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Abstract

The density—depth relationship of the Antarctic ice sheet is important for establishing a high-pre-
cision surface mass balance model and predicting future ice-sheet contributions to global sea
levels. A new algorithm is used to reconstruct firn density and densification rate by inverting
monostatic radio wave echoes from ground-operated frequency-modulated continuous wave
radar data collected near four ice cores along the transect from Zhongshan Station to Dome
A. The inverted density profile is consistent with the core data within 5.54% root mean square
error. Due to snow redistribution, the densification rate within 88 km of ice core DT401 is cor-
related with the accumulation rate and varies greatly over horizontal distances of <5 km. That is,
the depth at which a critical density of 830 kgm™ is reached decreases and densification rate
increases in high-accumulation regions but decreases in low-accumulation regions. This inversion
technique can be used to analyse more Antarctic radar data and obtain the density distribution
trend, which can improve the accuracy of mass-balance estimations.

1. Introduction

Mass loss from the Antarctic ice sheet will lead to a significant rise in the global sea level under
the influence of climate warming (e.g. Rignot and others, 2011, 2019). The mass of the Antarctic
ice sheet is currently decreasing (Gardner and others, 2018), and some ice shelves have suffered
large-scale collapse and increased basal melting (e.g. Rignot and others, 2013; Liu and others,
2015; Hogg and others, 2017). The entire Antarctic ice sheet has contributed to a sea level
rise of 14.0 £ 2.0 mm since 1979, including 4.4 + 0.9 mm from East Antarctica, making this sec-
tor a major contributor to the overall loss of ice-sheet mass (Rignot and others, 2019).

Ice-sheet mass balance can be estimated using three remote-sensing methods: mass budget
method, satellite altimetry and satellite gravimetry (e.g. Shepherd and others, 2012; Sasgen and
others, 2019). Shepherd and others (2018) estimated the mass balance of the Antarctic ice
sheet during 1992-2017 through the above three methods and found considerable uncertainty
among these methods for East Antarctica; hence, further observations or improvements to
observation methods are needed. The mass budget method relies on a surface mass balance
(SMB) model. The uncertainty of satellite gravimeter estimates mainly comes from the
Glacial Isostatic Adjustment contribution, whereas the satellite altimetry is subject to both
deviations (Zhou and others, 2019); therefore, continental scales are essential for mass-balance
observations. Observations of accumulation rates and firn densification processes can be used
to validate and improve SMB estimates from regional climate models and coupled firn models,
as well as capture behaviours at scales below the resolution of numerical models.

On-site ground observation methods, such as stakes in farms and lines, snow pits, snow
micropens and firn/ice cores, can provide point measurements accumulation rate data with
low spatial resolution (e.g. Eisen and others, 2008; Kameda and others, 2008; Ding and others,
2011; Shepherd and others, 2012; Proksch and others, 2015), whereas airborne or vehicle-
mounted ground-penetrating radar can continuously detect the internal structure of the ice
sheet (Medley and others, 2014).

Yang and others (2020) used frequency-modulated continuous wave (FMCW) radar obser-
vations of the internal reflecting horizons (IRHs) of the ice sheet to estimate the accumulation
rate. The two-way travel time (TWTT) of the reflected signal is converted to depth with an
accurate density measurement and then to the equivalent ice mass in order to estimate the
accumulation between two reflectors. This process requires firn/ice cores along a transect to
obtain the density—age-depth data of the IRHs on the vertical profile. Due to the existence
of isochronous layers, the ages of IRHs can be obtained over hundreds of kilometres from
ice cores (Eisen and others, 2008). The density of multiple firn cores should be averaged to
obtain the regional representative density profile (Laepple and others, 2016). However, it is
very difficult to drill a sufficient number of cores to obtain a representative sample of the
depth-density relationship along the transect. Therefore, a method for obtaining a continuous
density profile is very important for accurately estimating accumulation by radar data. Van den
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Broeke (2008) combined the firn densification empirical model of
Herron and Langway (1980) with a regional climate model to
simulate the depth-density relationship of the entire Antarctic
ice sheet with a spatial resolution of 55 km. Although this method
has been improved by Ligtenberg and others (2011) to achieve a
resolution of 27 km, this is still much lower than the radar reso-
lution, and cannot be used to effectively improve the estimation
accuracy of accumulation rates. Therefore, the direct inversion
of the density profile by radar is useful for understanding small
scale variations in accumulation rate.

The purpose of this study is to establish an inversion method
for determining the ice sheet density within the upper 100 m of
the ice sheet. By analysing FMCW monostatic reflection signals,
a vertical profile of the density—depth relationship can be obtained
that can be used to analyse the densification mechanism and
improve the accuracy of radar estimation of accumulation
(Herron and Langway, 1980; Verfaillie and others, 2012). The the-
oretical basis is that the amplitude of the reflection signal is
related to the permittivity, which depends on the density.

At present, the main method of inverting for ice-sheet density
profiles from radar is based on the reflection travel times mea-
sured during common midpoint surveys. Then methods including
Dix inversion (Dix, 1955), semblance analysis (e.g. Booth and
others, 2010, 2011), interferometry (Arthern and others, 2013)
or IRH propagation time (e.g. Brown and others, 2012) are
used to estimate the reflector depth and wave speed, which can,
in turn, be used to estimate the layer permittivity and converted
to density. Drews and others (2016) also used a similar method
to estimate the thickness and air content of the firn. However,
few papers have obtained continuous inversion density profiles.
This shortcoming may exist because the distance between the
transmitting and receiving antennas needs to be constantly chan-
ged, which makes the data collection process cumbersome. When
data acquisition and density inversion are performed on mono-
static reflection signals, the vehicle or aircraft can be equipped
with both transmitting and receiving antennas to efficiently
obtain the internal structure and density profile of the ice sheet,
which is essential for understanding accumulation rate variability
and analysing the densification mechanism along hundreds of
kilometres of radar lines.

At present, few papers use monostatic reflection signals to invert
for the ice-sheet density profiles. Grima and others (2014) used
radar statistical reconnaissance to invert for the surface density of
Thwaites Glacier. Srinivasamurthy and others (2005) inverted
FMCW radar data for the density and thickness of Arctic sea ice.
In contrast, the density profile of the Antarctic ice sheet increased
exponentially (e.g. Cuffey and Paterson, 2010), showing completely
different characteristics from sea ice. Therefore, a new inversion
method is needed to estimate depth-density profiles from mono-
static radar measurements over grounded ice.

In this study, the theoretical bases of the inversion method are
described. Then, radar waveform simulation and inversion are
performed for the high-resolution ice core data. In order to valid-
ate the inversion method, results are compared to measurements
from four ice cores selected from regions with different topo-
graphic, climatic and densification characteristics. Finally, radar
data taken from within 88 km of ice core DT401 are inverted to
obtain a continuous density profile.

2. Radar theory and data
2.1 Data

2.1.1 Radar data
The 32nd Chinese National Antarctic Research Expedition
(CHINARE) inland team surveyed the Antarctic ice sheet using
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FMCW radar (15-30 December 2015). The transect passed
from Zhongshan Station through Taishan Station to Dome A,
covering a total distance of 1280 km (black line in Fig. 1). The
radar was mounted on a vehicle with antennas placed parallel
to each other and separated by 2m on the left side of the
cabin. The vehicle moved at a constant speed of 14kmh™" and
the transmitter, receiver and controller performed continuous
measurements.

A number of studies have shown that there are differences in
the densification rate across East Antarctica regions, which are
related to factors such as accumulation rate and temperature
(e.g. Herron and Langway, 1980; Van den Broeke, 2008). To verify
the applicability of the inversion algorithm, we selected four ice
cores along the transect (LGB69, DT263, DT401 and DA2005
in Fig. 1), performed density inversion of the nearby radar data,
and compared the results with the ice core density for error ana-
lysis. Finally, we estimated the continuous density distribution
along an 88km transect that crosses the location of ice core
DT401 (brown line in Fig. 1) (Table 1).

2.1.2 High-resolution density profile data

In order to verify the density inversion algorithm in this paper, we
studied high-resolution density profiles of ten different locations
(Table 2). These ice cores come from Greenland and the
Antarctic Plateau regions and Antarctic coastal regions. The dens-
ity is measured using a non-destructive logging system, and the
measured intensity of the attenuated gamma-ray beam through
the ice core is converted into a density signal. Wilhelms (1996)
gives the details and background of the method.

2.2 FMCW radar

The upper part of the Antarctic ice sheet is a mixture of air and
ice called firn, where the density varies between 300 and 900 kg
m~>. The path, electromagnetic field strength and waveform of
electromagnetic waves vary with the dielectric properties and
geometry of the medium, and reflections occur where the dielec-
tric properties are discontinuous (Cui and others, 2010). Dall and
others (2010) did not find anisotropy within the upper 200 m of
the ice sheet, so ice anisotropy is ignored in the density inversion
algorithm. In this paper, the internal structure of the ice sheet is
assumed to be parallel snow stratifications with different dielectric
properties. The transmitting antenna produces an electromagnetic
wave with a sweep period of 4 ms. The wave propagates vertically
downwards, and part of the wave is reflected each time it passes
through the interface between stratifications. These reflected sig-
nals are detected by the receiving antenna and combined with
the reference signal generated by a voltage-controlled oscillator
to generate a beat signal.

The time-domain beat signal is represented by the following
formula (e.g. Srinivasamurthy and others, 2005), and the para-
meters are presented in Table 3:

L-1 k=1
B
V() =)_ AT’ [l_[ TfCOS{Zw{foTw— m(%—n)}ﬂ%} ] :
k= j=1

=0 2tSWP
1)

tSW
B”f,? - &, )
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@ =2m ?P fofe —
where f, represents the starting frequency (0.5 GHz), B represents
the bandwidth (1.5 GHz) and t,,, is the frequency sweep period
of 4 ms. The amplitude of the reflection signal at the kth interface
is related to the amount of attenuation A, the reflection


https://doi.org/10.1017/jog.2021.70

Journal of Glaciology

40°E 50°E

1215

70°E
® Ice core.. 7"
Station ]
Density profile
& — Transect

@ Avg. acc. rate"‘-._235 kg m2 a1
@ Avg. acc. rate 111 kg m2 a”
Avg. acc. rate 28 kg m2 a'!

7 kgme 51| 80°E

90°E

Fig. 1. Map of the radar traverse route from Zhongshan Station to Dome A shown by a black line. The blue dots indicate the positions of the ice cores (LGB69,
DT263, DT401 and DA2005) used for the density inversion. The brown line indicates the 88 km density profile near ice core DT401, and the red triangles show the
locations of Zhongshan Station (ZHS), Taishan Station (TAS) and Kunlun Station (KUS). The four green shades indicate the average accumulation rate (avg. acc.

rate) from radar along the transect (Guo and others, 2020).

Table 1. GPS, depth, elevation, drilling time, average temperature, average attenuation rate and references for density inversion of the ice cores

Latitude Longitude Depth Elevation Drilling time Air temperature Amount of attenuation within
Ice core °S °E m m a.s.l. AD °C 100 m dB References
LGB69 70°50'07” 77°04'29" 101.5 1854 2002 —-27.2 0.953 Li and others (2012)
DT263 76°32'28" 77°01'32" 82.5 2800 1998 —43.0 0.320 Zhou and others (2006)
DT401 79°01'000 77°00'000 102.65 3760 1999 —54.3 0.155 Ren and others (2010)
DA2005 80°22'00” 77°22'00” 109.9 4092.5 2005 —58.5 0.119 Jiang and others (2012)
Table 2. Ten firn core sites with position, mean annual temperature, elevation and density characteristics

Elevation Mean annual temperature RMSE

Campaign/region Name Latitude Longitude m °C % Correlation Reference
North Greenland traverse B16 75.9402 —37.6299 3040 27 19.70 0.962 Schwager (2000)
North Greenland traverse B17 75.2504 —37.6248 2820 13.02 0.994 Wilhelms (1996)
North Greenland traverse B18 76.6170 —36.4033 2508 -30 13.90 0.984 Wilhelms (1996)
North Greenland traverse B21 80.000 —41.1374 2185 -30 52.19 0.612 Wilhelms (1996)
North Greenland traverse B26 77.2533 —49.2167 2598 -30.6 20.50 0.976 Schwager (2000)
North Greenland traverse B29 76.0039 —43.4920 2874 -31.6 11.89 0.986 Schwager (2000)
Berkner Island B25 —79.6142 —45.7243 886 27 16.56 0.969 Gerland and others (1999)
Dronning Maud Land B31 —75.5815 —3.4303 2669 —42 20.54 0.987 Oerter and others (2000)
Dronning Maud Land B32 —75.0023 0.0070 2882 —42 20.21 0.963 QOerter and others (2000)
Dronning Maud Land B33 —75.1670 6.4985 3160 10.34 0.963 Oerter and others (2000)

Note: RMSE and correlation: fitting result between densification rate and density std dev..

coefficient I'y and the transmission coefficient T; of the jth layer
above the kth interface; f; represents the frequency component
of the kth interface reflection in the beat signal and ¢ is the
phase information, and it is not related to the initial phase of
the transmitted signal (e.g. Stove and others, 1992).

In view of the frequency sweep period, the bandwidth in the
GHz range and f; in the kHz range, the second term in Eqn (2)
can be omitted, and the phase difference & is ~180° (reflection
from interface between high permittivity and low permittivity)
or 0° (reflection from interface between low permittivity and
high permittivity). The TWTT of the signal, 7, is proportional
to f, and can be expressed as follows:

toup
-

3)

T = fi
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Each frequency f; in the beat signal corresponds to a reflection
from a subsurface interface. The determinant of the reflection
interface in the beat signal is the frequency f;, which can be
used to obtain the TWTT of the reflection interface by Eqn (3).
The beat signal is sampled at a rate of 6.25MSs™' to obtain
N= 25000 samples. To reduce the spectrum leakage and improve
the frequency resolution of spectrum transformation, the length
of the beat signal is zero-padded to mN (additional (m —1)N
zeros, m integer), and then a fast Fourier transform (FFT) is per-
formed (e.g. Okorn and others, 2014). The resulting spectrogram
has many peaks (red line in Fig. 2), and each peak represents a
reflection from an interface.

The location of the kth peak represents the TWTT from the
antenna to the depth dj, and the amplitude AMP of the peak cor-
responds to the amount of attenuation Ay and the transmission/
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Table 3. Properties of beat signal and ice-sheet parameters

Parameter Description Value
Vibeat The time-domain beat signal
L The number of ice layers in firn
fo Start frequency 0.5GHz
B Bandwidth 1.5GHz
towp Frequency sweep period 4ms
Ak The amount of attenuation of the kth layer
oy Attenuation constant of the kth layer
Ty Reflection coefficient of the kth interface
T Transmission coefficient of the jth layer
above the kth interface
u Vacuum permeability 47x107 " Hm™
fx Frequency component of the kth interface
reflection in the beat signal
Pk Phase information of the kth interface of beat
signal
Sk The phase difference after the electromagnetic ~ 180°/0°
wave passes through the kth interface
Ty Two-way travel time (TWTT) between the
antenna and the kth interface
N Number of samples 25000
AMP Amplitude of the spectral peak
di Depth of the kth layer
Eeff The effective permittivity between the antenna
and the kth interface
c The vacuum electromagnetic wave velocity 2.99x108ms™t
£ Relative permittivity of kth layer
e Real part of relative permittivity
e Imaginary part of relative permittivity
P Firn density
o Conductivity
e The average conductivity of the DML core 23.16uSm™*
Eo Activation energies 0.33+0.03 eV
k Boltzmann’s constant 1.380649 x 1072
T Standard temperature 258 K
T Annual average surface temperature

reflection coefficient (Eqns (6), (7) and (11)). These parameters
can be expressed by the following formulas:

k
AMP = A x T x [ [ T, (4)
=1

_ 24
=" e (5

where £.is the effective permittivity between the antenna and the
kth interface and ¢ represents the vacuum electromagnetic wave
velocity. The definitions of the reflection coefficient I'y and trans-
mission coefficient T; are as follows (e.g. Okorn and others, 2014):

Ty = (Veret — vVen) /(Ver + Vex), (6)

T, =,/1—Tj% )

An analysis of Eqns (4-7) reveals that the amplitude of each
peak in the beat signal spectrum is directly related to the dielectric
behaviour between layers (gx,; and &;). Landau and Lifschitz
(1982) addressed the dielectric behaviour of firn/ice in the form
of a complex-valued relative permittivity € in Eqn (8):

e=¢ —¢’i 8)

where the real part € is the relative permittivity. Kovacs and
others (1995) proposed an empirical formula between the density
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Fig. 2. Density is inverted from the amplitude (AMP) and TWTT (z,) of the spectral
peak of the beat signal. The spectrum amplitude of the beat signal is related to
the permittivity difference between layers, and the permittivity depends on the
density.

p (kgm™) and the real permittivity £ as follows:
g = (1+8.45 x 107*p)%. 9)

According to Fujita and others (2000) and Matsuoka and
others (2010), the real part of the relative permittivity is also a
function of the ice temperature, although it only causes a differ-
ence of <1%, which is much smaller than the crystal structure
change during the densification process. Therefore, we do not
consider the effect of temperature on the real part.

In this paper, we consider reflections in the upper 100 m of the
ice sheet where density is the main cause of reflection, and the
imaginary part can be ignored (ie. Miners and others, 1997,
2002; Eisen and others, 2003; Arcone and others, 2004). The
density tends to be constant when below 200 m, although some
layers in the ice sheet are rich in volcanic aerosols due to snowfall
and volcanic eruptions, which will cause abrupt changes in the
imaginary part €’ and generate reflections (Millar and others,
1982). Since the imaginary part is much smaller than the real
part in the upper 100 m, ice is a low-loss medium (Zirizzotti
and others, 2014). The attenuation constant ¢ and the amount
of attenuation Ay are given as follows (e.g. Ulaby and others,
2010):

1
ax = - o/ 1/ €,

5 (10)

Ak = eXp(—Zakdk). (11)

Since ice is a non-magnetic material, the vacuum permeability is
u=4rx107Hm™". Equation (10) shows that the attenuation
constant o depends on the conductivity.

Acidity and salinity have linear effects on conductivity
(MacGregor and others, 2007) and affect the attenuation constant.
In coastal areas, wind carried salt from the ocean will increase the
conductivity of the ice sheet with new snow accumulation,
whereas the oceanic effect in inland areas (>100 km from the
coast) can basically be ignored (Gow, 1968). The study area in
this paper is >160 km from the coast; therefore, we ignore the
spatial variability of acidity and salinity along the transect.

Given the ~30°C surface temperature difference along the
transect, we calculate the temperature-induced variation in con-
ductivity (Table 1; MacGregor and others, 2007; Zirizzotti and
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others, 2014):

E /1 1

o= a’oexp<—?(?r—?>), (12)
where E;=0.33+0.03 eV represents the mean activation energy
(MacGregor and others, 2007), k is Boltzmann’s constant and
T, is the temperature 258 K. Using Eqn (12), we can calculate
the effect of temperature change on the attenuation rate. We
find that there is a significant difference in the attenuation rate
within the firn column (Table 1), so the attenuation coefficient
must be corrected before inverting for density.

Since the available conductivity measurements along this tran-
sect are non-existent, we use the average conductivity (o = 23.16
uS m™") of the DML cores B31, B32 and B33 collected by Oerter
and others (2000) with similar atmosphere and accumulation rate
to calculate the attenuation coefficient. The conductivity must be
recalibrated to the average temperature at each site in order to cal-
culate the local attenuation rate, which is needed to compensate
the radar power for attenuation losses.

In summary, we establish the density inversion algorithm
based on the following assumptions: (1) the signal reflection is
only caused by the permittivity difference, whereas conductivity
differences in the vertical profile caused by snowfall and other
sources (e.g. salt and ash) are ignored. (2) The conductivity is
assumed to be constant and not a function of either depth or dis-
tance along the transect. (3) As an ice sheet is composed of layers
of differing permittivity and birefringence (Fujita and others,
2006), we can simulate the FMCW radar reflections of upper
100 m ice sheets using horizontal layered structures (Eisen and
others, 2003).

2.3 Radar processing

2.3.1 Radar trace processing

The amplitude of each peak in the beat signal spectrum has a dir-
ect relationship with the permittivity. The permittivity of the next
layer €;,; can be estimated by combining the reflected signal
amplitude, the permittivity of the upper layer €, and Eqns (4, 6
and 7). When the surface permittivity of the ice sheet is known,
we can extract the peak of the spectrum and obtain the permittiv-
ity along the entire vertical profile through continuous recursion
and convert the permittivity to density using Eqn (9).

However, the peak of the radar record is not a reflection caused
by the sudden change in permittivity; since the firn can be divided
into many thin layers, the peaks are formed by the interference
among many weak reflections caused by tiny permittivity differ-
ences (e.g. Harrison, 1973; Clough and others, 1977). According
to the high-resolution (5 mm) ice core data (Oerter and others,
2000), the density of adjacent thin layers also shows obvious dif-
ferences in permittivity. Since the permittivity varies within the
ice sheet, a reflected wave will be generated when the wave propa-
gates from a low to high permittivity or a high to low permittivity
layer, although the phase difference & (Eqn (2)) will differ by
180°. Okorn and others (2014) proposed using ;. to determine
whether the peak is caused by the permittivity increase or
decrease. We found that the amplitude and phase is affected by
spectrum leakage, which leads to uncertainty of §; and incorrect
permittivity trends. However, if we assume that density increases
monotonically with depth, then the permittivity and hence dens-
ity trend can be extracted from a smooth fit to the radar reflect-
ivity, eliminating the influence of permittivity variability.

Since the permittivity contrast between air and firn massively
exceeds the ice-sheet surface density variability (Grima and
others, 2014), the maximum spectral peak amplitude at the
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surface is normalised to 1. According to Eqn (1), the amplitude
generated by the ice-sheet surface only requires the reflection
coefficient. Therefore, we use the surface density to estimate the
reflection coefficient at the surface, which is used for inverse
renormalised transformation, convert the amplitude of the radar
record into the reflection coefficient that can be used to recur-
sively invert the density profile.

2.3.2 Verification processing method

The radar trace actually reflects the std dev. of density within a
given depth interval, rather than densification rate, where the lat-
ter is used to express the change of density with depth in this
paper (Lewis and others, 2015). We have not found enough evi-
dence to show a direct link between the density variability and
the densification rate. However, both variables show similar pat-
terns, that is, they rapidly decrease with depth, and this rate of
change gradually slows with depth (Freitag and others, 2004;
Horhold and others, 2011). Therefore, we show that the two are
correlated, and we fit and compare the ice core density std dev.
with the average densification rate (the first derivative of dens-
ity—depth relationship) across a moving average of 0.1 m to test
this hypothesis.

Taking ice core B16 as an example, the densification rate and
std dev. of the ice core density are normalised to [0,1] and fitted,
which the fitting residual of the fourth-order polynomial function
is the lowest. We used the same method to analyse the remaining
ice cores, and the minimum residual function was used to fit the
densification rate and the density std dev..

The root mean square error (RMSE) and correlation of the fit-
ting results of the densification rate and the density density stand-
ard deviation is shown in Table 2, most of which have similar
fitting results. The profiles present similar characteristics ‘cross-
over’ (green and blue lines in Fig. 3a), which gradually decreasing
with depth and increasing again in the middle of the firn column
(Freitag and others, 2004). The cross-over characteristic of density
variability leads to the lowest fitting residuals of fourth-order
polynomials at most sites, but the exponential function has the
lowest fitting residuals in B33 (red line in Fig. 3b).

However, the green and blue lines in Figure 3a are not com-
pletely consistent: the densification rate is lower at 0-25m and
higher at 25-70 m. If we input the std dev. instead of the densifi-
cation rate of ice core B16 into the density inversion algorithm in
Section 3, the density above 25 m will be overestimated, but the
error will decrease as the depth increases.

The average densification rate of B21 within the upper 30 m is
only 0.18, which is much lower than the average density std dev.
(0.34), resulting in an RMSE between the fitted densification rate
and density std dev. of 52.2%, and the correlation is only 0.612. In
Table 2, the RMSE of the ice cores except for B21 is within 20%
and the correlation is >0.9, which can be used to judge whether
the density std dev. is similar to the densification rate.
According to the statistical data in Table 2, the density std dev.
can be used as a proxy for the normalised densification rate in
parts of Greenland and Antarctica. It is best to confirm the feasi-
bility of this proxy in the study area through the above criteria
before density inversion, and choose the polynomial or exponen-
tial function formula with the lowest residual for fitting.

3. Inversion

The density profile is obtained from the radar data by the follow-
ing process:

1. Obtain the surface density and permittivity.
2. Convert the original radar data into a frequency spectrum by a
zero-padded FFT; record the amplitude and TWTT of the
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Fig. 3. Densification rate and density std dev. of the ice core. (a) The densification rate and density density standard deviation of ice core B16 and the fourth-order
polynomial fitting results and (b) the fitting densification rate and density density standard deviation of ice cores B21 and B33.

spectrum peaks, which is fitted by the function with the smal-
lest residual error (exponential or polynomial function).

3. Renormalise the fitted spectrum to the reflection coefficient
profile, and record the reflection coefficient at the TWTT of
each peak.

4. Calculate the average permittivity of the next layer from the
reflection coefficient profile by Eqns (6-7, 11) and obtain the
thickness of the layer by multiplying the TWTT between the
peaks with the wave velocity of the next layer.

5. Recursively obtain the permittivity of the entire vertical
section.

6. Convert the permittivity to density by Eqn (9).

4. Simulation, sensitivity tests and ice core inversion

Before analysing the FMCW radar data collected on a site in East
Antarctica, we establish a theoretical model and verify the inver-
sion algorithm through simulated radar data. Accounting for the
change in density with depth, we input the ice core permittivity
data with high depth resolution (5mm) into the beat signal
model and then perform the density inversion based on the gen-
erated waveform spectrum to verify the effectiveness of the inver-
sion method.

4.1 Simulation

4.1.1 Modelling the radio-echo reflection
We will simulate the radar waveform at ice core LGB69 and com-
pare it with the radar record to demonstrate that the beat signal
simulation method is feasible. We model the ice sheet as a 1-D
layered structure, the anisotropy of ice is ignored and only the
variability of permittivity are considered.

The beat signal is simulated using Eqn (1) and the radar para-
meters in described in Section 2.2, including radar operating
frequency (0.5-2 GHz), bandwidth (1.5 GHz) and sweep period
(4 ms), and does not consider the characteristics of the radar sys-
tem such as transmit power or antenna gain. For first-order simu-
lations, layers are flat and stacked on top of one another
(Leuschen, 2001). We determine the reflection coefficient, trans-
mission coefficient and attenuation of each interface according
to the permittivity profile of the ice core LGB69 and use Eqn
(5) to calculate the TWTT. The parameters are input into Eqn
(1) to simulate the reflected signal of each interface and sum it
to obtain the beat signal. Due to the lack of the permittivity mea-
surements of ice core LGB69, we use Eqn (9) to estimate permit-
tivity from the measured density. Therefore, we use cubic spline
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interpolation to improve the depth and permittivity sampling of
LGB69. Finally, the permittivity profile and radar parameters
are input into the simulator to generate beat signal time-domain
waveforms. To perform a comparison with radar records, the
simulated beat signal is also subjected to low-pass filtering and
discrete sampling to simulate the influence of electronic equip-
ment, and we use FFT to convert the simulated beat signal to
the frequency domain.

We normalised the amplitude of the model and radar profile
as shown in Figure 4. The ice core was drilled in 2001, and the
radar detection time was 2015, and the 2001 surface was covered
by ~5.02+0.24 m in the 14 year period (Guo and others, 2020).
We choose the average surface density of 470 kg m™ within 5 m
of the ice core, and use Eqn (9) to estimate the average relative
permittivity is 1.95, and the electromagnetic wave speed is
~021mns", so the TWTT in the increased snow is ~48 ns,
and we remove the radar waveform in this range (Fig. 4b).

The features of the model and radar are similar, with many
large-amplitude reflections occur at the top of the ice sheet
(within the upper 10 m). The green dashed line in Figure 4b indi-
cates several typical peaks that are dated, indicating that the beat
signal simulation model can indeed reproduce the reflection
inside the ice sheet via density and permittivity. However, the
amplitude of some peaks is different (e.g. the layer formed by
1970 and 1941), and some sharp peaks in the radar record are
not shown in the simulated track (e.g. 45-65m). We believe
that the reason is that the depth resolution of LGB69 is only
0.5 m, resulting in a relatively smooth density profile produced
by cubic spline interpolation, and the actual ice core density fluc-
tuates more severely, resulting in the underestimation of the peak
amplitude. The underestimated amplitude will affect the inver-
sion; therefore, we test our inversion algorithm against simula-
tions from high-resolution ice core data to ensure that our
method is robust against small-scale variability in the depth-
density profile.

4.1.2 Density profile inversion algorithm

Horhold and others (2011) showed that the statistical microstruc-
tural properties and the densification of the density profiles in the
regions where they collected ice cores in Antarctica are similar;
therefore, we selected DML cores B31 and B33, which have simi-
lar temperature and accumulation conditions to those of ice core
DT263, and DT263 is the ice core closest to the transect and was
inverted in Section 4.3. We input the permittivity data of two
DML cores (5 mm depth resolution) into the beat signal model
to simulate the spectrum waveform for density inversion and


https://doi.org/10.1017/jog.2021.70

Journal of Glaciology

1219

- LGB69 density

Density interpolation
Radar record

% -3 =
= Density (kg m™) Amplitude — Model radar record
300 600 900 0.0 0.5 1.0 c Amplitude
0 i 00 05 10
L 100 120 : 1160
10 S
- 1404= — - -1180
- 200 1970
20 >
£ 2160/ 200 £
= =
é 30 4 - 300 E E E
180
g ~ ': 220 t Fig. 4. Comparison of the beat signal simulation model and
© 40 - | 400 E 8 _g radar record. (a) Density profile of ice core LGB69; the pink
(@] g o 200/ © dots are the measured density of the ice core and the black
Y = 240 o line is the cubic spline interpolation result. (b) Simulation
50 frequency domain waveform (red line) based on the interpo-
- 500 2201 lated density; radar record around LGB69 (blue line). The
- '1 54] 260 radar records generated by the snowfall during the time per-
iod from the drilling of the ice core to the radar detection
60 are excluded. Five green dashed lines are randomly selected
- 600 to compare the peaks of the two beat signals, and the age of
the layer is marked on the right (Li and others, 2012). (c) The
70

analyse the influence of the spatial resolution, surface density and
bandwidth on the inversion algorithm.

Using the different fitting functions (i.e. exponential or poly-
nomial function), we build a 1-D layered model with a resolution
of 5 mm based on the measured permittivity at ice cores B31 and
B33 and use the method in Section 4.1.1 to simulate the beat sig-
nal, the lack of near-surface data for ice core B31 is set to the per-
mittivity of the closest layer. The length of the signal is
zero-padded to mN (m=40; N= 25000) using FFT, and the
result is normalised as shown by the black line in Figures 5a, c.

The fitting result with the minimum residual of the spectral
peak is shown as the blue line in Figure 5. We input the ice
core permittivity measurements to Eqn (6), and then smoothing
the results using a 1 m moving average to calculate the reflection
coefficient, and compare it with the fitted peaks. It is found that
there is a correlation between them (the correlation coefficient of
B31 is 0.83, and B33 is 0.97), which shows that it is feasible for the
fitted radar trace peaks to represent the reflection coefficient.
Because ice core B31 lacks a near-surface section of the original
data, the correlation coefficient is reduced.

The fitted peak is directly related to the reflection coefficient,
which depends on the density std dev. (Lewis and others, 2015).
It can be seen from Section 2.2 that the density std dev. corresponds
to the densification rate at ice cores B31 and B33. Therefore, the
peak fitting function can be converted into an average reflection
coefficient through the renormalisation of the surface reflection coef-
ficient, and represent the densification rate for density inversion.

A polynomial and an exponential function are used to fit the
peak of ice cores B31 and B33, respectively (blue line in Figs 5a,
c). After discretisation, this value is combined with the average
surface permittivity (1.61 at B31, 1.66 at B33) and the fitted
peak to estimate the permittivity of the next layer through Eqns
(4, 6 and 7); the permittivity along the entire vertical profile
can be obtained through continuous recursion and converted to
density by Eqn (9), resulting in RMSEs of 3.68% at B31 and
1.69% at B33 with the moving average ice core density of 5 m win-
dow. We believe that the larger error of ice core B31 is due to the
incomplete permittivity data (within 5-10 m) published by Oerter
and others (2000).
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frequency domain waveform of the shaded area in (b).

4.2 Sensitivity test

4.2.1 Influence of small-scale fluctuations in density

To study the sensitivity of the inversion to the small-scale fluctua-
tions in the density profile, we test a range of density profiles
moving averaged using windows of size 0.07, 0.15 and 0.3 m,
and invert the simulated radar trace for the density profile. The
results are shown in Figure 6.

A larger size of moving average window can reduce the std dev.
and increase the depth of local minimum/maximum points without
changing the average density. In the inversion algorithm, the spec-
trum is renormalised to the reflection coefficient and then recursively
inverted to obtain the density profile, so the amplitude spectrum
determines the densification rate. Since the frequency spectrum
has been normalised in the inversion algorithm, so the absolute
level difference between the beat signals can be eliminated.
Therefore, the average amplitude of the 0.005-0.3 m window is simi-
lar (0.062, 0.060, 0.059 and 0.058, respectively), causing the inversion
results of moving average at different depth intervals are similar.

The first local minimum point of the fitted peak of the 0.3 m
window is deeper (black line in Fig. 6a), resulting in a higher
densification rate between the ice-sheet surface and the local min-
imum point, and overestimating the inverted density within the
upper 30 m.

The inversion algorithm is sensitive to small-scale fluctuations
in the density profile, which will cause density errors at local
depths, but still show the average density distribution along the
vertical profile.

4.2.2 Influence of radar bandwidth
Radar bandwidth is an important factor related to resolution.
Kanagaratnam and others (2001) found that the FMCW radar
has the strongest response in the 0.5-2 GHz frequency band, so
we tested 0.3, 0.5, 0.8 and 1 GHz bandwidths to simulate the
beat signal and invert for the density at ice core B31. The results
are shown in Figure 7.

The depth resolution of the radar will decrease as the band-
width decreases. And the bandwidth does not affect the depth
of the local minimum/maximum of the density std dev., so the
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density inflection point does not shift compared with that shown
in Figure 6b.

We found that due to the low radar resolution in the 0.3 GHz
bandwidth, the local maximum/minimum in the spectrum can-
not be distinguished, so the fitting residual of the exponential
function is the smallest, resulting in a relatively smooth density
profile without obvious inflection points, and the density near
60 m is overestimated.

The amplitude of the simulated radar traces varies with band-
width. Although the density profiles in 0.5-1 GHz bandwidths are
not completely consistent, the absolute level difference between
the beat signals is eliminated by the normalisation in the inversion
algorithm, and as a result, the inverted density still reflects the
average density trend of ice core.

Based on the above simulation, we believe that the inversion
method does not have strict bandwidth constraints, but the band-
width alone can cause significant changes in the inverted profile.
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Therefore, it is necessary to be cautious when comparing the
results of different radar systems, and choose the function with
the smallest residual error to fit the peak of the spectrum.

4.2.3 Influence of surface density

The surface density or surface permittivity of the ice sheet is
necessary for inversion and is the beginning of the recursion,
which determines the inverted average density. To understand
the sensitivity of the inversion to this parameter, we inverted
the density profile in the surface density range between 280
and 380 kg m~>. The results are shown in Figure 8. The surface
density strongly impacts the inverted density profile, but the
densification profile (rate of change of density with depth)
remains similar. Since Ding and others (2011) measured the sur-
face density along the same transect used in this paper, we con-
tinue to use the measured surface density for inversion.
However, it is clear that the quality absolute density
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measurements obtained by this method depend heavily on the
reliability and representativeness of the surface density measure-
ments to which they have normalised.

4.3 Density inversion around ice cores

The densification rates vary across the Antarctic ice sheet
(e.g. Herron and Langway, 1980; Van den Broeke, 2008). In gen-
eral, as the distance from the coast increases, the depth of the firn/
ice transition increases and the surface density decreases (e.g. Van
den Broeke, 2008). This trend is related to factors such as the
accumulation rate, redistribution of snow and surface temperature
(e.g. Herron and Langway, 1980; Van den Broeke, 2008;
Ligtenberg and others, 2011). Guo and others (2020) divided
the transect from Zhongshan Station to Dome A into four areas
based on the surface topography and meteorological characteris-
tics. We selected ice cores from each area and compared the mea-
sured densities with the inversion results to evaluate the
performance of the inversion method in this study.

The received signal has been amplified, mixed and sampled
inside the radar system. Since we do not know the radar para-
meters such as transmit RF power, antenna gain, etc,, it is difficult
to directly calibrate the received power to the absolute level of the
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reflection coefficient. Therefore, the length of the signal is zero-
padded to mN (m =40) using FFT, and we normalise the spec-
trum to [0, 1]. As shown in Section 2.3, we use the ice core density
to estimate the surface reflection coefficient of the ice sheet to
renormalise the fitted spectral peak of the beat signal.

We performed coherent superposition and incoherent super-
position in order to reduce the incoherent noise. After experi-
menting with the number of traces, we need to use at least 40
traces of data for coherent averaging. The density profile is
unlikely to change suddenly over the course of densification,
the radar data near ice core DA2005 are taken as an example;
only the last trace among every ten traces is retained to reduce
the data volume and calculation time, and test the effect of aver-
aging between 40 and 200 traces. The theoretical maximum width
of firn sampled by a trace can reach 0.278 m. The results show
that the influence of width on the density RMSE is <1%, and a
width of 180 traces (resolution: 0.278 x 180 x 10 =500 m) pro-
duces the inversion with the least RMSE. Theoretically, the inver-
sion result from a set of coherently averaged radar traces is the
average density within 500 m (Arthern and others, 2013).
Therefore, we select 500 m long segments radar data near the
four ice cores to invert for the average density profile.

The above methods are used to invert the radar data near the
four ice cores in Section 2.1 for density. The density profile (black
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line) and the densification rate (red and green line) are shown in
Figure 9. The ice core density is fitted by smoothing spline and
interpolated to increase the sampling. Finally, the densification
rate of the ice core is obtained by calculating the first derivative
of the density—depth relationship.

The firn/ice within the upper 100 m is divided into three areas
according to the rate of change of density with depth, and these
areas are separated by the grey lines in Figure 9. Herron and
Langway (1980), Breton (2011) and Hérhold and others (2011)
used different division methods for the first area.

Herron and Langway (1980) and Breton (2011) reported that
the first area (densification I) is between the ice-sheet surface
and 550 kg m~>, whereas Horhold and others (2011) reported
that it is between the surface and the density std dev. inflection
point, which has a density of 600-650kgm™ (grey line in
Fig. 9). The rapid compression of low-density layers results in
the highest densification rate near surface of the ice sheet.

The second area (densification II) lies between the end of
densification 1 and 830kgm™; here, the densification rate
increases first and then decreases, and the main densification
mechanism of the former is interparticle bond growth and
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particle deformation, whereas the latter is only particle deform-
ation (Breton, 2011).

The third area (densification III) is the area with density below
830 kg m ™, where the pores are closed off from the atmosphere
and each other. The main densification factor in this zone is air
pore compression, and the densification rate decreases rapidly
(Herron and Langway, 1980).

The critical density values of the four ice cores are shown in
Table 4. They present similar characteristics: (1) we did not
observe a sharp change in the densification rate at the density
of 550 kg m™; (2) the density-depth rate of change near the sur-
face is high, with a rapid drop to a local minimum in the change
rate at a density of 600-700 kg m~>, followed by a second relative
maximum. The density of the inflection point in LGB69 and
DT401 is greater than that of Horhold and others (2011) and
(3) the firn/ice transition depth increases with the distance from
the coast except in ice core DT401. The anomaly of DT401 is
caused by the snow redistribution by wind, which will be dis-
cussed in detail in Section 5. These characteristics correspond
to the conclusions of Horhold and others (2011), so we regard
the inflection point as the end of the first densification zone.
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Table 4. Critical values in the inversion density profiles for the ice cores
Depth Depth
Avg. Depth at  error at Depth of Density of 1st avg. Depth at  error at Second avg.

surface 550 550 inflection inflection densification 830 kg 830 densification Accumulation  Density
Ice density  kgm™ kgm™ point point rate m™3 kgm™ rate rate RMSE
core kgm™ m m m kgm™3 kgm™ m m kgm™ kgm™2a~! %
LGB69 415 11.03 —0.45 34.69 691.93 7.98 62.60 0.40 4.95 235 3.53
DT263 440 15.19 —0.24 29.79 616.44 5.92 85.18 - 3.86 111 2.24
DT401 360 13.44 —0.14 34.91 721.29 10.35 61.04 —0.05 4.16 28 5.54
DA2005 386 23.77 —0.80 48.56 663.62 572 98.57 0.04 3.32 27 1.97

Note: First avg. densification rate: the average densification rate from the ice-sheet surface to inflection point in density std dev.; second avg. densification rate: the average densification rate
at the depths between the inflection point in density std dev. and 830 kg m~3; and density RMSE: root mean square error between the inverted density and the ice core.

The inversion densification rate reflects the trend of the ice
core density std dev., which decreases with depth and increases
again in the middle of the firn column. And each ice core has
unique regional characteristics, which are related to factors such
as the accumulation rate, redistribution of snow and temperature
(e.g. Herron and Langway, 1980).

(1) LGB69: the difference between density std dev. and the densi-
fication rate may lead to the overestimation of density deeper
than 60 m, and the densification rate of the ice core within
35-60 m only experienced a small increase far less than the
inverted density, making the RMSE reach 2.24%. This ice
core is located near the coast, resulting in a relatively high-
accumulation rate (235kgm™>a”'; ie. Fujita and others,
2011; Verfaillie and others, 2012); thus, the fresh snow is
quickly buried and experienced higher overburden pressure,
which increased the densification rate during the densifica-
tion I stage (Ligtenberg and others, 2011). Moreover, firn sin-
ters rapidly in densification II due to the relatively warm
climate (Van Den Broeke, 2008).

DT263: the inversion result is consistent with the density
characteristics and the inflection point depth of the ice
core. The concavity of the densification profile flips between
47 and 65m is completely opposite, the average inversion
densification rate below the inflection point is 3.8 kgm™,
whereas that of the ice core is 4.0 kg m ™, resulting in a simi-
lar density-depth relationship between the inverted density
and ice core. As noted in field surveys, the annual accumula-
tion rate is low (111kgm™>a™"), a strong wind crust devel-
ops, and mass volatilisation occurs (Frezzotti and others,
2005; Ding and others, 2011). The wind densifies the surface
and the effect of grain settling is small (Sugiyama and others,
2012); as a result, the average densification rate in densifica-
tion I is the lowest at only 5.92 kg m™.

DT401: the inversion result is similar to the trend of densifi-
cation rate and the average densification rate (5.7 and 5.5 kg
m™*, respectively) of the ice core, but the density RMSE is the
highest due to the large variability in the ice core density. In
the densification III stage, similar to the ice core density, the
inverted density exceeds the theoretical pure ice density of
917 kg m™> at depths >90m (Qin and others, 2000).
Chemical species and solid dust particles may affect the struc-
ture, mechanical properties and sintering behaviour of ice,
leading to a density increase.

DA2005: this ice core is located in Dome A and shows good
inversion results. This is one of the lowest accumulation rate
regions in Antarctica, and the climate is cold (—58.5°C; Hou
and others, 2007), resulting in a relatively stable and slow
densification process. The densification rate of the ice core
does not have an obvious inflection point, and the inversion
result reflects the densification process, and the RMSE is the
smallest.

2

3)

(4)
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5. Density profile around Dome A

In Section 4, we mentioned that surface density measurements are
needed to infer the surface reflection coefficient. The distance
between ice cores DT401 and DA2005 is 150 km, and the reflec-
tion coefficient profiles obtained by renormalisation of the radar
data are similar (std dev.: 2.8%), probably because both are high-
altitude locations with low-accumulation rates. We use the surface
reflection coefficient of DA2005 to begin the density inversion for
DT401, which results in a density RMSE of <1%. Therefore, the
surface properties of the two ice cores are similar, and we do
not need continuous surface reflection coefficient data when
inverting the continuous density profile between two ice cores,
although this only holds where environmental conditions remain
consistent.

Ding and others (2011) measured the vertical average density
of the upper 0.2 m ice sheet along the same transect, which can be
used for the density inversion of ice core DT401 and the transect
88km to the southwest. The density profile within the upper
100 m obtained by inversion of radar data collected on this
transect is shown in Figure 10.

Several studies have suggested that the critical densities of
550 kgm ™ and 830 kg m~> can be used to analyse the densifica-
tion process (e.g. Herron and Langway, 1980), which are shown as
black solid lines and black dotted lines in Figure 10a. We find that
the trend of the depth of the 550 kgm™ critical density is the
same as that of the ice-sheet surface density along the transect,
that is, deeper critical depth occurs with lower surface densities.
The std dev. of the depth of the 830 kgm™ critical density is
5.37 m, which is larger than that of 550 kgm™ (1.04 m), so we
focus on the depth variability of 830 kgm™, which can more
obviously reflect the trend of densification rate along the transect.

Guo and others (2020) divided the transect from Zhongshan
Station to Dome A into four different regions, and the present
study area falls within zone 3, which is 1080 km from the coast,
with the highest elevation and one of the lowest accumulation
rates in Antarctica (Ma and others, 2010). The slope of zone 3
is steep, the elevation changes in the range of 3728-4000 m,
with an average slope of 3.09 m km™", and is affected by southwest
winds (from right to left in Fig. 10). The strong katabatic winds
redistribute snow, which leads to large fluctuations in accumula-
tion rate, and affect the snow densification rate (Frezzotti and
others, 2004; Ding and others, 2011). The densification rate will
increase with the accumulation rate (e.g. Lundin and others,
2017), which can be compared with the average densification
rate from the ice-sheet surface to the depth of the 830 kgm™
to verify the feasibility of the inversion algorithm. We believe
that it is necessary to input parameters such as wind speed and
surface slope to quantitatively analyse the spatial variability of
the densification rate, but this is not the focus of this paper, so
we only make a qualitative comparison here.

The densification rate and accumulation rate show a similar
trend at the first 73km transect in Figure 10b (correlation:
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0.48). In general, the densification rate increases at the accumula-
tion rate peak and decreases at the accumulation rate trough (e.g.
~4 and 6 km in Fig. 10b), which is consistent with Horhold and
others (2011). This finding demonstrates that our density inver-
sion retrieves profiles consistent with what we would expect
from the physical conditions on the ice sheet.

The depth of the second critical density (830 kg m™>) signifi-
cantly increases due to the proximity to Dome A (after 73 km),
which is consistent with the climate models of Van den Broeke
(2008) and Ligtenberg and others (2011). We speculate that as
the transect approaches Dome A, that is, closer to the ice divide,
and the wind speed and the slope of the ice-sheet surface both
drop, resulting in a lower densification rate (Fujita and others,
2015).

Guo and others (2020) reported the correlation between accu-
mulation and surface topography in this region. We suggest that
the spatial variability of the densification rate can also show a simi-
lar pattern; that is, the low densification rate typically occurs lee-
ward of large slopes, and the high densification rate tends to
appear downwind of surface depressions with relatively low slopes.

6. Conclusions

This paper describes a method for the inversion of ice-sheet dens-
ity profiles using FMCW radar data. We first simulate and verify
the inversion algorithm through the following four tests:

(1) The beat signal simulation model is compared with the radar
record around ice core LGB69. The radar signal at ice core
LGB69 is simulated, which shows that the reflection profile
of the ice sheet can be reproduced using profiles of density
and permittivity.

(2) The simulation and inversion of beat signals based on the
high-resolution (5 mm) ice cores B31 and B33 show that it
is feasible for the fitted radar trace peaks to represent the
reflection coefficient. Therefore, we propose a renormalisa-
tion method based on the surface reflection coefficient to
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convert the fitted peak into an average reflection coefficient
and represent the densification rate for density inversion.

(3) To study the sensitivity of the inversion method to radar
bandwidth and small-scale density variability, we use the
moving average of the ice core permittivity and different
bandwidths to simulate beat signal and inversion density,
and we obtain a similar density—-depth relationship.

(4) We show that the surface density is a necessary prior param-
eter for the inversion, and is the beginning of the recursion,
which determines the inverted average density.

The depth-density relationship is related to factors such as the
accumulation rate, temperature and wind. Therefore, four ice
cores from regions with different climate characteristics were
selected along the transect from Zhongshan Station to Dome A,
and the closest 500 m of radar data was used to validate the dens-
ity inversion.

The average densities of the areas around the four ice cores
were inverted by radar, and the density profiles were divided
into three sections by inflection points in the densification rates
which seem to correspond strongly with different modes of densi-
fication. Due to the warm climate and high-accumulation rate, the
densification rate is high in ice core LGB69. Due to the influence
of the wind crust and mass volatilisation around ice core DT263,
grain settling is not obvious, resulting in the smallest average
densification rate. The RMSE is the largest in ice core DT401
due to the fluctuation in the measured density. Ice core
DA2005 at Dome A has a stable and slow compaction process.

We also analysed the radar data in the area with a low tem-
perature and low-accumulation rate within 88 km southwest of
DT401 and found that the strong katabatic winds erode the
snow, causing snow redistribution, which leads to large fluctua-
tions in the accumulation rate and densification rate along the
transect. Moreover, the densification rate increases at the accumu-
lation rate peak but decreases at the accumulation rate trough.

The entire inversion process is dependent on the surface dens-
ity, surface reflection coefficient and the correlation between
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density std dev. and densification rate. A representative snow
core can meet the demand of reflection coefficients within at
least 150 km for the specific region we analysed. The radar density
inversion method can achieve better results at high altitudes and
low-accumulation rate areas. A small amount of liquid water will
cause strong reflections and signal attenuation; therefore, it is dif-
ficult to perform this inversion in wet snow zones. The size and
distribution of the percolation zone are annually transient in
Antarctica and some high-altitude areas of Greenland (Brown
and others, 2012). The infiltration and refreezing of surface
meltwater into the snow layer will cause a temporary increase
in ice-sheet density variability and average density, which is not
a severe concern in most of East Antarctica, although it cannot
be ignored on the Greenland coast.

The maximum inversion RMSE of the four ice cores is 5.54%,
which is similar to the accuracy of the common midpoint method
(5%, Brown and others, 2012; 6%, Arthern and others, 2013). It is
best to confirm the correlation between the density std dev. and
the densification rate before density inversion, which limits the
study area of the inversion algorithm, but the obvious advantage
is the efficient data collection process. Data extraction, analysis,
inversion and imaging operations do not require manual inter-
vention; therefore, a corresponding data analysis system can be
established to automatically process the dataset.

The inverted density can be combined with the densification
model (e.g. Herron and Langway, 1980; Arthern and others,
2010) to estimate the expected shape of the depth density distri-
bution to further constrain the inversion results. With the intro-
duction of radar parameters to the simulation, the received
power can be calibrated to an absolute level for echo power com-
parison to invert the reflection coefficient for the density of the
ice-sheet surface. In the modelling process, the anisotropy of ice
is not considered; therefore, more factors can be considered to
build a more complex inversion algorithm and fully utilise the
information contained in the monostatic reflection signals.

After the algorithm is improved in future research, all radar
data from Zhongshan Station to Dome A will be inverted to ana-
lyse the spatial variability of compaction along the transect. This
study can be combined with on-site observations to further study
the densification mechanism and effectively improve the estima-
tion accuracy of accumulation rates from radar (Yang and others,
2020). By analysing airborne FMCW radar data, continuous pro-
files of density and IRHs can be generated for hundreds of kilo-
metres, which can improve our understanding of local
accumulation rate variability.

Data. All the data presented in the paper are available for scientific purposes
upon request to the corresponding author (douyk8888cn@126.com).

Acknowledgements. This study was funded by the National Natural Science
Foundation of China (41776199, 41776204, 41876227, 41876230 and 41941006)
and the National Key R&D Program of China (2018YFB1307504). The field-
work was supported by the 32nd Chinese National Antarctic Research
Expedition, especially the inland expedition team. We also thank the anonym-
ous reviewers for many helpful edits and comments.

Author contributions.

Y. Dou supervised the project. W. Yang, G. Zuo and Y. Wang conducted the fieldwork
and processed the data under Y. Dou’s supervision. Y. Wang performed all calculations
and wrote most of the paper. B. Zhao, J. Guo and X. Tang studied the densification
mechanism. Y. Chen and Y. Zhang provided the calculation method of the FFT. All
authors contributed to the development of the analyses, interpretation of the results
and extensive editing of the manuscript.

References

Arcone SA, Spikes VB, Hamilton GS and Mayewski PA (2004) Stratigraphic
continuity in 400 MHz short-pulse radar profiles of firn in West Antarctica.
Annals of Glaciology 39, 195-200. doi: 10.3189/172756404781813925.

https://doi.org/10.1017/jog.2021.70 Published online by Cambridge University Press

1225

Arthern RJ, Vaughan DG, Rankin AM, Mulvaney R and Thomas ER (2010)
In situ measurements of Antarctic snow compaction compared with predic-
tions of models. Journal of Geophysical Research: Earth Surface 115, F0O3011.
doi: 10.1029/2009JF001306.

Arthern RJ, Corr HFJ, Gillet-Chaulet F, Hawley RL and Morris EM (2013)
Inversion for the density-depth profile of polar firn using a stepped-
frequency radar. Journal of Geophysical Research 118(3), 1257-1263. doi:
10.1002/jgrf.20089.

Booth AD, Clark R and Murray T (2010) Semblance response to a ground-
penetrating radar wavelet and resulting errors in velocity analysis. Near
Surface Geophysics 8(3), 235-246. doi: 10.3997/1873-0604.2010008.

Booth AD, Clark RA and Murray T (2011) Influences on the resolution of
GPR velocity analyses and a Monte Carlo simulation for establishing vel-
ocity precision. Near Surface Geophysics 9(5), 399-411. doi: 10.3997/
1873-0604.2011019.

Breton DJ (2011) Photonic non-destructive measurement methods for investi-
gating the evolution of polar firn and ice. (PhD thesis, University of Maine).

Brown J and 5 others (2012) Georadar-derived estimates of firn density in the
percolation zone, western Greenland ice sheet. Journal of Geophysical
Research: Earth Surface 117, F01011. doi:10.1029/2011JF002089.

Clough JW (1977) Radio-echo sounding: reflections from internal layers in ice
sheets. Journal of Glaciology 18(78), 3-14. doi: 10.1017/5002214300002147X.

Cuffey KM and Paterson WSB (2010) The Physics of Glaciers, 4th Edn.
Oxford: Butterworth-Heinemann.

Cui X and 7 others (2010). Ice radar investigation at Dome A, East Antarctica:
ice thickness and subglacial topography. Chinese Science Bulletin 55(4),
425-431. doi: 10.1007/s11434-009-0546-z.

Dall J (2010) Ice sheet anisotropy measured with polarimetric ice sounding
radar. 2010 IEEE International Geoscience and Remote Sensing Symposium
(IGARSS). Honolulu, HI, 2507-2510. doi: 10.1109/IGARSS.2010.5653528.

Ding M and 6 others (2011) Spatial variability of surface mass balance along a
traverse route from Zhongshan station to Dome A, Antarctica. Journal of
Glaciology 57(204), 658-666. doi: 10.3189/002214311797409820.

Dix CH (1955) Seismic velocities from surface measurements. Geophysics 20
(1), 68-86. doi: 10.1190/1.1438126.

Drews R and 6 others (2016) Constraining variable density of ice shelves using
wide-angle radar measurements. The Cryosphere 10(2), 811-823. doi:
10.5194/tc-10-811-2016.

Eisen O, Wilhelms F, Nixdorf U and Miller H (2003) Revealing the nature of
radar reflections in ice: DEP-based FDTD forward modeling. Geophysical
Research Letters 30(5), 103-133. doi: 10.1029/2002GL016403.

Eisen O and 15 others (2008) Ground-based measurements of spatial and
temporal variability of snow accumulation in East Antarctica. Reviews of
Geophysics 46, RG2001. doi: 10.1029/ 2006RG000218.

Freitag J, Wilhelms F and Kipfstuhl S (2004) Microstructure-dependent
densification of polar firn derived from X-ray microtomography. Journal
of Glaciology 50(169), 243-250. doi: 10.3189/172756504781830123.

Frezzotti M and 13 others (2004) New estimations of precipitation and sur-
face sublimation in East Antarctica from snow accumulation measurements.
Climate Dynamics 23(7-8), 803-813. doi: 10.1007/s00382-004-0462-5.

Frezzotti M and 9 others (2005) Spatial and temporal variability of snow
accumulation in East Antarctica from traverse data. Journal of Glaciology
51(172), 113-124. doi: 10.3189/172756505781829502.

Fujita S, Matsuoka T, Ishida T, Matsuoka K and Mae S (2000) A summary of
the complex dielectric permittivity of ice in the megahertz range and its
applications for radar sounding of polar ice sheets. In Takeo H (ed.),
International Symposium on Physics of Ice Core Records, September 14-
17, 1998, Shikotsukohan, Hokkaido, Japan, Hokkaido University Press,
185-212. URL: http://hdlhandle.net/2115/32469.

Fujita S, Maeno H and Matsuoka K (2006) Radio-wave depolarization and
scattering within ice sheets: a matrix-based model to link radar and ice-core
measurements and its application. Journal of Glaciology 52(178), 407-424.
doi: 10.3189/172756506781828548.

Fujita S and 25 others (2011) Spatial and temporal variability of snow accumu-
lation rate on the East Antarctic ice divide between Dome Fuji and EPICA
DML. The Cryosphere 5(4), 1057-1081. doi: 10.5194/tc-5-1057-2011.

Fujita S and 7 others (2015). Densification of layered firn in the ice sheet at
Dome Fuji, Antarctica. Journal of Glaciology 62(231), 1-21. doi: 10.1017/
jog.2016.16.

Gardner AS and 6 others (2018) Increased West Antarctic and unchanged
East Antarctic ice discharge over the last 7 years. The Cryosphere 12(2),
521-547. doi: 10.5194/tc-2017-75.


mailto:douyk8888cn@126.com
https://doi.org/10.3189/172756404781813925
https://doi.org/10.1029/2009JF001306
https://doi.org/10.1002/jgrf.20089
https://doi.org/10.3997/1873-0604.2010008
https://doi.org/10.3997/1873-0604.2010008
https://doi.org/10.3997/1873-0604.2011019
https://doi.org/10.3997/1873-0604.2011019
https://doi.org/10.3997/1873-0604.2011019
https://doi.org/10.1029/2011JF002089
https://doi.org/10.1017/S002214300002147X
https://doi.org/10.1007/s11434-009-0546-z
https://doi.org/10.1007/s11434-009-0546-z
https://doi.org/10.1007/s11434-009-0546-z
https://doi.org/10.1007/s11434-009-0546-z
https://doi.org/10.1109/IGARSS.2010.5653528
https://doi.org/10.3189/002214311797409820
https://doi.org/10.1190/1.1438126
https://doi.org/10.�5194/tc-10-811-2016
https://doi.org/10.�5194/tc-10-811-2016
https://doi.org/10.�5194/tc-10-811-2016
https://doi.org/10.�5194/tc-10-811-2016
https://doi.org/10.1029/2002GL016403
https://doi.org/10.1029/ 2006RG000218
https://doi.org/10.3189/172756504781830123
https://doi.org/10.1007/s00382-004-0462-5
https://doi.org/10.1007/s00382-004-0462-5
https://doi.org/10.1007/s00382-004-0462-5
https://doi.org/10.1007/s00382-004-0462-5
https://doi.org/10.3189/172756505781829502
http://hdl.handle.net/2115/32469
http://hdl.handle.net/2115/32469
https://doi.org/10.3189/172756506781828548
https://doi.org/10.5194/tc-5-1057-2011
https://doi.org/10.5194/tc-5-1057-2011
https://doi.org/10.5194/tc-5-1057-2011
https://doi.org/10.5194/tc-5-1057-2011
https://doi.org/10.1017/jog.2016.16
https://doi.org/10.1017/jog.2016.16
https://doi.org/10.5194/tc-2017-75
https://doi.org/10.5194/tc-2017-75
https://doi.org/10.5194/tc-2017-75
https://doi.org/10.1017/jog.2021.70

1226

Gerland S and 5 others (1999). Density log of a 181 m long ice core from
Berkner Island, Antarctica. Annals of Glaciology 29(1), 215-219. doi:
10.3189/172756499781821427.

Gow AJ (1968) Electrolytic conductivity of snow and glacier ice from
Antarctica and Greenland. Journal of Geophysical Research 73(12), 3643—
3649. doi: 10.1029/JB073i1012p03643.

Grima C, Blankenship DD, Young DA and Schroeder DM (2014) Surface
slope control on firn density at Thwaites Glacier, West Antarctica: results
from airborne radar sounding. Geophysical Research Letters 41(19), 6787-
6794. doi: 10.1002/2014GL061635.

Guo J and 12 others (2020) Historical surface mass balance from a frequency-
modulated continuous-wave (FMCW) radar survey from Zhongshan station
to Dome A. Journal of Glaciology 66(260), 965-977. doi:10.1017/j0g.2020.58.

Harrison CH (1973) Radio echo sounding of horizontal layers in ice. Journal
of Glaciology 12(66), 383-397. doi: 10.1017/50022143000031804.

Herron MM and Langway CC (1980) Firn densification: an empirical model.
Journal of Glaciology 25(93), 373-385. doi: 10.1017/50022143000015239.
Hogg AE and 11 others (2017) Increased ice flow in Western Palmer Land
linked to ocean melting. Geophysical Research Letters 44(9), 4159-4167.

doi: 10.1002/2016GL072110.

Hoérhold MW, Kipfstuhl S, Wilhelms F, Freitag J and Frenzel A (2011) The
densification of layered polar firn. Journal of Geophysical Research: Earth
Surface 116, F01001. doi: 10.1029/2009JF001630.

Hou S, Li Y, Xiao C and Ren J (2007) Recent accumulation rate at Dome A,
Antarctica. Science Bulletin 52(3), 428-431. doi: 10.1007/s11434-007-0041-3.

Jiang S and 7 others (2012) A detailed 2840 year record of explosive volcan-
ism in a shallow ice core from Dome A, East Antarctica. Journal of
Glaciology 58(207), 65-75. doi: 10.3189/2012JoG11J138.

Kameda T, Motoyama H, Fujita S and Takahashi S (2008) Temporal and
spatial variability of surface mass balance at Dome Fuji, East Antarctica,
by the stake method from 1995 to 2006. Journal of Glaciology 54(184),
107-116. doi: 10.3189/002214308784409062

Kanagaratnam P, Gogineni S, Gundestrup NS and Larsen LB (2001)
High-resolution radar mapping of internal layers at the North Greenland
Ice Core Project. Journal of Geophysical Research 106(D24), 33799-33811.
doi: 10.1029/2001JD900191.

Kovacs A, Gow AJ and Morey RM (1995) The in-situ dielectric constant of
polar firn revisited. Cold Regions Science and Technology 23(23), 245-256.
doi: 10.1016/0165-232X(94)00016-Q.

Laepple T and 5 others (2016) Layering of surface snow and firn at Kohnen
Station, Antarctica: Noise or seasonal signal?. Journal of Geophysical
Research: Earth Surface 121(10), 1849-1860. doi: 10.1002/2016JF003919.

Landau LD and Lifschitz EM (1982) Elektrodynamik der Kontinua, Lehrbuch
der Theoretischen Physik, vol. VIII. Berlin, Germany: Akademie.

Leuschen C (2001) Surface-penetrating radar for Mars exploration. Journal of
Geophysical Research Atmospheres 108(E4), 1524-1526. doi: 10.1029/
2002JE001875.

Lewis C and 6 others (2015). Airborne fine-resolution uhf radar: an approach
to the study of englacial reflections, firn compaction and ice attenuation
rates. Journal of Glaciology 61(225), 89-100. doi: 10.3189/2015J0G14]089.

Li RX, Xiao CD, Sneed SB and Yan M (2012) A continuous 293-year record of
volcanic events in an ice core from Lambert Glacier basin, East Antarctica.
Antarctic Science 24(3), 293-298. doi: 10.1017/S0954102011000897.

Ligtenberg SR, Helsen MM and Van den Broeke MR (2011) An improved
semi-empirical model for the densification of Antarctic firn. The
Cryosphere 5(4), 809-819. doi: 10.5194/tc-5-809-2011.

Liu, Y and 7 others (2015) Ocean-driven thinning enhances iceberg calving
and retreat of Antarctic ice shelves. Proceedings of the National Academy
of Sciences 112(11), 3263-3268. doi: 10.1073/pnas.1415137112.

Lundin JMD and 12 others (2017). Firn model intercomparison experiment
(FirnMICE). Journal of Glaciology 63(239), 1-22. doi: 10.1017/jog.2016.114.

Ma Y, Bian L, Xiao C, Allison I and Zhou X (2010) Near surface climate of
the traverse route from Zhongshan Station to Dome A, East Antarctica.
Antarctic Science 22(4), 443-459. doi: 10.1017/50954102010000209.

MacGregor JA and 5 others (2007) Modeling englacial radar attenuation at
Siple Dome, West Antarctica, using ice chemistry and temperature data.
Journal of Geophysical Research: Earth Surface 112, F03008. doi: 10.1029/
2006JF000717.

Matsuoka K, Macgregor JA and Pattyn F (2010) Using englacial radar attenu-
ation to better diagnose the subglacial environment: A review. Proceedings
of the XIII International Conference on Ground Penetrating Radar, Lecce,
Ttaly, IEEE, 1-5. doi:10.1109/icgpr.2010.5550161.

https://doi.org/10.1017/jog.2021.70 Published online by Cambridge University Press

Wangxiao Yang and others

Medley B and 14 others (2014). Constraining the recent mass balance of pine
island and Thwaites glaciers, West Antarctica, with airborne observations of
snow accumulation. The Cryosphere 8(1), 953-998. doi: 10.5194/tc-8-1375-2014.

Millar DHM (1982) Acidity levels in ice sheets from radio echo-sounding.
Annals of Glaciology 3, 199-203. doi: 10.1017/50260305500002779.

Miners WD and 5 others (1997) Forward modeling of the internal layers in
radio echo sounding using electrical and density measurements from ice
cores. The Journal of Physical Chemistry B 101(32), 6201-6204. doi:
10.1021/jp963218+.

Miners WD, Wolff EW, Moore JC, Jacobel R and Hempel L (2002)
Modeling the radio echo reflections inside the ice sheet at summit,
Greenland. Journal of Geophysical Research: Solid Earth 107(B8), EPM-6.
doi: 10.1029/2001JB000535.

Oerter H and 6 others (2000) Accumulation rates in Dronning Maud Land,
Antarctica, as revealed by dielectric-profiling measurements of shallow firn
cores. Annals of Glaciology 30(1), 27-34. doi: 10.3189/172756400781820705.

Okorn R and 7 others (2014) Upward-looking L-band FMCW radar for snow
cover monitoring. Cold Regions Science and Technology 103(100), 31-40.
doi: 10.1016/j.coldregions.2014.03.006.

Proksch M, Lowe H and Schneebeli M (2015) Density, specific surface area,
and correlation length of snow measured by high-resolution penetrometry.
Journal of Geophysical Research: Earth Surface 120(2), 346-362. doi:
10.1002/2014JF003266.

Qin D and 8 others (2000). Primary results of glaciological studies along
an 1100 km transect from Zhongshan station to Dome A, East Antarctic
ice sheet. Annals of Glaciology 31(1), 198-204. doi: 10.3189/
172756400781819860.

Ren J and 6 others (2010) A 2680 year volcanic record from the DT401 East
Antarctic ice core. Journal of Geophysical Research 115, D11301. doi:
10.1029/2009jd012892.

Rignot E, Velicogna I, Den Broeke MR, Monaghan AJ and Lenaerts JT
(2011) Acceleration of the contribution of the Greenland and Antarctic
ice sheets to sea level rise. Geophysical Research Letters 38, L05503. doi:
10.1029/2011GL046583.

Rignot E, Jacobs S, Mouginot J and Scheuchl B (2013) Ice-shelf melting
around Antarctica. Science (New York, N.Y.) 341(6143), 266-270. doi:
10.1126/science.1235798.

Rignot E and 5 others (2019) Four decades of Antarctic Ice Sheet mass bal-
ance from 1979-2017. Proceedings of the National Academy of Sciences 116
(4), 1095-1103. doi: 10.1073/pnas.1812883116.

Sasgen I, Konrad H, Helm V and Grosfeld K (2019) High-resolution mass
trends of the Antarctic ice sheet through a spectral combination of satellite
gravimetry and radar altimetry observations. Remote Sensing 11(2), 144. doi:
10.3390/rs11020144.

Schwager M (2000) Ice core analysis on the spatial and temporal variability of
temperature and precipitation during the Late Holocene in North Greenland.
Berichte zur Polarforschung 362, 136. doi: 10.2312/BzP_0362_2000.

Shepherd A and 46 others (2012) A reconciled estimate of ice-sheet mass bal-
ance. Science (New York, N.Y.) 338(6111), 1183-1189. doi: 10.1126/science.
1228102.

Shepherd A and 77 others (2018). Mass balance of the Antarctic Ice
Sheet from 1992 to 2017. Nature 558(7709), 219-222. doi: 10.1038/
s41586-018-0179-y.

Srinivasamurthy V, Gogineni S, Dawood M and Kanagaratnam P (2005).
Model based signal processing for GPR Data Inversion (Master dissertation),
University of Kansas, Electrical Engineering and Computer Science. doi:oai:
CiteSeerX.psu:10.1.1.142.637.

Stove AGE (1992) Linear FMCW radar techniques. Radar ¢ Signal Processing
IEE Proceedings F 139(5), 343-350. doi: 10.1049/ip-f-2.1992.0048.

Sugiyama S and 6 others (2012) Snow density along the route traversed by the
Japanese-Swedish Antarctic expedition 2007/08. Journal of Glaciology 58
(209), 529-539. doi: 10.3189/2012JoG11J201.

Ulaby FT, Michielssen E and Ravaioli U (2010) Fundamentals of Applied
Electromagnetics 6e. Boston, Massachusetts: Prentice Hall.

Verfaillie D and 7 others (2012) Snow accumulation variability derived from
radar and firn core data along a 600 km transect in Adelie Land, East
Antarctic plateau. The Cryosphere 6, 1345-1358. doi: 10.5194/tc-6-1345-2012.

Van den Broeke M (2008) Depth and density of the Antarctic firn layer.
Arctic, Antarctic, and Alpine Research 40(2), 432-438. doi: 10.1657/
1523-0430(07-021)[BROEKE]2.0.CO;2.

Wilhelms F (1996) Measuring the conductivity and density of ice cores.
Berichte zur Polarforschung 191, 224. doi: 10.2312/BzP_0191_1996.


https://doi.org/10.�3189/172756499781821427
https://doi.org/10.1029/JB073i012p03643
https://doi.org/10.1002/2014GL061635
https://doi.org/10.1017/jog.2020.58
https://doi.org/10.1017/S0022143000031804
https://doi.org/10.1017/S0022143000015239
https://doi.org/10.1002/2016GL072110
https://doi.org/10.1029/2009JF001630
https://doi.org/10.1007/s11434-007-0041-3
https://doi.org/10.1007/s11434-007-0041-3
https://doi.org/10.1007/s11434-007-0041-3
https://doi.org/10.1007/s11434-007-0041-3
https://doi.org/10.3189/2012JoG11J138
https://doi.org/10.3189/002214308784409062
https://doi.org/10.1029/2001JD900191
https://doi.org/10.1016/0165-232X(94)00016-Q
https://doi.org/10.1016/0165-232X(94)00016-Q
https://doi.org/10.1016/0165-232X(94)00016-Q
https://doi.org/10.1002/2016JF003919
https://doi.org/10.1029/2002JE001875
https://doi.org/10.1029/2002JE001875
https://doi.org/10.3189/2015JoG14J089
https://doi.org/10.1017/S0954102011000897
https://doi.org/10.5194/tc-5-809-2011
https://doi.org/10.5194/tc-5-809-2011
https://doi.org/10.5194/tc-5-809-2011
https://doi.org/10.5194/tc-5-809-2011
https://doi.org/10.1073/pnas.1415137112
https://doi.org/10.1017/jog.2016.114
https://doi.org/10.1017/S0954102010000209
https://doi.org/10.1029/2006JF000717
https://doi.org/10.1029/2006JF000717
https://doi.org/10.1109/icgpr.2010.5550161
https://doi.org/10.5194/tc-8-1375-2014
https://doi.org/10.5194/tc-8-1375-2014
https://doi.org/10.5194/tc-8-1375-2014
https://doi.org/10.5194/tc-8-1375-2014
https://doi.org/10.1017/S0260305500002779
https://doi.org/10.�1021/jp963218&plus;
https://doi.org/10.1029/2001JB000535
https://doi.org/10.3189/172756400781820705
https://doi.org/10.1016/j.coldregions.2014.03.006
https://doi.org/10.�1002/2014JF003266
https://doi.org/10.3189/172756400781819860
https://doi.org/10.3189/172756400781819860
https://doi.org/10.�1029/2009jd012892
https://doi.org/10.1029/2011GL046583
https://doi.org/10.�1126/science.1235798
https://doi.org/10.1073/pnas.1812883116
https://doi.org/10.3390/rs11020144
https://doi.org/10.2312/BzP_0362_2000
https://doi.org/10.1126/science.1228102
https://doi.org/10.1126/science.1228102
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/10.1038/s41586-018-0179-y
https://doi.org/oai:CiteSeerX.psu:10.1.1.142.637
https://doi.org/oai:CiteSeerX.psu:10.1.1.142.637
https://doi.org/10.1049/ip-f-2.1992.0048
https://doi.org/10.1049/ip-f-2.1992.0048
https://doi.org/10.1049/ip-f-2.1992.0048
https://doi.org/10.3189/2012JoG11J201
https://doi.org/10.5194/tc-6-1345-2012
https://doi.org/10.5194/tc-6-1345-2012
https://doi.org/10.5194/tc-6-1345-2012
https://doi.org/10.5194/tc-6-1345-2012
https://doi.org/10.1657/1523-0430(07-021)[BROEKE]2.0.CO;2
https://doi.org/10.1657/1523-0430(07-021)[BROEKE]2.0.CO;2
https://doi.org/10.1657/1523-0430(07-021)[BROEKE]2.0.CO;2
https://doi.org/10.1657/1523-0430(07-021)[BROEKE]2.0.CO;2
https://doi.org/10.2312/BzP_0191_1996
https://doi.org/10.1017/jog.2021.70

Journal of Glaciology

Yang, W and 5 others (2020) Distribution of shallow isochronous layers in
east Antarctica inferred from frequency-modulated continuous-wave
(FMCW) radar. Annals of Geophysics 63(4), 413. doi: 10.4401/ag-7794.

Zhou L and 7 others (2006) A 780-year record of explosive volcanism from
DT263 ice core in east Antarctica. Chinese Science Bulletin 51(22), 2771~
2780 doi: 10.1007/s11434-006-2164-3.

https://doi.org/10.1017/jog.2021.70 Published online by Cambridge University Press

1227

Zhou, C and 6 others (2019) Mass balance assessment of the Amery Ice Shelf
Basin, East Antarctica. Earth and Space Science 6(10), 1987-1999. doi: 10.
1029/2019EA000596.

Zirizzotti A, Cafarella L, Urbini S and Baskaradas JA (2014)
Electromagnetic ice absorption rate at Dome C, Antarctica. Journal of
Glaciology 60(223), 849-854. doi: 10.3189/2014JoG13]J208.


https://doi.org/10.4401/ag-7794
https://doi.org/10.4401/ag-7794
https://doi.org/10.1007/s11434-006-2164-3
https://doi.org/10.1007/s11434-006-2164-3
https://doi.org/10.1007/s11434-006-2164-3
https://doi.org/10.1007/s11434-006-2164-3
https://doi.org/10.1029/2019EA000596
https://doi.org/10.1029/2019EA000596
https://doi.org/10.3189/2014JoG13J208
https://doi.org/10.1017/jog.2021.70

	Inversion for the density--depth profile of Dome A, East Antarctica, using frequency-modulated continuous wave radar
	Introduction
	Radar theory and data
	Data
	Radar data
	High-resolution density profile data

	FMCW radar
	Radar processing
	Radar trace processing
	Verification processing method


	Inversion
	Simulation, sensitivity tests and ice core inversion
	Simulation
	Modelling the radio-echo reflection
	Density profile inversion algorithm

	Sensitivity test
	Influence of small-scale fluctuations in density
	Influence of radar bandwidth
	Influence of surface density

	Density inversion around ice cores

	Density profile around Dome A
	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


