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1. INTRODUCTION
The relevance of  research on the global 
characteristics of  snow cover, such as the extent 
and spatial distribution of  water equivalent and 
thickness of  cover, is due to the fact that snow 
cover is an important part of  the cryosphere, which 
has a profound effect on global climate change and 
energy balance. One of  the ways to study snow 
cover is a method of  microwave passive remote 
sensing from space. The radiophysical basis of  the 
method is the spectral dependence of  the intensity 
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of  thermal radiation of  dry snow cover on its 
density and thickness. This dependence is due to the 
effect of  volume scattering of  microwave radiation 
on ice particles of  snow cover.To date, there are 
many algorithms for recovering the parameters 
of  snow cover when sounding from space, which, 
however, do not provide the necessary accuracy 
of  recovery. The main reasons are, on the one 
hand, the extremely wide range of  possible values 
of  the snow structure parameters and the layering 
of  snow cover, on the other hand, the limited 
applicability conditions of  the developed rigorous 
theoretical methods to describing the effects of  
volumetric scattering of  microwave radiation in 
snow cover.

To date, there are many algorithms for restoring 
the parameters of  snow cover when sounding 
from space, which, however, do not provide 
the necessary accuracy of  restoring. The main 
reasons are, on the one hand, the extremely wide 
range of  possible values of  the snow structure 
parameters and the layering of  snow cover, on the 
other hand, the limited applicability conditions 
of  the developed rigorous theoretical methods 
to describing the effects of  volume scattering of  
microwave radiation in snow cover.

The developed algorithms for the restoring the 
parameters of  snow cover are based exclusively 
on models that use different approximations of  
radiative transfer in scattering media. The topic 
of  volume scattering is inextricably linked with 
the development of  optics. Probably, there is not 
a single natural environment in which volumetric 
scatterers would not be present, in connection 
with which the term “turbid” media existed at one 
time [1, 2].

The fundamentals of  radiative transfer theory 
were created in the middle of  the last century 
by Ambartsumian, Sobolev and Chandrasekhar 
[3-5]. By the end of  the 1950s, as follows from 
the well-known review of  Rosenberg [1], in 
connection with the rapid development of  optical 
spectroscopy methods on scattering media, almost 
1000 papers were published. In the microwave 
range, the development of  research on the 
effects of  volume scattering is associated with the 
technology development at the centimeter and 

millimeter wavelengths, when a strong influence 
of  precipitation and clouds on radar signals and 
communication channels was discovered. But the 
strongest, one can say, extreme scattering was 
found precisely in the dry snow cover on millimeter 
waves [6].

At first glance, the most efficient method for 
calculating the intensity of  snow cover radiation 
is the radiative transfer equation method [1, 7]. 
However, for its application, it is necessary to 
accurately calculate the phase function, which is 
possible only with the help of  rigorous theoretical 
methods, which are valid, as a rule, only for weakly 
scattering media.

In this regard, both in optics and in the 
microwave range, the two-stream Kubelka-
Munk theory [8, 9] is widely used. Numerous 
studies have shown that this theory is in good 
agreement with the experimental results obtained 
with diffuse illumination of  scattering media [1, 
9]. Strict implementation of  the conditions of  
applicability of  the two-stream Kubelka-Munk 
theory is possible, for example, when using a 
special stand with integrating mirror spheres [10].

With a passive location, the thermal radiation 
of  a scattering object and the radiation of  the 
surrounding space that illuminates it can be 
approximately considered as corresponding to the 
conditions of  applicability of  the Kubelka-Munk 
theory. However, microwave thermal radiation 
is received by radiometers, which usually have a 
single-mode waveguide input. This means that 
such radiometers are spatial-coherent receivers. 
Consequently, in radiometric measurements of  
reflectance and transmittance of  a scattering 
layer, we can assume that, in accordance with the 
reciprocity principle, a layer is illuminated with 
a spatially coherent beam (collimated at best), 
and the scattered radiation is received by an 
infinite size sensitive plate. Thus, with microwave 
radiometric measurements, the conditions of  
applicability of  the Kubelka-Munk theory are 
violated. Various approaches are known to 
combine the attenuation of  coherent intensity 
with the Kubelka-Munk theory [9–12]. Since a 
strict solution of  this problem is possible only by 
solving a radiative transfer equation, all the options 
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associated with the use of  the Kubelka-Munk 
theory are approximate. Their main disadvantage 
is inaccurate values of  the absorption and 
scattering coefficients, which were retrieved from 
the results of  measurements of  the reflectance 
and transmittance of  the scattering layer [1, 
10]. This disadvantage is important if  the main 
purpose of  the measurement is precisely in the 
restoration of  these quantities, for example, in the 
spectral analysis of  powder media [1]. To solve 
the problems of  passive remote sensing of  snow 
cover, it is sufficient that the model describes with 
required accuracy the experimentally obtained 
dependences of  the reflectance and transmittance 
on the layer thickness with empirical values of  the 
absorption and scattering coefficients.

To date, similar models of  snow emission 
in the microwave range have been developed 
[13–15], but their successful practical application 
requires more detailed experimental confirmation 
and further development.

One of  the solvable problems of  models based 
on the Kubelka-Munk theory is to take into account 
the influence of  the boundaries of  the layered 
medium [16]. When a plane wave propagates in 
scattering media, it is known [16] that forward and 
back scattered radiation flows are formed. The 
intensity of  their reflection from the interface of  
the media is determined simultaneously by the 
scattering indicatrices, the dielectric properties of  
the media and the roughness of  the interface. For 
a layered snowpack, all flows repeatedly reflected 
by boundaries and layers can be taken into 
account using approximate models with certain 
assumptions. In the framework of  the Kubelka-
Munk theory, formulas are derived for calculating 
the reflectance and transmittance of  a multilayer 
scattering medium [17, 18], which do not take 
into account the boundaries and are just like the 
Kubelka-Munk theory under diffuse illumination.

The goal of  this paper is to experimentally 
evaluate the applicability of  the Kubelka-Munk 
theory for calculating reflectance and transmittance 
of  thermal radiation from a layered snow cover. 
The novelty of  this study lies in the fact that the 
original method and radiometric setup [19, 20] are 
used, allowing to measure the above factors for both 

individual layers of  snow and their combination. So 
far, such measurements have not been carried out.

2. RADIOMETRIC SETUP AND 
MEASUREMENT TECHNIQUES
A detailed description of  the used technique 
and radiometric setup is given in [20]. Here 
we note that measurements of  reflectance and 
transmittance of  the snow layer (and artificial 
snow-like media) were carried out in a laboratory 
room. Snow samples were loaded into metal 
cylinders with a diameter of  0.2m and a height 
of  from 0.01 to 1m. The bases of  the cylinders 
were covered with foam plates with a thickness 
of  0.005 m, and the side surfaces had insulating 
shells. For collimation of  the receiving beam, a 
dielectric lens with a diameter of  0.2 m and a focal 
length of  0.4 m was used. During measurements, 
the samples were mounted close to the lens. 
On the other side of  the lens there was a metal 
closed chamber. At the base of  the chamber a 
black body cooled by liquid nitrogen was placed. 
Such black body was necessary for creating a 
“cold” brightness illumination of  the samples. 
This paper presents the results of  measurements 
at frequencies of  22.2, 31, 37.5, 60 and 94 GHz. 
A systematic calibration of  radiometers with the 
installation of  standards close to the lens and the 
developed algorithm for relative measurements 
provided a reliable account of  changes in the 
brightness background and the brightness 
temperature of  the reference black bodies..

3. THE BASIC RELATIONS OF THE 
KUBELKA-MUNK THEORY FOR 
SINGLE-LAYER SCATTERING MEDIA
The brightness temperature of  the upward thermal 
radiation of  the snow cover formed on the ground 
surface, neglecting the effect of  their interface can 
be written as::

( ) [1 ( ) ( )] ( ) ( ) ,sn gr aT h R h t h T t h T R h T ∗= − − + +  (1)

where R and t are reflectance and transmittance 
of  a snow layer with thickness h, Tsn and Tgr are 
thermodynamic temperatures of  snow and 
ground, aT ∗ is the brightness temperature of  the 
illuminating radiation of  the environment. In 
accordance with the Kubelka-Munk theory, the 
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reflectance and transmittance are determined by 
the following relations:
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= + − +  – reflectance of  semi-
infinite layer, ( 2 ),KM K K Sα = +  K and S – absorption 
and backscattering coefficients respectively.

Processing the experimental data obtained 
earlier for sufficient homogeneous snow [21–
23] showed that relations (2) and (3) very well 
approximate the measured dependences of  the 
reflectance R(h) and transmittance t(h). Fig. 1a,b 
show the data of  R(h) and t(h) used hereinafter, 
measured at 22.2 GHz (Fig. 1a) and 37.5 GHz 
(Fig. 1b) for samples snow taken from different 
layers of  non-uniform snow cover.

As follows from the presented data, due to the 
inhomogeneous structure of  snow, a certain scatter 
of  the experimental values of  the transmittance 
and reflectance is observed. In this regard, for 
each frequency, two families of  approximation 
dependences shown in Fig. 1a,b in the form of  solid 
and dashed lines were determined by simulation 
with Kubelka-Munk functions (2), (3).

The fitting values of  the model coefficients are 
given in Table 1.

A comparison of  experimental data with 
approximation curves shows that in the samples 
under studied there are two types of  snow with 
different structures, one of  which is dominant.

Thus, the analysis of  the data shown in Fig. 1, 
confirms that the Kubelka-Munk theory is proper 
approximation for dependences of  the transmittance 
and reflectance of  a snow layer on its thickness in 
the microwave range.

4. REFLECTANCE AND TRANSMITTANCE 
OF LAYERED SNOW
To calculate the reflectance and transmittance 
under diffuse illumination of  a scattering medium 
consisting of  n layers, the following formulas were 
obtained in [17, 18]:

2
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where R1 и t1 – reflectance and transmittance 
of  the first layer, and R2,3…n и t2,3…n – of  the next 
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Table 1.
The fitting values of the Kubelka-Munk coefficients for data 

shown in Fig. 1a,b.

Model
coeffi-
cients

Frequency, GHz

22.2 37.5

index of line index of line

1,4 2,3 1,4 2,3

K, 1/cm 0.0073 0.004 0.015 0.012

S, 1/cm 0.0064 0.0033 0.0115 0.0063

α, 1/cm 0.00121 0.0065 0.0239 0.0172

R0 0.248 0.239 0.228 0.178

                                               (a)                                                                                      (b)
Fig. 1. Experimental and approximation dependences of  transmittance and reflectance of  snow at frequencies of  22.2 GHz (a) and 

37.5 GHz (b).
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(n-1) layers. Coefficients R2,3…n-1, t2,3…n-1 and Ri,i+1…n-1, 
ti,i+1…n-1, where i = 3, 4,…, n-1, are calculated in the 
same way.

Formulas (4), (5) were obtained in [17, 18] 
for such homogeneous layers, the reflectance and 
transmittance of  which do not depend on the 
choice of  the illuminated surface. In addition, as 
noted in [1], these formulas are strictly fulfilled 
only if  the angular structure of  the field remains 
constant throughout the entire thickness of  the 
layers and at their boundaries. Therefore, in all 
other cases, these formulas are approximate. The 
objective of  the experimental study, therefore, is to 
assess the possibility of  using formulas (4) and (5) 
for calculating the reflectance and transmittance 
of  a layered snow cover under narrowly targeted 
reception of  its thermal radiation.

To study the reflection and transmission of  
layered snow, snow samples were used at various 
thicknesses (from 0.2 to 1 m) and snow bulk 
density (0.2...0.48). The use of  samples with a 
thickness of  up to 1m made it possible to ensure 
sufficiently large differences in the reflectance and 
transmittance of  the add layers at frequencies of  
22...37.5 GHz.

The results of  measurements of  the 
reflectance and transmittance of  two, three 
and four-layer snow at frequencies of  22.2, 31 
and 37.5 GHz are shown in Fig. 2a and 2b.

The experimental data are plotted on the 
abscissa, and the calculated ones – on the 

ordinate. The dashed-dotted lines correspond 
to the function y = x, and the dotted lines 
correspond to the functions y = x + 0.03 in 
Fig. 2a, and y = x + 0.04 - in Fig. 2b. It can be 
seen that the vast majority of  data are between 
the dashed lines. The absolute measurement 
error for a layered medium is roughly 
estimated on the basis of  the fluctuation 
sensitivity of  radiometers as not worse than 
0.04, which satisfactorily corresponds to the 
intervals between the dotted lines. However, 
as follows from the analyzed graphs, there is 
a slight positive shift in the calculated values 
of  reflectance and transmittance relative to 
the measured ones. It can be assumed that the 
source of  the displacement of  the calculated 
data is the effect of  the boundary between 
the layers, due to the difference in their bulk 
density and, more significantly, the foam plates 
at the bases of  the measuring cylinders. Each 
plate has a thickness of  5 mm; therefore, a 
non-scattering and nonabsorbent layer with 10 
mm thickness appears between the layers when 
they are closed. From a general consideration 
of  radiative transfer, it follows that any 
reflection at the boundaries of  the scattering 
layer leads to a decrease in its transmittance 
and reflectance. Therefore, since in the 
formulas (4), (5) used, the reflection effects 
on the boundaries are not taken into account, 
the calculated values of  the transmittance and 
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                                               (a)                                                                                     (b)
Fig. 2. Calculated and experimental values of  reflectance (a) and transmittance (b) of  layered snow.
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reflectance turned out to be higher than the 
measured ones.

5. SNOW WITH THE UPPER CRUST
Let us consider a typical case, when as a result of  
a snow melting and subsequent refreezing, crusts 
form at the surface of  the snowpack. They differ 
from the adjacent layer by higher values of  bulk 
density and, as a rule, by a coarse-grained structure 
of  snow. The thickness of  the crusts may be 
different.

Fig. 3a,b show graphs of  the dependences of  
the transmittance and reflectance on the thickness 
of  the crust, snow layer and snow layer with the 
upper crust for radiation with a frequency of  
37.5 GHz. Values of  bulk density of  the crust 
and snow and the fitting values of  the Kubelka-
Munk coefficients used for approximation to its 
experimental data are reported in Table 2.

From Table 2 it follows that absorption and 
scattering coefficients for the crust are 2-3 times 
higher than for the subcortical snow. In this case 
the difference is mainly due to coarse-grained 
structure of  the crust, because, as shown in [24], 
at values of  bulk density of  granular snow of  
0.2...0.4, the scattering intensity is almost constant.

The results of  calculations and measurements 
of  the reflectance and transmittance at the 
frequencies of  37.5 GHz of  a two-layer medium 
formed by the crust and snow are reported in 
Table 3.

As a result of  the analysis of  tabular data, the 
difference between the calculated and measured 

values of  transmittance for crusts with the snow 
layer thickness of  0.76 m is found to exceed the 
gross error. To interpret this effect, we use the 
reflectance and transmittance data measured at 
94 GHz, shown in Fig. 4. At this frequency, the 
scattering in the snow is so much stronger than at 
frequencies below 37 GHz that the thickness of  
the reflecting layer is an order of  magnitude less.

For this reason, at a frequency of  94 GHz, 
irregularities are found in the structure of  
samples in their near-surface layer. So, from 
Fig. 4 it follows that the snow sample with a 
thickness of  0.76 m had the lowest reflectance 
in comparison with other samples. This means 
that snow in this sample, at least in the upper 
layer with a thickness of  up to 0.3 m, had a 
finer grained structure. If  all the snow in the 
sample had such a fine structure, it would 
appear at lower frequencies through noticeable 
deviations of  the measured data from the 
approximation curves in Fig. 3. However, as 
can be seen in Fig. 3, the deviations indicated 
are negligible. Consequently, in the snow 
sample with a thickness of  0.76 m there is a 
local inhomogeneity of  the structure, as a 
result of  which an additional error occurs when 
calculating the transmittance using formula (4). 
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                                         (a)                                                                                          (b)
Fig. 3. Plots of  transmittance (a) and reflectance (b) for crusts, snow and snow with upper crusts.

Table 2.
Bulk density and fitting Kubelka-Munk coefficients for 

the crust and snow
structure ρV K, cm-1 S,cm-1 αKM, cm-1 R0

crust 0.32...0.37 0.017 0.024 0.0332 0.323

snow 0.28...0.3 0.01 0.0075 0.0158 0.225



45

RENSIT | 2019 | Vol. 11 | No. 1

Confirmation of  this fact is the data obtained 
for the frequency of  31 GHz and are given in 
Table. 4. And in this case, as can be seen from 
Table 4, the largest error in the calculated data 
of  the transmittance was obtained for a snow 
sample with a thickness of  0.76 m.

Thus, when calculating the reflectance and 
transmittance by formulas (3) and (4), indeed, 
additional errors may occur due to the heterogeneity 
of  the folded layers [18].

6. SNOW IS SITUATED AT SURFACE OF A 
STRONGLY SCATTERING LAYER
Let us consider another typical case when strongly 
scattering coarse snow or depth hoar forms due 
to metamorphism at the base of  the snowpack. In 
the formulation of  the next experiment, emphasis 
was placed not only on the strong difference in 
the scattering properties of  the folding layers, but 
also on the strong difference in their refractive 
indices to enhance the influence of  the boundary. 
To estimate the refractive index nsn of  dry snow, 
a number of  formulas [25] have been proposed, 

leading, as the analysis has shown, to close 
quantitative results. One of  them has a simple 
form for the interval ρV < 0.4:
nc = 1 + 83ρV.         (6)
In accordance with (6), when the bulk density of  
snow changes in its characteristic interval ρV = 
0.2...0.4, the refractive index nsn = 1.166...1.332. 
Consequently, the refractive index of  the interface 
between two layers of  snow with their bulk densities 
of  0.2 and 0.4 will be n = 1.14. If  the difference in 
the density of  snow in the adjacent layers decreases, 
the refractive index of  the boundary will be even 
lower. Thus, the above quantitative estimates show 
that the boundary between the layers of  snow is 
so soft that there is an assumption of  its negligible 
influence on the scattering.

In this regard, during the experiment, a layer 
of  snow was placed on the surface of  a layer of  
marble crumb with a bulk density of  0.6. The real 
part of  the complex dielectric constant of  marble 
is approximately twice as much as that of  ice [26], 
therefore the boundary between snow and marble 
chips is tougher than between layers of  snow.

Graphs of  the calculated and experimental 
dependences of  the reflectance and transmittance 
for a layer of  snow situated at the surface of  a 
layer of  marble crumb with a thickness of  0.01 
m and a layer of  snow without a substrate are 
shown in Fig. 5. Measurements were performed 
at frequencies of  22.2 and 37.5 GHz using snow, 
the characteristics of  which were given above in 
Table 1 and in Fig. 1.

From Fig. 5 it can be seen that the scattering 
properties of  snow and marble crumb differ 
significantly, as a result of  which the reflectance and 
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Fig. 4. The experimental values of  the reflectance and transmittance 
of  snow at a frequency of  94 GHz.

Table 3.
Calculated and measured values of the reflectance and 
transmittance of the crust with snow at the frequency 

of 37.5 GHz.
crust 

thickness, 
cm

crust with 
snow 

thickness, 
cm

thickness 
of snow 
layer, cm

Rcalcul Rmeasured tcalcul tmeasured

4
35 31 0.18 0.19 0.49 0.47

60 56 0.21 0.21 0.32 0.32

80 76 0.23 0.20 0.22 0.16

17
48 31 0.26 0.28 0.33 0.31

73 56 0.27 0.30 0.22 0.2

93 76 0.28 0.29 0.15 0.09

Table 4.
Calculated and measured values of the reflectance and 
transmittance at the frequency of 31 GHz for the crust 

with snow.
crust 

thickness, 
cm

snow layer 
thickness,

cm

Rcalcul Rmeasured tcalcul tmeasured

6
56 0.16 0.17 0.44 0.44

76 0.18 0.16 0.38 0.32

100 0.22 0.22 0.28 0.27

17
56 0.22 0.23 0.36 0.35

76 0.23 0.22 0.31 0.25

100 0.25 0.26 0.23 0.22
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transmittance of  snow change significantly when the 
substrate is replaced.

From the analysis of  the data presented, it also 
follows that the calculated and measured values of  
the reflectance and transmittance of  snow lying on 
the marble crumb are in satisfactory agreement with 
each other. The maximum discrepancies between 
them are observed for the reflectance at a frequency 
of  37.5 GHz, but do not exceed 0.03, which is 
consistent with the scatterplots in Fig. 2a,b.

7. DISCUSSION OF THE RESEARCH 
RESULTS
From the results of  the study it follows that 
the influence of  the boundaries of  the folding 
snow layers is negligible. Such a conclusion, at 
first glance, contradicts both simple physical 
representations, as well as rigorous theory. Indeed, 
the influence of  the boundaries is manifested in 
the fact that, when reflected at the boundaries, the 
fluxes of  forward and backscattered radiation are 
attenuated, and the thermal losses increase with 
their multiple reflection within the layers. As a 
result, the reflectance and transmittance decrease 
the stronger, the more rigid the boundaries. In 
accordance with these concepts, it is extremely 
necessary to use formulas that take into account 
the influence of  boundaries when calculating the 
resulting reflectance and transmittance of  layered 
media.

However, this approach is valid only in 
theoretical terms when solving the direct problem 
of  calculating emission from a scattering medium. 

In the conducted study, the results of  direct 
measurements of  the reflectance and transmittance 
of  individual layers of  snow are used, and the 
values of  these coefficients already contain 
contributions from the influence of  boundaries. 
When layers are added, the outer boundaries of  
the first and last layers remain unchanged, and 
the influence of  the inner boundaries is weakened 
due to a decrease in their relative refractive indices 
and due to absorption of  reflected radiation by 
intermediate layers.

Approximate methods for solving the direct 
problem of  calculating the radiation of  snowpack 
have been proposed in [13-15]. The most thoroughly 
developed model is the model MMLS (Microwave 
Emission Model of  Layered Snowpacks) [13]. This 
model treats snow as a set of  horizontal layers. 
Each layer is characterized by thickness, particle 
correlation radius, density, liquid water content and 
temperature. Borders between layers are assumed 
to be flat. The proposed algorithm for taking into 
account multiple re-reflections by boundaries and 
re-scattering between layers is based on a six-stream 
model of  radiative transfer, which in the case of  
single-layer snow is reduced to the two-stream 
Kubelka-Munk theory. To calculate the final result 
– the emissivity of  a layered snowpack – a variety 
of  approximate formulas and empirical parameters 
are used. Unfortunately, due to the limited amount 
of  empirical data obtained for single-layer snow 
with different structures, the models developed, as 
shown, for example, in [27], cannot yet accurately 
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                                           (a)                                                                                       (b)
Fig. 5. The reflectance and transmittance at frequencies of  22.2 GHz (a) and 37.5 GHz (b) for the snow layer without a substrate and 

with marble crumb as substrate.
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reproduce the brightness temperature of  a real 
snowpack.

8. CONCLUSION
As a result of  the study, it was shown that, first, 
the measured dependences of  the reflectance and 
transmittance on the thickness of  single-layer snow 
are satisfactorily approximated by the corresponding 
Kubelka-Munk theory formulas. Secondly, the 
discrepancies between the calculated according 
to Kubelka formulas and the measured values of  
reflectance and transmittance of  two-, three- and 
four-layered snow practically do not go beyond the 
limits of  coarse measurement error.

The results obtained in this work and in previous 
works with the participation of  the author [21–23] 
suggest that in order to predict the intensity of  dry 
snow cover radiation, it is enough to create a bank of  
experimental values of  the absorption and scattering 
coefficients for a sufficiently wide range snow 
structure parameters using the two-stream Kubelka-
Munk theory.
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