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ABSTRACT 

 

We present a method of measuring the complex permittivity 

of alpine snow in the microwave S-band (2.1-4 GHz) using 

the waveguide method. This method was field trialed in the 

Southern Alps in New Zealand, where six snow samples of 

varying melt conditions were measured and their complex 

permittivity calculated. Combined with snow density data, 

we estimated the volumetric liquid water content (i.e. snow 

wetness) of the snow samples. This data allows us to assess 

the viability of aerial snow depth surveys with the ultra-

wideband radar. 

 

Index Terms— snow wetness, volumetric water content, 

complex permittivity, waveguide measurements, field 

measurement.  

 

1. INTRODUCTION 

 

The objective of this study is to measure the liquid water 

present in pores of the frozen snow, called volumetric liquid 

water content, or snow wetness. Presence of liquid water in 

warm alpine snow attenuates microwave signals, limiting the 

performance of aerial surveys using microwave methods.   

Aerial surveys of alpine snow provide an estimation of 

snowpack volume and coverage over a period of time, which 

is important to model the water cycle in alpine regions [1]. 

Conducting such estimation, however, is challenging due to 

weather variability, complex terrain and the presence of 

different land cover [2]. Typically, the snow water equivalent 

(SWE) of snow is estimated, which is used by hydrologists to 

assess the quantity of available water, model the water cycle, 

and conduct fresh water management [3]. Methods of 

estimating the SWE include in-situ measurements, remote 

passive microwave sensing, and remote active microwave 

sensing [4]. In-situ measurements like the snow pillow [5], 

the MagnaProbe [6] and the radio isotope snow gauges [7] 

provide relatively accurate point measurements of snow 

depths and SWE.  

Remote passive microwave sensing measures the 

attenuation of microwave radiation emitted (brightness 

temperature) from the ground surface [8]. Remote active 

microwave sensing transmits an incident microwave signal 

onto the snow layer, measures the scattered signal and infer 

snow parameters from the properties of the signal [9]. The 

majority of work in the remote active microwave sensing 

involves space borne synthetic aperture (SAR) radars that 

operate in the C- and X-bands [10]. The ultra-wideband 

(UWB) radar is a non-satellite based remote active 

microwave sensing technique [11]. The UWB radar is usually 

deployed with aerial vehicles, flying over and surveying 

snow covered areas [12, 13].  

The UWB radar utilizes signals that have very large 

bandwidths, thus allowing the radar to resolve targets at very 

high resolutions [14, 15]. Shown to be able to measure down 

to 2 m depths of cool, dry snow on sea ice in Antarctica, the 

UWB radar technique, however, faces significant challenges 

with warm wet snow where the presence of moisture 

attenuates the microwave signal as it propagates through the 

snow. This challenge forms the basis of this investigation – 

to develop a method of measuring the snow’s complex 

permittivity and snow wetness in the field. The waveguide 

method has been used in Antarctica to measure cold snow on 

sea ice [12]. Other methods of snow dielectric permittivity 

measurements include the metallic snow fork [16], coaxial 

resonator [17], capacitive sensor [18] and ground penetrating 

radar [19]. A description of the waveguide measurement 

technique is presented in Section 2. The field measurement of 

warm alpine snow in New Zealand is described next, in 

Section 3. Measurement results and an analysis of the 

potential performance of the snow radar is presented in 

Section 4.  

 

2. WAVEGUIDE MEASUREMENT OF SNOW 

 

Consider a snow-filled WR284 rectangular waveguide 

section of length l operating in the TE10 mode (Fig. 1).  The 

relative permittivity of snow, ε' - jε'', is related to the 

propagation constant of the snow, ksn, as 
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where k0 = 2π/λ is the propagation constant of a plane wave 

of wavelength λ. When expressed in the Cartesian coordinate 

system,  
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for TE10 mode operation, where a (= 72.1 mm) is the larger 

dimension of the WR284 rectangular waveguide cross-

section, and kz is the z-component of ksn. In terms of S21 

parameter, the section of snow-filled waveguide in Fig. 1 can 

be expressed as 

 

𝑆21 = 𝑒−𝛼𝑙−𝑗𝛽𝑙 = 𝑒−𝑗𝑘𝑧𝑙        (3) 

 

where e -αl and e -jβl are the real and imaginary parts of the S21 

parameter, and l is the length of the waveguide section. From 

(3), kz can be calculated from the measured S21 of the snow-

filled waveguide, and the relative permittivity of snow can be 

calculated with (1) and (2). 

 
 

 
 

In an actual S-parameter measurement, however, the snow-

filled waveguide section is connected to ports 1 and 2 of the 

vector network analyser (Keysight Fieldfox N9923A) via 

coaxial-to-waveguide adaptors and coaxial cables, as shown 

in Fig. 2. In addition, to facilitate the extraction of snow 

sample and placement in the waveguide section, an open-

ended plastic sample holder (3D printed) of dimensions 75 

mm x 72 mm x 34 mm is used. The 2-port S-parameters 

(including S21 parameters used in (3)) of the waveguide 

section is calculated from measured 2-port S-parameters 

using the through-line de-embedding method [20].  

 

3. FIELD MEASUREMENT OF ALPINE SNOW 

 

A field measurement of alpine snow was conducted at the 

Broken River ski field (Arthur’s Pass, New Zealand) on 28 

May 2022. A snowfall event occurred two days prior, and the 

weather during the field measurement was clear sky with 

ambient temperature at 0 deg. Celsius. Six snow samples 

were collected from four snow pits (A, B, C and D) and were 

measured using the waveguide method. The snow pits were 

selected to cover a variety of snow conditions that were 

present in late autumn. 

Snow pits A and B were shaded by trees, and had a single 

snow layer of 8 cm and 18 cm over unfrozen ground 

respectively. Snow pits C and D were exposed to the sun. 

Snow pit C consisted of two distinct snow layers, with the 

upper snow layer (5 cm) being coarse grained (3 mm) and 

slightly melting, while the lower snow layer (8 cm) being fine 

grained (< 0.5 mm). Snow pit D consisted of two snow layers 

underneath 1 cm of refrozen ice crust, with the upper layer 

(14.6 cm) being crusty snow, while the lower layer being soft 

snow. Fig. 3 shows an example microwave field 

measurement of snow (upper layer, snow pit C), where the 

snow sample is inserted into the waveguide section before 

being measured. 

 

 
 

4. RESULT AND ANALYSIS 

 

Fig. 4 shows the complex permittivity of the six collected 

snow samples – The ε' values are fairly constant across the 

measured frequency range, and vary between 1.5 (Fig. 4d) 

and 1.8 (Fig. 4c) for different snow samples. ε" values are 

small, varying between 0.0 and 0.17 for all samples, appear 

noisy and exhibit ripples. The apparent noise in ε", when 

compared with ε' trace, is due to different y-axis scales. We 

confirmed this by estimating the signal noise of both ε' and ε" 

data using the windowing method [21], and found that their 

noise levels are comparable. Further analysis also showed 

that, though more evident in ε" plots in Fig. 4, ripples are 

present in both ε' and ε" data. We attribute these ripples to 

imperfect field measurement conditions such as post-

calibration instrument drift and coaxial cable flexure between 

calibration and snow measurements. To arrive at an estimate 

of ε", we average the measured ε" values across the frequency 

range of 2.3-3.8 GHz. The six snow samples are labelled (a) 

 
Fig. 1.  A snow-filled WR284 rectangular waveguide section with waves 

propagating in the kz direction in the TE10 mode. 

 
 

Fig. 2.  Measurement setup where the two ports of the snow-filled waveguide 

section is connected to the vector network analyser via adaptors and coaxial 
cables. 

 
 

Fig. 3.  Microwave waveguide measurement of snow in the field with snow 
sample, extracted using an open ended plastic sample holder, is inserted into 
the waveguide section. 



to (f) in the 1st column in Table I, while their measured snow 

density data and averaged complex permittivity data are 

shown in the 2nd and 3rd columns respectively.  

 
 

 
 

Using the empirical snow model in [22], the volumetric 

liquid water content of snow is estimated from the snow 

density and complex permittivity data, and is shown in the 4th 

column. Comparison between the estimated volumetric water 

content (VMC) of snow with in-situ observations shows a 

good correspondence. For instance, samples (a) and (b) were 

fresh snow collected in shaded locations and both samples 

show the lowest ε" values and VMC at 0.4 % and 1.0 % 

respectively; Samples (c) and (f) were exposed to sun, and are 

observed to be melting. In the measured data, they exhibit the 

highest ε" values, and VMC at 2.3 % and 2.6 % respectively. 

Having high quality data on snow wetness allows us to 

assess the viability of aerial snow surveys, keeping in mind 

the primary concern around reduced depth performance due 

to increased signal attenuation. In order for the radar to detect 

the second snow / ground reflection, the signal has to 

propagate through the snow layer twice. The presence of 

water in the snow attenuates the signal to a level that may 

render the reflections from sub-surface interfaces to be 

undetectable. Using the measured permittivity data of warm 

alpine snow, we can now better model the attenuation 

introduced by the presence of liquid water content in the 

snow, and thus are able to assess the snow radar’s 

performance in aerial snow surveys. 

 

 
 

Fig. 5 shows an assessment of the snow radar’s ability to 

detect the snow/ground reflection that is buried under a 

uniform layer of snow of different volumetric liquid water 

content (VMC), assuming plane wave propagation in the 

snow layer. The black dotted line in Fig. 5 shows the 

detection depth of the snow radar, normalised to snow with 

density of 250 kg/m3 and VMC of 0.01. From the dotted line, 

we can see that as the VMC increases from 0.01 to 0.02, the 

maximum detection depth of the snow radar reduces by a 

factor of 0.45, and for a VMC of 0.04, the maximum detection 

depth is reduced by a factor of 0.2. Using the same assessment 

method, the maximum detectable depth of the snow 

conditions measured during the field trial can be determined. 

The maximum detectable depth of five measured snow 

samples (a, c, d, e and f in Table 1) are plotted as black dots 

in Fig. 5.  Snow sample (b) is not plotted because, having very 

 

 
Fig. 4.  Complex permittivity of six snow samples that were extracted from 

the snow pits are shown in subplots (a) to (f). ε' is plotted in black, while ε" 

is plotted in blue. 

TABLE I  

MEASURED SNOW PARAMETERS 
 

 

 
ID 

Snow 

density 
(kg/m3) 

 

Complex  
permittivity 

Vol. 

water  
content 

 

In-situ snow 
observations  

a 

 

192 1.59 - j0.028 1.0 % fresh powder snow 

b 270 
 

1.51 - j0.012 0.4 % fresh snow 

c 233 

 

1.76 - j0.046 2.3 % slightly melting 

d 213 
 

1.52 - j0.035 1.3 % - 

e 228 1.68 - j0.034 1.1 % crusty with 1 cm ice 

layer above 

f 218 
 

1.63 - j0.094 2.6 % soft, melting 

 

 

 

 
 

Fig. 5.  Assessment of radar’s detection of snow/ground reflection under a 

uniform snow layer of different volumetric liquid water content (VMC). The 

black dotted line shows the detection depth normalised to snow with a 
density of 250 kg/m3 and volumetric liquid water content of 0.01. Labelled 

black circles indicate the radar’s detection depth for the field measured snow 
samples. 



low VMC, its maximum detection depth is much higher (2.5 

m), and is beyond the range of the figure. 

 

5. CONCLUSION 

 

We presented a waveguide method of measuring the complex 

permittivity of alpine snow. Using this method in field 

measurements, we were able to measure the permittivity and 

volumetric liquid water content of snow samples. 

Comparison between measured data and in-situ observations 

showed a good correspondence. Measured result from this 

trial indicate that snow radar aerial surveys of wet snow has 

good potential. Further field trials of the snow radar are 

required to better understand its performance for different 

ground and snow conditions. 
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