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Abstract

Because the total air content (TAC) of polar ice is directly affected by the atmospheric
pressure, its record in polar ice cores was considered as a proxy for past ice sheet
elevation changes. However the Antarctic ice core TAC record is known to also contain
an insolation signature, although the underlying physical mechanisms are still a matter
of debate. Here we present a high-resolution TAC record over the whole North Green-
land Ice Core Project ice core, covering the last 120 000 years, which independently
supports an insolation signature in Greenland. Wavelet analysis reveals a clear pre-
cession and obliquity signal similar to previous findings on Antarctic TAC, with different
insolation history. In our high-resolution record we also find a decrease of 3-5 % (3—
4.2mL kg'1) in TAC as a response to Dansgaard-Oeschger-Events (DO-events). TAC
starts to decrease in parallel to increasing Greenland surface temperature and slightly
before CH, reacts to the warming, but also shows a two-step decline that lasts for
several centuries into the warm phase/interstadial. The TAC response is larger than ex-
pected considering only local temperature and atmospheric pressure as a driver, point-
ing to transient firnification response caused by the accumulation-induced increase in
the load on the firn at bubble close-off, while temperature changes deeper in the firn
are still small.

1 Introduction

The total air content (TAC) in ice cores from polar regions is one of the many parame-
ters that inform about past environmental conditions. There was hope that TAC would
give robust information about the past surface elevation of ice sheets (Lorius et al.,
1968), due to its pressure and, thus, altitude dependence. Later, Martinerie et al. (1992)
discovered an empirical relationship of pore volume at bubble close-off and snow tem-
perature owing to changes in the densification process in equilibrium conditions. The
positive correlation was found mainly in Antarctic, but also alpine and Greenland ice
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cores in late Holocene snow. Krinner et al. (2000) and other studies showed that inter-
preting TAC as an elevation proxy is limited by secular variations in surface pressure
as well as by porosity and temperature changes.

More recently Raynaud et al. (2007); Parrenin et al. (2007) and Lipenkov et al. (2011)
reported an apparent local summer insolation imprint in TAC and used it to constrain an
absolute timescale of Antarctic ice core records. This orbital synchronization is further
supported by variations, in the O, /N, ratio, which also dependends on summer inso-
lation (Bender, 2002). Local summer insolation changes are apparently affecting snow
surface properties like structure or grain size that remain preserved through firnification
down to the pore closure depth.

Grain size in the uppermost 4 m depends on insolation (J. Freitag, personal commu-
nication, 2015), but also on daily weather events. Hutterli et al. (2009) state that the
total temperature gradient metamorphism (tTGM) influences the physical properties of
the snow pack. tTGM is not necessarily synchronous with insolation, leading to a lag
between the orbital parameters and the proxies depending on snow structure. How
surface snow structure might survive the recrystallization process in the firn is unclear.
In view of this on-going discussion and of the fact that a clear insolation effect has so
far only been documented in Antarctic ice cores, an independent validation based on
Greenland ice which has a different insolation history, is of great importance.

In this paper we present a high-resolution TAC record from the North Greenland Ice
Core Project (NGRIP) ice core with 1688 new data points from 134 to 3082 m depth.
The aim of this work is twofold. First, to test known influences on TAC, such as the
orbital insolation effect observed in Antarctica, for the first time in Greenland. Second,
to document transient temperature effects due to rapid temperature changes known as
Dansgaard-Oeschger-Events (DO-events) on TAC. Note in this respect that the pore
volume effects described above represent a signal imprinted on the firn structure during
densification and thus are a signal imprinted in the ice matrix. In contrast, variations in
TAC due to direct temperature changes as expected during DO-events reflect changes
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in the number density of gas molecules in the pores at bubble close-off and thus are
imprinted in the gas record itself.

The paper is organized as follows. Section 2 presents the methods used to derive
TAC and the calibration between different measuring periods. In Sect. 3 the new record
is shown and compared to data from GRIP, a Greenland ice core located 316 km south-
southeast of the NGRIP site. In Sect. 4 we present our results, first we investigate
the insolation and non-thermal influences on TAC and perform spectral analysis on
our data. In the second part we study the higher-frequency (centennial to millennial)
influences on TAC, including the behaviour of TAC during DO-events.

2 Methods

Following Martinerie et al. (1992), the TAC results are expressed in mL kg‘1 STP and
are related to temperature, pore volume and pressure via (Martinerie et al., 1992):

P.-T,
V=v-20 ’
C Tc . Po ( )
with I/, the pore volume, £, the pressure and 7, the temperature at bubble close-off, F,
the standard pressure (1013 hPa) and 7, the standard temperature (273 K).

2.1 Measuring the total air content

The TAC measurements presented here represent a by-product of CH, and N,O con-
centration measurements performed over many years on the same samples (Fliickiger
et al., 2004; Huber et al., 2006; Schilt et al., 2010a, 2013; Baumgartner et al., 2012,
2014). To extract the air from the ice samples, the samples are melted in an evacuated
vessel. We then refreeze the melt water slowly from below to expel dissolved gases
(see e.g. Fluckiger et al., 2004). The extracted gas is then expanded into a known vol-
ume (Fig. 1). The total air content (TAC) is defined as the volume of air |/ at standard
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temperature T, and pressure p, per mass m of ice. So:

Vo, n-R-T, R-T,
TAC = — = =
m  m-p, mM-pg

(14 + 1), ()

In our apparatus, the total amount of gas n = ny + n, is split between two volumes
Vi and V5, the volume of the sample container and the sampling loop, respectively.
Vi =W, + 4 is at temperature T,, which is actually not a homogeneous temperature
over V4, since V, is cooled below the freezing point while the tubing from the vessel to
the sampling loop V; is exposed to ambient temperatures. T, is therefore close to the
freezing point, but could not be measured directly. Instead it is assumed to be 275.15K
in a calibration with NEEM ice and data from the Laboratoire de Glaciologie et Géo-
physique de I'Environnement in Grenoble, as described in the Supplement of NEEM
community members (2013). The temperature T, in the sampling loop is held constant
at —-60+0.5°C. V; is corrected for the small vessel-specific differences, assuming an
ice density of p;.e = 917kg m™~>. The expanded gas stabilizes in the volume Vi + 15 at

the expansion pressure pe,,,. With
n-R-Ty ny,-R-T,
Pexp = = : (3)
exp |/1 V2
Substituting this in Eq. (2) we get:
To-p vV, V
TAC = — eXp-<—1+—2). (4)
m-po \Ty T,

The NGRIP data from 2010, 2011 and 2012 is calculated with Eq. (4), while data from
2002 and 2004 were measured differently. More on this in the next section. Note that the
parameter T, may slightly vary with lab temperature and also with different extraction
vessels. Assuming errors of 0.5°C for T, and T,, 0.2mL for V; and V, and 0.01g for
the mass m, the resulting uncertainty in TAC is 1.3 mLkg‘1. In the following section the
final intercalibration for the whole data set is described.
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2.2 Calibration of the air content

The North Greenland Ice Core Project (NGRIP) air content data presented here, stem
from different measuring periods and slightly different measuring procedures. The melt-
refreeze step was part of all measurements, but the data from 2002 and 2004 were
measured as described in Flickiger et al. (2004). The main difference is that the am-
bient air evacuation step lasted two hours instead of about 30 min and the released
air was expanded three times in sequence into a smaller, unchilled sampling loop for
analysis. For those measurements the TAC was determined via pressure three times
per sample and the analytical error of TAC was estimated as the standard deviation
of the three measurements. 287 of the 1626 TAC values were measured following
this procedure. The newer (2010-2012) data were measured with a 30 min evacuation
step and one injection in a three times larger sampling loop, according to Schilt et al.
(2010b). The error is determined by reproducibility measurements. Five randomly dis-
tributed, adjacent samples were measured at 15 depths over the different extraction
vessels and duration of the measurement series. The pooled standard deviation of the
residuals of the 75 samples is 2.20 £ 0.83mL kg_1, which is higher than the calculated
analytical error of 1.3 mL kg'1. This is expected due to natural variations of TAC in the
ice along the 25 cm and variations in the number and size of the air bubbles opened on
the sides of the ice cube during cutting. In order to minimize the latter effect, we cut all
samples the same way, in pieces of ~ 40g.

The 2002/2004 and 2010-2012 data are slightly offset from each other, so a method
to intercalibrate was developed. Data pairs of measuring periods we want to compare
were identified. Then, the measuring period of 2012 was taken as a reference. Adjacent
data from different measuring periods were compared. Only the data from 2010 could
not be compared directly to 2012 because they cover different sections of the ice core
and hence were compared to the 2011 data. Reference data points of one set are
compared with interpolated values of the other dataset. The mean of the offset values
are displayed in Table 1. It is assumed that the data scattering is distributed normally

5514

Jaded uoissnosiq

Jaded uoissnosiq | Jaded uoissnosiq | Jeded uoissnosiq

(®
{o

CPD
11, 5509-5548, 2015

Climatic and
insolation control on
the high-resolution
total air content in
the NGRIP ice core

O. Eicher et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/11/5509/2015/cpd-11-5509-2015-print.pdf
http://www.clim-past-discuss.net/11/5509/2015/cpd-11-5509-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

and therefore we take the standard error as the error of the offset. The age offsets
to the closest points of the reference values are also shown in Table 1. Note that the
interpolations are better if the data points are closer together, reflecting the natural
variability of TAC in the ice. Finally the data from 2002 were shifted by 3.4 mL kg'1,
those from 2004 by 6.1 mL kg_1, and those from 2011 by -2 mLkg_1. The 2010 data
are not significantly different (1.2+1.4mL kg'1) from 2012, so no correction was made.
In the following the corrected data are referred to as melt-refreeze data.

We now also compare our data with data from the same ice core but with indepen-
dent data obtained from other analytical procedures. A few NGRIP TAC samples have
also been measured according to Schmitt et al. (2014) with a different system and
an absolute precision of 0.5mL kg‘1. They use samples of 160 g and melt them after
evacuation, using infrared radiation. The TAC is determined by pressure and temper-
ature measurements of the released air under well controlled conditions. These data
are referred to as vacuum-melt data. 42 out of 62 of these additional NGRIP data
points lie within 250yr to our data, and were used for a nearest-neighbour analysis.
For this analysis, each point of the vacuum-melt data was compared with at most the
two nearest neighbours of the intercalibrated NGRIP data in each time direction, if they
were not more than 70 (250) yr apart from each other. The resultis —0.7 £ 2.0 mL kg_1
(-0.53+2.1 mLkg'1), so the vacuum-melt data and the melt-refreezing data match
within error. Note that the TAC vacuum-melt technique was intercalibrated with TAC
data from Raynaud et al. (2007) using overlapping TAC time series from the Dome C
ice core (see Schmitt et al., 2014 for details). Accordingly, the two NGRIP TAC records
are independently tied to the same reference scale of Raynaud et al. (2007).

3 The NGRIP TAC record

Our new NGRIP record contains 1688 TAC data points and is shown in Fig. 2 on the
AICC2012 gas age scale (Veres et al., 2013), along with 6'20,,,. The depth range is
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133.81 to 3082.23 m, which corresponds on the AICC2012 timescale for gas age to
294 to 119555 years.

The whole TAC dataset has a mean value of 93.4 mL kg‘1 with a standard deviation
of 4.5mL kg'1. The measured TAC data show notable variability which is much larger
than the analytical error (see Fig. 2). We infer that a considerable part of the scatter-
ing in neighbouring samples seems to results from the small scale variability of the
TAC signal in the ice itself. One option to verify this is to check whether the scattering
diminishes with depth and therefore decreasing annual layer thickness, as described
in Baumgartner et al. (2014). If the scattering is a signal in the ice itself, the standard
deviation of the values in the 5 adjacent reproducibility samples should get smaller with
increasing depth, since high frequency variations will be smoothed out by increasing
time interval per sample. In Fig. 3 the standard deviation over the reproducibility mea-
surements is plotted vs. depth. There is a clear trend to lower scattering with depth,
although not with a high correlation coefficient, indicating that part of the scatter is
embedded in the ice itself. If we assume most of the scattering to be caused by sea-
sonal cycles, then we average over more cycles with increasing age difference in the

25 cm of the adjacent reproducibility samples. The measured variation should therefore
decrease with 1/n, n being the number of years contained in one sample and the 5
samples in each 25cm interval provide us with an information on the analytical error
according to:
2
(o
2 _ “ice 2
Omeasured — n + O-analytical' (5)

Letting n go to infinity we get an independent estimate of our analytical error. In Fig. 3
in the right panel we display the variation in the reproducibility samples vs. 1/n with the
best linear fit. We get a y intersect (corresponding to n = co) at 1.4 mL? kg_z. Taking
the square root this independent estimate leads to an analytical error of 1.2mL kg'1,
very close to the 1.3 mL kg‘1 we calclulated in Sect. 2.1.
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3.1 Comparison to GRIP TAC

Raynaud et al. (1997) presented a lower resolution TAC data set from the GRIP ice
core. GRIP is located 316 km south-southeast of NGRIP, at an altitude of 3232 m, com-
pared to 2919 m at NGRIP (Dahl-Jensen et al., 1997). Today there is essentially no
temperature difference between NGRIP and GRIP (altitude effect is compensated by
latitude). Therefore, there is also no difference in pore volume V (Martinerie et al.,
1992, more on pore volume in the next section) and because of their geographic prox-
imity, insolation differences are insignificant. Accordingly, assuming the temperature
consistency did not change in the past, the only difference influencing the TAC is alti-
tude. The GRIP data mainly cover the Holocene with measurements back to 40.6 kyr
BP. They also measured older ice, but the stratigraphy of the deepest GRIP part is
disturbed (Raynaud et al., 1997) so we refrain from comparing the NGRIP record to
that data. In Fig. 4 we show the TAC from Raynaud et al. (1997), along with our two
TAC records (melt-refreeze and vacuum melt) in the time interval 0.2 to 45 kyr BP on
gas age. The GRIP and NGRIP data are given on a synchronized ice age scale for
the Greenland records (Seierstad et al., 2014). The data show good agreement, with
the GRIP TAC being slightly lower. To quantify the difference, each point from GRIP
was compared with at most the two nearest neighbours of the NGRIP data in each
time direction, if they laid within 250 yr. Up to 11.5kyr (Holocene) GRIP data were only
compared to vacuum-melt data since no melt-refreeze data were available. Holocene
GRIP TAC is about 1.7 £0.3mL kg‘1 lower than NGRIP and glacial GRIP in the interval
11.5 to 45kyr is 2.4+ 0.3mL kg'1 lower, where the error is the standard error of the
mean. This is generally in line with the expectations since a higher altitude at the de-
position site should lead to lower TAC. Our results leave, on the brink of significance,
room for small relative altitude changes from LGM to Holocene, although other stud-
ies (e.g. NGRIP Project Members, 2004) state that the relative altitude changes are
believed to be small. The barometric formula, assuming a mean annual temperature
of -46°C (-31.5°C) for stadial (Holocene) conditions at NGRIP leads to a pressure-
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elevation gradient of 6P/6Z = 10.5hPa/100m (9.9hPa/100m). Ignoring tempera-
ture, pore volume and upstream correction, Eq. (1) gives an expected TAC difference
of 4.2mL kg'1 (4mL kg'1) at an average of 90 mLkg'1 and NGRIP bubble close-off
pressure of 701 hPa. This is more than what we observe in our data. Moreover, in real-
ity the pressure-elevation gradient could be larger (11 to 15hPa/100m), as automatic
weather stations located in the GRIP area suggest (Raynaud et al., 1997). We can not
explain the difference with a specific effect. Some of the difference can potentially be
explained by an intercalibration issue between the Raynaud et al. (1997) and Schmitt
et al. (2014) data. This effect has been estimated to be smaller than 0.5 mL kg'1. How-
ever the intercalibration was based on recent measurements on the Antarctic EPICA
Dome C ice core and methodological and calibration changes over the last 15years
since Raynaud et al. (1997) published the GRIP data cannot be ruled out. At the mo-
ment we are not able to quantitatively explain the difference between measured an
theoretical TAC values at GRIP and NGRIP.

4 Results and discussion
4.1 Low-frequency variations in TAC

TAC in Antarctica is known to show an anti-correlation with the integrated local summer
insolation (ISI) as shown in Raynaud et al. (2007). The ISl is definded as

ISI = 3 Bi(w;-86400). (6)

Where w; is the daily insolation in W m~2 and B; = 1if w; is over the threshold, evaluated
by tuning the correlation between I1SI and TAC, and S; = 0 otherwise. A similar depen-
dency emerges for our Greenland ice core calculating a local summer insolation for the
NGRIP drill site. A maximum correlation between TAC and ISl is found for a threshold
of 320Wm™2, substantially less than the 380 Wm™2 used by Raynaud et al. (2007) for
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the EPICA Dome C (EDC) Antarctic ice core. The correlation difference between 380
and 320 Wm™2 is however small and the threshold does not alter the shape of the ISI
much. Since the temperature at NGRIP is higher than at EDC a lower threshold for
additional energy influencing grain structure seems reasonable.

Martinerie et al. (1992) found an empirical relationship between the pore volume V
at bubble close-off and the temperature for recent equilibrium densification conditions,

mL mL
V,=076- (=) .7.-57. (1= 7
0=0 6<Kkg) 570 (kg)’ (7)

where T is the snow temperature in Kelvin, here assumed to be the same as the
temperature at bubble close-off depth. Like in Raynaud et al. (2007), we defined the
non-thermal residual term V,, as:

T
Vcr =V-=--=- Vc(Ts)- (8)

Where V is the TAC, T, and P, the temperature and pressure at bubble close-off depth.
For the temperature at bubble close-off we used the heat conduction model results
by Kindler et al. (2013), derived from surface temperature variations determined us-
ing the 5'5N thermo-diffusion technique (Severinghaus and Brook, 1999; Lang et al.,
1999; Kindler et al., 2013), providing data from 10 to 120 kyr and for the pressure at
bubble close-off 701 hPa. T, and £, are the standard temperature (273K) and stan-
dard atmospheric pressure (1013 hPa). For comparison with the analysis by Raynaud
et al. (2007), splines (Enting, 1987) with a 750 year cut-off period (COP) through the
inversed an standardized TAC data (isTAC) and the inversed and standardized V,, are
shown together with the standardized ISl (sISI) in Fig. 5.

The r? between V and V,, for the 750 year COP spline is 0.95, so the temperature
effect on firnification processes quantified according to Martinerie et al. (1992) is re-
sponsible for only 5 % of the TAC variability, in accordance with Raynaud et al. (2007).
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These authors derived an r? of 0.86 and estimated the temperature induced TAC varia-
tions to 10 %. The strong covariance of TAC and local insolation for both Greenland and
Antarctic ice cores provides independent evidence of an ISl effect on pore volume as
the temporal evolution of ISI in both hemispheres differs significantly. As can be seen in
Fig. 5 the shape of the sISl is highly covariant with the low frequency variations of isTAC
and V,,, while higher-frequency variations seem to correlate with temperatures on the
ice sheet (see Fig. 2). Note that during the glacial, temperature changes in Greenland
are often fast, like DO-events, and a 750 COP Spline through the data filters out some
of the variations.

Investigations on the higher frequency variations and TAC relation to climate changes
during DO-events are discussed in Sect. 4.3.2. In Table 2 the correlations between the
slSI, V,, T, and isTAC are shown. For the best linear fit we estimate a sensitivity of TAC
on the local integrated summer insolation above 320Wm™2 of -0.08 mLWkg_1 m~2
with an r% of 0.3.

Figure 5 shows that the correlation of the ISI and the isTAC fails before about 109 kyr,
i.e. at the glacial inception at the end of the Eemian. Raynaud et al. (2007) associated
the 100 kyr cycle in the Antarctic EDC TAC record to be driven by surface elevation
changes inducing pressure differences. The question arises whether the TAC devia-
tions from the expected insolation effect at the glacial inception in our NGRIP record
are also related to ice sheet changes. Models for Greenland ice sheet coverage and
surface height in the Eemian show little difference to present. Born and Nisancioglu
(2012) estimate at NGRIP a maximum lowering of 200 m in the last glacial maximum
(LGM) compared to the Holocene. Using the same calculations as in Sect. 3.1, this
would account for a TAC change of 2.4 mL kg‘1, while the observed TAC changes at
the very end of the TAC record are in the order of 10 mL kg'1.

Note that the correlation breakdown between TAC and ISI mainly comes from two
data points (see Fig. 2), at 118.8 and 119.4 kyr with very low TAC, and the robust-
ness is therefore questioned. If we exclude these two points and correlate the sISI with
the isTAC from the top only until 109 kyr, r? increases to 0.48. However, the absolute
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changes in TAC are still larger than expected from altitude changes in models. Addi-
tionally, it has to be taken in to account that the dating of the ISI is absolute, while the
AICC2012 age scale used in this study is fundamentally based on a ice-flow model and
in particular shows younger ages for the lowest part of the ice core, compared to other
time scales (Veres et al., 2013), with an uncertainty of around 5000 years in the lowest
part of the ice core. Accordingly, if the older part of the TAC record were shifted to
somewhat older ages, the correlation would increase further. In summary, an ice sheet
altitude effect on TAC in the time interval 110-120 kyr BP is rather unlikely. Instead the
strong correlation of TAC with 1SI for the record before 110 kyr makes an offset in the
AICC2012 age scale relative to insolation by several thousand years at the last glacial
inception more likely.

4.2 Spectral analysis

Following Raynaud et al. (2007) we performed a wavelet analysis on the TAC data
(Fig. 6). Between 20—-70 kyr the obliquity effect on TAC is dominant, while for 80—110 kyr
the precession cycle dominates. This is in agreement with the findings for EDC, dis-
played in the right panel of Fig. 6. Since both Antarctic EDC and Greenland NGRIP
TAC show the same pattern of either obliquity or precession dominance, we performed
a cross-wavelet analysis between the TAC and the respective local ISls. This analysis
allows us to find common spectral signals in time series (see e.g. Grinsted et al., 2004).
(Fig. 7).

Our results for NGRIP support the findings by Raynaud et al. (2007) and Lipenkov
et al. (2011) on Antarctic TAC being related to ISI. Both records show coherence in the
obliquity and precession bands.
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4.3 Higher-frequency influences and DO-events
4.3.1 Relation to dust

Based on recent studies (Freitag et al., 2013) small scale firn density is known to cor-
relate with Ca®* representative of mineral dust concentration. Accordingly, a firnifica-
tion effect of dust on pore volume has been proposed (Hérhold et al., 2012), which
should be most pronounced for stadial/interstadial variations, when dust concentra-
tions changed by a factor of about 15 (Fischer et al., 2007). In Fig. 8 the NGRIP TAC,
dust (Ruth, 2007), CH, and 6180ice records are shown on the depth scale for selected
DO-events. No simple correlation from TAC to the dust concentration can be observed.
During phases when dust concentration is high (e.g., before DO-event 4) TAC varies
not differently from when dust is low (e.g. during DO-event 19). Moreover, the TAC vari-
ations on their depth scale are not in phase with dust, as would be expected from a di-
rect firnification effect of dust concentrations in the ice matrix on pore volume at bubble
close-off. Surprisingly, TAC seems to change more in parallel with CH, (anti-correlated)
and therefore on gas age scale in the higher-frequency variations, suggesting a direct
influence of gas temperature on the number of moles of air enclosed in the pore volume
during bubble close-off.

4.3.2 Relation to climate changes during DO-events

The TAC data (Fig. 2) not only show low-frequency variations as discussed in Sect. 4.1
but reveal a strong high-frequency signal. Making use of the unprecedented resolution

of our record, we investigate the high-frequency variations and take a closer look on
what happens to the TAC during DO-events.
The temperature effect (Eq. 7) on the pore volume would lead to a very small in-
crease in pore volume with rising temperatures. Using the ideal gas we obtain:
P,-V.(T) P,V
'm0=%wn=wm-%;i)=aR“W<mm-szv. 9)
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Where 1, is the volume of one mol at STP, V,(T) the pore volume at close off, R is
the gas constant 8.31 J mol~* kg'1 , Ts the snow temperature and n the number of moles
of air enclosed in the bubbles. Therefore, a slight increase in TAC with increasing tem-
perature is expected from the pore volume effect. However, the formula for pore volume
changes, derived in Martinerie et al. (1992) from steady state Holocene conditions is
most likely not applicable during DO-events where a transient change in densification
occurs. It is reasonable to assume the pore volumes in the firn does not follow the
temperature (Eq. 7) directly at the onsets of DO-events. If we assume that the pore
volume remains constant in the first stage of a DO-event, the first-order effect of slowly
increasing temperatures in the firn would lead then to a decrease in TAC, what our data
(Fig. 2) seem to support. It is possible that pore volume even decreases at the begin-
ning of a DO-event as will be discussed in the next chapter. To test objectively whether
there is a correlation of decreases in TAC with DO-events we developed a method to
find significant decreases. To remove noise in the TAC raw data 1000 Monte Carlo
splines with a cut-off period of 750 years were calculated on the AICC2012 gas age
scale, and the mean of the 1000 splines was taken as our best-guess representation
of true TAC variations (Monte Carlo Average, MCA). This MCA-spline is then searched
for maxima and minima. A detected minimum is considered significant if the difference
between the last maximum and the minimum is larger than 1.5 times the added stan-
dard deviation of the spline at both points. The result is shown in Fig. 9. With these
criteria and parameters the routine finds 23 significant minima, out of which 17 are re-
lated to a DO-event in 6 180ice. The significant minima unassociated with a DO-event
occur during the Younger Dryas, two in the LGM and one during DO-event 25. There is
another one before DO-event 24, which is due to a wiggle in the spline fit, leading to two
significant minima in the descent preceding DO-event 24 (see Fig. 9). Using the above
mentioned parameters, the routine fails to find significant minima related to DO-events
8,9, 16-18, 20, 22, 23 and 25, although, for many of these cases there exists a decline
in TAC, which, however, did not satisfy our significance criterion. For DO-events 9, 18
(and the event p18, not a full DO, but preceding DO-event 18), 20, 23 and 25 this is
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due to the threshold of 1.5 o being too high, while 16—17 follow each other very closely
so the TAC response signal might not be visible. For DO-event 22 the minimum is more
than a thousand years before the 6180iCe maximum, so we considered this not to be
related to the warming. DO-event 22 has a small amplitude in 6180ice compared to the
background and the other DOs. For DO-event 8 the TAC data scatters a lot.

Interesting is also the timing of the TAC minima compared to the maxima in the
6180ice. In Table 3 the timing of the minima in TAC on the AICC2012 gas age scale
and the maxima in the rises of 6 '20,,, on the AICC2012 ice age scale are shown. On
average the TAC change is synchronous within the error (12 £ 290 years). Due to the
considerable analytical and small scale scatter of our TAC data it is difficult to pinpoint
the temporal evolution of the TAC and its phase relationship to other climate proxies
in the ice core for individual DO-events. Moreover, when comparing 6180ice in the ice
matrix and a direct temperature related signal in TAC, the uncertainty in the ice age-gas
age difference has to be taken into account.

To figure out how the TAC reacts in general to DO-event warmings, we calculated
a stack of TAC variations during DO-events and compared it to other gas phase pa-
rameters. Since the TAC seems to react in the time window where also the CH, shows
changes, we stacked the TAC around the onsets in CH,. For this we defined a cri-
terion for the rise in CH,. The analytical error in the CH, data is 5.9 ppbv, according
to Baumgartner et al. (2014). The start of the CH, increase was defined in the mid-
dle between the first two data points during the onset of stadial/interstadial transitions
which did not agree anymore within their 2 o uncertainty on the AICC2012 gas age
scale. This criterion gives the onsets seen in Table 4. Only for DO-event 2, no signifi-
cant time point could be defined. The same stacking analysis was performed for 5N
(Kindler et al., 2013) indicating temperature gradients across the firn column, which
are controlled by rapid warming at the surface. The TAC (this study) and the 5"°N from
Kindler et al. (2013) were then cut out in age windows +200 and —1000 years around
the DO-onsets in CH,. For each window we subtracted the mean value over this time
span to remove the long term trend in the data. Note that we neglected the tempera-
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ture effect on pore volume as discussed in Sect. 4.1, as this effect is small (Fig. 5) and
does not occur in the gas itself but acts on the firn matrix. Due to the ice age/gas age
difference, the latter process is, therefore, not in phase with changes in temperature
but affects TAC several hundred years later. The resulting data were then stacked and
for each, the CH,, the TAC, and 5'°N data a spline with a COP of 200 years was calcu-
lated. The result is displayed in the left panel of Fig. 10. Relative to CH,, the measured
TAC decrease starts around 100 years earlier. Within the error, the 5"°N starts to in-
crease synchronously with TAC. This 100 year lag of CH, to temperature is somewhat
more than the 25—-70 + 25 years calculated for DO-events in Marine Isotope Stage 3 in
previous studies (Huber et al., 2006), and clearly more than 4.5’:51 years for the Belling-
Allergd (BA) calculated in Rosen et al. (2014). This difference can partly be attributed
to our method, to detect the onset of the stadial/interstadial change, as we focussed on
TAC anomalies and not on the exact timing of the CH, rises. Note that the stacked TAC
data show a two-step decrease that lasts over several hundred years. When the 5N
signal reaches its maximum, TAC is still decreasing, shortly before the 5"°N stabilizes
the TAC slightly rises and then drops in a second step to lower values than before the
event. Within the error TAC and 6 '°N start to change synchronously, indicating a direct
surface temperature effect on TAC.

The total amplitude of the TAC’s response is —3.6 + 0.6 mL kg‘1. Using Eq. (1) with
all parameters but the temperature fixed, we can calculate the expected physical TAC
response according to the ideal gas law (Fig. 10b). The temperature influencing the
TAC is the bubble close-off temperature, as derived by Kindler et al. (2013) using
a heat transport model with the surface temperature determined by 6"°N thermodif-
fusion thermometry. To get an average behaviour of bubble close-off temperature, we
also stacked the modelled firn temperature at bubble close-off for the DO-events in win-
dows of +200 to —800 years relative to the onset in CH,. We then calculated the mean
over 50 yr intervals from +175 to —775 yr around the starting points of the bubble close-
off warmings (red points in Fig. 10b). With a starting temperature and TAC of 227.15K
and 90 mL kg'1, respectively, we computed the expected TAC response (blue crosses
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in Fig. 10b). Also shown in Fig. 10b are the measured TAC values on ice age scale for
comparison with the modelled TAC and the temperature at the surface. The calculated
amplitude of the direct temperature effect through the ideal gas law (number density of
molecules per volume) at bubble close-off is 1.4 mL kg’1, which is significantly smaller
than the measured one. The amplitude difference indicates that other effects than the
temperature at bubble close-off influence TAC on short timescales and especially dur-
ing the second step of the TAC decrease, where in situ gas temperature changes are
already quite small. Also TAC changes simultaneously with surface temperature, con-
firming the previous results but indicating again that temperature is not sufficient to
explain the TAC changes later during a DO-event. One possibility, to explain the larger
TAC amplitude than expected from the direct temperature effect, could be co-occurring
changes in surface pressure for example related to synoptic pressure pattern changes
related to DO-events.

To explain the full amplitude in DO-event TAC changes, however, a pressure de-
crease at the NGRIP site of around 17hPa would be required during interstadial
warmings. This could be related to a northward shift of North Atlantic storm tracks
(Kageyama et al., 2009) connected to a drastic reduction of sea ice during DO-events,
which would also lead to a lowering of synoptic pressure over Greenland (Zhang et al.,
2014). However, compared to currently observed spatial gradients in mean annual sea
level pressure over the North Atlantic the size of this effect appears too large and, more-
over, should occur synchronously to the onset of the DO-events. In contrast a transient
effect of changes in firnification, hence pore volume, during Greenland interstadials
appears more likely to explain our observations. We suggest that such an effect can
be induced by the rapidly increasing accumulation rate at the onset of the DO-event.
This leads to a higher load and thus enhanced deformation of the snow grains at depth
at a time when the temperature in the firn column is still cold. A simple transient firni-
fication model experiment (Sect. 4.3.3) supports this conclusion by reducing TAC by
several mL kg'1 as in our observations.
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4.3.3 Transient firnification model experiment

Empirical equations for estimating bubble close-off densities and bubble close-off
depths have been derived for steady state conditions (Martinerie et al., 1992, 1994).
Especially at the beginning of a DO-event the firn layer is far from being in a steady
condition. Fast artificial sintering of snow by applying high pressures results in very low
TAC compared to natural firnification (B. Stauffer, personal communication, 2015). The
reason for low TAC in artificially sintered ice is most likely that there is not enough time
to form spherical cavities, which are a result of minimizing surface energy by slow mass
redeposition by vapor diffusion. We therefore expect that after a step-like increase in
accumulation rate at the beginning of a DO-event the additional pressure in the bubble
close-off zone caused by the increasing load of snow leads to expelling air from open
pores yielding lower TAC, compared to steady state conditions. We estimate the up-
per limit of this effect by assuming that for some 140 annual layers above the firn-ice
transition the time required to reach bubble close-off remains unchanged after a transi-
tion into a DO-event. This assumption is based on the fact that the temperature at the
depth of bubble close-off remains near the cold state during the first 140 years of a DO-
event (less than 20 % response to the surface temperature change, Fig. 10) and on
the hypothesis that time is more important for finalizing the firnification process bubble
close-off than the additional hydrostatic pressure.

We modelled the firn density during the transition into a DO-event with a transient
firnification model (Schwander et al., 1997). Interstadial temperature is set to —46°C
and ice accumulation rate to 0.05ma™". At the beginning of the simulated DO-event we
increase the temperature to —36°C and the ice accumulation rate to 0.1 ma~" within
100 years. We have calculated the density of the layer with the age corresponding to
the bubble close-off age under steady state interstadial conditions. This density is as-
sumed to be the bubble close-off density during the first part of the event. The resulting
TAC of the simulation is shown in Fig. 11. We interpret the decrease in TAC as the
extreme scenario for the first 140 years of a DO-event. The real effect might be smaller.
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Later, when the temperature at the firn-ice transition increases further, TAC will slowly
approach the new equilibrium value. As there is no physical model describing this dy-
namic behavior yet, we cannot provide a more precise development of TAC during
a DO-event, but the decrease in TAC as observed in the NGRIP ice core seems to be
compatible with the simulation.

5 Conclusions

We present the first high-resolution TAC record from the Greenland NGRIP ice core
covering the last 120kyr. In line with previous studies in Antarctica (Raynaud et al.,
2007; Lipenkov et al., 2011) we find the low frequency variations to depend on local
summer insolation and thus the orbital parameters. Those effects act on the firn matrix
controlling the pore volume during bubble close-off and, thus, operate on the ice age
scale, (e.g. Raynaud et al., 2007; Bender, 2002), although the origin of this process is
not yet clear. Additionally, in steady-state, the pore volume is known to correlate with
firn temperature (Martinerie et al., 1992), which is also an ice property leading to TAC
changes. Our studies show that this temperature effect imprinted on pore volume dur-
ing densification in steady state is small compared to the insolation effect operating at
the surface, and also small compared to a direct temperature effect on TAC imposed by
the change in mole density of the gas during bubble enclosure that we clearly observe
during DO-events.

Comparison of 5N, CH, and TAC, all on the gas age scale, provides evidence
that surface temperature warming, or an effect synchronous to surface warming, has
a direct imprint on the TAC. The immediate decrease in TAC at an onset of a DO-event
could have two possible sources according to the ideal gas law: decreasing air pressure
or less amount of substance per volume due to rising temperature. However, both
effects appear to be too small to explain the measured TAC decline. Large changes in
the height of the ice sheet are ruled out for such very short term variations as the TAC
change occurs immediately during the DO-event warming, while the ice sheet response
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would be slow and delayed. However, the increasing accumulation rate during DO-
events leads to an increase in firn thickness of several tens of meters, which through
the additional weight on the firn column leads to a temporarily enhanced densification.
This could reduce TAC for several centuries after the onset of the DO-event. After
500-1000 years the firn column reaches a new equilibrium with ambient temperature,
accumulation and pore volume and TAC reaches again its steady state value.

With the TAC signal being influenced by effects on the ice age and gas age scale,
this also limits the precision of deriving orbital timescales from TAC as done e.g.
by Lipenkov et al. (2011). Moreover, the processes that connect surface insolation
changes with the pore volume changes at the bubble close-off depth are not yet under-
stood. Therefore we refrain from using TAC in Greenland for orbital tuning.
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Table 1. Table with the offsets between the data from different measuring periods. The second
number in the intervals column is the reference period. Offset values are the median of all data
points compared. The given error is the standard error. n is the number of points compared. Av.
age offset denotes the average difference to the closer endpoint of the interpolation interval.
The 2010 data could not be compared directly to 2012, so the offset values in the table are

calculated from the other offsets.

Intervals [yr] Offset [mL kg_1] n  Av. age offset [yr]
2004 and 2012 -6.1+£0.6 33 196
2002 and 2012 -34+2.1 24 348
2010 and 2011 3.2+09 37 47
2012 and 2011 -2.0+1.1 24 344
2010 and 2012 12+1.4 - -
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Table 2. Table with the correlations between data and calculated parameters. isTAC denotes
the inversed standardized TAC, slSI the standardized ISl record, V,, the non-thermal residual
term of the pore volume and T, the standardized temperature at bubble close-off.

isTAC sISI T,

isTAC - 0.30 0.95 0.26
slSI 0.30 - 021 0.00
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maximum of the rise in §'°0,,, on the AICC2012 ice age scale, defined by eye. The time point
in TAC is the time of the minimum, found with the method described in Sect. 4.3.2. On average Climatic and
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Table 4. Timing of the DO-events in methane. The time value denotes the average time be-
tween the first two-sigma increase in CH, from its stadial value and the point before, on the

AICC2012 gas age scale.

DO-event CH, [AICC2012 gas] DO-event CH, [AICC2012 gas]
BA 15041 14 54295
2 - 15 55861
3 28117 16 58308
4 29509 17 59108
5 33080 18 64126
6 34578 19 72101
7 35889 20 75839
8 38312 21 84454
9 40271 22 89402
10 41476 23 101840
11 43446 24 106 050
12 46 847 25 112968
13 49 347
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A

Figure 1. Scheme of the volumes involved in the TAC measurements. The gas from the refrozen
melt water in the vessel on the left is confined in the headspace volume ;. It is then expanded
in the Volume V., = V; +V, =, + V; + V/,. The temperature T, in , is held at -60°C.
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Figure 2. The NGRIP TAC record of this study on the AICC2012 gas age scale (Veres et al.,
2013), using two different methods. In blue the melt-refreeze data, in turquoise the vacuum-melt
TAC. The red line represents a spline with a 750 yr cut-off period (COP), according to Enting
(1987). At the bottom, the 6180ice for the NGRIP ice core (NGRIP Project Members, 2004) is
given.
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Figure 3. Left: standard deviation of reproducibility measurements in the TAC dependent on
depth. Each point represents the mean over 5 adjacent samples. As expected, the variations
get smaller with the smoothing due to thinner annual layers. Right: the variation of the repro-
ducibility measurements vs. 1/n, where n is the number of annual cycles in the sample.
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Figure 5. In red the integrated summer insolation sISI on days with more than 320Wm™. In

blue a standardized spline with 750 COP of the inversed total air content record. In green,
analogous to Raynaud et al. (2007) the standardized TAC data after correcting for the temper-
ature effect on pore volume V,, (Martinerie et al., 1992). Note that the ice core data are on the
glaciological AICC2012 ice age scale, while ISl is on an absolute astronomical age scale.
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Figure 6. Left: the inversed TAC data in red, re-sampled at an age step of 0.2 kyr and wavelet
analysis of this spline. Right: EDC TAC data (Raynaud et al., 2007), re-sampled at 0.2 kyr and

its wavelet analysis in the same time window.
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Figure 10. Stacked data over the onsets of all DO-events except DO-event 2 (Table 4). Left:
in red the stacked 6'°N model data (Kindler et al., 2013), in blue the TAC and in brown the
CH,. Full lines represent the spline, thin lines the 1o error range. Note that the variability in
the stacked concentration only refers to the analytical error and not the variability between
different DO-events. Grey lines indicate the start, the maximum and the end of the 5N signal.
All three on AICC2012 gas age scale. Right: running mean over the modelled bubble close-off
temperature (Kindler et al., 2013) in black, red squares indicate a 50 year mean. In grey the
modelled surface temperature. Blue crosses represent the calculated TAC values dependent
on bubble close-off temperature only. The blue lines represent the measured TAC on ice age
scale. The black line indicates the onset of the surface temperature warming.
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Figure 11. Modelled behaviour of TAC for a DO-event with a 10°C surface warming during
100 years after the onset of the event. At the bottom, in grey the assumed surface temperature
and in black the bubble close-off temperature. On top, in turquoise the TAC model output for
steady state firnification conditions (Eq. 9). In blue the transient firnification model (Schwander
et al., 1997) TAC output for a constant bubble-close-off time. Dashed blue lines indicate the
range of measured TAC anomalies.
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