
1.  Introduction
Active radar sounders provide critical measurements of ice sheets (Dowdeswell & Evans, 2004), such as 
basal melt rates (Khazendar et al., 2016), reflectivity time series (Chu et al., 2016), vertical velocities (King-
slake et al., 2014), ice thickness (Gogineni et al., 2014), englacial water storage (Kendrick et al., 2018), and 
subglacial conditions (D. A. Young et al., 2016). While active radio sounding is widely used for both airborne 
and ground-based surveys (Bell et al., 2011; Jenkins et al., 2006), these measurements are expensive and 
resource intensive when performed for multiple years, with fine temporal resolution, and on spatial scales 
greater than several kilometers. However, if radar sounders could perform these measurements without 
transmitting an electromagnetic pulse for echo detection, this would greatly reduce the power consump-
tion, size, design complexity, and cost of the system. Although active systems could also be miniaturized, 
their low-power transmitted signal would experience geometric power fall-off, whereas a passive sounding 
technique exploiting a distant source would experience almost no geometric spreading loss and enable 
lower-resource systems in challenging environments (Schroeder et al., 2016). We have therefore developed 
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understanding of glacial subsurface processes. Existing radars that can characterize subsurface conditions 
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Plain Language Summary  Traditional ice-penetrating radars transmit a powerful 
electromagnetic pulse and record the echo's delay time and power to measure ice sheet thickness and 
subsurface conditions. While active radar sounding is the principle remote sensing technique used to 
observe the subsurface of Greenland and Antarctica, existing radar systems are resource-intensive in 
terms of cost, power, and logistics when simultaneously monitoring ice sheets at both their evolving 
temporal (daily to multiannual) and spatial (tributary to continental) scales. However, these observations 
are critical as ice sheet contribution to sea-level rise presents one of the greatest challenges our society 
faces in the next century. We address this challenge by developing a novel, low-resource, passive radar 
sounding technique that uses ambient radio signals from the Sun to observe the subsurface of ice sheets 
at these spatiotemporal scales, instead of transmitting its own powerful radio signal for echo detection. 
We first demonstrate passive radio sounding using the Sun to accurately measure ice thickness on Store 
Glacier, Greenland. We then evaluate the passive radar's performance and ability to provide valuable 
glaciological observations, such as melt rates, bed reflectivity changes, and englacial water storage that 
have traditionally been obtained using active radar systems but never passively.
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a passive radar that monitors ice sheets by using ambient radio emissions for echo detection (S. T. Peters 
et al., 2018a, 2018b; Romero-Wolf et al., 2015, 2016; Schroeder et al., 2016).

A potential analog to our developed technique is passive seismic ambient noise correlation, which revolu-
tionized seismological research by using ambient sound waves as a virtual source for measuring properties 
of the solid Earth (Bensen et  al.,  2007; Köhler et  al.,  2015; Ridder et  al.,  2014). Similar to how passive 
seismic sensors complement active seismic surveys by using natural and anthropogenic sources instead of 
exploding dynamite (Bensen et al., 2007; Köhler et al., 2015; Ridder et al., 2014), a receive-only passive ra-
dar sounder would use ambient radio waves instead of transmitting a signal for remote sensing (S. T. Peters 
et al., 2018a, 2018b; Romero-Wolf et al., 2015, 2016; Schroeder et al., 2016). As a low-resource approach, 
sensor networks of passive sounders could then exploit ambient radio noise to enable cost-effective, mul-
ti-year observations of glaciers, ice shelves, and ice sheets with daily resolution at a scale larger than what 
is currently feasible with active radar systems, but has been accomplished with arrays of passive seismic 
sensors (Köhler et al., 2015). While other passive radar remote sensing techniques exist (Griffiths & Bak-
er, 2017; Larson et al., 2009), they rely on anthropogenic sources (e.g., GPS and FM radio) that have signal 
characteristics unsuitable for deep sounding of ice with sufficient resolution. The wide range of potential 
center frequencies and broad bandwidths provided by radio astronomical sources, such as the Sun (S. T. 
Peters et al., 2018b) are well suited for radio-echo sounding and yield a device that can monitor frequen-
cy-dependent effects of ice sheets with finer range resolution.

Despite these advantages, passive sounding of glaciers using the Sun's ambient radio noise has never been 
implemented. The passive technique faces three main challenges—all of which we have overcome (S. T. 
Peters et al., 2018a, 2018b). First, the power level of the Sun in the 200–400 MHz radio frequency band is an 
order of magnitude below that of the galactic background noise (Figure S13), requiring low noise amplifiers 
and a sufficient number of samples for the correlation; this is obtained by either increasing the acquisition 
time (on the order of seconds) or signal bandwidth (on the order of tens of megahertz). Furthermore, an-
thropogenic radio sources, such as FM stations, TV stations, and electronic equipment, can exceed the Sun's 
power level; we have addressed this issue by using front-end notch filtering to prevent receiver saturation, 
and digital signal processing to remove radio frequency interference (RFI) from the acquired signal. Finally, 
our autocorrelation-based method can be computationally demanding when processing large data volumes; 
however, on-board correlators could be used to significantly reduce the final stored data volume. We have 
previously demonstrated the approach's ability to overcoming these challenges posed by the passive system 
in the Passive Sea Cliff experiment, where our passive prototype used the Sun's radio waves to measure the 
height of a cliff (S. T. Peters et al., 2018a, 2018b).

Here, we demonstrate passive radio sounding using the Sun as a radio source to measure ice sheet thickness 
for the first time. In addition to presenting our result from Store Glacier, West Greenland, we evaluate the 
potential for a passive radar to perform critical observations of subsurface ice sheet processes, such as esti-
mating basal melt rates, glacial bed conditions based on reflectivity changes, and vertical strain rates—all 
of which have traditionally been performed using active radar systems (Bell et al., 2011; Chu et al., 2016; 
Dowdeswell & Evans, 2004; Gogineni et al., 2014; Jenkins et al., 2006; Kendrick et al., 2018; Khazendar 
et al., 2016; Kingslake et al., 2014; D. A. Young et al., 2016). We present passive radio sounding as a novel, 
low-resource, geophysical technique that has the potential to perform ice-penetrating radar measurements 
over a much wider range of spatial and temporal scales than active sounding.

2.  Materials and Methods
The passive radio sounding technique is the electromagnetic equivalent to passive seismic ambient noise 
correlation, where ambient sound waves are cross-correlated between seismic stations to invert for terres-
trial properties of interest (Bensen et al., 2007; Köhler et al., 2015; Ridder et al., 2014). Similarly, a passive 
radar receives the Sun's direct and reflected signal, contained in x(t), and an estimate of the signal's autocor-
relation can be computed as,
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where X(f, T) is the T second length Fast Fourier Transform (FFT) of x(t), A denotes amplitude thresholding 
of the power spectral density (PSD), and 1  is the inverse FFT. After computing the autocorrelation func-
tion, C(τ), we extract the amplitude and relative delay time of the peaks corresponding to the Sun's direct 
and reflected paths to measure the glacier's ice thickness (Figure 1).

Converting the echo delay time to a useful ice thickness measurement requires knowledge of the acqui-
sition geometry of the passive sounder, most notably the Sun's elevation angle, α, and azimuth position. 
Fortunately, this data is easily accessible as the Sun's position is a function of latitude, longitude, date, and 
time. We assume that the Sun can be treated as an astronomical white noise signal in the radio frequency 
regime (S. T. Peters et al., 2018b) and that, since the Sun is a distant source, its radio waves arrive as plane 
waves with constant phase along each wavefront that impinges on the ice sheet (Hecht, 2001).

Exploiting the Sun's spatial coherence and elevation angle allows us to map the echo delay time (Figure 1). 
As the direct wave travels through the air and the reflected wave travels through the ice sheet, we first divide 
the path lengths of the Sun's direct ray, rd, and reflected ray, rice, by their respective propagation velocities. 
We then obtain the subsurface angle of incidence, θ2, from Snell's law, where n1 = 1 is the refractive index 
of air, and n2 = 1.78 is the refractive index of the ice. From the ice sheet geometry and the Sun's elevation 
angle, the horizontal distance along the surface between the parallel rays of interests is xs = 2h tan(θ2). This 

gives the direct path as rd = 2h tan(θ2) cos(α) and the path that propagates through the ice as 



2

2
cos( )ice

hr . 

The delay time, Δt, between the direct and reflected path is thus:
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which maps to an ice sheet thickness measurement:
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Figure 1.  Passive radio sounding concept. (Left) A software-defined radio receiver (RX) sits on the ice sheet's surface and records the Sun's direct path, 
rd, and its reflected path, rice, that is delayed and attenuated as it propagates through the ice. (Right) Treating the received Sun signal as white noise, the 
autocorrelation-based technique extracts two distinct echo peaks, which correspond to the relative amplitude and delay time between the direct Sun signal 
and the reflected, attenuated Sun echo (red). The delay time, Δt, between these two peaks in the autocorrelation is then converted to an ice thickness, h, 
measurement.
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In the limit where n2 = n1 = 1 and θ2 = θ1, Equation 3 reduces to the same 
formula as that of the echo delay time in the Passive Sea Cliff experiment, 
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, where the Sun's direct ray and reflect-

ed ray off the ocean were measured from the side of a cliff with the same 
autocorrelation-based technique (S. T. Peters et al., 2018a, 2018b).

2.1.  Hardware Configuration

To record the Sun's direct and reflected paths and digitize this signal, 
we use an Ettus E312 USRP Software-defined radio (SDR). We operate 
the SDR in receiving mode at a center frequency of 330  MHz with a 
15.36 MHz bandwidth. The external frontend of the receiver chain con-
sists of a broadband VHF/UHF skeleton slot antenna and two low noise 
amplifiers that provide 20 dB of gain each with a 0.5 dB noise figure over 
a 20 MHz bandwidth. We set the internal gain of the SDR to 62 dB, which 
gives the SDR its lowest noise figure while minimizing the amount of 

signal distortion and nonlinearities in the device. We then record each measurement for 8 s, which is the 
maximum receiving time for our SDR with a 15.36 MHz bandwidth. An extended description of the experi-
ment and selected system parameters is included in the Supporting Information, Text S2.

2.2.  Signal Processing Flow

After digitizing the Sun's signal, we then compute its autocorrelation as in Equation 1. We first estimate 
the PSD of the received data by taking the FFT of the digitized signal and multiplying it by its complex 
conjugate. We remove any anthropogenic RFI from the signal by amplitude thresholding in the frequency 
domain, which is a standard method from radio astronomy (Fridman & Baan, 2001), where any signal above 
the 95th percentile of the PSD is thresholded to the PSD's expected value (S. T. Peters et al., 2018b). We then 
take the Inverse FFT of the thresholded PSD to obtain the autocorrelation result via the Wiener-Khinchin 
theorem.

3.  Results
We performed our passive radio sounding experiment on Store Glacier, West Greenland (Figure S7). The 
results of coherently averaging three consecutive passive measurements (Figure S14) after filtering radio 
frequency interference (Figure S15) show a clear peak in the autocorrelation function at an echo delay time 
of 10.81 microseconds (Figure 2), which maps to an ice thickness of approximately 1,008 m. We compare 
the passive radar derived thickness to existing active, ground-based phase-sensitive ApRES radar measure-
ments obtained near our test site and to NASA's Operation IceBridge's Bed Machine v3 ice thickness model 
(Morlighem et al., 2017) (Figure 3). Our passive measurements agree well with both Bed Machine v3 and 
ApRES thickness measurements that indicate an ice thickness between 944 and 1,017 m.

To further validate our measurement, we verified that there was no clipping in the received signal's time 
domain (Figure S1) and that its spectrograms were free of transient RFI (Figure S3). We also estimated the 
reflection, transmission, attenuation, and scattering losses (M. E. Peters, 2005) (Figure S11) to compare with 
the anticipated received echo power. After normalizing the autocorrelation, the magnitude of the echo peak 
is 36 dB below the autocorrelation's zero-delay main lobe, which is comparable to the expected total loss of 
35–40 dB at that time (Figure S11). Treating the empirical signal-to-noise ratio (SNR) of the measurement 
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Figure 2.  Passive radio sounding measurement taken at Store Glacier, 
Greenland after filtering radio frequency interference and coherently 
averaging three consecutive 8-s acquisitions. The distinct echo peak in the 
autocorrelation function is within the expected delay time for an ice sheet 
of approximately 1,008 m in thickness. The red vertical lines correspond to 
the range of expected delay times at the reflection point depth due to any 
uncertainties in the Sun's elevation, azimuth, and ice sheet geometry as 
described in Equation 3.
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as the ratio of the echo peak power to the root-mean-square of the autocorrelation function's noise trail, this 
echo peak's SNR is 6.4 dB.

The delay time and echo strength obtained with the passive sounder demonstrates its ability to detect a 
signal that contains the same geometric and radiometric information that one could record using an active 
sounder at this location. While not demonstrated in this study, our results suggest that dedicated passive 
radio sounding deployments using the Sun could provide long-term and continuous measurements of ice 
sheet and ice shelf processes. These include variations in ice thickness, basal melting and refreezing, chang-
es in ice density associated with marine-ice formation, as well as englacial water storage. To project the 
performance of future passive radar sounding deployments, we provide modeled SNR maps of Greenland 
and Antarctica (Figure  4). The SNR maps are generated using an ice sheet attenuation and reflectivity 
model that considers the Sun angle geometry and assumes a thawed bed with a specular subsurface re-
flection (Supporting Information, Text S4). For each pixel location in the map, the SNR is calculated using 
the maximum possible integration time for a passive radar receiving at a 330 MHz center frequency with a 
15.36 MHz bandwidth. An extended description of the models, parameters, and Sun angle geometry used to 
generate the SNR maps, as well as more pessimistic cases (e.g., frozen bed, rougher subsurface conditions), 
is included in the Supporting Information, Text S4 (Figures S16 and S17).

The maximum SNR for passive radar sounding of Greenland and Antarctica is shown for two times of the 
year—the summer solstice and the spring equinox. The winter solstice SNR map is shown only for Green-
land (top, far right), as the majority of Antarctica does not receive sunlight in the winter. Regions with SNR 
greater than 6 dB represent areas where the passive sounder provides measurements with approximately 
90% probability of detection (S. T. Peters et al., 2019). These regions include the major ice shelves of West 
and East Antarctica, as well as coastal Greenland and the northern and southeastern interior sectors of 
Greenland. Antarctic ice shelves generally have noticeably high SNR exceeding 60 dB due to their specular 
subsurface water reflection. In these floating regions, satellite radar (Griggs & Bamber,  2011; Mcmillan 
et al., 2014; Paolo et al., 2015; Shepherd et al., 2018) and laser altimetry (Brunt et al., 2010; Fricker & Pad-
man, 2006; Pritchard et al., 2012) reveal rapid thinning and ice volume losses due to oceanic warming (Cook 
et al., 2016; Jenkins et al., 2018; Pritchard et al., 2012; Rignot et al., 2019) and changes in atmospheric con-
ditions (Broeke, 2005; Holland et al., 2019; Scambos et al., 2003; Vaughan et al., 2003). Complementary to 
these remote sensing observations (Adusumilli et al., 2018; Paolo et al., 2015; Pritchard et al., 2012) passive 
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Figure 3.  Ground truth validation of passive technique on Store Glacier, Greenland. (Left) Ice thickness measurements ranging from 944 to 1,017 m (red dotted 
vertical lines) using a ground-based phase-sensitive radar within ±400 m of the Sun's projected reflection point. To increase the signal-to-noise ratio (SNR) 
of the phase-sensitive radar measurement, we summed 100 chirps (bottom subplot); as such, the falling edge in the active phase-sensitive radar results looks 
different from the passive measurement due to the white noise's distinct echo peak characteristics and the passive radar's low SNR. We also use the BedMachine 
v3 model (Right), which agrees with our measured ice thickness, by computing the distance of the Sun's reflection point from its elevation and azimuth angles 
at the time of acquisition (14:50 local Greenland time). We marked the locations of the software-defined radio position (red star) and Sun's basal reflection 
point (purple star) at the time of measurement in EPSG:3413 WGS 84 coordinates. The light blue star on the inset map corresponds to Store Glacier (70.56°N, 
50.05°W).
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radar sounding can potentially provide measurements at high temporal and spatial resolutions on varia-
tions in ice-shelf thickness and ice/ocean-related processes, such as basal melting and refreezing of marine 
ice beneath the ice shelves.

In Greenland, the coastal regions with less than 1 km of ice have a relatively high SNR above 60 dB, mak-
ing them excellent targets for passive radar to provide long-term observations of ice thickness and changes 
in basal conditions. Similarly, high SNR exceeding 50 dB is also present in the interior of Northwestern 
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Figure 4.  Modeled passive signal-to-noise ratio (SNR) maps of Greenland and Antarctica shown for two times of year—the summer solstice (left) and spring 
equinox (right). The winter solstice SNR map is shown only for Greenland (top, far right) due to Sun availability. The expected SNR is based on an ice sheet 
attenuation model, reflection and scattering losses for thawed bedrock, and the maximum integration time with our system's bandwidth. Ice shelves, with a 
specular reflection from water at the base, are high SNR regions that are ideal targets for passive sounding. Regions with high attenuation and thick ice are 
challenging targets for a passive radio sounder, as the SNR in these regions is less than 6 dB, even for the maximum integration time. In general, a passive radio 
sounder can reliably perform ice thickness measurements and phase-sensitive measurements in regions with SNR greater than 6 and 10 dB, respectively (S. T. 
Peters et al., 2019).
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Greenland where englacial ice lenses and slabs are formed (Macferrin et al., 2019) and in the Southeastern 
sector where dynamic englacial firn aquifers exist (Forster et al., 2013; Koenig et al., 2014; Miège et al., 2016; 
Miller et al., 2018; Poinar et al., 2017). By setting up permanent, long-term deployment stations, similar to 
what has been done with the Polar Earth Observing Network, passive radar sounding would provide valu-
able continuous information about how these englacial hydrologic features evolve on daily to interannual 
timescales.

Since the time-bandwidth product and the ability to coherently average over multiple measurements effec-
tively determines the SNR of the received integrated signal, it is desirable to listen as long as possible, with 
the widest bandwidth possible, and record as many files as possible while the Sun's reflection stays within 
a Fresnel zone. Assuming the same antenna footprint, the spatial coverage of a single passive receiver is 
comparable to a stationary ApRES; however, the passive radar could use the circling Sun to map an annulus 
of bed topography with a daily temporal resolution. The size of this ring is dependent on the ice thickness at 
that location; for an ice thickness of 1,000 m, this annulus ranges from 400 to 600 m in radius (Figure S9). 
Future deployments could use a phased array to steer the receiving antenna beam pattern and repeat these 
measurements every 24 h as the Sun returns to that reflection point. These results also highlight how the 
technique could provide time-series measurements of basal reflectivity to infer temporal changes in ice 
sheet basal conditions. Provided the deployed system obtains an SNR of at least 15 dB, it would be able to 
closely monitor the changes in reflective power between a thawed and frozen bed (M. E. Peters, 2005). Fi-
nally, the high SNR regions (greater than 50 dB) of Figure 4 highlight areas where passive sounding could 
monitor englacial water storage, where the amount of water storage is proportional to the required SNR.

Future deployments could also monitor melt rates by observing the change in thickness over time with a res-
olution that is inversely proportional to the bandwidth. With an inherent range resolution of 

(2 Δ )
cr

n f
,  

the projected ground-range resolution (Griffiths & Baker, 2017) is 



  2(2 Δ sin( ))

cr
n f

 where c is the speed 

of light, n is the refractive index of the ice, Δf is the bandwidth of the system, and θ2 is the subsurface 
incidence angle. In the case of our experiment, our system has a 15.36 MHz bandwidth that gives a range 
resolution of 10–20 m depending on the geometry. For our measurement at 14:50 local Greenland time 
(Figure 2), this gave a ground-range resolution of roughly 12 m. The wide bandwidths provided by radio as-
tronomical sources, such as the Sun, thus provide a fine vertical resolution that is well suited for radio-echo 
sounding.

We have previously shown that the phase of the autocorrelation's echo peak changes as a function of 
range in our measurement (S. T. Peters et al., 2019). Even if the echo peak stays at the same sample de-
lay time in the autocorrelation function, the Sun's movement creates a phase change that is a function of 

range, 



 
2 rkr . This produces a finer range resolution, 





4fineR , than the inherent range resolu-

tion, 
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, with an accuracy that is a function of SNR (Brennan et al., 2014); the RMS phase noise is 
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 and the RMS range measurement error is 
  
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SNR
. By tracking 

the phase of the passive radar's autocorrelated signal, this would enable submeter precision of glaciolog-
ical measurements, such as melt rates, vertical velocities, and vertical strain rates, in the same manner as 
currently done with the active ApRES radar (Brennan et al., 2014). In addition to providing a finer range 
precision, tracking the phase of the autocorrelation's echo peak would enable finer azimuth resolution and 
passive synthetic aperture radar focusing (S. T. Peters et al., 2021).

4.  Discussion
This proof-of-concept demonstration using an SDR is the first detection of the Sun's echoes through an ice 
sheet or glacier. The successful measurement of this echo at Store Glacier charts a course for the develop-
ment of low-resource radar sounding implementations—in terms of data volume, power consumption, 
instrument size, and cost—that are suitable for catchment to continental-wide monitoring of the ice sheet 
subsurface at annual to multi-annual timescales. For example, using our current bandwidth of 15.36 MHz 
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with the maximum integration time of 14 min would require almost 52 gigabytes of memory to store the 
raw data; however, field-programmable gate array implementations of our autocorrelation-based technique 
could perform on-board processing and then store the final result to reduce the data volume by more than 
six orders of magnitude per measurement. Additionally, the development of application-specific integrated 
circuit chips could perform passive sounding on the order of milliwatts of power (Moser et al., 2019; Wilson 
et al., 1991) (compared to up to 6 Watts of power drawn by the SDR) to reduce the power consumption by 
over an order of magnitude. Passive sounding also offers the flexibility to utilize electrically short anten-
nas (Ellingson, 2005; Romero-Wolf et al., 2016) with wide azimuthal beam patterns to reduce the overall 
system's size relative to active radars; this has led to interest from the planetary science community (Rome-
ro-Wolf et al., 2015, 2016; Schroeder et al., 2016), where data, power, and size constraints are even more 
extreme. Finally, the per unit production for a receive-only radio chip would be less than an active radar 
system that must transmit and receive. Once miniaturized, a passive sounder could record a measurement, 
perform on-board processing, and send the result over an Iridium link at modest data rates to provide 
real-time monitoring. With these future developments, dedicated deployments of passive radar sounding 
could offer an autonomous, cost-effective, and, therefore, feasible approach to potentially provide continen-
tal-wide constraints of evolving ice sheet subsurface conditions on a multi-annual timescale.

This demonstration thus also serves as the first step toward developing advanced passive imaging instru-
ments, such as an array of passive radio sounders, that could perform beam steering and direction finding 
to track the Sun's subsurface reflection and use long offsets to provide tomographic measurements of the 
entire 3D volume of the ice and bed (T. J. Young et al., 2018). Passive sounding using ambient radio sig-
nals could explore the spatial continuum of phased array versus interferometric measurements, as well as 
exploit the full radio spectrum—from very low frequency radio waves (as those used for magnetotellerics) 
to ultra-high frequency Sun and anthropogenic signals. Furthermore, an ultrawideband passive radar that 
uses spectral stitching (S. T. Peters et al., 2018a, 2018b) could combine both natural (the Sun and Jovian 
noise) and narrowband anthropogenic sources to achieve extended periods of observations, greater SNR, 
finer range resolution, and frequency-dependent measurements. By using a variety of sources emanating 
from different locations and angles, a passive radio sounder could construct a 3D volume of the subsurface 
and achieve fine temporal monitoring of subsurface glaciological processes.

5.  Conclusion
We have demonstrated passive radio sounding using the Sun as a radio source to measure ice sheet thickness 
for the first time. Our passive radio sounding demonstration opens up the possibility for a wide range of 
scientifically valuable observations to be passively measured, such as monitoring basal melt rates, englacial 
water storage, reflectivity time series, and vertical strain rates. As a complement to conventional active radar 
sounders, a miniaturized, production-ready version of this technique could perform such measurements with 
reduced power consumption, design complexity, cost, and size. Again, all that is required to produce this result 
is a receiver that rests on the surface of the ice, passively records the Sun's ambient radio noise, and correlates 
this signal to estimate the ice thickness. Similar to how passive seismology has enabled cost-effective, large-
scale seismic monitoring, future sensor networks of low-resource passive radio sounders could enable us to 
continuously monitor the Arctic and Antarctic regions, providing an unprecedentedly detailed spatiotemporal 
window into the subsurface processes that govern their evolution, stability, and sea-level rise contributions.

Data Availability Statement
The data set and code for this research are available in S. T. Peters et al. (2021), https://doi.org/10.17632/ 
b69bb5csnp.1.
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