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Abstract. Reconstructions of past atmospheric methane consource regions or, in case of the ITCZ, also by changing the
centrations are available from ice cores from both Greenlandelative atmospheric volumes of the Northern and Southern
and Antarctica. The difference observed between the two poHemispheres, to the subtle variations in the relative interpo-
lar methane concentration levels represents a valuable corar concentration difference on glacial/interglacial as well as
straint on the geographical location of the methane sourceson millennial time scales.

Here we present new high-resolution methane records from
the North Greenland Ice Core Project (NGRIP) and the Eu-
ropean Project for Ice Coring in Antarctica (EPICA) Dron- 1
ning Maud Land (EDML) ice cores covering Termination 1,
the Last Glacial Maximum, and parts of the last glacial backethane (CH) is a trace gas with a global mean atmo-
to 32000 years before present. Due to the high resolution 0§pheric concentration of about 1800 parts per billion by vol-
the records, the synchronisation between the ice cores fromyme (ppbv) today and contributed to the greenhouse effect
NGRIP and EDML is considerably improved, and the inter- yjth a radiative forcing (relative to 1750 AD) of 0.5 WTh

polar concentration difference of methane is determined within 2010 Plugokencky et al.2011). The higher CH emis-
unprecedented precision and temporal resolution. Relativgjons in the Northern Hemisphere compared to the South-
to the mean methane concentration, we find a rather stablgrn Hemisphere induce an interpolar concentration differ-
positive relative interpolar difference throughout the recordence (IPD) which today is (under the anthropogenic influ-
with its minimum value of 3.4 0.7% between 21900- ence) about 134 7ppbv (7.6+0.5%) averaged over the
21200years before present, which is higher than previouslyears from 1985 to 201@(ugokencky et al.2011), where
estimated in this interval close to the Last Glacial Maxi- the uncertainty is the d standard deviation over the se-
mum. This implies that Northern Hemisphere boreal wet-jected time span. Knowledge of the past latitudinal source
land sources were never completely shut off during the pealgistribution is valuable to understand the biogeochemical
glacial, as suggested from previous bipolar methane concergnd climatic changes occurring in glacials, interglacials, and
tration records. Starting at 21000 years before present, i.juring rapid climate changes such as Dansgaard/Oeschger
several millennia prior to the transition into the Holocene, (Do) events. As the main control of the past IPD, we con-
the relative interpolar difference becomes even more possider the latitudinal distribution of emissions from boreal
itive and stays at a fairly stable level of 623.8% dur-  and tropical wetlands, which contribute 60-80% to the to-
ing Termination 1. We thus find that the boreal and tropicaltg| natural source todayDenman et aj.2007). A recent
methane sources increased by approximately the same factgfodelling study (eber et al. 2010 estimates a 4—18 %
during Termination 1. We hypothesise that latitudinal shifts smaller wetland area and a 35-42 % lower wetland @itk

in the Intertropical Convergence Zone (ITCZ) and the mon-qyring the Last Glacial Maximum (LGM) compared to the
soon system contribute, either by dislocation of the methangyreindustrial Holocene. Wetland Ghproductivity depends

Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.



3962 M. Baumgartner et al.: Interpolar difference of atmospheric methane

on temperature, precipitation, and availability of organic gas age distributions of the enclosed air from NGRIP and
material. Recent satellite observations show that temperaturEDML. Details about the measurement system are described
is the more critical factor in high northern latitudes and wa- in Sect.2.3.

ter table depth more dominant in the tropi&dom et al,

2010. Changes in the latitudinal distribution of tempera- 2.1 Synchronisation

ture and consequent changes in the latitudinal distribution

of precipitation might have regulated changes in the wetland”r€Cise synchronisation between the ice cores from Green-
source distribution in the past. land and Antarctica is a prerequisite to calculate the IPD of

The atmospheric concentration of Gk not only influ- CHj. The fast and strong variations in the greenhouse gas

enced by the sources, but also by the sinks. The major sinfcH4 can be used to synchronise the gas ages from differ-
is the oxidation in the troposphere by the hydroxyl radi- ent ice coress[unler et al, 2007). Ironically, the existence.
cal (OH), which has its maximum abundance in the tropics®f the IPD, which we want to calculate based on a precise
(Hein et al, 1997. CH, has a mean atmospheric lifetime of synchronisation, renders the latter difficult, since for every
8.7+ 1.3 years todaylenman et a).2007). The influence 1€ POInt we assume a certain IPD value (giron et al,

on the atmospheric lifetime of Cfbf sink competitors such  2013). Based on the assumption that fast Ltriations

as biogenic volatile organic compounds (BVOC) is still de- ©¢Cur simultaneously in both hemispheres, our new high-
bated. WhileKaplan et al.(200 invoke major changes in resolution data improve the synchronisation of the NGRIP

the atmospheric lifetime due to large changes in the Bvocand EDML gas records. Particularly, a new tie point is de-
emissions over Termination Levine et al.(2011) find the ~ fined at 209kyrBP, and the uncertainty of the tie points
effect of changes in BVOC emission to be compensated by?t the start and the end of DO event 2 is substantially re-
the effects of changes in air temperatures on humidities anguced. We use 29 Ctie points (TableAl, black trian-
gas-phase chemical kinetit¢svine et al(2012 confirm this ~ 9/€s 0n top of Figl) to improve the synchronisation of the

statement also for DO events, and suggest that the changes F}CRIP Chi record to the unified EDML gas age scale de-
CHj are mainly source driven. rived by Lemieux-Dudon et al(2010. The start of the slow

Ice cores from Greenland and Antarctica allow us to re-CHaincrease at 18kyrBP is also used as a tie point, assuming
construct past atmospheric GMariations and hence to con- f:onstant increase rates in both hemispheres. This assumptlon
strain the latitudinal source distribution by the knowledge 'S N0t necessarily true, since the IPD represents an additional
of the IPD @rook et al, 2000 Chappellaz et al.1997 degree _of frt_aedqm and induces a substantial sync_hronlsatlon
Dallenbach et al.2000. In this study, we measure the unce_rtamty m_thl_s case. We thus app_ly a_synchronlsanon un-
CHj concentration along the NGRIP (Greenland) and EDML certainty of this tie point of 500yr, which is much larger than
(Antarctica) ice cores. In two-box and three-box model simu-that of rapid CH changes# 50yr).
lations, the measured concentrations are used as inputs to €5 Gravitational fractionation
timate the source strengths in both the Northern and Southern’

Hemisphere. Finally, we discuss the processes which might, e context of the calculation of the IPD, we have to dis-

have caused the observed changes in the past source distriijss the gravitational fractionation in the firn column which

tion. decreases the GHtoncentration at the close-off depth com-
pared to the atmospheric value. The gravitational depletion
in the considered time interval is relatively stable with mean

2 New data values of 29+ 0.6 ppbv for NGRIP and 2+ 0.4 ppbv for

) ) ) . EDML, where the close-off depth was calculated using the

Figure 1 presents the two new high-resolution atmospheric yansification model byAlerron and Langway1980 with an

CHjy records measured along the NGRIP (blue, 469 newggtimated temperature and accumulation rate history from

measurements) and EDML (red, 190 new measurements) icCRRr|p Johnsen et al.200% NGRIP Project Members

cores covering the time interval between 32 and 11 thousangoog and EDML Ruth et al, 2007 EPICA Community

years before present (kyrBP) on the unified EDML gas agéyiempers 2006. The atmospheric IPD would thus be about
scale derived byemieux-Dudon et a2010. This includes 4 5.4 o 7 ppbv higher than the IPD measured in the ice cores.

the Younger Dryas (YD), the Balling/Allerad (BA), the LGM g effect on the relative interpolar difference (rIPD) is less

and the response to the DO events 2, 3, and 4. Earlier puby,5 0.1 94, which is small compared to the overall error.
lished EDML data EPICA Community Member200§ are  1h,5 we do not correct the data for gravitational depletion,

included in our calculations, where 83 remeasurements show1 line with previous ice core studies (eRpiron et al, 2011
a mean difference of 0.3ppbv and a standard deviation ok;anni et al.2011 Schilt et al, 2010ab: EPICA Cé)mmu-

13.9 ppbv. A few NGRIP data points published earl&cHilt nity Members 2006 Huber et al, 2008 Spahni et a].2005
et al, 20100 are included as well. The mean time resolu- Fluckiger et al, 2004).

tion is 43yr for NGRIP and 59yr for EDML on the unified
EDML gas age scale. This is in the order of the width of the
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Fig. 1. Atmospheric CH concentration between 32 and 11kyr BP reconstructed from polar ice core measurements. Data from Greenland
(NGRIP) are plotted as blue circles and data from Antarctica (EDML) as red diamonds. Earlier published data (NGFR8Ehiibet al.

(20103 and EDML from EPICA Community Members2006 are shown as open symbols. The splines through the data are calculated
according toEnting (1987 with a cutoff period of 350yr. Mean IPD values (Taldlpare in green, where the horizontal bar and the green
shaded area indicate the time interval and the vertical error bar shows the standard error of the mean. Corresponding relative interpolar
difference (rIPD) values are indicated as black numbers. Heinrich Events (H) Hien3njing 2004 are indicated in brown. Tie points for
synchronisation (Sec2.1) are indicated on the top as black triangles. All Stbncentrations are synchronised to the unified EDML gas age

scale derived by emieux-Dudon et al(2010).

2.3 Measurement system samples in 18 depth intervals. 83 data points show a precision
of 6.2ppbv, where 7 points have been rejected because of too
We use a wet extraction technique accordingtmppellaz  high values caused by badly sealed glass containers (more
et al. (1997 andFlickiger et al.(2004 to separate the en- than 3 higher than the mean of the other reproducibility
closed air from the surrounding ice (sample size 40g, cor-measurements from the same depth-interval). In contrast to
responds to a depth interval of 3 and 5cm, for EDML and Mitchell et al.(2011), who observe a loss of Citlue to sol-
NGRIP, respectively). In brief, a sample is put in a small ubility effects during the wet extraction process, blank mea-
glass container and after evacuation of the ambient air, theurements with air-free ice and standard gas show a concen-
ice is melted in a heat bath (8C) and refrozen from bot- tration independent contaminatioGt{appellaz et al.1997)
tom to top on a cooling plate—40°C). The headspace on the order of 10 ppbv, depending on the particular glass
volume is expanded into an evacuated and temperaturesontainer. For each of the glass extraction containers, we de-
controlled (-60°C) sampling loop and analysed by gas chro- termine a separate correction value, which is subtracted from
matography using a thermal conductivity detector (TCD)each measurement on natural ice.
(N2 + Oz + Ar) and a flame ionisation detector (FID) (GH
Two standard gases (GHconcentration at 408 ppbv and
1050ppbv) are used to calibrate the detectors at hourly inter3  Interpolar concentration difference of CH,4
vals. Each calibration is checked by a control measurement
with a third standard gas showing a mean concentration oflhe interpolar concentration difference of ¢4 a valuable
5294+ 3.1 ppbv over the entire measurement series. Inter-constraint on the geographical location of the {3durces.
calibration measurements with NOAA standard gases showror the determination of the IPD of only a few ppbv, we must
that the Bern Clj concentrations are about 1 % higher com- exclude any systematic offsets between the @&dords from
pared to measurements performed on the NOAA scale. Théoth polar ice sheets. The sampling and measurement strat-
reproducibility of measurements on natural ice samples waggy of this study was designed for an optimum determina-
further determined by the analysis of a series of 5 adjacention of the IPD. For the first time, all the new data points are

www.biogeosciences.net/9/3961/2012/ Biogeosciences, 9, 336122012
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analysed in the same laboratory, relative to the same standaid=1...10° and time interval, the mean concentratia
gases and within the same year of measurement. On eadnd the standard error SBf the mean concentration are
measurement day we analysed both samples from Greenlarahlculated. The final mean NGRIP concentratigrand its

and Antarctica. Samples of different ages were measured imeasurement error are calculated as the mean of all simu-
randomised order over the complete record to avoid systemiated mean concentrations; and the mean of all simulated
atic drifts in the IPD. Due to the quasi-simultaneously anal-standard errors SErespectively. The synchronisation error
ysed samples, we are confident of the accuracy of the news calculated as the standard deviation of all mean concentra-
IPD values. Note that there are still potential systematic ertionscy;. Errors for the IPD and rIPD are calculated from the
ror sources like, for example, in situ production of £bly standard errors af,, cs, and the synchronisation error.
bacteria and/or chemical reactions in any of the ice cores. The criterion of constant CHlevels is not a reason-
However, in situ production of CHin the dry snow zone of able assumption for the interval 17.8-14.8 kyrBP, where

polar ice sheets has not been proven yet. the CH; concentrations in both hemispheres show approx-
o _ imately a linear increase. We thus calculate the IPD as the
3.1 Definition and calculation of IPD and rIPD mean difference between two linear fits through the data.

. ) . ) In order to account for synchronisation uncertainties, the
We define the interpolar concentration difference ofsG  NGRIP tie points are varied and the error of the IPD is ob-

an absolute (IPD) and a relative manner (rIPD) similar t04ined as the standard deviation of alf Ximulated IPD val-
Brook et al.(2000: ues.

Since the DO events 3 and 4 are too short to calculate

IPD=cn—cs 1 a mean value over their duration, we estimate the IPD using
and the maximum atmospheric concentrations observed during
the events (for more details see S&ct).
- IPD
HPD= 2= — , 2
3(entcs)  Flentcs) 3.2 IPD in specified time intervals

where ¢, (index n: Northern Hemisphere) and (index
s: Southern Hemisphere) represent the concentrations med complete list of specified time intervals (I)—(XII), which
sured along the NGRIP and EDML ice cores, respectively. correspond to the green shaded areas (plus DO events 3

As described in Secg.1, the synchronisation uncertainty and 4) in Fig.1, and associated IPD and rIPD values are
is relatively small for most of the tie points. However, the given in Tablel. We observe a positive IPD and hence
CH4 synchronisation provides no information about the tim- a predominance of northern hemispheric sources compared
ing between the tie points, where linear interpolation mustto southern hemispheric sources throughout the record. Be-
be assumed. Therefore, we calculatecs, and the IPD as side the very low IPD value during DO event 3, which has
means over specific time intervals instead of a continuousa large uncertainty, the minimum IPD of B3t 2.5ppbv
IPD record. By calculating a mean value, and not a time-(3.7 4+ 0.7 %) is observed just after DO event 2 (interval VI),
weighted mean value as Dhappellaz et al(1997, we es-  which is within the time interval of maximum ice sheet extent
sentially assume constant GHevels within the intervals, (Clark et al, 2009. The maximum IPD of 4%+ 6.5ppbv
since the mean value over an interval with, for example, two(6.6 + 1.0%) is observed during the BA (interval I1).
different CH, levels would only be the same as the time- We refrain from calculating the IPD in the time interval
weighted mean value if the data resolution is exactly constan24.4-23.2 kyrBP because the EDML data are inconsistent
over the whole time interval. with the Talos Dome Ice Core Project (TALDICE) daBu¢

The uncertainty in the calculated IPD is dependent bothiron et al, 2011, Stenni et al.2011). This inconsistency is
on the measurement and the synchronisation error. For thenarked as the grey shaded interval in Fy.Before DO
EDML measurement error, we assign the standard error oévent 2, TALDICE (yellow) and NGRIP (blue) show an in-
the mean to the mean valugof an interval. For the NGRIP  crease in the Cliconcentration from 26 kyr BP until the on-
record we basically do the same but use a Monte-Carlo apset of DO event 2. This pattern is visible in EDML (red)
proach to simultaneously estimate the synchronisation erprior to 24 kyr BP; however, just before DO event 2, the con-
ror. For a total of 1B simulations, we randomly change centration level drops suddenly to 38Bpbv, correspond-
the NGRIP start and end points of each interval. With theing to the grey shaded area in Fig. Remeasurements of
exception of the point at 24kyrBP, these start and end the EDML samples in this 20 ppbv concentration dip con-
points coincide with the tie points. For each simulation, thefirm the low concentration level and exclude a problem in the
new NGRIP tie points are chosen randomly and uniformly measurement system. With the current time resolution of the
distributed within the synchronisation uncertainty around TALDICE record, the EDML dip can not be entirely rejected.
the original tie points. Hereby, we assign a slightly differ- High-resolution measurements on other Antarctic ice cores
ent gas age to all NGRIP data points. For each simulatiorwill be crucial to resolve this issue. We note that TALDICE

Biogeosciences, 9, 3963977 2012 www.biogeosciences.net/9/3961/2012/



M. Baumgartner et al.: Interpolar difference of atmospheric methane 3965

Table 1.List of time intervals where the IPD is calculated (see also Ejig.

Interval Mean Age Duration NGRIP CH  Error EDML CHy Error IPD Error rIPD  Error sn Ss Stot
(yrBP) (y) (points)* (ppbv) (ppbv) (points) (ppbv) (ppbv) (ppbv) (ppbv) (%) (%) (TGP (Tgyrl) (Tgyr?)
(0} YD 12078 742 21 506.9 1.8 22 4795 3.2 27.4 3.9 5.6 0.8 96 48 143
()} BA1 13339 792 34 686.0 4.2 13 6425 4.0 43.5 6.5 6.6 1.0 135 58 193
(1) BA2 14044 617 29 655.0 3.1 11 6121 4.3 42.9 55 6.8 0.9 130 54 184
(Iv) H1 16 254 3099 55 463.2 1.9 39 4291 1.6 34.1 7.1 7.6 1.6 95 35 130
V) + Stl 19109 2611 63 395.9 1.2 29 372.5 1.3 23.4 2.0 6.1 0.5 77 35 112
(D) LGM 21545 656 17  376.7 1.8 20 362.8 1.5 13.8 25 3.7 0.7 66 42 108
(D] DO2 22605 984 35 419.0 1.8 28 390.2 1.1 28.9 2.1 7.1 0.5 84 33 118
vy  st2 25672 2568 34 387.2 2.1 49  368.2 1.4 19.0 3.1 5.0 0.8 72 38 110
(IX) St2 27108 306 14  408.3 2.9 11  386.7 1.9 21.6 4.0 5.4 1.0 77 39 116
x)° DO3 27600 0 1 4615 6.7 1 4481 8.3 13.4 10.7 2.9 2.3 78 54 132
(X1) o DO4 28750 0 1 5187 7.2 1 4873 9.7 314 12.1 6.2 2.4 101 46 146
[04D)] St3 30005 1531 32 4219 2.4 21 394.3 2.2 275 3.8 6.7 0.9 84 35 119

* Due to the variation of the NGRIP tie points (Se2®), this is the mean value of all simulations and might thus not be an integer number.
0 |PD estimate based on one point (maxima of DO event) and after application of the firn model.
+ Used as reference interval in Figd.

s NGRIP
— NGRIP Spline
© GRIP new

550 rIPD values. The new rIPD values between 21.9-17.8 kyr BP
are in agreement witBrook et al.(2000 but are significantly
larger than the estimate froDallenbach et al(2000. This

500 difference results from a concentration offset between our

new NGRIP data and the previously measured Greenland Ice

Core Project (GRIP) dataB(unier et al, 1998 Dallenbach

et al, 2000. Figure2 shows that the GRIP data (light blue

line) tend to be up to 30ppbv lower than the NGRIP data

400 (blue line) in certain time intervals. The GRIP data especially
show a larger bias towards lower concentrations. On the other
hand, Antarctic records are consistent with the new EDML

350 data. We remeasured 18 data points (round light blue sym-
bols) along the GRIP ice core and found a good agreement
with our new NGRIP concentration level. A contamination of
the GRIP ice due to the long storage time and an accompany-

Age (kyr BP) !ng gas lossBereiter et al.2009 is unlikely, since we elim-
inated about 5mm of the outer surface when preparing the

Fig. 2. Remeasurements along the GRIP and TALDICE ice cores.ice. The reliability among the new data emphasises the im-

For clarity reasons, data from Greenland (circles) and Antarcticaportance of measuring both hemispheric records in the same

(diamonds) are shown on different concentration axes. The NGR'Haboratory, with the same extraction technique, and using the

(blue, Schilt et al.(20108 and new data) and EDML (re@&PICA same standard gases to correctly determine the IPD.

Community Member$2006 and new data) data are the same as in The rIPD values of the DO events 2.{& 0.5%) and 4
Fig. 1. Additionally plotted are the previous GRIP recoluynier : )

0 . :

et al, 1998 Dallenbach et 32000 (light blue) and the TALDICE stizéf ;’)(ggg(;vfgr'ggee\zzzgg c(’;spf;’ '82/:) r:rslg'ﬁi&om

record Buiron et al, 2011, Stenni et al.2017) (yellow). New GRIP ) ’

and TALDICE remeasurements are shown as big light blue and yelth® mean value over several DO events¢#2.1%) from

low symbols, respectively. The grey shaded area marks the time inPallenbach et al(2000. The rIPD value for DO event 3

terval, where the EDML record deviates from the TALDICE record. (2.9 2.3%) is lower but has a large uncertainty.

All CH 4 concentrations are synchronised to the unified EDML gas  For the BA period, we find a rIPD value twice as large

age scale derived dyemieux-Dudon et a2010. as estimated byrook et al.(2000 and Dallenbach et al.
(2000. For the YD period, the new rIPD value is in agree-
ment withDallenbach et al(2000 and 1.5 times larger than

data suggest that the IPD would be similar as in the intervathe value fromBrook et al.(2000).

before.

. - GRIP previous
° + EDML
N #A ®* — EDML Spline
7 ’_J(- ¢ Talos new
q Talos previous

450

(rqdd) ypiou "HO

CH, south (ppbv)

3.4 IPD during the DO events 3 and 4
3.3 Comparison with previous results

In contrast to the other parts of the new £kecord, the
Figure 3 shows a compilation of new and existinBrook DO events 3 and 4 are too short to calculate the IPD as
et al, 2000 Chappellaz et al1997 Dallenbach et al2000 a mean over a specific time interval. Thus, we estimate the
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et al.(2010.

interstadial IPD using an estimate of the maximum atmo-terstadial rIPD recorded in the ice cores without enclosure
spheric concentrations observed during the events. Howevecorrection represents an upper limit, which is 6.3 % for DO
because such fast and short atmospheric variations are atteavent 3 and 9.3 % for DO event 4.

uated due to molecular diffusion and gradual bubble close-off The application of the firn model helps to derive the inter-
in the firn of an ice sheet, we first apply a forward smooth- stadial IPD for DO event 3 and 4 more precisely. The model
ing firn model Gchwander et 311993 Spahni et a].2003 needs several input parameters. For the close-off density, the
to take into account the different enclosure characteristics oburface density and the tortuosity at NGRIP and EDML, we
the EDML and the NGRIP sites. Temperature and accumulause the recent values specified pahni et al(2003 for

tion rate, which both strongly influence the firn structure, areGRIP and EPICA Dome C, respectively. Since we use a for-
assumed to be similar at both sites during stadial conditionsvard smoothing model, we first need to estimate the atmo-
(NGRIP: —50.5+6.6°C, 0.054+0.020 mHOyr—1; EDML: spheric signal, which serves as input for the firn model. The
—51.9+1.4°C, 0,030+ 0.004 mHOyr-1). During the DO atmospheric signal is then attenuated due to molecular dif-
events 3 and 4, both temperatured3.6 +£4.8°C) and accu-  fusion and gradual bubble close-off in the fiachwander
mulation rate (086 0.023 mH0yr—1) jump up to higher et al, 1993. The closed-off concentration, which we mea-
values in the NGRIP ice core. The estimates are taken fronsure, is different compared to the original atmospheric con-
the ss09sea age scal#olinsen et gl.2001) based on the centration. Note that the estimation of the atmospheric signal
8180 reconstructionsGRIP Project Member£004 com- has no unigue solution, since mathematically it is a decon-
bined with the temperatur@-0 relationship derived from  volution. We followSpahni et al(2003 and simply linearly
815N measurementsHuber et al. 2006. The higher temper-  scale the Cl amplitude of the NGRIP signal to construct
ature and accumulation rate during the interstadial periodshe estimate of both the northern and southern atmospheric
lead to weaker attenuation at NGRIP compared to the EDMLsignal.

site, where we assume a temperature-60.2+1.7°C and The constructed northern atmospheric signal is the input
an accumulation rate of.0364 0.006mHOyr—! (EPICA  for the firn model at the NGRIP site, where we apply three
Community Members2006 Ruth et al, 2007). Without ap-  different attenuation scenarios (mean [min,max]; BjgThe
plication of the firn model, the IPD would be overestimated smallest root mean square difference between the output of
for these two short interstadial periods. Consequently, the inthe firn model and the measured NGRIP data is achieved
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Fig. 4. Firn model applied on DO events 3 and 4. Shown are the NGRIP data (blue circles) and EDML data (red diamonds) corresponding
to Fig. 1. Atmospheric signals constructed by linear scaling and shifting the NGRIP data are shown as dotted lines. The corresponding firn
model output is shown in blue for NGRIP and in red for EDMAR) Minimum IPD: minimum attenuation at NGRIP, maximum attenuation

at EDML. (B) Mean IPD: mean attenuation at NGRIP, mean attenuation at EQ@) Maximum IPD: maximum attenuation at NGRIP,
minimum attenuation at EDML.

when the linear scaling factor is 1.13 [1.06,1.19] for DO
event 3 and 1.08 [1.05,1.13] for DO event 4. The southern
atmospheric signal, which is obtained by linear scaling of 35 _ ,,.* . (Cn) . S= <Sn> o =10, Vhem (4)
the CH, amplitude of the NGRIP signal as well, is the in-

put for the firn model at the EDML site, where we apply

again three different attenuation scenarios. The smallest rodt"d

mean square difference between the output of the firn model (1 1 1 )

T T T Tex
_1% 1,

Tex T Tex

and the measured EDML data is obtained by varying theq —
linear scaling factor (1.48 [1.35,1.62] for DO event 3 and
1.11 [1.02,1.21] for DO event 4) and the offset between the
NGRIP and EDML data, which has been assumed to be conwhere M is a vector of the atmospheric GHourden
stant over the entire DO event. (Tgbox1). The factor m* converts the concentrations
The resulting IPD (134 10.7 ppbv for DO event 3 and  (ppbv) into mass (Tg) where we use the relation between a
3144 121ppbv for DO event 4) is calculated as the dif- mean atmospheric concentratiofi= 1650 ppbv and a cor-
ference between the maximum concentrations of the splinegesponding global atmospheric inventory p = 4800 Tg
(cutoff period 100yr) through the atmospheric input signals,from Steele et al(1992. The volume of one hemisphere
where the maximum attenuation at NGRIP is combined with Vhem iS assumed to be 50% of the total atmospheric vol-
the minimum attenuation at EDML and vice versa. The re-Ume Vam, which induces a factor of. S is a vector which
sulting rIPD is(2.94+2.3 %) for DO event 3 and6.2+2.4 %) summarises the Cjsourceg Tgyear 1), @ is the exchange
for DO event 4. matrix with T the atmospheric lifetime of Ci and ey the
interhemispheric mixing time.
o We initialise the model with a present-day source strength
4 Source distribution of CHg (490 Tgyr 1) and a source distribution frorffung et al.
(1997 (scenario 7) combined with the mean values in the
atmospheric concentrations of the years 1985-1987 from
Alert (Canada, 82.49N) and South Pole (89.98) (Dlugo-
Cf<encky et al. 2011), and immediately find = 10.0yr and
Tex = 1.8yr. We keep these values fixed during all model
runs. The dependencegfandss on the parametersandrey
is described in Sectt.1 An alternative initialisation with a
source strength estimate (548 Tg¥y and a source distribu-
tion estimate for the year 2004 from a more recent; ®hid-
dm get modelling study §pahni et al.2011)) yields t = 9.5yr
ar S—Q-M, ®3) andrteyx = 1.7 yr, which compare well with the above initiali-
sation. Note that other studies using a two-box mo8el-
ers 2010 lower the concentration measured in Greenland

®)

The new NGRIP and EDML records provide the concentra-
tions of CH, in the northern 4,) and southerncg) hemi-
spheres. This enables us to formulate a two-box model t
estimate the Chl source strength in the Northers,) and
Southern {s) Hemispheres. In this two-box model, the north-
ern box (0 N-9C N, index: n) and the southern box°(8—
9(° S, index: s) account for 50% of the total atmospheric
volume each. The mass balan@arfs 1997) is given by:
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by a fixed portion of the IPD to obtain the mean concentra-4.1 Sensitivity of CH, sources tor and ey

tion of the northern box. This takes into account the latitu-

dinally decreasing concentration from north to south within Figure6 shows the sensitivity of the sourcgsandss, cal-

the northern box observed today. Due to the lack of the anculated in Eq. §) and Eq. 7), to the parameters and ey
thropogenic sources, this latitudinal concentration gradienfor three different time intervals (BA, YD, LGM). Relatively
might have been smaller in the past, however it might still small changes in the two parameters have substantial impact
have been present since it is mainly an effect of the sink,on the estimated sources. For both parameters, the sensitivity
which is significantly lower at high latitudes. We did not is stronger for higher IPD. While changes in the atmospheric
lower the ice core derived, in our model study, but took lifetime ¢ of CH4 primarily affect the total source strength,
this effect into account in our model initialisation by allow- changes in the interhemispheric mixing timg affect the

ing for a relatively largeex of 1.8yr. This essentially implies  source distribution.

that this exchange time is representing the time needed for Similar sensitivity experiments bBrook et al. (2000

CHg to sustain the measured interpolar, and not a mean intewith the three-box model show that for a fixed rIPD the
hemispheric concentration difference. If we had lowetgd boreal source increases and the tropical source decreases
by 26 % of the IPD $owers 2010, the initialisation would  with decreasingex (faster interhemispheric mixing). In the
yield tex = 1.3yr, which is well in range with the value from two-box model used in this study, assuming a fixed rIPD,
Geller et al (1997 (1.3+0.1yr) derived from sulfur hexaflu- s, would increase ands would decrease with decreasing

oride (Sk). Tex (faster interhemispheric mixing). Conversely, assuming
The model is run for steady state conditions, which sim-a fixed source distribution, a decreaseri (faster inter-
plifies Eq. B) and provides the sources: hemispheric mixing) would result in a decrease in the rIPD.
Glacial/interglacial changes ity could thus have affected
sn (cn, IPD, 7, Tex) = m* - <} cen+ i . IPD) 6 the rIPD._ If the int_erhemispheric mixing was faster in glacial
T Tex times, this would imply that the northern source was stronger
and the southern source weaker than estimated in this study.
and Further work is required to constrain the changescinon
1 1 glacial/interglacial time scales.
ss(cs, IPD, T, Tex) =m™ - <;-cs—T—-IPD>. @
ex

4.2 Two-box model versus three-box model

The calculated source strengths corresponding to the mean
concentrations of the specified time intervals (Fly.are  Previous IPD studies used a three-box model to estimate
shown in Fig.5a and summarised in Table The errors for  the CH; source distribution@happellaz et al1997 Brook
sn andss in this top-down simulation are calculated from the et al, 200Q Dallenbach et a].2000. The three-box model
errors ofcp andcs. has the advantage that it accounts for the higher sink strength

Vice versa in a bottom-up simulation, from a given sourcein the tropics compared to the high latitudes. Further, it pro-
distribution the two-box model provides the concentrationsvides an estimate for the tropical source strengti (80
cny cs and the IPD and rIPD: 30° S), but it is not able to distinguish between northern and

southern tropical sources. Moreover, the source term for the
(8) southern box (30S-90 S) has to be prescribed, because
1+ 2% only two measurements (Greenland and Antarctica) exist to
constrain the model.

1
IPD (s, ss, T, Tex) = % (sn—ss) -

and The two-box model, on the other hand, has the advantage
Sn— Ss 1 that it is more illustrative and can be easily treated analyti-
rMPD(sn, 55, T, Tex) = 2 Sitse 1+2L° 9) cally. Further, as already stated Bpwerg2010, there is no
nees Tex need to fix one source term. This is necessary in the three-box

Hence, in this two-box model both the IPD and the rIPD aremodel due to the missing information on the tropical concen-
proportional to the difference, — ss, but only the rIPD is  tration. Figuresb shows an alternative run with the three-box
independent of global source scaling. This means that if model using exactly the model configuration fr@happel-
andss are scaled by the same factor, the riPD stays constantaz €tal(1997. The southern source (38-90 S) is fixed at
For short exchange timesey, the IPD is not especially 15 Tgyr ! for the Holocene intervals including the YD and
sensitive to the atmospheric lifetime However, for a given ~ BA periods. For the glacial intervals it is fixed at 12 Tgjr
value Of ey, rIPD decreases with increasingas the extent  Overall, there is little difference in the output of the two mod-

lines), while the trend ing follows the trend in the tropical
box (red and green line). Adding the tropical source equally
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Fig. 5. Comparison of Clg source strength calculated with the three-box model and the two-box model. On the top of both panels the
CHgy concentration from EDML is shown for reference (light re@) CH,4 source strength calculated with two-box model. Brown: total
source, blue: northern source, red: southern source, cyan: boreal source of the three-box model plus half of tropical source of the three-bo»
model, and orange: southern source of the three-box model plus half of the tropical source of the three-bdBjroHglsource strength
calculated with three-box modeChappellaz et a11997). Brown: total source, blue: northern source{(88-9C° N), green: tropical source

(30° S-30 N), and red: southern source (98-30 S).

to the northern and southern sources of the three-box modegnd Whiticar 2008 or changes in the relative strengths of
the sources, andss of the two-box model are well repro- different methane sinks (e.g. oxidation by atomic chlorine or
duced (cyan and orange line in Fign). the hydroxyl radical) showing greater/lesser preference for

removing'2CHj, over!3CHj, can influencé13CH, (e.g.Al-

lan et al, 2001, Levine et al, 2011).
5 Discussion

5.1 Variations in the rIPD and CH4 source strength
Figure 7 summarises the results of this study. Fig-
ure 7a shows the two new NGRIP and EDML GHon- To first order, we observe a relatively stable rIPD value
centration records again for reference, and Flgdisplays  throughout the record (Fi@). In particular, there is less vari-
the resulting source distribution. To put the variations in theability in the rIPD than in earlier studies, since we showed
concentration, IPD and rIPD on a common scale, we dethat the previously measured rIPD value during the LGM
fine interval (V) (20.4-17.8kyrBP) as the reference inter- (Dallenbach et a].2000 was too low (Sect3.3). The sta-
val (index ref) and calculate the ratiog/cs ret, IPD/IPDyes bility of the rIPD is also expressed in Figd, which shows
and rIPD/rIPDes (Fig. 7d). The variations in the rIPD and that the ratio rIPD/rIPR+ (pink curve) is not statistically sig-
CH4 source strength are compared with the variations innificantly different from 1 for the majority of the time inter-
the speleothem monsoon records from Hulu cave (Chinayals. The ratio IPD/IPR¢ (green curve), on the other hand,
at 32 N (Wang et al.2001) and Caverna Botuvar(Brazil) shows a relatively large correlatio”? = 0.8) with the nor-
at 27 S (Wang et al. 2007 and the isotopic composition malised EDML CH concentratiores/cs ref (light red curve
(813CHy,) of CHg (Fischer et a].2008, which are shown in in the background). This points to a relatively stable source
Fig. 7c. The monsoon records provide important information distribution despite changing total emission strengths, i.e. if
on the availability of water in the major tropical Gldource  the concentration changes, the sourgeandss change by
regions. The isotopic composition of GHk influenced by  a similar factor.
the relative strengths of the different gbkources with differ- To second order, we identify notable exceptions in the
ent isotopic signatures. However, also changes in the isotopioverall stability of the rIPD. The most outstanding feature
signature of individual methane sources over tilBeh@@efer is the low rIPD in the interval 21.9-21.2kyrBP after DO
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- B 190 caused by a southward shift of the westerlies because of the

r large ice sheet extent and by a southward displacement of the
L " ITCZ, respectively (eber et al.2010).
\__ 100 = A southward displacement of the ITCZ could influence the

=

% rIPD in two ways. First, it would shift the optimal conditions

C 5o = for CH4 emissions to more southerly latitudes. The effect
. I~ - on the rIPD might be amplified by the coincident latitudi-

] = 10_0\“: == L nal dislocation of the monsoon systems. Second, a southward
[ S T o shift in the ITCZ would increase the volume of the north-

5 10 15 20 ern box at the expense of the southern box.°Asduthward

7 (years) shift would change the volumes in the northern and southern
box by about 2% in opposite directions. Fdrthe volume

150 - 150 change of a box is 9% and for 1@ is 17 %. If we assume

] C that the mixing time of a box is proportional to its volume,

] \: the two-box model simulates the volume changes caused by
100 —\ — 100 the ITCZ shifts by using different mixing timegyn and

1\
NN
1001

1 NN
N

] \\ — w [ of the boreal and tropical sources in the LGM, which was
\

s, (Tglyr)
1

S
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S~

/

Tex,s for the northern and southern box. Assume now that

s, (Tglyr)
1
(44/B1) °s

, R the ITCZ was exactly at the equator during the glacial refer-
e 50 ence interval (20.4-17.8 kyr BP). If we take the northern and
- C southern emission strengths of the glacial reference interval
L from Tablel (sn = 76.5Tgyr 1, ss = 35.3Tgyr 1) and vary
the volumes of the northern and southern box, respectively,
we find an alternative way to explain the rIPD variations of
the glacial neighbour intervals. We need a°8seouthward
Fig. 6. Sensitivity of CH; sources tor and rey. Source distribu-  shift of the ITCZ to explain the rIPD in the interval 21.9—
tion (solid lines:sn, dashed linesss) calculated for three different  21.2 kyr BP. Analogous, a southward shift 6fid needed for
climate states (blue: YD, red: BA, light blue: LGM; concentrations the interval 27.0-24.4 kyrBP and a northward shift 0f°3.5
from Tablel) depending orr (upper panel) andey (lower panel).  for DO event 2.
While one parameter is varied, the other is setrte 10.0yr or During the Holocene, speleothem records from the North-
tex = 1.8yr (grey lines), accordingly. The model is run at these val- oy Hemjisphere (Southern Hemisphere) show a long-term
ues, whlt_:h havc_a their origin in the initialisation with a present-day decrease (increase) in precipitation in line with North-
source distribution fronfrung et al(1991). . . . .
ern Hemisphere (Southern Hemisphere) summer insolation
(Burns 2011). This points to a long-term southward shift

event 2. Both the decrease in the rIPD from DO event 2 to®f the mean position of the ITCZ during the Holocene.
this interval and the subsequent increase in the rIPD fronf*ong the same lineSingarayer et al2011) explain the in-
this interval to the glacial reference interval 20.4—17.8 kyr Bp Créase in the Ciiconcentration during the Holocene, which
are statistically significant. The same is true for the increaséterted at SkyrBP, with increased emissions from the south-
in the rIPD from the interval 27.0-24.4kyrBP to the DO €M low latitudes due to precession-induced modification of

0 IIIIIIIIIIIIIIIIIIIIIIIIIIIII 0

1 2 3 4
7, (years)

event 2. seasonal precipitation. While the northern source strength re-
In the following we discuss in detail the time span around mains at a constant level, they statg that the additional emis-
the LGM, the Termination 1 (T1), and the DO events. sions stem from the Southern Hemisphere due to wetter con-
ditions. Burns (2011) remarks that the scenario of south-
5.1.1 rIPD around the LGM ward migration of CH sources could explain the reduction

of the rIPD from the interval 5-2.5kyrBP to the interval
In the interval 21.9-21.2 kyrBP, we observe a pronouncedl—0.25kyrBP Chappellaz et al.1997. Chappellaz et al.
minimum in the rIPD. Together with this pronounced min- (1997 attribute the temporarily higher rIPD during the in-
imum, but not significantly different from the reference in- terval 5-2.5 kyr BP to boreal wetland expansion. Similarly as
terval, the interval 27.0-24.4 kyrBP shows one of the low- during the Late Holocene, the Southern Hemisphere summer
est rIPD values observed in the record. Especially in Northinsolation reaches a maximum at approximately 20kyrBP.
America, the boreal source is likely to be suppressed byAs in the Holocene, the enhanced precipitation connected to
the wide extent of the ice sheets and permafrost regionshis maximum in the southern low latitudes could boost the
and hence is likely to contribute to the reduction of the emissions from the Southern Hemisphere. Indeed the sum-
riPD (Dallenbach et al.200Q Fischer et al. 2008. Fur- mer monsoon strength at Caverna Bot@gSouth America)
ther, a bottom-up modelling study supports a southward shifis relatively high between 27-14 kyr BP (compared to the full
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Fig. 7. Variations in the Cl{ source strength. Green shaded areas are the same asiraRjindicate the time interval, wherein each point

is the mean value of its time interval (Taklg On the left side, the four Holocene values fr@happellaz et a1997) are also included,

where the horizontal bars indicate the time inter¢al. CH, concentrations from EDML (redzPICA Community Members2006 and

new data) and NGRIP (blu&chilt et al, 2010h and new data)B) Source strengths calculated by the two-box and the three-box model

as fractions of the total source strength. Solid blue: northern source of two-box model, solid red: southern source of two-box model, dashed
blue: northern source (SN-90C° N) of three-box model, dashed green: tropical sourcé 880 N) of three-box model, and dashed red:
southern source (9G-30 S) of three-box modelC) Grey: northern summer insolation (BN) (Quinn et al, 1991, dark blue: monsoon

record from Hulu CaveWang et al. 200J), dark red: monsoon record from Caverna Boutefang et al. 2007, and orange6l3CH4

(Fischer et al.2008. (D) Light red curve in the background: rati@/cs ref (from EDML, (EPICA Community Member2006 and new

data), green: ratio IPD/IPRs (Chappellaz et 811997, and new data), and pink: ratio rIPD/rIRdp(Chappellaz et al1997 and new data).

Interval (V) from Tablel is used as the reference interval, to put all the ratios on the same scale. With the exception of the monsoon records,
which are shown on their original time scales, all data are synchronised to the unified EDML gas age scale deawsdulny-Dudon et al.

(2010.
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glacial record), while the summer monsoon strength at Huluglacial reference interval (20.4-17.8 kyrBP), an increase in
cave (China) is very weak during this period (FIg). sp is needed. The catastrophic drought in Afro—Asian mon-
The increase in the rIPD from the time interval 21.9— soon regions$tager et aJ.2011 Wang et al. 200]) related
21.2kyrBP to the time interval 20.4-17.8 kyrBP is statis- to H1 tends to weaken the low-latitude northern source. This
tically significant and happens several thousand years bepoints to an increase in the boreal source to establish the in-
fore the transition into the Holocene and in the absence otrease iry,.
rapid climatic changes like a DO event, although we recog- The isotopics*3CH, data fromFischer et al(2008 show a
nise a small peak in the GHconcentration at 21kyrBP substantial decrease from the LGM to the Holocene (FY.
(Fig. 1). The increase in the mean Gldoncentration from  Largely based on the zero rIPD during the LGM and the
the time interval 21.9-21.2 kyrBP to the time interval 20.4— strong increases in the rIPD and in the £ébncentration
17.8kyrBP is only 15ppbv. The consequent increasgoin  during T1 Pallenbach et al2000), Fischer et al(2008 sug-
of 4Tgyr ! arises from an increase ip of 11Tgyr 1 and  gested that the decrease in the isotopic compossttéGH,
a simultaneous decrease sgof 7Tgyr ! in our two-box is most likely due to a relatively strong increase in the light
model. The three-box model suggests that this increase stentmoreal wetland Chl source (compared to a relatively mod-
from the boreal region. However, changes in low latitudeserate increase in the tropical wetland source). Our new rIPD
could also have contributed to changes in the rIPD, connectedata would still support a relatively strong increase in the bo-
to shifts in the ITCZ as explained above. Due to synchroni-real source strength during the interval 17.8—-14.7 kyrBP in
sation uncertainties between ice core and speleothem recordise with the relatively large portion of the LGM to Holocene
and the only weakly expressed variations in the speleothenglecrease in the isotopic signature completed during this in-
signals during this time period as well as uncertainties in theterval. However, due to the almost identical rIPD during the

interpretation of speleothem record3lémens et a].2010, BA and the Holocene compared to the glacial interval 20.4—
we do not attempt to interpret any trends in view of changesl7.8 kyrBP, it is highly unlikely that the changes in the iso-
in monsoon strength. topic signature can be fully attributed to an increase in the
boreal wetland source. A similar increase in the boreal and
5.1.2 rIPD during Termination 1 tropical source strength is visible in the three-box model run.

While the boreal and tropical sources account for 35.8 % and
The new data suggest a fairly stable mean rIPD level 0f53.4 % of the total source during the glacial reference interval
6.5+ 0.8% (20.4-11.7 kyrBP, intervals (I)-(V)) during T1, 20.4-17.8 kyrBP, respectively, they reach almost unchanged
which is well expressed in the ratio rIPD/rIRfpclose to one  values of 35.2 % and 56.5 % during the BA period (Fik).
(Fig. 7d). With the exception of the higher value during the  Note that a substantial decrease in interhemispheric ex-
late Holocene (5-2.5 kyr BP), previous Holocene reconstrucchange timerey from the LGM to the Holocene could still
tions show a similar rIPD as welChappellaz et al1997). pretend a constant rIPD during T1, although the boreal
It is also close to the present day anthropogenically modi-source would have increased by a higher factor compared
fied rIPD (7.6 £ 0.5 %) with global emissions 2.5 times as to the tropical source strength. Furthermore, the interpreta-
large. Taken at face value and assuming a constant atmdion of §13CH, is not yet unambiguous and, for instance,
spheric lifetime Levine et al, 2011 and interhemispheric  a large shift in the ratio of C3 to C4 plants could also explain
mixing time, this could imply that the source distributions of part of the isotopic changes over T3dwers201Q Schaefer
the Holocene, BA and YD period were not so different from and Whiticar 2008, as could a decrease in biomass burn-
the source distribution at the end of the last glacial (20.4-ing — a particularly rich source 3fCH, — or an increase in
17.8 kyrBP). Note that the YD period still shows the lowest the fraction of methane oxidised by atomic chlorine, which
rIPD during T1 in line with Northern Hemisphere cold condi- shows a particularly strong preference for removaGH,
tions. On the other hand, the BA shows a relatively high rIPD over'3CHy (e.g.Levine et al, 20117).
despite a still more extended northern continental ice cover-
age in the BA compared to the Holocene. It is also notable5.1.3 rIPD variations during DO events
that the monsoon records from the Northern and Southern
Hemispheres show a pronounced anti-correlation during th& he increase in the rIPD from the interval 27.0-24.4 kyr BP
BA-YD-Holocene transition. The southward displacement(5.0 + 0.8%) to the DO event 2 (14 0.5%) is relatively
of wet conditions might contribute to the slightly lower rIPD weak but statistically significant. The coincident increase in
during the YD. the concentration is caused by an increasg iof 12 Tgyr!

The interval 17.8-14.7 kyr BP(IV), which contains Hein- and a slight decrease sgby 5Tgyr1 in our two-box model.
rich event 1 (H1) and shows a slow 100 ppbv increase in the During DO events, the active Atlantic meridional over-
CHg concentration, has also a relatively high rIPD value, al-turning circulation (AMOC) transports heat into the Northern
though with a large uncertainty due to the synchronisationHemisphere $tocker and JohnseB003, which should en-
uncertainty (Sect®2.1and3.1). To agree with both the higher hance the northern CHemissions. In the three-box model
concentration and the higher rIPD value compared to therun by Dallenbach et al(2000, the higher rIPD values
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during DO events are caused by a stronger increase in 12
the boreal source strength compared to the increase in the
tropical source strength. Similarly, using the rIPD and iso-
topic sD(CH,) data as constraint®ock et al.(2010 find

an increase of boreal wetland emissions by a factor of 6
(from 5Tgyr 1 to 32Tgyr 1) combined with a moderate in-
crease of tropical wetland emissions by a factor of 1.4 (from
84Tgyr1to 118Tgyr?) for DO event 8. In view of the too
low northern stadial Ci concentrations in th®allenbach

et al. (2000 record, which were also used tBock et al.

riPD (%)

(zWw/M) N.OE VI uonejosu]

rIPD (calculated from Singarayer et al., 2011)

(2010, this strong increase in boreal Gldmissions has to 2. {IPD (previous and new data) L 420
be questioned. In our measurements for DO event 2, we find 7 Summerinsolation JJA 30°N

a 30% increase in the boreal source strength ®hjy. The ) o 5'0 o 1(')0 '
three-box model shows an increase in the relative contribu- Age (kyr BP)

tion of boreal emissions from 32.4% to 38.7% and a de-

crease in the relative contribution of tropical emissions fromFig. 8. rIPD long-term trend estimated from the gldource dis-

56.6 % to 50.9 % from the interval 27.0-24.4 kyrBP to the tribution by Singarayer et al2011. The rIPD (orange) was cal-

DO event 2. culated according to Eqs8)and Q). Measured rIPD dateBfook
However, the equally high rIPD value for DO event 2 com- €t @l, 2000 Chappellaz et al.1997 and new data) are shown in

pared to other DO events (Se8t3) is surprising, since DO pmk_. Northern summer insolation (JJA) (3R) is plotted in grey

event 2 occurs in a time of very large ice sheet extent, anéQumn etal, 1993.

thus, an equally strong impact of boreal wetland sources

for DO event 2 compared to other DO events appears Nofegpectively. Figur® shows the clear variation along with
to be straightforward. Thus, the question arises if the three-the precessional cycle in the calculated rIPD (orange line)

box model overestimates the increase in the boreal emiSSiorl%gether with the northern summer insolation curve (grey)
during DO events. Several studi€3t{o-Bliesner and Brady (Quinn et al, 1993).

201Q Broccoli et al, 2006 Schmidt and Sper@011) sug- In contrast, the ice core derived rlPD, covering only the

gestalso latitudinal swings in the ITCZ and the monsoon sysy,¢ 30 kyrBP, shows less variation. However, there are a few
tems on millennial time scales. During DO events, the ITCZ yerng which show a relation to the insolation curve. As
is located in a more northward position coincident with in- already discussed in Se@&.1.1 the pronounced minimum
creased r_lor_thern summer monsoon strength compared to ﬂ?ﬁ the rIPD between 21.9-21.2 kyrBP is approximately at
Co!d stadial intervals. As Fies_crlb_ed m_Se_ﬁ:tl.l we hypoth- the time of a minimum in northern summer insolation. Fur-
esise that the.source .redlstr|but|on within lower latitudes a”d,ther, with the exception of DO event 2, there is a decreas-
the changes in the size of the n.orthern and southern ,hem'i'ng trend in the rIPD between roughly 30-20 kyrBP in line
spheric box con.ne_cted.to shifts in thg ITCZ also Contrlbl"tewith northern summer insolation. Less clear and again with
to the subtle variations in the rIPD during DO events. an exception (5-2.5 kyrBP), the same could be true during
the Holocene between roughly 10-0 kyrBP. The increasing
northern summer insolation between roughly 20-10 kyrBP,

. . . . . however, has no clear counterpart in the rIPD due to the sta-
In this section we discuss a potential long-term influence Ofbility of the rIPD during T1.

northern summer insolation on the latitudinal distribution of | summary, our data neither support nor fully rule out
the CH, sources. If such an influence exists, it should be mir- possible long-term influence of northern summer insola-

rored in the rIPD. In periods of low northeérn summer inso- jon o, the rIPD. The limited temporal coverage of our data

lation, we would expect lower emissions from the Northern go¢ o ombined with the weak variation and the superimposed

Hemisphere due to shorter emission seasons. _ processes on millennial time scales do not allow for any con-
The comparison of the rPD to northermn summer insolationg e remarks on this topic. High-resolution records pro-

is motivated by a bottom-up modelling studgiigarayer  y,ceq in the way presented here from both poles, and over
etal, 201J), Wh'_Ch estimates the q-bm|35|o_ns overthelast o \yhole last glacial cycle, are needed to address this ques-
120kyr BP for different source regions. Their model accountsjo, The importance of the riPD as a constraint for models is

for orbital forcing, greenhouse gas concentrations, ice sheef gyong motivation for future high-resolution measurements.
extent and sea level, but it neglects millennial scale variabil-

ity. To asses a long-term trend in the rIPD from their results,
we use the sum of all northern and southern hemispheric
emissions in theSingarayer et al(2011) study as an input
for our two-box model for the northern and the southern box,

5.1.4 Long-term rIPD trend

www.biogeosciences.net/9/3961/2012/ Biogeosciences, 9, 3361742012
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6 Conclusions Table Al. List of tie points for CH, synchronisation of NGRIP to
unified EDML gas age scaléémieux-Dudon et a]2010).

The sampling and measurement strategy carried out for this

study was designed for an optimum determination of the in- NGRIP depth EDML depth Gasage Uncertainty

terpolar difference in Cijl The quasi-simultaneously anal- (m) (m) (yrBP) (yr)
yseq samplgs from Greenland and Antarctica increase the 14812 6922 11067 50
confidence in the accuracy of our values. We suggest that 1502.6 703.6 11334 50
this procedure is essential for future rIPD studies. Further, 1514.7 711.2 11490 50
the high resolution of our records improves the synchroni- 1518.0 716.6 11592 50
sation of the gas ages between the NGRIP and EDML ice 1519.7 724.0 11707 50
cores and determines the IPD with unprecedented precision 1540.1 759.2 12449 50
and temporal resolution. 1553.2 772.0 12835 50
We show that the previous rIPD estimate0(8 + 1.0 %) 1560.4 775.6 12943 50
during the LGM (21.9-17.8 kyr BP) frorDallenbach et al. 1580.2 791.5 13397 50
(2000 was significantly too low. The revised estimate is 1597.8 803.2 13735 S0
between 3 +0.7% and 61+ 0.5%. Consequently, there iggg'g g?; ijjg; 28
is less variability in the rIPD and CHsource distribution 1641:2 835:7 14705 50
than previously reported, and boreal wetland sources in the 1693.5 038.7 17804 500
Northern Hemisphere were never completely shut off dur- 1762.8 995.2 20414 200
ing the glacial. The strongest variations in the rIPD (28— 17705 1005.9 20889 50
18 kyrBP) are observed during a time interval where only 1780.4 1014.0 21218 50
smaller changes in the GHoncentration occurred. The low- 1792.5 1031.2 21872 50
estrIPD (37+0.7%) is observed between 21.9-21.2 kyr BP, 1796.9 1037.1 22112 50
just after DO event 2. This is during a time when the ice sheet 1826.6 1067.0 23097 50
extent was at its maximum and the northern summer insola- 1828.8 1071.0 23237 50
tion at its minimum. A shift back to northern sources happens 1868.4 1139.2 26956 S0
around 21 kyrBP, several millennia prior to the transition into 1235'1 ﬁg?‘g ;; é% 25%0
the Holocene. - . 1893.7 1159.7 28001 50
The rIPD during Termination 1 is fairly stable .6t 1900.3 1169.0 28561 50
0.8%), although somewhat lower during the YD. It is also 1906.9 1171.7 28699 50
close to the present-day anthropogenically modified rIPD 1911.3 1174.0 28833 50
(7.6 + 0.5 %) with global emissions 2.5 times as large. As- 1919.0 1181.9 29240 50
suming a constant atmospheric lifetime of £ftevine et al, 1937.7 1195.6 30031 50
2011), the stability of the rIPD could imply that the inter- 1944.9 1207.6 30771 200

hemispheric source distribution of the Holocene was not so

different from the source distribution of the last glacial, al-

though with increasing source strengths both south and nortizppendix A

of the equator. In agreement wiBrook et al. (2000, we

conclude that the increase in the £Eoncentrations over Supplementary data

Termination 1 is established by increases in the boreal and

the tropical sources by approximately the same factor. NGRIP and EDML CH records can be downloaded from
The rIPD values for DO event 2 (I+0.5%) and 4 the website of the World Data Center for Paleoclimatology

(6.242.4%) are well in the range of previous results for DO atwww.ncdc.noaa.gov/paleo

event 8 (78 +2.0%) (Brook et al, 2000 and with the mean

value over several DO events§22.1%) (Dallenbach et a).

2000. The rIPD value for DO event 3 (@+2.3%) is lower ~ Supplementary material related to this article is

but has a large uncertainty connected to the short duration ofvailable online at: http://www.biogeosciences.net/9/

this event. 3961/2012/bg-9-3961-2012-supplement.zip
We hypothesise that latitudinal shifts in the ITCZ and the

monsoon system contribute, either by dislocation of the CH

source regions or, in case of the ITCZ, also by changing

the relative atmospheric volumes of the Northern and South-

ern Hemispheres, to the subtle variations in the rIPD on

glacial/interglacial as well as on millennial time scales.
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