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ABSTRACT  

Recent studies of active microwave response to moderate snow depth have been conducted in sub-

Arctic and mountain environments but less so over seasonal mid-latitude snow.  Radar 

observations of snow at Ku- and X-band were made in hay fields near Maryhill, Ontario during 

the 2013-14 winter season and extended for the 2014-15 season to include sites in Englehart, 

Ontario.  The bare ground was scanned during early season snow-free scans where possible or 

through complete snow excavation in the radar’s field of view.  The natural snowpack was 

scanned throughout the season as snow accumulated; a range of snow water equivalent (SWE) 

from 0-191 mm was observed.  In-situ measurements of the snowpack properties accompanied the 

radar observations.  Ku-band showed sensitivity to snow accumulation whereby backscatter 

increased with SWE.  X-band did not show sensitivity.  Early season backscatter signatures from 

low-accumulation snowpack conditions were influenced predominately by vegetation present in 

the fields as indicated by the polarimetric response. As the snow accumulation increased, the 

vegetation influence decreased and the snowpack controlled the radar response. An upper limit of 

sensitivity at 17.2 GHz was observed beyond 140 mm of SWE. 
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INTRODUCTION  

Snow is an important component of the annual terrestrial water cycle. Characterizing and 

quantifying snow state is important for water resource management and energy budget modeling 

(Rott et al., 2010). Run-off from snow melt provides fresh water for aquatic ecosystems, 

agriculture, industry, and municipal water supply (Pomeroy et al., 2009). Furthermore, long-term 

snow mapping studies provide insights into the nature of snow as an indicator of climate change 

(Brown & Mote, 2009). Given its importance, changes in snow extent, duration, and distribution 

due to climate change have emphasized the need for a practical system of monitoring (Morrison et 

al., 2007; Rott et al., 2010). This has prompted organizations such as the World Meteorological 

Organization and the Integrated Global Observing Strategy to articulate the need for high-

resolution snow water equivalent (SWE) observations (Rott et al., 2012; Yueh et al., 2009).  

Remote sensing of snow using radar observations is a practical means of obtaining information 

on seasonal snowpack accumulation at high spatial and temporal resolution (Rott et al., 2010). 

Studies have identified microwave frequencies of 8-18 GHz as being sensitive to snow volume 

(King et al., 2013, Morrison et al., 2007; Yueh et al., 2009). Studies in the European Alps, sub-
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Arctic Scandinavia and Canada have demonstrated a strong relationship between Ku-band 

scatterometer observations and SWE.  However there are limited empirical studies exploring the 

usefulness of Ku- and X-band frequencies for observing deep seasonal snow in Ontario.  

 

This research builds on work by King et al. (2013) and work conducted in 2014 in Maryhill, 

Ontario but was extended to include observation of deeper snow in Maryhill and Englehart, 

Ontario in 2015.  It was designed as a case study to investigate the electromagnetic response of 

Ku- and X-band radar to a range of snow depths over two winters in Ontario. A comprehensive 

dataset of polarimetric ground-based active microwave measurements were collected. Correlative, 

in situ measurements of the snow and underlying soil were also made to interpret the scatterometer 

measurements.  The overall aim of the project was to explain the backscatter response of Ku- and 

X-band scatterometer signals from snow in agricultural fields through completion of 3 specific 

objectives: 1) to quantify and characterize the active microwave response over an expanded range 

of depths of seasonal snow at 9.6 and 17.2 GHz frequencies, 2) explain the polarimetric response 

in this environment, and 3) develop a field data set to test microwave scattering models for snow 

accumulation in an agricultural field. 

STUDY AREA 

During the 2013-14 season, the study site was located in a cut hay field near Maryhill, Ontario 

(80°22’47.62”W, 43°32’55.27”N), which on average receives nearly 160 cm of snowfall annually 

(Environment Canada, 2015).  The ground was level with furrows of approximately 5 cm depth 

and 55 cm spacing arranged in an east-west orientation; there was little variation in topography 

along the furrows. Between January and March, 2014, the study area was visited on four occasions 

and each time, a new site within the field was chosen based on variation in snow depth.  

 

In order to observe deeper snow, the study area was expanded to include Englehart, Ontario 

(79°50’49.02”W, 47°46’6.38”N) in February 2015, which receives over 222 cm of snowfall 

annually (Environment Canada, 2015).  Three sites were chosen within the same hay field; the hay 

had been cut and the remaining crop stubble was less than 15 cm tall.  These sites were chosen 

based on variation in snow depth.  Figure 1 shows the location of Maryhill and Englehart. 
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Figure 1. Study site locations for the 2013-14 and 2014-15 winter seasons (Environmental Systems Research 

Institute, 2014). 

 

Three separate fields in Maryhill were revisited during the 2014-15 season.  The first field, 

named the Zinger site (80°23’20.87”W 43°33’4.96”N), was a bare field with sparse vegetation; 

surface features appeared randomly distributed and rows were not visible.  The second site, named 

the Hergot site (80°22’47.62”W 43°32’55.24”N) was a densely vegetated hay field with a crop 

height of approximately 50 cm; rows were not visible and the vegetation was sufficiently dense 

that the underlying ground could not be seen with the eye.  The third site, named John’s farm site 

(80°22’30.48”W 43°32’25.38”N) was a less dense hay field with a crop height similar to that of 

the Hergot site.  Bare ground was visible beneath the vegetation.  The sites are shown in Figure 2.   

 

 

 

 
Figure 2. Field sites on Dec 2, 2014:  Zinger site (left), Hergot site (centre), and John's farm site (right). 
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DATA & METHODS 

The field data included radar observations of the snowpack and in situ observations of snow 

properties.  Radar observations were made with a ground-based polarimetric scatterometer at both 

X- and Ku-band frequencies (9.6 and 17.2 GHz respectively) in a narrow-beam configuration.  

Backscatter measurements were made using a combination of vertical (V) and horizontal (H) 

send-receive polarization states, reflected by the co-polarized terms VV and HH, and the cross-

polarized terms VH and HV.  A detailed description of this equipment, including its specifications 

and calibration procedures, can be found in King et al. (2013).  The radar was tripod-mounted, 

placing the antenna at 2.2 m above the snow surface.  In order to collect backscatter 

measurements, the scans were conducted over a 27° range in elevation with incident angles of 35° 

to 62°, in 3° increments, and a 40° azimuth sweep centred at 0°.  Each scan was repeated 3 times 

and averaged in order to minimize the effects of system noise.   

 

In situ observations from snow pits included snow depth, density, temperature and grain size 

measurements, and stratigraphy observations augmented with infrared photography.  A nearby 

meteorological station recorded air temperature, wind speed, relative humidity, and solar radiation 

at the site.  During the 2014-15 season, two Stevens Hydra Probes (50 MHz) were installed 

horizontally at depths of 10 cm in the soil at the Hergot site and John’s farm; these measured soil 

temperature, moisture content, conductivity, and relative permittivity (real and imaginary 

components).  A Delta-T WET sensor (20 MHz) was used at the Maryhill and Englehart sites to 

measure soil temperature, permittivity and soil conductivity at several locations around each site. 

During the 2013/2014 season, field observations were collected on January 31, February 2, 

February 28 and March 21. On each day two sets of scans were performed.  In the first set of 

scans, the naturally occurring snowpack was observed at both frequencies.  For the second set of 

scans, all the snow within a 5 m by 5 m area in front of the scatterometer was excavated to bare 

soil.  The excavated area was oriented such that the scatterometer was located at the midpoint of 

one side facing towards the snow-free area.  The scans were repeated for both frequencies using 

the same parameters and positioning as before.  Because the air and soil temperatures remained 

below freezing during the study period, the condition of the underlying soil was assumed to have 

remained constant.  For this reason, backscatter for the excavated sites (excluding March 21 2014) 

was averaged to represent the snow-free condition; observations from March 21 2014 were 

excluded from this average since snow melt on the surface of the exposed ground resulted in 

ponding which created non-representative conditions. 

 

In between the two sets of scans, before the snow was excavated, snow depths were recorded 

over a 10 m by 10 m area in front of the scatterometer.  The measurements were made in a grid 

with 50 cm spacing, using a Magnaprobe.  An exception to this grid spacing was made 2 m 

directly in front of the scatterometer where a 1 m
2
 area was left undisturbed for the snow pit.   

 

In the 2014-15 season, each Maryhill site was scanned prior to snow accumulation on December 

2 and then revisited on January 24, January 31, February 5, February 26, and March 8 to observe a 

range of snow depths.  The full suite of in situ snowpack observations were made on these dates as 

well.  The Englehart scans were performed in a manner similar to those conducted in the 2013-14 

season whereby the natural snowpack was observed first and then excavated in order to scan the 

bare ground.  The first Englehart site (e1) was observed on February 16, and the second (e2) was 

observed on February 17; e2 was excavated and the site was re-scanned on February 18.  On 

February 19, the snowpack at e1 was re-scanned, excavated, and then scanned again.  A third site 

(e3) adjacent to e1 was also scanned on February 19; the scan of excavated site e1 served as a 

proxy to site e3 due to their adjacency and as such e3 was not excavated.  In situ snowpack 

observations accompanied the scans at each site. 
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Chronological Order Date, Site Snow Depth Density SWE 

(cm) (kg/m
3
) (mm)

1 January 31, 2014 40 344 138

2 February 2, 2014 28 287 80

3 February 28, 2014 55 280 154

4 March 20, 2014 23 420 97

5 January 24, 2015, Hergot 12 230 28

6 January 24, 2015, Zinger 21 313 66

7 January 24, 2015, John's farm 12 463 56

8 January 31, 2015, Hergot 15 213 32

9 January 31, 2015,  Zinger 9 280 44

10 January 31 2015, John's farm 11 385 42

11 February 5 2015, Zinger 29 278 81

12 February 5 2015, Hergot 26 185 48

13 February 5 2015, John's farm 33 328 108

14 February 16 2015, e1 54 262 141

15 February 17 2015, e2 67 285 191

16 February 19 2015, e1, e3 55 245 135

17 February 26 2015, Zinger 37 258 95

18 February 26 2015, Hergot 30 235 71

19 February 26 2015, John's farm 33 318 105

20 March 8 2015, Zinger 50 250 125

21 March 8 2015, Hergot 26 227 59

22 March 8 2015, John's farm 41 343 141

On April 16 2015, a Leica MS50 Multistation was used to conduct a 3D laser scan (5 mm 

resolution) at each of the 2014-15 Maryhill sites.  This allowed for the characterization of the 

surface roughness and vegetation geometry. 

RESULTS 

A chronological summary of the snowpack conditions for each observation is presented in Table 

1.  The maximum value of SWE observed was 191 mm on February 17 2015, at e2. 

 

 

 

Comparison between Ku- and X-band backscatter and SWE is shown in Figure 3.  These 

backscatter observations represent an average of the first three scan lines with incident angles of 

35°, 38°, and 41°; whiskers represent minimum and maximum values.  The Ku-band observations 

indicated a response to SWE for VV and HH polarizations, whereby backscatter increased with 

SWE.  No such relationship was apparent at X-band as the curve is comparatively flat.   

 

 

Table 1. Chronological summary of snowpack observations during 2013-14 

and 2014-15 winter seasons.  Maximum observed SWE was 191 mm. 
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Maryhill observations at both frequencies, for all sites from the 2014-15 season are shown in 

Figure 4.  The Ku-band observations at the Zinger site revealed little influence of SWE on 

backscatter.  As SWE increased there was negligible change in backscatter response, which 

remained around -5 dB.  The Hergot site observations showed backscatter around 0 dB for levels 

of SWE around 30 mm.  Uncharacteristically low levels of backscatter around -12 dB were 

observed near 60 mm of SWE.  Overall there was no discernable relationship between SWE and 

backscatter at this site.  At John’s farm, the backscatter showed no clear relationship to SWE.  The 

greatest values of backscatter, above -5 dB, were observed at 60 mm of SWE.  The lowest 

backscatter, near -10 dB, was observed near 140 mm of SWE, which was the greatest 

accumulation at the site.  At X-band frequencies, sensitivity to these levels of SWE at all sites 

appeared minimal.  As observed at Ku-band, abnormally low backscatter around -10 dB was 

observed at the Hergot site for 60 mm of SWE. 

Figure 4. Comparison of Ku- and X-band backscatter and SWE for Maryhill during the 2013-14 season. 

Figure 3. Comparison of Ku- (left) and X-band (right) backscatter and SWE for all Maryhill sites during 

2014-15 season. 
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A comparison of Ku- and X-band backscatter with SWE for the Englehart sites is shown in 

Figure 5.  Co-polarized Ku-band backscatter increased from about -7 dB at 0 mm SWE to a 

maximum of around -2 dB  which occurred near 140 mm of; no noticeable increase occurred as 

SWE increased to 191 mm.  Negligible separation was observed between VV and HH 

polarizations.  The increase in cross-polarized backscatter was only about 3 dB over the same 

range of SWE.  The co-polarized X-band response over the range of SWE was about 3 dB with 

separation of around 1 dB between vertical and horizontal polarized returns for SWE greater than 

0 mm.  Cross-polarized backscatter fluctuated between -14 and -16 dB across the range of SWE. 

Instantaneous polarization state histograms and polarization signatures for Ku-band at 43° 

incidence for the Hergot site over two dates are presented in Figure 6.  On December 2, both 

histograms indicated multiple scattered-wave polarization states spanning the range of ellipticity 

and orientation angles.  By Jan 24, and on subsequent dates, the histograms showed a scattered-

wave polarization state approximately matching that of the incident wave. Pedestal height on 

December 2 was around 0.4 and decreased to around 0.2 or less on Jan 24 and subsequent dates.  

The polarimetric response at X-band mimicked the results shown in Figure 6.  Histograms and 

polarization signatures from John’s farm site were similar to those of the Hergot site although with 

a smaller range of scattered-wave polarization states.  Unique to John’s farm site was the 

Figure 5. Comparison of Ku- and X-band backscatter and SWE for the Englehart sites. 

Figure 6. Instantaneous polarization-state histograms for vertical (left) and horizontal (centre) incident 

polarizations, and polarization signatures (right) for two dates at the Hergot site. Ellilpticity (chi) and 

orientation angle (psi) shown on X- and Y-axes respectively.  Polarization signatures show relative NRCS 

on Z-axes. 
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fluctuation of pedestal height in the polarization signature which increased from on December 2 to 

around 0.4 on February 5 then decreased to 0.2 and below for the remaining dates. 

 

At both frequencies, histograms for the Zinger site, all 2013-14 sites, and the Englehart sites 

indicated consistent like-polarized scattered waves for both vertical and horizontal incident 

polarizations while pedestal heights of the polarization signatures ranged from 0.1 to 0.3.  Thus 

they appeared similar in shape and distribution to the histograms and polarization signature shown 

in Figure 6 for January 24, 2015 and were omitted from this paper to avoid redundancy. 

COMBINING 2013-14 AND 2014-15 OBSERVATIONS 

A relationship between SWE and Ku-band backscatter was shown in Figure 3 for the 2013-14 

Maryhill data in which backscatter increased with SWE.  A similar observation was made for the 

Englehart data presented in Figure 5.  However a similar pattern was not evident for any of the 

2014-15 Maryhill data. 

 

The initial snow-free measurements at the 2014-15 Maryhill sites occurred on December 2.  At 

that time the soil was fluctuating around 0°C at the Zinger site, and was non-frozen at the Hergot 

site so it contained liquid water which caused an elevated backscatter response.  The low stand 

vegetation, especially at the Hergot site, likely also contributed to the increase in Ku backscatter 

for both the co- and cross-polarized response; VH backscatter was around -14 dB at the Hergot 

site compared to about -16 dB for the Zinger site and John’s farm site on December 2. 

 

The polarimetric data in Figure 6 indicated that wave depolarization was occurring at the Hergot 

site on December 2.  On this date, there was no snow and the vegetation in the field consisted of 

new growth and coarse stalks from an earlier harvest.  The new growth was dense and randomly 

oriented, masking the row orientation in the field and acting as a depolarizing scatterer.  By 

January 24, nearly 15 cm of snow had fallen and the new growth was matted down, leaving only 

the coarse stalks standing.  This corresponded with a decrease in the depolarization indicated by 

the histograms in Figure 6, and a decrease in the pedestal height of the polarization signature.  The 

snow had compressed the new growth into a homogenous layer beneath the snow effectively 

removing the depolarizing scatter from the scene.  The remaining vertical stalks did not depolarize 

the incident waves.  From these observations it was clear that such vegetation can play a strong 

role as a depolarizing scatterer within the snowpack at these frequencies. 

 

Although the scattered-wave depolarization had decreased after December 2 at the Hergot site 

and John’s farm, the backscatter still remained notably high on January 24 and January 31.  While 

the snowfall prior to the January 24 observation compressed the new growth, the coarse older 

stalks remained standing.  Furthermore, micro-wells had developed around each stalk which left 

much of the stalks exposed despite the 15 cm of accumulated snow.  These exposed stalks caused 

the elevated backscatter response seen on January 24.  By January 31 additional snow had 

accumulated, burying more of the stalks and filling in the micro-wells which corresponded with a 

decrease in backscatter.  By February 5, the vegetation was covered by snow and the backscatter 

decreased again.  However the vegetation was barely covered and so likely influenced backscatter 

from within the snowpack.  Figure 7 aids in visualizing this progression. 
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Observations on March 8, 2015 produced low backscatter at all Maryhill sites.  Preceding the  

 

March 8, 2015 observation a freezing rain event occurred which deposited a 5 mm ice layer on 

top of the snowpack.  The dielectric contrast between air and ice, therefore, created a surface 

scattering effect at the air-ice interface. However, the smooth ice surface combined with the 

incidence angles used in this study enhanced forward scattering of the waves.  This lead to a 

reduction in backscatter observed for both frequencies at all sites. 

 

Across all sites, X-band backscatter did not respond strongly to the accumulation of SWE and 

this resulted in the flat curves visible in Figures 3, 4 and 5.  Because of its longer wavelength, X-

band waves penetrated the snow at these depths therefore the signal was dominated by the 

underlying soil surface which did not change during the winter beyond initial freeze-up. 

 

When all of the data points, excluding those influenced by vegetation, freezing rain, or non-

frozen soil as discussed above, were plotted on the same backscatter-SWE curve it became clear, 

as illustrated by Figure 8, that there was a relationship between backscatter and SWE at Ku-band.  

Furthermore it became clear that results from the 2014-15 season replicated and confirmed results 

from the 2013-14 season. 

Figure 8 also highlights sensitivity of Ku-band signals to SWE from 0 to 140 mm.  Beyond this 

level of SWE, backscatter no longer increased, but stayed relatively constant around   -3 dB 

indicating a loss of sensitivity.  This suggested that 17.2 GHz can only detect snow accumulation 

up to about 140 mm of SWE.  Any additional accumulation would go undetected in these 

conditions and so this indicates the upper limit of usefulness of this particular frequency in this 

type of environment. 

CONCLUSION 

A range of SWE from 0 to 191 mm was observed using a ground-based polarimetric 

scatterometer at Ku- and X-band frequencies over two winters in Maryhill and Englehart, Ontario.  

Results from the 2014-15 season replicated and confirmed results from the 2013-14 season.  From 

these observations it was found that Ku-band backscatter increased with SWE up to 140 mm after 

Figure 7. Progression of snow accumulation at the Hergot site on January 24 (left), January 31 (centre), and 

February 5 (right). 

 

Figure 8. Multiple observations plotted together.  Maryhill data are represented by transparent boxes while 

Englehart data are coloured blue.  Only VV polarization is shown for clarity. 
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which point reduced sensitivity was observed while X-band did not respond to these levels of 

SWE.  Through evaluation of the polarimetric response in these conditions vegetation was found 

to play a strong role as a depolarizing scatterer within the snowpack; vegetation was also found to 

influence backscatter when fully snow-covered. Overall, these results suggested that 140 mm of 

SWE was the upper limit of usefulness for snow observations in this environment at 17.2 GHz and 

therefore this frequency may be more suitable for shallow to moderate snowpack observations 

absent of dense vegetation.  With this in mind future work should be directed at exploring the use 

of a frequency at the lower end of the Ku-band spectrum for deep snow observation.  To better 

understand these results, the impacts of stratigraphy could be investigated using a microwave 

scattering model such as MEMLS applied in an active microwave mode. 
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