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Abstract

Several autonomous phase-sensitive radio-echo sounders (ApRES) were deployed at Greenland
glaciers to investigate ice deformation. Different attenuation settings were tested and it was
observed that, in the presence of clipping of the deramped ApRES signal, each setting produced
a different result. Specifically, higher levels of clipping associated with lower attenuation produced
an apparent linear increase of diurnal vertical cumulative displacement with depth, and obscured
the visibility of the basal reflector in the return amplitude. An example with a synthetic deramped
signal confirmed that these types of artifacts result from the introduction of harmonics from
square-wave-like features introduced by clipping. Apparent linear increase of vertical displace-
ment with depth occurs when the vertical position of a near-surface internal reflector changes
in time. Artifacts in the return amplitude may obscure returns from internal reflectors and the
basal reflector, making it difficult to detect thickness evolution of the ice and to correctly estimate
vertical velocities. Variations in surface melt during ApRES deployments can substantially modu-
late the received signal strength on short timescales, and we therefore recommend using higher
attenuator settings for deployments in such locations.

Introduction

Autonomous phase-sensitive radio-echo sounder (ApRES) is a frequency-modulated continu-
ous wave (FMCW) radar originally developed to measure the rate of melting at the base of
Antarctic ice shelves (Brennan and others, 2014; Nicholls and others, 2015). Its primary
advantage over pRES, an earlier version of the system (Corr and others, 2002), is that it can
operate autonomously for a year or more in an Antarctic setting, while sampling at relatively
high temporal frequency (hourly, for example). ApRES is deployed at the ice surface and it
provides a Lagrangian measurement of the ice column beneath; typical analysis involves iden-
tification of temporal evolution of near-surface processes (e.g. firn compaction), internal pro-
cesses (e.g. vertical strain rate), and processes at the ice base (e.g. melt rate) by inspecting the
changes in vertical position of internal and basal reflectors.

ApRES and pRES have been successfully employed in a number of applications including
measuring ice velocities and strain rates of slow moving grounded ice (Gillet-Chaulet and others,
2011; Kingslake and others, 2014, 2016), measuring the orientation of dipping internal reflectors
using an ApRES array in multiple-input multiple-output imaging mode (Young and others, 2018),
inference of ice fabric characteristics from polarimetric measurements (Brisbourne and others,
2019; Jordan and others, 2020) and detection of ice shelf dynamics and basal melting at tidal time-
scales (Jenkins and others, 2006; Varikova and others, 2020). The instrument is now being used to
obtain time series in increasingly more diverse environments such as Greenland’s glaciers both
floating (Washam and others, 2019) and grounded; the latter studies have targeted processes
such as changing englacial meltwater content (Kendrick and others, 2018; Vankova and others,
2018) and seasonal evolution of vertical strain rates (Young and others, 2019).

This observational technique offers exciting new opportunities, but at times the interpret-
ation of the data presents significant challenges, in particular when the data come from
deployments in glaciologically complicated environments. Some complications can also be
caused by poor data quality from sites with potentially high surface glacial melt where signal
strength may vary significantly on daily timescales. In this paper, we investigate the impact of
different instrument settings when ApRES data have been partly corrupted as a result of
receiver saturation due to excessive signal strength.

ApRES background

Here we briefly summarize the practical ApRES operation and pre-processing steps that are
relevant to the following discussion. Details can be found in Brennan and others (2014)
and Nicholls and others (2015).

ApRES is deployed on a glacier surface. The instrument transmits a sequence of chirps, each
consisting of a tone whose frequency smoothly ramps from 200 to 400 MHz over a period of 1 s;
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the transmit power is nominally 100 mW. The received signal then
passes through an amplifier, an adjustable attenuator, another
amplifier and finally it is frequency-deramped by mixing with a
copy of the transmitted signal. An active filter (AF) then preferen-
tially enhances the higher frequencies with three selectable gain set-
tings, called the AF gain. The signal is then digitized and stored.
The analog-to-digital converter has a voltage range of 0-2.5V.
This means that if the deramped chirp exceeds these limits, a
clipped (and therefore corrupted) version of the deramped signal
is written to the data file. The adjustable attenuator and the AF
gain settings are used to set the receiver sensitivity. The attenuation
level can be set between 0 and 31.5dB, with the higher values
needed in the presence of strong near-surface reflectors. The
options for the AF gain are —14, —4, and +6 dB. These settings
are generally chosen after the ApRES has been installed on the gla-
cier surface and a test chirp has been recorded. If this is not pos-
sible, up to four combinations of settings can be used, in which
case, up to four sequences of chirps are sequentially transmitted
and recorded for each observation. Subsequent post-processing
steps are centered on spectral analysis, because each frequency
(fa) contained in a deramped chirp of an FMCW radar sounder
is related to a unique reflector range (R) via (Skolnik, 2008;
Brennan and others, 2014):

R— Cde
NG

where B is the transmitted chirp’s bandwidth, ¢ is the speed of light
in vacuum, €, is the relative dielectric constant of ice, and T is the
pulse duration. If a sequence of chirps is collected, a typical product
of the post-processing is a time series of return amplitude at differ-
ent ranges, and a time series of vertical displacements of different
internal reflectors with respect to the instrument’s antennas at
the glacier surface.

(6]

Data and methods

In June 2017, an ApRES was deployed at Jakobshavn Isbra in
West Greenland at site J1Y17, located ~15km from the calving
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Fig. 1. ApRES return signal from site J1Y17. The full
deramped chirp, generated by a transmitted chirp in
the 200-400 MHz frequency band has been processed
for the three attenuation settings: (a) 30 dB, (b) 20 dB
and (c) 15dB. Return amplitude is plotted in the first
row and the detrended cumulative vertical displace-
ment, h, in the second row.

front. Because it was known that operational conditions would
not allow the instrument settings to be configured at the site,
three different attenuator values were used in the ApRES config-
uration file: 15, 20 and 30 dB. The AF gain was kept at the —4 dB
level for each of the three settings. The data were then processed
separately for each configuration setting following Nicholls and
others (2015), and vertical displacement time series of internal
reflectors were constructed by differencing the phase of subse-
quent measurements.

We also revisit ApRES data collected at Helheim Glacier in
Southeast Greenland in August 2016 and described in Vankova
and others (2018). A single attenuator setting of 20 dB was used
at all Helheim sites with the AF gain kept at the —4 dB. These
data have shown strong depth-dependent diurnal signals in the
vertical displacement time series of the internal reflectors. The
vertical structure of this diurnal signal was studied by construct-
ing a composite diurnal variation of each depth level, a technique
also used here.

Results

Figure 1 shows the return amplitude and vertical cumulative dis-
placements from site J1Y17 for each of the three attenuator set-
tings. The 30 dB attenuation produces a typical ApRES return
amplitude profile where the amplitude quickly decays with
range; there is little change through time inside the ice column,
and a basal reflector can be distinguished at ~600 m range
(Fig. 1al). For the 20 dB attenuation, the recorded signal ampli-
tude increases, as expected. In addition, there is a temporal
change in the record and periods of enhanced return are intro-
duced (Fig. 1bl). This enhanced return temporarily obscures
the visibility of the basal reflector, which is otherwise well distin-
guishable outside this time period. Finally, the 15 dB attenuation
results in a higher recorded signal amplitude throughout the
record, and the basal reflector is no longer detectable (Fig. 1cl).
The vertical displacement time series (Fig. 1, second row) for
the 30 dB attenuation show a diurnal signal in the upper 400 m
of the ice column, but this signal is absent at greater ranges
(Fig. 1a2). The time series generated for the 20 dB attenuation
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Fig. 2. Observations from site J1Y17. (a) Deramped chirp envelope for the entire
observation period. The light blue line indicates the time of 0.82s, past which the
signal is free from clipping for all three attenuator settings at all times. (bl)
Vertical profile of diurnal amplitude of the apparent cumulative vertical displacement
(one std dev. is shaded) for the full deramped chirp (200-400 MHz band) and (c1) for
the 0.82-1s deramped chirp subinterval (364-400 MHz band). (b2) Vertical profile
of the time averaged return signal amplitude for the full deramped chirp and (c2)
for the 0.82-1's deramped chirp subinterval.

setting has this diurnal signal present at all ranges (Fig. 1b2). For
the lowest, 15 dB, attenuation this diurnal signal appears to be
increasing with range (Fig. 1c2).

To investigate the differences between the three attenuator set-
tings, we turn to the original deramped chirp prior to any post
processing. The deramped chirp envelope, the maximum value
a deramped chirp has taken for each transmitted frequency
through the observation period, is plotted in Figure 2a. It shows
that the deramped chirp has been clipped at some point of the
record for all the attenuation settings. For the 15 dB attenuation
setting, the full first half of the deramped chirp has been
corrupted.

As Figure 2a shows, the deramped chirp amplitude decreases
with time and there is a subinterval toward the end of the record
during which no clipping occurred for any of the configuration
settings. As any given subinterval of the deramped chirp contains
all the required spectral information (except for the very lowest
frequencies), we can select a portion of the deramped chirp
uncorrupted by clipping and perform the usual processing
steps. Each subinterval in the 1-s long deramped chirp has been
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generated by a corresponding frequency band of the transmitted
chirp in line with the chirp ramp specifications. The consequence
of shortening the subinterval, and thus reducing the bandwidth, is
a lower vertical resolution and a lower signal-to-noise ratio
(Brennan and others, 2014). For site J1Y17, clipping is avoided
when processing is restricted to the subinterval between 0.82
and 1 s, which has been generated by the 364-400 MHz frequency
band of the transmitted chirp.

Figures 2bl and c1 compare differences in the strength of the
diurnal signal in the vertical displacement for site J1Y17 between
processing the full 1-s deramped chirp and a reduced portion of
the deramped chirp in the subinterval between 0.82 and 1 s. These
figures shows the amplitude of the diurnal signal composite as a
function of range. While the diurnal signal increases with decreas-
ing attenuator setting for the full deramped chirp, that is no
longer the case for the reduced deramped chirp. In the upper
300 m the vertical structure of the diurnal signal is the same for
all attenuation settings. The return amplitude (Figs 2b2 and c2)
decreases linearly down to 300 m range for all settings and then
it levels off at ~—100 dB for greater ranges, indicating that farther
than 300 m the signal is dominated by noise. Accordingly, the
diurnal signal in the vertical displacement is no longer distin-
guishable with any setting.

The comparison in Figure 2 demonstrates that the observed
differences between the different attenuator settings, and in par-
ticular the appearance of a linear increase of diurnal amplitude
with range in the cases of the lower attenuations, are caused by
clipping artifacts. These clipping artifacts also appear to be
responsible for increased return amplitude at greater ranges,
which may result in obscuring internal reflectors and even the
basal reflector (Figs 1cl and 2b2).

Discussion

The character of clipping artifacts is a result of the introduction of
square-wave-like features (e.g. Fig. 2a). When spectrally analyzed,
these square waves appear as a sequence of harmonics. To illus-
trate the effects of clipping we consider the frequency content
both of a deramped signal consisting of a pure sine wave, that
is, the result of a single plane reflector at normal incidence, and
of its clipped equivalent. Sx(f) in Eqn (2) represents the Fourier
transform of both cases:

N
WD =D bu(e"MS(f + nf)) + e "NS(f — nfa). ()
n=1

Setting N =1 gives the unclipped signal, and setting N — oo
and using an appropriate choice of coefficients b,, yields the
square-wave version. In Eqn (2) f is the frequency, 64 = 2afat, is
the phase of the fundamental frequency f; for a time shift ¢,
and ¢ is the delta function. From Eqn (2), it is clear that introduc-
tion of square-wave features will give rise to harmonics, which in
the processed ApRES data will appear as equally-spaced reflectors
through depth because of the linear relationship between f3 and R
in Eqn (1). When the actual reflector moves vertically, this will be
expressed as both a change of frequency (from Eqn (1)) and a
change of phase. The effect of changing frequency can be seen
by substituting f3 = f4 + dfy into Eqn (2). Because the nth harmonic
of frequency nfy will have changed its frequency by ndfy, deeper
reflectors will experience larger apparent displacement, the effect
being linear. Similarly, the effect of changing phase of the funda-
mental frequency can be seen by substituting 64 = 6,4 + d6y into
Eqn (2). The phase of the nth harmonic will have shifted by
ndfy, again producing an apparent linearly depth-increasing
displacement in the processed clipped data.
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Fig. 3. Synthetic deramped signal used to simulate internal reflector motion. The first row shows the return amplitude and the second row the cumulative vertical
displacement, h. (a) The signal phase varies sinusoidally in time, (b) same as (a) but the signal is clipped, (c) the signal is constant in time and (d) same as (c) but

the signal is clipped.

Synthetic example

To further illustrate how clipping causes depth-increasing artifacts
in the ApRES vertical displacement time series, we construct the
following synthetic examples (results shown in Fig. 3). We gener-
ate a synthetic deramped signal consisting of different frequencies
between 25 and 500 Hz. To simulate a vertical diurnal motion, the
phase of each single-frequency component is varied sinusoidally
through time. The 1-s long signal is sampled at 40 kHz, as in
the ApRES. The amplitude of the phase variation linearly
increases between 100 and 300 Hz and then decreases linearly
to zero between 300 and 500 Hz; below 100 Hz the phase is con-
stant. Finally, Gaussian noise at the power levels of —160 dBW is
added to the sum of the single-frequency signals to increase the
realism of the simulation. Applying ApRES processing to this syn-
thetic deramped signal results in a series of reflections, each cor-
responding to one frequency, consistent with Eqn (1) (Fig. 3al).
Because the phase of the internal reflectors is varied diurnally,
there is a diurnal signal present in the cumulative vertical dis-
placement time series. As prescribed, the diurnal signal first
increases, and then decreases with range (Fig. 3a2). Below the dee-
pest reflector, only Gaussian noise is present. Oscillations in the
return amplitude may be visible depending on the noise level;
however, those are window-dependent artifacts resulting from
spectral leakage (Fig. 3, top row). In the next experiment, we
clip the synthetic deramped signal whenever a voltage threshold
is exceeded. Processing this clipped signal introduces harmonics
and as a result artifacts appear in both return amplitude and ver-
tical displacement time series (Fig. 3b). In the return amplitude
the artifacts show as additional bright reflectors throughout
depth (Fig. 3bl). The spacing between the artifacts depends on
the position of the original reflector. Therefore, if the position
of the reflector varies through time (here by changing the phase
of the sinusoids that form the synthetic deramped signal), the
spacing between the artifacts changes as well. This results in diur-
nal variations in the cumulative displacement time series whose
amplitude increases with range (Fig. 3b2). Next we remove the
time dependency and consider a constant unclipped and clipped
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synthetic voltage signal. In the return amplitude, the artifacts at
depth remain the same as in the case of a time-independent
clipped signal (Figs 3cl and dl); harmonics are still present
although they do not change in time. In the unclipped case
there is no vertical motion (Fig. 3c2) where internal reflectors
are present, and below the deepest reflector there is Gaussian
noise as prescribed. In the clipped case, artifacts in the vertical
displacement time series (Fig. 3d2) appear again, this time as
well defined motionless layers. These examples show that clipping
artifacts can overpower internal layers and lead to erroneous ver-
tical velocity profile estimates.

Helheim sites revisited

We now inspect the data recorded at Helheim in August 2016 and
previously reported by Varkova and others (2018). Two represen-
tative sites are H1Y16 and H3Y16. While for H1Y16 the diurnal
signal was observed to increase with range throughout the ice col-
umn, for H3Y16 it was concentrated in the upper 300 m. Varying
levels of clipping of the deramped chirp occurred throughout the
record, but both sites experienced at least some clipping at some
point in time. At H3Y16 clipping was intermittent and affected
only a small number of points; however, at H1Y16 the signal
was clipped at all times and the clipping level increased during
the deployment.

As for J1Y17, the deramped chirp amplitude generally reduces
with time, so processing its later segments generated by higher
frequencies of the transmitted chirp can avoid clipping artifacts.
Next we process different subintervals of the deramped chirp
for the two sites and observe how this affects the vertical structure
of the amplitude of the apparent diurnal motion. We consider
deramped chirp subsets generated by the full chirp (200-400
MHz band), the second half of the chirp (300-400 MHz band)
and the last quarter of the chirp (350-400 MHz band). Finally,
we investigate clipping effects in a controlled way by enhancing
the level of clipping artificially. This is done by removing the
mean from the full deramped chirp, multiplying by a factor of
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Fig. 5. Return amplitude at Helheim site H3Y16 (a) using the last quarter of the deramped chirp (350-400 MHz band) which avoids clipping, and (b) the full
deramped chirp (200-400 MHz band) with clipping sufficiently enhanced to highlight how clipping obscures the bed return signal with artifacts.

1.6, adding the mean back, and then clipping to the required 2.5 V
voltage limits. Figure 4 shows the amplitude of the diurnal com-
posite variation as a function of range for the different scenarios.
For H3Y16 there is little change in the vertical structure of the
diurnal amplitude generated from different subintervals of the
deramped chirp, suggesting that a small amount of clipping is
acceptable (Fig. 4, bottom row). However, for H1Y16 the clipping
was sufficiently frequent to introduce artifacts at depth, producing
a linearly increasing amplitude of diurnal variations with range
for the case of the full deramped chirp (Fig. 4al). When clipped
portions of the signal are excluded, the amplitude of the final
diurnal variations no longer shows a full-depth penetrating lin-
early increasing signal (Fig. 4b1). Instead the diurnal amplitude
increases, reaches a maximum at ~200m range, and then
decreases. At ranges >350 m the diurnal signal is constant at
both sites. Figure 4d illustrates the effect of forced clipping: the
amplitude of the diurnal vertical displacement increases linearly

https://doi.org/10.1017/a0g.2020.56 Published online by Cambridge University Press

with range, and the slope of the line is greater for stronger
clipping.

Finally, in Figure 5 we use the unclipped portion of the data
from site H3Y16 to show that clipping can introduce sufficient
artifacts in the return amplitude to obscure the reflections from
the glacier base as suggested by Figure 1. In the unclipped data
the glacier base is visible at ~650 m depth (Fig. 5a). However,
forced clipping introduces bright reflections throughout the ice col-
umn, making the basal reflection nearly indistinguishable (Fig. 5b).

Summary

Near-surface variation of meltwater content during ApRES
deployments can substantially modulate the received signal
strength on short timescales. Excessively strong signals may be
clipped at some time during the observation period, even if the
initial in situ test chirp produced a clean signal. Clipping
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introduces artifacts which manifest themselves in different ways.
Artifacts in the return amplitude obscure returns from internal
reflectors and the basal reflector, making it difficult to detect
the thickness evolution of the ice and to correctly estimate vertical
velocities. Additionally, if a near-surface internal reflector under-
goes vertical position changes in time, an apparent linear increase
of vertical displacement with depth will appear throughout the ice
column. In general, any ApRES application that relies on the
monitoring of internal layers will suffer artifacts if clipping occurs,
because they overpower the real signal and may introduce artifi-
cial variability at depth. To avoid clipping-related problems, we
recommend using higher attenuation settings for deployments
in locations where changes in surface conditions are expected to
occur. Alternatively, if the power and memory constraints allow,
it is possible to use several attenuator and AF gain settings, one
of which should be set at the lowest possible AF gain and the
highest possible attenuation level.
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