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Abstract
The applications of terahertz (THz) wireless communication require studies on link
performance in all kinds of atmospheric conditions, including rain, fog, cloud, haze,
and snow. Here, we present theoretical investigations on THz wave propagation in falling
snow and through snow layers. Mie scattering theory is employed to fit the measured
data. Good agreement confirms the applicability of Mie theory to dry and wet snow when
gaseous attenuation and scintillation loss are considered. We investigate the scattering
mechanism in a snow layer under different temperatures and water content. We find the
THz wave suffers higher signal loss in snow than in rain under identical fall rate.

Keywords Terahertz . Snow. Scattering . Absorption . Scintillation

The technology of terahertz (THz) waves offers wide bandwidth and high capacity for future
wireless communications. However, THz waves also suffer from high sensitivity to adverse
weather conditions when propagating in the near-surface atmosphere. The path availability and
link performance are reduced even in clear weather, as atmosphere gases and air turbulence
can lead to link degradation [1–3]. Complete studies on the scattering effect due to weather and
gaseous particles are essential for establishing a complete THz channel model. There have
been several systematic studies conducted on this under different weather conditions such as
rain, fog, haze, cloud, and air turbulence [4–10]. In particular, several investigations of the
scattering performance of terahertz waves in snow have been reported [11]. But, there is still a
lack of systematic studies because of the difficulties in measurements and characterizations due
to the complicated shapes of snow particles. Therefore, a combined approach relying on both
theoretical models and case studies is valuable. In this work, we investigate the propagation
properties of THz waves in falling snow and a snow layer by considering the effect of snow
size distribution, scintillation effect, gaseous attenuation, and temperature variation.
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1 Physical Characteristics of Snow

As a general statement, a description of the scattering process requires detailed information of
numerous snow parameters like shape, dielectric constant, snow size distribution, fall rate, and
ambient temperature [12, 13]. These may not all be readily available at a particular site. Snow
particles can have a very complicated shape, but generally they do not exhibit any preferred
dimension. This poses a significant challenge for snow characterization. Fortunately, earlier
research on the scattering by spheroids has demonstrated that the scattering and absorption
efficiencies of an ice particle are only weakly dependent on its shape [14]. In addition, photo-
graphic measurements have shown that the average ratio of the maximum horizontal dimension to
the maximum vertical dimension (i.e., average ellipticity) of falling snow particles is near unity
[15]. Hence, a spherical approximation for particle shape is usually assumed for the purpose of
simplifying computations and can give a realistic scattering profile [14].

Snow particles are usually regarded as a mixture of ice, air, and water. The dielectric
constant of snow can therefore be related to the dielectric constant and volume fraction of each
individual component. The dielectric of dry snow, treated as a mixture of ice and air, can be
expressed by an empirical formula [16]. Wet snow is a mixture of ice, air, and free water. A
two-phase Polder-Van Santen model with ellipsoidal water inclusions is reported for wet snow
and shows good agreement with measurements [17]. A modified Debye-like model has a
higher accuracy and is more commonly used for frequencies above 15 GHz [18] when
dielectric constants of water and ice are available.

The dielectric constant of water can be calculated using a double Debye dielectric model
(D3M), which was first developed for seawater based on experimental measurements [19–22].
It can also be reduced to pure water [23] and can be accurately applied in the frequency range
up to 1000 GHz [24]. A single Debye model can be used for pure ice (as in [24]), because its
relaxation frequency lies in the kilohertz region. The real part of the dielectric constant of ice is
essentially independent of frequency up to 1000 GHz and depends only weakly on temperature
[25]. As a result, it can be simplified to a constant: εice = 3.1884. The imaginary part was
calculated in [26], and its validity can be extended to frequencies above 1000 GHz [27, 28].

Another extremely important parameter in calculating scattering phenomena is the snow
size distribution. This can be affected by various microphysical and dynamic processes inside
and below cloud layers. In practical applications, empirical mathematical formulas derived
from the observed size spectra have been used to approximate natural snow size distributions.
Unlike raindrops which follow exponential [29, 30], gamma [31], or log-normal distribution
[32], snow size distribution is often described by a negative exponential function as shown in
Table 1 with a list of all the parameters. In this work, we use snowfall rate (equivalent rainfall
rate) instead of visibility, because the latter does not always provide a correct indication of
actual snowfall intensity due to the variation in snow type and the differences in the nature of
visibility targets during day and night [33].

2 Scattering Attenuation by Falling Snow

The scattering effects of the snow particles on the THz wave are generally analyzed using Mie
theory. This is reasonable because the ordinary size of snow particles is in the range from mm
to cm [36], which is comparable to or larger than the THz wavelength. This method
systematically describes the scattering mechanism of THz waves using particles of various
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sizes in the atmosphere. The scattering characteristics of a THz wave transmitted can be
described by the absorption and scattering coefficients. Two important underlying assumptions
are required: first, that multiple scattering can be neglected, and second, each scatter behaves
independently of all the others. Under those assumptions, the attenuation suffered by a THz
wave traveling along a path in snow is [37]

αsnow ¼ 4:343⋅103 ∫
∞

0
σext m; r;λð Þ N rð Þdr; ð1Þ

where m is the refractive index of the particle and N(r) is the snow size distribution. σext is its
extinction cross-section, which is the sum of the absorption cross-section σabs (m, r, λ) and the
scattering cross-section σsca (m, r, λ): σext (m, r, λ) = σabs (m, r, λ) + σsca (m, r, λ). The
scattering and absorption due to dry and wet snow are calculated and shown in Fig. 1, for a
typical equivalent rainfall rate. Here, we use the G-M snow size distribution. We see that the
extinction attenuation in dry snow is mainly from the scattering effect because of the low water
content. But in wet snow, high water content absorption has comparable influence with the
scattering. Below about 800 GHz, the total attenuation is higher in wet snow than in dry snow.
However, in this calculation, we do not consider the absorption of the propagating wave by
atmospheric gases under different humidity; this effect is important for comparisons with
measurements, as shown below.

The total attenuation versus equivalent rainfall rate is shown in Fig. 2 with M-P, G-M, and
S-S snow size distributions considered. The measured data and corresponding parameters in
[38] are employed in these calculations to verify the validity of our method in the prediction. A
discrepancy is observed between the calculations and the measurements in both dry and wet
snow, although the G-M prediction matches more closely than the other two. We attribute this

Table 1 List of negative exponential snow size distributions. (N is the number of snow particle radius of r + dr in
unit volume in m−3 mm−1; r is the radius of melted snow particles in mm; R is equivalent rainfall rate in mm hr−1;
N0 and Λ are two characteristic parameters and can be retrieved by snowfall rate.)

N(r) = N0 exp(− Λr)

Source N0 (m−3 mm−1) Λ (mm−1)

Marshall-Palmer [29] N0 = 16 × 103 Λ = 8.2R−0.21

Gunn-Marshall [34] N0 = 7.6 × 103R−0.87 Λ = 5.1R−0.48

Sekhon-Srivastava [35] N0 = 5.0 × 103R−0.94 Λ = 4.58R−0.45

Fig. 1 Signal loss due to (a) dry snow at – 1 °C and (b) wet snow (water content 25%) at 0 °C under the snowfall
rate of 10 mm/h. The black curves (total attenuation) are the sum of the red (absorption) and blue (scattering)
curves.
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discrepancy to the effect of gaseous attenuation (since the humidity ranged from 90 to 97%
during these measurements) and to the scintillation effect caused by turbulence. Neither of
these effects are accounted for in these calculations.

In clear air, the gaseous composition of atmosphere, mostly water vapor, affects the
propagation of THz waves strongly. Water vapor is a minor gaseous constituent but a
notably main contributor for the attenuation. The results shown in Fig. 2 suggest the
importance of the atmospheric absorption contribution to the total attenuation, even at
a frequency of 300 GHz which is far from a water vapor absorption resonance. The
gaseous attenuation is commonly described as the sum of spectral absorption links of
water vapor and oxygen and a water vapor continuum component. A line-by-line
calculation, including also the continuum contribution, is provided by the ITU Rec-
ommendation Sector (ITU-R) [39] base on the physical model MPM93 [40]. This
method is proved to be valid at frequencies between 1 and 450 GHz, although it is in
less good agreement with measurements at higher frequencies [41]. Gaseous spectral
attenuation curves corresponding to different relative humidity (RH) are shown in Fig.
3. We see that the operating frequency in Fig. 2 lies in one of the transmission
windows, which confirms the maximum propagation distance. Even in the transmis-
sion window, the humidity affects the signal attenuation significantly when it changes
from 20 to 97%. A 4 dB/km gaseous attenuation can be observed at 300 GHz with a
97% relative humidity. However, it is not simple to account for this effect in our
calculation, because the humidity may not be stable during the snowfall. The same
influence of humidity in rain was also measured in previous work [42].

In addition to the aforementioned effects, air turbulence and humidity fluctuations can
induce a distortion of the wave front of the THz beam, leading to focusing and defocusing
effects. Such fluctuations of the beam, called scintillations, would attenuate the beam power
and degrade link performance [43, 44]. Falling snow particles are also responsible for the
scintillation effect, and the corresponding strength is related to the terminal velocity of snow
particles, which was measured as 1.0 to 1.5 m/s for dry snow [36] and 5 or 6 m/s for wet snow
[15]. Previously, we have reported the THz link performance in air turbulence introduced by
temperature fluctuation, where the scintillation loss can be calculated by

αscint ¼ 10log 1−
ffiffiffiffiffiffiffiffiffiffi
σ2
scint

q� �����
����; ð2Þ

where σ2scint represents the scintillation index and can be used to determine the effect and
magnitude of scintillation [45]. It relates to refractive index structure parameter C2

n, wave-
length λ, and path length L in [46] as

Fig. 2 Measured and calculated signal attenuation at 300 GHz by (a) dry and (b) wet snow.
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σ2scint ¼ 2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
23:17

2π
λ

109
� �7=6

� C2
n � L11=6

s
: ð3Þ

The refractive index structure parameter is a quantitative measure of turbulence and also can be
called turbulence strength. Figure 4 shows that the scintillation loss increases exponentially
with respect to turbulence strength C2

n and exceeds 0.5 dB/km for strong turbulence (C2
n >

10−13). We conclude that the scintillation loss should also be considered in the calculation,
especially over a long propagation distance.

3 Comparison of Attenuation due to Snow and Rain

Due to the high water content in wet snow, the attenuation should be comparable to that due to
rain. Dry snow with a much lower water content should lead to an attenuation much less than
that due to rain at the same fall rate. But one work reports a 312.5-GHz signal suffers 1–1.5 dB
more attenuation due to dry snow than due to rain [47]. Besides, a 7–8 dB more attenuation
due to wet snow than due to rain was reported in [48]. They conclude that the attenuation by
snow may be more serious for higher frequencies at the THz range. Richard and Federici

Fig. 3. Attenuation due to
atmospheric gases between 100
and 400 GHz. (T = 0 °C, P = 1013
hPa, and RH = 20%, 90%, and
97%)

Fig. 4 Scintillation attenuation for
THz wave under different
turbulence strengths.
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attribute the difference to the higher concentration, larger dimension, and irregular shapes of
snowflakes with lower fall velocity [49, 50].

To address this question further, we perform a comparison between the effects of snow and
rain with the same fall rate (equivalent rainfall rate for dry and wet snow, rainfall rate for rain).
In the calculation for rain, the Joss distribution is employed because it shows higher accuracy
under light, moderate, and heavy rain conditions compared with Marshall-Palmer (M-P)
distribution and Weibull distribution [8]. Mie scattering is also used in the scattering descrip-
tion. The total extinction loss due to rain, dry snow, and wet snow is show in Fig. 5 under the
same fall rate. Here, the gaseous attenuation is also included. We can see that the total
attenuation at 312.5 GHz due to dry and wet snow is higher than that due to rain, which is
consistent with the results in [47]. But this difference becomes smaller for higher frequencies
because the absorption due to water vapor becomes much more serious and dominates.

4 Scattering Attenuation by a Snow Layer

In the measurements from [38], the snow cover on antennas would also affect the observed
signal loss. So information about the snow layer should be considered. In remote sensing,
backscattering behavior from a snow layer is always considered and can be predicted by the
radiative transfer model (RTM) with high accuracy [51]. Theoretical predictions have been
found to agree well with the experimental measurements with operating frequency at 35, 95,
and 140 GHz [52] and 225 GHz [53]. An accurate understanding of the frequency dependence
of the propagation loss of THz waves in a snow layer could be used to estimate the thickness
of a snow layer covering on antennas.

In the calculation of propagation properties in a snow layer, a different method should be
considered. A layer of dry snow can be considered a dielectric medium consisting of ice
crystals in an air background. Wet snow layer is somewhat more complicated since the
medium becomes a mixture of ice particles, water droplets, and air. The water droplets are
usually much smaller than the ice particles and are evaluated by a volumetric water content of
snow (also called snow wetness, mv), which cannot exceed 30%. So the scattering effect in the
dry and wet snow is mainly caused by the ice particles. The background medium can be
regarded as air or a mixture of water droplets and air. Since the ice particles are comparable in
size to the wavelength, we can still use Mie scattering theory to describe this process.

Fig. 5 Signal attenuation due to
(a) rain at 20 °C, (b) dry snow at −
1 °C, and (c) wet snow (wetness
25%) at 0 °C under a fall rate of 10
mm/h.
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In Fig. 6, we show the calculated signal loss due to scattering, absorption, and their sum
(total extinction) when THz waves propagate in dry and wet snow layers with 97% humidity.
Figure 6 (a) shows the signal loss spectrum due to a dry snow layer at − 1 °C. The loss
oscillates with an increase of the frequency, and the period changes with the variation of
average ice particle size. We can see that the loss is mainly due to the scattering in dry snow,
while absorption has only a small influence, especially in the lower frequency range. When we
change the snow temperature from 0 to − 20 °C, we see little change in any of the loss
parameters, as in Fig. 6(c). Since there is almost no water inside dry snow and the dielectric
constant of ice particles depends only weakly on temperature, this temperature independence is
not surprising. However, for wet snow, the absorption due to the liquid water plays a main role
as shown in Fig. 6(b). In Fig. 6(d), the absorption increases significantly for high wetness,
while the scattering loss is approximately constant.

5 Conclusions

In this paper, we combine meteorological data and Mie scattering theory to investigate the
scattering behavior of THz waves in falling snow and in a snow layer. The theoretical results
are in rough qualitative agreement with the experimental data when gaseous attenuation and
scintillation effect are not considered. Compared with the attenuation by rain, the THz signal
suffers higher loss when it propagates in dry and wet snow for frequencies above 200 GHz.
Signal loss in a dry snow layer is mainly attributed to scattering effects because of the low
water content, and it does not change when the temperature is reduced from 0 to − 20 °C. The
absorption effect becomes more serious when snow wetness increases, but the scattering effect
is largely unaffected by water content.

Fig. 6 Attenuation of THz wave in (a) dry cover with temperature at − 1 °C and (b) wet snow covers with a 20%
wetness; signal loss with respect to (c) temperature and (d) wetness.
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