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Abstract

Large temperature variations on millennial time scales in Greenland characterised the last ice age. Abrupt warmings, known as
Dansgaard–Oeschger (DO) events, can be traced in the δ18Oice record of Greenland ice cores. However, it has been shown that
δ18Oice is not a direct temperature proxy. Measurements of the isotopic composition of gases trapped in the ice can be used to
calibrate the paleothermometer. Here we present a continuous temperature record based on high resolution δ15N measurements and
firn model studies. It covers a sequence of 9 DO events (9–17) during the time period from 38 to 64 kyr BP for which temperature
changes of 8 to 15 °C were estimated. The difference between the modern and the glacial δ18Oice–T relationship can be explained by
a combination of source temperature changes and changes in the annual distribution of precipitation. A detailed comparison of the
temperature evolution with reconstructions of the atmospheric methane (CH4) concentration shows that CH4 rises lag temperature
increases at the onset of DO events by 25 to 70 yr within data resolution. The strong correlation between Greenland temperature and
CH4 on millennial and submillennial time scales suggests that variations on these time scales were probably of hemispheric extent.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The climate over the last glacial period was charac-
terised by numerous abrupt climate changes known as
Dansgaard–Oeschger (DO) events [1]. They can be
traced in paleorecords from the Arctic ice sheets, as well
as from tropical and subtropical regions [2–5]. DO
events are most prominently represented in δ18Oice,
the oxygen isotope ratio in Greenland ice cores. They
have been related to shifts of the ocean thermohaline
circulation (THC) [6–8]. DO events in Greenland
typically start with a rapid warming of about 8 up to
16 °C within a few decades [9–12] followed by a
more gradual cooling phase over several centuries and
a rapid drop back towards cold stadial conditions. The
long lasting DO events were preceded by massive ice
surges from the northern ice sheets, documented by
debris deposits at the ocean floor known as Heinrich
(H) events [13].

Water isotopes in ice cores (δ18Oice or δD) are useful
temperature proxies because changes in isotopic compo-
sition of precipitation in polar regions are mainly related
to variations of temperatures at the site of precipitation.
The present day spatial relationship between δ18Oice and
temperature, αspatial, is estimated at 0.67‰/K for Green-
land [14]. α depends on variations of the seasonal
precipitation distribution [17] and/or changes occurring
at the source region [18,19] of precipitation. Therefore,
the present day αspatial cannot be used to quantitatively
interpret past climate shifts [15,16].

Measurements of the isotopic composition of nitro-
gen δ15N and/or argon δ40Ar on air trapped in ice cores
can be used to calibrate the δ18Oice to temperature
relation, during an event of rapid temperature change
[9–12,20–22]. Because atmospheric δ15N is constant
[23], changes of this air parameter trapped in ice indicate
fractionations due to gravitation and thermal diffusion
[24]. Rapid warming or cooling at the surface produces
a temperature gradient in the firn that forces the heavier
isotopes to migrate towards the cold end. This results in
an alteration of the isotope signal trapped in the ice core.
The surface temperature change can be reconstructed by
comparing the measured isotope fractionation with firn
gas diffusion model calculations. This approach has
been used to deduce rapid temperature changes for
several DO events [9–12,20,24,25] during the last
glacial epoch.

Here we present a reconstruction of the temperature
evolution over 9 consecutive DO events (events 9 to
17) during Marine Isotope Stage (MIS) 3, based on
high resolution δ15N measurements on the ice core
from the North Greenland Ice Core Project (North-
GRIP) [26], using a new on-line technique [27,28].
This record is compared with existing high resolution
CH4 measurements from the NorthGRIP [29] (DO
9–12), and the GISP2 [31,30] (DO 9–17) ice cores.
Additionally, we present new highly resolved CH4

measurements from the NorthGRIP ice core for the
time period of DO 15–17. This allows us to compare
in detail methane and reconstructed temperature
evolutions over a longer time period including rapid
temperature variations (DO 9–17).

2. Method

Firn, the porous upper 50–100 m of an ice sheet, can
be divided into three zones from top to bottom: (i) The
convective zone, where the air is well mixed with the
atmosphere; (ii) The diffusive column, where the
isotopic and elemental composition of the air is altered
by diffusion, such as gravitational settling [32,33] and
thermal diffusion [9,20,24]; (iii) The non-diffusive zone,
where no vertical mixing of the air occurs.

Isotopic enrichment due to gravitational fraction-
ation, e.g. of δ15N, at the bottom of the diffusive
column can be calculated using the barometric equation
[32,33]:

dðzÞ ¼ ðeðDmgz=RTÞ−1Þd1000xiDmdgdz=ðRdTÞd1000x
ð1Þ

where Δm is the mass difference between the isotope
species, T is the mean firn temperature, z is the firn
depth, g the Earth gravitational acceleration, and R the
ideal gas constant. Hence, for stable climatic conditions
the diffusive column height (DCH) is rather constant
and can be obtained from nitrogen or argon isotope
ratios measured in the ice core. The second process that
alters the isotopic composition of the air in the firn
diffusive column is thermal diffusion:

d ¼ Tt
Tb

� �aT

−1
� �

d1000xiXdDT ð2Þ

where ΔT is the temperature difference between the top
(Tt) and the bottom (Tb) of the diffusive column, αT is
the thermal diffusion constant, and Ω the thermal
diffusion sensitivity (‰/K). The latter two parameters
depend on the mean firn temperature [20]. Gratchev and
Severinghaus [34] measured the thermal diffusion
sensitivity of nitrogen isotopes. An abrupt surface
temperature increase, e.g., at a DO event, causes a
temperature gradient in the firn column. In this case 15N
is enriched over 14N at close off depth (Eq. (2)) because
gas diffusion is about 10 times faster than temperature



Fig. 1. (Top panel) δ15N data of NorthGRIP obtained by Landais et al.
[12] (blue squares) as well as modelled δ15N for different scenarios
plotted against depth. (Bottom panel) Corresponding temperature
evolution (solid lines) and accumulation rates (dashed lines).
Temperature evolution obtained by Landais et al. [12] based on
δ15Nexcess method (red line) using the ss09sea accumulation rate, same
temperature evolution but 20% reduced accumulation rate (cyan line,
this study) and tuned temperature and accumulation rate (green line,
this study). The mismatch between the reduced accumulation rate
scenario (cyan line) with the data documents that the reduced
accumulation rate scenario is not adequate. The tuned scenario is
very similar to the δ15Nexcess scenario however shifted by −1.5 °C.
Increased accumulation rates could be responsible for the significant
mismatch during the end of DO 19 as indicated by the green dashed
line due to an deepening of the close-off depth.
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diffusion in the firn [35,36]. Temperature diffusion re-
establishes a uniform temperature profile after a few
centuries whereby the fractionation disappears.

These two effects can be quantified by nitrogen and
argon isotope measurements on the same air sample. As
for nitrogen, argon has constant atmospheric isotopic
composition.

The gravitational signal of δ15N and δ40Ar /4 is
identical, but the thermal diffusivities are different.
Hence, the temperature gradient in the firn is propor-
tional to δ15Nexcess=δ

15N−δ40Ar /4 [10,11]. By mea-
suring both parameters, δ15N and δ40Ar, on air extracted
from Greenland ice cores, the magnitude of abrupt
temperature changes can be estimated [10–12,21]. One
prerequisite for this method is the availability of
accurate values for the thermal diffusion constants
[34,37].

The precision of our argon data is too low for the
δ15Nexcess calculation [28] therefore, we are forced to
follow an alternative approach. A combined firn
densification/temperature/gas diffusion model [36,22]
is used to calculate the evolution of δ15N in a forward
model sense, using an assumed temperature and snow
accumulation rate history. The model results are then
compared to the measurements [9,20]. Three model
approaches (approach 1, 2 and 3) are explained in detail
in the Appendix. Both methods, the δ15Nexcess and our
model approach, are subjected to uncertainty in
estimating temperature variations when the existence
of a significant convective zone (≥10 m) cannot be
excluded. This is because the convective zone lowers
the thermal gradient that causes the δ15N or the
δ15Nexcess signal. When this effect is not accounted
for, both methods tend to underestimate the temperature
changes (see Appendix A.1. for more details).

The validity of our model approach has been checked
for different DO events. For DO 19 the abrupt
temperature change of 16 °C determined with the
model-approach on the GRIP ice core [9] has been
confirmed with the δ15Nexcess-approach on NorthGRIP
ice [12]. Additionally, on DO 12 the converse way of
confirmation was performed using the δ15Nexcess

method on GRIP ice [11] and our model approach on
NorthGRIP ice (this study). Even the observed long
term offset in δ18Oice during the glacial period in
contrast to the Holocene [26] cannot weaken this
confirmation using different cores from Greenland for
two reasons: (i) the signals for rapid changes agree well
during the glacial and (ii) the difference of δ18Oice

records from NorthGRIP and GRIP does not exhibit
variations associated with DO events. Apparently, the
latitudinal temperature sensitivity does not change much
on centennial to millennial time scales in contrast to
longer time scales (10 kyr) between those two sites.

Another test of the validity of both methods was
performed by a direct comparison of the two methods
for DO events 18, 19 and 20 using the measurements of
Landais et al. [12]. They showed that their surface
temperature scenario and firnification model were able
to reproduce both δ15Nexcess and δ15N with a small
convective zone of 2 to 5 m for both the GRIP and
NorthGRIP location. Therefore, we assumed no
convective zone. This is supported by our results
from the convective zone approach (see below and
Appendix A.1., Fig. 8) where no correlation between
DO events and reconstructed convective zone depth is
obtained. First, we compared results of two different
firn densification/temperature/gas diffusion models
[36,22] and found no significant differences for the
same input values. Second, we ran our model for
different input values in order to match δ15N values of
Landais et al., [12]. Different scenarios are given in
Fig. 1. For the scenario with a reduced accumulation
rate as used for DO events 9–17 (see below), the model
δ15N does not match the data (cyan line). A good
agreement can be reached for higher accumulation
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rates, except for the end of DO 19 (green line). How-
ever, this is also the case for the δ15Nexcess approach.
The temperature evolution (green line) is consistent
with the results obtained by the δ15Nexcess method
documenting the validity of both approaches. The
independent temperature estimates are well within the
assigned temperature uncertainty of ±3 °C derived
from δ15N alone.

The model input is the surface temperature, Ts, and
the accumulation rate. Accumulation strongly depends
on temperature. Hence it can be related to δ18Oice

[16] by an empirical relation determined for present
day conditions. However, the relations of the tem-
perature as well as of the accumulation to δ18Oice are
not well known for glacial conditions. This is
documented by significantly different accumulation
estimates for GRIP and GISP2 [16,38]. In our model
we tuned both parameters (surface temperature and
the accumulation rate) in order to minimize the
squared deviations between the model and the
measured δ15N. A detailed description of the fitting
procedure is given in Appendix A, where different
approaches, which have been used to deduce past
temperature evolution from our NorthGRIP δ15N data,
are discussed and compared with each other. This
leads to two conclusions. The relation between tem-
perature and δ18Oice is not linear and should be
revised. Our findings support a more complex
relationship that is influenced most probably by
varying seasonal precipitation distribution and
changes of the precipitation source region. The best
fit is achieved by reducing the accumulation rates by
20% compared to the assumptions made in the ice flow
dating model for the NorthGRIP ss09 sea age scale
[39,26]. In order to preserve the depth-to-age relation of
the NorthGRIP ice core that is independently determined
[39], the ice thinning function has to be changed
accordingly.

The tuning procedure (iteration) yields the tem-
perature evolution over the observed time period. A
good agreement between model and measurements is
obtained for the magnitude of the δ15N fractionation
as well as for the timing of the events (Fig. 2). This
suggests that the relation between accumulation rate
and temperature used in the model is a reasonable
choice. Hence, we obtain a good estimate for the ice-
age to gas-age difference (Δage) which, however, is
dependent on the age scale used. Even more im-
portant is a comparison of measured and modelled
Δdepths that are not dependent on the used age scale.
This leads to a reconstructed temperature record from
δ15N values and allows us to compare it to CH4
within the time resolution of ±25 yr of the records.
Note that different absolute temperature levels, as
much as 5 °C (see Appendix A.2.), are expected due
to model dependencies on the assumed accumulation
rate and the convective zone depth but with minor
influence on the rapid temperature changes. An
increase of 3.5 °C corresponds to a reduction of the
diffusive column height of 10 m and therefore a
reduced δ15N of 0.05‰, it does however lead to a
mismatch of model and measured Δdepths. This can
be compensated by a reduced accumulation rate his-
tory associated with a corresponding change in the
thinning function as mentioned above (see Appendix
A.3. for details).

Independent of the mean temperature level, the
amplitude of rapid temperature changes can be deter-
mined with a precision better than ±3 °C, corresponding
to the 95% confidence interval (2σ). This error is deter-
mined using Monte Carlo simulations (see Appendix A)
and originates primarily from the analytical uncertainty
of the δ15N measurements of ±0.02‰ (±2×0.02‰ /Ω=
±2.9 °C, where Ω is the thermal diffusion sensitivity,
with a value of 0.014‰/°C at −50 °C [34]).

It has to be mentioned that if large convective
zones (≥10 m) exist during cold stages — for
instance due to increased wind-pumping—then rapid
transitions from cold to warm stages could lead to an
abrupt decrease of those convective zones mimicking
rapid temperature increases due to a lowering of
wind-pumping. This effect is not accounted for in
our present model and would also not be compen-
sated by the slower adjustment towards shallower
close-off depths. Such a scenario seems to be rather
unlikely since calculated convective zone evolution
via the mismatch of model and measured δ15N does
not show a correlation with the rapid DO events (see
Appendix A.1., Fig. 8). Nevertheless, it cannot be
ruled out.

Therefore, we decreased the lower uncertainty
limit due to this effect during rapid changes by
additional 3 °C, corresponding to a change of nearly
10 m in the convective zone height. This effect may
lead to lower temperature shifts as assigned in Fig. 2
based on our assumption of a non-existing convective
zone. Hence, the temperature sensitivity for rapid
changes would decrease between GRIP and North-
GRIP in contrast to general findings with increasing
latitude. It would, however, explain the disagreement
between model and measured δ15N values, but the
discrepancy in Δdepths would still remain and
therefore favours our approach 3 as discussed in the
Appendix of a reduced accumulation. Improvements



Fig. 2. (Top panel) NorthGRIP δ18Oice [26], (middle panel) NorthGRIP δ15N, (bottom panel) surface temperature (solid line), and CH4 concentration
from NorthGRIP [29] (filled diamonds) and GISP2 [50] (open circles), for the time period of DO 8–17 (38 to 64 kyr BP). All curves are plotted on the
GRIP2001/ss09sea [39,26] age scale. δ15N measurements (dots) are compared to a model curve (dashed line). The temperature curve is deduced by
fitting a firn densification and heat diffusion model [36] to the δ15N data. Temperature is plotted as smoothed line (50 yr). Upper and lower uncertainty
limits (2 σ) are given. They are not symmetric during DO events due to potential influences of rapid changes of the convective zone which could
mimic temperature variations (for details see text) and hence would result in an enhanced temperature shift. Temperature changes associated with DO
events are marked for each event except for DO 8 which could not be interpreted, due to the lack of δ15N measurements. Heinrich (H) events are
marked as shaded bands [13].
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of these estimates could be obtained by measuring
argon isotopes.

3. Results and discussion

3.1. Greenland temperature evolution during MIS 3

In Fig. 2 the calculated surface temperature evolution
is shown over the time period from 64 and 38 kyr BP
corresponding to nearly the complete MIS 3. MIS 3 is
characterized by various abrupt temperature changes
with amplitudes of up to 15 °C (in about 200 yr). A
typical mean rate of the temperature change at the
beginning of DO events was 0.5±0.1 °C/decade
(Table1, Fig. 3). However, maximum temperature rates
are about 1 °C/decade. The amplitude of the temperature
changes attributed to the different DO events are marked
in Fig. 2 and listed in Table 1 and correspond to the
integral of the curves in Fig. 3. For the further discussion
we distinguish three sequences: (i) DO 12–9, (ii) DO
14–13, (iii) DO 17–15. All three sequences have in
common that peak temperatures were high for the first
event and were monotonically decreasing for subse-
quent ones. DO 12 and 17 were preceded by H-events 5
and 6, respectively [40,13]. Event H-5.2, before DO 14,
cannot clearly be associated with a H-event, but some
sediment proxies as well as sea level changes show H-
like behaviour [41,42,13]. However, while DO events



Fig. 3. Rates of change in temperature (top panel) and in methane
(bottom panel) for all DO events investigated synchronized to a
common time scale. Temperature rates are calculated using the
scenario three (see Appendix A). Methane rates are based on a splined
version of the NorthGRIP methane data. The spline-data difference is
within the measurement uncertainty. The initiation of temperature
increase for every DO event is shifted to the year zero. Note that due to
very scarce data the methane rates were not calculated for the events
DO 13 and DO 14. The length of temperature and methane increase
can be retrieved for every single DO event from the time interval of
positive rates. Furthermore, the timing between temperature and
methane increase can be evaluated. Based on this detailed study,
methane lags temperature in the range of 25 to 70 yr with an
uncertainty of 25 yr due to the data resolution.
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12–9 started with a large event followed by three
smaller events, the sequence of DO 14–13 was
characterized by a very long and stable warm phase
(∼2500 yr) followed by a 2000-yr period of interme-
diate temperatures and a very short cold interval before
DO 13 started. The sequence of DO 17–15 was
extremely unstable with a characteristic time scale of
400 yr and an amplitude of 7–12 °C. In this time
window, all events show a more or less pronounced
second temperature peak (labelled with a in the δ18O
record of Fig. 2). These events are rather short, e.g., DO
17 (duration=400 yr, from one cold phase to the next),
DO 16 (300 yr), and DO 15a (200 yr), with warm phases
of only a few decades. Nevertheless, the first DO events
of each cycle, DO events 12, 14 and 17, which are
preceded by H-events, show roughly the same temper-
ature change of about 12 °C. The 12.5 °C temperature
shift of DO 12 is in agreement with a 12 °C change
determined with the combined use of δ15N and δ40Ar
measurements on the GRIP ice core [11]. Interestingly,
the largest temperature change is not observed for one of
the long events, but for DO 11 with a 15±3 °C
temperature increase, albeit with a slower rise (580 yr
from start to top of peak).

3.2. The δ18Oice to temperature relationship during
MIS 3

Boyle [18] related the shift of the δ18O–T relationship
in Greenland ice over the LGM–Holocene transition to
changes of tropical sea surface temperatures (SST) in the
Atlantic. Changes of the source temperature influence
the intercept of the δ18O–T relationship but not the slope
(Fig. 4). The simultaneous change of both, the site and
the source temperature, results in an apparently smaller
slope of δ18O–T relationship. Such calculations were
made for the LGM–Holocene transition where the
source temperatures were about 4–8 °C cooler than at
present [43,44]. The present data permit to test this
relationship for stadial–interstadial transitions. In Fig. 4
δ18Oice corrected for changes of the oxygen isotopic
composition of seawater, is plotted versus the isotope
calibrated temperature. Our data suggest a similar
behaviour of the δ18O–T relationship during stadial–
interstadial transitions as between LGM and Holocene.
There is a good linear (R2 =0.83, geometric mean
regression) relationship between δ18O and temperature
with a slope of (0.41±0.05)‰/Kwhich is slightly higher
than half the present day spatial slope, corresponding to
the values obtained by borehole temperature calibrations
[16,45] for the last glacial to interglacial transition. A
source temperature change leads to a shift of the line
representing the modern δ18O–T relationship parallel to
the horizontal axis in Fig. 4.

δ18Oice does not depend on the mean annual
temperature but on the precipitation weighted temper-
ature. Since winter-to-summer temperature and precip-
itation differences are large, seasonality has an impact
on the isotopic composition of the snow [46,47]. The
glacial decrease in winter precipitation, predicted by
isotope models [17], leads to a δ18Oice that is much
higher than one would expect from the site temperature
change alone. This results in a shift of the modern δ18O–
T curve parallel to the vertical axis of Fig. 4. Thus
seasonality variations can either compensate or amplify
the effects of a changing source temperature on the
δ18O–T relation. For example, a lowering of the δ18Oice

stadial–interstadial change by 3–4‰ due to an increase
of winter precipitation would be consistent with our
measurements when constant source temperatures were



Table 1
Rates of changes at the onset of DO events, Δage and Δdepth

DO ΔT Mean
(°C) a

Uncertainty b Δt
(yr) c

Rate of change
(°C/decade) d

ΔCH4
a

(ppb)
Rate of change
(ppb/°C) d

Δage
(yr)

Δdepth
(m) e

9 9 f +3; −6 216 0.28 78 8.7 1067 17.5
10 11.5 +3; −6 198 0.58 88 7.7 1129 17
11 15 +3; −6 357 0.42 112 7.5 1166 16
12 12.5 g +3; −6 236 0.53 88 7.0 1052 13.5
13 8 +3; −6 183 0.44 – – 834 13
14 12.5 +3; −6 235 0.53 117 9.4 984 12
15 10 +3; −6 215 0.47 163 16.3 923 13
16 9 +3; −6 180 0.5 121 13.4 668 11.5
17 12 +3; −6 206 0.58 185 15.4 1038 11.5

a Temperature and CH4 amplitude change from start to top of DO event, respectively.
b A range of uncertainty from (+3 to −6) °C is given. From δ15N measurements a symmetric uncertainty of ±3 °C would be applicable. The

extended range results from effects not investigated in this study, mainly addressing the potential of a rapidly changing convective zone in parallel to
the DO events (see text for details).
c Time from start to top of DO event.
d Note that these are mean rates. For methane they can be slightly higher compared to the values derived from Fig. 3 due to data splining within its

uncertainty of 10 ppb.
e Depth difference between the warming recorded in δ18Oice and in δ15N.
f Note that the temperature increase given here corresponds to a two step increase of three and six degrees. These two steps are separated by about

400 yr.
g Prior to the rapid temperature shift for DO 12 a slow but significant temperature increase of several degrees has occurred.
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assumed. Hence, the deviation from the hypothetical
glacial line in Fig. 4 can be viewed as a linear combi-
nation of source temperature changes and changes in the
distribution of precipitation throughout the year. If one
parameter can be constrained the other can be inferred.

Assuming only minor variations of the seasonal
distribution of precipitation, our findings would imply
that source temperature changes of about 4–8 °C for
single DO events were in phase with site temperature
variations on millennial time scales. This agrees with
reconstructions from the subtropical North Atlantic
where temperature changes of 2–5 °C were found
during MIS 3, covarying with Greenland δ18O of ice
cores [44].

On the other hand, it is inconsistent with measure-
ments of the deuterium-excess (representing the source
temperature) and the δ18Oice (representing the site
temperature) on the GRIP ice core which are anti-
correlated on millennial time scales [19]. This anti-
correlation (Greenland cold, source region warm) could
be the result of a southward shift of the moisture source
during stadials, possibly due to extensive sea ice cover.
A consistent explanation of the observed δ18O–T
relation with such a scenario requires large changes in
the seasonality of precipitation between stadials and
interstadials. Model simulations indicate such seasonal-
ity for the Last Glacial maximum [48] and for the
Younger Dryas termination [46]. A shift of winter storm
tracks towards Greenland could be responsible for the
higher winter precipitation during warm stages com-
pared to cold stages.

3.3. CH4 and temperature

In parallel to nitrogen isotopes, CH4 was measured on
the NorthGRIP ice for the sequences of DO 12–9 [29]
and DO 17–15 (new data). As shown by others before,
the correlation between CH4 and Greenland temperature
is extraordinarily strong [30,49,50]. Usually such
correlations were done using δ18Oice as a direct
temperature proxy, which is not exactly true as shown
above. Furthermore, additional uncertainties in the
timing of both records arose from Δage determinations
in these prior studies. Here a much more direct
comparison is possible, since both, temperature (δ15N)
and CH4, are gas species and were measured along the
same cores. Therefore, we can investigate the relative
timing of CH4 and temperature evolution. The timing
uncertainty corresponds to the data resolution of about
25 yr during DO increases, whereas elsewhere it is 50–
100 yr. Generally we find a good agreement between
CH4 and temperature rises at the onset of the observed
DO events (Figs. 2 and 5). A detailed view of the timing
of the investigated DO events is given in Fig. 3. The
upper part is a compilation of the rate of temperature
changes per decade (K/decade) of all DO events
matched onto a common time scale from the start of
the DO event. Plotted are only the positive temperature



Fig. 4. NorthGRIP δ18Oice is plotted against the calibrated NorthGRIP
temperature (grey dots). δ18Oice is corrected for changes of the oxygen
isotopic composition of seawater. For MIS 3 the Dole effect is small
[70] therefore we use the corresponding δ18Oatm, since atmospheric
δ18Oatm variations reflect changes of oceanic δ18O but are delayed by
about 1500–2500 yr. In particular we use the δ18Oatm measurements
from NorthGRIP (δ18Oatm=δ

18Omeasured−2 δ15Nmeasured) shifted 2000
yr toward older ages to correct for this effect. The curve with the
modern δ18O–T slope (α=0.67‰/°C) is plotted through the present
day NorthGRIP value (red diamond) and through the mean value of
our data (MIS 3 mean) (blue diamond). The data do not follow these
curves. Offsets can be explained by a linear combination of source
temperature changes and changes in the distribution of precipitation
throughout the year. The uncertainty for the temperature estimates
based on δ15N is given as minimal and maximal error (black arrows).
The minimum error accounts only for the uncertainty of δ15N, whereas
the maximum error includes potential rapid changes of the convective
zone (see text).

Fig. 5. Calibrated NorthGRIP temperature evolution (red line) com-
pared to atmospheric methane concentration measurements (CH4) from
the NorthGRIP (Flückiger et al. [29] and new measurements) and the
GISP2 [50] ice cores (green symbols and lines). The data are plotted on
the GRIP2001/ss09sea [39,26] age scale. (Top panel): Sequence of DO
17–15, 61.5 to 55.5 kyr BP. (Bottom panel): Sequence of DO 12–9,
48.5 to 39.5 kyr BP. Note that the scales of temperature and CH4 are
chosen differently for the two panels because the CH4 amplitudes are
higher for DO 17–15 than for DO 12–9 (Fig. 2).
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rates corresponding to temperature increases. It is
interesting to note that most DO events show very
similar temperature increase rates. The lengths of the
increasing interval are between 100 to 250 yr, defined as
the time interval of positive temperature rates. The start
of each single DO event is set to zero years on the time
axis with one exception. DO 11 has an extraordinary
constant rate of temperature increase during the first 120
yr prior to the sharp increase. Therefore, the starting time
was shifted by 120 yr, mainly for clarity reasons in Fig.
3. Hence, the temperature rate for this event is above the
zero level in contrast to all other events at zero years.

In the lower part of Fig. 3, the corresponding rates
of CH4 changes (ppb/decade) are given. Methane rates
were derived from the spline-smoothed NorthGRIP
data. The spline-data difference is well within the data
uncertainty of 10 ppv, therefore we expect insignificant
influence of the data splining on methane rates for DO
events. Note, that there are no high resolution CH4
values available for DO 13 and DO 14. As can be seen,
the timing of CH4 rises generally lags the rises in
temperature by 25 to 70 yr with an uncertainty of about
25 yr in good agreement with the estimate of Sever-
inghaus and Brook [10] for the end of the last glacial
period. There are exceptions for the short events, i.e., DO
17b, DO 16a and DO 15a. Furthermore, the CH4 increase
is generally shorter than the temperature increase. The lag
occurring at the mid-slope (at maximum of CH4 changing
rates) of DO event is less pronounced than at the onset.

The correlation between CH4 and the calibrated
temperature record is higher (R2 =0.82) than that
between CH4 and δ18Oice (R

2 =0.74) for the sequence
DO 12–9. This is most probably because δ18Oice

includes other influences than temperature (local
seasonal precipitation distribution and/or source region
movements) as discussed above. For the sequence DO
17–15, however, the correlation coefficient using the
calibrated temperature is slightly lower compared to the
direct δ18Oice–CH4 correlation (R2 =0.72 and 0.77,
respectively). The slope (rate of change in Table 1) of
the CH4 to temperature dependency is changing
substantially for the different periods. It is higher for
DO 17–15 than for the period DO 12–9 (Table 1). This
is in agreement with previous studies [50,29] suggesting
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a possible link of the CH4 amplitudes with the summer
insolation of tropical to mid-northern latitudes.

The main preanthropogenic CH4 sources were wet-
lands, mainly located in the tropical regions and the
northern mid-latitudes [49–51]. CH4 emissions are
influenced by changes in precipitation and temperature
via the extent and productivity of wetland ecosystems
[52]. The CH4 variations in parallel to DO events are
thought to be caused by source changes in the tropical
and/or the northern mid-latitudes [31,53,29]. Rapid
and large releases of methane are most likely not the
origin of the observed methane increases during DO
events as studied by Brook et al., [54]. Contributions
from decadal to centennial thawing of permafrost
regions can, however, not be excluded for these events
[55].

A detailed comparison of CH4 with temperature for
the two DO sequences 12–9 and 17–15 is shown in Fig.
5. Note that the scales of temperature and CH4 are
chosen differently for the two panels in Fig. 5, since the
CH4 amplitudes are higher for DO 17–15 than for DO
12–9 [50,29]. The presented DO events allow us to
focus on the submillennial variability of CH4 and
Greenland temperature during the glacial period, since
the timing uncertainty is b100 yr over the entire record.
For DO 17, 16, 12, and 11 even small submillennial
temperature excursions have a clear counterpart in the
CH4 record. During the other presented DO events the
correlation is less pronounced but still substantial.
Similar features can be seen in the CH4 record of the
Greenland ice core GISP2 [31,30] which is matched to
the NorthGRIP (ss09sea) time scale using NorthGRIP
CH4. There is only one temperature peak that has no
counterpart in CH4 (DO 15a), which most probably was
missed due to an insufficient sample resolution in both
the CH4 and the δ15N records. The most obvious
discrepancies between CH4 and temperature can be seen
at the end of DO 10 and 15, where CH4 decreases more
slowly than temperature. Three possible explanations
are offered for this mismatch. First, other factors than
temperature controlling wetland CH4 emissions such as
precipitation, water tables, vegetation changes could
have remained unchanged or have not reacted immedi-
ately to temperature changes at the end of these DO
events. Hence the wetland CH4 emissions drop slower.
Second, the Greenland temperature reconstruction is
believed to be hemispheric in extent in agreement with
recent modelling results [7]. However, precipitation
changes or different decrease rates between northern and
tropical temperature that could result in a lag of∼100 yr
at the end of the decrease cannot be excluded. In this
case tropical CH4 sources behave differently from the
northern ones. Third, the accumulation rate used to force
the model could be in error for certain periods resulting
in a different reconstructed temperature record for those
time intervals. The question remains why not all DO
events show this behaviour. Therefore, DO 10 and DO
15 should definitely be investigated further, e.g., by
measuring the CH4 stable isotope compositions, in order
to constrain the origin of the CH4 sources active during
MIS 3.

4. Conclusions

The abrupt temperature changes associated with the 9
consecutive DO events 9–17 are in the range of 8 to
15 °C. The 12.5 °C temperature change of DO 12 is
consistent with an earlier reconstruction of 12 °C on ice
from a different site and using a different method [11].
This finding also supports earlier results from DO 19
that showed a 16 °C temperature change in GRIP as well
as in NorthGRIP [9,12].

Furthermore, a detailed comparison of the tempera-
ture evolution with measurements of the atmospheric
CH4 concentration shows that CH4 and temperature rise
at the onset of DO events are nearly in phase. A small
lag of 25 to 70 yr with an uncertainty of 25 yr was
observed for methane compared to temperature. There is
also a good correlation between both parameters on
millennial and sub-millennial time scales. This is strong
evidence that even sub-millennial scale signals regis-
tered in Greenland represent probably hemispheric
signatures.

Finally, we can relate the discrepancy between the
modern and the glacial δ18Oice–T relationship to a
combination of source temperature changes and
changes in the annual distribution of precipitation. We
conclude that on millennial time scales rapid temper-
ature changes were most probably in phase with
reorganisations of the seasonal precipitation distribution
(lower temperature, less winter precipitation) resulting
in a reduction of the apparent slope of the δ18O–T
relationship compared to the present day value. If
changes of the source temperatures can be constrained,
for example by deuterium excess measurements [19], it
may become possible to quantify the strength of the
seasonality changes.
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Appendix A

A.1. Approach 1

The three tuneable input parameters of the model are
the surface temperature, the accumulation rate and the
sum of convective and non-diffusive zone zs. Accumu-
lation rates and ice thinning (strain) are prescribed by the
ice flow dating model of the core [56]. Hence when
using a certain age scale, the accumulation rate is fixed
and the remaining tuneable parameters are the temper-
ature and zs. In this study we use the ss09sea age scale,
which is an improved GRIP age scale [39] adopted to
NorthGRIP [26], and the ss06 age scale, which is
currently the best NorthGRIP age scale available.
Fig. 6. Comparison of the parameterisations of the accumulation rate
and the ice thinning (strain) of the NorthGRIP age scales ss09sea (grey
line) and ss06 (green line). Additionally modified accumulation rate
scenario (ss09sea−20%) and strain (ss09sea+25%) used for the
calculations in approach 3 are plotted (blue line). Note that the product
of accumulation rate times strain remains constant, i.e., retained time
scale for both ss09 scenarios (grey and blue line). (For interpretation of
the references to colour in this figure legend, the reader is referred to
the web version of this article.)
Accumulation rate and thinning show relative differ-
ences of up to about 10% (Fig. 6).

We use Ts= (δ
18Oice+35.1‰)α−1 +241.6 K, where α

is the δ18Oice to temperature sensitivity. We ran the
model for different values of α (α=0.30, 0.35, 0.40,
0.45, 0.50‰/K). Since, α can change from one DO
event to another it is not possible to find a constant value
for α that matches the data for the entire time period.
Hence, data and model should be fitted for short time
periods of about 2000 yr only. The best correlation
between the model and the δ15N data for a 2000-yr time
window was searched by varying zs and α linearly
between the different calculated scenarios. Thereafter
the time window was shifted by 250 yr and the
procedure was repeated, until all DO events were
scanned. In order to obtain an error estimate for α and zs,
we tested the sensitivity of the fitting procedure to errors
of the δ15N measurements (Monte Carlo simulations).
For every time window 200 fits were performed. For
each fitting procedure the δ15N data were randomly
modified by a Gaussian distributed standard error of
±0.02‰. The model matches the data within this error
range. The result of this fitting procedure can be seen in
Fig. 7 (grey line).

The timing as well as the amplitudes of abrupt
changes match excellently. However, modelled δ15N
values assuming zs≡0 (dashed grey line), are signifi-
cantly higher (0.07–0.1‰) than the measurements. In
order to explain an offset, Δδ=δmodel−δdata of 0.1‰, a
reduction of the diffusive column height by either an



Fig. 8. Top panel: δ18Oice of NorthGRIP on the ss09sea age scale.
Bottom panel: Lock in depths (LID) for the different approaches
determined by the firn densification model (solid lines), and calculated
fromΔdepth measurements using the ice thinning function (dots). The
dashed line shows the size of the convective zone as calculated in
approach 1.
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increase of the convective zone near the surface, or an
increase of the non-diffusive zone near the bottom of the
firn, or a combination of both, of 20 m would be needed.
For present-day conditions at Greenland, convective
zones are non-existent or rather small (b5 m) [57,58].
However, during glacial times convective zones could
be significantly larger, e.g., due to increased wind
pumping of lower accumulation rates associated with
lower temperatures [59]. The Antarctic sites of Dome
Fuji and Vostok have convective zones between 8–12
m. Severinghaus et al. [60] reported an Antarctic site
were a deep (20 m) convective zone exists. As a result of
the lack of winter accumulation deep cracks are formed
in the firn. But, considering the higher accumulation and
temperatures in Greenland, convective zones of 20 m or
more are very unlikely, even during glacials. A
disagreement between data and model during glacials
has been observed for other ice cores as well. Measured
δ15N values at nearly all Antarctic sites are lower as
predicted by the models. Additionally, Schwander et al.
[36] found a similar behaviour for the Greenland cores
GRIP and GISP2. On the other hand, two newer studies
were able to model δ15N properly during certain time
frames of the GISP2 and GRIP cores [22,11] assuming a
small convective zone of 2 to 5m.

An independent verification of the model findings
can be done using the Δdepth. The Δdepth is the depth
difference between an event recorded in the gas phase,
as δ15N peak, and in the ice phase, as δ18Oice peak. It
depends on the lock in depth (LID) at the time of bubble
inclusion, and on the thinning of the ice with depth.
From the age scale model we know the thinning
function. Hence we are able to recalculate past LID.
LID determined by the firn-densification model [34] and
the LID recalculated fromΔdepth measurements show a
mean difference of five meters (Fig. 8, grey dots and
line). This is actually an additional indication that
approach 1 is incorrect like approach 2 and supports
approach 3 (see below).

If the offset, Δδ, is interpreted as a convective
zone, we have to correct the modelled δ15N data. The
gravitational enrichment is reduced by the offset. This
leads to a perfect matching of model and data (Fig. 7,
grey line). However, by doing this a reduced ΔT has
to be used for the thermal diffusion effect, since at a
depth of 10–20 m, corresponding to zs (Fig. 8), the
surface temperature signal is smoothed, therefore
reducing the thermal signal recorded in the nitrogen
isotopes. This is due to the fact that heat transfer by
air movement is not able to level out the firn
temperature to a depth of 10 m or more [59]. The
result of this correction is a reduction of the modelled
δ15N values, as shown in Fig. 7. Short DO events are
more affected by the smoothing process than longer
ones. Though the depth of the convective zone
accounts for only about 10–20% of the porous firn
column, the temperature gradient is reduced by as
much as 40% [36]. In order to match the measured
δ15N data with the model, we would have to increase
the surface temperature changes by up to 40%
accordingly. Consequently, temperature changes for
short events would become larger than for the long
events. Such a scenario is very unlikely. All the more,
Landais et al. [11] found a 12 °C temperature change
for DO 12 on the GRIP ice core, using the δ15Nexcess

method, which agrees nicely with the value we found
in the uncorrected temperature scenario. An alternative
explanation of the offset could be by an enlarged non-
diffusive zone instead of a convective zone. A non-
diffusive zone can be caused by inhomogeneities in
the firn structure, due to different densities of summer
and winter layers, as well as by crusts and melt-layers.
Dense layers can cause a complete sealing of the firn
column at depths far above the level where the mean
firn diffusivity reaches zero values. Such layers would
reduce the DCH. The model does account for a non-
diffusive zone using empirical relations between firn
density, open porosity, tortuosity and diffusivity
[57,61,36]. Possible effects of layering are not
incorporated in the model. However, for glacial
conditions an increased layering is very unlikely,
since temperatures were much colder, accumulation



Fig. 9. A comparison of three different accumulation scenarios
(0.5×slope, 1×slope, 2×slope) covering DO 8 to 12. Model output is
plotted as grey lines, measurements as black lines and dots. The age
scale was constrained at 35 kyr BP and at 65 kyr BP using given
depths. The temperature scenario was calculated from δ18Oice using
α=0.4‰/K. It can be seen that the higher the slope is, the longer the
warm phases and the shorter the cold phases become.
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rates were lower and winter precipitation was nearly
absent [17]. Such conditions lead to a more homoge-
neous density structure of the firn, which contradicts
the scenario of a larger non-diffusive zone.

A.2. Approach 2

From our calculations for approach 1 we found a
clear anti-correlation between the offset, Δδ or zs and α
(not shown). To calculate the temperature for approach
1, we assumed a linear relation of temperature and
δ18Oice: T=δ

18Oice α
−1 +β, where β was constrained by

recent values for δ18Oice and temperature. The anti-
correlation of Δδ or zs and α could be a result of this
constraint. Hence, another way to circumvent the
offset could be a shift in the absolute temperature. A
3.5 °C mean temperature increase, reduces the DCH
by 10 m and δ15N by 0.05‰, respectively. Thus, the
Δδ or zs can be translated into an additional
temperature shift. As a result of this offset corrected
temperature scenario (Fig. 7, dark grey line) the
vertical offset indeed disappears, but now we have a
disagreement in the timing between model and data.
This mismatch is best seen for DO 9 to 12 in Fig. 7.
Even more convincing for this timing problem are the
Δdepth calculations (Fig. 8), which disagree com-
pletely for approach 2.

Hence it is not possible to find a realistic temperature
scenario with our model by using the accumulation rates
of the ss09sea age scale model. The same calculation
can be done with the ss06 age scale with the same
conclusion. Therefore, possibly the parameterisation of
the accumulation rates with δ18Oice is wrong for the
observed time period.

A.3. Approach 3

The accumulation rate depends on temperature. In
the parameterisation used in the age scale model, the
accumulation rate is calculated from Approach 2:
(corrected by the changing δ18O of seawater), using an
empirical relation based on measurements form
various sites in Greenland [63,62]. This relation
describes recent climatic conditions. Hence, using the
same relation for glacial conditions can only give a
rough estimate of the accumulation rates at these
times. Accumulation rates could likely be different.
But they cannot be varied arbitrarily, since otherwise
the age scale of the ice core, which is constrained
independently, changes. There are two principal ways
to avoid age scale conflicts: (1) to change both, the
accumulation rate and the ice thinning function, since
the age scale depends only on the product of
accumulation and thinning and (2) to change only
the slope of the accumulation to δ18O dependency, but
not the mean accumulation over a certain time period.
Increasing the slope then corresponds to higher
accumulation during warm times and lower accumu-
lation during cold times. Thus, it will stretch and
compress the age scale for short time windows, but it
will not affect it on long scales. The consequences of
the latter accumulation modifications are documented
in Fig. 9. Three different accumulation scenarios
(0.5×slope, 1×slope, 2×slope) are compared. The
age scale is constrained at 35 and at 65 kyr BP. The
temperature scenario is calculated from δ18Oice using
α=0.4‰/K. A reduction of the slope causes a
stretching of the cold phases and a compression of
the warm phases. The higher the slope, the longer the
warm phases and the shorter the cold phases become.
Hence, we can tune the length of the events if
necessary. For example, the slight disagreement
between data and model at the end of DO 10 (Figs.
5 and 7) could probably be solved by reducing the
slope during this time interval. However, the offset in
δ15N between model and data remains nearly un-
changed (about 0.1‰) for (2).

The disagreement of the LID for approach 2 (Fig.
7) between the model calculation and the Δdepth
reconstruction is about 20% to 25% over the entire
time period. The LID calculated from Δdepth is
directly proportional to the thinning function. Hence



Fig. 10. Atmospheric oxygen data δ18Oatm from NorthGRIP (filled
triangles) is plotted together with δ18Oatm from the GISP2 (open
circles) [68] and Vostok (open diamonds) [64–66] ice cores. The
NorthGRIP δ18O measurements were corrected for gravitational
fractionation using δ15N. The different data are plotted on their
individual age scales. The different age scales are offset, but not the
δ18Oatm values. After shifting the North GRIP ss09sea age scale by
2000±500 yr, the data match within an error range of ±0.05‰.
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for (1), we have to reduce the ice thinning by about
25% to obtain a better agreement. In order to
conserve the age scale, the accumulation rate must
be adjusted accordingly. Results are shown in Fig. 7
(black line). Accumulation is reduced by 20% com-
pared to ss09sea (Fig. 6, black line), this reduction is
consistent with findings of Cuffey and Clow [38] who
obtained lower accumulation rates for GISP2 com-
pared to GRIP and NorthGRIP during the glacial
times. The temperature evolution bases on the Monte
Carlo calculations from approach 1, but the absolute
temperature is corrected by 4 °C towards higher
values. This leads to a 20% lower gravitational en-
richment that requires some readjustments on the
temperature evolution scenario of approach 1. This
has been done by minimizing the square root devia-
tions between model and data. This scenario leads to
an excellent agreement for both, the amplitudes as
well as the timing of the events. Model matches the
data within the analytical error range of 0.02‰. As
expected, the LID of the model and the calculations
by the Δdepth correspond within the uncertainty
range of the Δdepth determination. These calculations
are made under the assumption that the convective
zone was zero.

A.4. Additional information from oxygen isotopes

Parallel to δ15N and δ40Ar we determined δ18O of
O2 on the NorthGRIP ice samples. From these mea-
surements we can calculate the atmospheric oxygen
isotope composition δ18Oatm, which can be compared
with measurements from other ice cores from both
hemispheres, since O2 is well mixed in the atmosphere
[68]. δ18Oatm is usually obtained using δ15N to correct
for gravitational effects. According to Eq. (1) the
gravitational enrichment of δ18O is two times the
enrichment of δ15N (δ18Oatm=δ

18O−2·δ15N). This
calculation underestimates δ18Oatm at the time of
rapid temperature changes, since the ratio of thermal
diffusion factors of δ18O and δ15N is only 1.6, which
is slightly lower than the effect of gravitation.
However, the maximum shift associated with this
approximation is about twice the analytical uncertainty
of our measurements of ±0.05‰, much less than the
signal variations. The resulting δ18Oatm record matches
Vostok [64–67] and GISP2 [68] δ18Oatm data (Fig. 10)
when the NorthGRIP age scale is shifted by 2000
±500 yr towards younger ages. Note that the data are
plotted on different age scales (NorthGRIP ss09sea,
Vostok GT4 [66], and GISP2 [69]) in Fig. 10. These
results are an independent constraint of the North-
GRIP ss09sea age scale. This shift of 2000 yr has no
impact on the conclusions of this paper, because it is
more or less constant over the entire MIS 3.
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