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Polar temperature is often inferred from water isotopes in ice cores. However, non-temperature effects on
δ18O are important during the abrupt events of the last glacial period, such as changes in the seasonality
of precipitation, the northward movement of the storm track, and the increase in accumulation. These
effects complicate the interpretation of δ18O as a temperature proxy.
Here, we present an independent surface temperature reconstruction, which allows us to test the
relationship between δ18Oice and temperature, during Dansgaard–Oeschger event 8, 38.2 thousand yrs ago
using new δ15N and δ40Ar data from the GISP2 ice core in Greenland. This temperature reconstruction
relies on a new inversion of inert gas isotope data using generalized least-squares, and includes a robust
uncertainty estimation.
We find that both temperature and δ18O increased in two steps of 20 and 140 yrs, with an overall
amplitude of 11.80 ± 1.8 ◦C between the stadial and interstadial centennial-mean temperature. The
coefficient α = dδ18O/dT changes with each time-segment, which shows that non-temperature sources
of fractionation have a significant contribution to the δ18O signal. When measured on century-averaged
values, we find that α = dδ18O/dT = 0.32 ± 0.06�/◦C, which is similar to the glacial/Holocene value of
0.328�/◦C.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Reconstructing polar surface temperature

Temperature is the most fundamental climate variable: as just
one example, the equator to pole temperature gradient is the driv-
ing force of the general circulation of the atmosphere. When ex-
ploring past climates, an accurate temperature history is key to
our understanding of atmospheric circulation and the mechanisms
of climate change, with relevance to predicting future climate.

Past surface temperature in polar regions is commonly inferred
from measured water stable isotopes in ice cores (Dahl-Jensen and
Johnsen, 1986; Johnsen et al., 1995; Cuffey and Clow, 1997). The
isotopes of oxygen and hydrogen in precipitation fractionate in
a complex fashion, in response to the source temperature, the
atmospheric pathway, and the condensation temperature at the
ice core site (Dansgaard, 1954; Jouzel et al., 1997). In polar re-
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gions, the condensation temperature is the dominant source of
interannual variability in δ18O of snow, and, with proper calibra-
tion, δ18Oice can be used to reconstruct the atmospheric temper-
ature (e.g. Dansgaard, 1964; Johnsen et al., 1995, 2001; Jouzel
et al., 1997; Stenni et al., 2010; Masson-Delmotte et al., 2008;
Masson-Delmotte et al., 2011; Vinther et al., 2009; Buiron et al.,
2012). The current spatial variability in δ18Oice is well correlated
with the surface temperature, but this “spatial” calibration is not
consistent with temporal variations in δ18Oice and temperature. As
a result, δ18Oice is generally calibrated using an independent mea-
sure of temperature, usually a borehole temperature record (e.g.
Johnsen et al., 1995; Cuffey and Clow, 1997).

Borehole temperature profiles provide an absolute estimate
of long term surface temperature changes (e.g. Johnsen, 1977;
Dahl-Jensen et al., 1998, 1999; Salamatin et al., 1998; Cuffey and
Clow, 1997), but cannot resolve high frequency variability. Fast
temperature changes can however be inferred from the isotopes
of inert gases trapped in ice cores (Severinghaus et al., 1998;
Severinghaus and Brook, 1999; Lang et al., 1999; Landais et al.,
2004b). This method relies on the diffusion of gases through the
firn layer (firn refers to snow older than a year). A sudden change
in temperature creates a temperature gradient through the firn,
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Fig. 1. Overview of polar climate history of the last glacial period, showing measured δ18O in the GISP2 ice core (Greenland; blue), and in the Byrd ice core (Antarctica; red),
and a composite atmospheric methane history (green) (Blunier and Brook, 2001). The gray shading highlight the DO events, which are numbered. δ18O is a proxy generally
representing temperature. When Greenland experiences an abrupt warming, Antarctica starts a cooling trend. The abrupt warming in Greenland is associated with a sharp
increase in methane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
which causes isotopes to fractionate, heavy isotopes concentrat-
ing on the colder side. The isotopic composition of inert gases
like N2 and Ar does not change significantly in the atmosphere
for millions of years (Mariotti, 1983; Sowers et al., 1989), and the
changes in δ15N and δ40Ar in the ice core record can be interpreted
in terms of temperature change using a temperature diffusion
model (Severinghaus et al., 1998; Severinghaus and Brook, 1999).
This method is particularly adapted to the study of abrupt cli-
mate changes during the last glacial period in Greenland (Lang et
al., 1999; Landais et al., 2004a, 2004b; Grachev and Severinghaus,
2005; Huber et al., 2006; Landais et al., 2006b; Capron et al., 2010;
Guillevic et al., 2013).

1.2. Abrupt climate changes

The last glacial cycle was characterized by a sequence of abrupt
climate changes known as Dansgaard–Oeschger (DO) events, hap-
pening roughly every 1500 yrs. They were first noticed in water
isotope records from Greenland ice cores, as an abrupt warming
of 8 to 16 ◦C in just a few decades, followed by a gradual cooling,
and ∼1000 yrs later, a rapid cooling back to the cold conditions
(Dansgaard et al., 1984, 1993; Alley et al., 1993; Taylor et al.,
1993; Severinghaus et al., 1998; Severinghaus and Brook, 1999;
Lang et al., 1999; Landais et al., 2004a, 2004b; Grachev and
Severinghaus, 2005; Huber et al., 2006; Landais et al., 2006b;
Capron et al., 2010). The cold episodes are called stadials, and
the warmer episodes interstadials. The term “DO event” refers
to the abrupt warming between a stadial and an interstadial.
They are numbered from the most recent one to the oldest one
(Fig. 1).

The paleoclimate record shows that the abrupt warming in
Greenland was associated with large scale circulation changes
(Volker and workshop participants, 2002). The storm tracks shifted
northwards, and the source of precipitation in Greenland migrated
towards colder source water (Sanchez-Goni et al., 2009), which led
to an increase in δ18Oice. In addition, the snow accumulation in-
creased by 1.5 to 3 times the stadial value (Huber et al., 2006;
Thomas et al., 2009; Andersen et al., 2006; Guillevic et al., 2013),
partly due to an increase in winter precipitation, which would con-
tribute to a decrease in mean-annual δ18Oice (Masson-Delmotte
et al., 2005; Guillevic et al., 2013). All of these factors influenc-
ing the isotopic composition of precipitation are correlated, and
there is not enough independent data to isolate the various con-
tributions to changes in δ18Oice . As a result, previous studies have
assumed that source water, accumulation and precipitation season-
ality changes are all directly proportional to temperature, and that
δ18Oice can be linearly related to temperature (δ18Oice = αT + β).
The coefficient α has to be adjusted for each event, and varies
between 0.29 and 0.55 �/◦C (Capron et al., 2010, for a review)
which is not entirely satisfying, because it has limited predictive
skill. In addition, a detailed study of Dansgaard–Oeschger event
8 by Thomas et al. (2009) shows that changes in the circulation
preceded changes in Greenland temperature, and several model-
ing studies have challenged the assumption that local temperature
is the dominant contribution to changes in δ18Oice during abrupt
changes (e.g. Charles et al., 1994; Tindall and Valdes, 2011).

In this paper, we want to step away from the assumption
that δ18Oice is directly proportional to temperature, and ana-
lyze inert gas isotope data in a quantitative manner to estab-
lish what is actually known about the temperature history during
DO events. Previous work using δ15N as a temperature proxy as-
sumed an ideal shape of the temperature history, often a step
function (Severinghaus et al., 1998; Severinghaus and Brook, 1999;
Grachev, 2004), a slope (Landais et al., 2006a), or relied on a scal-
ing of δ18O (Lang et al., 1999; Leuenberger et al., 1999; Landais
et al., 2004a, 2006b; Huber et al., 2006; Kobashi et al., 2007;
Capron et al., 2010), which allowed them to reduce the degrees
of freedom to just one or two parameters.

Here, we present a temperature reconstruction from a new in-
verse method applied on new δ15N and δ40Ar data from the GISP-2
ice core during DO-8. Based on generalized least-squares, our in-
version does not require specific assumptions regarding the shape
of abrupt temperature changes. This technique allows us to clearly
separate the unknowns that are constrained by the data from those
that are unconstrained (and thus contribute to the uncertainty).
We are also able to test the sensitivity to poorly known variables
and produce a robust uncertainty estimate. Our reconstruction is
a completely independent temperature history at the site, and it
can then be used to calibrate δ18Oice on timescales not resolved by
borehole temperature.



A.J. Orsi et al. / Earth and Planetary Science Letters 395 (2014) 81–90 83
2. Methods

2.1. Laboratory measurements

The δ15N and δ40Ar samples are taken from the GISP2 ice
core, near the summit of Greenland (72.6◦N, 38.5◦W), covering
24 discrete depths, between 2236.15 m and 2249.85 m, which
corresponds to 37.91 to 38.42 ka BP (before 1950 C.E.). Two to 6
samples were run at each depth for N2 (10 g samples) and Ar
(50 g samples) isotopes. Nitrogen isotopes were analyzed following
the melt/refreeze procedure of Sowers et al. (1989). Argon samples
were exposed to a Zr/Al SAES getter at 900 ◦C to remove N2, O2
and other reactive gases, according to Severinghaus et al. (2003).
All samples were run on a MAT 252 mass spectrometer at Scripps
Institution of Oceanography. A total of 66 discrete δ15N measure-
ments were made in January and February 2000, with a pooled
standard deviation of 6.4 per meg. A second set of 30 samples
was measured in November 2001, but these samples were sys-
tematically lower in δ15N, possibly due to a calibration error or
storage problem, and were rejected. Argon isotopes were measured
in April and May 2001 in duplicates, and the pooled standard de-
viation of 48 δ40Ar samples is 13 per meg. Raw measurements
were corrected for pressure imbalance and chemical interference in
the mass spectrometer, and for gas loss (Severinghaus et al., 2003;
Grachev, 2004). The δ-values are calibrated against modern air
taken in La Jolla, CA.

2.2. Timescale

Ice timescale. The official timescale of the GISP2 ice core is from
Meese et al. (1997). Since then, a large effort has been made to im-
prove on all Greenland deep ice core timescales, and provide a new
layer-counted timescale, called GICC05 (Rasmussen et al., 2006;
Andersen et al., 2006; Svensson et al., 2008). This timescale is
based on the analysis of many parameters exhibiting a clear an-
nual cycle, measured continuously on the Dye3, GRIP and NGRIP
ice cores back to 60 ka BP. The GISP2 core was matched to NGRIP
using mainly volcanic tie-points (Rasmussen et al., 2008, I. Seier-
stad, personal communication, 2013). In the vicinity of DO-8, the
maximum counting error, which can be interpreted as a 2σ er-
ror estimate is 1439 yrs, and the relative error between DO-7 and
DO-8 is 55 yrs (Andersen et al., 2006). In order to maximize the
compatibility with other records, we used the GICC05 age scale for
the ice age, and used the Goujon firn densification model (Goujon
et al., 2003) to estimate the gas age-ice age difference, �age.

Gas age-ice age difference. Gases trapped in an ice core do not have
the same age as the ice that is surrounding them (Schwander et al.,
1988). Atmospheric gases can move readily through the firn and
only get locked into the ice at a depth of 70 to 100 m, where the
ice is already several hundred years old. The lock-in depth depends
on the details of densification of the firn, and changes when the
temperature and accumulation rate change (Goujon et al., 2003;
Schwander et al., 1997). An increase in temperature will cause the
firn to densify faster, and decrease the lock-in-depth, and conse-
quently decrease �age (Herron and Langway, 1980; Goujon et al.,
2003; Schwander et al., 1997). An increase in accumulation will
have the opposite effect, causing the firn to be thicker, but it will
also increase the ice advection, reducing the age of the ice at a
certain depth. During a DO event, both the temperature and the ac-
cumulation rate increase, and the net effect is a decrease in �age.

At the beginning of the transition, the �age is 1066 ± 20 yrs,
and it decreases during the warming event, to about 600 yrs. In or-
der to maximize the internal consistency of our assumptions, �age
is estimated separately by the Goujon model for each scenario of
temperature and accumulation history. In other words, the age of
Fig. 2. Layer thickness for the Meese et al. (1997) timescale (green), GICC05 linearly
interpolated in between tie points (blue). The time is given in thousand years be-
fore the year 1950 C.E. The Meese et al. (1997) timescale is not accurate in this
depth range, and we used the layer interpolated GICC05 timescale in this study
(blue curve). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

the gases is a parameter that is estimated by the model, along with
δ15N and δ40Ar.

Comparison with other timescales. The observed depth of the abrupt
transition at DO-8 constitutes a useful tie-point for timescales. We
found that the Meese et al. (1997) ice timescale was offset by 206
yrs from GICC05 at the transition. GICC05 places the date of DO-8
at 38.17 ± 0.72 ka BP (Andersen et al., 2006). This timing is consis-
tent with radio-isotope dates from the Sofular speleothem record
(38.14 ± 0.1 ka BP, Fleitmann et al., 2009).

2.3. Accumulation history

The timescale gives us an estimate of the annual layer thick-
ness λ (Fig. 2), which is related to the accumulation rate λ0. At the
depth we are considering here (2235–2250 m), the uncertainties
about the history of the size of the ice sheet make it difficult to
estimate the thinning function c = λ0/λ by a glaciological model
(Cuffey and Clow, 1997). However, we are looking at a small sec-
tion of the core, so we can consider the thinning function c to be
constant through DO-8, and use c as a tunable parameter used in
the fit to the inert gas isotope data (see Section 3.2).

2.4. Analysis of the inert gas isotope data

The top 2 m of the firn is porous enough to allow air to mix
convectively, and have a uniform composition. As the depth in-
creases, the mixing due to surface winds dies out, and convection
is no longer possible. In this zone, the air composition is affected
by molecular diffusion, where isotopes are separated by two pro-
cesses: gravitational fractionation and thermal fractionation. As the
snow gets denser, bubbles close, effectively sealing the deep firn
air composition. We analyze the isotopic composition of N2 and Ar
in air bubbles, and derive the gravitational and thermal fractiona-
tion happening in the firn diffusive zone.

2.4.1. Gravitational fractionation
Gravitational fractionation is proportional to the depth of the

diffusive firn column Z and to the mass difference between the
isotopes in a pair �m (Craig et al., 1988; Schwander et al., 1988).

δ15Ng ∼= �mg
Z (1)
RT
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δ15Ng refers to the gravitational component of the measured δ15N,
g is the gravitational constant (9.82 m s−2), R the gas constant
(8.314 J K−1 mol−1), and T the mean firn temperature in K.

The diffusive column height Z is smaller than the lock-in depth
ZLID because the top few meters of snow have convective mixing
of the air with the atmosphere, which prevents fractionation by
molecular diffusion (Kawamura et al., 2006, 2013). The depth of
the convective zone depends on the site, but it is usually less than
5 m for sites with an accumulation above 5 cm/y (compilation by
Landais et al., 2006a). We used a constant 2 m convective zone,
consistent with modern conditions at GISP2.

2.4.2. Thermal fractionation
Thermal fractionation is proportional to the temperature dif-

ference between the top and the bottom of the diffusive col-
umn �T (Severinghaus et al., 1998; Severinghaus et al., 2003;
Grachev and Severinghaus, 2003a, 2003b):

δ15NT = Ω15�T + ε (2)

δ15NT refers to the thermal component of the measured δ15N. The
thermal diffusion sensitivity Ω15 is determined precisely by labo-
ratory measurements (Grachev and Severinghaus, 2003b). Ω15�T
represents the fractionation at equilibrium, and the term ε ac-
counts for the disequilibrium. Gas diffusion through the firn takes
about a decade, and ε becomes negligible on timescales longer
than a few decades (Kobashi et al., 2008).

2.4.3. Smoothing of the raw signal
Gas diffusion and progressive bubble closure cause a broaden-

ing of the age distribution of the gases, and hence a smoothing
of the gas isotope record (Schwander et al., 1993; Spahni et al.,
2003). If we were to neglect this effect, it would lead us to under-
estimate the magnitude of fast changes needed to fit the δ15N data.
The age broadening can be approximated by a log-normal distribu-
tion (Eq. (3)) (Köhler et al., 2010, 2011):

p(t − m) = 1

tσ
√

2π
exp

(
−1

2

(
ln(t) − μ

σ

)2)
(3)

with p is the probability density, t the time, μ and σ the mean
and standard deviation of ln(t). The mean of the distribution is
m = exp(μ + σ 2). The width of the smoothing function lies be-
tween 10 yrs, the width of the age distribution at the lock-in
depth, and 100 yrs, which is the amount of time the ice spends
in the lock-in zone. It is difficult to establish precisely, because it
is very sensitive to the gas diffusivity in the lock-in zone, which
is unknown. We used a value of exp(μ) = 50 yrs for the inversion
presented here. The amplitude of the temperature reconstruction is
sensitive to the amount of smoothing used (Landais et al., 2004b),
and we estimated that the uncertainty in the smoothing func-
tion resulted in an uncertainty of 1.5 ◦C in the stadial-interstadial
temperature difference, which is significant (see Supplement for
details).

2.5. Isolation of the thermal signal

2.5.1. Using two pairs of isotopes
The thermal and gravitational fractionation can be separated by

using two isotope pairs, and solving the following system for �T
and Z (Severinghaus and Brook, 1999; Grachev, 2004; Landais et
al., 2004a, 2004b):⎧⎪⎨
⎪⎩

δ15N = 1
g

RT
Z + Ω15�T

δ40 Ar = 4
g

Z + Ω40�T
(4)
RT
We can define δ15Nxs, which only depends on temperature, and
δ15Ng which isolates the gravitational component (Severinghaus
and Brook, 1999):⎧⎪⎪⎪⎨
⎪⎪⎪⎩

δ15Nxs = δ15N − δ40 Ar

4
=

(
Ω15 − Ω40

4

)
�T

δ15Ng = g

RT
Z = δ15N − Ω15

Ω15 − Ω40
4

δ15Nxs

(5)

The temperature history can be reconstructed by integrating
δ15Nxs: the surface temperature at the next time step T S (t + dt)
can be deduced from knowing the temperature at the bottom of
the firn T B(t), and the firn temperature gradient �T (t) at the pre-
vious time step (Kobashi et al., 2008):

T S(t + dt) = T B(t) + �T (t). (6)

This method is advantageous because it is independent of
changes in accumulation, the temperature advection due to changes
in accumulation being of second order, and it does not rely on an
imperfect firn densification model (Severinghaus and Brook, 1999).
However, the precision of the measurements can limit its appli-
cation: The pooled standard deviation of δ15N measurements is
σ15N = 6.4 per meg, and for δ40Ar it is σ40Ar = 13 per meg. Thus

the precision of δ15Nxs is σxs =
√

σ 2
15N

+ (σ40Ar/4)2 = 7.2 per meg,

which corresponds to 1.5◦C uncertainty in �T . On the other hand,
if the gravitational fractionation were known well, the σ15N = 6.4
per meg uncertainty in δ15N would correspond to an uncertainty
of 0.45◦C in �T . Results from this method are discussed in Sec-
tion 3.1.

2.5.2. Using a densification model
Alternatively, we can use a densification model to estimate

Z (Goujon et al., 2003; Schwander et al., 1997). Densification is
mainly controlled by temperature (a warmer firn densifies faster,
yielding a smaller Z) and snow accumulation (the more accumu-
lation, the thicker the firn) (Herron and Langway, 1980). We used
a coupled densification and heat transport model (Goujon et al.,
2003) to determine the evolution of both the firn thickness Z ,
and the temperature difference between the top and the bottom
of the diffusive column �T . The inputs of the Goujon model are
the histories of temperature and accumulation, and a depth-age
relationship for the ice core.

We derived the accumulation history (λ0) from a scaling of the
layer thickness λ with a free parameter c: λ0 = cλ, which is de-
termined by matching the correct firn thickness and �age at the
beginning of the abrupt warming. The temperature history corre-
sponding to the δ15N and δ40Ar data can be found by running an
inversion on the Goujon model. Results from this method are dis-
cussed in Section 3.3.

3. Results

The magnitude of the temperature change was determined by
three methods with increasing complexity. Section 3.1 gives a di-
rect estimate of the temperature change, using δ15Nxs . Section 3.2
finds the optimum temperature and accumulation histories by
scaling δ18Oice, using just three parameters. The third method re-
laxes the hypothesis that temperature would be a linear function
of δ18Oice, and finds an independent temperature history by a for-
mal linearized least-squares inversion (Section 3.3).

3.1. First, and simplest, approach with δ15Nxs

To first order, the abrupt change in δ15Nxs can give us the
magnitude of the abrupt temperature change (Eq. (5))
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(Severinghaus and Brook, 1999; Landais et al., 2004a, 2004b;
Grachev, 2004; Kobashi et al., 2007). Indeed, abrupt climate
changes are so fast that the temperature at the bottom of the
firn TLID does not have time to change, and the change in δ15Nxs

directly reflects the change in surface temperature Tsurf :

δ15Nxs(2) − δ15Nxs(1)

=
(

Ω15 − Ω40

4

)[(
Tsurf (2) − TLID(2)

) − (
Tsurf (1) − TLID(1)

)]

≈
(

Ω15 − Ω40

4

)[
Tsurf (2) − Tsurf (1)

]
(7)

If the temperature change were not instantaneous, then, for an
abrupt warming, we would have TLID(2) > TLID(1), and this method
under-estimates the actual warming. For a quantitative estimation
of this effect, see Landais et al. (2004b).

We calculated the stadial value of δ15Nxs by taking the mean
of the 5 oldest samples: δ15Nxs(1) = −0.0004 ± 0.002�, and took
the maximum value of δ15Nxs(2) = 0.0372 ± 0.0072� to calculate
the magnitude of the abrupt change. With Ω15 = 0.0142�/◦C and
Ω40 = 0.0381�/◦C at −50 ◦C (Grachev and Severinghaus, 2003a,
2003b), we found that �Tsurf = 8.1 ± 1.5◦C.

This first approach is appealing because of its simplicity. How-
ever we know that TLID(2) is not equal to TLID(1) (Severinghaus
and Brook, 1999; Grachev, 2004). Fifty years after the start of an
8 ◦C step increase in temperature, TLID has already increased by
1 ◦C. This method therefore provides a lower bound estimate of
the abrupt warming.

3.2. Temperature history constrained by water isotopes

Alternatively, we can use a densification and heat diffusion
model, which computes the thermal and gravitational fraction-
ation from input time series of temperature and accumulation
(Schwander et al., 1997; Goujon et al., 2003). We used the Goujon
et al. (2003) model (hereafter the Goujon model) which has been
widely used for this purpose, and describe the temperature his-
tory as a function of δ18O and the accumulation as a scaling of the
annual layer thickness.

The temperature history is described by two parameters a and b
such that T = (δ18O + b)/a. The accumulation history is described
as a function of the annual layer thickness λ, with a single pa-
rameter c: λ0 = cλ. We found the optimal a, b and c using a
least-squares fit to the gas isotope data, and using �age at the
start of the transition as an additional constraint.

The best fit was found for a = 0.4027 ± 0.0026�/◦C, b =
21.34 ± 0.12 ◦C and c = 4.59 ± 0.02 (Fig. 3). The magnitude of the
step in δ18O was estimated by computing the difference between
the mean of 150 to 50 yrs before the event, and 100 to 200 yrs af-
ter the event. This measure allows us to smooth out the decadal
noise in the data. We find a difference �(δ18O) = 3.84 ± 0.54�,
which corresponds to �T = 9.54 ± 1.4 ◦C.

3.3. Third approach: using an inverse method with fewer assumptions

The relationship between δ18O and temperature is more com-
plex than a simple linear fit (see Section 1.2). In this section, we
wish to relax the assumption that the temperature would scale like
δ18O, and explore all the possible histories that would fit δ15N and
δ40Ar data. This approach allows us to understand more clearly
what the constraints on abrupt temperature changes are. To that
effect, we linearize the Goujon model, and use a least-squares in-
verse method to find the optimal solution.
Fig. 3. Optimization of the temperature and accumulation histories to match the
δ15N and δ40Ar data. TOP: Optimal input histories. The accumulation is a scaling of
the layer thickness, and the temperature a linear scaling of δ18O. BOTTOM: The fit
to δ40Ar (red) and δ15N (blue) data. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

3.3.1. Linearization of the forward model
The functional space of temperature history can be expressed as

a reference guess T0 plus a linear combination of basis functions
bi(t) (see Section 3.3.5 for the choice of basis functions) (Tarantola,
2005, Chapter 6.4):

T (t) = T0(t) +
∑

i

xibi(t) (8)

where T (t) is a history of temperature, t is the time, and xi the co-
efficients of this linear combination. We also introduce a constraint
on the accumulation rate ḃ: ḃ = xλλ, with xλ a free parameter, and
λ the annual layer thickness. After discretization, in vectorial nota-
tion, Eq. (8) becomes:[

T
ḃ

]
=

[
T0

ḃ0

]
+ Bx with B = [b1 b2 . . . bn λ ] (9)

Discretized equations use bold lower case letters to designate
vectors, and bold upper case letters to designate matrices, with the
exception of T, which represents the vector of temperature with
time.

Each basis bi(t) was added to T0(t) and run through the for-
ward model to produce δ15N, δ40Ar and �age values, yi(z). We
define hi(z) = yi(z) − y0(z), with y0 the output using our initial
guess T0(t). If the model is approximately linear, any δ15N pro-
file y(z) can be expressed as y0 plus a linear combination of the
vectors hi(z), and a residual r:

y = y0 + Hx + r with H = [h1 h2 . . . hn hλ ] (10)

The matrix H is the linearized and discretized version of the
forward model, expressed in the space described by B. It effectively
depends on T, or x. For the first iteration, H = H(x0) with x0 = 0.
All of the model physics is contained in the matrix H, which can
be considered as a “black box” from that point on. The validity of
using H as an accurate description of the forward model relies on
the linearity of the model around the initial guess T0, thus it is
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Fig. 4. TOP: Output of the Goujon model for a step change in temperature of 8 ◦C,
and −8 ◦C. The perturbation (y(x0 + δx) − y(x0)) is plotted in blue, and the oppo-
site perturbation (y(x0)−y(x0 −δx)) plotted in red. The mismatch between the two
curves is due to non-linearities. BOTTOM: Estimation of the magnitude of the non-
linear component of the model, shown as (rnl(δx) + rnl(−δx))/(y(x0 + δx) − y(x0 −
δx)), calculated at 25, 50 and 100 yrs. Non-linearities increase with the amplitude
of the perturbation, but remain below 10% of the linear change, which allows us to
iterate with a linearized model. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

important that T0 would be reasonably close to the true history,
as for any linearization problem.

We want to find a history of temperature T (t) that would fit
our data d(z). This is equivalent to finding x so that

d − y0 = Hx + r (11)

with r and x as small as possible, and consistent with their uncer-
tainties.

3.3.2. Linearity of the model
The heat advection–diffusion equation is not simply linear, be-

cause many parameters, including diffusivity, depend on tempera-
ture.

We tested the linearity of the Goujon model, by looking at the
size of the non-linear residual r. Eq. (10) can be expanded to:

y(x0 + δx) = y0 + H(x0)δx + O
(|δx|2) (12)

Where δx = x − x0 is a small perturbation, and O (|δx|2) repre-
sents the higher order terms.

The non-linear residual, rnl(δx) = y(x0 + δx) − y(x0) − H(x0)δx,
can be estimated by looking at the difference between opposite
perturbations δx and −δx. Fig. 4A shows an example of such
a perturbation, when we choose for δx a step function of 8◦C.
The mismatch between the two curves reflects the non-linearities.
Fig. 4B shows the magnitude of non-linear perturbation, (rnl(δx) +
rnl(−δx))/(y(x0 + δx) − y(x0 − δx)), as a function of the amplitude
of the perturbation δx. As expected, the non-linearities increase as
the perturbation gets larger, but they are weak enough in the range
of temperatures we are considering to allow us to use a linearized
model to reconstruct the temperature history (Fig. 4B). Indeed, af-
ter the first iteration, δx will be on the order of 1◦C or less, where
the model is very linear, which will allow a rapid convergence to-
wards the optimum solution.
3.3.3. Inverse model
Diffusion smears out the details of the temperature history,

which causes the problem to be under-determined: there are many
possible temperature histories that would match the data within
uncertainty.

We handle the large number of unknowns by a least square
inversion performed on the linearized forward model. This method
allows us to identify the undetermined dimensions of the problem,
and understand the true uncertainty in the reconstruction.

We solved Eq. (11) by least-squares optimization, minimizing
the quadratic cost function

J = 1

2
rT R−1r + 1

2
xT P−1x (13)

where P is the inverse of the penalty weighting for model struc-
ture, which provides regularization, and R is the inverse of the
penalty weighting for model-data misfit (residuals) r. In a Bayesian
framework assuming Gaussian statistics, J is the negative of the
log of the a-posteriori likelihood function, where P is the a-priori
covariance of uncertainty in the model parameters x, and R the
covariance of uncertainty in the residuals r (Tarantola and Valette,
1982; Wunsch, 1996).

P allows us to control the smoothness of the temperature his-
tory. We used a set of piecewise linear functions as basis functions
bi , and added a cross correlation between functions. The decor-
relation scale was set to 300 yrs before the abrupt warming, 40
years during the abrupt warming, and 100 yrs after the warming.
P was scaled so that the a-priori root mean square error was set
to σx = 5 ◦C.

R represents not only the error in the data, but also the fact
that the model may not be a perfect representation of reality, and
may not be expected to fit the data perfectly. We assumed the
uncertainty in the residuals to be uncorrelated in time, with time-
independent variance, and used a signal to noise ratio of 500, to
set the noise level as a function of the signal. The least-squares
inversion is not sensitive to the magnitude of P or R, but to the
ratio between them, so it is useful to define R in terms of signal
to noise ratio.

The least-squares theory shows that the optimum solution to
(11) is (Wunsch, 1996, Chapter 3):

x1 = PHT
1

(
H1PHT

1 + R
)−1

(d − yo) (14)

The same linearization exercise can be performed around T1 =
T0 + Bx1, with the output profile y1, creating a matrix H2. Subse-
quent solutions take the form (El Akkraoui et al., 2008):

n∑
j=1

x j = PHT
n

(
HnPHT

n + R
)−1

(
d − yn−1 + Hn

n−1∑
j=1

x j

)
(15)

The additional term Hn
∑n−1

j=1 x j is there to keep a consistent
constraint on T0(t). Without it, subsequent iterations could drift
away from T0(t). The history of temperature is recovered using
Eq. (9).

3.3.4. Uncertainty estimation
The least-squares optimization provides an estimate of the co-

variance P̂ of the uncertainty in the estimated model parameters:

P̂ = P − PHT
n

(
HnPHT

n + R
)−1

HnP (16)

The eigenvectors of P̂ with the largest eigenvalues represent the
dimensions least constrained by the data, which allows us to ex-
plore the statistics of the reconstruction. The 1 − σ error on the
reconstruction is given by the square root of the diagonal elements
of S = BP̂BT , but this metric neglects the covariance between the
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temperature at a certain time, and the temperature a few years
before or after.

An ensemble of solutions to (11) can be created using the
eigenvalue decomposition of P̂ = UDUT . The jth trial solution x j
takes the form:

x j = x + U
√

D m j (17)

with m j a vector of Gaussian, independent and identically dis-
tributed random numbers with zero mean and unit variance, x the
optimum least-squares solution, and

√
D the element by element

square root of the diagonal matrix D.
We created a set of 1000 solutions to the least-squares problem

using Eq. (17). These solutions allow us to explore the range of
possibilities allowed by both the uncertainty in the data, and the
unconstrained dimension of the problem. We used these series of
solutions to compute the uncertainty in the temperature change.

3.3.5. Influence of the parameters used in the inversion
We performed the inversion independently with two set of ba-

sis functions: Fourier series and piecewise linear functions. These
two sets of basis functions represent two extremes in the repre-
sentation of the functional space of temperature history: smooth
and non-local, or non-smooth and local. Both sets of basis func-
tions were normalized so each element had a maximum amplitude
of 1 ◦C.

The inversion was run on a time window of 2000 yrs, and the
mean sampling rate was 27 yrs. To avoid enforcing periodicity, the
Fourier components were evenly-spaced harmonics of a 4000 yr
fundamental period, extending up to 20 year period. The Fourier
components were assumed to be uncorrelated and were given an
assumed prior variance proportional to the square of their period.
P was scaled so that the a-priori root mean square error was set
to σx = 5 ◦C.

The piece-wise linear components had a spacing of 20 yrs. P
was given the same scaling of σx = 5 ◦C, but a cross correlation
was added: the decorrelation scale was set to 300 yrs before the
abrupt warming, 40 yrs during the abrupt warming, and 100 yrs
after the warming.

The decorrelation scale is uniform in time for the Fourier series,
and it decreases at the time of the abrupt changes for the piece-
wise linear functions. As a result, the “Fourier” output is somewhat
smoother during the abrupt temperature jump, and fits the data
less closely (Fig. 5). Aside from the steepest increase, both solu-
tions are very similar, and in particular, they produce the same
overall amplitude for the event. We also performed the inversion
with piecewise linear functions at a 10-yr resolution (red curve in
Fig. 5), and found a temperature reconstruction very similar to that
at 20-yr resolution. All three temperature reconstruction fit within
the 1 − σ error computed in Section 3.3.4.

Overall, the temperature reconstructions is only weakly sensi-
tive to the set of basis functions used, or to a reasonable choice of
the prior P.

For computational reasons, we present in the following only re-
sults with piecewise linear functions at a 20-yr resolution.

3.3.6. Inversion results
The inverse method was run to produce a temperature history,

as well as the scaling of the annual layer thickness, with the goal
to match δ15N, δ40Ar and �age at the beginning of the transition.
The results are shown in Fig. 6.

We found that the temperature increased in two steps: the
temperature increased by 9.4 ± 1.6 ◦C in the first 20 yrs, followed
by a slower increase to a maximum of 12.64 ± 0.98 ◦C after 120
yrs. This temperature history corresponds well with the shape of
the δ18Oice curve. We measured the overall amplitude of the event
Fig. 5. TOP: Surface temperature reconstruction, with different sets of basis func-
tions used in the linearized inversion. Fourier series (in green) are smooth and
non-local, and piecewise linear functions with 20 year (blue), and 10 year resolution
(red) are non-smooth and localized in time. All yield a very similar reconstruction,
showing that the basis on which we linearize the model does not significantly af-
fect the result. BOTTOM: δ40Ar and δ15N profiles corresponding to these histories,
and the data. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

by taking the mean temperature 150 to 50 yrs before the abrupt
warming, and 100 to 200 yrs after the abrupt warming so as to
average over decadal variability. We found the amplitude of the
event to be 11.80 ± 0.58 ◦C, using a 50-yr log-normal smoothing
function. The error bars stated in this section were calculated from
the spread of 1000 solutions to the inverse problem, following the
method described in Section 3.3.4. The uncertainty in the 100-yr
average is lower than at a single point in time, because long term
averages are better constrained by the data. We made a detailed
assessment of all sources of uncertainty, and found the overall un-
certainty in the temperature change to be 1.8 ◦C (see Supplement).

We estimate the accumulation rate to increase from 0.053 mice/
yr to 0.11 mice/yr in 130 yrs followed by an increase to a maximum
of 0.15 mice/yr after an additional 100 yrs, although the temporal
resolution of the layer thickness is limited. The gas age-ice age
difference �age decreased from 1066 yrs to 600 yrs during the
interstadial. These values are an improvement over the published
Bender et al. (1994) gas–age scale, which was obtained from the
synchronization of GISP2 to Vostok using δ18Oatm .

4. Discussion

4.1. Accumulation history

The knowledge of both the firn thickness and �age before the
abrupt change allows us to find the value of the thinning func-
tion, and derive the accumulation rate from the depth-age scale.
We find that λ0/λ = 4.59 ± 0.045, for a stadial accumulation rate
of 0.053 mice/yr. This value is somewhat model dependent. Differ-
ent densification models produce different firn thicknesses for the
same temperature and accumulation pair, and we have found that
the Goujon model needs to be 2 ◦C colder than the Herron and
Langway (1980) model to get the same firn thickness. In addition,
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Fig. 6. Surface temperature reconstruction. TOP: Accumulation rate derived from an-
nual layer thickness (red), and surface temperature reconstruction, with an initial
guess of 10 ◦C step change (blue); the black line shows the temperature history
based on δ18Oice . BOTTOM: from top to bottom: δ40Ar (red), δ15N (blue), δ15Nxs

(brown) and δ15Ng (green) data (symbols), and model fit (line). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

the presence of a convective zone can mislead our estimation of
the firn thickness from inert gas isotopes.

Regardless of the absolute value, the annual layer thickness
itself suggests a tripling of the accumulation rate at GISP2 dur-
ing the abrupt warming. This estimation is compatible with the
changes in the gravitational fractionation seen in the δ15N data,
and is unlikely to be merely an artifact of a change in the de-
formation of the ice between dusty, ductile, stadial ice and clean,
hard, interstadial ice. We tested for that by allowing an additional
offset in the accumulation history using λ0 = cλ+ d but the model
found the optimum value of d to be zero.

The increase in the accumulation rate is larger at GISP2 than at
NGRIP (50% increase, Thomas et al., 2009), or at NEEM (Guillevic
et al., 2013). This evidence supports the idea that a decrease in
sea ice in the Nordic sea is responsible for a large increase in pre-
cipitation in the southern part of Greenland during DO events, but
that its impact on northern Greenland is more limited (Li et al.,
2010).

4.2. Temperature history and water isotopes

Although there are some notable differences between δ18Oice

and the least-squares temperature reconstruction, the general
shape of the event is similar, and we find that the inert gas iso-
tope data support the idea that variations in δ18Oice are dominated
by local temperature changes.

The abrupt increase into Interstadial 8 took place in two steps:
First, a sharp increase of 4.15� and 9.4◦C in the first 20 yrs, fol-
lowed by a slower increase to maximum of +6.43� and 12.64 ◦C
after 120 yrs.

We can compare δ18Oice with our new temperature reconstruc-
tion, and evaluate α = dδ18O/dT for both the fast and slow part of
the warming (Table 1).
Table 1
Calculation of α = dδ18O/dT at different time during DO8.

Time
ka BP

d(δ18O)
(�)

dT
(◦C)

α
(�/◦C)

38.180–38.170 4.15 9.37 0.443
38.230–38.040 6.40 12.64 0.506
δ (100-yr mean) 3.84 11.80 0.325

We find that α is larger for fast changes than for the cen-
tury average. The 100-yr mean α is similar to the glacial/Holocene
value of 0.328�/◦C (Cuffey and Clow, 1997). During cold stadials,
winter precipitation is largely suppressed (Werner et al., 2000), but
during the abrupt warming, winter precipitation resumes, which
causes a decrease in δ18O (Masson-Delmotte et al., 2005). We find
that α is smaller during the abrupt warming than during the sub-
sequent more gradual temperature increase, which suggests that
the impact of precipitation seasonality might be more prevalent
at the very beginning of the DO event than later on. The lack
of a plateau between 38.170 and 38.111 ka BP in δ18O, and the
generally poor fit to the data during the second part of the tem-
perature increase (Fig. 3) indicates that there are significant non-
temperature contributions to the δ18O signal.

4.3. Future improvements

The dominant source of uncertainty in the temperature recon-
struction from inert gas isotopes is the unknown smoothing due
to progressive bubble closure. Ice cores from the same location can
have different diffusivities and age distributions in the lock-in zone
(Buizert et al., 2012), and it is unlikely that lock-in zone parame-
ters may be accurately derived from bulk properties. The width
of the smoothing function could be estimated from independent
knowledge of the timing of the increase in CH4 during a DO event,
from a higher accumulation site, and comparison to the gas profile
of the core of interest.

Densification models cannot reproduce the fine structure of the
variations in δ15Ngrav . Most current models rely on the parame-
terization of bulk density and porosity (e.g. Herron and Langway,
1980; Goujon et al., 2003), but the fine structure, especially the
density variability, may be very important for the estimation of
the depth at which gravitational fractionation ceases (Hörhold et
al., 2009; Hörhold et al., 2011; Freitag et al., 2013). Future mod-
els, based on a layered firn, and incorporating grain growth in the
densification equations (Arthern et al., 2010) are likely to improve
the estimation of the lock-in depth, and help interpret the inert
gas isotopic signal.

5. Conclusions

We have presented a new method to reconstruct the surface
temperature history from inert gas isotopes in ice cores. The tem-
perature increase at Dansgaard Oeschger event 8 had an amplitude
of 11.80 ± 1.8 ◦C over a period of 140 yrs. The dominant source
of uncertainty is due to the unknown smoothing due to diffusion
and progressive bubble closure in the lock-in zone, which is es-
timated conservatively to be ±1.5 ◦C, and the overall uncertainty
is σ = 1.8 ◦C (see Supplement for details). Both temperature and
δ18Oice exhibit a warming in two phases, suggesting that δ18O is
linearly correlated with local temperature changes to first order.
However, we find different α = dδ18O/dT for different segments,
which indicates that changes in precipitation seasonality are more
prevalent near the very beginning of DO8. In addition, the mis-
match between 38.170 and 38.040 ka BP reminds us that sources
of fractionation other than temperature have a significant contribu-
tion to the δ18O signal. The century average α = 0.325±0.06�/◦C
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is very similar to the glacial/Holocene value of 0.328 (Cuffey and
Clow, 1997).

Inert gas isotopes also contain information regarding past firn
thickness. We used this information to derive the magnitude of
the thinning of annual layers in the vicinity of DO8, 38.2 ka BP,
at 2245 m depth. We found that λ0/λ = 4.59 ± 0.04. This value
can help constrain models of ice sheet evolution (Cuffey and Clow,
1997).

The development of this technique, measured concurrently with
all water isotopes, will allow us to disentangle the sources of frac-
tionation of water isotopes, improve the precision of our tempera-
ture estimation and enhance our understanding of the relationship
between water isotopes and climate.
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