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Abstract. During the last glacial cycle, Greenland tempera- pronounced northward displacement of the source regions
ture showed many rapid temperature variations, the so-calletfom stadial to interstadial. We further show that the rela-

Dansgaard—-Oeschger (DO) events. The past atmospheritve interpolar concentration difference (rIPD) of methane is

methane concentration closely followed these temperatur@about 4.5 % for the stadials between DO events 18 and 20,
variations, which implies that the warmings recorded in which is in the same order as in the stadials before and af-
Greenland were probably hemispheric in extent. Here weter DO event 2 around the Last Glacial Maximum. The rIPD

substantially extend and complete the North Greenland Icef methane remains relatively stable throughout the full last
Core Project (NGRIP) methane record from the Preboreablacial, with a tendency for elevated values during intersta-
Holocene (PB) back to the end of the last interglacial perioddial compared to stadial periods.

with a mean time resolution of 54 yr. We relate the ampli-

tudes of the methane increases associated with DO events to

the amplitudes of the local Greenland NGRIP temperature .
increases derived from stable nitrogen isotop@N) mea- 1 Introduction
surements, which have been performed along the same i

i : ) . “Methane (CH) is a potent greenhouse gas with preindus-
core Kindler et al, 2014. We find the ratio to oscillate be- trial atmospheric concentrations changing between 350 and

tween 5 parts per billion (ppb) pe€ and 18 ppC—1 with
the approximate frequency of the precessional cycle. A re—750 ppb over the last 800 thousand years (kimjufergue

markably high ratio of 25.5 pptC—* is reached during the et al, 2008. This statement is based on measurements on

o polar ice cores, a unique archive to reconstruct the past atmo-
transition from the Younger Dryas (YD) to the PB. Anal spheric composition. Human activity has increased the atmo-

ysis of the t|m|ng_of_t_he fast methane and temperature In- pheric abundance of GHrom the preindustrial Holocene
creases reveals significant lags of the methane increases rel;

) vel of 750 ppb to around 1800 ppb over the last 200yr
ative to NGRIP temperature for DO events 5, 9, 10, 11, 13, , 8
15, 19, and 20. These events generally have small metha Hartmann et &.2013. The increase rate under the an

; . . ropogenic influence peaked around 1981 at 17 ppbyr
increase rates and we hypothesize that the lag is caused lzéthl?eri%ige et a).1998. IEe core measurements over FrPe I)r;st
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904 M. Baumgartner et al.: NGRIP methane record

glacial cycle revealed numerous fast and strong variation®t al, 201Q Petersen et gl2013. It has been shown that the
in the CH; concentration, when only natural sources havecorrelation between Greenland temperature ang €iicen-
been present. However, the maximum increase rate observecdation is extraordinarily strongHuber et al, 2006 Brook
alongside DO events during the last glaciation and deglaciaet al, 1996 and that therefore the warmings recorded in
tion of up to 2.5 ppbyr! (Chappellaz et al2013 is far be-  Greenland are mirrored by changes in a larger portion of the
low the maximum increase rate under the anthropogenic inNorthern Hemisphera/elker, 2002 Clement and Peterspn
fluence. Although atmospheric GHoncentrations can be 2008.
readily measured using polar ice cores, important questions Qualitative temperature reconstructions are available from
concerning the location and strength of the different sourcestable water isotopes{0, §D) measurements along polar
and sinks, and the sensitivity of the emissions to climateice cores. However, quantitative temperature estimates based
change, are still open. on the relationship betweett®0O and temperature are lim-
The major natural sources of GHare wetlands{pahni ited for Greenland ice due to the influence of precipitation
et al, 2011, where archaea produce ¢Hy the degrada- seasonality and source temperature chanijesrier et al,
tion of organic material under anaerobic conditions (e.g.,1997 Boyle, 1997 Masson-Delmotte et al2005. The iso-
Bridgham et al. 2013. The absence of molecular oxygen topic composition of nitrogen trapped in air bubbles in the
is crucial for methanogenesis, underlining the importanceice quantitatively constrains the magnitude of the fast tem-
of water in the source regions acting as a gas barrier. Preperature increase$éveringhaus et al1998 Severinghaus
cipitation determines wetland extent and water saturation ofind Brook 1999 Lang et al, 1999. The isotopic composi-
the soil and thus strongly influences the globalGiéurce  tion of nitrogen §1°N) in the atmosphere is assumed to be
strength Bloom et al, 2010. Given anoxic conditions in  essentially constant over tim®lériotti, 1983. Due to gravi-
wetland areas the GHproduction rate generally increases tational fractionation in the firn column of an ice sheéN
with increasing temperatur€firistensen et gl2003 Walter is increased at the bottom of the firn where air bubbles are
et al, 2002, Ringeval et al. 2013 Zurcher et al. 2013. enclosed in the ice (lock-in depth) compared to the atmo-
Bottom-up models of Chlemission further suggest that net spheric concentration. A rapid temperature increase at the
primary productivity regulates the carbon pool available for surface of an ice sheet leads to the establishment of a tem-
methanogenesis, and thus gldroduction and emissions perature gradient in the firn. Because gases diffuse in the
(Melton et al, 2013 Wania et al. 2013. After its emis-  firn about ten times faster than heat, the temperature gra-
sion, CH,; is mixed in the global atmosphere within a few dient initiates thermal gas diffusion and leads to a further
years, leading to a relatively uniform concentration distribu-increase ins°N at the lock-in depth compared to the at-
tion. Under present day conditions its atmospheric lifetimemospheric valueSeveringhaus et al1998. This provides
is 9.1+ 0.9yr (Prather et a).2012), controlled by oxidation  a quantitative physical thermometer for fast surface tempera-
in the troposphere by its major sink, the OH radical. We as-ture changes on the ice sheet in the past. Neglecting the small
sume a minor influence of variations in the sink strength todifference of diffusion coefficients in air betweétN of N,
the atmospheric CiHbudget during the last glacial cycle, in and CH;, changes in thé'°N signal in air bubbles enclosed
line with recent results of atmospheric chemistry modelingin the ice will have no age difference with respect tofaid
studies Levine et al, 2011, 2012. Both the strongest source are therefore (in contrast to the stable water isotope temper-
and sink strengths are found in the tropical regions, but bo-ature proxy) ideally suited for studies on phase relationships
real wetlands also contribute substantially to the global emisbetween temperature and gk6everinghaus et all998.
sions Spahni et al.2011). The Northern Hemisphere domi- Here, we substantially extend and complete thesCH
nates the emissions due to its larger land area compared to thecord of the NGRIP ice core from the Preboreal Holocene
Southern Hemisphere, which leads to asymmetry of the lati{~ 10 kyr before present (BP)) back to the end of the last in-
tudinal source distribution and to an interpolar concentrationterglacial period~ 120kyrBB. In Sect.2 the measurement
difference also documented by bipolar ice core studies (e.g.system for CH concentrations is described, and the new and
Baumgartner et g1.2012 Brook et al, 2000 Chappellaz  earlier published NGRIP CHdata are merged into a consis-
etal, 1997. tent concentration scale. In Se8tthe new high-resolution
During the last glacial cycle, Greenland temperature ex-CH, record from NGRIP is presented and related tostiN
perienced many rapid and strong variatioN&RIP Project  data Kindler et al, 2014 Huber et al. 2006 Landais et al.
Members 2004, the so-called DO event®énsgaard et al. 2004 2005 Capron et al.2010a b, 2012 and the corre-
1982. While the northward heat transport by the Atlantic sponding NGRIP temperature reconstructi&ingler et al,
Meridional Overturning Circulation (AMOC) plays a key 2014. In particular, we compare the magnitude of the,CH
role in producing such variationgCépron et al. 2010a increases and the NGRIP temperature increases at the on-
McManus et al.2004 Piotrowski et al. 2004 Stocker and set of DO events and investigate the timing between, CH
Johnsen2003, more regional processes, such as the sudand §°N increases. Our discussion in Sedtfocuses on
den collapse of the sea ice coverage in the Nordic Sea, mathe implication of our new results on the evolution of the
also contribute to the amplitude and speed of the changes (
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wetland CH sources over the last glacial cycle. Conclusionsto 103 measurements on the Vostok core covering the same
are given in Secb. climatic period Bender et al.2006, which is crucial for a
reliable determination of the small interpolar concentration
difference (see Se@.4). The standard deviation of the resid-
2 Methods uals calculated on NGRIP (Vostok) duplicates or triplicates
is 2.6 ppb (4.3 ppb).
At Bern, CH; concentrations are determined on air extracted To check for offsets of the new Bern GHoncentra-
by a melt-refreeze step from ice samples of about 40g andions measurements (performed during the years 2011-2012)
analyzed by gas chromatography (e @happellaz et al. compared to previously measured (published or previously
1997 Fluckiger et al. 2004). For NGRIP each sample cor- unpublished) NGRIP sections, an extensive set of remea-
responds to a depth interval of about 5cm. The thermalsurements has been performed at Bern together with the new
conductivity detector for the main air components (Id; measurements. The first part of the previously published data
and Ar) and the flame ionization detector for £hire cali-  has been analyzed in the years 2002—-2004 on the same Bern
brated at hourly intervals with two standard gases (1050 ananeasurement syster8¢hilt et al, 2010k Huber et al.2006
408 ppb of CH, respectively). Each calibration is checked Fluckiger et al.2004. The second part has been measured at
by a measurement with a third standard gas. The current GGE in the years 2009-201Z4pron et al.2010h 2012.
standard gas is in use since 2010, and a total of 507 starFhe previously unpublished data from LGGE are from the
dard measurements show a mean concentration with staryears 2001-2002 (as mentioned in the preceding paragraph).
dard deviation of 529 + 3.1 ppb, with no detectable trends The remeasurements ensure consistency within the entire
over time. Measurements with standard gases from the NaNGRIP CH, data set, which has been obtained by splicing
tional Oceanic and Atmospheric Administration (NOAA) various different data sets. Amongst others this is crucial for
show that the Bern scale is approximately 1% above thequantification of CHH amplitudes at the onset of DO events
NOAA scale. Measurements with air-free ice and standardsee Sect3.2). To quantify the offsets in the past we sub-
gas reveal a mean process blank of8tB4.6 ppb. This off-  tract the previously measured concentrations, which are ob-
set is determined for each extraction vessel separately and tsined by interpolation to the depth of the Bern remeasure-
subtracted from the measurements on natural ice. Based aments, from the concentration of the Bern remeasurements
the solubilities of the different gases in the melt-water, a neg-{(summary in Tabld).
ative process blank would be expected. This implies that the Comparing the Bern measurements, 41 remeasurements
expected loss of CiHdue to solubility is overcompensated are 29+ 1.9 ppb (mean of the residuals and standard error
by a small CH contamination of unknown origin in the ex- of the mean) higher than measurements performed in 2004.
traction vessels during extraction. Note that the air-free iceThe values published biiuber et al.(2006 are thus con-
produced at the University of Bern may still contain minute sistent with the new data at the 95 % confidence level. 43
amounts of CH potentially leading to an overestimation of remeasurements reveal an offset of5l# 1.4 ppb compared
the blank correction. Different blank corrections have to beto measurements performed in 20@2ickiger et al. 2004,
kept in mind when comparing the data from other labs. Theand 31 remeasurements show an offset 4#&.9 ppb com-
precision of the measurements on natural ice is determinegared to another series of measurements in 2860Rilt et al,
by reproducibility measurements of natural ice samples at 220100. Compared to LGGE Grenoble, 188 remeasurements
NGRIP depths. In each of the 22 depths, we measured a sexe 1224+ 1.2 ppb higher than the values analyzed during
ries of 5 adjacent samples randomly distributed over the difthe years 2009-2012ZC@pron et al. 2010 2012. Since
ferent extraction vessels and duration of the measurement s¢he Bern remeasurements have been measured approximately
ries. The standard deviation of the residuals of the 107 reproduring the same period (2011-2012) it suggests an increase
ducibility samples is 5.9 pptlo). Note that 3 measurements in the Bern—Grenoble correction compared to the last deter-
have been excluded due to badly sealed vessels. Note that timeined value of 6 ppb§pahni et al.2005. Finally, 153 re-
measured concentrations are not corrected for~theppb measurements are Zt 1.0 ppb higher than the 163 previ-
depletion due to gravitational fractionation in the firn col- ously unpublished measurements from LGGE from the years
umn of an ice sheet, in line with previously published work 2001-2002. The reason for this high discrepancy remains un-
(e.g.,.Baumgartner et gl2012 Schilt et al, 2010ab; Spahni  clear, a potential explanation might be the application of a
et al, 2005 Huber et al.2006. different blank correction at that time.

At Laboratoire de Glaciologie et Géophysique de Based onthese remeasurement statistics, we assume a con-
I'Environnement (LGGE) in Grenoble, from where we use sistent level of Bern concentrations since the year 2004.
a total of 163 previously unpublished NGRIP measure-NGRIP concentrations measured before 2064iidkiger
ments (carried out in the years 2001-2002), the same techet al, 2004 Schilt et al, 20100 and concentrations from
nique as in Bern was used but with a standard gas with.GGE Grenoble Capron et al.2010h 2012 and previously
a CH; concentration of 499 pphChappellaz et al.1997). unpublished data) are increased by the specified values to
The LGGE measurements have been performed in paralldbring all NGRIP concentrations on a common scale. Note
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906 M. Baumgartner et al.: NGRIP methane record

Table 1. Concentration offsets of new data measured in Bern during the years 2010-2012 compared to previously measured data along the
NGRIP ice core. SD and SE denote Standard Deviation and Standard Error, respectively. Offsets are given as new data minus data frorn
reference studies.

Reference study Climatic n Mean Median SD SE Year of
period # (ppb)  (ppb) (ppb) (ppb) analysis

Huber et al (2006 DO 15-17 41 2.9 24 122 1.9 2004

Schilt et al.(2010b T1 31 8.4 80 161 29 2002

Fluckiger et al (2009 DO 9-12 43 14.5 15.7 9.3 14 2002

Capron et al(2010h 2012 DO 23-25 188 12.2 13.0 165 1.2  2009-2012

Previously unpublished data LGGE DO 18-20 153 26.5 264 124 1.0 2001-2002

that we apply the same analytical precision of 5.9 phb), never falls below a relatively stable threshold of 420 ppb. In
as deduced from the 107 reproducibility measurements ofact, 68 % of all the measurements are found in between 460
this study, to all the existing NGRIP data. The 10ppb es-and 620 ppb, i.e., within a range of 160 ppb, with the most
timate of previous studieChappellaz et gl.1997 Capron  frequent concentration around 500 ppb (2.
et al, 2010k 2012 Schilt et al, 2010h Huber et al. 2006
Fliickiger et al. 2004, which was based on LGGE repro- 3.1 Methane and NGRIP temperature
ducibility measurements on artificial air-free ice samples, is
therefore replaced by the 5.9 ppb precisely determined fronThe CH, concentration shows pronounced variations along
natural ice samples. with Greenland temperature over the last glacial cycle. Here
we use the NGRIP temperature (red curve in Bigas cal-
culated byKindler et al. (2014, who applied the firn den-
3 Results sification and heat diffusion model frochwander et al.
(21997. In brief, the model input parameters, which are the
Figure 1 presents 1094 new CGHneasurements along the accumulation rate and the temperature based'8@ data,
NGRIP ice core. The new measurements cover the time inwere modified until the measuréd&®N could be reproduced
tervals of DO events 5-8, DO events 13—-14, and DO eventdy the model. Note that th#°N temperature estimate takes
18-25. Together with the previously published 1008 valuesinto account both the gravitational and thermal fractionation.
(Baumgartner et 312012 Capron et a].2010h 2012 Schilt For more details on the calculation of the temperature record
et al, 2010h Huber et al. 2006 Fluckiger et al. 2009 this we refer to the companion paper Kindler et al.(2014).
completes the NGRIP record from the Preboreal Holocene Figurel shows that almost every fast temperature varia-
back to the end of the last interglacial period (Marine Iso-tion has a counterpart in the Gldoncentration. One excep-
tope Stage — MIS — 5.5, also called the Eemian). The meation is found in the temperature peak between DO events 14
time resolution of the record is 54 yr, which is in the same or-and 15, where no Clivariation is found, which may be at-
der as the width of the gas age distribution of enclosed air intributed to insufficient data resolutioti@ber et al. 2006.
the NGRIP ice core as calculated followiBghwander etal. Indeed a small Chl peak associated with the temperature
(1993 andSpahni et al(2003. peak appears in the continuous £profile on the NEEM
The new data set provides the most detailed profile ob-ce core Chappellaz et al2013. Similar temperature jumps
tained by discrete measurements of the evolution of theare associated with different Gmplitudes. A different re-
CHg concentration during the last glacial cycle, and can besponse to a certain degree of warming is most apparent when
compared with continuous GHmeasurements performed comparing DO events 3 and 4. A more quantitative analysis
on the North Greenland Eemian Ice Drilling (NEEM) ice of the amplitudes of the fast temperature and;@htreases
core Chappellaz et al.2013. It shows that the northern follows in Sect.3.2
hemisphere Chlconcentration varied in the range between During some time periods of slow variations in NGRIP
360 and 780 ppb during the last glacial cycle (Rly.Apart  temperature and CHconcentration, a decoupling between
from the Preboreal Holocene and the end of the Eemian, typithese two quantities can be observed. During some intersta-
cal interglacial concentrations of more than 640 ppb are onlydial periods, e.g., the BA, temperature shows a decreasing
reached during DO events 17, 21, 23, and 24 (which occutrend over several thousand years, while the;€bhcentra-
relatively early during the glaciation) and also during the tion stays at a rather stable level (FI). A similar pattern
Bglling Allergd (BA). Concentrations of lower than 420 ppb is visible during DO events 7 and 22 and during the first part
are only reached at the end of the last glacial, in the time peof DO event 8. Decoupling is also visible during certain sta-
riod between 30 and 17 kyr BP around the Last Glacial Max-dial periods. In the two thousand years before the onset of
imum (LGM). Before that, the Greenland Gldoncentration the BA, the slow increase in the Gldoncentration occurs at

Clim. Past, 10, 903920 2014 www.clim-past.net/10/903/2014/
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Fig. 1. NGRIP methane and temperature from the Preboreal Holocene back to the end of the last interglacial period. Methane concentrations
in black Baumgartner et gl2012 Capron et a].2010h 2012 Schilt et al, 2010k Huber et al, 2006 Fliickiger et al.2004 and blue (new

data), temperature in reCindler et al, 2014. §180 derived temperature was calibrated by NGRIEN data Kindler et al, 2014 Huber

et al, 2006 Landais et a].2004 2005 Capron et al.2010ab, 2012. The records are shown on the gas age scale calculat€mdler et al.

(2014 based on the ss09sea06bm ice age s®dBRIP Project Member004 Andersen et al.2006 Johnsen et gl2001). Numbers of

DO events are displayed in italics. Short peaks before the main DO events are denoted with a prefix p (e.g., p16).

a stable NGRIP temperature level. In contrast, the slow early ACH,
CH, increases before DO events 8 and 12 are positively corit = . (1)

. . . AT
related with the temperature increases. So while a general
synchrony between CHand NGRIP temperature exists for p could be considered an effective @itemperature sensi-
rapid changes, a one-to-one coupling cannot be expected divity. However, we note that there is not a simple direct
the temperature record is representative for local temperaturmfluence of temperature changes in Greenland on the CH
changes in Greenland, while Gldources respond to climate concentrations. As discussed in detail below, a connection

changes in boreal and tropical regions. between the two quantities would involve many climate pro-
_ cesses in the atmosphere and the ocean which together would
3.2 Amplitudes of CH4 and temperature lead to changes in the sources and sinks of @Hvetlands.

o o ] For this reason, we do not use the term henceforth.

The clear' covariation of the stadlalf|nterstad|al L£h- ACH4 andAT are calculated using spline approximations

creases with Greenland temperature increases strongly sugs ihe CH, data and the temperature reconstructigimdler

gests that Cli sources substantially increase emissions con-q¢ al, 2014 with cut-off periods of 100yr. We define em-

nected to a far field response to abrupt northern Warmingpirical thresholds of B ppbdecade! and 005°C decade?

In the following we investigate how close this tie between i, yhe first derivative of the splines as criteria for the start

North Atlantic/Greenland warming and increases in theCH 5 end points of the fast increases for every onset of a DO

emissions is. Here, we introduce the ratiof CHs ampli-  gyent. The amplitude is then calculated in between these two

tudes CH4) and NGRIP temperature amplitudesT) for  hgints. peaks associated with main events or between main

the fast DO event increases as events (see Fidl) are named as p16, p17, p18, p23, and p24
and are always preceding the main event with the indicated

www.clim-past.net/10/903/2014/ Clim. Past, 10, 90920, 2014
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300 | | — Table 2. Methane amplitudeACHg (ppb), temperature amplitude
a ! l—————>! | < AT (°C), and ratio (ppb°C~1) for the fast increases of DO
la v 160ppb « events. Short peaks before the main DO events are denoted with
2 l 68% D c & a prefix p (e.g., p16). Note that the temperature amplitudes are cal-
» 200 — < 0 D £ culated according to the description in S&:2and thus might dif-
f:.:: g | i o g fer compared to the amplitudes calculateddigdler et al.(2014).
£ ] ! L “:’hg“ Notably this is the case for the DO events, which show a two-step
‘3-, I L § o temperature increasgifdler et al, 2014. In this paper we consid-
3 [ 50 ered only the fast part of the increases, which better match the fast
= 100 — : Ta CHj, increases.
|
|
T DO ACHs AT w
. (ppb)  €C) (ppbPC™Y)
oocoocooooooool:ctlolactlcclaloo 0 260.2 10.2 255
8e3T395353 85553853~ RERR 1 1182 125 9.4
CH, (ppb) 3 63.8 12.6 5.0
4 91.3 123 7.4
Fig. 2. Histogram of NGRIP methane measurements over the last 5 91.6 12.3 7.5
glacial cycle (120-10 kyr BP). 68 % of all measurements (dark blue) 6 100.4 9.3 10.8
have a concentration between 460 and 620 ppb with the most fre- 7 155.8 11.2 13.9
quent concentration to be found around 500 ppb. Concentrations 8 128.7 101 12.8
below 420 ppb are only found in the time interval between 30 and 9 75.9 6.3 12.1
17 kyr BP around the LGM. Excluding the Holocene and the end of 10 95.7 135 7.1
the Eemian, concentrations higher than 640 ppb occur only in DO 11 859 14.1 6.1
events 17, 21, 23, 24, and the BA. 12 87.4 126 6.9
13 63.8 8.3 7.6
14 1459 125 11.6
number. Note that the start points of the increases in CH 12 1;1223:3 g; iig
were set manually for DO events 19 and 21, since the data pl6 1160 10.0 11.6
resolution before the increases were lower compared to the 17 144.0 10.4 13.8
cutoff period of the spline. DO events 2 and 25 were excluded pl7 1827 12.7 14.4
from the calculation due to uncertainties in the attribution of 18 1135 10.1 11.2
the peaks. The results fa&tCHy4, AT, andu for all the other p18 44.8 8.3 5.4
DO events are summarized in Tal2le 19 69.8 139 5.0
Note thats reflects a covariance of GHconcentration 20 974 12.2 8.0
amplitudes to temperature amplitudes at the NGRIP site and 21 2221 135 16.5
should not be mixed up with a local temperature sensitivity 32 509 53 192
of CH, emissions to the temperature in the wetland source pgs 12%2 3% 1%1
areas. Although for boreal regions the source temperature 24 177:0 15:0 11:8

changes from stadial to interstadial might be smaller than p24 416 48 8.6

NGRIP temperature changes, they are probably synchronous

within few years and correlated in magnitude. A dominant

role of the boreal source would thus still lead to relatively

stabley values, but more importantly, is a relevant param-  ~ 25.5 pp®C~1 outstandingly high. Apart from the YD/PB,

eter because it documents changes in the Earth system ovbighestu values are found for DO event 21 and p23, which

time (see Sect.2). occurred relatively early during the last glacial. In contrast,
Figure 3 shows that Clij amplitudes and NGRIP tem- the minimum is found for DO event 3, which occurred rela-

perature amplitudes are only weakly correlated. Based otively late during the last glacial. However, DO event 19 and

the argument above, this basically implies a minor role ofp18 also show similarly lov values to DO event 3.

the boreal wetland CH sources to the additional emis-

sions from stadial to interstadiaHuber et al.(2009 re- 3.3 Timing of CH4 and §1°N

ported different levels of. for DO events 9-12 compared

to DO events 15-17, while the complete picture of all DO In the following we investigate the phase relationship of the

events of the last glacial now suggests thataried between fasttemperature and Ghhcreases. Due to the age difference

~5 and~ 18 ppt’C~L. Only . of the transition from the of the ice and the gas at a certain deptfage), it is difficult

Younger Dryas to the Preboreal Holocene (YD/PB) is with to determine a lead or a lag based on a temperature proxy in

Clim. Past, 10, 903920 2014 www.clim-past.net/10/903/2014/
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ice core. The selected data points, where the first increase is visible,
are indicated by open circles.

Fig. 3. Comparison of methane and NGRIP temperature amplitudes

at the fast DO event increases. The calculations are done as de-

scribed in Sect3.2 Numbers of DO events are displayed in ital- equal to 5.9 ppb such as deduced from our reproducibility
ics. Short peaks before the main DO events are denoted with a pretest described in Sec®; the same criterion is applied for

fix p (e.g., p23). The red dashed lines show the envelope defining GGE measurements over DO events 18-20 and 23-25).
minimum and maximunu observed for DO events during the last | case of doubt @ < Ac < 35), we involve a third data
glacial. point, at the expense of a higher uncertainty range of the
starting point. This was the case for the YD/PB and DO

the ice phase (water isotopes) and a direct atmospheric p£Yents 4, 7, 10, 19, 23, and 24. RPN we use a weaker
rameter stored in the air enclosures in the ice {CHiere criterion assuming significant increases if one data point

we use the gas phase temperature proxy from stable niS outside of the unc_ertair_1ty range of the other data point,
trogen isotopes®N to investigate the timing of the fast because the uncertainty is currently set to 0.02B%ker
temperature and CHincreases$everinghaus et al1998. et al, 2006, which is a rather conservative estimate. Again,

This precludes any uncertainty associated with gas age/icg‘ case of doubt, a third data point is taken into account. This
age differences. was the case for the YD/PB and DO events 16 and 18. DO

For both, thes15N and the CH records, we define the events 2, 3, 22, and 25, as well as p23 and p24, are excluded
onset of a DO event by the two neighboring data points infrom the calculations because either the very low amplitude
between which the first significant increase is visible (see®f the noisy baseline before the event made it impossible to

example for DO event 5 in Figd). For both gas proxies, attribute the peaks.

the start of the increase is assumed to be between the ages'Ve find significant lags of the CHncreases compared to
of the two selected time point&c{y, od, cH,.young for CHa, temperature increases for DO events 5, 9, 10, 11, 13, 15, 19,

I315olgr 1515N.young FOF §15N), with the most conservative as- and 20,_ _and p18_ (see th_e red curve in Bifor a Cl_Jn_quative
sumption of equal probabilities for all ages within this range. ProPability density function — pdf). For the remaining events,

The range of possible lags of Gléompared to temperature n@mely for the YD/PB, the BA, and DO events 4, 6, 7, 8, 12,
is then constrained by the two age differences: 14,16, 17, 18, 21, 23, and 24, as well as peaks p16 and p17,

a zero lag is within the equally distributed range of estimated
laGmin = Z515N,young — CHs, old; (2) lags (see the black curve in Fif). The results are summa-
3) rized in Table3. If we instead just count the DO events for

which the last ClH sample with stadial concentration pre-
The rate of increase between the selected points isedes the last sample with stadial temperatu@-3, then
always higher than 1.5ppbdecade for CH; and this takes place in 4 out of all 25 cases. Accordingly, a lag
0.0018 %odecade" for §1°N. For CHs;, we consider an of CHy relative to temperature is more likely than vice versa.
increase as significant if the concentration differenzeof For most of the DO events, we can not exclude a small lead
the two selected data points is greater than(i3e., with o of the CH;y increase, but there exists a clear tendency to lags,

AT (°C)

laGmax = 515N, old — fCHa.young:

www.clim-past.net/10/903/2014/ Clim. Past, 10, 90920, 2014
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0.008 1-3yr at the very start of the DO event increase and is neg-
ligible compared to the uncertainty of the leads and lags we
observe. Second, heat conduction in the firn column causes
0.006 —| the thermal gradient between the surface and the close-off
depth to vanish after a certain time, which is equivalent to
the stabilization of thé1®N level at the amount of its gravi-
0.004 — tational component. However, the thermal conduction in the
firn is about 10 times slower than the diffusion of gas. We
thus assume that this effect has no influence on the shape of
0.002 the 51°N signal at the very start of the increase. Third, the
815N is influenced by the diffusive column height and thus
] by its gravitational enrichment. Apart from temperature, the
0 SIS . diffusive colgmn height is influenced by the apcgmulation
1500 400 300 200 100 O 100 200 300 400 500 rate of thg site lerron and. Langway1980. A significant
lag (yr) increase m_the accu_mulatlon rate some hL_Jndreds of years
before the increase in temperature would increase the dif-
Fig. 5. Normalized probability density function (pdf) of lags be- fusive column height and thus increase the gravitational part
tween methane and NGRIP temperature for DO events showingf §1°N without any change in the temperature. However, on
a significant lag (red), for DO events showing no significant lag the example of DO event §homas et al(2009 showed that
(black), and jointly for all DO events (brown). the increase in accumulation rate may only occur 2 yr earlier
than temperature. Based on their results, we assume that the
Greenland accumulation rate and temperature increase occur
with a mean value of 5& 19yr over all DO events (expected within a few years for all the DO events, which we consider
value and standard error of the mean from the brown curvea reasonable first-order approximation.
in Fig. 5). Note that, although the atmospheric lifetime of
CHy is relatively short, peak CHconcentrations in equilib- 3.4  Interpolar difference at 80-60 kyr BP

rium lag a step change in emissions. However, the first in- , .
crease in concentration essentially starts immediately with-Th€ 163 previously unpublished NGRIP measurements from

out a lag. Since we determine the lag at the very beginnind-GCGE Grenoble have been analyzed together with the sam-
of the increase, the effect is negligible. ples from the Antarctic Vostok ice corBénder et al.2006

The pdfs were calculated for three different groups of DO Within the same measurement campaign and in the same lab-
events (red, black, or brown). Inside of the uncertainty rangePratory and cover approximately the same time interval (80—
of the lag on the lag axis, the probability of an individual DO 80 KyrBP). This allows us to estimate precisely the interpolar
event was assumed to be the inverse of the full uncertaintfoncentration difference (IPD) of GHwithin this time inter-
range of the lag. Outside of the uncertainty range of the lag’a! Using the same approach as describedaymgartner
the probability was set to zero. For each group the probabili-€t - (2019. Figure6 shows that the fast increases of DO
ties of the individual DO events were integrated over the full €V€NtS 18, 19, and 20 can be Identlf!ed in both the NGRIP
range of possible lags and normalized to one. Note that th@nd the Vostok data, which defines tie points for£8yn-
symmetric shape of the pdf for the phase relationship for allchronization. However, in between these sharp DO events,
DO events is a consequence of our conservative lead/lag estil© further events suitable as GHe points are found.
mate. In particular we assume that the true onset of the tem- Ve d0 notestimate a peak interstadial rIPD during the very

perature and Chlincrease lies anywhere between the two short DO events 18, 19, and 20, since the attenuation of the
samples defining the respective onsets. atmospheric variation due to the slow bubble enclosure pro-

Note that usings’®N data to investigate the timing of C€SS Epahni et al.2003 is much stronger in the Vostok ice
Greenland temperature and i not straightforward. First, C€Oré compared to the NGRIP ice core. If the NGRIP data
there is a difference in the gas diffusion constants of,CH are attenuated according to the conditions of the firn at the
and nitrogen in the firn colummBuizert et al.(2012 (Sup- \(ostok site (light blue line in Fig6 is thg output from the
plement) specify values for the relative diffusion constantsfi model,Schwander et al1993 Spahni et a].2003, the
for the NEEM site of 1.367 for Ciiand 1.275 for nitrogen amplitudes of the three DO events are substantially reduced.
relative to the diffusion constant of carbon dioxide (3O Estimates of temperature and accumulation rate at the Vostok
This implies that CH diffuses 7 % faster than nitrogen, in Sit€ between 80 and 60 kyr BP, which are important parame-
agreement wittSeveringhaus et a{1998. However, since ters in the firn model regarding the gas enclosure process, are
the time of the gas to diffuse through the total fim column is @ken fromPetit et al.(1999 andSiegert(2003.
only about 10yr chwander et 311993, the difference in
the diffusion constant will cause an offset in the order of only

normalised pdf
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Table 3. Depth intervalldyoung doldl, time interval[tyoung fold], and lag intervallagm;n. lagnay calculated from Egs.2j and @) at the
start of the fast increases in GHnds1®N at the onset of DO events. Short peaks before the main DO events are denoted with a prefix p
(e.g., p16).

DO dcHsyoung dCHsold  dsisNyoung  “515N.0ld  [CHayoung — ICHzold 515N young  s35N.old  1@Omin  1@Gmax

(m) (m) (m) (m) on on on (yn) n n
0 1518.0 1519.7 1517.5 1519.8 11533.2 11585.7 115194 11589.966 57
1 1631.3 1633.0 1631.4 1634.7 14653.5 14711.3 14657.7 14778.654 125
4 19129 1914.6 1913.6 1915.0 28572.5 28682.7 28611.9 28714271 142
5 1974.0 1975.1 1975.5 1976.3 32309.8 32422.7 32465.5 32555.9 43 246
6 1996.0 1997.1 1995.0 1996.1 33642.3 33721.5 33581.9 336491140 7
7 2029.0 2031.2 2029.3 2030.1 35387.3 35525.1 35402.6 35450122 63
8 2088.0 2088.4 2087.7 2089.8 38400.8 38424.4 38383.6 38509.341 109
9 21175 2119.2 2119.6 21205 40435.8 40560.9 40592.8 40669.1 32 233
10 2140.6 2142.3 2142.7 21446 41748.9 41875.3 41908.1 42083.5 33 335
11 2173.0 2174.2 21745 2176.6 43654.0 43730.5 43754.5 439721 24 318
12 2236.4 2236.9 2236.6 2237.1 47459.5 47496.5 47476.5 47512.620 52
13 2269.3 2270.4 2270.7 2271.7 49792.5 49873.4 49899.5 49980.0 26 188
14 2357.9 2358.9 2357.1 2358.2 55144.4 55245.3 55077.7 55173-168 29
15 2377.7 2378.8 2379.1 2380.2 56591.9 56 685.3 56717.0 56821.2 32 229
16 24101 2410.7 2409.9 24119 58815.0 58859.6 58802.5 58943.457 128
pl6 2413.4 2414.0 2413.2 2414.2 59051.2 59110.1 59037.0 59130.273 79
17 24255 2426.1 2425.3 2426.3 59869.5 59910.4 59856.6 59922.554 53
pl7 2431.6 2432.7 2431.9 2432.8 60203.2 60294.1 60228.4 60 309.266 106
18 2474.4 2476.1 2474.0 2477.3 64772.1 64 963.6 64 743.7 65128-220 356
p18 2515.1 2515.7 2515.8 2516.2 70277.4 70356.6 70368.7 70442.0 12 165
19 2542.3 2543.7 2543.7 25455 72897.3 73003.7 73008.1 73298.3 4 401
20 2586.1 2586.6 2586.6 2587.3 77121.8 77167.1 77170.9 77259.6 4 138
21 2692.3 2693.4 2693.3 2693.9 85365.7 85429.7 85428.0 85468.1-2 102
23 2896.0 2897.2 2896.9 2897.4 104696.8 104820.2 104783.7 104849236 152
24 2945.2 2946.1 29453 2945.8 109121.3 109245.8 109130.8 109209.715 88

For the stadials, we calculate the IPD (rIPD) as a meard Discussion
over the time interval between two sharp DO event peaks,

which yields 207+ 3.0 ppb (4.6 +0.7% for the stadial be- The discussion focuses on the implication of our results on

tween DO events 18 and 19 and42 3.7 ppb(4.4+ 0.8 %) the evolution of the wetland CHsources over the last glacial

for the stadial between DO events 19 and 20. Betweert -
cle. The new NGRIP CHrecord is compared to CH
DO events 17 and 18 the IPD (rIPD) appears to be lower y W ) ! P

. . records from Antarctica in Seet.1, and the variations in the
11_.2:|:5.8ppb(2.6:|: 1.4%) but has a relatively high uncer- ratio of CH; amplitudes to NGRIP temperature amplitudes
;??;?;Fgﬁﬁ/uivehtizﬁ msséﬁciitzg%? ;;?niﬁrgﬁ;;jtgﬂfuﬂégreu are discussed in Seet.2 Finally, Sect4.3 discusses the
tainty of the first NGRIP data point to the Vostok record. timing of CHy and NGRIP temperature.

A rIPD reconstruction before DO event 20 is not possible
since the time resolution of the Vostok record over DO event4.1 Information from the interpolar difference
21 does not permit a precise synchronization. Note that by

taking mean IPD values over rather long periods, potentiaLI.he CH, concentrations reconstructed from Greenland and
short periods of very low rIPD around 64, 70, and 74 kyrBP Antarctica are different by some percent, which yields valu-

are not consider.ed. Two of thosg appear to have higher IPI%Lble information on the latitudinal distribution of the ¢H
values after taking the attenuation into account, while theSources (Fig7b). Baumgartner et al2012 found a rela-

third example around 70 kyr BP would need additional infor- tively stable positive rlPD of about 3-7 % around the LGM

mation on synchronization to make more detailed statements(32_11 kyrBP, in green) and revised the zero rlPD estimate
from Déllenbach et a2000 during the LGM. The rIPD re-
sults between 80 and 60 kyrBP (in green) from the NGRIP
and Vostok ice cores presented in this study (S8cf)
show relatively small rIPD of the same order as the values

www.clim-past.net/10/903/2014/ Clim. Past, 10, 90920, 2014
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Fig. 6. Interpolar concentration difference of methane calculated in the stadial periods between 80 and 60 kyrBP. The samples from Green-
land (new data from NGRIP in blue) and Vostok (r8&nder et al.2006 have been measured during the same measurement series and in
the same laboratory (LGGE Grenoble). The absolute interpolar concentration difference (IPD) is shown in green, the relative interpolar con-
centration difference (rIPD) is given in numbers. The methane data from NGRIP that are not from LGGE and shown in grey (new data and
Huber et al. 2006 are shifted to the LGGE scale in this plot (see S2étr details to the offset corrections). The thick blue line represents

the firn model output§chwander et 11993 Spahni et a].2003, where the NGRIP data have been attenuated to Vostok conditions.

from Baumgartner et al2012 pointing to a similar source new NGRIP CH data reveal that the AICC201%€res et al.
distribution as during the LGM. 2013 gas age scale for NGRIP is inconsistent with the4CH
For DO events 3—-12Dallenbach et al(2000 suggested data of EDML and TALDICE for several DO event transi-
a relative increase of the northern source compared to théons. We thus do not make use of the AICC2012 but use our
southern source from stadial to interstadial based on th@wn CH; synchronization.
rIPD. Here, we merge the existing ice core LCthta from In the mean over all the remaining DO events, we qualita-
EPICA Dronning Maud Land (EDML)Baumgartner et al.  tively confirm the statement frorBallenbach et al(2000
2012 Capron et al. 2010h EPICA Community Mem- and support a northward shift of the @Kources during
bers 2006 Schilt et al, 20108 and Talos Dome Ice Core the transition from stadial (blue) to interstadial (red) condi-
(TALDICE) (Buiron et al, 2011, Stenni et al.2011; Schilt tions. However, the rIPD as calculated from NGRIP, EDML
et al, 20108 (red curve in Fig.7a) and look at the rIPD and TALDICE does not show a continuous reduction over
based on this combined Antarctic record and our new NGRIRhe last glacial cycle as might be expected from the growth
record from Greenland (blue curve in Figa). The pub- of the ice sheets and the associated suppression of the bo-
lished records from EDML and TALDICE have been cor- real source strength. Note that we refrain from making more
rected for the 6 ppb offset between Bern and LGGRahni  detailed statements due to the offsets between the different
et al, 2005; however, comparison of all available data re- NGRIP sections (see Se&).and also due to offsets between
veals remaining mean interlaboratory offsets of anotti2t6  measurements of Bern and LGGE in the EDML and the
1.2ppb for TALDICE, and 64+ 1.0ppb for EDML for ages  TALDICE records. We underline the necessity of analyzing
younger than 50 kyr BP and 295-0.8 ppb for ages older than in the future both Greenland and Antarctic ice core samples
50 kyrBP. We applied these additional offset corrections toduring one joint measurement campaign to be able to derive
put all values on the Bern reference scale and note that, apareliable rIPD values as recently performed Bgumgartner
from EDML for ages older than 50 kyrBP, the total offset et al.(2012, Mitchell et al. (2013 or in this study over DO
corrections are well in line with the 12+ 1.1 ppb offset de-  events 18-20 (Sec3.4).
rived from recently measured NGRIP data at Bern and LGGE
over DO events 23-25 (see S&dt.Very short events, whose
amplitudes could have been affected differently by varying
attenuation characteristics at the different siggsahni et al.
2003 Baumgartner et 12012, are excluded. Note that our

Clim. Past, 10, 903920 2014 www.clim-past.net/10/903/2014/
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2010k Huber et al, 2006 Fluckiger et al, 2004 and new data) and merged records from

’

study over DO events 18-20 in green, rIPD (after application of offset corrections) based on NGRIP and merged EDML and TALDICE

in red (interstadial) and blue (stadia{{y) ratio u of CH4 amplitudes to NGRIP temperature amplitudes, the dashed line is the regression
through the maxima oft; (D) 6 June insolation evaluated at the ages of the DO events (orange diamond3NafQann et al, 1997);

Fig. 7. Variations inu and timing of the fast DO event increasés) Atmospheric CH concentration from NGRIP (bluBaumgartner et al.
(E) lag of the fast CH concentration increases and NGRIP temperature increase as it is visible in the comparisaraoti&¥tN (Kindler

2012 Capron et a.2010h 2012 Schilt et al
EDML (Baumgartner et 12012 Schilt et al, 2010k Capron et a].2010h EPICA Community Member2006§ and TALDICE Buiron

et al, 2011, Stenni et al. 2011 Schilt et al, 20108 ice cores in red(B) rIPD from Baumgartner et a2012 and new data from this
et al, 20149, the events marked with red show lags significantly different from Zg&rpatmospheric C@ concentration from EDML and

TALDICE (Bereiter et al.2012 Lithi et al, 2010, EPICA Dome C §onnin et al

2001, and the Byrd ice coreAhn and Brook 2007,
Hulu cave values are shifted byl.6 %o to match the

2008); (H) smoothed version of the sea level recarblling et al, 2009 Grant et al.2012. Speleothem and

sea level records are shown on their original timescales, the other records are on the gas age scale calkiridteddiyal.(2014) based

on the ss09sea06bm ice age scAIERIP Project Member2004 Andersen et al2006 Johnsen et 812001). The CQ records have been

2008; (G) speleothens180 from Hulu and Sanbao caviVang et al, 2001, 2009
brought on the same age scale by {3ynchronization — se@).

Sanbao valuesiang et al

Clim. Past, 10, 90820, 2014
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Fig. 8. Normalization of insolation to the scale(A) CH; amplitudes at DO events from NGRIP (see also Bjg(B) Greenland temperature
amplitudes at DO events from NGRI) u (purple line, see also Figc) and 6 June insolation at 301 normalized to the: scale (orange);
(D) residuals ofu minus normalized 6 June insolation a3, (E) 6 June insolation at 3ON.

4.2 Variations in u Convergence Zone (ITCZ) and the monsoon syste@is- (

ang 2009 Broccaoli et al, 2006 Bozbiyik et al, 2011), which
The ration of CH4 amplitudes to NGRIP temperature am- moves the necessary amount of moisture from the southern to
plitudes at the fast DO warmings (Fig& and8c) shows co-  the CHy-source rich northern mid-latitudes. Variations in the
variation to northern low-latitude summer insolation (Fid.  amount of precipitation (e.g., monsoon strength) from one
and Fig.8e). This covariance with insolation is also visible DO event to the other are thus very likely to drive the ob-
in the CH; DO event amplitudes alone (Fifa) (Flickiger  served non-linear variations jm via total wetland area and
et al, 2004 Brook et al, 1996. length of emission seasons.

Based on the connection of GHamplitudes with low- Temperature changes at the onset of DO events recon-
latitude northern summer insolatioRluckiger et al.(2004 structed from NGRIPKindler et al, 2014 and used for the
concluded that the seasonal distribution of insolation is cru-calculation ofu reflect changes in Greenland mean annual
cial for wetland CH emission strength at the onset of temperatures from stadial to interstadial conditions. In con-
DO events. The precessional influence is also visible intrast, most important for wetland Ghbroductivity is the av-
cave speleothemd!80 records (Fig7g), a proxy for mon-  eraged temperature at the wetland source location during the
soon strength in northern mid-latitudéa/gng et al. 2001, warmest months of the year. The amplitude of the seasonal
2008. Apparently, the rapid Greenland DO event temper-temperature variation, i.e., maximum annual temperature mi-
ature variations have counterparts in mid-latitude precipita-nus mean annual temperature, depends on the amplitude of
tion records, which implies a far-field influence of extratrop- the seasonal variation in insolation at a given latitude. While
ical warming on these important Ghivetland regionsChi- the stadial CH baseline does not appear to be strongly mod-
ang and Friedmar2012). The fast increases in precipitation ulated by insolation, itis the evolution of the peak interstadial
are in connection with latitudinal shifts of the Intertropical

Clim. Past, 10, 903920 2014 www.clim-past.net/10/903/2014/
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concentrations that leads to the covariance of the @G- DO event 11 and p17, which occur around extreme northern

plitudes and northern summer insolatideli{ckiger et al, summer insolation states (Figd). In comparison, the devi-

2004). Thus the non-linear variations jncould be supported ations during DO event 8 and the BA, which occur during

by variations in the difference of maximum annual tempera-moderate northern summer insolation states, are smaller. Al-

ture minus mean annual temperature at mid-latitude wetlandhough the different insolation states are taken into account

source locations during interstadial periods. by Hopcroft et al.(2014), it is possible that the influence of
From 120 to 20 kyrBP we observe an overall decrease imorthern summer insolation has to be refined in the model.

the maxima ofu, indicated by the dashed regression line in

Fig. 7c. Looking at the insolation curve it is notable that the 4.3 Timing of CH4 and NGRIP temperature

local maxima in northern summer insolation decrease in par-_. .

allel to the maxima in«. Following the argument above, the Fi9ure 7€ shows the timing of the fast NGRIP temperature

decrease of the maxima jn could be a consequence of de- @nd CH increases for all considered DO events, with the

creasing wetland extent and/or decreasing summer temper&Y€Nts showing a significant lag displayed in red. Our re-

ture relative to mean annual temperature at the northern lo/fonstruction for DO event 21 is consistent witalielonga
latitude CHy source regions. The lack of DO events around €t @l-(2012, who also used the gas phase temperature proxy

15 L :
the insolation minima at 96 and 117 kyr BP makes it impossi-3 N 0 compare with high-resolution Gitiata on NGRIP
ble to compare the trend of theminima with the insolation  IC& and estimated a maximum lag for this event of:88yr
minima over the full last glacial. However, the minimum of With @ most probable lag of only a few decades. The pro-

1 around 72 kyrBP appears to be lower than the minimumcesses that could lead tq alag of thefdhtreases compared
around 48 kyr BP, which is in line with the increase in the to NGRIP temperature increases at the onset of DO events

two corresponding insolation minima. We therefore conclude@'® Not well understood. One can think of two extreme; CH

that insolation alone is able to explain a very large part of theSOUrce evolution scenarios leading to a lag of4Chh the
variability in . first case, where the stadial @ldources are maintained after

Figure8c shows 6 June insolation at 3 normalized to the start of Greenland warming, all the important additional

the u scale (orange curve). Note that 6 June insolation wasCH4 sources causing the stadial-interstadial concentration
chosen because it shows the highest correlatioe: 0.72) increase must be delayed by at least the time of the corre-
to 1« (purple curve). In Fig8d the normalized insolation is SPonding lag. Otherwise, if there were any important addi-
subtracted fromu and the corresponding residuals are showntional sources showing an immediate response to Greenland
to discuss potential minor effects in the variabilityothat ~ Warming, we would expect the Gitoncentration to achieve
are not driven by insolation. Note that the residuals can po_at least parts of its DO event increase instantaneously. In the

tentially be affected by age scale uncertainties. Potential canS€c0ONd case a breakdown of parts of the stadiaj &Hirces
didates, which could influence wetland Gldmissions are immediately after the Greenland warming leads to the reduc-

the CQ concentration (Fig7f, Bereiter et al. 2012 Liithi tion in emissions compensated by the rapid response of the
et al, 2010 Ahn and Brook 2007 2008 Monnin et al new sources. Due to the short atmospheric lifetime of,CH
2001) or sea level (Fig7h, Rohling et al, 2009 Grant et al, this process of source compens_ation would greate a lag be-
2012. Sea level is certainly a candidate that can alter to-Ween the start of the increase in atmospheric, €bhcen-

tal wetland area. Probably most importantly, a higher sedration relative to the start of the increase in emissions of the
level leads to a higher ground water level and thus pro_interstadigl CH sources. In the .fo!lowing we will discuss
motes the existence of wet areas at coastal low lands. cOWNY we think the second scenario is more likely.

on the other hand influences the net primary productivity and Modeling studies suggest an immediate increase in North-
thus is important to provide organic material, which can be®™n Hemisphere temperature as a reaction to high-latitude

decomposed to CHBridgham et al.2013. northern warming (e.gMenviel et al, 2011, Renold et al.
The range ofx (5.0-25.5ppbC—1) obtained from our 2010. Accordingly, an immediate response of the existing

data compares well to an experiment from a wetland, CH CHa wetland source regions would be expected in agree-
emission model simulation (6.3—24.1 R %) by Hopcroft ment with the majority of the DO events (Fige, black).

et al. (2011, who applied different idealized climate states. AN immediate response of boreal wetland £sburces to
Hopcroft et al.(2014 performed a similar experiment for & rapid cooling is also supported in a North Atlantic freshwa-

the BA, p17, and DO events 8 and 11, resulting in sensitiv-t" hosing experiment by a dynamic vegetation model study
ities of 12.2, 11.5, 9.6, and 8.5 ppB1, respectively. The (zurcher et al.2013. A recent global Clj wetland emission
deviation from ourx values for the specified events-4€9, model_study simulates slightly different temporal evolutions
—10, +57, and—41 %, respectivelyHopcroft et al.(2011, of tropical compared_ to bpreal wetland ¢Bburce responses
2014 notice that their model generally underestimates thel® @ DO eventwarmingRingeval et al.2013, but the global

total CH; amplitudes; however, it also underestimates the/Ncrease starts when the first source increases, which is at the
Greenland temperature variations calculated from a freshwaS2@Me time as the Greenland temperature increase in the same

ter hosing experiment. The largest deviations are found fofM°del run Hopcroft et al, 2013).
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On the other hand, the concept of latitudinal shifts in the 2014 Huber et al.2006 Landais et a].2004 2005 Capron
position of the ITCZ at stadial-interstadial transitions (e.g., et al, 2010a b, 2012, has revealed a tendency to lags of the
Bozbiyik et al, 2011, Chiang 2009 Chiang and Friedman CHj, increases of about 56 19yr on average. We hypothe-
2012 Chiang et al.2003 Wang et al.2004, which isvisible  size that the DO events showing a higher lag are character-
in the speleothem records (Fifg, Wang et al.2001, 2008, ized by stronger northward shifts of the source regions, in
supports a replacement of the stadial by new interstadial CH line with generally low CH increase rates. Bottom-up emis-
source regions driven by the displacement of the precipitasions models, which incorporate the processes of ITCZ shifts
tion belts that feed the wetlands. A northward shift of the and transformation from vegetation to wetland area, might
CHg4 sources is also supported by our rIPD reconstructionbe able to simulate the temporal evolution of £éhissions
(Fig. 7b) for most of the DO events. Based on the rIPD a par-at a DO event transition. We have shown that the rIPD of
ticularly strong northward shift is expected for DO events CHg4, which is a further important constraint for modeling
10-11, which are two of those events showing a significantstudies, is about 4.5 % in the stadials between DO events 18
lag compared to NGRIP temperature. The two-box modeland 20, which compares well with the rIPD before and af-
from Baumgartner et al(2012 indeed predicts a~-50%  ter DO event 2 Baumgartner et gl2012. The rIPD tends
decrease in the southern hemispheric source strength frono be higher for interstadials compared to stadials and does
stadial to interstadial for such a rIPD configuration, which not show obvious trends during the glacial, but future bipolar
requires compensation by new source regions before the fagheasurements are required to confirm and extend the rIPD
DO eventincrease of the GHdoncentrations can start. Look- estimates over DO events 5—-17 and DO events 21-25.
ing at CH, increase rate€happellaz et a(2013 find max-
imum increase rates for DO events during the last glacial o
0.6-2.5 ppbyr _based on Clz;lmeasgrements f“"_m contint- 4\ ailable online athttp://www.clim-past.net/10/903/2014/
ous flow analysis along the NEEM ice core. In line with the cp-10-903-2014-supplement.zip
theory of source compensation, the events showing a signif-
icant lag belong to the group of smaller increase rates. It is
further apparent that, with the exception of DO event 15, theAcknowledgementsThis work, which is a contribution to the
CH, amplitudes of the events showing a lag are relativelyNorth Greenland Ice Core Project (NGRIP), was supported by the
small, which means that the orbital configuration was favor-University of Bern, the Swiss National Science Foundation, and
able for southern hemispheric emissions before the onset df'¢ Prince Albert Il of Monaco Foundation. Additional support
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