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Abstract. Antarctic ice cores have often been dated by1l Introduction

matching distinctive features of atmospheric methane to

those detected in annually dated ice cores from Greenlandnterpretation of paleoclimate records depends on accurate
Establishing the timescale between these tie-point ages rechronologies. Ice cores provide exceptional records of past
quires interpolation. While the uncertainty at tie points is rel- climate (Grootes et al., 1993; EPICA Members, 2006) and
atively well described, uncertainty of the interpolation is not. are among the best-dated paleoclimate records (Meese et
Here we assess the accuracy of three interpolation scheméd., 1997; Svensson et al., 2008). In Greenland, the ice-
using data from the WAIS Divide ice core in West Antarc- core timescales are based on identification of annual lay-
tica; we compare the interpolation methods with the annu-€rs preserved in the ice; the Greenland Ice Core Chronol-
ally resolved timescale for the past 30 kyr. Linear interpo- 09y (GICCO5, Vinther et al., 2006; Rasmussen et al., 2006;
lation y|e|d5 |arge age errors (up to 380 years) between tieA\nderSE‘ﬂ et al., 2006; Svensson et al., 2008) has identified
points, abrupt changes in duration of climate events at tidayers to 60 kyr (thousands of years before 1950). In Antarc-
points, and an age bias. Interpolations based on the smootheli¢a, dating of ice cores has been challenging because low
accumulation rate (ACCUM) or the smoothest annual-layeraccumulation at many sites hampers annual-layer identifica-
thickness (ALT) y|e|d timescales that more C|ose|y agreetion. Thus, Antarctic timescales are often derived by match-
with the annually resolved timescale and do not have abruptng distinctive age markers detected and dated in Greenland
changes in duration at tie points. We use ALT to assesdimescales. Abrupt variations of atmospheric methane are
the uncertainty in existing timescales for the past 30 kyrthe most commonly used tie points (Blunier et al., 1998),
from Byrd, Siple Dome, and Law Dome. These ice-core and some combination of approximately 11 events in the
timescales were developed with methods similar to linearPast 30kyr (Fig. 1) have been used to transfer Greenland
interpolation. Maximum age differences exceed 1000 yeardimescales to Antarctic ice cores. Other potential markers
for Byrd and Siple Dome, and 500 years for Law Dome. For such as volcanic ash, cosmogenic isotope anomalies (Rais-
the glacial-interglacial transition (21 to 12kyr), the exist- beck etal., 2007), and sulfate peaks (Sigl et al., 2013; Svens-
ing timescales are, on average, older than ALT by 40 year$on et al., 2013) either are more difficult to identify, are less
for Byrd, 240 years for Siple Dome, and 150 years for Law Spatially extensive, or occur less frequently. The methane tie
Dome. Because interpolation uncertainty is often not consid-oints allow the gases to be dated, but there is an additional

ered, age uncertainties for ice-core records are often undestep to derive the ice timescale. For any given depth in an
estimated. ice core, the gas trapped in bubbles is younger than the ice

because the gas is not trapped until 50 to 100 m below the
surface. The difference between the age of the ice and the
age of the gas, termeflage, must be added to gas ages to
derive the ice timescale.
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Table 1. Assumed depth—age tie points used for WAIS Divide.

Age (kyr) 2.0 4.0 6.0 8.2 11.8 13.0 14.8 17.8 24 27.6 29.6 35.8
Depth (m) 481.84 916.52 1281.63 1587.90 1973.34 2082.71 2243.88 2422.60 2612.57 2730.02 2798.95 2959.00

80— \ \ \ \ computed based on the uncertainties of tie points and vari-
Bolling 113k ances of the accumulation rate, thinning function, and lock-in
0l ‘ . i depth used in the initial timescale.
147ka Assessing the interpolation uncertainty of previous
Antarctic timescales is not straightforward because there is
no “true” timescale with which to compare. The new WAIS
Divide timescale, with annual resolution for the past 30 kyr,
- provides an opportunity to assess the interpolation uncer-
Younger tainty; by constructing timescales for WAIS Divide assuming
s | known tie-point ages, the various interpolation methods can
Youneer be compared to the “true” annually resolved timescale. We
bachort - Dryas focus on three interpolation methods: linear, smoothest accu-

Deglacial 1) 8 a | ) :
EDML omset %, mulation rate (ACCUM), and smoothest annual-layer thick-

Deglacial

(shifted down fise ness (ALT). ACCUM is based on the work of Waddington et

by 50 ppb) ~18ka
200 : ‘ ‘ ‘ al. (2003), which showed that linear interpolations of depth—

30 25 20 15 10

Age (kyn age between known tie points imply artificial saw-tooth his-
) o tories in accumulation rate, even in the presence of steady-
Figure 1. Commonly used methane tie points between 8 and 30 kyr.

Italicized match points indicate less certain correlations Greenlancgltate ice flow. In order to get a physically based depth-
Composite Methane on GICCO05 and EDML Methane on timescale, ge interpolation, they introduced an inverse procedure that

of Lemieux-Dudon et al. (2010). inferred a smooth accur_nulatio_n-rate history such that the
depth—age calculated with an ice-flow model matched the
tie points to an acceptable tolerance (e.g., Lundin, 2012).
ALT was developed as a complement to ACCUM for situ-
The age uncertainty at the methane tie points is well de-ations where the layer thinning is not well constrained by
scribed (e.g., Blunier et al., 1998, 2007; Pedro et al., 2011jce-flow modeling. It was inspired by annual-layer interpre-
Stenni et al., 2011), but uncertainty introduced by the inter-tations when the best choice for an uncertain year is the one
polation scheme is often given less attention. Two commorthat matches the average annual-layer thickness best.
approaches have been used to interpolate between methaneln this work, we use ACCUM and ALT in the limiting case
tie points. In the first approach, variations of linear interpo- where tie-point ages are assumed to be known exactly. This
lation were used to construct timescales for Taylor Domeallows the interpolation uncertainty to be isolated from the
(Steig et al., 1998), Byrd (Blunier and Brook, 2001), and tie-point uncertainty. We show that ACCUM and ALT agree
Siple Dome (Brook et al., 2005). Law Dome (Pedro et al., with the WAIS Divide annual timescale better than linear in-
2011) does not use linear interpolation, instead assumingerpolation, and then we discuss the uncertainty of three ex-
constant accumulation rates between tie points and a thinninggting timescales (Siple Dome, Byrd, and Law Dome) that
function computed with a one-dimensional ice-flow model. use near-linear interpolation.
The resulting timescale, however, has many of the same fea-
tures as a timescale constructed with linear interpolation,
as is shown below. In the second approach, Bayesian st2 Methods
tistical methods are applied to multiple ice cores simulta-
neously (Lemieux-Dudon et al., 2010). This method startsWe evaluate interpolation methods using the WDCOG6A-
with initial timescales derived from ice-flow modeling driven 7 timescale for the WAIS Divide ice core (WAIS Divide
by accumulation-rate histories based on the stable-isotop@roject Members, 2013). The WDCO6A-7 timescale is based
records. The initial timescales are then adjusted to optimizerimarily on electrical measurements and is annually re-
the agreement among initial timescales and age constraintsolved to 29.6 kyr (2800 m depth of a total ice to thickness
by taking into account their respective confidence intervals.of ~ 3450 m). We use WDCO6A-7 as the “true” timescale.
This method has been used to construct consistent timescal&even ice-age tie points (Table 1) are used to evaluate
for EDML, EDC, Vostok, TALDICE, and NGRIP (Lemieux- three interpolation schemes by interpolating between these
Dudon et al., 2010; Buiron et al., 2011; Schipbach et al. tie points and comparing results with the “true” timescale.
2011; Veres et al., 2013; Bazin et al., 2013). Uncertainties ar&\e use tie points similar to what has been used in other
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Antarctic timescales (e.g., ages of identifiable variations inaccumulation-rate variability. ACCUM requires an ice-flow

methane) except during the mid- and late Holocene whemodel to estimate the thinning function. Although we use
they are evenly spaced (2, 4, and 6 kyr). An additional tiea one-dimensional ice-flow model (Dansgaard and Johnsen,

point older than the annual timescale (35.8 kyr) is included1969; WAIS Divide Project Members, 2013), a coupled
to constrain the variations in annual-layer thickness at thethermo-mechanical model could also be used. We assume
older boundary. that all inputs necessary for the ice-flow model except the ac-
The interpolation methods are cumulation rate are known. The influence of the assumed ice-

. . i flow model inputs are discussed in a following sub-section.
1. Linear — yields constant annual-layer thicknesses beassymptions about model parameters and ice-flow history

tween age markers are not needed when using ALT.

The underlying assumption that accumulation rate varies

2. ACCUM —uses a simple ice-flow model and an inverse smoothly breaks down in situations of abrupt changes, as
method to find the smoothest accumulation-rate history y b ges,

that matches the depth-age markers Alley et al., 1997). Even relatively small changes such as

3. ALT —uses an inverse method to find the smoothest pro{he increase in accumulation rate evident in WDCO6A-7 be-

gression of annual-layer thicknesses that fit the depth—twee” 12.0 and 11.6 kyr are difficult to match without closely
age markers. spaced tie points; this eventis discussed in more detail below.

In all cases, the interpolations are forced to match the age of-1  Smoothest accumulation rate and annual-layer
tie points nearly exactly. thickness interpolations

We do not use the stable-isotope record as a guide for )
interpolation. At many Antarctic ice-core sites, a relation- & US€ a standard inverse procedure (Aster et al., 2005)

ship between stable-isotopes and accumulation rate is ad® Minimize the data misfit and the smoothness of either

sumed based on the saturation vapor pressure (.g. Peme annual-layer thickness or accumulation-rate history for a
et al., 1999). This relationship is not well suited to West given trade-off parameter, and define a performance index:

and coastal Antarctica. For example, in the modern climate,

WAIS Divide is 2 % more depleted ié °O than Byrd despite H Gm) —d |2

+v2Lmli3, 1

a~ 50 % higher accumulation rate. At both Taylor Dome and /* =
2

Law Dome, the Holocene accumulation rates show little re-
semblance to the stable-isotope records (Monnin et al., 2004yhere m is the parameter being solved for (either
van Ommen et al., 2004). These observations suggest thaccumulation-rate history or annual-layer thickness profile),
both spatial and temporal relationships between stable iso& (m) is a function that relatesy to the depth—age scald,
topes and accumulation rate are complex. are the depths of tie points, is the standard deviation of
Ice-flow models forced by accumulation rates inferred the measurement error, which is assumed to be normally dis-
from stable isotopes do not exactly match tie points (Ruth etrributed, andL is the matrix second derivative operator for
al., 2007; Parrenin et al., 2007) and are commonly adjusteaalculating smoothness. Bold capital letters denote matrices,
to better match the depth of age markers (e.g., Dreyfus et alhold lower-case letters denote vectors, andﬁ indicates an
2007). The Bayesian statistical approach, known as DATICEL2 norm (sum of squares, e.g., Aster et al., 2005). The un-
(Lemieux-Dudon et al., 2010; Veres et al., 2013; Bazin et al.,certainty,o, is a scalar because we assume that all tie-points
2013) allows the thinning function, accumulation rate, andare equally well known.
lock-in depth to vary within a tolerance to better reconcile The forward problem in this solution procedure, denoted
the age of tie points with the initial modeled timescale. We as G(m), can be any function that maps either accumula-
compare ALT with three different published timescales for tion rate or annual-layer thickness to a depth—age relation-
EDML and discuss the consistency of the interpolations in aship. In the case of ACCUMn is the set of accumulation
later section. rates at the specified calculation times. The forward prob-
ACCUM and ALT have not previously been used to de- lem is a Dansgaard—Johnsen (1969) ice-flow model modi-
rive timescales for ice cores. We choose to find the smoothedied following Dahl-Jensen et al. (2003) to account for basal
histories because we want the inferred histories to have thenelting and sliding. In addition to the accumulation rate, the
minimum structure required to fit the data. ACCUM min- ice-flow model requires histories of basal melting, the frac-
imizes the variability in the inferred accumulation history tion of surface motion due to basal sliding, ice thickness,
while ALT minimizes layer-thickness variations, which are and the kink-height, which dictates the shape of the vertical-
related to the accumulation rate by the thinning function.velocity profile. We choose this model because it has been
Because the thinning function, which gives the cumulativeapplied widely to ice cores and is computationally inexpen-
amount of thinning a layer has experienced, is smooth insive, but any ice-flow model could be used. In the case of
time, this leads to both ACCUM and ALT constraining the the smoothest annual-layer thickness, the functi@m) is
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simply an integration of the annual-layer thickness profile.  +
The ACCUM interpolation can be written as a linear inverse  osf
problem (Lundin, 2012), which allows the uniqueness of the  osf
solution to be proven. However, the linear method is also re- < o7}
stricted to sites where the ice sheet is frozen to the bed. By £ o6}
using a generalized non-linear solution procedure, we can ap-£
ply this technique to sites like WAIS Divide that have expe-
rienced basal melting, with confidence that the solution is
unique based on the linear formulation (see Appendix A).
Further, the solution technique can be extended to a range of
problems that are not linear, such as finding the ice-thickness
history that best matches the depth—age tie points given a ¥ » » w 10 °
known accumulation-rate history (e.g., Price et al., 2007). 60
We find the best-fit models using a Gauss-Newton itera-
tive inverse procedure (Aster et al., 2005, Sect. 10.1; Ganse,g “|
2013). This is a steepest descent solver that uses the Iin—;’
ear relationship between the model perturbations and the; *|
data residuals (Appendix A). We fit the known depth—age
tie points near exactly because this work is focused on the
sensitivity of the timescales to the interpolation method. The !
trade-off parameter, is chosen such that the maximum mis- 3
fit in depth at any depth—age tie point is less than the mini-  -of i
mum annual-layer thickness in the derived timescale — typ- ‘
ically between 1 and 10mm. We do not discuss the appli- % = 2 rge (o is 10 5
cation using the smoothness criteria to improve the age es-
timates of the depth—age tie points; this application is dis-Figure 2. Accumulation rate (top panel) inferred with the ACCUM
cussed by Lundin (2012). method with ice flow parameters for either a flank or divide site.
The age difference (bottom panel) between the two interpolations.

Flank with melting and sliding
------ Divide with no melting or sliding
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2.2 Comparison of ACCUM with different ice-flow

parameters . . .
ice-flow parameters. Because the thickness of a layer is the

We assess the importance of the ice-flow model inputs in thdreduct of the accumulation rate at the age of the layer and
ACCUM method by comparing timescales that assume venfN€ thinning function (Appendix B), changes in the thinning
different inputs. We use WDCOBA-7 to define tie points at the lUnction can be compensated by the accumulation-rate his-
approximate ages of methane ties (Table 1) and match thed@"y: The insensitivity of ACCUM to the choice of ice-flow
ages near exactly. In the first case (flank), we use reasonabrameters is useful when interpolating timescales.
values for WAIS Divide: no thickness change, a Dansgaard—
Johnsen kink height of 20 % of the ice thickness appropri-
ate for flank flow, a basal melt rate of 1 cnmyr and sliding
over the bed contributing 50 % of the surface velocity. Inthe3.1  Assessment of interpolation methods using WAIS
second case (divide), we also use no thickness change, but  Divide data
we specify a Dansgaard—-Johnsen kink height of 0.7 for di-
vide flow, and no basal melting or sliding (Raymond, 1983; The annually resolved WDCO6A-7 provides the first oppor-
Conway et al., 1999). tunity to directly assess interpolation timescale methods with
Inferred accumulation rates are shown in Fig. 2a. The dif-an ice core from a location with relatively smoothly vary-
ferent ice-flow assumptions result in inferred accumulationing accumulation. The 100-year running average of annual-
rates that differ by more than a factor of 4. The divide caselayer thicknesses is shown in Fig. 3. Significant centennial
has unrealistically high accumulation rates in the glacial pe-variability is evident, but apart from the notable exception
riod. Figure 2b shows age differences between the two modbetween 11.6 and 12 kyr, there is no evidence of abrupt cli-
els for ice at given depths. By construction, the age differ-mate changes similar to Dansgaard—Oeschger events in the
ences are zero at the tie points. The age differences are alsgreenland ice-core records. Between 11.6 and 12.0 kyr the
relatively small between the tie points, reaching a maximumaverage annual-layer thickness increases-i0 %, which
of 56 years in the middle of the 6200-year gap between thas interpreted as a change in accumulation rate (WAIS Divide
tie points at 17.8 and 24.0 kyr. The small age differences in-Project Members, 2013). The increase occurs during the peak
dicate that ACCUM is relatively insensitive to the prescribed of Antarctic Isotope Maximum 0 (corresponding to the end

3 Results

Clim. Past, 10, 11954209 2014 www.clim-past.net/10/1195/2014/
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Figure 4. Age differences between the interpolation methods and
Figure 3. A 100-year running average of annual-layer thicknessesthe WDCO6A-7 timescale. Yellow shading is the accumulated un-
for the WDCOG6A-7 compared with inferred annual-layer thickness certainty of WDCO6A-7 from the closest tie point (WAIS Divide
for the different interpolations. Black vertical dashed lines are tie project Members, 2013).
points. Inset in upper left shows detailed view for 29.6 and 17 kyr
intervals.

years are present. After the approximate midpoint, the layers
are then too thick and too few years are present. In contrast,

of the Younger Dryas) when the stable-isotope values shown the interval between 24 and 28 kyr, the measured annual-
little change. Whether this accumulation increase is specifidayer thicknesses increase with age and the linear interpola-
to WAIS Divide or extends across much of Antarctica is un- tion places too few layers at younger ages.
clear because of the lack of annually resolved timescales All interpolation methods do a poor job of matching
for other ice cores. This event shows that even though th&VDCO6A-7 between 8 and 12kyr. This is not surprising,
Antarctic climate varies relatively smoothly, events that de-since interpolation cannot accurately capture abrupt varia-
viate from our expectations are possible. tions between tie points. Interestingly, linear interpolation

The annual-layer thicknesses of the three interpolationprovides the best match to WDCO6A-7 during this interval
methods are also shown in Fig. 3. The linear interpolationbecause large annual-layer thicknesses near 12 kyr reverse
causes step changes in the inferred annual-layer thickness #te trend of decreasing layer thickness with age. The other in-
each tie point. At some tie points, the difference in annual-terpolation methods underestimate the age because they yield
layer thickness on either side of the tie point is large; thesmaller layer thicknesses at the older side of the interval.
annual-layer thickness changes by nearly 100 % from a 3cm In the interval from 15 to 18 kyr, layer thicknesses de-
thickness for ages older than 17.8kyr to a 6 cm thicknessrease rapidly with age on WDCO6A-7 due to the com-
for ages younger. The other two interpolation methods yieldbination of layer thinning from ice-flow and the glacial—
smoothly varying annual-layer thicknesses that match eaclnterglacial accumulation-rate change. The linear interpola-
other and the measured annual-layer thicknesses reasonalilpn has a particularly large age difference because of the
well. large changes in layer thickness during the interval. In the

The differences in age between the annually resolvednterval 18 to 24 kyr, the annual-layer thickness varies much
WDCO06A-7 and the interpolations are shown in Fig. 4; theless. ALT and ACCUM vyield layers that are too thick near
yellow shading shows the uncertainty of WDCO6A-7 accu- 18 kyr, with corresponding ages that are too young.
mulated from the nearest tie point. The uncertainty accu- The mismatch between the linear interpolation and
mulates quasi-linearly because either too many or too fewWVDCO6A-7 is ~ 374 years, with ages that are outside the
years may have been systematically identified (see WAIS Di-estimated uncertainty of WDCO6A-7 most of the time (Ta-
vide Project Members, 2013 for specifics of the WDCO6A-7 ble 2). Both ACCUM and ALT are improvements: age dif-
timescale and associated uncertainties). The ALT and ACferences between the two are less than 20 years except during
CUM interpolations tend to have similar age differences fromthe interval 24 to 17.8 kyr. Interestingly, ALT is slightly bet-
WDCO06A-7. The linear interpolation, however, tends to beter than ACCUM in each metric. The maximum mismatch
older than WDCOG6A-7. Because constant layer thickness befor ALT is 118years compared to 151 years for ACCUM.
tween tie points is assumed with linear interpolation, layersALT also yields fewer ages that are outside the WDCO6A-
are too thin on the younger side of the interval and too many7 uncertainty. The two methods are expected to be similar

www.clim-past.net/10/1195/2014/ Clim. Past, 10, 1195209 2014
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Table 2. Interpolation assessment for WDCO6A-7. !

o
©
T

= ACCUM
m— ALT
Linear

Linear ACCUM ALT

o
©
T

Largest age difference 374 151 118

Outside of WDCO6A-7 uncertainty 60 % 33% 25% 07F
Average age bias (yr) —55 9 0

Average deglacial age bias (yr) —181 30 1 06y

e
o
T

* This is the percentage of interpolation ages that differ from the WDCO6A-7 ages by
more than the WDCO6A-7 uncertainty at that age.

o
~
T

o
w
T

since the ACCUM interpolation produces a smooth annual-
layer thickness. Reasons why ALT and ACCUM might differ
are discussed in Appendix B.

The slightly better performance of ALT suggests that the ot
greater complexity of ACCUM is not warranted; this may be
particularly true for the deepest ice where the thinning func- [Interpolation age - WDCO6A-7 age|
tion becomes increasingly uncertain and difficult to predict Age to nearest tie point

with ice-flow models. ACCUM will likely improve in cases ] . )
Figure 5. We define the rate of accumulating uncertainty as the

where the ice physics or ice-flow histories are better kr]Own’absolute value of the age difference between an interpolation and
ESIr;gttV\(ljo_ Otr threlel dlmel’!Slona|dICbe-ﬂ0\(/jV mpdels Con.stralnedthe WDCO6A-7 timescale at each WDCO6A-7 age divided by the
y dated interna aYers Imaged Dy ra .ar IS @ promising ap'age difference from the nearest tie point. The cumulative fraction
proach (e.g., Waddington et al., 2007; Steen-Larsen et alig e fraction of the total data set for which the rate of accumulat-
2010). However, in the following we will use ALT to assess jng uncertainty is below the threshold value on thaxis; this is

existing ice-core timescales because it is simpler to apply. similar to a cumulative distribution function. The horizontal lines
indicate 0.68 (&) and 0.95 (&) levels.

Cumulative Fraction of Rates of Accumulating Uncertainty
S
T

o

i i i i i
10 20 30 40 50 60

Rate of accumulating uncertainty (years per 100 years)

3.2 Age uncertainty due to interpolation

Comparison of the interpolation methods provides a frameper hundred and occurs at the abrupt accumulation increase
work for estimating the interpolation uncertainty for other at ~12kyr. When the annual-layer thickness varies more
Antarctic ice-core timescales. In general, the age differenceapidly, there tend to be higher rates of accumulating uncer-
between the interpolation and WDCO6A-7 increases farthetainty. Linear interpolation accumulates uncertainty at a sig-
away from a tie point (Fig. 3). We use the age differencesnificantly greater rate than ACCUM and ALT. The rates of
to estimate the rate at which different interpolation methodsaccumulating uncertainty for the linear interpolation are less
accumulate age uncertainty and calculate the rate of accumuhan 8 years per hundred years 68 % of the time and less than
lating uncertainty as the absolute value of the age difference1 years per hundred years 95 % of the time. Linear interpo-
divided by years from closest tie point. For instance, if the lation accumulates uncertainty at a rate greater than 50 years
age difference is 50 years at a point 500 years from the closper hundred years approximately 3 % of the time.
est tie point, then the uncertainty has accumulated at a rate
of 10 years per hundred years. This is done for all of the age$.3 Duration uncertainty due to interpolation
between 2 and 29.6 kyr. We exclude the topmost interval be-
cause the interpolated firn-density profile does not exactlyFor many analyses, it is important to know both the age and
match the actual density profile. We then find the cumula-duration of a climate event. The duration depends on the
tive fraction of ages for each rate of accumulating uncertaintynumber of annual layers between the measured depths of the
(Fig. 5). The cumulative fractions can be used as rough estionset and termination of the event. Interpolation tends to un-
mates of the x and 2e¢ rates of accumulating uncertainty. derestimate variability in duration because it cannot capture
We emphasize that these are not formal statistical uncertainhigh-frequency variations in annual-layer thickness. Interpo-
ties because they are based on a single timescale; howevéation can also artificially shorten or lengthen the duration of
they provide a rough estimate in the absence of other quarelimate events, making them appear more or less abrupt. The
titative information about timescale uncertainties away fromeffect can be large for linear interpolation when the events
tie points. occur at the beginning or end of an interval during which the
For ALT and ACCUM, the rate of accumulating age uncer- actual annual-layer thicknesses varied (e.g., 15 to 18 kyr at
tainty is less than 4 years per hundred 68 % of the time, andVAIS Divide, Fig. 3). An additional issue with linear inter-
less than 10 years per hundred 95 % of the time (Fig. 5). Thepolation is when a climate event begins before a tie point and
maximum rate of accumulating uncertainty is about 20 yearsends after. For instance, the annual-layer thicknesses increase

Clim. Past, 10, 11954209 2014 www.clim-past.net/10/1195/2014/
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Table 3. Depth—age tie points for EDML.

Depth (m) 223.72 352.06 463.51 568.94 724.06 768.88 830.09 917.56 1048.8 1153.51 1173.19 1124.53
Gas age (kyr) 2 4 6 8.2 11.7 12.8 14.7 17.4 23 28 29 32
Ice age (kyr) 2.9 4.9 7 9.2 12.8 14.1 15.8 18.8 24.5 29.4 30.5 335

from 3 cm for ages older than the 17.8 kyr tie pointto 6 cm for ~ o.0ss ‘
ages younger (Fig. 3). For equally spaced measurements in oos
depth, twice as much time is packed between measurements ooss-
on the older side of the tie point than between measurements oost
on the younger side of the tie point. Therefore, features just;f 0045
older than 17.8 kyr will have twice the duration as features ﬁ 004}
just younger. This may influence detection of times of sig- ool
nificant change by artificially altering the rate of change of a £ ot
climate proxy. 0.025]

0.02,

3.4 Age bias due to interpolation 00155

AICC 2012
ALT
LD2010

al

The choice of interpolation method can also bias the average
age of the timescale. Understanding the magnitude of poten-
tial bias is relevant for analyses of the phasing of climate
proxies from different ice cores, such as between a compos-
ite Antarctic temperature record from many cores and carbon
dioxide records measured from individual cores (e.g., Pedro
et al., 2012). ACCUM and ALT produce ages that are older
than WDCOG6A-7 about as often as they are younger (Fig. 4);
however, the linear interpolation is nearly always older (84 %
of the time). This occurs because the layer thickness predom-
inantly decreases with age due to thinning from ice flow. The < ‘ ‘ ‘ ‘
constant annual-layer thicknesses between tie points result- = % 2 ety 1 o
ing from linear interpolation cause the annual layers to be
too thin near the younger tie point and therefore put too muchFigure 6. (A) Annual-layer thicknesses for three EDML timescales
time into the younger half of the depth interval. The situation — AICC2012 (Veres et al., 2013), LD2010 (Lemieux-Dudon et al.,
reverses in the older half of the interval, but these layers arggig()j’ izdiciD;\’”; (f'fo“ntwhﬁlt (?(l‘:ztzJ(ig));a:(éitf?:r:nl_ge?tt?é?vgleaéfn
still too old at each depth, recovering the porrec;t age only aﬁlCCZOlZ and g,JB\LT interpolation. Age gifferences between other
the bottom of the interval. Therefore, the linear interpolation.
. . timescales are not shown because only the AICC2012 and ALT use
IS toq old for the entire Interval. For WDCOBA-7, the average the same ages for tie points. Dashed vertical lines are tie-point ages.
bias is 55 years for the timescale as a whole (Table 2).

The bias due to interpolation tends to be larger for time
periods that contain fewer tie points because there are fewer
opportunities for older and younger age differences to can-and EDML1 (Ruth et al., 2007). To derive the ALT timescale,
cel out (Table 2). The bias is greatest for linear interpolationwe use the ice ages at times of distinctive methane features
during periods with large variations in annual-layer thick- from the AICC2012 timescale (Table 3) as well as a few tie
nesses. For instance, the increasing annual-layer thicknessesints in the Holocene. The annual-layer thickness profile
of the deglacial transition (21 to 12 kyr) result in ages bi- from AICC2012 and ALT are shown in Fig. 6a. For most of
ased 181years too old for linear interpolation compared tathe timescale, annual-layer thicknesses agree closely, and the
WDCO6A-7. In contrast, the ACCUM bias increases to threeage differences are less than 100 years (Fig. 6b). The largest
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decades and the ALT bias is negligible (Table 2). difference occurs between 12.8 and 9.2 kyr, when ALT does
not produce thick annual layers around 11.5kyr. The thick
3.5 Comparison of ALT with timescales for EDML layers in the AICC2012 are driven by high isotope values at

the Antarctic Isotope Maximum O peak.
We compare three published timescales for EDML with an Annual-layer thickness profiles from the EDML1 and
interpolation using ALT. The three timescales are AICC2012LD2010 timescales are also shown in Fig. 6a. These
(Veres et al., 2013); LD2010 (Lemieux-Dudon et al., 2010); two timescales use the same abrupt methane variations as
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Table 4. Depth—age tie points.
Byrd Depth (m)  453.01 624.93 821.19 104554 1111.75 119365 1270.37 1428.36 1522.8  1593.91
Blunier and Brook (2001) Ice age (kyr) 4.0 6.0 8.3 11.6 12.8 15.0 18.0 25.0 295 33.0
Siple Dome Depth (m)  339.28 4335 50751 62142 647.06 673.15 708.08 73409 75622 762.78  786.38
Brook et al. (2005) Ice age (kyr) 4.0 6.0 8.3 11.9 13.1 15.0 18.3 24.0 27.8 28.8 326
Law Dome Depth (m) ~ 1099.68 1106.04 112159 112442 1128.88 1131.08 11335 1134.27 1134.67
Pedro et al. (2011) Ice age (kyr) 8.0 9.00 11.84 1268  14.84 1620 1946  21.02  23.00

AICC2012 for ages older than 11.5kyr (ice age), but ages Annual-layer thickness profiles are shown in Fig. 7a, c,
younger in AICC2012 are based on volcanic sulfur matchesand e for Byrd, Siple Dome, and Law Dome, respectively.
with the North Greenland ice core and annual-layer countingAll of the timescales have abrupt changes in annual-layer
(Veres etal., 2013). The inferred layer thicknesses using ALTthickness at tie points, similar to the linear interpolation of
are, on average, more similar to those of AICC2012 than ar@VAIS Divide presented in Fig. 3, but also have structure
the annual-layer thicknesses of either EDML1 or LD2010 to due to the specifics of the timescale construction. The Byrd
AICC2012. EDML1 predicts thicker layers at both Antarctic gas timescale was first developed based on a Monte Carlo
Isotope Maximums 0+ 12 ka) and 1 15ka). LD2010 pre- method that maximized the correlation between methane
dicts a 25 % increase in annual-layer thickness between 8 andkcords (Blunier and Brook, 2001). The ice timescale was
7.2kyr when the other timescales show little change. Thethen derived by adding thaage, calculated from accumu-
smoothness requirement causes ALT to miss high-frequenciation and temperature estimates based on the stable-isotope
structure in layer-thickness profiles, but that requirement alsovalues. The abrupt variations in methane drive the correla-
avoids creating large variations in annual-layer thicknesstion, such that the resulting timescales have similarities with
that may not be real. That the differences in layer thicknesdinearly interpolated timescales. The high-frequency varia-
among the three EDML timescales are larger than the diftions in annual-layer thicknesses in the ice timescale re-
ferences between ALT and AICC2012, indicating ALT is a sult from both the correlation of methane records and the
reasonable interpolation for EDML. time-varying Aage values. The Siple Dome gas timescale

Age differences between ALT and EDML1 and LD2010 was derived by matching the methane record to the Green-
are not shown because the age of the tie points do not matcland methane composite record at distinct tie points then
those of AICC2012; thus an age comparison is not informa-linearly interpolating between the tie points (Brook et al.,
tive about the interpolation method. The similarity of the 2005). High-frequency variations in annual-layer thickness
annual-layer thickness profiles among the four timescalesesult from differentAage values. The Law Dome timescale
suggests that both the Bayesian inverse and ALT methodgvas developed using a Dansgaard—Johnsen (1969) ice-flow
produce robust timescales for EDML. model to calculate layer thinning and assumed constant ac-
cumulation rates between the tie points (van Ommen et al.,
2004; Pedro et al., 2011). Because there is little variation in
the layer thinning in the deep ice, the resulting timescale is
similar to linear interpolation (see Fig. 7e).

We have re-interpolated the three timescales with ALT.
While most of the tie points in the original timescales were
used, Byrd and Siple Dome required a few exceptions: we
solved WDCOBA-7 timescale indicates that linear interpola-US€d Only one, instead of two, tie points at 24, 27.5 and
tion can lead to large age differences. ALT and ACCUM per- 29 Kyr (Dansgaard-Oeschger events 2, 3 and 4) to avoid in-
formed substantially better. Here we assess three timescald€'1Ng large, unrealistic variations in layer thickness over
that are based on near-linear interpolations: Byrd, SipleShortintervals.

4 Application

4.1 Application to the Byrd, Siple Dome, and Law
Dome ice-core timescales

Comparison of interpolation methods with the annually re-

Dome, and Law Dome. We use ALT because it does not re-

quire any assumptions about ice flow. Ages of tie points for
each timescale are derived from the original timescales ei
ther directly from the stated tie points or indirectly from the

abrupt variations in annual-layer thickness (Table 4). We d

not consider Taylor Dome because of the large uncertainty“_1 - e
2000). For Taylor Dome, timated 2000 years uncertainty for the timing of the abrupt

of the tie points (Mulvaney et al.,
improving only the interpolation is unlikely to yield insight
into the climate history.

Clim. Past, 10, 11954209 2014

ALT annual-layer thickness profiles are shown in red in

Fig. 7a, c, and e. Age differences between the original near-
linear interpolations and ALT are shown in black. All three

timescales show significant age differences. The largest dif-

oferences are in the Siple Dome timescale; ages shift by as

uch as 1200years around 20 kyr, which is within the es-
isotope change- 22 kyr (Brook et al., 2005). For Byrd, age

differences are up to 1000 years at about 24 kyr. At both Siple
Dome and Byrd, changes in the timescales more recent than
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Figure 7. Annual-layer thicknesses of original timescales (blue) and ALT interpolation (réd) jr{C), and(E). Age differences are shown
in black on the original timescale. The stable-isotope records on the original (blue) and ALT (red) timescales are @BpyD)irand(F).
The stable-isotope records on the ALT timescales are shifted down by 1 %e..

18 kyr are less than 200 years. At Law Dome, the timescaleof the WAIS Divide and EDML records (EPICA Members,
ends at 21kyr. There is no tie point at the onset of the2006; WAIS Divide Project Members, 2013). Changes in the
deglacial rise £ 18 kyr), which results in a relatively long glacial-interglacial transition part of the record are smaller,
span, 16.2 to 19.5 kyr, when annual-layer thickness decreasedthough ages during the Antarctic Cold Reversal are shifted
by a factor of 2 between the tie points. The result is a largeup to 150 years younger. For Siple Dome, the 3%0 in-
age discrepancy of over 500years centered at 18.1 kyr. Asrease is shifted younger by 1200 years from 21.8 to 20.6 kyr.
shown with the WDCO6A-7 timescale, linear or near-linear As with Byrd, the changes during the glacial-interglacial
interpolation performs poorly when the annual-layer thick- transition are smaller but up to 250 years younger at 17.2 kyr.
nesses change significantly between tie points. For Law Dome, the largest shift is centered at 18.1 kyr. The
Stable-isotope records are shown in Fig. 7b, d, and f oronset of deglacial warming at Law Dome is examined in
the original (blue) and ALT (red) timescales. For Byrd, the more detail below.
most significant change is that Antarctic Isotope Maximum 2 Age differences between the near-linear interpolation and
(~ 24 kyr) becomes more compact and similar in characterALT indicate that linear interpolation consistently yields
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older ages during the deglacial transition. Except for a few 25
short periods, the ALT timescales are younger between
21 and 12 kyr. The bias towards older ages using a linear in-
terpolation occurs because annual layers are too thin on the
younger side of an interval during times of decreasing (in
age) accumulation rates. On average, the linear timescales
are too old by 40years for Byrd, 240 years for Siple Dome,
and 150years for Law Dome.

The magnitude of the linear interpolation biases are similar
to the magnitude of the century-scale lead6 to 381 years)
of Antarctic temperature to carbon dioxide found by Pedro
et al. (2012) and suggest interpolation biases have the po-
tential to affect the details of such analyses. Whether there
is any significant impact on the Pedro et al. (2012) conclu-
sion is unclear because timescales for both the ice (Antarctic
temperature) and gas (carbon dioxide) were constructed with
near-linear interpolation: Byrd, Siple Dome, and Law Dome Figure 8. Detail of Law Dome 580 record on the Pedro et
are three of the fivé180 records in the Antarctic tempera- al. (2011) timescale (blue) and on ALT timescale (red and shifted
ture stack and the two gas timescales for carbon dioxide arown by 1%.). Black vertical dashed line is the depth-age tie point.
Byrd and Siple Dome. Redoing the lag analysis is beyond thdBlue .vertical line and shading are the rgspecti\{e timing and un-
scope of this paper, but the potential biases indicate futur&ertainty of the onset of deglacial warming defined by Pedro et

investigations of century-scale leads and lags should includ%l' (20.11)' The.red \_/ertlcal line marks th? timing of .th? onset of
. . S eglacial warming with ALT. The blue horizontal bar is increased
mterpolatlon uncertainties.

X uncertainty by adding an interpolation uncertainty appropriate for
We cannot verify whether t_h? aqes produced by ALT linear interpolation. The red horizontal bar is the total uncertainty
are more accurate than the original timescales but the ALTior the ALT timescale. See text for description of uncertainty calcu-
timescales are valid alternatives. The large differences in theations. The two circled areas show the different durations of climate
timescales due to the chosen interpolation method highlighkvents that can result from using different interpolation methods.
the increased uncertainty in the timescale away from the ti€The duration of the cooling with ALT is about half its duration with
points. Caution is needed when interpreting climate change$near interpolation.
based on interpolated timescales.

8'%0 (%o0)

17 16.5 16
Age (kyr)

In the ALT timescale, the onset of deglacial warming begins
at 17.29kyr and the total uncertainty would be 430years,
the 320-year stated uncertainty and 110-year ¥01100) in-

The onset of deglacial warming at Law Dome is marked byterpolation uncertainty. The distance to the closest tie point
a rapid increase of 3%s%80 in ~500years. The timing changes with the interpolation method, which affects the

of the onset was determined to be 17488.32 kyr (Pedro magnitude of thg i.nterpolatioin uncertainty. This reinfor_ces
et al., 2011) on the original timescale (blue in Fig. 8); the that the uncertainties are estimates and should not be inter-
blue vertical line marks the onset and the blue shading showBréted as a precise quantification of the total age uncertainty.
the stated uncertainty. Figure 8 also shows the same stable- A Sécond effect is that the duration of events is different
isotope record on the ALT timescale. The onset of deglacia®Mong the interpolation schemes. This is illustrated by the
warming is shifted 550 years younger to 17.29 kyr. The |argeC|rcIed data in F|g._8. Th(=T durat|on.of the cooll_ng beginning
age difference occurs because this climate feature is nearl§t 16.6 kyr on the linear timescale is nearly twice as long as

midway between tie points, and the annual-layer thicknes®" the ALT timescale due to the large difference in annual-
changes by a factor of 2 throughout the interval. layer thickness between the two timescales (Fig. 7e). Statis-

At this climate feature, the interpolation uncertainty ex- tical tests identifying times of significant change (e.g., Pedro
ceeds the stated uncertainty of thage and correlation un- €t al-, 2011; WAIS Divide Project Members, 2013) may be
certainties at the tie points. Both the timing of the climate &ffécted when the annual-layer thicknesses change quickly

feature and stated uncertainty should be revised. Assumingt ti€ points.
that the rate of accumulating uncertainty for linear interpola-

tion developed with the WAIS Divide timescale (31 years per

hundred, Fig. 5) is appropriate for the Law Dome timescale,

the total uncertainty for this climate feature is 830years:

the 320 years stated uncertainty plus an interpolation uncer-

tainty of 510 (0.31x 1640) years from the closest tie point.

4.2 Example: onset of the glacial—interglacial transition
at Law Dome
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5 Conclusions The Supplement related to this article is available online

at doi:10.5194/cp-10-1195-2014-supplement
Three methods for interpolating between age markers were

tested using the annually resolved timescale for the WAIS

DiVide,iC? Cor? (\.NDQOGAJ)' Linear in.terpOIation re§UItS_in AcknowledgementsiVe thank Joel Pedro, Brad Markle, Mai Win-
unrealistic variations in annual-layer thicknesses at tie pointsgryp, Eric Steig, and Spruce Schoenemann for thoughtful discus-
causing both large age errors and abrupt apparent variationson. We also thank referees Tas van Ommen and Frédéric Parrenin,
in the duration of climate events. In addition, the linear in- and editor Eric Wolff for constructive comments which improved
terpolation resulted in a bias to older ages. The mismatchhe manuscript. The US National Science Foundation grants
improved using interpolations based on either the smoothe€1944197, 0636997, and 0968391 supported this work. T. J. Fudge
annual-layer thickness (ALT) or smoothest accumulation-was supported in part by a NASA National Earth and Space
rate history (ACCUM). ALT performed slightly better than Sciences Fellowship.

ACCUM but both give sufficiently similar results, such that
the choice of which to use will depend on the application.
If only a timescale is desired, ALT is simpler to implement,
but if accumulation-rate estimates are desired, for instance to
help constrain the\age, then ACCUM is required. The rate

of accumulating uncertainty between tie points using ALT
was 10years per hundred years, compared to 31years per
hundred years for linear interpolation.

The existing Byrd, Siple Dome, and Law Dome timescales
were based on near-linear interpolation. Re-interpolation of
these timescales using ALT and similar tie points produced
timescales that were on average younger during the glacial—
interglacial transition. For Siple Dome, the abrupt 3 %o in-
crease ins80 at~ 22 kyr (Taylor et al., 2004) was shifted
1200 years younger; while the timing of this event has signifi-
cant uncertainty due to the accuracy of the methane tie points,
the large shift in age due to interpolation indicates that cau-
tion should be exercised when using the Siple Dome record
in analyses of the onset of Antarctic deglacial warming. At
ages between tie points, the interpolation uncertainty can ex-
ceed uncertainty at the tie points. For Law Dome, the timing
of the onset of deglacial warming is shifted by 540 years, in-
dicating that the interpolation uncertainty is nearly double
the stated 320 years which was determined from the tie point
uncertainty (Pedro et al., 2011). Uncertainty in interpolation
is often omitted in analyses; it should be considered when
determining the timing and duration of climate features in
Antarctic ice-core records.
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www.clim-past.net/10/1195/2014/ Clim. Past, 10, 1195209 2014


http://dx.doi.org/10.5194/cp-10-1195-2014-supplement

1206 T. J. Fudge et al.: Interpolation methods for Antarctic ice-core timescales

Appendix A: Inverse solution procedure 1

——DB(A) * PA(A)OA2
We use a Gauss—Newton iterative procedure (Aster et al., o5 2* 8\(A)/0A * 3b(A)/eA
2005, Sect. 10.1; Ganse, 2013) to find the model that opti- P TR FhAYeA
mizes the performance index in Eqg. (1). This is a steepest o A
descent (gradient) solver that uses the linear relationship be- é 0 - AN \/
tween the model perturbations and the data residuals: 5
o 0.5
_ Ky _ el
Am = (JTJ +v2LTL) ' (—JT (G(ma)d) - uzLTLmk) (A1) g
1L
whereJ= % is evaluated numerically using a forward
J
difference scheme aridis the iteration number. 155 o 2 i - £ 5
A challenge when using non-linear gradient techniques is Age (kyr)

that a local rather than a global minimum of the performance
index may be identified. Lundin (2012) showed that there is
a unique solution for a linear formulation of some interpola-
tion problems. For the non-linear technique, we test for the

existence of multiple minima using a multistart test (Aster et AL T minimizes the second derivative of the annual-layer
al., 2005; Sect. 9.4) to identify if the solution depends uponihickness:

the initial assumption. Tests of a wide range of initial values

did not reveal other solutions. Another potential limitation of 9°2(A) (B3)
this solution technique is that the function evaluation — the 942

forward model —must have sufficient numerical accuracy togqation (B3) can be rewritten after substituting in Eq. (B1)
calculate the derivatives. Tests showed the numerical accu-

racy was sufficient. (A 9PA(A) IA(A) 9b(A) 92b(A)

: : : - = b(A) + 2 —— + A(A) —
One implementation challenge is that the initial update to 342 gaz "W dA  JA D =542

the model (accumulation rate) can result in negative accumuynfortunately, ALT does not compute a thinning function or
lation rates. If negative accumulation rates persist, the foryn gccumulation history needed to evaluate the three terms
ward model does not produce a depth—age relationship, angh the right-hand side of Eq. (B4). However, ACCUM does
the solution procedure fails. This is avoided by initiating the ¢5|culate all of these terms and we can use these to better
model with reasonable accumulation rates based on the moqinderstand how the ALT minimization differs from the AC-
ern accumulation rate at the site. Reducing the size of modet.ym minimization. Figure B1 shows relative values for the
perturbations at each iteration step, resulting in longer conyyree terms on the right-hand side of Eq. (B4), evaluated for
vergence times, also solves this problem. We could also havaccum as a function of age on the WDCOBA-7 timescale.
followed the DATICE technique of reconstructing the loga-  The third term, which includes the second derivative of the
rithm of the accumulation rate, which is always positive.  3ccumulation rate, accounts for 70 % of the curvatuve(@f

and explains why ALT and ACCUM vyield similar, but not
Appendix B: Comparison of ACCUM and ALT identigal, inte(polatiqng. The secopd (_jerivativeT of the accu-

mulation rate is multiplied by the thinning function; because
The thickness of an annual layer of ager(A), is related to  the thinning function is unity at the surface, ALT emphasizes
its thickness when it was deposited (the accumulation rate afninimizing the curvature of the younger accumulation rates

Figure B1. The three terms from the right side of Eq. (B4) evaluated
for the ACCUM interpolation of WAIS Divide WDCO6A-7.

.(B4)

that time),5(A), by the thinning functionA (A) relative to ACCUM.
The first and second terms each account for 15 % of the
A(A) = A(A)B(A). (B1)  total. The first term is the second derivative of the thinning

function weighted by the accumulation rate. Hence ALT will
ACCUM minimizes the second derivative of the accumula- minimize the thinning function with added emphasis when
tion rate: the accumulation rate is higher, such as in the mid-Holocene
825(A) for WAIS Divide. The second derivative of the thinning func-
) (B2) tion is also indirectly controlled by variations in accumula-
A2 tion rate because a major cause of variations in the thinning
function is the change in accumulation rate. The second term,
with the two first derivatives, has a similar structure to the
first term. The largest age difference between ALT and AC-
CUM s inthe 18 to 24 kyr interval. Interestingly, this interval
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has near-zero values for both the first and second terms, mak-
ing it difficult to explain why the ALT and ACCUM differ
during this period. The difference is likely related to weight-
ing of the second derivative of the accumulation rate by the
thinning function in the third term, which lessens the smooth-
ness constraint during this period in ALT.

It is not clear that ALT has a predictive advantage to AC-
CUM, or whether the slightly better performance at WAIS
Divide is due to chance. There is no obvious reason why
minimizing the curvature of the thinning function would lead
to improved predictive capability. While this is an area that
could be further explored, the small differences between the
ALT and ACCUM methods indicate that there will be little
improvement in the final timescale. The choice of whether to
use ALT or ACCUM will most likely depend on the applica-
tion. If only a timescale is desired, ALT is simpler to imple-
ment. If accumulation rate estimates are desired, for instance
to help constrain th&age, then ACCUM is required.
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