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ABSTRACT 
 
 
GNSS Interferometric Reflectometry (GNSS-IR) is a technique that uses reflected GNSS signals, 
which interfere with direct signals at the GNSS receiver, to derive frequent measurements of 
reflector height – the distance between the receiver antenna’s phase center and the horizontal 
reflecting surface. This study explores the potential of GNSS-IR to measure and monitor snow 
on Arctic sea ice using a small-scale network of 12 identical GNSS instruments deployed in 
March 2021 as part of the Sea Ice Dynamics Experiment (SIDEx). Despite GNSS-IR 
traditionally requiring stationary receivers, this study demonstrates using a stationary receiver in 
Colorado that dynamic receivers still yield accurate reflector height observations. GNSS-IR 
using the SIDEx observations provided centimeter-level precision reflector heights, which can be 
further refined by accounting for azimuthal variation. The analysis of the reflector heights over 
time reveals seasonal trends on the sea ice. Comparison with in-situ ice mass balance buoy snow 
depth, air temperature, and water temperature observations further support the snow changes 
observed in GNSS-IR reflector heights. Future research should focus on converting reflector 
height measurements to snow depths, expanding the network of receiver stations, and 
incorporating remote sensing and additional in-situ data for validation purposes. Overall, 
GNSS-IR is a promising technique for studying the consequences of climate change in remote 
regions, such as the Arctic, that provides measurements more frequently and to higher spatial 
resolution than remote sensing. 
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INTRODUCTION 
 
 

As climate change continues to worsen, increases in surface air temperatures are 

exacerbated in the Arctic in comparison to lower latitudes, which is known as Arctic 

amplification (Previdi et al. 2021). Warming associated with Arctic amplification is primarily 

produced by sea ice loss; therefore, sea ice is gradually becoming thinner and younger with the 

progression of climate change (Kumar et al. 2010). The presence of snow on sea ice is an 

important regulator of sea ice thickness. The high surface albedo of snow is greater than that of 

ice and subsequently creates a net cooling effect for the ice. However, other impacts of the snow 

include its thermal insulating properties and its ability to easily warm, cool, and melt in 

comparison to ice. Both of these properties have warming effects on the ice, though the albedo’s 

cooling effects overshadow them (Ledley et al. 1991). Therefore, close monitoring of snow 

levels in the Arctic is necessary as sea ice diminishes. 

Past pan-Arctic snow measurement methods are limited and leave room for improvement. 

For example, in-situ snow depth measurements can be taken with Magnaprobes (Sturm and 

Holmgren 2018), though these only provide point measurements and require extensive resources 

to execute in the Arctic. Furthermore, the snow depths can be modeled (Kohler et al. 2006), but 

these estimates cannot be completely validated as there is no extensive observational data for 

comparison. Remote sensing observations lack granularity, providing weekly or monthly snow 

cover measurements for kilometer-scale grid cells. More recently, pan-Arctic snow depths were 

derived using remote sensing (Kacimi and Kwok 2022), but this method has yet to be validated. 

As a result, there have been few recent and consistent measurements of Arctic snow depths. 

The Global Navigation Satellite System-Interferometric Reflectometry (GNSS-IR) 

technique has previously been used to measure snow depth (Gutmann et al. 2011, Larson et al. 

2009, Larson and Nievinski 2013), so I explore its application to Arctic snow in this study. 

GNSS-IR provides daily measurements of the receiver station’s surroundings, meters away. Not 

only does it provide precise and frequent measurements, but GNSS-IR also does not require 

additional infrastructure for its implementation (Larson et al. 2016). Existing GNSS 

instrumentation, i.e. ground-based receiver stations and GNSS satellite constellations, already 

collect the necessary data to perform GNSS-IR. The technique uses signals reflected off a planar 

surface surrounding the receiver that interfere with direct signals at the GNSS receiver, known as 
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multipath (Larson 2022) (Figure 1). The receiver can detect this interference as noise, which is 

represented by the signal-to-noise ratio (SNR). The SNR is related to the reflector height (hR) 

which is the antenna’s phase center height above the reflecting surface. In summary, GNSS-IR 

allows for the receiver’s observed SNR to be used to derive frequent hR measurements and 

observe changes. 
 

 
Figure 1. Visualization of the GNSS-IR process on an Arctic sea ice floe. Incoming direct signals may reflect off 
of the snow, at a given elevation angle, within the Fresnel zones, interfering with itself. This interference is detected 
at the receiver. The surrounding region of this receiver illustrates the possible variations in physical surroundings, 
such as ice ridges and a lead. 

 

This study aims to address how GNSS-IR can be used to measure snow depths on Arctic 

sea ice. Specifically, it evaluates (1) if GNSS-IR can be effectively used in dynamic receiver 

station scenarios, (2) the precision of hR measurements amongst different stations, and how they 

can be improved, and (3) how the GNSS-IR snow observations compare temporally, in addition 

to with in-situ measurements. Observations obtained from The Sea Ice Dynamic Experiment 

(SIDEx) will be used to explore these topics in the Arctic, providing both SNR observables for 

GNSS-IR and in-situ ice mass balance buoy snow depths. 
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METHODS 
 
 

Data description 
 
 

This study used data collected during the Sea Ice Dynamic Experiment (SIDEx), which 

consisted of a small-scale (~5 km) network of 12 autonomous GPS ice-anchored buoys in the 

Beaufort Sea of the Arctic Ocean (Figure 2). The buoys were deployed in March 2021 with the 

mission of improving understanding of sea ice mechanics and dynamics. Equipped with 

geodetic-quality GPS antennas, the SIDEx buoys obtain the SNR observables necessary for hR 

calculations with GNSS-IR. I examined data collected in March 2021, as many of the receivers 

collected little-to-no data after this month due to technical issues of the receivers. 
 

 
 

Figure 2. Location of the SIDEx stations deployed on Arctic sea ice. The stations are located in terms of distance 
from SX12, in meters. SX22 and SX12 (top left) were deployed in proximity to the researchers’ camps and other 
instrumentation. An example SIDEx receiver station can be seen in the bottom right, labeled with SX and the station 
number, nn. 
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λ 

Using the SNR measured by the receiver, the hR can be derived. The relationship between 

SNR and hR can be expressed using a function of elevation angle e (Equation 1). 
4πℎ 

𝑆𝑆𝑆𝑆𝑆𝑆(𝑒𝑒) = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴( 𝑆𝑆  𝐴𝐴𝐴𝐴𝐴𝐴(𝑒𝑒) + ϕ) (1) 
 

A corresponds to the amplitude, dependent on the transmitted GNSS signal’s power. λ is 

the wavelength of the transmitted signal, and 𝜙𝜙 is the phase constant (Dahl-Jensen et al. 2022). 

Given that SNR is observed in GNSS-IR, the equation can be simplified using the general 

sinusoidal function (Appendix A). As a result, the hR term is related to the frequency of the SNR 

(Equation 2). 

𝑓𝑓 
𝑆𝑆𝑆𝑆𝑆𝑆 

2ℎ 
 𝑆𝑆  

λ (2) 

From the two primary GNSS frequencies in the L-band, I used the L1 wavelength, as it 

provides the least noisy SNR observations. Therefore, λ can be substituted with 0.19 m, the L1 

wavelength (Oxley 2017), in the formula above. The amplitude and phase constant is constant, 

so they are disregarded in the relationship between SNR, hR, and elevation angle. To reduce noise 

in the SNR observables used for the hR calculations, my study only employed SNR observations 

from elevation angles between 5° - 16°. Elevation angles larger than these bounds may include 

erroneous signals reflected off of the physical station, while smaller angles include reflections 

that are too distant from the station, so they are not as representative of the station's 

surroundings. Then, I applied the gnssrefl Python package (Larson 2022) to automate the process 

of converting the Receiver INdependent EXchange Format (RINEX) files obtained from the GPS 

receivers to SNR files, and then to the hR values (Roesler and Larson 2018) (Figure 3). 

= 
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Figure 3. Flowchart illustrating the gnssrefl Python package hR calculation method (Larson 2022). Using data 
contained within the RINEX file provided by the GNSS satellite, in addition to satellite orbital locations, the 
elevation and azimuth angles at which the SNR values were collected are determined. Then, the direct signal 
contribution is removed, allowing for proper spectral analysis to ultimately yield the hR estimates. 

 
Additionally, four autonomous ice mass balance buoys (IMBs) were deployed in the 

Beaufort Sea as part of the SIDEx campaign, named SX1 - SX4. Thermistor strings that stretch 

through the snow and ice cover into the upper ocean are equipped on each station, in addition to 

acoustic sensors that track the ice’s top and bottom surface position. Amongst other sea ice 

metrics, this instrumentation provided measurements for the snow accumulation, which I used in 

comparison with GNSS-IR observations. Additionally, IMBs are equipped with temperature 

sensors, providing surface air temperature and water temperature measurements. Overall, IMBs
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are cost-effective alternatives to conducting field campaigns that provide a myriad of sea ice 

observations (Richter-Menge et al. 2006). 

 
Empirical dynamic receiver test 

 
 

Because the stations were deployed on both multi-year and first-year sea ice, the variety 

of Arctic conditions, including wind, temperature changes, and currents, yielded dynamic 

stations (Figure 4). With the station’s movement, its coordinate location shifted throughout the 

day. As a result, the elevation angle at which a signal from a given GNSS satellite was reflected 

and caused multipath changed throughout the experiment. To empirically evaluate this effect, I 

studied the P041 station, located in Colorado. The P041 station was chosen because it has 

previously been used for GNSS-IR snow measurements (Larson and Nievinski 2013), its 

receiver antenna is stationary, and the site is planar and relatively free of obstructions. Therefore, 

it provided a ground-truth insight into whether errors in the station coordinates affected the hR. 

This empirical study used the P041 station’s data for May 11th, 2020, where there was no 

snowpack affecting the hR. The SIDEx stations traveled up to 35 km per day in March 2021 

(Figure 4), so I tested a 100 km station coordinate error using the P041 station as a worst-case 

scenario. 
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Figure 4. SIDEx station paths and velocities throughout the experiment. In the bottom left, all the stations’ 
velocities are represented in red for March 2021. For the station velocity and station paths, SX15 is highlighted in 
orange. The other 11 station paths are represented in white. 

 

Spatial variation 
 
 

To explore any hR variations and trends amongst the small-scale network of SIDEx 

receiver stations, each station’s March 2021 hR time series were visualized. The hR in the time 

series were colored based on the azimuth, relative to the receiver station, at which the incoming 

GNSS signals were received. 0° corresponds to the north of the receiver, and 180° corresponds to 

the south of the receiver. Additionally, their means and standard deviations were determined for 

inter-station comparison. Using these summary statistics, I developed a model to improve the 

precision of the hR estimates. 

Since the physical surroundings of the stations vary by azimuth (ex. Figure 1), I devised a 

method to retrieve the hR without the effect of azimuthal differences. This yielded an azimuthal



Sarah Zhang Monitoring Arctic Snow with GNSS-IR Spring 2023 

9 

 

 

model, specific to each station for a given season, which I used to detrend the March 2021 

SIDEx time series data. To craft this model, each station’s monthly hR values were placed into 

10° azimuth bins. Then, the mean of each bin was subtracted from each corresponding hR in the 

bin, yielding the detrended data. To compare the original and detrended time series data in the 

same range, the monthly hR mean was subtracted from the original hR values for a station, 

preserving the original variation. I compared these results through their standard deviations and 

time series analysis, which gave spatiotemporal insights throughout the experiment. 

 
Temporal comparisons 

 
 

To explore any temporal variations of the snow on the sea ice, a time series of SX15 hR is 

crafted. This station was able to successfully provide hR measurements from March 1, 2021 to 

November 1, 2021; measurements after this period were sparse and erroneous, and therefore 

omitted. The hR is subtracted from the true receiver station height, 1.3 m, yielding an estimate for 

the distance between the horizontal reflecting surface, typically snow, and the sea ice to which 

the receiver station is anchored. This is referred to as the sea ice surface anomaly. In a perfect 

scenario where smooth and uniform snow, with no melt ponds, is the reflecting surface and the 

sea ice underneath is also flat, this estimated distance represents the snow depth. 

As an in-situ comparison to the GNSS-IR-derived hR, IMB snow depths are analyzed, in 

addition to other ice conditions. The SX3 IMB obtained the most data, overlapping with SX15’s 

data collection period; therefore, SX3 and SX15 snow depths are compared by being overlaid in 

a time series. Likewise, the SX3 air and water temperatures were explored with the SX3 snow 

depths to identify any possible relationships between the environmental conditions and the snow 

events. 

 
RESULTS 

 
 
GNSS-IR with dynamic receivers 

 
 

Using errored coordinates in the P041 hR derivation did not affect the Lomb-Scargle 

Periodogram (LSP), and as a result, the hR was also unaffected (Figure 5). A 100 km change in 



Sarah Zhang Monitoring Arctic Snow with GNSS-IR Spring 2023 

10 

 

 

station coordinates did not have a great effect on the hR: any differences were within the 

millimeter level. Although the offset station yielded noisier SNR (Figure 5b), the LSP of both the 

true and offset coordinate scenarios are equivalent, yielding similar hR. 

 

 
Figure 5. SNR and LSP visualizations of true and offset P041 coordinates. (a) True observed SNR and LSP from 
the P041 station, without any alterations. (b) Altered SNR and LSP from the P041 station, after a 100 km offset in 
the station coordinates. Each color represents observations from an individual satellite. The gray corresponds to 
failed reflections, i.e. the hR retrieval was unsuccessful (Larson 2022). The peak location in the Lomb-Scargle 
Periodogram corresponds to the hR estimate from a given satellite. 

 

Reflector height precision and variability 
 
 

Although varied amongst the 12 SIDEx stations, the March 2021 mean hR were collected 

to a centimeter-level precision (Figure 6). All the stations, except for SX12 and SX20, had a 

mean hR between 1.000 m and 1.500 m and a standard deviation within 0.200 m (Table 1). SX11, 
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SX15, and SX17 had the highest precision, with standard deviations of 0.068 m, 0.067 m, and 

0.054 m, respectively (Table 1). In the SX17 time series, there are many outliers, specifically 

from the northern direction of the station. Despite the outliers, the SX17 hR observations have a 

high precision (Figure 7a). 

 

 
Figure 6. Summary of SIDEx March 2021 hR. Each bar represents a station’s monthly mean hR, with error bars 
representing its monthly standard deviation. SX20 was omitted due to its high and variable hR values. 

 
Table 1. SIDEx March 2021 hR summary statistics. 

 
Station Mean (m) Standard Deviation (m) 

SX11 1.268 0.068 

SX12 1.757 0.289 

SX13 1.267 0.071 

SX14 1.058 0.115 

SX15 1.273 0.067 

SX16 1.143 0.148 

SX17 1.335 0.054 

SX18 1.162 0.084 

SX19 1.064 0.143 

SX20 5.011 0.962 

SX21 1.339 0.164 

SX22 1.397 0.258 
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a. 

b.  
 

Figure 7. Example March 2021 hR time series. (a) SX17 time series, with a small standard deviation and 
consistent hR measurements, despite having outliers at high azimuths (red data points). (b) SX13 time series, with a 
shift in the hR on March 10. All stations’ March 2021 hR time series can be found in Appendix B. 

 

On the other hand, there are also stations with more varied means and standard 

deviations. For example, SX20 has a mean hR of 5.011 m and a standard deviation of 0.962 m, 

which are both very high in comparison to the other stations. Also, SX12 and SX22 had 

comparatively higher standard deviations, 0.289 m and 0.258 m, respectively, and SX12 also had 

a mean hR of 1.757 m, slightly higher than the other stations (Table 1). Furthermore, events 

occurring on the sea ice can be observed through the monthly time series. A systematic increase 

in the hR occurred on March 10 at both SX12 and SX13 (Appendix B and Figure 7b, 

respectively). 

Moreover, the effect of varying physical surrounding conditions of each of the stations 

can be corrected by using the azimuthal model, drastically reducing the standard deviation. For 

instance, the variation of SX11 was reduced by 57% to 0.029 m following the application of the 

model (Table 2). Likewise, the original time series of SX19 observations featured a bimodal 

azimuthal distribution, with two distinct groupings of hR values (Figure 8a). However, after 

detrending using the azimuthal model, the effect of these differences in physical surroundings 

(Figure 8b) is reduced. The time series is uniform following the detrending, and the SD was 

reduced from 0.143 m to 0.056 m (Table 2). 
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Table 2. Standard deviations (SD) of the SIDEx hR before and after detrending with the azimuthal model. 
 
 

Station Original SD (m) Detrended SD (m) SD % Change 

SX11 0.068 0.029 -57.323 

SX12 0.289 0.177 -38.571 

SX13 0.071 0.050 -28.842 

SX14 0.115 0.054 -52.773 

SX15 0.067 0.026 -60.559 

SX16 0.148 0.050 -66.197 

SX17 0.054 0.037 -32.166 

SX18 0.084 0.065 -22.866 

SX19 0.143 0.056 -60.882 

SX20 0.962 0.595 -38.124 

SX21 0.164 0.134 -18.682 

SX22 0.258 0.160 -37.900 
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Figure 8. SX19 time series, before (a) and after (c) detrending, with each dataset’s mean subtracted. The 
bimodal data in (a) reflects the azimuthal trends seen in (b), where the standard deviation of each mean is 
represented by the blue error bars. These are no longer present after detrending (c). All stations’ average binned hR 
vs. azimuth figures can be found in Appendix C, and their detrended time series can be found in Appendix D. 

 

Even for irregular cases within the time series, the azimuthal model greatly reduced 

variation. As seen with SX13, the SD was reduced by almost 29% (Table 2), yet the systematic 

increase observed on March 10 is still present (Figure 9). Even for stations with noisier data, 

such as SX20, the hR standard deviation was reduced following the application of the azimuthal 

model. The SX20 standard deviation was reduced by more than 60% (Table 2). 
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Figure 9. SX13 time series after detrending with the azimuthal model. On March 10, all of the hR at the station 
increased, and this is still evident after the application of the azimuthal model. 

 

Spatiotemporal variability and validation 
 
 

Using the SX15 observations, temporal trends can be identified (Figure 10). Specifically, 

an increase in the hR is seen in the late spring, i.e. May to June. Furthermore, there is very high 

variability in the summer months, i.e. June to September. Lastly, there is a shift in azimuth angles 

for which the hR is distributed before and after the summer. In the spring, high hR were recorded 

at approximately 270° azimuth, while these azimuths yielded amongst the lowest values in the 

fall (Figure 10). 

 

 
Figure 10. SX15 March to November 2021 hR time series. Dates, where notable changes occurred in the hR, are 
labeled, with the corresponding seasons labeled between them. 

 

Before applying a vertical shift to the SX3 snow depth, the overall trends found in the 

SX15 hR aligned with that of SX3 (Figure 11a). Including a vertical shift down of 0.26 m, the 

SX3 snow depths and the SX15 sea ice surface anomaly correspond closely in their values and 
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trends. For example, both exhibit a sudden increase in hR in mid-May. Additionally, they begin to 

decrease in mid-June and then begin to increase at the same time in September (Figure 11b). 

 

a.  

b.  

Figure 11. SX15 GNSS-IR sea ice surface anomaly and SX3 IMB snow depth. SX15 observations are 
represented in red, and SX3 observations are represented in blue. (a) SX15 sea ice surface anomaly and original SX3 
snow depths. (b) SX15 sea ice surface anomaly and SX3 snow depths with a 0.26 m vertical shift downwards. 

 

Comparisons between the SX3 snow depths with the air and water temperatures 

demonstrate potential reasons for the snow depth changes (Figure 12). When the snow depth 

begins decreasing in mid-May, the surface air temperature and water temperatures are increased. 

On the contrary, when the snow depth begins to increase in September, the air and water 

temperatures have cooled. Throughout the summer months, the air and water temperatures are 

relatively constant, sustaining the reduction in the snow depth, and possibly sea ice, over the 

summer. The water temperatures in the later months of the year, October to December, were 

overall higher than at the beginning of the year and experiment (Figure 12b). The temperature 

trends correspond closely to that of the SX15 snow depth, providing a background for the 

phenomena observed, which will be discussed in the next section. 
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a. 
 
 
 
 
 
 
 
 
 
 

b. 
 

Figure 12. SX3 March to December 2021 snow depth observations in comparison to environmental 
conditions. (a) Air temperature (red) and snow depth (blue) comparisons from the SX3 IMB. (b) Water temperature 
(green) and snow depth (blue) comparisons from the SX3 IMB. 

 

DISCUSSION 
 
 

Despite only being studied in scenarios where the GNSS receiver stations are stationary, 

this study verifies that GNSS-IR measurements obtained from the dynamic SIDEx receiver 

stations are accurate. Using these observations, which offer precision on the centimeter level, 

differences in the stations’ physical surroundings can be observed and corrected. Furthermore, 

the time series data illustrates the seasonal trends on the sea ice, reflecting snow depth and 

temperature changes observed in the in-situ data. 

 
GNSS-IR with dynamic receivers 

 
 

Errors in the station coordinates, even over vast distances, do not affect the accuracy of 

the hR derivation because of the GNSS satellite arc lengths and observed nature of the SNR. SNR 

data is recorded during the GNSS satellite rising and setting arcs, which span about one hour in 

the SIDEx. As a result, the sea ice movement in this duration is not significant enough to observe 



Sarah Zhang Monitoring Arctic Snow with GNSS-IR Spring 2023 

18 

 

 

notable changes in the station coordinates. Additionally, any daily change in station coordinates 

is negligible in comparison to the distance between the stations and GNSS satellites, which is 

about 20,000 km (NASA Crustal Dynamics Data Information System 2020). 

As the sea ice to which a station is anchored moves, the error in its coordinates 

corresponds to an error in the calculated elevation angle. While the SNR depends on the 

elevation angle (Equation 1), this study uses observed SNR, obtained directly from the receiver, 

to calculate the hR. Therefore, any change in the computed elevation angle due to an error in the 

coordinates will not propagate to the already-observed SNR. The error in elevation angle results 

in a phase change in the LSP of the detrended SNR, but phase information does not affect the 

LSP. The noisiness in the 100 km-offset SNR (Figure 5b) is attributed to this change in the 

computed elevation angle. Nonetheless, the periodicity of the SNR functions, which is used to 

calculate the hR in the LSP, is preserved, as seen in the almost-identical LSP of the original and 

offset observations (Figure 5). 

Although the GNSS-IR technique traditionally calls for a stationary receiver (Nievinski 

and Larson 2014), this study demonstrates that the dynamic ground-based receivers also yield 

accurate hR observations; they are not affected by the coordinate changes due to sea ice 

movement. However, this finding is limited to the scope of a 100 km change in station 

coordinates, as in this study where the sea ice is moving up to 35 km per day. It is highly unlikely 

that a station will move more than this amount in the span of a GNSS satellite arc, so this 

limitation is slight. Also, techniques to account for major receiver movement can be applied; for 

instance, coordinates can be modeled for spaceborne GNSS-IR, where the receivers are satellites 

in orbit (Southwell 2020). 

 
Reflector height precision and variability 

 
 

Reflector heights are obtained using GNSS-IR, offering a centimeter-level precision, 

which can be further improved by accounting for azimuthal variation. The variety of standard 

deviations amongst the different station hR measurements can be attributed to their respective 

surrounding physical environments. Although the stations form a ~5 km network, within this 

area, there are variations in the environment that can be observed in their hR observations (Figure 

13). The smaller SX17 hR outliers (Figure 7) were all collected from the northern direction of the 
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station, which means that the horizontal reflecting surface may be more elevated in this direction. 

A cause of the elevated reflecting surface may be greater snow accumulation or an ice ridge in 

this direction, but further examination with remote sensing observations can confirm this. 

Additionally, the station deployed on an ice ridge (Figure 13a) can be identified as SX20, with hR 

values varying between 4.000 to 6.000 m (Table 1, Appendix B10). The other stations had hR 

values centered below 2.000 m. This identifies SX20 as the outlier amongst the stations, with its 

large and variable hR attributed to reflections from different locations on the ice ridge. Also, the 

noisy SX12 and SX22 hR observations are due to their proximity to the research team’s camps 

and instrumentation (Figure 13b). The structures interfered with the path of the GNSS signals, so 

not all of the hR observations were derived from signals that reflected off the surface of the snow. 
 

 
Figure 13. SIDEx receiver stations deployed at irregular locations. The station on the ice ridge can be identified 
as SX20 as the station’s large and varying hR corresponds to that of the image. SX12 and SX22 were deployed near 
the researchers’ camps and instrumentation, also yielding noisier data. (Source: SIDEx Project) 

 

Ice dynamics events can be observed in the time series. The sudden systematic increase 

in hR on March 10 for SX12 (Appendix B2) and SX13 (Figure 7a) indicates a change in the 

entire reflector system. The increased hR corresponds to a lowered horizontal reflecting surface. 

This can be attributed to snow melt or the formation of a lead, but further information is required 

to determine the true cause of this systematic change. 

For each station, the hR standard deviation was reduced by applying the azimuthal model 

(Table 2), without compromising any trends in the data. As seen with SX13, the standard 

deviation was greatly reduced, yet the systematic increase in hR observed on March 10 is still 

present (Figure 9). This is because the azimuthal model normalizes for variation in the physical 

surroundings, but the systematic increase uniformly affected all of the hR. Even for stations with 

noisier data, i.e. SX20, the azimuthal model also reduced the hR standard deviation. Although the 

model did not fully remove the noise of this station’s hR measurements, the leftover noise in the 

SX20 hR can be attributed to its deployment on an ice ridge (Figure 13a). 
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As further support for the efficacy of the model removing variation due to physical 

azimuthal differences, the bimodal distribution of the original SX19 hR calculations (Figure 8a) 

no longer existed after the detrending (Figure 8b). Seen in the average hR of each azimuthal bin 

(Figure 8b), SX19’s physical surroundings were not uniform, with a notably higher region of hR 

at about 185° - 285° azimuth. If SX19 was located near a lead, the GNSS signals would reflect 

from the water, which would correspond to higher hR values at certain azimuths. Further 

investigation of the station is needed to establish the exact cause, but there is a clear grouping 

within the SX19 hR distributions that are eliminated after accounting for physical surrounding 

differences. 

Overall, the fine precision offered by the GNSS-IR method is better than that of remote 

sensing, which often offers much less precision (Tedesco et al. 2015). This study uses spectral 

analysis to determine the hR from GNSS-IR, but the inverse method would provide better 

precision because spectral analysis is more sensitive to noise and outliers (Purnell et al. 2020). 

Furthermore, other techniques, such as Lidar measurements, may offer greater precision, but they 

are sparse in both time and space (Tedesco et al. 2015). GNSS-IR provides frequent 

measurements throughout the day while remotely-sensed snow depths are often collected once 

per month. Also, the GNSS-IR hR measurements are for a single point, close to the receiver 

station, while remote sensing measurements estimate entire grid cells that typically span at least 

5 km but are up to 25 km (Kacimi and Kwok 2022). This allows GNSS-IR to provide precise, 

point measurements, though it lacks the robustness of remote sensing observations. 

 
Spatiotemporal variability and validation 

 
 

Through the SX15 time series (Figure 10), seasonality is observed, which correlates to 

events also observed in situ. For instance, the increase in SX15 hR observed in the late spring 

suggests snow melt and/or melt pond formation. In the Arctic, snow melt occurring in the late 

spring results in the formation of melt ponds (Perovich et al. 2017). Also in the Beaufort Sea, 

Hwang et al. 2017 observed snow melt, connecting to warming air temperatures, in mid-June, 

which is similar to the phenomena observed at SX15. They observed that the surface melt then 

led to the melt pond formation, and subsequently pond drainage, ultimately leading to breakage 

and the summer ice floes. The SX15 high summer variability suggests that the GNSS signals are 
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no longer reflecting off of the surface of the snow. Instead, they may be reflecting off of melt 

ponds and/or the surface of the ocean, after ice breakage. As the melt continues and accelerates, 

the melt ponds grow, both in area and depth. As a result, the area of snow and sea ice surface 

diminishes, and deeper melt ponds melt through the ice, to the ocean. Once a pond melts through 

to the ocean, the melting rate increases (Perovich et al. 2003). Finally, in the fall, the SX15 hR 

observations are less variable than in the summer, indicating the beginning of freeze-up. 

Perovich et al. 2009 observed melt ponds freezing and lead formation on Arctic sea ice 

beginning in September, in addition to new snow accumulation, which parallels the SX15 

findings. 

Lastly, the change in the SX15 hR azimuth angle suggests physical rotation by the station 

during the summer months. While the highest hR values were observed from about 225° azimuth 

in the spring, this azimuth angle yielded the lowest hR measurements in the fall, with the highest 

being observed from about 325°. The shift in azimuths and their corresponding hR measurements 

match with a station rotation of about 100°. 

When compared with the SX15 hR time series, the SX3 snow depth trends correspond to 

the hR trends (Figure 11). The vertical shift to match the SX3 snow depths to the SX15 sea ice 

surface anomalies may be attributed to calibration differences of the instrumentation on the sea 

ice. The stations’ simultaneous changes, i.e. increase in snow depth and decrease in hR, and vice 

versa, demonstrate that the changes in hR can be attributed to snow melt and accumulation. When 

the snow melts, the distance between the horizontal reflecting surface, which is the air-snow 

interface (or air-water, air-ice interface if all of the snow is melted), increases. In the summer, the 

snow depth is at a minimum, and the variation in the hR is high, which provides further evidence 

that the GNSS reflections occurred off of melt ponds on the surface of the sea ice. Lastly, the hR 

variation is reduced and constant when the snow begins to accumulate in September 2021. 

Likewise, the water and air temperature measured by SX3 also support the changes 

observed in the snow depths, and ultimately SX15 hR. When the snow depth begins to decrease 

in June, both the water and air temperatures increase with similar timings (Figure 12). This 

correspondence between the snow depth, water temperature, and air temperature is seen again in 

September 2021, when the temperatures fall and snow reaccumulates (Figure 12). 

This study is limited by the lack of in-situ measurements and images at each GNSS-IR 

receiver station. With this information, the events and changes that occurred throughout the time 
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series could be precisely validated. The IMB observations provide an approximate comparison 

for confirming events that occurred at SX15, but SX3 is over 10 km away from SX15. 

Additionally, this study does not include winter observations, i.e. December to February, and the 

summer observations feature very high variability. Therefore, the strength of the observations is 

limited to the seasons in which GNSS signal reflections are stable, i.e. spring and fall, so further 

studies are required in the region for a comprehensive review of the snow seasonality. 

 
Future directions 

 
 

Using the existing GNSS-IR hR observations, further analysis can be done. First, all hR 

measurements should be converted to snow depths, by subtracting the receiver station height and 

also accounting for whether the signal penetrates the snow surface and the depth at which the 

station is anchored. Because each successful GNSS reflection yields an individual hR estimate, 

which is collected at different azimuths around the station, a map of the receiver station’s 

surrounding topography can be made. This would provide a much greater spatial resolution of 

snow and sea ice conditions than that of remote sensing observations. However, the SIDEx 

network only spans ~5 km, and the receiver stations are not uniformly distributed in this space. 

Future studies should explore the possibility of creating a practical map of the sea ice surface 

using individual GNSS reflections by crafting a larger network with more receiver stations. 

To fully validate the GNSS-IR hR measurements, in-situ measurements are required at 

each of the SIDEx stations. Although the IMB data provides snow depth measurements, they are 

taken over 10 km away from the SIDEx receivers that are used for GNSS-IR, so the accuracy of 

GNSS-IR snow depth measurements cannot be truly confirmed. Remote sensing observations, 

including measurements of snow depth and images of the region, should also be incorporated to 

confirm these possible events, changes in the snow, and potential melt ponding. However, the 

remote sensing observations may lack the resolution to demonstrate the changes in the snow 

and/or ice for SX15. Lastly, additional GNSS-IR observations should be obtained to gain more 

information about winter and summer hR. 
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CONCLUSION 
 
 

Since its conception 30 years ago (Martin-Neira 1993), GNSS-IR has developed to 

provide a myriad of environmental measurements using existing GNSS infrastructure. Although 

the technique has been previously applied to stationary receiver antennas, calculating hR for a 

dynamic station has proved to be effective as well, as explored with the SIDEx. The GNSS-IR 

technique yielded hR estimations with centimeter-level precision, which were then improved with 

a model detrending using azimuth. Furthermore, spatiotemporal differences and snow events 

were observed using the technique, corresponding to in-situ measurements recorded during the 

experiment. This study has demonstrated the capabilities of applying GNSS-IR for monitoring 

snow, beyond traditional scenarios. It opens the door to precise and frequent measurements in 

extremely remote locations, at an affordable cost. As the consequences of climate change 

continue to worsen, it is important to closely monitor snow events, especially in the Arctic with 

the effects of Arctic amplification, so GNSS-IR is a promising outlet for future data collection 

and research. 
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APPENDIX A: General Sinusoidal Function 
 
 

𝑦𝑦 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝐵𝐵(𝑥𝑥 + 𝐶𝐶)) + 𝐷𝐷 

- A = amplitude 

- B = 2π * frequency 

- C = phase shift 

- D = vertical shift 
 

APPENDIX B: All SIDEx March 2021 hR Time Series 
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Figure B1-B12. All SIDEx hR time series. hR measurements from March 2021, except for SX15, which consists of 
March to November 2021. 
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APPENDIX C: All SIDEx March 2021 Average Binned hR vs Azimuth 
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Figure C1-C12. All SIDEx mean hR by azimuth bins. The mean hR value is calculated by binning the hR 
measurements according to the azimuth at which they were obtained and taking the bin’s mean. The standard 
deviation of each bin is represented by the blue error bars. 
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APPENDIX D: All SIDEx March 2021 Detrended hR Time Series 
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Figure D1-D12. All SIDEx detrended hR time series. Time series of the detrended hR measurements from March 
2021. 
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