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Abstract

Englacial radar reflectors in the central West Antarctic Ice Sheet contain information about past
dynamics and ice properties. Due to significant data coverage in this area, these isochronous
reflectors can be traced over large portions of the ice sheet, but assigning ages to the reflectors
for the purpose of studying dynamics requires incorporation of chronologic data from ice cores. To
date reflectors in the Marie Byrd Land region, we consider the Byrd ice core, strategically located
between the catchments of Thwaites Glacier and the Siple Coast ice streams. We determine ages with
uncertainty for four englacial radar reflectors spanning the ice thickness using Bayesian approaches
to combine radar observations, an existing Byrd ice core chronology, and a simplified ice flow model.
This method returns the marginal probability distribution of depth and age for each of the observed
radar reflectors. The results also include inferences of accumulation rate at the Byrd ice core site
during the last 30 ka that show a minimum accumulation rate during the Last Glacial Maximum at
half the modern rate. The deepest continuous radar reflector is 25.67 + 1.45 ka, <30% of the estimated
age of the oldest ice at the Byrd ice core site despite being located at 70% of the ice depth, limiting
the age of radar-interpretable ice in this region. The inferred reflector age profiles at the Byrd ice core
site derived here compare favourably with the more recent WAIS Divide ice core record. However,
uncertainty in reflector depth due to radar range precision contributes considerably to uncertainty
in reflector age in a way that is not readily reducible using currently available ice-penetrating radar
systems.

Key words: airborne radio-echo sounding, Bayesian estimation, ice chronology/dating, ice flow modelling, ice sheet
accumulation rate.
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1. Introduction

Isochronous, englacial radar reflectors observed by ice-penetrating radar record the depth and extent of isosurfaces
with shared physical properties (Siegert et al., 1998; Dowdeswell and Evans, 2004). These reflectors can map the
age structure of an ice sheet, with the thickness of layers bounded by reflectors revealing information about ice flow
dynamics and variable ice properties. Such observations have been used in Greenland and Antarctica to infer the ice
flow history of the ice sheets in response to changing climate regimes in the past (MacGregor et al., 2015). To pro-
vide such historical climatic context, reflectors are assigned ages by correlation to a known chronology, such as at
an ice core site (Cavitte et al., 2016). Dating englacial reflectors enables information from the entire ice volume, not
only surface observations, to constrain ice sheet dynamics. However, combining information from ice cores and radar
observations is intrinsically complicated by the fact that ice core chronologies assign discrete ages to samples of ice,
while radar reflectors track packets of ice with finite thickness that span a range of ages, particularly at depth where
age is more sensitive to depth due to shear thinning of the ice.

To understand how well radar reflectors can be dated, we use Bayesian methods to synthesize information from ice
cores, radar sampling, ice flow modelling, and our knowledge of the leading sources of uncertainty within the radar
and ice core data sources. We apply our approach to the central West Antarctic Ice Sheet (WAIS), an area contain-
ing the potential for unforced retreat where ice dynamics are of particular interest for projections of future sea-level
rise. In addition to being of scientific importance, the central WAIS is an area with concentrated radar surveys and
two deep ice cores, the Byrd ice core (Gow et al., 1968). In particular, the proximity of the Byrd ice core (80.0167°S,
119.5167°W) to fast-changing ice of both the Siple and Amundsen Sea coasts in West Antarctica makes it a potentially
important source of information about the response of the WAIS to climate change.

The Byrd ice core is co-located with several extensive radar surveys (Fig. 1) and contains an ice record that extends
back to >90 ka (Blunier and Brook, 2001), nearly back to the Last Interglacial. Rather than use existing chronologies
for the age—depth relationship at the Byrd ice core, which do not sufficiently characterize its uncertainty, we generate
our own chronologies using Bayesian strategies to synthesize an ice flow model with age-depth data obtained from
volcanics sampled from the Byrd ice core (Gow et al., 1968; Gow, 1970; Hammer et al., 1997). This method allows
us to simulate the co-dependence in dating errors within and between different radar reflectors.

The four reflectors in this study were chosen as a representative sample of the ice column and for their signal-to-
noise ratio (SNR) and continuity. It is possible to use this method to date additional englacial reflectors observed using
radar in this area, but the usefulness of such ages extend only as far as the isochronous reflectors can be horizontally
traced. While this method is less helpful for dating discontinuous reflectors, it could inform relative ages for sections
of discontinuous reflectors adjacent to dated reflectors in the ice column (e.g. MacGregor et al., 2015).

We consider two quantities of interest in this problem: radar-inferred depths from observed two-way travel time
(TWTT) and dated volcanics from the Byrd ice core. The primary sources of uncertainty in radar depths include the
speed of electromagnetic radiation in ice, the density and thickness of the firn layer, and radar range precision. The
error on range precision is determined independently for each reflector and the ice surface, while errors in velocity and
firn are systematic (common) across all reflectors of interest in the ice column which are deeper than the firn layer. This
is because we assume constant velocity in ice and all reflectors below the firn will be equally affected by any depth
error accumulated as the signal passes through the firn layer. To estimate the ages of reflectors, we make use of dates
determined for volcanic markers in the ice column (Hammer et al., 1997). In the absence of published uncertainty in
the volcanic record, we use a Bayesian strategy to compute the unknown reflector age uncertainty. An ice flow model
is used to smoothly transfer information from the volcanics to the estimated depth of our reflectors of interest. To do
50, it is necessary to infer flow physics parameters and accumulation rate history. Estimated ice flow and accumula-
tion rate parameters are dependent on one another and on depth and are applied to the full ice column. A Bayesian
framework allows us to describe all components of the problem within a single calculation, but requires stochastic
sampling to estimate the marginal probability of reflector depth (and therefore age) as a function of observed TWTT
and volcanics.

Section 2 discusses the formulation of the Bayesian problem and methods for finding solutions of the age and
depth of observed englacial radar reflectors. Section 3 shows results for the probability distributions of reflector age
and depth as well as a comparison to the WAIS Divide ice core chronology as an independent check on our results.
We also calculate an error budget to determine the dominant contributions to age—depth uncertainty, discussed in
Section 4.
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Figure 1. Map of central West Antarctic with available airborne geophysical radar surveys (yellow lines) and WAIS Divide and Byrd
ice core locations (blue triangles) overlain. Grey shading is surface velocity (Rignot et al., 2011). The red line denotes the flight line
along which the reflectors in this study were observed.

2. Posterior distribution of englacial reflector age-depth

In order to assign ages to observed radar reflectors, we are interested in combining information from radar, ice flow
physics and dates from ice core volcanics at the Byrd ice core site. To do so, we take advantage of the versatility of a
Bayesian approach to assemble the desired solution from a set of inter-related components. Our method preserves the
chronologic superposition of the ice column and correlation of errors with depth, estimates the probability of ice flow
parameter values and estimates a marginal probability of the age-depth profile.

The Bayesian formulation of the posterior probability distribution of radar reflector age is as follows:

PPD(A,) = PPD(D;, f, Vicer SITWTT,, Arc, Dic) o
P(TWTTD,, viee) - p(Arc, Diclf » S)
P(Dr)P(f)P(S)P(Uzce) (1)

Computing the posterior probability distribution of reflector ages, PPD(A,) in Equation 1, requires jointly estimating
the depths of the englacial reflectors of interest (D,), ice flow model parameters and accumulation rate history (7),
radar velocity in ice (v,.) and precision of the Byrd ice core chronology (S). We estimate these values given infor-
mation about observed radar reflector two-way travel time (TWTT,) and the ages and depths of volcanics (Ac, Dic)
interpreted from the Byrd ice core record (Hammer ef al., 1997).

202 11dy 60 Uo 1s9nB Aq L G9GGZS/Y00AZP/L/g/aI0Ie/Wa)sAsalew!|o/woo dno-ojwapese//:sdny Wwoly papeojumoq



4 Dynamics and Statistics of the Climate System, 2018, Vol. 3, No. 1

We use priors, the rightmost four terms in Equation 1, to put physical bounds on sources of uncertainty
as described in the following sections. Priors on D, also preserve stratigraphic dependence of radar reflectors,
requiring deeper reflectors be older than shallower reflectors. Likelihood functions, the first two terms on the
right-hand side of Equation 1, evaluate if ice flow and radar model estimates are consistent with observations.
The age likelihood (second term on right-hand side of Equation 1) tests whether sampled ice flow parameters and
accumulation rate history (7) generate age—depth profiles consistent with the volcanic ages and depths (A,c, Dic).
The scatter between modelled and observed ages determines precision (S) and whether estimates of D, and v,
are rejected or accepted relative to previously accepted solutions. The TWTT likelihood (first term on right-hand
side of Equation 1) tests agreement between observed two-way travel time (TWTT,) and modelled TWTT using
reflector depths (D,) and v,

ice*

Both likelihood tests are used to accept or reject various ‘steps’ through this solution
space, resulting in an ensemble of accepted solutions. The elements of Equation 1 are discussed more thoroughly
in subsequent sections.

2.1. Ice flow model at the Byrd ice core

Due to the inherent stratigraphic dependence of age in the ice column and the nonlinear effect of ice deformation
on layer depths, we use a flow model to simulate the age—depth relationship. We use a simple, 1D model of ice flow
(Equation 2), which derives ice age from accumulation and strain rate, assuming constant horizontal strain rate in the
upper part of the ice sheet and a shear layer of thickness 4 at the base of the ice sheet (Schwander et al., 2001). In the
shear layer, the strain rate is assumed to decrease linearly and the bottom of the ice is assumed to slide with velocity
q - vy, where v, is the horizontal velocity at the surface. The age of ice as a function of elevation from the bedrock

H  dr
Alz) =
@) -L &+ a(z) )

interface is therefore:

where strain is described by

1-k(H-z2), h<z<

H (upper)

&= kz(g+ IZ;hqz), 0<z<h (lower)
and k is a constant such that k = 2H+(1) H is ice thickness, which has been observed to be 2164 m at the Byrd
—hil—=q

ice core site (Gow et al., 1968) and z is the height above the bed. We invert for the remaining parameters: b, the depth
to the Dansgaard—Johnsen shear (Dansgaard and Johnsen, 1969); 4, the time-dependent accumulation rate; and g, the
ratio of horizontal velocity at the surface to that at the bed of the ice sheet.

The ice flow model accounts for two primary factors in the age—depth profile: burial as a function of accumu-
lation rate, 4, and thinning as a function of strain, ¢,. In the simplest realization, ice deposited at a given time at
the ice sheet surface will be found at a depth corresponding to the amount of subsequent accumulation. However,
due to strain thinning at depth, ice of a given age will be less deep than would be expected if accumulation alone is
considered.

The priors used for the ice flow parameters are defined by:

p(h)~U [0,0.5]

p(f) = plg)~U[0,1]
P(di,izl...lo) ~U [005, 025] mla
(3)

The prior distributions of flow parameters and accumulation rate history, together denoted as p(?), assume the shear
layer is in the bottom half of the ice sheet depth (Cuffey and Paterson, 2010) and that ice at the bed of the ice sheet is
moving no faster than the surface, which would allow for cases of both plug and creep flow. Accumulation rate as a
function of depth, 4, is estimated for 10 distinct depth bins spanning the ice thickness at 200-m intervals. The use of
10 discrete bins allows for a straightforward way to capture the variability of accumulation rate over time. We found
that increasing the number of accumulation rate bins did not affect the result.
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2.2. Radar depth and error model

Radar pulses transmitted into the ice sheet reflect off surfaces of dielectric contrast in the ice that are the result of
variations in ice fabric, composition, temperature and rheology of ice (Fujita et al., 2000). The reflected signal is
received by the radar system and recorded as TWTT from transmission to receipt. The reflector data in this analysis
(Fig. 2) were collected by the University of Texas Institute for Geophysics, including GIMBLE (Young et al., 2017),
AGASEA (Holt et al., 2006), CASERTZ (Morse et al., 2002) and SOAR/WMB (Luyendyk et al., 2003) (Fig. 1). Data
used to trace reflectors between Byrd ice core and WAIS Divide ice core were collected from a DC-3 or Twin Otter
airborne platform and used the HiCaRS2 coherent radar system with 60 MHz centre frequency and 15 MHz band-
width (Young et al., 2016).

In this study, we consider TWTT of four reflectors spanning the ice thickness in the region of central West Antarctica
(Fig. 2). These reflectors have been tracked using Halliburton’s Landmark seismic interpretation software and can
be tied to both the Byrd and WAIS Divide ice cores for dating using observations from the HiCARS system (Fig. 1).

To estimate reflector depths from TWTT (TWTT,, ,(D,)), we use a simple relation between the different velocities
of the radar signal in air and ice and incorporate several known sources of uncertainty, including (i) variations in the
radar velocity in ice due to ice temperature and fabric (v,.), (ii) vertical precision limitations of radar range detection
(0pree) and (idi) uncertainty in the firn correction (eg,,) due to measurement errors in the ice density profile:

TW T Ty, (D) + Gprec,p = 22 i hin)

+(TWTTsurf + Sprec,surf) (4)

The complexity of local ice properties affecting the velocity at any location and depth makes it difficult to know the
true velocity. Empirical evidence suggests a range of expected velocities, and we conservatively assume they are uni-
formly distributed such that p(vice) ~ U[168,169.5] m/us (Fujita et al., 2000). In lieu of detailed observations of ice
properties with depth, we assume the value of v, is a constant throughout the ice column and apply it systematically
to all reflector depths.
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Figure 2. Radargram showing reflectors of interest near the Byrd ice core along flight line ICP6/MKB2I/F14T01a observed using the
HiCARS2 radar system. Short vertical hatches along tracked reflectors show intersections with crosslines.
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The radar pulse width determines vertical precision, oprec,» (Millar, 1982). We assume a finite pulse width, meaning
an infinitesimally thin layer of ice will appear in the survey to have a finite width. This can lead to errors in tracing
isochronous reflectors, as the reflected energy from a finite depth will include ice with a range of ages. To account for
this, we include uncertainty due to range precision, according to the SNR of each reflector’s radar amplitude as in

Cavitte et al. (2016): A
r

Oprec,r SNRr (5)
The range resolution, Ar, is 8.4 m for all reflectors in the HICARS2 system (Young et al., 2011). Values of the SNR
for each reflector are shown in Table 1.

Finally, a firn layer with variable density (Gow, 1970) exists in the upper part of the ice sheet. The velocity of the
radar is faster in firn than in solid ice. To correct for the underestimation of ice depth if the firn layer is not considered,
we estimate the firn correction (dg,,), the difference between the ice thickness with and without the firn layer present.
Errors in density, p(z), are used to estimate the error in dg,,, &;.,. These errors are known for the WAIS Divide meas-
urements, but not for the Byrd ice core profile. In lieu of density measurement errors at the Byrd site, we assume the
errors to be consistent with those observed at the WAIS Divide ice core. These errors are assumed Gaussian, randomly
sampled, and the firn correction is computed using the Dowdeswell and Evans’ (2004) relation:

K
din = [ (pi=ple))dz

i

(6)

where K is 0.85 m3/Mg (Robin et al., 1969), #'; is the refractive index of ice (n'; = 1.78), p; is the density of ice
(p; = 0.917 Mg/m) and p(z) is the density of ice at depth z with units Mg/m.

The TWTT from the observing aircraft to the surface of the ice sheet is known from interpretation of the surface
reflector, TWTT,¢. The computed depth of each reflector is relative to this surface reflector. Just as each reflector may
have TWTT precision errors independent of the others, errors in the distance between the surface and the acquisi-
tion aircraft are common to all observed reflectors in the ice column. Therefore, a randomly sampled precision error,
Eprec,surf, 1 applied systematically to all reflectors.

2.3. Metropolis algorithm

At each iteration, a hybrid of Hastings and Gibbs sampling (Hastings, 1970; Gelfand et al., 1992) is used to select
values for parameters of interest (those with priors in Equation 1). The algorithm accepts or rejects proposed sets of
parameter values by comparison between the proposed and previously accepted values, as measured by the likelihood.
A high likelihood value represents good agreement between model and observations. According to the Hastings algo-
rithm, if the likelihood associated with proposed parameters is higher than that of the previous accepted iteration, the
proposed parameter values are accepted. Alternatively, lower likelihood values may be accepted with a probability
determined by the change in likelihood.

There are two likelihood functions describing the model-data misfit in reflector depth and age, respectively:

Table 1. Depth and age mean and standard deviation for four radar reflectors near Byrd Station, West Antarctica used in
this study

Reflector TWTT (ps) Depth (m) Age (a) SNR (dB)
u a u a

1 8.44 510.1 13.1 4711 246 10.41

2 12.54 854.6 18.0 8653 318 8.13

3 17.55 1277.9 10.8 17177 413 11.63

4 22.42 1460.0 5.2 24928 286 21.22

The radar-observed TWTT to each reflector and its associated SNR used to compute TWTT uncertainty is also shown. SNR, signal-to-noise ratio; TWTT, two-way

travel time.
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~ Y [TWTT, - TWTT,,(D,)]*
PTWTTID,, dfiens Vice) o exp| —=*

2
20 fwrr

- 2
=8 Y [Aic; = Amj(f Dic)]
j=61

p(Aic|Dic, f,S) & exp +R6

2
20

(8)

Both likelihood functions must lead to acceptance in order for the proposed parameters to be accepted.

In the depth likelihood function, TWTT,, (D,) is based on the relationship between estimates of D, and TWTT as
in Equation 4. TWTT, is observed by ice-penetrating radar for each reflector, 7. Uncertainty in TWTT, o rwtT, is taken
to be the same as the radar range precision error, which is a function of the signal-to-noise of each reflector amplitude
and the bandwidth of the HiCARS radar system as described previously.

In the age likelihood function, the modelled age, A,,, is a function of ice flow model parameters and accumulation
rate history, /. A regularization term, R®, is used to penalize large variability in the accumulation rates input to the ice
flow model. R is a constant for each proposal equal to the ratio of the variance of the smoothed to unsmoothed pro-
posed accumulation function. A,, comes from solutions to the forward ice flow model. We use j = 61 volcanic events
from Hammer et al. (1997) as the observational target, A, which do not include uncertainty information. These data
represent dated volcanic deposits observed in the Byrd ice core and extend to ~50 ka, though there is a lack of data
in the brittle zone of the ice core between 300 and 900 m depth where the electrical conductivity cannot be measured
(Hammer et al., 1997). Age uncertainty, 0,, is nominally taken to be 1% of reflector age, a presumed underestimation
of the true uncertainty. To determine additional uncertainty in volcanic age, we include a precision parameter, S, and
use it to infer uncertainty in the volcanic record from scatter between our model and the observed data. In Bayesian
nomenclature, S is a ‘nuisance’ parameter that accounts for uncertainty in 0, by using the sum of squared errors, E,,,
as a measure of scatter between modelled age, A,,, and observed volcanic age, A;c.

The posterior probability distribution of S is:

PPD(S) = Ga[% +a, Ep + ﬂj

- 2
where Zi [Arc,; — Amj(f , Dic)]
E, =

m

20} (10)

Parameters a and 8 are assumed to be 1 as in the case for a non-informative gamma prior, p(S) ~ Ga(a, ). Unlike
other parameters in our problem, values of S are selected through Gibbs sampling (Gelfand ef al., 1992), effectively
estimating reflector age uncertainty given the choice of ice flow model parameters and accumulation rate history for
each iteration.

3. Dated englacial reflectors at the Byrd ice core

3.1. Reflector age and parameter estimates
The marginal probability distributions (1D projections of the joint probability) of age and depth derived for englacial
radar reflectors observed at the Byrd ice core site are shown in Figure 3 and Table 1. The age of the observed reflectors
increases with depth, as expected due to stratigraphic burial of ice as it is deposited at the ice sheet surface. However,
uncertainty in depth (and therefore age) does not increase monotonically with depth because of its dependence on
reflector SNR, as discussed in the next section.

We estimate the oldest continuous radar reflector in central West Antarctica to be 24.9 = 0.3 ka despite being
observed at only 68% of the ice column depth (1466 + 5 m). While this constrains the age of ice near the bed of the
ice sheet, it also limits the ability to use radar observations in this area to directly study ice sheet dynamics before the
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Last Glacial Maximum. Reflector 3, the second deepest reflector, is dated to 17.2 = 0.4 ka, which is consistent with
the estimated age of the ‘Old Faithful’ reflector, believed to be a relict from a series of volcanic eruptions. Reflectors 1
and 2 sample the ice column during the last 10 ka.

As has been established in previous work (Siegert et al., 1998; Dowdeswell and Evans, 2004), we assume radar
reflectors are isochronous such that their age is the same whether observed at the Byrd ice core or the WAIS Divide ice
core. To compare between the two ice cores, we use Halliburton’s Landmark seismic interpretation software to track
radar reflectors through central WAIS via an existing radar survey flight line (Fig. 1). The age—depth profiles at the
Byrd ice core site (this study) and the WAIS Divide ice core effort (Buizert et al., 2015) are shown in Figure 4. Mean

A) Byrd Reflector Depth
T

10000 T T T T
1465.8 = 5.1 m
Z 5000 - 12776 4+ 11.1 m 7
509.7 £ 13 m . s
857.8 £ 17.3 m
Y WY
200 400 600 800 1000 1200 1400 1600
Depth (m)
2000 B) Byrd Rcﬂect.o;'( Age ; ‘ | :
.72 £ 0.24 ka * Age at WAIS Divide *
1500 - * ! i
8.73 & 0.30 ka % 24.95 + 0.30 ka
Z 1000 - 1717 £ 0.43 ka —
500 - B
0 L | I
0 5 10 15 20 25 30
Age (ka)

Figure 3. Posterior probability distributions of depth (top) and age (bottom) of four radar reflectors at the Byrd ice core. The width
of the age and depth histograms for the Byrd ice core chronology represent uncertainty estimated by the methods used here.

0
---- Estimated Byrd chronology
0.1 —— WAIS Divide chronology
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Figure 4. Modelled age-depth relationship with uncertainty compared with measured volcanic chronology from Hammer et al.
(1997) (open circles). The WAIS Divide ice core chronology (Buizert et al., 2015) as a black line. Blue triangles show the age-depth
of four radar reflectors at each of the Byrd and WAIS Divide ice cores; these reflectors are assumed isochronous and so expected
to be the same age at either ice core.
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estimated age for each reflector at the Byrd ice core site compares favourably to that computed at the WAIS Divide
ice core site (Fig. 4).

In addition to computing the age and depth of radar reflectors, our method includes inversion for a number of
parameters related to ice flow and paleo accumulation rates (Table 2). Posterior probability distributions for these
parameters are shown in Figure 6. Estimates of accumulation rate are uncertain, particularly in the brittle zone of
the Byrd ice core (300-900 m) where volcanic data are not available and corresponding posterior distributions look
most non-Gaussian. The widest, most uncertain accumulation rate posterior distribution represents depths below the
deepest volcanic records (~1850 m), where there is limited constraint on the estimate. Even with these limitations, the
general pattern of estimated accumulation rate reflects an expected pattern of lower accumulation rate during the Last
Glacial Maximum (~1500 m), where we infer accumulation rates about half that of the modern (Fig. 5).

Posterior probability distributions for other ice flow parameters estimated by the model are also shown in Figure 6.
The ratio of surface to bed velocity, g, is inferred to be 0.9 + 0.08 (where a ratio of 1 would indicate plug flow),
indicating near plug flow at the Byrd ice core, which is consistent with the presence of liquid water at the ice sheet

Table 2. Mean and standard deviation of parameter values estimated in this study and used to estimate reflector age
and depth

Parameter Median = 1o Parameter Median * 10
a(d <200 m) 14.8 £ 0.2 cm q 0.9 +0.08
a (200 m > d <400 m) 11.4 = 0.6 cm h 0.45 = 0.03
a (400 m > d < 600 m) 11.1 = 1.4 cm Vie 1.684 = m/s
(600 m 2 d < 800 m) 142 +12cem s 0.154; (0.06, 0.32)
a (800 m > d <1000 m) 13.0 £ 1.8 cm

(1000 m > d < 1200 m) 11.2 + 0.7 cm

4 (1200 m = d < 1400 m) 6.8 0.3 cm

a (1400 m > d < 1600 m) 7.2 0.5 cm

(1600 m > d < 1800 m) 9.2+1.0cm

a (1800 m > d) 11.6 + 2.5 cm

“Values provided for S are the median and 95% confidence interval.

Age (ka)
o 180 1.4 33 5.4 TT 10.7 14.8 218 30.9 421 63.7 Nnrmalizac% Cost
g ] I T T I T T T I T
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Figure5. Accumulation rate as a function of ice depth coloured by cost value which reflects each solution’s fit to data. (Accumulation
rate functions associated with lower cost are expected to be better solutions.) Accumulation rate is estimated in 10 depth bins at
~200-m-depth intervals. Transitions between these intervals have been smoothed in this figure for ease of viewing.
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Figure 6. Posterior probability distributions of inverted parameters, including accumulation rate, g, h, Vi, &, and S. Accumulation
rate parameter values are assigned to 200-m-depth intervals indicated by the subscript. While a few parameter distributions appear
non-Gaussian, parameter values are well sampled and generally single peaked. The precision parameter, S, has an expected
gamma distribution, and ¢, is normally distributed, as expected.

base found during drilling. The transition depth, 5, is not well constrained by our estimates, probably because of the
near-plug-flow conditions inferred by our model.

We estimate the mean radar velocity through ice, v, to be 168.4 m/ps, which is in the middle range suggested

cey
by empirical estimates, but our posterior probability distribution shows secondary peaks. Estimates of the precision
. . . . . 1
parameter S imply 2.5% uncertainty in reflector age with a 95% confidence interval of (1.8%, 4.11%) (from S~ —),
. . o . c
consistent with values that have been reported in ice core chronologies.

3.2. Error budget

To evaluate how much errors in each parameter contribute to uncertainties in age and depth of radar reflectors, we
consider how uncertainty in reflector age and depth change when each parameter is assumed to be known with no
error. To do so, we hold each model parameter fixed at its optimal value (Fig. 3). If there is no change in the distribu-
tion of reflector age and depth, error in that model parameter has no influence on the result.

We find errors in depth contribute 25%, 37%, 77% and 43% to uncertainty in depth to reflectors 1, 2, 3 and 4,
respectively. This suggests that deeper in the ice column an increasing portion of uncertainty in age is from errors in
reflector depth. However, high reflector SNR (and therefore radar range precision) can mitigate this effect. As seen
in Figure 3, the deepest observed reflector, which may be expected to have the largest depth uncertainty, instead has
relatively high SNR and therefore low uncertainty.

Uncertainty in age is also sensitive to the accumulation rate profile, which accounts for up to 40% of the age
uncertainty of each reflector. Accumulation rates in localized portions of the ice column do not individually influence
the age uncertainty as much as the full accumulation rate profile, but rates in the upper part of the ice column have
more impact due to their influence on the age of ice below. Other individual ice flow parameters play a far smaller
role in the error budget.

4. Discussion

For this study, we use a simple Dansgaard-Johnsen-type ice flow model (Schwander et al., 2001). We do not include a
separate term for basal melting, which is probably occurring or has occurred at this site as liquid water was observed
at the bed during drilling (Gow et al., 1968). The inclusion of a melt condition is expected to increase accumulation
rate estimates to account for ice loss at the bedrock interface. We exclude basal melting because we lack estimates of
basal melt rate over time. However, this method could be adapted to incorporate a more sophisticated flow model
with additional parameters such as a non-zero melt rate.
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To estimate the ice flow and accumulation rate parameters in our model, we must assume the effective number of
degrees of freedom, k., because it is not known. The number of degrees of freedom helps determine the significance
of errors between our model and the volcanic chronology. Because we use these errors as a measure of uncertainty
through paramater S, k. has a direct role in determining the uncertainty in age estimates. Estimates of k, using our ice
flow model to represent the effect of uncertainites in ice flow parameters and accumulation rates on age estimates var-
ied depending on assumptions about these model parameters. Given this variation and the potentially circular logic in

this method, we instead choose k, = é = 30.5, which assumes there are strong correlations among age solutions. This

is reasonable because we expect errors in age and depth are related within the ice column.

As shown in Figure 7, this choice does not affect mean estimates of reflector age and depth, but it does have some
affect on the uncertainty associated with them.

Uncertainties in our estimates of radar reflector depth are significant compared with those derived from the age
determination alone. These relatively large uncertainties from the radar can be attributed to radar range precision in
the determination of reflector depths. This precision is a function of the SNR of the radar reflection and bandwidth of
the radar system used to obtain the reflections (Cavitte et al., 2016). Increasing SNR would improve range precision
and reduce uncertainty; however, our method already selects for high SNR in analysing only the brightest reflectors
in the ice column. As a result, we expect the data do not support improving precision in this way. Increasing band-
width (15 MHz for the HiCARS radar system) would also improve the radar range precision; however, this is tech-
nically challenging for modern airborne radar systems because antenna tuning is difficult for bandwidths greater than
25% of the centre frequency (60 MHz for the HICARS system). Ground penetrating radar systems can have higher
bandwidth, but are more limited in their spatial coverage. Furthermore, while higher resolution can be obtained by
increasing bandwidth and centre frequency, penetration through the ice declines and reflections become increasingly
discontinuous with increasing bandwidth (Cavitte et al., 2016).

5. Conclusion

We derive ages for isochronous radar reflectors observed near the Byrd ice core which include estimates of uncer-
tainty in ice flow parameters and accumulation rates in the region of Marie Byrd Land, West Antarctica. Such radar
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Figure 7. Comparison of reflector age for different degrees of freedom, k., relative to the number of volcanic data points, j= 61.The
choice of k, has an effect on uncertainty in reflector age estimates, but does not greatly impact mean estimates.
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observations may reveal englacial stratigraphy indicative of past ice flow, but require dating to put constraints on
interpretations of ice dynamics. The Byrd ice core location connects WAIS Divide to the ice streams of the Siple Coast
and the Marie Byrd Land icecap via radar observations, and this work contributes to constraining uncertainty in the
chronology of englacial radar reflectors.

Our estimates of the reflector age-depth are consistent with independent comparison to the same reflectors dated
using the WAIS Divide ice core chronology (Buizert et al., 2015), although large uncertainties due to radar range
precision preclude a strong test of inferences between the two cores. Our results indicate the oldest continuous radar
reflector dateable using existing ice cores and radar surveys in central West Antarctica is located at ~70% ice depth
at the Byrd ice core site and dates to ~24.9 = 0.3 ka. The same reflector is observed at ~80% ice depth in the WAIS
Divide ice core. While the Byrd ice core has been dated to as old as ~94 ka at its base (Blunier and Brook, 2001), con-
tinuous radar reflectors do not extend deep enough in this region to leverage the ice core to date older radar-observed
ice in the central WAIS. The range precision of existing ice-penetrating radar systems is the biggest contributor to
uncertainty in radar reflector age. This uncertainty is largely irreducible due to practical trade-offs in airborne system
design and leads to potentially significant uncertainty in reflector age at depth.
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