α using the wavelength λ: α = 4π χ

λ . In
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the case of clean snow, the reflection Rclean is described by
Eq. 3 [9]:

Rclean = R0e−x
√

αl, (3)

where l is the effective absorption length and R0 is the re-
flectance of a semi infinite non-absorbing snow layer [10]. x
is calculated from the solar zenith angle θ, the viewing zenith
angle δ, and R0 (Eq. 4) :

x =

�
3
7 [1 + 2 cos(θ)]

	 �
3
7 [1 + 2 cos(δ)]

	
R0

(4)

In case of polluted snow, the reflection Rpol is calculated
using Eq. 5:

Rpol = R0e−x
√

(α+(fλ̃)−m)l, (5)

where f is the absorption coefficient of the pollutants nor-
malized to the wavelength λ0 (1000 nm), m is the Angstrom
exponent of the snow pollutants and λ̃ is the normalized wave-
length: λ̃ = λ

λ0
. The properties of the snow are therefore

described by the parameters R0 and l, and those of the pol-
lution by the parameters f and m. As simulations showed
[11], the change in snow properties mainly affects the near in-
frared spectrum, while the change in pollution affects the vis-
ible spectrum. They therefore developed a method that allows
all parameters to be determined using only 4 bands. Instead of
the bands mentioned in [11], we had to adjust the wavelength
to EnMAP so that now λ1 is 418.4 nm, λ2 is 561.1 nm, λ3 is
863.7 nm, and λ4 is 1014.7 nm. First, R0 is derived by Eq. 6:

R0 = Rϵ1
3 Rϵ2

4 , (6)

where ϵ1 = 1
1−b and ϵ2 = 1

1−b−1 , and b =
q

α3

α4
. Further,

l is derived from Eq. 7:

l =
1

x2α4
ln2

�
R4

R0

�
(7)

Finally, we can calculate m using Eq. 8 and f using Eq.
9. For their derivation we refer to [11].

m =

ln

�
ln2

�
R1
R0

�
ln2

�
R2
R0

� �
ln

�
λ2

λ1

� (8)

f =
ln2

�
R1

R0

�
λ̃1

m

x2l
(9)

With the obtained snow parameters we can now calculate
the reflectance of clean and polluted snow. The difference
∆R = Rclean −Rpol is used to calculate the radiative forcing
∆F using Eq. 10:

∆F =

λmaxX
i=λmin

∆RidEicos(ψ)

π
(10)

3. RESULTS AND DISCUSSION

3.1. In situ data

If we now look at the processing results of the data measured
in situ in Scharnitz (Austria), we can see a good agreement
between the measurements and the derived parameters. Since
we were mainly interested in snow pollution for the field test,
only the parameter f is shown in Fig. 3, which describes the
absorption at the reference wavelength λ0. In the six measure-
ments, this value ranged between 0.00002 and 0.00365, with
the first value describing the cleanest reference measurement
(#22) and the highest value describing the largest amount of
pollution (#1).
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Fig. 3. Results of the ASD Field Spec measurements for the
snow pollution parameter f . The black dashed line shows the
reflection spectrum simulated with the obtained values.

If we now look at the two measurements #19 and #20,
the value of f is almost identical, but the reflection is signif-
icantly lower with decreasing wavelength. This is due to a
higher Angstrom exponent m of measurement #20 with 4.61
(#19: 2.62). The average value of m is 3.48, which is consid-
ered as a typical value for burned biomass (i.e. brown carbon)
which ranges between 2 and 5 [12]. The value of m is signifi-
cantly lower for black carbon (1.0 - 1.5 [12]); for the Chilean
Andes it was found to be 1.1 [13]. Through simulations, we
found that the values for brown carbon could be determined
better (lower RMSE) due to the stronger absorption signal.
This method could identify even very heavily contaminated
snow areas well using only four spectral bands. Since the re-
sults were almost identical to a least squares regression (over
the entire spectrum), we were confident that the EnMAP data
would produce good results.

3.2. EnMAP data

After correcting the illumination variability based on terrain
slope and terrain aspect and calculating the TOA reflectance,
all pixels with a cos(ψ) value less than or equal to 0 were
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masked. In addition, areas that are free of snow according to
the supplied EnMAP L1B snow mask were masked. With the
remaining pixels, all snow parameters were calculated using
equations 6 to 9.

3.2.1. Snow grain size (parameter l)

According to Eq. 3, the effective absorption length l has a
greater influence with increasing wavelength, thus ensuring a
weakening of the reflection, especially from the near infrared
onwards. The value of l (in mm) can be directly converted
into the effective grain diameter d with d = l

κ , where κ is 16
[9]. Due to this relationship, we have also masked pixels with
an l value greater than 100, which corresponds to a diameter
of greater than 6.25 mm. Fig. 4 shows the determined values
of l for EnMAP scene of the Aletsch Glacier. In the upper
right quarter of the scene you can see the Konkordiaplatz, the
source of the great Aletsch glacier where three mighty firn
streams flow together.

Aletsch (2024-03-25 11:01:38)
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Fig. 4. Result of the determination of the parameter l for the
scene of the Aletsch Glacier.

This area shows very low values of l with 2.5 mm - which
corresponds to a grain size of 0.16 mm. The steeper south-
facing slopes show higher values of l with up to 20 mm (1.25
mm grain size). Overall, these are realistic values.

3.2.2. Snow pollution (parameter f )

An example of snow pollution (absorption f at λ0) is shown
for the scene of Portillo (Fig. 5). The place itself is located
in the upper part of the scene in the middle directly below
the lake ’Laguna del Inca’. We choose the scene as an ex-
ample because this place forms the border between Chile and
Argentina and the main traffic route between Santiago and

Mendoza runs through it. Accordingly, high levels of black
carbon (BC) are to be expected here [14].

Portillo (2023-06-30 15:04:38)
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Fig. 5. Result of the determination of the parameter f for the
scene of the Portillo area.

However, the values in the entire scene are all in a rela-
tively high range (0.001 to 0.004), which may also be due to
dust input from the surrounding mining areas and not neces-
sarily only to BC deposits.

3.2.3. Radiative Forcing (parameter ∆F )

Union Glacier (2023-12-23 13:04:09)
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Fig. 6. Result of the determination of the radiative forcing
∆F for the scene of the Union Glacier.

Finally, Fig. 6 shows an example of the specific radiation
forcing ∆F for the Union Glacier. Despite the air traffic with
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heavy military transport aircraft taking place here, the values
are only low, as also described by [13]. However, the runway
and the routes to the camp are clearly visible in the middle of
the scene due to higher values. It should be noted that Union
Glacier is not an easy target. The solar zenith angle is very
large even in summer and the dry meteorological conditions
do not favor the determination of snow parameters. There is
also a smooth transition from snow areas to blue ice areas,
which are used as runway for larger aircraft. Nevertheless,
the parameters determined correspond to those expected from
the literature [13].

4. CONCLUSION AND OUTLOOK

In summary, the method can be well applied to in situ and
EnMAP data with only 4 spectral channels. The next inves-
tigations will focus on the different Angstrom exponents and
the increasing grain size, which is directly related to the in-
creasing contamination. Validation of the findings through
future data collected on site is still pending.
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