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of O2

δ18O of the samples analyzed in this study are plotted vs. depth
in Fig. S1. Reference curves for CH4 concentration and δ18Oatm
vs. time are shown in Fig. S3. From a scatterplot of CH4 con-
centration vs. δ18Oatm, one can graphically solve for the age of a
sample (Fig. 2; refs. 8, 9). To exploit this approach, we generated
a three-point smoothed reference curve from which ages are
interpolated back to ∼130 ka (Fig. S2A). Fig. S2B shows the
CH4–δ18Oatm reference curve for the period between 427 and
130 ka. It assumes an interhemispheric methane gradient of 8%,
likely too high for glacial times, though generally representative
of interglacial periods (e.g., ref. 44). This plot serves to illustrate
the locus of points for the interval of ∼300 ky preceding 130 ka,
and allows us to determine if any of our samples have gas prop-
erties consistent with ages between 427 and 130 ka.
During the Eemian, δ18Oatm measures the true age of a sample

more accurately than CH4 (Fig. S3) for two reasons. First, during
much of the Eemian, δ18Oatm is changing rapidly and CH4 is
changing slowly. Second, there is less natural noise in δ18Oatm
than in CH4. Therefore, we derive ages by allowing methane
values to range by as much as 25 ppb from the closest point of
the reference curve, maintaining δ18Oatm at the measured
values. Methane variations of ±25 ppb are similar to the short-
term atmospheric variability as observed in Antarctic ice cores
from Vostok, Talos Dome, and Dome C (Fig. 3E); analytical
variability is much smaller (Methods). If the methane concen-
tration of a sample falls more than 25 ppb from the reference
curve, we do not evaluate its age. The analytical uncertainty of
δ18Oatm is approximately ±0.04‰ (1σ; Methods).
Here and elsewhere, uncertainties span the age range consis-

tent with δ18Oatm values greater than and less than the observed
values by 0.05‰. Between 128 and 126 ka, δ18Oatm changes rap-
idly, and ages are highly resolved (∼100 y analytical uncertainty).
However, from 126 to 121 ka, both CH4 and δ18Oatm change
slowly, and ages have large uncertainties (up to ± 3 ky analytical
uncertainty). Between 121 and 115 ka, δ18Oatm once again changes
rapidly, and age uncertainties are small (±0.3 ky). In assigning ages,
we assume that the disturbed ice is older than 105 ka, and no older
than 250 ka (glacial isotope stage 7). Ages and geochemical data
are listed in Table S1. These assigned ages are gas ages. We make
no correction for gas age–ice age difference, but note that Eemian
values of this difference are likely less than 0.3 ky and thus within
the dating uncertainty itself.
Of our 48 original samples, the 5 deepest were excluded be-

cause of obvious CH4 contamination. Two samples were ex-
cluded because of poor CH4 reproducibility, three are too young
to be of interest (∼106 ka), three did not fall on the reference
curve, and seven were older than 220 ka. Twenty-six samples
date to the interval between 127.6 and 115.4 ka, and are the
source of the reconstructed record discussed below. We also
retain data for two additional Eemian samples that can each be
dated to two possible ages, both of which fall within the warm
part of the Eemian (122.5 or 124.9 ka at 2,854-m depth; 121.8 or
125.3 ka at 2,955.85-m depth).

Excluded Samples
Depleted δO2/N2 values (down to −170‰) and enriched δ18Oatm
values indicate that O2 preferentially escapes through micro-
fractures during core storage (45). A correction for the enrichment
of δ18Oatm relative to the depletion of δO2/N2 values was not well
constrained, so samples were excluded when O2 loss exceeded the

expected range for typical trapped air (δO2/N2 < −25‰). Sampled
sections from each depth segment were also cut ∼1 cm away from
the edge of the core surface to reduce gas loss.
Of the 48 new samples analyzed in this study (Fig. S1), we

excluded two samples in which replicate CH4 subsamples dif-
fered by more than 25 ppb. In addition, four samples had CH4
concentrations between 845 and 7,705 ppb, higher than any
observed in the deep continuous Antarctic ice cores. These four
samples were from depths greater than 3,030 m; only one sample
beyond 3,030-m depth contained CH4 levels within the expected
range. Dirty basal ice at GISP2 is first found at a depth of 3,040 m,
and extends to the base of the core at 3,054 m depth (46). The
elevated CH4 concentrations observed in clean ice between
3,030- and 3,040-m depth are likely a result of contamination with
dirty ice, mixed up from the bed. In GRIP, dirty basal ice has a
methane concentration of ∼6,000,000 ppb, due to in situ pro-
duction by methanogens (47). Therefore, extremely small amounts
of dirty ice can account for the observed methane contamination.
Based on these results, we exclude all five samples from below
3,030-m depth; 41 samples remain.
Unique ages were not established for 15 of these 41 samples. Of

these, three had CH4 concentrations lying more than 25 ppb from
the reference curve. Three of the shallowest samples (from 2,801
to 2,816 m) date to ∼106 ka. Seven samples from the deepest
part of the clean, disturbed ice section (3,004–3,027 m) date back
to at least ∼220 ka. Two other samples had more than one
possible age; both fell within the Eemian temperature plateau
and were retained. These 2 samples, and 26 uniquely dated new
samples, are the basis of our updated records.

Considerations on the Interhemispheric CH4 Gradient
Between 124 and 119 ka, Greenland CH4 levels are higher than
those in Antarctica by ∼90 ppm, or ∼15% (Fig. 3E). This dif-
ference is observed in records from NGRIP and NEEM, as well
as in the discontinuous GISP2 record. Such a large gradient is
unprecedented in data covering the past 118 ka. Due to the rapid
mixing time of the atmosphere, typical interglacial interhemispheric
gradients range between ∼6% and 9%. Glacial gradients are
smaller (44), at least at those times when the Arctic is not being
warmed by an interstadial event. In the context of the modern CH4
budget, a sustained interhemispheric gradient exceeding 10% seems
unlikely, as it would require a major change in Northern Hemi-
sphere vs. tropical sources of CH4. This could suggest that, between
124 and 119 ka, the three relevant Greenland cores are contami-
nated with enough methane to raise the concentration by ∼5% (47).
However, contamination is improbable, as it would require equal
levels in all three cores. We follow earlier work (6, 8, 9, 12) in re-
garding the elevated Greenland CH4 values as a primary feature.
Two factors that might contribute to the large interhemispheric
gradient are a large permafrost methane source induced by the
warmth of the Eemian, and especially strong Eemian monsoons.

Gas Age–Ice Age Difference
An estimation of the Eemian gas age–ice age difference (Δage) is
made based on correlating δ18Oice and Δage of the GISP2 Holocene
section of the ice core, and interpolating this scaling to the last
interglacial (48). Parameterizing Δage in terms of temperature is
appropriate because Δage depends on temperature and the ac-
cumulation rate, a related property. This simple estimation of
Δage predicts a 68-y change in Δage per ‰ of δ18Oice from the
modern value. By this metric, Δage was at most 300 y during the
Eemian. Thus, the ages in Table S1 can be used in the discussion

Yau et al. www.pnas.org/cgi/content/short/1524766113 1 of 5

www.pnas.org/cgi/content/short/1524766113


of both δ18Oice and total air content during the Eemian with a
likely uncertainty, between records, of at most 300 y. No cor-
rection was made for the gas age–ice age difference.

Accumulation Rate Calculation
The accumulation rate, in units of meters water equivalent/year,
was estimated using the following approach. First, we calculated
the paleotemperature as above from the δ18Oice data. Second, we
defined the gas-trapping depth as that depth in the firn column
that would account for the δ15N enrichment by invoking gravi-
tational fractionation. This depth can be calculated using a form
of the barometric equation (from ref. 23):

δ15N  of  N2 = 1,000 * ðexpðΔmgz=RTÞ− 1Þ, [S1]

Δm is the mass difference between 14N2 and
15N14N in kg mol−1,

g is gravitational acceleration (9.8 m s−2), z is depth (m), R is the
ideal gas constant (8.314 J K−1 mol−1), and T is the temperature
(K). All terms are known except z, which is calculated. Finally, from
the equations of Herron and Langway relating firn depth, density,
temperature, and accumulation rate (24), we calculated the accumu-
lation rate that is required to give the inferred gas-trapping depth.
The gas-trapping depth thus calculated is different from the

close-off depth, which may be defined as the depth where density=
0.83 g ice cm−3, at which point ice becomes impermeable (25). In
the case of GISP2, the observed accumulation rate and temper-
ature give a modern close-off depth of 73 m. By contrast, the
modern gas-trapping depth, calculated from δ15N, is 65 m. The
difference between these two depths reflects the fact that gas
trapping begins well above the depth of final close-off. In our
calculations, we assume that the gas-trapping depth, as registered
by δ15N, is achieved when the density of ice is 0.81 g cm−3. We
then calculate, given the temperature and the Herron–Lang-
way equations, the accumulation rate that gives the calculated
gas-trapping depth. These values have an estimated uncer-
tainty of ±0.05 m/y. We apply the same technique, using a
close-off density = 0.80 g cm−3, to calculate accumulation rate
for NEEM samples.

Total Air Content and Elevation
Total air content is related to elevation: lower elevation corre-
sponds to higher atmospheric pressure and a larger mass of air
trapped in the porosity of ice. Neglecting confounding effects for
the moment, we can reconstruct past atmospheric pressure and
elevation. The porosity upon close-off is a function of temper-
ature, and the gas density is related to atmospheric pressure and
temperature by the ideal gas law (49, 50). Restricting the GISP2
TAC data to that collected in this work, we calculate an ice sheet
lowering of 750 m between 127 and 121 ka.
A number of factors introduce uncertainties into this calcu-

lation. First, firnification processes at the ice grain level introduce
a relationship between insolation (especially that component
driven by obliquity) and TAC (7, 27). This relation can explain a
large part of the TAC increase between 127 and 121 ka, but the
insolation effect is not well quantified. Second, there are un-
certainties in the gradient of atmospheric pressure with elevation,
in the effects of wind speed on TAC, and in regional patterns of
atmospheric pressure. Largely because of the possible effects of
insolation, in our view, the elevation change implied by the TAC
data remains to be accurately quantified.

Statistical Method
The simulated evolution of precipitation-weighted temperature
at the GISP2 and NEEM deposition sites (Fig. 4, Left) were
compared with the reconstructed temperature anomalies using a
Gaussian likelihood function that accounts for uncertainty in both
the x and y dimensions assuming errors in x and y are independent.

PðOijMÞ∼
X
t
e
−
�
ðyo ðiÞ− ymðtÞÞ2

2σy ðiÞ2
+ðxoðiÞ− xmðtÞÞ2

2σx ðiÞ2

�

,

where PðOijMÞ is the probability of each observed value i (sub-
script “o”) given a trajectory of model values (subscript “m”) of
times t. Here y is the precipitation-weighted annual mean tem-
perature and x is time, and σy and σx are the SE in the observed y
and x values, respectively. The summation stems from the fact
that any observation of the model “truth” could stem from a
variety of combination of errors in x and in y.
The overall likelihood of an individual time series of obser-

vations, e.g., at GISP2 or NEEM, is given by the sum of the
individual likelihood values of each observation, scaled by q.

PGISP2 =
Y
i

PðOijMÞGISP2
q

PNEEM =
Y
i

PðOijMÞNEEM
q.

In the present case, when using a time series of observations, it is
necessary to account for autocorrelation. However, this is a priori
unknown and difficult to estimate, given the sparse sampling at
GISP2 and the varying resolution of data points at NEEM. To
circumvent this problem, we correct the likelihood by assuming
it should be scaled by an exponent in the range 1=N ≤ q≤ 1,
where N is the total number of observations in the time series.
Setting q = 1/N corresponds to a geometric mean over the ob-
servations (effectively reducing the number of observations in
the time series to 1, and thus increasing uncertainty), and setting
q = 1 implies that all observations in the time series are statisti-
cally independent. The choice of q can have a strong effect on
the width of the posterior PDF. To avoid a wholly subjective
choice, we chose q = 0.04 such that the 1-sigma width of the
posterior PDF encapsulates ∼68% of the observations.
The time series at GISP2 and NEEM are considered as inde-

pendent, so their likelihoods can be multiplied together to give the
combined likelihood of the observations for a givenmodel trajectory.

PðOjMÞ=PGISP2 ·PNEEM.

The likelihood functions are normalized such that the sum over all
likelihoods is 1.
Following Bayes theorem, we calculate the posterior likelihood as:

PðMjOÞ=PðOjMÞPðMÞ
PðOÞ .

PðOjMÞ is calculated as described above and because all observa-
tions are given equal weight (i.e., a flat prior), PðOÞ can be factored
out of the equation given that the integral is 1. Thus, the remaining
unknown is the likelihood of each model version, PðMÞ, which is
determined by the prior weights assigned to the model versions.
Following previous work (20), we prescribe Gaussian priors to the
model parameters perturbed in our ensemble, namely a free pa-
rameter in the melt model (parameter c) and the sensitivity of the
precipitation to changing temperatures (parameter p):

Pc =−55± 2 W m−2

Pp = 6.3± 3.3% K−1.

Finally, the likelihood of each model version is then determined
as PðMÞ=Pc ·Pp. The likelihoods are used as weighting in a
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kernel density estimate (using the package ks in R) to produce
the posterior PDF for the ensemble.

Model Evaluation–Accumulation Rate and Temperature
Relationship
Fig. S6 shows the reconstructed GISP2 accumulation vs. the
GISP2 temperature anomaly relative to the Holocene at 121 ka.
Temperature anomalies up to 8 °C correspond to increasing
accumulation rates, because warmer air carries more moisture.
For temperature anomalies above 8 °C, however, the accumu-
lation rate falls, reflecting not regional climatic changes, but a
reduction in orographic precipitation due to ice retreat. At 121 ka,
the median temperature increase calculated from dT/dδ18Oice

is ∼6 °C, which leads to almost total melting of the ice sheet, in
the range of 6–7 m sle.
The underestimation of GISP2 accumulation rates by the

model appears to suggest that the GrIS sea level contribution may
be somewhat overestimated, because higher accumulation rates
favor a larger ice sheet. However, the significance of this bias is
ambiguous, because higher local accumulation rates may simply
be a consequence of lower elevation and warmer temperatures.
The model simulates the changes in the NEEM accumulation
rates quite poorly. However, it is known that NEEM, which is
closer to the margin, could experience local climatic changes that
do not have large-scale impacts on the ice sheet.
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Fig. S1. Sampled sections from the clean, disturbed section of GISP2 (48 samples), shown in the context of the curve of δ18Oice vs. depth.
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Fig. S2. Reference curves of CH4 vs. δ18Oatm color-coded for age. (A) Zoom in on Eemian section of scatterplot with a three-point smoothing over the curve,
which is used to interpolate sample ages. (B) Reference curve based on EPICA Dome C CH4 and δ18Oatm data (130-427 ka; refs. 13, 14).
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Fig. S3. Reference curves for CH4 and δ18Oatm based on NGRIP (121.1–105 ka; 12) and NEEM (128.2–119.9 ka; 6). Elevated CH4 data, associated with melt layers
in the NEEM core, are excluded.
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Fig. S4. Time series of simulated regional summer temperature anomaly (Upper) and GrIS contribution to sea level (Lower) during the Eemian. All ensemble members
are shown (thin black lines), along with the best estimates for GISP2 (blue line) and NEEM (magenta line), along with the respective 95% credible intervals (shading).

Fig. S5. Time series of the decomposition of the simulated local summer temperature anomaly at GISP2 (solid black line) into the contributions from local
elevation change corrected by a lapse rate of 6.5 °C/km (gray line) and the regional summer temperature anomaly forcing (dashed line).

Fig. S6. Simulated relationship between the GISP2 accumulation rate and temperature anomaly with respect to the present at 121 ka. The shading shows the
corresponding GrIS contribution to sea level for each simulation. Also shown are observations from GISP2 in the time period 121 ± 0.5 ka.
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Table S1. Geochemical data (averages of replicates)

Depth (m) δO2/N2 (‰) δAr/N2 (‰) δ15N2 (‰) CH4 (ppb) δ18Oatm (‰) δ18Oatm st dev δ18Oice (‰) TAC (scc/kg) Age (ka) Alt. Age (ka)

2,761.19 −14.85 −2.05 0.46 665.3 0.43 0.019 −35.82 88.4 ∼106 —

2,771.87 −14.22 −2.92 0.29 583.2 0.56 0.024 −35.76 94.5 115.4 -
2,801.16 −20.64 −2.17 0.45 662.3 0.54 0.049 −35.89 87.7 ∼106
2,815.85 −20.14 −2.85 0.44 662.3 0.52 0.010 −36.42 87.7 ∼106
2,841.85 −16.87 −4.48 0.31 669.6 0.14 0.059 −33.07 93.0 119.1 —

2,845.85 −10.18 −0.99 0.28 674.8 −0.23 0.084 −31.56 91.5 121.5 —

2,854.95 −12.08 −0.13 0.31 698.4 −0.27 0.024 −32.21 85.4 122.5 124.9
2,860.95 −16.09 −4.18 0.31 725.8 −0.28 0.024 −31.89 82.8 124.6 —

2,883.05 −17.49 −2.02 0.31 720.8 −0.07 0.000 −32.34 83.1 126.6 —

2,886.95 −15.67 −4.04 0.29 699.2 −0.17 0.010 −33.33 91.1 121.1 —

2,890.95 −17.24 −3.09 0.39 643.9 0.18 0.021 −33.44 85.8 118.9 —

2,894.05 −14.00 −2.33 0.38 560.1 0.40 0.064 −37.17 88.7 — —

2,921.85 −15.94 −1.92 0.39 723.3 0.29 0.057 −35.24 83.8 127.6 -
2,949.05 −15.96 −2.89 0.32 717.2 −0.02 0.104 −33.39 83.2 126.7 -
2,952.85 −17.06 −4.57 0.33 651.4 0.18 0.003 −33.22 95.4 118.6 -
2,955.85 −16.38 −3.88 0.33 702.3 −0.25 0.003 −32.17 83.1 121.8 125.3
2,957.85 −14.49 −0.60 0.41 601.7 0.24 0.074 −35.54 86.1 — —

2,959.05 −17.65 −4.26 0.33 719.6 0.12 0.064 −34.79 82.3 127.0 —

2,962.95 −14.44 −2.84 0.37 722.8 0.03 0.023 −34.28 80.2 126.8 —

2,969.05 −18.93 −4.64 0.33 663.1 −0.17 0.020 −34.08 90.2 — —

2,975.84 −16.51 −3.31 0.33 659.9 0.13 0.043 −32.57 92.3 119.1 —

2,977.85 −15.01 −4.82 0.32 645.0 0.17 0.007 −33.05 91.2 119.0 —

2,978.05 −19.01 −5.66 0.30 672.8 −0.11 0.045 −31.82 89.4 120.6 —

2,982.14 −20.32 −2.28 0.33 652.7 0.14 0.004 −32.10 91.9 119.0 —

2,986.95 −12.85 −1.90 0.32 665.8 −0.04 0.054 −31.89 91.3 120.0 —

2,987.85 −15.85 −3.11 0.30 661.2 0.07 0.051 −32.60 91.0 119.3 —

2,990.95 −19.15 −3.90 0.33 684.3 0.03 0.081 −32.34 90.1 119.6 —

2,991.85 −18.25 −5.70 0.29 675.4 −0.17 0.035 −32.23 90.6 121.1 —

2,992.95 −12.69 −2.28 0.33 699.9 −0.11 0.014 −31.88 91.7 120.6 —

2,993.85 −12.03 −2.35 0.29 665.3 0.11 0.034 −33.17 92.9 119.2 —

2,994.95 −12.43 −2.88 0.30 659.9 −0.01 0.032 −31.94 91.4 119.8 —

2,996.85 −18.72 −6.23 0.27 643.9 −0.01 0.033 −32.86 91.4 — —

2,997.90 −14.50 −2.41 0.32 693.2 −0.13 0.101 −31.56 91.3 120.7 —

3,000.93 −15.04 −4.53 0.29 649.8 0.06 0.016 −32.17 90.3 119.3 —

3,001.85 −15.61 −2.61 0.34 696.4 −0.12 0.042 −31.59 92.1 120.7 —

3,004.27 1.32 1.14 0.34 708.6 0.33 0.022 −33.96 87.2 >220 127.7
3,009.85 −13.03 −1.95 0.32 655.6 0.43 0.066 −34.53 89.6 >220 —

3,011.85 −7.62 0.15 0.35 575.4 0.32 0.035 −36.43 86.4 >220 —

3,019.05 −9.81 −2.37 0.31 633.7 0.31 0.069 −35.29 87.5 — —

3,021.29 −21.19 −0.75 0.44 654.7 0.51 0.089 −36.19 86.3 >220 —

3,023.85 −9.06 −1.28 0.37 681.8 0.51 0.042 −35.20 86.8 >220 —

3,024.95 −2.19 1.50 0.31 690.4 0.30 0.081 −34.19 85.5 >220 —

3,026.05 −4.21 0.07 0.34 691.2 0.32 0.055 −33.94 85.2 >220 —

3,031.20 — — — 7,705.5 — — — — — —

3,032.93 — — — 980.2 — — — — — —

3,034.07 — — — 844.7 — — — — — —

3,036.46 — — — 756.8 — — — — — —

3,037.85 — — — 1,511.4 — — — — — —

Lines in bold type are the 28 new samples used in this study. Dashes in the place of numbers mean that no data are available, or that age values cannot be
calculated. scc, standard cubic centimeters.
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