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Abstract Future Greenland temperature evolution will affect melting of the ice sheet
and associated global sea-level change. Therefore, understanding Greenland temperature variability and its relation to global trends is critical. Here, we reconstruct the
last 1,000 years of central Greenland surface temperature from isotopes of N2 and
Ar in air bubbles in an ice core. This technique provides constraints on decadal to
centennial temperature fluctuations. We found that northern hemisphere temperature and Greenland temperature changed synchronously at periods of ∼20 years and
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40–100 years. This quasi-periodic multi-decadal temperature fluctuation persisted
throughout the last millennium, and is likely to continue into the future.

1 Introduction
Most instrumental temperature records extend back only for 150 years (National
Research Council (U.S.) Committee on Surface Temperature Reconstructions for
the Last 2000 Years 2006), limiting our understanding of climate dynamics on a
longer time scale. Therefore, many proxies for temperature have been developed
to extend the temperature history (Hegerl et al. 2007; Jones and Mann 2004; Mann
et al. 2008; Moberg et al. 2005; National Research Council (U.S.) Committee on
Surface Temperature Reconstructions for the Last 2000 Years 2006). However, many
of the proxies are qualitative and seasonally biased, and often the assumption of
stationary relationships between the proxy and the short instrumental record cannot
be verified (National Research Council (U.S.) Committee on Surface Temperature
Reconstructions for the Last 2000 Years 2006). In Greenland, oxygen isotopes of
ice (Stuiver et al. 1995) have been extensively used as a temperature proxy, but
the data are noisy and do not clearly show multi-centennial trends for the last
1,000 years in contrast to borehole temperature records that show a clear “Little
Ice Age” and “Medieval Warm Period” (Dahl-Jensen et al. 1998). Oxygen isotopes
suffer known biases from factors other than temperature, such as the frequency of
storm precipitation and the seasonality of precipitation (Stuiver et al. 1995). On
the other hand, the resolution of the borehole surface temperature reconstruction
is rapidly lost as time goes back, due to diffusion of heat (Alley and Koci 1990;
Dahl-Jensen et al. 1998). Inert gas isotopes provide independent constraints in
the decadal-centennial band that complement these traditional temperature proxies
(Severinghaus et al. 1998).
We used an ice core (GISP2) from central Greenland (72◦ 36 N 38◦ 30 W;
3,203 masl), and analyzed nitrogen (15 N/14 N) and argon (40 Ar/36 Ar) isotopic ratios
(Kobashi et al. 2008b). Because these isotopic compositions are constant in the
atmosphere for >105 years (Allegre et al. 1987; Mariotti 1983), deviations of these
isotopic compositions in an ice core can be attributed to processes in the firn layer
(unconsolidated snow layer on the top of glacial ice; 60–70 m thick in central
Greenland) (Severinghaus et al. 1998). The thickness of the firn layer and the temperature gradient between the top and bottom of the firn layer causes known amounts
of isotopic separation by gravitational and thermal fractionation, respectively
(Severinghaus et al. 1998). Measurements of two isotopic ratios with differing sensitivity (δ15 N and δ40 Ar) allow us to separate the two effects, providing the past firn
thickness and temperature gradient T (Kobashi et al. 2007, 2008a, b; Severinghaus
and Brook 1999). Surface temperature can be calculated from the T and accumulation rate data (Kobashi et al. 2008a), combined with a firn-densification/heat
diffusion model (Goujon et al. 2003). The reconstructed temperature at central
Greenland is a decadal average owing to smoothing of the record by gas diffusion
in the firn and by the bubble close-off process. Notably, the record is not seasonally
biased, and does not require any calibration to instrumental records, and resolves
decadal to centennial temperature fluctuations. Therefore, this method provides a
promising independent temperature history for the last 1,000 years.
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2 Methodologies
2.1 Chronology
We employed visual stratigraphy for the ice age chronology (Alley et al. 1997b).
The uncertainty of the ice age is estimated to be 1% (Alley et al. 1997b). The gas
age is calculated by the Goujon model (Goujon et al. 2003) with inputs of surface
temperature from calibrated oxygen isotopes of ice (Cuffey and Clow 1997) and
accumulation rate (Alley et al. 1997b; Cuffey and Clow 1997). The additional gas
age uncertainty is estimated to be 10% of the gas–ice age difference or 20 years (the
gas–ice age difference is 200 ± 4 years for the last 1,000 years, varying with changes
in firn condition).
2.2 Data description
Argon and nitrogen isotopes (δ15 N and δ40 Ar), and argon/nitrogen ratio (δAr/N2 )
in air trapped in the GISP2 ice core have been analyzed for the last 11,600 years
(Kobashi 2007; Kobashi et al. 2007, 2008a, b). The detailed methodologies for
the isotopic analyses and comprehensive description of data quality are presented
elsewhere (Kobashi et al. 2008b). Special efforts were made for the last 1,000 years
with higher-resolution (10-year) and higher-precision analyses (Kobashi et al. 2008b)
(Fig. 1). A total of 275 samples from 97 depths were analyzed for the period 1000–
1950 C.E. (Fig. 1). Pooled standard deviation of both δ15 N and δ40 Ar/4 are 0.004‰.
Therefore, the standard errors of means are 0.0023‰, 0.0028‰, and 0.004‰ for the
depths with triple, double, and single analyses, respectively. The pooled standard
deviation of δAr/N2 is 0.65‰ (Kobashi et al. 2008b).
2.3 Surface temperature calculation
Observed isotopic values can be decomposed into two components, δ 40 Arobserved =
δ 40 Argrav + δ 40 Artherm and δ 15 Nobserved = δ 15 Ngrav + δ 15 Ntherm , where grav and therm
represent gravitational and thermal components (Kobashi et al. 2008b). The magnitude of gravitational fractionation linearly scales with mass difference (Craig et al.
1988). Therefore, we can write δ40 Argrav /4 = δ15 Ngrav . For simplicity, we will use
δ40 Argrav /4 for later discussion so that argon and nitrogen isotopes are on the same
scale in terms of mass. Thermal components linearly relate to the temperature
difference (T) between the top and bottom of the firn layer. Therefore, δ15 Ntherm =
T 15  and δ40 Artherm = T 40  where 15  and 40  are laboratory-derived thermal
coefficients (Grachev and Severinghaus 2003a, b). From these relationships, the past
temperature gradient T can be readily calculated from observed
nitrogen
and


argon isotopic ratios as T = δ 15 Nobserved − δ 40 Arobserved /4 / 15  −40 /4 . Recent
studies have shown that there may be a third isotopic fractionation associated
´
with gas loss, especially for those gases with smaller molecular sizes (<3.6 Å)
(Huber et al. 2006; Kobashi et al. 2008b; Severinghaus and Battle 2006; Severinghaus
et al. 2003). We found strong evidence that argon isotopes are affected by gas
loss (see later discussion). Therefore, we corrected δ40 Ar using measured δAr/N2
following a previously established method (Severinghaus et al. 2003).
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Fig. 1 Observed δ15 N, δ40 Ar, δAr/N2 , and number of samples per depth. The circles are means, and
error bars are 1σ standard deviation of replicate samples. Three depths are represented by a single
analysis, and so are shown only by circles without error bars
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Firn conditions such as densification rate and heat transport are controlled by
snow accumulation and surface temperature change (Goujon et al. 2003; Schwander
et al. 1997). Therefore, it is possible to numerically calculate the past firn condition
with empirical glaciological models if surface temperature and accumulation rate are
known (Goujon et al. 2003; Schwander et al. 1997). Goujon et al. (2003) developed
such a model to calculate the past firn condition based on a δ18 Oice -derived surface
temperature calibrated with the borehole temperature record (Alley et al. 1997a;
Cuffey and Clow 1997) and accumulation rate (Cuffey and Clow 1997). The model
also calculates the resultant isotopic fractionation of δ15 N and δ40 Ar in the firn.
Goujon et al. found that the observed δ15 N and δ40 Ar are reproduced reasonably
well with the δ18 O-based temperature for the transition from the last glacial period
to the Holocene in Greenland (Goujon et al. 2003; Kobashi et al. 2008b). The model
is also found to reproduce current firn conditions well over a range of environmental
conditions (Landais et al. 2006). One exception is that the model fails to generate
the observed isotopic signals (δ15 N and δ40 Ar) at Antarctic sites such as Vostok with
very cold and low accumulation during the last glacial (Goujon et al. 2003; Landais
et al. 2006).
The temperature gradient (T) in the firn is constantly modified by changes in
surface temperature and heat transport in firn and ice. As heat transport in the firn
is much slower than gas diffusion, temperature gradient data (T) derived from
observed δ15 N and δ40 Ar can be used to calculate the heat transport in the firn if
combined with accumulation rate data. Therefore, a surface temperature history can
be calculated from the T history if the initial temperature profile of the firn and ice
sheet is known (Kobashi et al. 2008a, b). We used a borehole calibrated δ18 Oice -based
surface temperature record (Cuffey and Clow 1997; Stuiver et al. 1995) to create an
initial temperature profile (Severinghaus and Brook 1999). Actual calculation in the
model is conducted as follows. In a model year, the firn condition is forced by a new
surface temperature and accumulation rate. In the second model year, a new surface
temperature (Ts) is obtained by adding T from observed isotopic records to the
temperature (Tb) at the bottom of the firn layer in the previous year model run
(Kobashi et al. 2008a, b).


Ts = Tb model output from the previous model year + T (observation) .
This calculation effectively takes the heat transport into account, and calculates a
surface temperature from observed T and accumulation rate.
2.4 Surface temperature of the last 50 years
Our latest data for isotopes is 1950 C.E. as the air occlusion process is not completed
for recent decades. For the period 1950–1993, the surface temperature is estimated
heuristically by a forward model (Goujon et al. 2003) running various surface
temperature scenarios to find the best fit with the borehole temperature record. The
method is in principle the same as that used by Alley and Koci (1990) (Fig. 2). The
reconstructed temperature is generally similar to the instrumental temperature trend
(Vinther et al. 2006) (Fig. 3), and temperature reconstruction by Alley and Koci
(1990) (Fig. 2). The use of the Alley and Koci temperature reconstruction from 1950
onward creates a slight deviation from observed borehole temperature in the upper
80 m by <0.3◦ C.
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Fig. 2 Temperature
reconstructions after 1950 by
Alley and Koci (1990) (blue)
and this study (green). Dotted
lines are the ending years of
the calculations (1989 for
Alley and Koci and 1993 for
this study)
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2.5 T-based temperature calculation
To apply the T-based surface temperature calculation, a prerequisite is to
know the initial temperature profile of the firn and ice sheet. To accomplish this,
we run the model from 24,300 B.P. (Before Present, present is defined as 1950
C.E.) until 2957 B.P. with the δ18 Oice -based borehole-calibrated surface temperature
(Cuffey and Clow 1997; Stuiver et al. 1995). This surface temperature reconstruction
is known to be robust for a long-term trend (Goujon et al. 2003; Kobashi et al.
2008b). We employ the T-based surface temperature calculation from 2957 B.P.
onward. The T-based surface temperature calculation produces δ15 N results more
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Fig. 3 Observed (blue) and reconstructed (red) Greenland temperature records. The observed
record is a compilation of records from llulissat, Nuuk, and Qaqurtop located along the south and
west coast of Greenland (Vinther et al. 2006). To smooth the observed data, a 2-year moving average
is applied
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consistent with observed δ15 N for the period from 2957 to 1000 B.P. than the δ18 Oice based calculation (Fig. 4). However, note that different temperature histories (δ18 Oor T-based) before 1000 C.E. only slightly affect the first century of calculated
surface temperature for the last 1,000 years. From 2957 B.P., the model calculation
switches to the T-based calculation. As the Goujon model runs with a 1-year time
step, an annual resolution T time series is generated by linear interpolation. The
data density (1 sample/20 years) from 2957 B.P. to 990 B.P. is about six times lower
than that (∼3 samples/10 years) for the last 1,000 years (Kobashi et al. 2008b) so that
data is noisier.
At the end of the calculation, the temperature profile of the firn and ice sheet is
compared with observed borehole temperature at GISP2 (Fig. 5) (Alley and Koci
1990; Clow et al. 1996). We combined two borehole records for the firn section,
from Alley and Koci (1990) measured in summer 1989, and for the ice sheet section
by Clow et al. (1996) measured in summer 1994. As the two temperature records
show a slight offset in the overlapping depth, we shifted the Alley measurement by
+0.035◦ C to fit with the Clow data as the Clow thermometer has better accuracy.
Also we adjusted the Alley temperature profile by lowering 9 m to align it with
the Clow measurements, based on our expectation that the temperature profile
moved downward during the five intervening years by new snow accumulation and
temperature diffusion. The two data sets are combined at the depth of 230 m.
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Fig. 4 δ15 N for T-based model (green), δ18 Oice -based model (red), and observation (blue) for the
last 3,000 years. The δ18 Oice -based model is based on the temperature reconstruction from δ18 O of
ice (Stuiver et al. 1995) calibrated from Cuffey and Clow (1997). The δ18 O data is smoothed by a
50-year running average. Note that the high resolution and precision data derived from nitrogen and
argon isotopes start after 990 B.P.
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Fig. 5 Observed (red) (Clow
et al. 1996) and modeled (blue)
borehole temperature
histories. Broken blue lines are
1σ error bands

0
200

Model

400

Observation

Depth (m)

600
800
1000
1200
1400
1600
1800
2000

-32.2

-31.8

-31.4

-31.0

Temperature (ºC)

To estimate the error of the surface temperature calculation, we employed
a Monte Carlo simulation from 960 to 1950 C.E. 800 synthetic T time series
were produced by adding white noise according to its analytical errors. Then, 800
surface temperature histories were generated from these T time series. After
each calculation of surface temperature, the temperature profile of the firn and ice
sheet in the last model year is compared with the observed borehole temperature.
Only those surface temperature histories (n = 102) with average root mean square
temperature difference (<0.05◦ C) in the upper 600 m of the ice sheet were used to
calculate mean surface temperature and error for the last 1,000 years. The resultant
surface temperature and its error are little changed by this selective process, but
it substantially reduced errors in the reconstructed firn thickness. This reflects the
fact that the surface temperature calculation is relatively insensitive to firn thickness
variation in the model.
Modeled borehole temperature below ∼600 m is slightly colder than the observation by <0.2◦ C (Fig. 5). This is likely due to the fact that the δ18 Oice-based surface
temperature reconstruction used before 2957 B.P. is too cold, as can be seen in
the modeled δ 15 N being generally higher (corresponding to thicker firn thickness
and colder overall firn temperature) than observed δ15 N before 2957 B.P. owing to
colder firn temperature (Fig. 6). This offset has negligible impact on the temperature
reconstruction for the last 1,000 years.
The absolute temperature in the T-based surface temperature calculation is
sensitive to the initial absolute temperature of the firn, as the input T has only
relative temperature information. On the other hand, the T-based surface temperature “change” is less sensitive to the initial absolute temperature. Therefore, the
δ18 Oice -based surface temperature in the period 4000–2957 B.P. is lowered by 0.14◦ C
to decrease the T-based temperature history such that the final temperature profile
fits with the observed borehole temperature record.
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Fig. 6 Modeled (green) and observed (blue) δ15 N for the past 10,000 years. Note that the model
result overestimates observed δ15 N before 3000 B.P., suggesting that the δ18 Oice -based surface
temperature (firn thickness) in the model is too cold (thick) before 3000 B.P. The model calculation
switches from the δ18 Oice -based to the T-based calculation at ∼3000 B.P.

2.6 Correction for gas loss impacts on isotopes
The observed δ40 Ar/4 data for the last 10,000 years show generally higher values
than δ15 N by 0.01‰ to 0.005‰, implying a negative temperature gradient (T) in
the firn of −1◦ C to −2◦ C for the past 10,000 years. However, a model study (Goujon
et al. 2003) showed that the long term average temperature gradient in the firn layer
should have been near zero in central Greenland for the last 8,000 years owing to
high accumulation rate and relatively stable climate. This may be explained by the
observation that the relatively small argon molecules leak out of the ice during/after
coring, leaving heavier isotopes behind in the bubbles (Huber et al. 2006; Kobashi
et al. 2008b; Severinghaus and Battle 2006; Severinghaus et al. 2003).
Measured δAr/N2 (mass 40/29 ratio) provides information on preferential argon
loss, as nitrogen (with larger molecular size) is fairly conservative with regard to
potential artifacts (Severinghaus and Battle 2006; Severinghaus et al. 2003). δAr/N2
in the atmosphere should have been nearly constant (<0.03‰; M. Headly, personal
communication) for the last 1,000 years as ocean temperature (or heat content) only
varied by <0.1◦ C (or ∼5.0 × 1023 J; Crowley et al. 2003). Therefore, the observed
variation of δAr/N2 by as much as 3‰ in the ice core (Fig. 1) must have originated
after the air was removed from the atmosphere.
δAr/N2 in ice cores is also affected by gravitational and thermal fractionation in
the firn layer. Therefore, δAr/N2 is corrected for these processes using measured
δ 15 N:δAr/N2 corrected = δAr/N2 observed − 11 × δ 15 N (The number of 11 is the ratio of
the mass differences of the pairs described by δAr/N2 and δ15 N (Kobashi et al.
2008b)). The slight difference in thermal coefficients of δ15 N and δAr/N2 is negligible
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Fig. 7 Gas-loss-corrected δAr/N2 . Note the decrease in mean value around 1000 C.E. from −3‰ to
−5‰, suggesting that argon loss was more extensive for shallower ice

for the purpose of this correction. The corrected δAr/N2 is used as an indicator of
argon loss.
It has been suggested that an argon leak through microcracks in the ice may be
associated with isotopic fractionation with an enrichment of δ40 Ar by ∼0.007‰ per
1‰ increase in δKr/Ar (Severinghaus et al. 2003). δKr/Ar and δN2 /Ar are thought to
be very similar after gravitational correction (Severinghaus et al. 2003). Therefore,
the corrected δAr/N2 values of −6‰ to −1‰ in the interval from 3000 B.P. to 0
B.P. (Fig. 7), imply potential impacts on δ40 Ar/4 of as much as 0.01‰ (Fig. 8). In
addition, the corrected δAr/N2 shows a gradual decrease from 1000 B.P. to 500 B.P.
(Fig. 7), implying that more pronounced argon leakage occurred in the shallower ice.
We corrected δ40 Ar for gas-loss effects using the corrected δAr/N2 :δ 40 Arcorrected =
δ 40 Arobserved + 0.0075 × δAr/N2 corrected . The coefficient 0.0075 is obtained by running the T-based surface temperature calculation with various coefficients and
comparing the outputs with the borehole temperature record and observed δ15 N.
The coefficient is close to the value of 0.007 found for the Siple Dome ice core
(Severinghaus et al. 2003). The correction lowers δ40 Ar and raises T, but the
decadal to centennial fluctuations are mostly preserved (Fig. 8). The fact that the
T surface temperature calculation runs without drift for 3,000 years (small errors in
T create large drifts in calculated surface temperature during the integration), and
the fact that the modeled borehole temperature and δ15 N agree with observations,
supports the validity of the δ40 Ar correction.
Evidence for impacts of argon loss on δ40 Ar can also be inferred from the
following experiments. We ran the model by shifting T by a constant 1.8–1.9◦ C.
to produce a surface temperature history for the last 1,000 years consistent with
observed borehole records. We also performed a T-based surface temperature
calculation for the period 3000–1000 B.P. with the same T shift of 1.8–1.9◦ C, and
found that this creates a large drift (increasing temperature through this period) and
a resultant δ15 N inconsistent with observed δ15 N. However, a constant T shift by
1◦ C for the period 3000–1000 B.P. produced a consistent picture. Therefore, it is
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Fig. 8 Raw (green) and corrected (blue) δ40 Ar and T. Note that the multi-decadal to centennial
fluctuations are little affected by the correction

clear that the magnitude of artifacts on δ40 Ar changed around 1000 B.P., which is
consistent with the δAr/N2 data. We plot the two alternative surface temperature
histories (Fig. 9) using T corrected by a constant shift and δ40 Ar corrected by
δAr/N2 . Both histories show similar multi-decadal to centennial trends, except for
a slightly higher temperature in the Medieval Warm Period by ∼0.5◦ C with the T
constant shift. Therefore, the centennial to multi-decadal trends in the reconstructed
temperature appear to be a robust feature.
2.7 Firn thickness change from gas isotopes: model vs. observation
The model (driven by δAr/N2 corrected δ40 Ar) shows a gradual increase of firn
thickness by ∼3 m through the last millennium (Fig. 10), reflecting the reduced
densification rate due to the cooling from the Medieval Warm Period to the Little
Ice Age. The last 150 years of warming are not significantly reflected in the firn
thickness owing to slow heat diffusion in the firn. The past firn thickness change
should be reflected as an increase in the gravitational component of observed δ15 N
(Fig. 11). Observed δ15 Ngrav shows the expected magnitude of increase toward the
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Fig. 9 Surface temperature reconstruction with the T corrected by a constant shift (red) and by
the δ40 Ar corrected with δAr/N2 (blue)

late millennium, but in the last 200 years observed δ15 Ngrav shows a significant
reduction, in contrast to the model result (Fig. 11). Discrepancies are also found
around 1300–1500 C.E. Observed δ15 Ngrav shows more variation than the model
δ15 Ngrav , although the variations are near the limit of analytical error. Observed and
modeled δ15 N records also show overall agreement but with the same noticeable
discrepancies (Fig. 12). As the thermal component of δ15 N is an input in the model
as T, all discrepancies between the model and observed δ15 Ngrav (Fig. 11) are also
reflected in the model and observed δ15 N comparison (Fig. 12).
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Fig. 10 Model result of firn depth for the last 1,000 years. The model firn depth increased ∼3 m
(5%) since the beginning of the millennium
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Fig. 11 Model (blue) and observed (green) gravitational component of δ15 N (or δ15 Ngrav ) for the
last 1,000 years

Accumulation rate data, which are also inputs in the model, may provide some
insights on this discrepancy. We compared accumulation rate data between GISP2
(Alley et al. 1997b; Cuffey and Clow 1997) and composite data from three Greenland
cores (DYE-3, GRIP, NGRIP) (Andersen et al. 2006) (Fig. 13). The GISP2 accumulation rate and composite data show little correlation (r2 = 0.04). It is known that
accumulation rate can be considerably different even from two adjacent ice cores
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Fig. 12 Model (green) and observed (blue) δ15 N for the last 1,000 years
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owing to snow drifting (Fisher et al. 1985), suggesting that long term averaging or
compilation of accumulation rate from various cores are required to obtain real
accumulation signals. Notably, δ15 N shows more correlation (r = 0.36) with the
composite accumulation history than with GISP2 accumulation data (r = 0.1).
The largest peak in δ15 N in the early fifteenth century is also the time of the
highest snow accumulation in Greenland (Andersen et al. 2006). Some of the
disagreements between the model and observed δ15 N occur in times of disagreements
between GISP2 accumulation and composite data (Fig. 13). For example, the model
overestimates observed δ15 N for 1100–1150, 1300–1400, and 1600–1750 (Fig. 12),
when the GISP2 accumulation rate data is higher than composite estimates (Fig. 13).
This may suggest that to reconstruct the firn thickness change more precisely it may
be better to use the composite accumulation rate data. However, as the model firn
thickness variation during the last millennium is small (<5%), the use of the slightly
different accumulation rate histories have little effects on the surface temperature
calculation.

2000

Years (A.D.)

Fig. 13 Last-millennium records of comprehensive climate indicators. Temperature record on the
top panel is the same as Fig. 1. Second panel shows GISP2 ice accumulation rate (green) (Alley et al.
1997b; Cuffey and Clow 1997) and stacked record (black) for Greenland accumulation rate from
the DYE-3, GRIP, and NGRIP ice cores (Andersen et al. 2006). Data are smoothed with a 20-year
running mean. Third panel shows GISP2 δ18 Oice (green) (Stuiver et al. 1995) and stacked record
(black) for Greenland δ18 Oice from the DYE-3, GRIP, and NGRIP ice cores (Andersen et al. 2006).
Red lines in each panel are the Greenland temperature from the top panel with a 50-year running
mean. Fourth panel shows northern hemisphere temperatures from Moberg et al. (2005) (green) and
Hegerl et al. (2007) (black) with a 20-year running mean. Shaded areas are cooler periods as shown
in the temperature records
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Fig. 14 Air content in ice for
the last 1,000 years. The values
are normalized to the mean
value for the last 1,000 years
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The observed δ15 Ngrav shows a significant decrease from ∼1800 onward, but
model δ15 Ngrav stayed relatively constant. This significant deviation may relate to
the observed decrease in air content of shallow ice owing to incomplete bubble
closure (Fig. 14), which may alter the gas isotopes (Severinghaus and Battle 2006).
However, this isotopic fractionation should be similar to gravitational fractionation
(Severinghaus and Battle 2006) so that the effects on isotopes should be canceled
during the calculation of T. Firn thickness obtained from δ15 Ngrav would be biased
by this effect, so δ15 Ngrav should be interpreted with caution in this interval.
Observed δ15 Ngrav shows more decadal variation than model results (Fig. 11).
This may relate to inadequacies in the model representation of shallow firn. Recent
shallow firn thickness studies show that conventional firn densification models may
underestimate higher frequency variation (Li et al. 2003; Zwally and Jun 2002).
Therefore, further research on shallow firn densification processes is needed.

3 Greenland temperatures of the last 1,000 years
For about the last 200 years, observed temperature records are available from south
and west Greenland coastal sites (Vinther et al. 2006), allowing qualitative validation
of our temperature reconstruction from central Greenland (Fig. 3). The observed
temperature record shows multi-decadal temperature variation, a rapid warming
around 1930, and the warmest decades of the last 200 years around 1940. This is
followed by a cooling toward 1980, and a recent warming toward the present (Fig. 3).
Considering the sampling interval of 10 years and uncertainty of ±0.5◦ C, these
trends agree well with the reconstructed Greenland temperature record (Fig. 3).
The earlier warming around 1930 is clearly shown in our record, and is also found
in the surface temperature reconstruction from borehole temperature records from
Greenland summit (Alley and Koci 1990; Dahl-Jensen et al. 1998). Figure 15 shows
the reconstructed Greenland temperatures, global observed temperature anomalies for the last 130 years (NASA 2009) and reconstructed northern hemisphere
temperature anomalies (Mann et al. 2008). It is clear that for the last 300 years,
the reconstructed Greenland temperature trends are in agreement with hemispheric
temperature trends except for the last 50 years (Fig. 15).
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Fig. 15 Reconstructed Greenland temperature (red; this study), global observed temperature
anomalies (blue) (NASA 2009), and reconstructed northern hemisphere temperature anomalies
(EIV, dotted line; CPS, green) (Mann et al. 2008) for the last 300 years. One of the most recent
reconstructions of northern hemisphere temperature for the last 2,000 years used two methods (EIV
and CPS; see (Mann et al. 2008) for detail)

Reconstructed gas-based temperature shows a warmer period in the earlier part
of the millennium and cooling toward the eighteenth century, and temperature
increase from the late nineteenth century to the twentieth century (Fig. 16). This
pattern is consistent with the well-known “Medieval Warm Period” and “Little Ice
Age”, and is similar to reconstructions of northern hemisphere temperature (Figs. 13
and 17) (Hegerl et al. 2006; Mann et al. 2008; Moberg et al. 2005). The average
central Greenland temperature for the last 1,000 years is −31.4◦ C with a minimum
temperature of −33.4◦ C in the early and late eighteenth century and a maximum
temperature of −29.5◦ C in the mid twelfth century and the early twentieth century
(Fig. 16). The general trend is similar to previous central Greenland temperature
reconstructions, based on borehole temperature records (Alley and Koci 1990;
Cuffey and Clow 1997; Dahl-Jensen et al. 1998) (Fig. 18). A temperature history
using borehole-calibrated δ18 Oice , with two different oxygen isotope-temperaturesensitivities before (0.25‰/◦ C) and after (0.47‰/◦ C) after 1500 CE (Cuffey and Clow
1997), shows larger variation with notable differences (Fig. 18).
At the beginning of the last millennium, Greenland climate was in a cooler period,
and then the temperature warmed toward the middle of the twelfth century (which
was the warmest century in the last 1,000 years). Then, temperature decreased
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Fig. 16 The last 1,000 years of Greenland temperature derived from nitrogen and argon isotopes in
air bubbles in ice. Thick blue line is mean of results of Monte Carlo simulation, and thin blue lines
are error bands (1σ). Red line is a smoothed temperature history (50-year running mean)

toward 1300 CE. This early phase of the Little Ice Age coincides with an initial
culmination of alpine glacier advances in the Northern Hemisphere (Grove 2001).
Then, temperature increased again toward the early fifteenth century. From the
middle fifteenth century onward, Greenland temperature began a 400-year long
cooling trend with a clear multi-decadal oscillation (Fig. 16). Around this time,
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Fig. 17 Reconstructed Greenland temperature (red; this study), global observed temperature
anomalies (blue) (NASA 2009), and reconstructed northern hemisphere temperature anomalies
(EIV, dotted line; CPS, green) (Mann et al. 2008) for the last 1,000 years
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Fig. 18 Greenland temperature reconstructions for the last 1,000 years. Blue line is a reconstruction
from borehole temperature using an inverse model for the GRIP site (Dahl-Jensen et al. 1998). Black
dots are a δ18 Oice -based reconstruction for the GISP2 site (Cuffey and Clow 1997; Cuffey et al. 1995).
Green line is an heuristic reconstruction using a forward model (Alley and Koci 1990). Red line is the
reconstruction from this study

storminess substantially increased as indicated by an increase in Na concentration
in the ice (Mayewski et al. 1997). Then, temperature reached its minimum in the
eighteenth century. The lengths of alpine glaciers around the globe also reached
a maximum around 1800 (Oerlemans 2005). Thereafter, temperature started to
increase toward the present. Cooler decades in the warm early millennium are similar
to temperatures of warmer decades of the seventeenth to nineteenth centuries,
reflecting the severity of the late Little Ice Age.

4 Multi-decadal temperature fluctuations
4.1 Comparison with hemispheric temperature trend
The reconstructed temperature record shows a quasi-periodic multi-decadal temperature fluctuation (Fig. 19). The spectrum shows three significant peaks with periods of
∼330, ∼70, and ∼40 years (Fig. 19). Wavelet analyses show 60–70 year multi-decadal
fluctuations in the thirteenth century, late eighteenth century to the early nineteenth
century (90% confidence level) (Fig. 20a). Also, decadal temperature variations with
shorter period of ∼32 years are significant at the beginning of eleventh century,
early seventeenth century, and early twentieth century (Fig. 20a). Although not
significant at the 90% confidence level, shorter decadal variations with periods of
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Fig. 19 Power spectrum of
Greenland temperature for the
last 1,000 years plotted with
red-noise 95% (dotted) and
99% (solid) significance levels
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10–20 years appear when the general climatic condition is colder, for example at
∼1250, ∼1650, 1750–1820, which may imply that a more unstable decadal-scale
climate occurs in a cold background climate (Fig. 20a). Fluctuations with periods
more than 300 years are also significant (Fig. 20). The multi-decadal periodicity of
∼70-year may relate to the multi-decadal temperature fluctuations in the Atlantic
Basin (Atlantic Multidecadal Oscillation: AMO), which is a leading large-scale
pattern of multidecadal variability in instrumental records of global temperature
(Knight et al. 2005; Schlesinger and Ramankutty 1994).
4.2 Comparison with other ice core proxies
The coldest decades of the last millennium around 1700 (Fig. 16) are known as
the climax of the Little Ice Age or “Late Maunder Minimum (1675–1715 LMM)”
in Europe (Grove 2004; Luterbacher et al. 2001). The close agreement between
our temperature record and the composite δ18 Oice record from GRIP, DYE-3, and
NGRIP (Andersen et al. 2006) (Fig. 13) suggests that the δ18 Oice proxy records
and temperature change synchronously at a multi-decadal scale, although the multicentennial δ18 Oice trends are clearly subdued, likely by factors other than local
temperature. The GISP2 δ18 Oice record also shows good agreement but to a lesser
degree than the composite record. The GISP2 accumulation rate history also seems
to be mostly in phase with the multi-decadal temperature fluctuations (Fig. 13).

5 Climate and people during the last 1,000 years
The people who lived in climatically marginal Greenland and Iceland received
the hardest hits from climatic changes during the last millennium, as recorded
in climatically relevant documentation, such as annals and diaries (Ogilvie 1984;
Ogilvie and Jonsson 2001). These records provide critical insights on the relationship
between climate and people. In addition, Grove (2004) noted that weather in four
periods, the fourteenth, late sixteenth, late seventeenth, and eighteenth centuries,
was so severe in Europe that it created many events of crop failures often resulting
in famines and subsequent widespread social disruptions. These periods also appear
to be the most variable and coldest in our data (Fig. 16).
Likewise, medieval texts recounting the Norse colonization of Iceland suggest that
the temperature was warmer during the late ninth and early tenth century perhaps
similar to the temperature in the early twentieth century (Ogilvie and Jonsson
2001), in agreement with our record. This warming trend, however, was promptly
followed by a cooling episode that began as early as 1180, with reoccurring episodes
throughout the twelfth and thirteenth century (Ogilvie 1984; Ogilvie and Jonsson
2001). The fourteenth century was likewise characterized by even more dramatic
fluctuations in climatic trends (Ogilvie and Jonsson 2001). Some textural evidence
suggest that climate from 1430 to 1560 was milder, with fewer reports of drift ice,
severe winters, and poor harvests. The end of the sixteenth century was relatively
harsh, continuing into the 1630s, a particularly cold decade, until ∼1640 (Ogilvie and
Jonsson 2001) when temperatures swung back into warmer averages, lasting until
1680 (Ogilvie and Jonsson 2001). The late seventeenth century witnessed one of the
coldest periods of the last millennium. The early 1700s was relatively mild, but by
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the 1740s and into 1750s the average temperature was quite low. The 1760s to 1770s
once again saw a return to milder climate (Ogilvie and Jonsson 2001), only to be
followed by the 1780s, the coldest decade in the eighteenth century (Ogilvie and
Jonsson 2001). Perhaps not surprisingly, the Icelandic glaciers reached their Little Ice
Age maxima during the eighteenth century (Grove 2004). The 1810s, 1830s, 1860s,
and 1880s were comparatively cold, but the middle nineteenth century was relatively
mild (Ogilvie and Jonsson 2001). Although some of the descriptions are beyond our
uncertainty, the general trends from historical documents agree with our data quite
well (Fig. 16).

6 Northern hemispheric and Greenland temperatures
As the reconstructed Greenland temperature correlates well with Northern Hemispheric temperature (Hegerl et al. 2006; Mann et al. 2008; Moberg et al. 2005)
(Figs. 13 and 17), it may be inferred that similar mechanisms caused centennial to
decadal temperature variation in the central Greenland temperature for the last
1,000 years. The linear correlation coefficients between Greenland temperature and
northern hemisphere temperature with data sampled in a 10-year interval are r =
0.35, 0.39, and 0.44 (0.33) for the Moberg (Moberg et al. 2005), Hegerl (Hegerl
et al. 2006), and Mann-EIV (CPS) (Mann et al. 2008) reconstructions, respectively
(Table 1), where the significance level is more than 98%. Moreover, the nonparametric rank correlation coefficients between the Greenland temperature and
Northern Hemispheric temperature are also statistically significant at more than 95%
level. Crosswavelet analyses between reconstructed Greenland temperature and
North Hemispheric temperature variations show coherence at periods of ∼20-year
around the twelfth, thirteenth, and sixteenth century at the 90% significance level
(Fig. 20b). Also, significant coherences in multi-decadal (40–100 years) fluctuations
are found in most times (Fig. 20b). After 1400, significant coherences in long periods
of more than 100 years appear (Fig. 20b). From these observations, it can be
concluded that northern hemisphere temperature and Greenland temperature for
the last 1,000 years synchronously changed in decadal fluctuations at periods of
∼20 years, and especially of 40–100 years. The result for periods of 40–100 years is
also fundamentally consistent with other different northern hemisphere temperature
reconstructions (Hegerl et al. 2007; Mann et al. 2008; Moberg et al. 2005), suggesting
that the multi-decadal synchronous changes are robust results.
The polar climate is known to amplify a global or hemispheric temperature
signal by ice albedo feedback (IPCC 2001). General Circulation Models (GCMs)
Table 1 Correlation coefficients between Greenland temperature reconstruction (this study) and
northern hemisphere temperature reconstructions, Moberg et al. (2005), Hegerl et al. (2007), Mann
et al. (2008)
Correlation coefficient
Non-parametric rank correlation
coefficient (Kendall’s τ)

Moberg

Hegerl

Mann (EIV)

Mann (CPS)

0.35
0.25

0.39
0.25

0.44
0.29

0.33
0.18

To remove the influence of autocorrelation, the correlation coefficients are calculated with data
sampled with a 10-year interval. Mann–Kendall tests (two-sided) are all at more than the 95%
significance level
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find that warming of polar regions will progress at a rate 1.2 to 3 times faster
than the global average (IPCC 2001). Using our data, the ratio of Greenland to
Northern Hemisphere temperature change for the last 1,000 years is 2.3 with the
Hegerl reconstruction, 1.4 with the Moberg reconstruction, and 1.5 with the Mann
reconstructions. These ratios are comparable to the GCM results (IPCC 2001) and
the ratio of 2.2 found from instrumental records (Chylek and Lohmann 2005). This
confirms that despite the recent departure in Northern Hemisphere and Greenland
temperature trends, the future Greenland temperature will likely follow the global
temperature trend with an amplified magnitude.
Changes in solar irradiance and volcanism can explain as much as 41 to 64%
of variation of Northern Hemispheric temperature (Crowley 2000). The strong
correlation between Greenland and Northern Hemisphere temperature suggests a
common causation. Energy balance model results with solar and volcanic forcing
produce the general trend we see in the Greenland temperature record, including the
cool eleventh, thirteenth, and fourteenth centuries, the warm twelfth, fourteenth, and
twentieth centuries, and the cold seventeenth and nineteenth centuries. Therefore, it
is clear that current and future climate change in Greenland is going to be affected
by these natural variations in addition to increasing human-made greenhouse gases
(Crowley 2000; IPCC 2001). Projections of future Greenland temperature thus must
take these natural variations into account.
7 Conclusions
We present a new Greenland temperature record for the past 1,000 years based upon
argon and nitrogen isotopes in trapped air in ice. The data show clear evidence of the
Medieval Warm Period and Little Ice Age in agreement with documentary evidence.
The overall trends are similar to northern hemisphere temperature records. A
multi-decadal temperature fluctuation with periods of 40–100 persisted for the last
millennium, and so will likely continue into the future.
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