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Abstract. The Greenland NEEM (North Greenland Eemian in the methane signal show a more rapid rate of change

Ice Drilling) operation in 2010 provided the first oppor- than their endings. The rate of Glhcrease associated with

tunity to combine trace-gas measurements by laser spedhe onsets of D/O events progressively declines from 1.7 to

troscopic instruments and continuous-flow analysis along &.6 ppbvyr? in the course of marine isotope stage 3. The

freshly drilled ice core in a field-based setting. We presentlargest observed rate of increase takes place at the onset of

the resulting atmospheric methane ({Hecord covering  D/O event #21 and reaches 2.5 ppbvir

the time period from 107.7 to 9.5ka b2k (thousand years

before 2000 AD). Companion discrete glheasurements

are required to transfer the laser spectroscopic data from a

relative to an absolute scale. However, even on a relativel Introduction

scale, the high-resolution GHllata set significantly improves

our knowledge of past atmospheric methane concentratiod he methane (Cl mixing ratio in air bubbles is one of the

changes. New significant sub-millennial-scale features apcomponents which has been systematically measured along

pear during interstadials and stadials, generally associateig¢e cores since the late 1980s. Large changes of this green-

with similar changes in water isotopic ratios of the ice, a house gas on glacial-interglacial (Loulergue et al., 2008) and

proxy for local temperature. In addition to the midpoint of millennial (e.g. Chappellaz et al., 1993; Brook et al., 1996)

Dansgaard—Oeschger (D/O) gHansitions usually used for timescales have been revealed. In addition, atmospheric

cross-dating, sharp definition of the start and end of thesanethane is one of the few variables which have global signif-

events brings precise depth markers (wi0cm uncer- icance and is reliably recorded in ice cores from Antarctica

tainty) for further cross-dating with other palaeo- or ice core and Greenland. This feature has been used to provide a com-

records, e.g. speleothems. The method also provides an egion time frame in the gas phase between ice cores and to

timate of CH, rates of change. The onsets of D/O eventsdiscuss the well-known see-saw feature of hemispheric tem-
perature changes during Dansgaard—Oeschger (D/O) events
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2580 J. Chappellaz et al.: High-resolution glacial and deglacial record of atmospheric methane

and the last deglaciation (e.g. Blunier et al., 1998; Blunier
and Brook, 2001; EPICA community members, 2006).

For more than two decades, the £hhixing ratio in ice
cores have been measured on discrete samples of typically A
40-50 g systematically selected along the core. The usual an-
alytical method combines a melting (wet) or crushing/grating
(dry) extraction of the trapped gases under vacuum followed
by gas chromatographic analysis of £t¢.g. Nakazawa et
al., 1993; Sowers et al., 1997; Etheridge et al., 1998; Flick-
iger et al., 2004; Mitchell et al., 2011). The method provides
a typical absolute uncertainty in the range of 3—15 ppbv (rel- [ b rate xin i mint €2 sressure / flow controlier
ative standard error of 0.5 to 4 %), but it is time consum- _ )
ing even though now partly automated and performed onfig- 1..Tlhe experlmental setup fqr continuous measurgments of
several samples at once. The first attempt to measuge CHCH4 Mixing ratio as deployed during the NEEM 2010 field sea-

) . . son. Ice core rods are melted on a heated melt head (A). Gas is ex-
along a core using continuous-flow analysis (CFA) and con-

. . d d by th . . Eracted from the melt water in three stages: first in a debubbler (B),
tinuous gas separation was conducted by the University o ollowed by an open split (D) and finally in a gas extraction mod-

Bern (Schiipbach et al., 2009). The extracted gas was continye (r). The melt water is used for chemical analyses (C and D).
uously collected in 15 cm step increments along the core ang heated transfer line (E) connects the two laboratories. Degassed,
then injected into a gas chromatograph (GC), with a typicaldeionized water (G) is mixed with standard gas (std) to replace the
reproducibility in the range of 10-20 ppbv. More recently, sample stream between measurements. Numbers without units de-
Stowasser et al. (2012) developed a modified CFA gas exnote water or gas flow rates in mL min, and waste is abbreviated as
traction setup and substituted the GC with a commerciallyw-

available laser spectrometer using wavelength-scanned cav-

ity rlng—dovyn spectroscopy (WS'CRDS)' It provides much ated with D/O events. Therefore the maxima are named GIS
better precision and spatial resolution of the measurement;

(0.8ppbv and 5cm, respectively), and it is non-destructive 1Sor Greenland interstadials, and the minima GS for Green-

Therefore several laser spectrometers can be installed in séa}nd stadials. The same numbering is applied to a GIS and its

ries for replicates or for investigating other trace gases. Thé)recedlng GS.

method has been successfully applied in the laboratory on a

400m long core drilled during the 2011 field campaign of 2 Experimental procedure

the North Greenland Eemian Ice Drilling (NEEM: 77°49,

51.06 W). It provided a detailed CHrecord covering the The experimental setup for continuous measurements gf CH

last 2000yr (Rhodes et al., 2013) as well as a CO profilemixing ratios as deployed during the NEEM 2010 field sea-

(Fain et al., 2013). son is shown in Fig. 1. The 2.6 cm2.6 cm inner section of
Here we present and discuss the methane results obtainéde core rods of 1.1 m length (along the long axis of the core)

during the spring—summer 2010 field campaign at NEEM,used for gas and chemistry analyses is melted on a heated

using a similar analytical setup as described in Stowasser ahelt head (A in Fig. 1) at an average rate of 3.2 cmmhim

al. (2012). In 53 days, 868 m of freshly drilled ice cores wasa cold environmentq ~ —20°C).

processed. Three instruments for measurements of methaneIn the warm laboratory for CFA chemical measurements

mixing ratios were installed in series downstream of the(7T ~20°C) a peristaltic pump passes the stream of melt

CFA gas extraction system: a prototype laser spectromewater and bubbles of past atmospheric air (17 mLThjn

ter using optical-feedback cavity-enhanced absorption specsa. 10 % air by volume) to a sealed debubbler (B in Fig. 1).

troscopy (OF-CEAS; SARA instrument, LIPhy, Grenoble, The debubbler (internal volume of ca. 0.8 mL) distributes the

France), a WS-CRDS (Picarro Inc., CFADS36 analyser) andsample between several systems for chemical analyses and

a GC. The CFA CH time series were obtained in a time- the system for the analysis of GHhixing ratios (for details

efficient manner without dedicated ice sampling (it uses thesee Kaufmann et al., 2008; Schiipbach et al., 2009; Stowasser

portion of the ice core which has already been dedicated teet al., 2012).

CFA chemistry analysis), and are of high spatial resolution. A second peristaltic pump removes 12mL min of

Those obtained with the laser spectrometers are of high prebubble-free water from the bottom of the debubbler for

cision (not accuracy). Thus, they bring further constraints onchemical analyses (C in Fig. 1). The difference in flow be-

the timing of CH, changes, the speed of transitions and ontween input (17 mL minl) and output (12 mL mint) leaves

sub-millennial-scale variability, as discussed below. For clar-the top of the debubbler towards an open split (D in Fig. 1).

ity, we will use the INTIMATE nomenclature (Rousseau et The open split prevents pressure fluctuations in the debub-

al., 2006) to name the Cfevents, considering them in phase bler that would disturb the chemical analyses. A third peri-

at first order with the Greenland temperature changes assocstaltic pump (with LFL tubing, Ismatec) removes all the air

vacuum pump

Clim. Past, 9, 25792593 2013 www.clim-past.net/9/2579/2013/
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bubbles and some residual water (3.2 mL mirca. 50 % air When a new ice rod is placed on the melt head or dur-
by volume) at the top of the open split. The sample is pushedng system maintenance, the CFA system idles and ambient
through a heated transfer lin& &20°C, E in Fig. 1) to-  air can enter the gas analysis system through the melt head.
wards a second warm laboratory £ 20°C) including the  To prevent the gas extraction module being filled with am-
CH, analysis system. bient air, a water—gas mixture (3.2mL mih ca. 50 % air

There, the sample gas is continuously extracted from théby volume) of deionized water and bottled gas (SARA1 and
residual water through a module containing a gas permeSARA2 standards, composition of 21 % @nd 79 % N,
able membrane (F in Fig. 1, MicroModule 0.5 17, G591,  with 704.4 and 672.7 ppbv of Cfirespectively) is injected
Membrana GmbH, Germany, internal volume 5.4mL) in- into the gas extraction module via an automated six-port
stalled in a temperature-regulated bdx~ 30°C). A built- valve (#2 in Fig. 1, Cheminert C22Z-3186EH, VICI AG).
in vacuum pump of the WS-CRDS instrument maintains aThe deionized water (G in Fig. 1) is degassed with a stream of
pressure gradient between the WS-CRDS cavity (62 mbar)nitrogen gas (ca. 20 mL mirt, dry nitrogen, technical grade,
the OF-CEAS cavity (70 mbar) and the gas outlet of the hy-Air Liquide) to keep the composition of the dissolved gas
drophobic, gas-permeable membrane in the module (364 tooughly constant. A peristaltic pump (Ismatec REGLO Digi-
450 mbar). The resulting pressure drop~0800-400 mbar tal MS-4/12, ISM 597, IDEX Health & Science SA, Switzer-
across the membrane was sufficient to extract non-dissolvethnd) and a mass flow controller (MFC 5850E, Brooks Instru-
air from the sample stream. A compact micro-fluidic pres- ment, USA) control the water and gas flow rate, respectively.
sure controller (Bronkhorst, 1@ FLOW, the Netherlands) In the following, we refer to this part of the system as the
at the inlet of the OF-CEAS instrument controls the up- “loop mode”.
stream pressure (set in the range 364-450 mbar during the A similar experimental setup was deployed during the
field campaign) at the outlet of the gas extraction moduleNEEM 2011 field season and is described in Stowasser et
in order to stabilize the gas permeation conditions throughal. (2012). The 2011 setup differs in the following aspects:
the membrane. o ) .

The extracted sample gas flowing on average at — CHs4 mixing ratios are measured only with the
1.6mLmin ! is dried through a 2m long custom-made WS-CRDS.

Nafion dryer (Nafion TT-020, Perma Pure LLC, 0.3 mm in-
ner diameter). With a purge flow of ca. 20 mL min(dry
nitrogen, technical grade, Air Liquide) the remaining water
vapour mixing ratio is ca. 0.03 % by volume or lower as mea-
sured by the WS-CRDS and OF-CEAS instruments.

The dried sample is directed through two optical analy-
sers for continuous measurements of Githd HO mixing
ratios (OF-CEAS and WS-CRDS, connected in series). The
OF-CEAS instrument also quantified® (down to the ppbv
level, not discussed here). For details about the measure-
ment procedure of the two instruments we refer the readeB OF-CEAS (SARA) instrument
to Sect. 3 (OF-CEAS) and work by Crosson (2008) and
Stowasser et al. (2012) (WS-CRDS). The NEEM 2010 field season allowed for the first polar

Both measurement techniques are non-destructive, and thigeld deployment of a prototype OF-CEAS laser spectrom-
WS-CRDS pump does not contaminate for methane. This aleter called SARA (LIPhy, Grenoble, France). It differs from
lows for sending the sample back to the CFA warm labora-WS-CRDS as the measurement relies on quantifying the light
tory through the heated transfer line (E in Fig. 1). Here4,CH transmission of a high-finesse optical cavity at a sequence
mixing ratios are measured again by a GC as described iof precisely given wavelengths instead of measuring a ring-
Schipbach et al. (2009). Upstream of the GC, an automatedown time (see Romanini et al., 2006, for technical details).
six-port valve is installed (#1 in Fig. 1; Valco C6W, VICI Thanks to optical feedback locking the laser frequency to
AG, Switzerland) that switches when the GC is ready for the cavity resonances, the frequency of acquisition of the ab-
measurements: a helium carrier stream (4 mLhjrflushes  sorption spectrum by the sample present inside the cavity is
the sample out of a loop (internal volume 0.45 mL) and into larger than in the WS-CRDS instrument: 5 Hz for the NEEM
the GC column, where CHs separated from all other com- campaign. The absorption spectrum is measured in the wave-
ponents. ClJ mixing ratios are determined by detecting the length range 2275.3-2275.6 nm, where Gid N>O strong
amount of CH in the sample with a pulsed discharge detec-absorption lines occur at 2275.4457 and 2275.5122 nm, re-
tor (PDD) and correcting the results for the total sample byspectively. Spectra are averaged by the instrument, typically
simultaneous detection of the amount of krypton (Kr) in the over 1 s. On a few occasions, this was inadvertently increased
sample with the PDD (see Schiipbach et al., 2009 for details)by the field operator to 10 s, affecting the standard error as

discussed in Sect. 8. The inner walls of the OF-CEAS sample

— The reservoir for deionized water (G in Fig. 1)
is located in the temperature-controlled box
(T =30.04+0.2°C).

— A second gas—water mixture of deionized water and
standard gas is injected below the melt head (A in
Fig. 1) to calibrate the complete CFA and gas extrac-
tion system.

www.clim-past.net/9/2579/2013/ Clim. Past, 9, 2579593 2013
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cavity were passivated with a Silcosteel (Restek, USA) treat-Table 1.Changes in the experimental setup, which (potentially) had
ment, and the internal volume (12 &yis smaller compared an influence on the continuous measurements of @kking ratios

to the WS-CRDS (33 cf). Although lower cavity pressure during the NEEM 2010 field season.

could have been achieved without compromising the instru-
ment performance, it was set at 70 mbar during the 2010 Depth [m fromtop] ~ Change

NEEM field season to provide a significant pressure gradient 1332.65 Start of gas measurements

with the WS-CRDS downstream (62 mbar cavity pressure). 1352.45 Leak at OF-CEAS outlet reduced
In theory, 0.8 cm of sample gas at standard temperature 1359.05 Leak at OF-CEAS outlet reduced

and pressure is required to fill the cavity, which translates to 1397.55 Gas extraction maintenance

a sample residence time of 30 s (equivalent to 1.5cm of ice 1493.25 OF-CEAS maintenance

sample run on the CFA melt head) at a typical CFA gas flow 1518.55 OF-CEAS online

rate of 1.6 mL mirrL. In reality, other sources of smoothing 1529.55 Gas extraction maintenance

along the experimental setup due to sample dispersion and/or 12?;32 Eg@i}‘:é?g&%rém:'me”ame

memory effects degrade the system resolution, as discussed 1631 85 Pressure upstream OF-CEAS:

below. Due to its better theoretical resolution, the OF-CEAS 364 to 450 mbar

instrument was installed upstream from the WS-CRDS in- 1647.25 Gas extraction maintenance,
strument. direction MicroModule changed
The temporal resolution of the OF-CEAS instrument in (buffer volume upstream)
combination with the experimental setup was evaluated using 1808.95 New MicroModule,
a step test between standard gas and sample mode, which de- Gas extraction maintenance
fines the transfer function of the experimental setup (Gkinis 1817.75 Leak at MicroModule reduced
et al., 2010; Stowasser et al., 2012). It shows that the instru- 1949.75 New MicroModule
ment can resolve a periodic input signal with frequencies be- 2031.15 Change in debubbler (tube position)
low 0.01 s 1. Given the melt rate of 3.2 cm miin, a periodic 2033.35 Change in debubbler (tube position)
CHg signal with a wavelength of 5.3 cm can still be detected, 2057.55 Naf!on N2 purge off —wet sample
although its amplitude will be significantly dampened 2074.05 Nafion maintenance — wet sample
9 P 9 y dampened. 2126.85 New MicroModule
2137.85 Nafion online
2200.55 End of gas measurements

4 Changes in the experimental setup during the field
season

The experimental setup for continuous measurements @f CHDue to maintenance of the OF-CEAS, only the WS-CRDS
mixing ratios (Sect. 2) was subject to changes during theand the GC measured the sample gas between 1493.25 and
course of the NEEM 2010 field season (eight weeks of mea1518.55 m depth.
surements along 868 m of ice). Table 1 provides a list of the Between 2031.15 and 2033.35 m depth, the position of the
changes, which (potentially) had an influence on the meainlet and outlet tubing in the debubbler was altered. Towards
surements. The changes are ordered according to the depthe end of the field season at a depth of 2057.55m, the N
of the measured ice. purge of the Nafion dryer failed and the water vapour content
We noticed that the gas extraction efficiency of the Mi- of the measured sample considerably increased. After main-
croModule degrades constantly with time, presumably sinceenance the Nafion dryer was operational again at a depth of
dust particles from the sample stream accumulate in the unit2137.85 m.
Hence, a new module was installed whenever the gas extrac- In Fig. 5, CH; measurements of the NEEM 2010 field
tion started to become incomplete (bubbles visible down-season are plotted on a depth scale, and the occurrence of
stream of the MicroModule). At a depth of 1647.25m the changes in the experimental setup are marked as dashed ver-
direction of the MicroModule was changed so that the buffertical lines. Intervals between two adjacent changes are treated
volume of the unit was located at the inlet (as shown inalike during calibration as described in Sect. 8.
Fig. 1). This led to significant reduction in the measurement
noise, probably related to reduced pressure changes outside
the membrane.
Particles can also lead to a (partial) clogging of a valve or
a piece of tubing. The replacement of tubing or the clean-
ing of valves/tubing is noted down as “gas extraction main-
tenance” in Table 1. Furthermore, we detected and reduced
leaks at the outlet of the OF-CEAS and at the MicroModule,
and once changed the pressure upstream of the OF-CEAS.

Clim. Past, 9, 25792593 2013 www.clim-past.net/9/2579/2013/
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OF-CEAS depth scale (m) through the transparent plastic tubing leading to the Micro-

17720 Tres TR0 T2 Tmed TR e Module thanks to the different water—gas partitioning along
N /;;R‘A"‘ the tubing between sample and loop mode. On a few occa-
| el sions, the automated valve would not switch to loop mode

S /-/ | (missed electronic trigger from the CFA lab), thus bringing

ambient air above the melt head into the gas line, withy CH

mixing ratio above 2000 ppbv. This indeed provided an even
clearer “end of sample” location as a function of time. Forced
ambient air intrusion at the end of a run has become part of

Sore L - 5000 the CFA gas measurement procedure in more recent mea-
@ . | | surement campaigns (Stowasser et al., 2012; Rhodes et al.,
e e s I 2013), including the 2011 NEEM CFA field season.

sampe | | 400.0 Two different procedures were used to transfer the laser
end |} spectrometer time series to a depth scale and to define the
— data section to be removed due to mixing with gas from
400 T N P ERL Y R B the loop mode, as explained in Sect. 5.1 (OF-CEAS) and
e Raeseoto Sect. 5.2 (WS-CRDS). Furthermore, instrumental problems
T E B SR B SRR or CH4 contamination due to core breaks required additional
0 et e data selection. The comparison of two parallel JCé¢ries
with the WS-CRDS and the OF-CEAS instruments proved
Fig. 2. Example of a sample run, in this case bag #3224-3225 coverto be very useful to confirm or disallow the rejection of spe-
ing the depth range from 1772.65 to 1773.75m, after synchronizacgific data points.
tion of the two instrument relative timelines. The sequence shown
here has a duration of about one hour, wit@5 min of sample-only 51  Depth scale for the OF-CEAS data
measurement. OF-CEAS (WS-CRDS) data points (black dots) are
equally spaced every 1s (1.7 s). The green sequence correspondsAg can be seen in Fig. 2, the slope changes at the start and
the full sample run according to the WS-CRDS procedure. The tWoand of a run are more pronounced in the OF-CEAS instru-

red sequences are retained sample values for both instruments. W\ent than in the WS-CRDS one. This is due to the smaller
thIS. example, a core break is Iocate.d at 1773.38m depth, Contamléffective volume of the sample cavity of the OF-CEAS com-
nating the gas sample for about 3 min. The corresponding sequen

e . ) o .
is thus rejected. Arrows along the OF-CEAS sequence point out j)m?d with the OF'_CEAS that is the f'rSt, Instrument ',n t_h_e
small CHj variability (here 1-3 ppbv) at the scale of a few tens of S€res. However this also leads to resolving more_varlab|llty
seconds, probably generated by changing gas permeation conditior(¥\’ave|er_19th of a few tens of Sgconds or more) in the gas
through the MicroModule. composition from the transfer lines, both in sample mode
and in loop mode (Fig. 2). Such variability cannot reflect
changes in the gas composition in the ice, as its wavelength
is shorter than the resolution of a periodic input by the OF-
CEAS (Sect. 3). We suspect that it reflects changing perme-

The laser spectrometer data are recorded as a function @fion conditions through the MicroModule due to variable
time, and require post-data-acquisition treatment to be put of/at€r—-gas partitioning in the MicroModule volume. The data
a depth scale (Stowasser et al., 2012; Rhodes et al., 2013). A¢lection procedure for the OF-CEAS time series was done
illustrated in Fig. 2, each 110 cm long sample run is framedManually based on the general shape of each @H. The

by continuous standard gas analysis using the loop mode. IcE"anges in gas flow rate through the OF-CEAS (continu-

cores were melted from top to bottom; that is, the end of a0usly measured downstream from the cavity) were used as

sample measurement in the time domain corresponds to th@" independent criterion in ambiguous cases. As illustrated
bottom depth of the melted ice core in the depth domain (in" Fig- 2, the end of an OF-CEAS sample run was usually
the example of Fig. 2, it is 1773.746 m). characterized by a small oscillation preceding the increasing

It takes time to renew the gas within the experimental setups OP€ toward loop mode mixing ratios and which was thus

and cavity volumes until the laser spectrometers only defejected. The beginning of undisturbed (and thus selected:

tect sample gas. Therefore a significant part of the start of€d line in Fig. 2) measurements was defined where no more
each sample is lost due to mixing with remaining standargtreénd could be seen in the Gidignal. When the run included

gas from the loop mode. At the end of each run, the au-2n atmospheric signal slope associated with, for example, the

tomated six-port valve (#2 in Fig. 1) was switched to loop start of a D/O event, data selection started at the first ob-
mode only a few seconds before the transfer line would rurs€rved slope change in the downward OF-CEAS, @eind.

out of sample gas, so in essence the sample was measurdg€ manual selection procedure was always conservative in
until its very end. This feature could be visually followed @Mbiguous cases.

700 | —600.0 =

w
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o
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5 Data selection and translation to a depth scale
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T T
% measurement
— f1E

The length of the melted ice core (cm) and the average 700 i
melt rate (cmmin?) are routinely and continuously mea- l
sured in the CFA system. They can be used to calculate the ¢l J
time it takes to melt a core (melt time). For the OF-CEAS l
data series, we assign the bottom depth of the sample to the . - 7 N j
end of the data selection (in the example of Fig. 2: vertical | minimum — ;

— derivative

grey line at 1773.746 m). Then, the depth domain is com- g
pleted upward by multiplying the time domain by the average §55° r
melt rate of the run (thus assuming no significant variation ©
during the course of a run). 500

5 ppb threshoid
at379s

5.2 Depth scale with the WS-CRDS data 400

400

i i i i
—-1600 —800 0 800 1600
seconds [s]

As shown in the lower curve in Fig. 2, GHneasurements
along the entire ice core sample (green circles) are extracteu
from the continuous record by manually defining the end ofFig. 3. Example of a step analysis for the WS-CRDS data to deter-
the sample measurement (vertical grey line), which is charmine the beginning of ice core measurements, unaffected by mixing
acterized by a steep increase in the,Ghixing ratio (from  with standard gas from the loop mode.
the value of the sample to the value of the standard gas).

Subsequently, the start of a sample measurement is deter-
mined by subtracting the known CFA melt time from the end PPbV threshold at a sweeping time of 379's (with respect to
of the measurement in the time domain. The start of a meathe baseline of 426 ppbv).
surement in the time domain corresponds to the top depth The threshold of 5ppbv was chosen since measurements
of the melted ice core in the depth domain (in the example ofof CH4 mixing ratios from ice core samples show fluctua-
Fig. 2: vertical grey line at 1772.650 m). The depth domain istions of the order of 5-10 ppbv in the WS-CRDS data series
completed by linearly interpolating between the top and theas @ consequence of varying system conditions (e.g. pressure
bottom depth using the average melt rate of the run. Wheninstabilities at the MicroModule or variations in the sample
ever a section of the core had to be removed prior to meltinglow rate). Therefore, 5 ppbv is a more reasonable choice for
(e.g. due to cracks and the potential for contamination), thehe threshold compared to, for example, the measurement
associated shift in the depth scale was taken into account. Fdtrecision, which is of the order of 1 ppbv or smaller as char-
the example shown in Fig. 2, a section of 0.7 cm had to be reacterized by Stowasser et al. (2012).
moved at a depth of 1773.357 m, resulting in a core break A stable CH measurement along the ice core sample is
(vertical grey line). needed for the step analysis to yield good estimates of the

The first part of the measurement is removed since it take§Weeping time. However, GHnixing ratios often increase
about 10 min to sweep the standard gas out of the analytiof decrease during the measurements along an ice core sam-
cal system and the instruments. The exact time depends ob€, and hence the step analysis cannot be performed for each
many system parameters, such as the melt speed, the diffepample. Instead, we perform three step analyses per measure-
ence in CH mixing ratio between standard gas and Samp|e,mentday and determine the average value of the three sweep-
or varying signal smoothing in the system (e.g. degradinging time estimates. If less than three stable steps are available,
gas extraction efficiency). Often it is difficult to choose the then the average sweeping time is determined from only 1-2
point at which the sample measurement is supposedly unstep analyses.

contaminated (1772.973 m for the WS-CRDS in Fig. 2), es- The average sweeping time enables us to objectively es-
pecially in cases where the GHiixing ratio in the sample timate at what time the standard gas contamination would

is decreasing. be below the detection level of the WS-CRDS instrument.

For the WS-CRDS, we estimated the time at which the Occasionally, manual adjustments to the sweeping time are
standard gas contamination would be below the detectiodeeded since the average sweeping time is based on three
level of the optical instrument by performing step function Mmeasurements maximum per day only, and system conditions
analyses. A step analysis example is shown in Fig. 3, wher&an vary between individual ice core measurements.
the beginning of an ice core measurement (blue) and the cor- In the example of Fig. 2, the very last part of the sample
responding fit (red) are plotted versus measurement time. Fomeasurement had to be removed due to fluctuations in the
fitting we use the cumulative distribution function of a log- cavity pressure of the WS-CRDS (not shown). The red dots
normal distribution (for details see e.g. Gkinis et al., 2010).in Fig. 2 indicate the parts of the measurement that are as-
The time scale is shifted so that the minimum derivative cor-sumed to be undisturbed and are used to compile thg CH
responds te = 0s. In this example the fit drops below the 5 data set as measured by the WS-CRDS.
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Balling/Allerad — Younger Dryas transition. Discrete OSU mea- e OF-CEAS and WS-CRDS data are averaged on 20 cm incre-
SL_Jrements (black circles with error bars) show a small depth shiftyants. Vertical grey lines correspond to depths where a change in
with the WS-CRDS (red dots) and OF-CEAS (blue dots) uncor- the analytical setup took place, which affected the results (Table 1).
rected raw data on their respective depth scales. Upper graph: standard error of the mean for each 20 cm increment

(blue: OF-CEAS; red: WS-CRDS).

6 Methane data sets on a depth scale and uncertainty - . . ] .
specific case, in the following we conservatively estimate

Contamination is removed manually from the ice core mea-the depth uncertainty of the two CFA-coupled spectroscopic
surement. In the example shown in Fig. 2, ambient air enmethane series as20 cm. .
tered the experimental setup through the melt head at the time AS illustrated in Fig. 2, the OF-CEAS instrument — and to
when a core break was melted at a depth of 1773.357 m. I lesser extent the WS-CRDS, which sees a smoother sig-
addition to contamination from core breaks, OF-CEAS andnal — reglster_ed perlod|c_ Cichanges at a typical scale of
WS-CRDS data sets were cleaned due to occasional prob-0—15¢m, with an amplitude of 1 to 5ppbv. In some ex-
lems related to the spectral fit or the transfer line (usually afréme and rare cases, the peak amplitude could reach 20 ppbv.
the debubbler level). These changes are not due to the instrument, and do not re-
As the two depth axes in Fig. 2 show, there is uncertaintyfl€ct real structures in the ice core record. Ir.1§tead they may
in the attribution of the final depth. Notably, depending on result from changes in the permeation conditions at the Mi-
where the bottom depth is defined in the time domain, a shif€foModule (pressure and membrane wetness changes). Un-
of a few centimetres can occur between the two series. Tdortunately we could not define an exact way to correct for
evaluate this possibility, we compare the two CFA-coupledthese periodic changes using, for example, the pressure or
spectroscopic methane series in the depth domain with disthe flow rate measurements. To avoid over-interpretation of
crete CH measurements performed at OSU (for the ana-the record', we therefore smoothed out the per|0(j|c changes
lytical procedure, see e.g. Mitchell et al., 2011) on paral-by averaging each laser spectrometer data set in the depth
lel ice sticks from the same NEEM core. The comparisondomain on 20 cm increments. In the following, the two data
is illustrated in Fig. 4 with a peculiar CHpeak located at sets will be Qiscussed using 20.cm increment averages. Rates
the transition from the Balling/Allergd (B/A) to the Younger ©f change will be calculated using the raw data, however, be-
Dryas (YD). From baseline to baseline, the peak width iscause of the abruptness of some of the D/O tran§|t|ons.
~ 30 cm. Although the spatial resolution of discrete measure- Figure 5 compares the results from the three instruments
ments (with replicate measurements for the peak value) doe@S @ function of depth. Grey vertical lines indicate system
not provide yet a very precise estimate, a small depth shifthanges, which affected the measurements (Table 1). The
of ~ 15 cm appears between CFA-coupled spectroscopic anf&in technical .problems affecting the measurements appear
discrete data. On the other hand, the OF-CEAS and Wsto be the following:
CRDS series agree withift3 cm on the location of the CH
maximum. Considering the shift with discrete data in this
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— The last deglaciation fully measured by WS-CRDS the ice chronology is matched to the Greenland Ice Core

and GC, but not by OF-CEAS. Chronology 2005 (GICCO05) using 700 match points from

_electrical conductivity profiles conducted on the NGRIP and

— The depth range 1809-1818m (GIS11 peak) beingNEEM cores. The difference of age between the trapped
missed or contaminated (GC). gases and the surrounding icagge; its modern value is

_ The depth range 2074-2138m (GIS22 to GIS21) 182+ 3/—9yr; Buizert et al., 2012) is calculated using two

) firn densification models. Climatic input parameters of the

showing results from the laser spectrometers that are . o .
. models are adjusted to fit independent evaluations based on

lower than expected due to water vapour in the gas, . : " X

ransfer lines the isotopic composition of molecular nitrogedYN of N»).

The CH, profiles presented here are used as an additional

The three instruments nicely depict the well-known sequenc&®nStraint on the models. The onset of GISATies is used

of CH4 changes in the course of GS and GIS successions angSSumMing either that the midpoint of eachJtansition lags

of the last deglaciation. Due to the lower precision of the in- 1€ Water isotope transition by 30yr or assuming no lag for
strument, the GC data set contains more noise (uncertainty| o+ and GIS10 and for the deglaciation (Rasmussen etal.,
on individual measurements of 15-20 ppbv). As seen in the?013)- AS & consequence, discussing the precise phase rela-
upper part of Fig. 5, the standard error of the mean for eachionShip between Greenland climate andzitanges would

20 cm step in the CFA-coupled spectroscopic methane serielg_ad toa cw_culqr argument, and is not cqn3|dered here. This
usually lies around 0.01 ppbv, thanks to the instrument pre-WIII be, possible In future When more detailétPN of N2 and
cision and the statistics provided by measurements every fhem|stry data will be available.

to 2s (equivalent to a theoretical depth resolution of 0.5 to

1 mm). The OF-CEAS standard error is usually slightly bet- o _ )

ter than the one of the WS-CRDS because of a faster acqu CH4 mixing ratio correction

sition rate improving the statistics. At some depth ranges, the. . .

OF-CEAS standard error degrades up to 0.1 ppbv due to th(l—he two raw laser spectroscopic idata set; differ from
binning time inadvertently set to 10 s by the field operator. meach qther on an absolute scale, and are in general lower
any case, the performances of both laser instruments reacttl?an d|scre_te measurements on parallel ice sticks (_u_pper left
an unprecedented level, implying that very fine structures inPan€! of Fig. 6). It mostly reflects the larger solubility co-

the atmospheric Cidsignal can be confidently revealed and efficient of me”.‘"?‘”e VErsus mtrp gen and oxygen in water.
discussed for the first time. In the following, we will only Not_e that solubility equilibrium is not necessarily reacheq
discuss the results obtained with the laser instruments. during water/gas transfer from the CFA melt head to the Mi-

Figure 5 also shows that the exact £hhixing ratio at croModule. Differences between OF-CEAS and WS-CRDS

any given depth significantly differs between the three in.result from a small and variable leak at the outlet of the OF-

struments. As already discussed in previous papers based &]EAS cavity. In addition, the OF-CEAS instrument was cal-

CFA and laser spectroscopic Girheasurements (Stowasser !brated against CSIRO synthetic air standards before being

etal., 2012; Rhodes et al., 2013), the raw data sets from Iasévﬁ;splecnggged in the field, which was not the case for the
instruments are biased, essentially due to the difficulty in cal- C_ ) mstrumehnt. ired 1o bri he |

ibrating the efficiency of the gas extraction along a CFA line. qrrectmns are thus required to bring the laser spectro-
In addition, a shift toward lower values is observed in the SCOPIC data sets to an absolute scale. Contrary to recent lab-

WS-CRDS data set between 1493.25 and 1518.55m Olepﬂﬁ),ratory measurements on NEEM ice combining OF-CEAS
as the OF-CEAS instrument was put offline, reducing theand CFA analyses (Rhodes et al., 2013), the NEEM 2010

small leakage upstream of the WS-CRDS cavity. The depﬂ{ield setup did not include calibration through a full loop
range 2074—2138 m shows a downward shift of the @fik- system where a mixture of standard gas and degassed water
ing ratio compared with preceding and following depths due¥ould follow the same transfer line as th? sample from the
to the presence of water vapour in the laser cavities dilutingme't head to the spectrometers. Using this method, Rhodes

the sample gas. The water vapour measurement by the twt al. (2013) ran 338 m of NEEM-S1 core in four weeks with

laser instruments did not allow for a suitable correction. Sec-2 Stable analytical system, allowing for them to evaluate a

tion 8 will explain how we used discrete Giheasurements reliable and stable correction factor (solubility) of 1.079 to
along different Greenland ice cores to correct the laser spect—he entire data set and to put it on an absolute scale through

trometer data sets for bias on the absolute mixing ratio. interngl calibrati.on.
During the eight weeks of coupled CFA—gas measure-

ments of the NEEM 2010 field campaign, several changes
7 From a depth scale to an age scale affecting the analytical setup were made (Table 1). Notably,
a small leak of the OF-CEAS gas outlet introduced a con-
The NEEM ice and gas chronology is presented in detailtamination of the sample, increasing with a varying but small
in a companion paper (Rasmussen et al., 2013). Brieflyamount (5 to 10 %) the measured concentration from the
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Fig. 7. Upper panels: calibration (with regression coefficient) of
Fig. 6. Upper left panel(A) CHy mixing ratio over the NEEM sec-  the CH, mixing ratios obtained by OF-CEAS (left) or WS-CRDS
tion covering the last deglaciation and the early Holocene, obtainec{right) on the NEEM core against discrete measurements performed
by OF-CEAS (grey symbols) and WS-CRDS (dark-blue, light-blue o jce of the same age from GISP2, GRIP, NGRIP and NEEM
and yellow symbols) with the continuous-flow system, before mix- jce cores. Lower panel: comparison of CFA-coupled spectroscopic
ing ratio correction, and by discrete measurements at OSU on paralcH, profiles and discrete measurements after calibration. Colour
lel ice slices (black symbols]B) Relative deviation between WS- jines at the bottom illustrate the depth intervals where the indi-

CRDS and discrete data. Upper right panel: correlation betweeRjigyal calibrations apply. Vertical black lines correspond to system
discrete (OSU), OF-CEAS and WS-CRDS data (same symbols)changes (Table 1).

Lower panel: the three data sets after correction (same symbols).

) duce a reference Greenland £Eurve over the time
WS-CRDS (and GC) measurements. This can be seen, for  neriod of interest. Discrete GHneasurements from

example, for the WS-CRDS data that were measured with- different cores were put on the same Chtandard
out the OF-CEAS being connected upstream (light blue in scale, i.e. NOAAO4 (Dlugokencky et al., 2005) used
Fig. 6). During the YD event the relative deviation of WS- for GISP2. All data sets use the same gas chronology
CRDS data with discrete ones is larger on average, sug- (GICCO5modelext).

gesting that the contamination due to the small leak at the

OF-CEAS outlet had a larger effect on low mixing ratios. — Independent calibration curves were determined for
Decreasing efficiency followed by replacement of the Mi- each NEEM depth interval in between analytical sys-
croModule and the temporary removal of the Nafion drying tem changes (Table 1) and for each laser instrument
membrane (broken) also contributed to major shifts in the (upper panels of Fig. 7). The OF-CEAS and WS-
CH, data sets. Climixing ratios obtained on the Air Lig- CRDS data sets were then corrected using these cal-
uide standard gas in close loop mode did not allow for us ibration curves.

to obtain a reliable correction for bringing the laser spectro-

scopic data sets into agreement with discrete measurements€ resulting corrections provide a reasonable agreement be-
as it did not replicate the exact path followed by the sampleteen all available Greenland GHneasurements over the
gas (Rhodes et al., 2013). glaciation and deglaciation (lower panel of Fig. 7). How-

In order to place the laser spectroscopic data sets on an al§Ve" oneé should be careful when interpreting the CFA-
solute scale, as illustrated in Fig. 7, we proceeded as followsSOUPled spectroscopic methane series on an absolute scale.
Firstly, excellent calibration could only be performed over

— Discrete CH measurements along the Greenlandthe deglaciation and early Holocene using discrete OSU
GRIP (Dallenbach et al., 2000; Blunier and Brook, measurements (having a pooled standard deviation of only
2001; Fluckiger et al., 2004), GISP2 (Brook et al., 4.3 ppbv on individual results) on the same core (Fig. 6). The
1996; Grachev et al., 2007; unpublished data), NGRIPsame holds for GIS21 to GIS19 (discrete data from Grachev
(Capron et al., 2012; Fluckiger et al., 2004; Huber etet al., 2007, 2009), although there is an additional uncer-
al., 2006; Schilt et al., 2010; Baumgartner et al., 2012)tainty associated with the chronological fit between GISP2
and NEEM (2013) ice cores were combined to pro- and NEEM. For other sections, the correction often relies on
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Fig. 8. NEEM CFA-coupled spectroscopic methane mixing ratios (averaged over 20 cm increments: OF-CEAS in dark blue, WS-CRDS in
red) compared with discrete GHesults from the NGRIP (green circles), GISP2 (orange circles) and NEEM (light-blue circles) ice cores. The
background grey curve corresponds to 4h80 water isotope profile measured along the NGRIP ice core, shown on the GICCO5modelext
time scale (North Greenland Ice Core Project members, 2004). Arrows correspond to atmospheaf@aades or trends revealed with the
high-resolution laser spectroscopic data and not yet observed with existing discrete measurements on Greenland ice cores (Sect. 9). Th

arrow at 74 ka b2k points to the GHbeak concomitant with the Toba eruption.

a limited number of discrete measurements with a worse exend of GIS21 and GIS20 to GIS18; and (5) MIS 5d to 5a en-
perimental uncertainty than those from OSU. This amplifiescompassing G1S24 to GIS21. GRIP data are not shown, as
possible biases on the absolute scale of our record due ttheir resolution and accuracy do not improve the visual com-
different blanks, standard reference and/or age scales useghrison.
in each discrete data set. In addition, one cannot exclude One benefit of the CFA-coupled spectroscopic methane se-
small drifts of the CFA analytical system in between changesries is to provide for the first time a high-resolution record
(Table 1). Overall we are confident that the laser spectro-over time periods when existing Greenland records have a
scopic data sets can be interpreted in terms of the fine signaklatively poor temporal resolution. This is notably the case
structure, exact location of mixing ratio changes and rate offor the long sequences between GIS23 and the onset of
changes — all these being estimators which are essentially in1S21, between GIS19 and GIS17, and the long GIS14.
dependent of the Cicale used. However caution should be A second major advantage lies in the degree of details re-
taken when comparing average CFA-coupled spectroscopigealed in the atmospheric methane evolution. Thanks to the
CH4 mixing ratios, e.g. in between interstadials. remarkable standard error obtained on 20cm depth incre-
ments from the raw data, small variations and trends unno-
ticed in previous records (arrows in Fig. 8) can now be recog-
9 New features compared with discrete measurements  nized. We list below the most striking ones going backward
in time:
We compare in Fig. 8 the laser spectroscopic,Glhta
sets with available discrete measurements performed along
NGRIP, GISP2 and NEEM. For the sake of clarity, we divide
the comparison into five panels covering (1) marine isotope small increase during the course of the event (7 ppbv),
stage (MIS) 2, the last deglaciation and the early Holocene; both being confirmed by discrete OSU measurements
(2) the late part of MIS 3 including GIS8 to GIS2; (3) the (Fig. 6).
early part of MIS 3 with GIS17 to GIS9; (4) MIS 4 with the

— The Younger Dryas is characterized by a remarkably
reduced CH variability (22 ppbv peak to peak) and a
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Table 2. Stratigraphic markers in the gas phase of the NEEM core, associated with specific atmospherieas.
Eventin CHy Additional event CHg depth  Eventin CHg depth Additional event CH4 depth  Eventin CHg depth  Additional event CHg depth
Rasmussen et al. depth (m) (2013) (m) Rasmussen (m) (2013) (m) Rasmussen (m) (2013) (m)
(2013) etal. (2013) etal. (2013
minimum PB oscillation ~ 1425.55 peak DO7b 1724.40 start DO15 1930.84
“PB oscillation”  1425.20 “DO7b” 1724.90 peak 2 DO16 1946.84
“YD-PB” 1435.50 peak DO7 1734.83 peak 1 DO16 1948.38
start YD-PB 1436.93 “DO7” 1735.35 “DO16" 1948.56
end BA-YD 1454.50 ‘DO8b” 1748.00 “DO17.1" 1954.75
“BA-YD” 1458.20 “DO8” 1769.80 peak DO17 1957.63
“BA1" 1466.40 start DO8 1770.34 “DO17" 1958.10
“BA2" 1478.90 “DO9” 1787.95 start DO17 1958.54
“BA3" 1488.00 start DO9 1788.58 “DO18" 1982.05
“OD-BA’ 1504.40 peak DO10 1800.71 start DO18 1982.56
start OD-BA 1506.22 “DO10” 1801.50 “D0O19.1” 2001.68
start Tl 1541.29 “DO11" 1820.10 “DO19” 2014.14
“DO2" 1612.20 start DO11 1820.61 start DO19 2014.4
start rapid ramp DO2 1612.81 peak DO12b 1828.31 end DO20 2017.48
start slow ramp DO2 1619.39 “DO12b" 1829.00 “DO21b" 2019.55
end DO3 1640.56 “DO12" 1854.62 peak DO20 2032.48
“DO3” 1654.45 start DO12 1855.09 “D0O20" 2033.40
start DO3 1654.88 “DO13" 1873.25 start DO20 2033.98
end DO4 1656.78 start DO13 1873.54 “DO21b” 2048.20
“DO4” 1666.72 end DO14 1874.81 peak DO21 2089.12
peak 3 GS4 1674.67 peak 2 DO14 1915.54 “DO21” 2089.95
end peak 1 GS4 1681.14 valley DO14 1717.52 start DO21 2090.39
start peak 1 GS4 1685.49 peak 1 DO14 1918.50 start pre-DO21 2092.46
“DO4.1" 1684.55 'DO14’ 1919.20 end DO22 2110.60
“DO5” 1702.80 start DO14 1919.72 “D0O22b" 2112.00
start DO5 1705.23 end DO15.1 1923.06 peak DO23 2187.72
peak DO6 1714.95 “DO15.1" 1924.60 start DO23 2188.44
“DO6” 1715.55 start DO15.1 1924.91 end pre-DO23 2189.03
start DO6 1716.33 end DO15.1 1925.22 peak pre-DO23 2189.19
end DO7 1719.78 “DO15" 1930.45 end DO24 2190.40

— The end of the glaciation in the methane signal is punc-

The new laser spectroscopic ¢Hata sets also nicely con-

tuated by a sharp dip centred at 17.27 ka b2k, and profirm a 25 ppbv peak culminating at 74.1 ka b2k, already sug-
vides a clear gas marker for the start of the deglacialgested in the GISP2 (Grachev et al., 2009) and GRIP (Fluck-
iger et al., 2004) discrete data sets. This takes place at the

sequence.

— Three CH peaks appear during the GS5 between 29
and 31ka b2k, with amplitudes of 10 to 25 ppbv and ;4 in Indonesia (Svensson et al.
durations of 200 to 400yr. Only the oldest one cen- '

water isotopic profile of NGRIP.

— GIS7 reveals three CHnaxima.

transition between GIS20 and GS19, and spans nearly one
millennium. With its onset concomitant with the Toba erup-

2013), one of the largest
D ; in the Quaternary era, the methane peak raises questions on
tred at 30.7 ka b2k sees a significant counterpartin thg e possible mechanistic interplay between the two events.
The climatic impact of the Toba eruption is expected to
have lasted a few years at most (Bekki et al., 1996), similar
to the recent Pinatubo eruption. In addition, large volcanic

www.clim-past.net/9/2579/2013/

The two methane plateaus preceding the onsets oéruptions with stratospheric plumes are expected to lower
GIS8 and GIS12 appear more stable than in existing(instead of increasing) the GHmixing ratio according to
discrete records, and are established following a shargoupled climate—chemistry models (Bekki and Law, 1997;
increase. Band et al., 2013).

New sub-millennial CH peaks associated with similar
changes in the water isotopic profile are clearly identi-
fied with GIS13 (double peak), a precursor of GIS14
centred at 55 ka b2k, GIS18 and a series of small-
amplitude events between 65 and 70 ka b2K.

10 Depth—-age markers

A typical use of detailed CHl profiles lies in cross-

The long downward sequence between GIS23 andcorrelation of different ice cores and stratigraphic tuning of
GS22 is punctuated by several sub-millennial «CH their ChrOﬂOlOgy in the gas phase. So far, notably due to the
peaks with amplitudes in the 10—25 ppbv range. difficulty in defining the exact onset and end of methane
transitions in discrete profiles, the midpoint of transitions
was used for that purpose. The laser spectroscopic data sets

Clim. Past, 9, 2579593 2013
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presented here were exploited this way for building a prelim-
inary NEEM chronology (Rasmussen et al., 2013).

Indeed a major advantage of the CFA is that it provides N " * MWW%HUPMWL“‘WMWMW%J

|
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o =

d(CH,)/dt (ppbviyr)

the precise location of slope changes. We make use of this
to list a full suite of NEEM stratigraphic markers in the gas N | 1.
phase (Table 2), which could be further valorized when more - "' '

| ) 2

continuous-flow profiles (or very detailed and precise dis- _ ' '] . y
crete measurements) of atmospheric methane will be avail-£* \ ' H . w f W
able from other cores, or, for example, in detailed comparison® ' ||~ * ”H* gi‘j“ft‘ff"w’,‘ i W A »1‘1 h
between the Clirecord and speleothem profiles related to | Y i .:’W W'«U f A \;l 1 UJ y l}‘fln.w'r
climate/humidity changes in the major source regions of at- WM‘LW o
mospheric methane. Due to interruptions in the profile when .- o
the sample gas was mixed with standard gas, some transitions Gemssm
cannot be identified with better than~a+50cm accuracy, Fig. 9. cCalibrated laser spectroscopic gH profiles
and are therefore not mentioned. In addition, the transitionblue: OF-CEAS; red: WS-CRDS) from 107.7 to 9.5ka b2k
from a GIS to a GS is often slow and does not always pro-(GICCO5mmodelext time scale) and associated rates of, CH
vide a clear marker. The same holds for some GIS peaks shange (same colour code). Numbers correspond to Greenland
their sharpness not being as pronounced as the GIS onset. interstadials (GIS, or Dansgaard—Oeschger events). YD stands for
The uncertainty associated with each marker as listed infounger Dryas, and B/A for Balling/Allerad.
Table 2 is+=20 cm.
Some additional features could be considered in future
work, taking into account the 10-20 ppbv variability punc-  Figure 9 also illustrates a generally decreasing trend to the
tuating a GIS or GS sequence and by optimizing the correlaCHs growth rate, from 1.7 to 0.6 ppbvyt, in the course
tion with other records over the full duration of the sequenceof GIS events characterizing MIS3. This is not accompa-
instead of a single event as listed in Table 2. nied with a similar trend in the amplitude of GHkhanges,
nor in the derivative of the water isotopic profile. For in-
stance, GIS8 has a comparable amplitude to GIS17, whereas
its CHy growth rate is 1.7 times smaller. It suggests that

The exceptional depth resolution of the CFA-coupled spec-.the progressive cooling accompanying MIS3 had a buffer-

troscopic CH profiles allows for us to confidently investi- ing effect on the methane sources/sinks response time to cli-

; ! L mate changes. Aside from temperature, alternative sources

gate the rate of Clichange associated with the main signal o : )

. ... of CHy emission buffering could also be considered, such

features, i.e. GIS onsets and ends as well as the deglaciation. L : )
. . as the strength of Heinrich events, the monsoon intensity,
The averaging over 20 cm increments conducted on the raw ;
. . Sea level or the AMOC structure and strength, all affecting
data can smooth out some rapid events. For instance, the on-

set of GIS17 is entirely recorded in a single 110 cm long run_contlnental hydrology.

) ) L The largest growth rate is observed with the GIS21 onset
We therefore determine the first derivative on raw data afterand its precursor event at 85 ka b2k, reaching 2.5 ppb’v/.yr

calibration to discrete measurements (Sect. 8) and transfer Hl)his is nearly four times larger than the average growth rate

the GICCO5Smodelext tlme scale (Sect. 7). R . previously determined on the same events using detailed dis-

The upper graph of Fig. 9 shows the resulting first derlva_crete CH measurements along the GISP2 ice core (Grachev
tive on both laser spectroscopic gpirofiles. Note the larger et al., 2009). We note that it is comparable to the rate of in-
(positive or negative) rate of change generated by the OFE:rea;e obsérved in the 1990s, when anthropogenic sources
CEAS instrument on the most rapid events, due to its shorte[endeol to stabilize (Dlugokenci<y et al., 1998). On the other
sweeping time. Most GIS events (with the exception of ° .

GIS22 and GIS9) display a larger rate of £crease (on- hand the growth rate that we deduce for GIS19 and GIS20,

. l . - - .
set) or growth rate than the subsequent rate of decrease (tra'r'l?' 0.4 10 0.5 ppbv yr 115 similar to the Gl.SPZ est|m.ate.
The growth rates given here may be minimal estimates of

sition toward the .follow'mg GS). The same hqlds N 98N e true atmospheric growth rate due to (1) the smoothing re-
eral for the water isotopic record of Greenland interstadials. e N .
lated to gas diffusion in firn and trapping in ice (e.g. Buizert

This indicates that the mechanisms responsible for changes : : .
to the CH, budget at these timescales (e.g. wetland extenet al., 2012) and (2) the smoothing effects associated with

L . tthe continuous flow method (see above). The second effect

and/or CH fluxes, oxidative capacity of the atmosphere and .

: L would tend to reduce the calculated rate ofGHange with
biomass burning; see Baumgartner et al., 2012, for a re- ! - .
. . . depth as ice thinning reduces the average annual layer thick-
cent review) remained associated to temperature changes as : )
. ness. We indeed observe the opposite trend over MIS3, sug-
recorded in Greenland.

gesting that this second effect is probably minor. Future com-
parisons with high-resolution discrete ghheasurements

TN

11 Rate of CH; change
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along the NEEM core will constrain this smoothing effect Grateful thanks go to the NEEM community for logistics, drilling,
due to the continuous flow method. In addition, future de-science and other support. We also thank all NEEM scientists and
tailed §1°N of N> measurements over some of these,CH students in the science trench for assistance in processing the core
transitions will help to evaluate how much smoothing due toin the field and for handling the CFA system. The NEEM project

gas diffusion and trapping impacted our estimates of methans d_irected by the Centre for Ice and Climate at Fhe Niels Bohr
rates of change. Institute, Copenhagen, and the US NSF OPP. It is supported by

funding agencies and institutions in Belgium (FNRS-CFB and
FWO), Canada (NRCan/GSC), China (CAS), Denmark (FIST),
12 Conclusions France (IPEV, CNRS/INSU, CEA and ANR), Germany (AWI),
Iceland (Rannls), Japan (NIPR), Korea (KOPRI), the Netherlands
CFA-coupled measurements of the £hiixing ratio in ice ~ (NWO/ALW), Sweden (VR), Switzerland (SNF), the United
cores using laser instruments for trace-gas analysis offer corf$i"9dom (NERC) and the USA (US NSF, OPP).
siderable improvement of our knowledge regarding past at-_ .. ) ,
mospheric methane changes. Although the method is not peEdmad by: G. Winckler
fect because of the partial loss of a small fraction of the sam-
ple signal due smoothing effects associated with sample dis
persion and memory effects in the experimental setup, ang
because of difficulties in calibrating the system in order to
obtain absolute values, it provides a remarkable precision an
depth resolution in a time-efficient manner and without ded-
icating specific ice core sub-samples.

The first field application of the method during the NEEM
2010 campaign provides us with new insights about the
methane variability at sub-millennial time scale in the course
of_ the I_ast glaciatiqn z_al_nd Qeglacia_tion. It re\{eals that sub-Bén(ﬁ’ N., Krol, M., van Weele, M., van Noije, T., and Réck-
millennial CHy variability is quasi-systematic along the  mann, T.: Analysis of global methane changes after the 1991
record. The new methane record can be used in the future pinatubo volcanic eruption, Atmos. Chem. Phys., 13, 2267—
for very detailed comparison with other climate proxies, no- 2281, doi10.5194/acp-13-2267-2013013.
tably from methane source regions, as well as to discuss furBaumgartner, M., Schilt, A., Eicher, O., Schmitt, J., Schwander, J.,
ther the possible mechanisms responsible for rapid but small Spahni, R., Fischer, H., and Stocker, T. F.: High-resolution inter-
changes. Numerous and very precise (wiB0cm depth polar difference of atmospheric methane around the Last Glacial
uncertainty) stratigraphic markers are provided by the CFA- Maximum, Biogeosciences, 9, 3961-3977, 16i5194/bg-9-
coupled spectroscopic GHbrofiles, which will be useful for 3961-20122012.

} : : . s .. Bekki, S. and Law, K. S.: Sensitivity of the atmosphericQiowth
finely tunlr_lg the ice core chronologies and their link with rate to global temperature changes observed from 1980 to 1992,
other archives (notably speleothems).

. ; : . Tellus Ser. B, 49, 409-416, 1997.
Lastly, the quasi-continuous time sequence obtained by i s Pyle, J. A., Zhong, W., Toumi, R., Haigh, J. D., and Pyle

CFA and laser spectrometric analysis allows us for the first p .- The role of microphysical and chemical processes in pro-
time to quantify in a systematic manner the £kate of longing the climate forcing of the Toba eruption, Geophys. Res.
change as recorded in the ice. The latter remains a minimal Lett., 23, 2669-2672, 1996.

estimate of the true signal in the atmosphere due to smoothBlunier, T. and Brook, E. J.: Timing of Millennial-Scale climate
ing during gas diffusion and trapping in the firn. Further change in Antarctica and Greenland during the last glacial pe-
work, with other tracers and the combination of CFA-coupled  riod, Science, 291, 109-111, 2001.

spectroscopic methane series from cores with different firfBlunier, T., Chappellaz, J., Schwander, J., Dallenbach, A., Stauf-

conditions, should improve this first attempt. fer, B., Stocker, T. F., Raynaud, D., Jouzel, J., Clausens, _H. B.,
Hammer, C. U., and Johnsen, S. J.: Asynchrony of Antarctic and

Greenland climate change during the last glacial period, Nature,
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