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[1] Samples of precipitation and atmospheric water vapor were collected together with
shallow firn/ice cores as part of the new deep drilling project in northwest Greenland: the
NEEM project. These samples were analyzed for their isotope composition to understand
the processes affecting the climatic signal archived in the water stable isotope records
from the NEEM deep ice core. The dominant moisture source for the snow deposited at
the NEEM‐site may be originating as far south as 35°N from the western part of
the Atlantic Ocean. The surface atmospheric water vapor appears in isotopic equilibrium
with the snow surface indicating a large water exchange between the atmosphere and
snowpack. The interannual variability of NEEM shallow firn/ice cores stable isotope
data covering the last ∼40 years shows an unexpectedly weak NAO signal. Regional to
global atmospheric models simulate a dominant summer precipitation in the NEEM
area, suggesting that the intermittency of modern winter precipitation is responsible for
the lack of a strong NAO imprint. The interannual variability of NEEM isotope data
however shows a strong correlation with interannual variations of Baffin Bay sea ice
cover, a relationship consistent with air mass trajectories. NEEM deep ice core isotopic
records may therefore provide detailed information on past Baffin Bay sea ice extent.
NEEM stable water isotope content increasing trend points to a local warming trend of
∼3.0°C over the last 40 years.

Citation: Steen‐Larsen, H. C., et al. (2011), Understanding the climatic signal in the water stable isotope records from the
NEEM shallow firn/ice cores in northwest Greenland, J. Geophys. Res., 116, D06108, doi:10.1029/2010JD014311.

1. Introduction

[2] Polar ice cores offer an extraordinary climate archive.
Snow deposited on the Greenland and Antarctic ice sheets
captures through its stable isotope composition integrated
information about the meteorology [Dansgaard, 1964;
Masson‐Delmotte et al., 2008]. During the evaporation at the
ocean surface and along the air mass trajectory the ratio
between the heavy and light water molecules is affected by
equilibrium and kinetic fractionation processes [Dansgaard,
1969; Jouzel andMerlivat, 1984;Merlivat and Jouzel, 1979].

[3] Classically, the abundances of HD16O and H2
18O of

water samples can be measured at high accuracy using mass
spectrometers. For the rest of the paper the d notation will be
used, defined as
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expressing the isotopic composition in per mill versus
V‐SMOW, the Vienna Standard Mean Ocean Water. The
combined measurements of d18O and dD on the same water
or ice samples give access to the second‐order parameter,
the deuterium excess (d‐excess) defined as the deviation
from the global meteoric water line [Dansgaard, 1964]

d-excess ¼ �D� 8� �18O: ð2Þ

While variations in precipitation d18O and dD are mostly
driven by air mass distillation in relationship with the
equilibrium fractionation of the moisture during its cooling
from the source toward the condensation site, d‐excess
preserves information about the kinetic fractionation oc-
curring when the moisture initially evaporates from the
ocean surface and during snow crystals formation
[Dansgaard, 1964; Jouzel and Merlivat, 1984; Merlivat
and Jouzel, 1979]. The isotopic signal of the snow is
then deposited at the snow surface, recording an integrated
meteorological information weighted by precipitation inter-
mittency [Krinner et al., 1997]. However, postdepositional
processes such as wind scouring and ablation add noise into
the stable water isotopic record in the snowpack [Fisher
et al., 1985]. Moreover, isotopic diffusion linked with the
exchange of water vapor between the firn and the surface
water vapor, and between the firn and the interstitial vapor,
erases the high‐frequency snow isotopic composition vari-
ability. However, at high‐accumulation sites, preservation
of seasonal variations in Greenland ice cores is obtained
[Vinther et al., 2003]. The remaining isotopic information is
then preserved as new snow falls on the firn top, burying the

previous years of snow further down into the ice sheet. This
results in a climate archive that can, depending on the annual
amount of accumulation, be read year by year [Barlow et al.,
1993; Vinther et al., 2003].
[4] Since the 1960s, intensive efforts have been made to

extract deep ice cores from the Greenland ice sheet, and
investigate the climate variability during the current inter-
glacial, the last glacial period [Dansgaard et al., 1982;
Dansgaard et al., 1993], and back into the last glacial
inception [NorthGreenland Ice Core ProjectMembers, 2004].
Stable isotope records from each ice core can also bring
specific regional information on moisture origin [Masson‐
Delmotte et al., 2005], local sea‐ice induced changes in
atmospheric circulation and mixing [Noone and Simmonds,
2004] or ice sheet topography [Vinther et al., 2009]. The
available data have revealed the complexity of the inte-
grated information preserved in Greenland stable isotope
composition [Masson‐Delmotte et al., 2006] and the need
to improve the process‐based understanding of its climatic
controls.
[5] Within the frame of the International Polar Year, the

new deep drilling project – NEEM – was initiated in
northwest Greenland in 2007 to obtain a new undisturbed
ice core climate record from the last interglacial period, the
Eem period (http://neem.nbi.ku.dk). The project involves
partners from 14 countries and in addition to deep drilling
itself also endorses an array of associated programs
including meteorological monitoring, firn gas sampling, pit
studies, radar surveys and shallow core drillings. The deep
drilling site and the NEEM camp are located at 77.45°N and
51.06°W at an elevation of 2484 m above sea level on the

Figure 1. Map of Greenland indicating the position of previous deep ice core drilling sites as well as
Greenland Climate Network sites used in this paper. The distribution of wind speed (m/s) and direction
is shown together with an outline of the NEEM camp.
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ice ridge going from GRIP through NorthGRIP toward
Camp Century (see Figure 1).
[6] To support the interpretation of the stable isotope data

to be measured along the main deep core, shallow firn/ice
cores were drilled upstream of the camp along the flow line
and around the camp as part of the firn gas‐pumping pro-
gram. We report here on high‐resolution stable isotope
analyses of the upper 40 m of a shallow core drilled in 2007
(NEEM07S3) and the upper 15 m of a shallow core drilled
in 2008 (NEEM08S3A), spanning the periods 1964–2005
and 1978–2007, respectively.
[7] To support the interpretation of the stable water iso-

tope content found in the firn/ice cores an associated surface
isotope program was carried out in 2008 in parallel with the
set up of the camp and drilling facilities. Here, we report on
the monitoring of the precipitation and water vapor isotopic
composition during this 2008 field season. The measure-
ments of the dD and d18O composition of these samples
provide further understanding of the meteorological controls
on daily precipitation isotopic composition at the NEEM
site.
[8] In the recent two decades a suite of global and

regional GCM with isotope modules have been developed
to improve the understanding of the interaction between
isotopes in precipitation and the climate [Hoffmann et al.,
1998; Lee et al., 2007; Mathieu et al., 2002; Noone and
Simmonds, 2002; Risi et al., 2010a; Sturm et al., 2005].
The global and regional GCMs supplemented single source
distillation models [Ciais and Jouzel, 1994; Johnsen et al.,
1989] by most importantly including mixing of the vapor
from several sources. Mixing of vapor from several sources
was initially studied by Fisher and Alt [1985] and Fisher
[1990]. From early and more current studies it is evident
that the isotopic composition of precipitation in Antarctic and
Arctic is strongly dependent on the supersaturation during
formation of snow crystals and the temperature at which snow
crystals begin to form in the cloud [Fisher, 1991; Jouzel and
Merlivat, 1984; Schmidt et al., 2005]. In this paper wewill use
collected precipitation samples to study the supersaturation
using a distillation model and compare interannual and
annual variability in modeled isotope values at NEEM from a
regional and global GCM with the interannual and annual
variability observed in a shallow core.
[9] In this paper, the new NEEM data are first presented,

from meteorological data to precipitation, water vapor, and
shallow firn core isotopic data. In section 4.1, isotopic
Rayleigh model experiments are used to characterize the
NEEM moisture source characteristics and to understand
the origin of surface water vapor. A statistical correlation
analysis is performed to quantify the local and large‐scale
climatic controls on the interannual variability of the
NEEM water stable isotope records. Regional and global
atmospheric circulation model outputs are investigated to
explore the specificities of modern climate in the NEEM
Greenland sector, and to assess the ability of atmospheric
models to depict the local climate and water stable isotope
composition.
[10] In the line of the work of Grootes and Stuiver [1997],

this paper therefore aims to integrate data from shallow
cores, precipitation and water vapor measurements with
models to obtain a better understanding of the processes
generating the climatic signal found in the ice core. This will

form the basis for the interpretation of the climatic signal
deeper in the ice sheet.

2. Data Description

2.1. NEEM Meteorological Characteristics From
Remote and Site‐Based Observations

[11] During the period from 2006 to 2009 an automatic
weather station has been logging meteorological conditions
(air temperature and relative humidity using Campbell Sci.
HMP45C, ±0.1 K and ±5% < 90%RH and ±10% > 90%RH,
wind direction and speed using RM Young propeller‐type
vane, ±5° and ±0.1 ms−1, and station pressure using Vaisala
PTB101B, ±0.1 mb) for the NEEM site as part of the
Greenland Climate Network [Steffen et al., 1996; Steffen
and Box, 2001]. However, due to some faulty batteries,
the power dropped during the winter and data could only be
recorded from May to October. These monthly mean values
are shown in Figure 2c together with the monthly mean
values for the NorthGRIP and GITS station (positions
indicated on Figure 1).
[12] From temperature measurements of the shallow holes

drilled at NEEM (J. Schwander, personal communication,
2009), we know that the annual mean temperature is ∼−29°C.
We combine this annual mean temperature estimate with the
meteorological data to estimate the temperature at NEEM
for the months November to April under the assumption
that the shape of the temperature profile is the same as for
NorthGRIP. The estimated seasonal temperature cycle is
shown in Figure 2c. The automatic weather station also
recorded the wind direction and wind speed as shown in
Figure 1. The majority of wind directions were found to
come from the south with a wind speed between 3 and
6 ms−1. Due to the lack of snow gauge instruments, we have
no direct quantitative information on the precipitation amount
and intermittency. However, using LIDAR profiles collected
by the CALIPSO satellite, we can estimate the seasonal dis-
tribution of days with presence of low clouds for the different
seasons [Vaughan et al., 2009] based on a visual inspection of
the backscattering profiles. By making the assumption that
low clouds may be indicative of precipitation at NEEM,
which is supported by in situ observations during the summer
season, we can estimate the seasonal distribution of days with
precipitation. By analyzing the LIDAR profiles passing
through a 100 km by 100 km footprint centered around the
NEEM site we find for 2008 that 40%, 45%, 55%, and 28%
of the profiles during the spring, summer, fall, and winter,
respectively, show indications of precipitation. This does
however not give any information about the amount of
precipitation. For the majority of days with precipitation
around NEEM, the elevation of the clouds is about 0.5 to
1 km height above the snow surface. This satellite infor-
mation suggests more scarce precipitation events during
winter than during the rest of the year, at least for 2008.
[13] Satellite microwave data from SMMR and SSM/I

radiometers have almost continuously measured brightness
temperatures in the microwave domain since 1979 over the
polar regions, with a spatial resolution of 10–60 km. Before
August 1987, data is available every second day at NEEM,
while daily microwave data are available after 1987. The
presence of liquid water at the surface can be detected from
microwave data. The classical algorithm used to detect
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Greenland melt [Abdalati and Steffen, 2001] does not detect
any melt event at NEEM. However, using brightness tem-
perature at 19 GHz and horizontal polarization with a
methodology developed originally for the Antarctic [Picard
et al., 2007; Torinesi et al., 2003], melt events can be de-
tected at NEEM on specific days. Only 6 melt events are
detected at NEEM, on 26‐06‐2007, 24‐07‐2005 and 26‐07‐
2005, 04‐08‐2001, 17‐07‐1999 and 18‐07‐1999, and 14‐
07‐1995. No events are detected prior to 1995 (however
having the sampling bias prior to 1987 in mind). Interest-
ingly, slightly closer to the coast (79.09°N, 57.08°W), all
the melt events detected at NEEM site are also recorded,
albeit with a longer duration (several days), and four addi-
tional events are detected (09‐08‐2008, 29‐06‐2002, 20‐07‐
2002 and 25‐07‐2002, and 25‐07‐1979). Closer to the coast,
melt events are detected each summer since 1993 but prior
to 1993 melt is only detected during the summer of 1979.

2.2. Precipitation

[14] Twenty‐five precipitation samples were collected at
NEEM from 07/07/08 to 08/14/08. During the sampling
campaign four major precipitation events occurred and are
numbered 1 to 4. Events 1, 2, and 4 are characterized by an
increased depletion accompanied by a d‐excess increase;
opposite isotopic trends are observed for event 3. Common
for the precipitation events are the very high relative
humidity (RH), which is close to 100% saturation, and the
relative high 2 m temperatures between −10 and −5°C.
During precipitation events no diurnal cycle in neither the
RH nor temperature is observed and the surface wind was
observed to come from the west.
[15] During the full sampling campaign, four samples

with unusual low d‐excess close to zero were collected and
are highlighted by circles in Figure 3. The dD‐d18O of the
precipitation samples are shown in Figure 4 using blue

Figure 2. (a) The modeled and observed annual d‐excess cycle. The observed d‐excess cycle from the
NEEM07S3 record is shown by the black solid line. Error bars indicate the 1s of the estimated monthly
values. Dividing the NEEM07S3 record into two parts covering about the first and the last 20 years,
respectively, reveals the two thin black dashed lines. Using the distillation model of Johnsen et al.
[1989] and moisture origin from SHIP E and D, respectively, and with different supersaturation func-
tions gives the annual d‐excess cycle (solid dark blue, red, light blue, and green lines, respectively).
(b) The annual d18O and dD cycle estimated from the NEEM07S3 record (blue and red solid lines). Error
bars indicate the 1s of the estimated monthly values. (c) The annual ice sheet temperature cycle from the
Greenland Climate Network at GITS and NorthGRIP (dotted and dashed black lines). Error bars indicate
the 1s of temperatures for each month. Estimated for the period 1997–2007 and 1997–2002, respectively.
The measured temperature at NEEM is shown by the solid red line. Error bars indicate the 1s and 5%–
95% quartile of the temperature for the specific months. Blue solid line indicates the estimated monthly
temperature during the winter season at NEEM.
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Figure 3
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circles for the samples, which show very low d‐excess value
(Set A), and red circles for the rest of the samples (Set B).
dD and d18O data from Set B show a strong linear cor-
relation, an observed local meteoric water line given dD =
(7.6 ± 0.10)d18O + (0.2 ± 2.8), where the uncertainty refers
to 1 standard deviation and R2 = 0.99.

2.3. Atmospheric Water Vapor

[16] During the period from 08/03/08 to 08/15/08, surface
atmosphere water vapor was collected using a cryogenic
vapor trap [Craig and Gordon, 1965]. Atmospheric water
vapor was collected twice a day, in the morning and in the
evening, except on August 12th–13th where sampling was

performed every 4 h. The collected water vapor d18O values
varied from approximately −35‰ to −48‰ while the dD
values varied between −260‰ to −346‰. Within 24 h we
observed changes in d18O and dD as large as about 6‰ and
46‰, respectively. The water vapor samples can be com-
bined into three groups, coherently with the precipitation
events (Figure 3). Since we observed precipitation at NEEM
on July 30th, August 8th to 9th, and again on August 11th to
14th we divide the vapor samples into periods ranging from
August 3rd to 7th, August 8th to 10th, and August 11th to
15th. Within each vapor group, the water vapor isotopic
composition exhibits a strong correlation with the surface air
specific humidity (SH) (R2 = 0.86, 0.45, and 0.81 for group

Figure 4. The dD‐d18O of the atmospheric water vapor samples (black crosses), the precipitation sam-
ples (red and blue circles for sets without or with close to zero d‐excess samples, respectively), summer
season maximum values of the NEEM07S3 record (black square), winter season minimum values of the
NEEM07S3 record (green square), and the condensate (over ice and over water) in isotopic equilibrium
with the water vapor (filled and open diamonds). Lines indicate best linear fit to the different samples.
Modeled parameters are indicated by italic while measurements are indicated in bold. The insert shows
d‐excess‐dD of the same data points as shown in the main figure.

Figure 3. Precipitation samples are indicated by horizontal solid lines indicating the time and duration of sampling. Red,
blue, and black lines are use for dD, d18O, and d‐excess, respectively. The numbers indicate the different events. Blue cir-
cles indicate samples with very low d‐excess value. The 2 m temperature, specific humidity, and relative humidity are
shown by the black, blue, and red solid lines, respectively. Atmospheric water vapor samples (red crosses, blue dots,
and green triangles, respectively) are separated into different groups as indicated by the boxes. Only the dD and d‐excess
is shown for the vapor samples. The maximum and minimum values for d18O, dD, and d‐excess of the precipitation samples
are −16.97‰, −137.95‰, and −2.2‰ and −35.54‰, −266.20‰, and 18.1‰, respectively. For events 1, 2, 3, and 4 we
observe large amplitudes of dD changes during the course of the snowfall events (−92‰, −71‰, +72‰, and −79‰).
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1, 2, and 3; see Figure 5). Such a linear relationship was also
reported by White and Gedzelman [1984] for vapor col-
lected from the atmosphere near Palisade, New York,
United States, whereas Wen et al. [2010] found the isotopic
composition of the atmospheric vapor over Beijing, China,
on nonraining days to vary linearly with the logarithm of the
mixing ratio. For the groups spanning the periods August
3rd to 7th, and August 11th to 15th, which show the highest
linear correlation, the relationship between specific humidity
and dD is given by dD = (16.5 SH ± 2.5) (g/kg) − (318.6 ±
6.0) (R2 = 0.86, N = 10) and dD = (59.6 ± 9.6) SH (g/kg) −
(435.3 ± 20.1) (R2 = 0.81, N = 12). These relationships
reflect increased isotopic depletion of the driest air parcels.
[17] The isotopic values of the complete set of water

vapor samples are shown in a dD‐d18O diagram in Figure 4.
The relationship between dD and d18O is found to be dD =
(6.89 ± 0.15) d18O − (17.7 ± 6.0) (R2 = 0.99). The high
degree of linearity found for the dD‐d18O relationship of our
water vapor samples demonstrates the quality of our sam-
pling. Section 4.3 will combine isotopic modeling with the
NEEM observed precipitation and water vapor dD‐d18O
slopes to discuss the origin of surface moisture.

2.4. Shallow Firn/Ice Cores Dating and Measurements

[18] We describe hereafter the dating and the results from
2.5 and 5.0 cm isotopic measurements conducted on the
shallow cores drilled in 2007 and 2008 (NEEM07S3 and
NEEM08S3A) (Table 1).

[19] Densitymeasurementswere performed onNEEM07S3
in the cold‐room laboratory in Copenhagen while the
NEEM08S3A core was processed in the field (Figure 6). The
depth density profiles are well explained by the densification
model of Herron and Langway [1980] using a critical density
of 550 kg/m3, an initial density of 340 kg/m3, and the clima-
tology of the NEEM site. The absolute dating of the shallow
ice cores is based on counting annual layers in the isotopic
records; it is verified using volcanic horizons detected from
electrical conductivity measurements conducted in the cold‐
room laboratory in Copenhagen and in the NEEM science
trench [Hammer, 1980]. The accuracy of the dating is higher
than 1 year. From the annual layer thickness and the density
record, the annual accumulation rate is obtained (Figure 7c).
On average, the NEEM accumulation rate is estimated to be
22 cm ice equivalent.

3. The Nature of the Shallow Firn/Ice Core
Records

3.1. Back‐Diffused Shallow Ice Core Data

[20] The loss of seasonal isotopic amplitude with depth is
caused by molecular diffusion in the firn pore space
[Johnsen, 1977; Johnsen et al., 2000]. It is therefore nec-
essary to reconstruct the original isotopic seasonal amplitude
to quantify past interannual climate variability. The mea-
sured and back‐diffused reconstructed profiles are shown in
Figure 7g, and panel a shows the ratio between the back‐
diffused yearly amplitude and the amplitude of the original
data. After ∼10 years the seasonal amplitude is damped to
∼50% of the original signal, a feature which is correctly
captured by the theoretical diffusion length calculation
[Johnsen et al., 2000] (Figure 7a). Another result of the
diffusion is the phase shift of the d‐excess, which forces it to
be in phase with d18O and dD after some years depending on
the diffusion length. It is therefore important in order to
discuss the d‐excess annual cycle that the isotopic profiles
of d18O and dD are back‐diffused. Since the diffusion is not
affecting the annual isotopic profile of any significant
amount it is possible to compare the annual isotopic record
of the NEEM07S3 core with the NEEM08S3A core isotopic
record. This is done in section 3.2 with regard to signal‐to‐
noise ratio. Since dD is not available for the NEEM08S3A
core it is not possible to properly back diffuse this record.
This means that no signal‐to‐noise ratio can be studied on
the summer and winter values. The mean annual d18O level
is −33.0 ± 1.6‰ and the average annual d‐excess value is
11.5 ± 1.0‰.
[21] Figure 7b shows the interannual variations of the

raw and back‐diffused data, and the annual, DJF and JJA

Figure 5. The dD composition of the water vapor samples
versus the specific humidity at time of sampling. The sam-
ples are divided into the same groups as indicated by the
boxes in Figure 3. The best linear fits to group 1 and
group 3 are displayed.

Table 1. Summary of the Two Shallow Firn/Ice Cores (NEEM07S3 and NEEM08S3A) Used in the Papera

Name
Year
Drilled Depth

Sampling
Resolution

Status of d18O and
dD Measurements

d18O and dD
Uncertainty Dating Method Dated Period

NEEM 07S3 2007 80.05 m 5 cm from 1.15 to
12.10 m 2.5 cm
from 12.10–80.05 m

d18O on 1.15–80.05 m
dD on 1.15–19.65 m

d18O (CIC): 0.08‰ dD
(LSCE): 0.5‰

Annual layer counting
down to 19.65 m

1964–2005

NEEM08S3A 2008 13.15 m 2.5 cm from
0.0–13.15 m

d18O on 0.0–13.15 m
No dD

d 18O (LSCE): 0.05‰ Annual layer counting
down to 13.15 m

1978–2007

aOnly data down to 19.65 m of the NEEM07S3 core is presented in the paper due to lack of dD measurements on the rest of the core.
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variations of d18O and d‐excess are displayed on Figures 8d
and 8e. A linear fit to the mean annual d18O values reveals an
increasing trend over the last 40 years of 2 ± 0.8‰. The trend
seen in the summer and winter values are not significantly
different from the trend in the mean annual value. Using the
spatial relationship between temperature and d18O value of
0.67‰/K, supported by the temporal relationship between
GRIP borehole temperature and d18O data [Johnsen et al.,
1999], this d18O increasing trend translates into a warming
trend to first order of ∼3.0 ± 1.2°C over the past 40 years as
comparison no significant trend is seen in the mean annual
coastal temperatures from Ilulissat over the last 40 years.
However, the Ilulissat temperatures have over the last
10 years increased with ∼2.2 ± 1.6°C.
[22] Using the back‐diffused isotopic record, the 40 year

records of d18O, dD and d‐excess seasonal variations can be
stacked to characterize the mean annual cycles (Figures 2a
and 2b). By construction, the dating produces annual d18O
cycles with respective minima and maxima in the first of
February and first of August. From back‐diffused data, the
mean NEEM seasonal d18O amplitude is estimated to
∼4.4‰ (Figure 2). Comparing this value to the compiled
values by Fisher et al. [1985] reveal that it is below the
95% confidence limit of the distribution of previous obser-
vations in Greenland. The raw d‐excess seasonal cycles
exhibit a 3 month lag [Johnsen et al., 1989], but the phase
lag between d18O and d‐excess is affected by diffusion.
The back‐diffused deuterium excess is minimum around
Jun–Jul and maximum in Dec–Jan–Feb, therefore showing a
∼4–5 month lag with respect to d18O and closer to being in
antiphase. The average minimum and maximum value of the
d‐excess annual cycles is ∼9 and ∼14‰, respectively. With
an average at ∼11.5‰ which is quite high compared to an
average d‐excess level at GRIP and NorthGRIP of ∼9.5‰
and 10.5‰, respectively (Table 2).

3.2. Signal‐to‐Noise Ratio

[23] Because of overlap between NEEM07S3 and
NEEM08S3A from 1979 to 2005, it is possible to charac-
terize the signal‐to‐noise ratio (SNR) of the annual d18O and
annual accumulation records. Using the terminology of
Fisher et al. [1985] on SNR analysis of the d18O record for

the 2 ice cores reveals the variance of the signal and of the
noise to be 2.5‰2 and 0.9‰2, respectively. Similarly, for
the annual accumulation the variance on the signal and on
the noise is found to be 1.4 × 10−3 m2 and 1.0 × 10−3 m2. As
a result, the SNR for the annual d18O record and annual
accumulation record are found to be 2.7 and 1.6, respec-
tively, comparable to previous studies conducted for the
north central site and Camp Century [Fisher et al., 1985],
which is comparable to NEEM in terms of mean annual
temperature and latitude, respectively. However, the north
central site has a significant lower annual accumulation,
which explains the lower SNR for the accumulation com-
pared to NEEM, while Camp Century has significantly more
annual accumulation leading to a higher SNR. The maxi-
mum value of the height of the sastrugies (assuming them to
have a sine curve shape) can be estimated from the noise on
the accumulation records [Fisher et al., 1985] at ∼0.1 m,
which is in good agreement with in situ observations of
surface undulations.

4. Analysis of the Precipitation and Water Vapor
Samples

[24] In section 2.2 the presented Set B precipitation
samples show a strong linear correlation. This suggests a
common moisture source for all of the Set B precipitation
samples, and a different moisture origin for Set A with a
very different dD‐d18O relationship. Very low d‐excess
values can also be generated in the case of reevaporation of
snow crystals during precipitation. However, the meteoro-
logical data do not depict low relative humidity above the
snow surface during these A events; but the conditions
above the snow surface are not necessarily coupled with the
conditions higher up in the atmosphere. Another explanation
for low‐precipitation d‐excess data lies in moisture source
characteristics. Low kinetic effects are expected if evapo-
ration occurs over a cool ocean surface with high surface air
RH; these characteristics can be found at high latitudes.
Back‐trajectories have been calculated using the HYSPLIT–
Hybrid Single Particle Lagrangian Integrated Trajectory
Model from Air Resources Laboratory, NOAA [Draxler
and Rolph, 2003] and NCEP’s Global Data Assimilation
System 1‐degree latitude‐longitude resolution for each
NEEM 2008 precipitation event. For all events of set B, the
air mass trajectory is originating from the southwest of
NEEM, while all events of set A coincide with an Arctic
northward air mass origin (not shown).

4.1. Using Isotopic Rayleigh Modeling to Determine
Moisture Origins

[25] In the following, we focus on the precipitation sam-
ples with “normal” d‐excess (Set B) expected to have a
common moisture source. We first explore the parameters of
a Rayleigh distillation model [Johnsen et al., 1989], which
are compatible with the NEEM data.
[26] The distillation model takes into account the kinetic

isotope fractionation effects during evaporation [Merlivat
and Jouzel, 1979] and formation of snow [Jouzel and
Merlivat, 1984], using the supersaturation function relating
temperature and humidity over the surface of the snow
crystals during formation [Hoffmann et al., 1998; Masson‐
Delmotte et al., 2005]. The model results, and particularly

Figure 6. The bag‐density measurements of the NEEM07S3
core (55 cm sample) together with the best fit of a Herron‐
Langway density model using the model parameters for the
initial density (340 kg/m3), the critical density (550 kg/m3),
and the climatology of the NEEM site.
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the simulated d‐excess are very sensitive to the model para-
meterizations. In this article, we have not modified the
threshold for ice crystal formation [Fisher, 1991] but have
instead adjusted the supersaturation function.
[27] The model can be used in a direct way by prescribing

the initial conditions (moisture source sea surface tempera-

ture SST and relative humidity RH at 10 m above the ocean
surface) and the Greenland snow d18O: the model iterates
the path from the source region to the sink region until the
prescribed final d18O value is obtained. From this best fit
path, the model also simulates dD and d‐excess. Here we
use this model in an inverse mode by prescribing NEEM

Figure 7. (a) The ratio between the annual back‐diffused isotopic amplitude and the observed annual
amplitude shown together with the theoretical prediction. (b) Back‐diffused annual amplitude (blue solid
line) together with the observed annual amplitude (red solid line). (c) Annual accumulation in ice equiva-
lents. (d) Mean annual d‐excess (black solid line) together with JJA and DJF values (upper and lower
black dashed lines). The best linear fit to the mean annual d‐excess values shows an increasing slope
of ∼0.026‰/yr (solid red line). (e) Mean annual d18O (red solid line) together with JJA and DJF values
(upper and lower dashed red lines). The best linear fit to the mean annual d18O values shows an increasing
slope of 0.05‰/yr (solid black line). The best fit with a multivariable linear regression using Baffin Bay
Annual Sea Ice Anomaly, Ilulissat annual temperature, NAO winter anomaly, and NATL winter anomaly
(solid blue line). (f) The d‐excess after back‐diffusing the measured signal. (g) The measured d18O profile
from NEEM07S3 (red solid line) shown together with the back‐diffused d18O profile (blue solid line). For
comparison the measured d18O profile from NEEM08S3A is shown (black dash line). (h) The Baffin Bay
Sea Ice extent from satellite observation (blue solid line). Notice reversed axis. The estimated Baffin Bay
Sea Ice extent based on a multivariable linear regression of NEEM07S3 annual d18O, Ilulissat annual
temperature, NAO winter anomaly, and NATL winter anomaly. The sea ice extent shows a decrease
of ∼14 × 103 km3/yr since 1995 to present (solid black line). (i) The observed temperature record from
Ilulissat (69.2°N 51.1°W). The temperature shows an increase of ∼0.2°C/yr since 1995 to present (solid
black line). ( j) Observed NAO index. (k) The sea surface temperature of the North Atlantic Ocean in the
region 5–20°N and 30–60°W. The gray vertical bar indicates the very strong anomaly in the BBASIA
also seen in the NEEM isotopes.

STEEN‐LARSEN ET AL.: NEEM WATER ISOTOPE RECORDS D06108D06108

9 of 20



d18O and dD to estimate the moisture source SST and RH.
By optimizing the simulated NEEM (d18O, dD) slope, we
obtain RH ∼0.60 ± 0.05 and SST ∼20 ± 4°C using the
commonly used value for the supersaturation function, S =
1.00 − 0.003T. Outputs (not shown here) of RH from global
circulation models such as CCM3.6.6 forced by present‐day
SST fields indicating that such a set of parameters are not to
be found in the Atlantic Ocean for July and August during
which the precipitation samples were collected at NEEM.
[28] Since the current model set up is not able to simulate

a realistic source condition we used a fixed SST and RH of
the source region while tuning the supersaturation function
to simulate the observed relationship between dD and d18O
found in the precipitation samples from NEEM. Johnsen
et al. [1989] and Trigo [2006] showed that the western
part of the North Atlantic between 30°N and 50°N is a major
center for the formation of cyclonic systems in the North
Atlantic. We therefore assume that this area is the most
likely source region, with ∼23°C SST and ∼0.8 RH. With
this strong hypothesis on a single moisture source, the
model can only capture the NEEM summer precipitation
(dD‐d18O) slope of 7.6 if the supersaturation function is
given by S = 1.00 − 0.008T. Using the uncertainty estima-
tions of the linear regression of dD‐d18O, we find that the
supersaturation function previously used, S = 1.00 −
0.003T, is outside the estimated ± 1 standard deviation of
the new supersaturation function.
[29] This estimated temperature dependence of the

supersaturation function is higher than previous reported

values. Using simple distillations models, Petit et al. [1991]
reported temperature slopes varying from −0.0025 to
−0.0038 in order to reasonable fit the Antarctic data. Using
data from the same region, Fisher [1991] obtained values
from −0.003 to −0.009. With atmospheric general circulation
models, recent studies have also reported different super-
saturation adjustments than the classical temperature
dependence of −0.003 [Hoffmann et al., 1998]. In order to
capture d17O in Vostok precipitation, Risi et al. [2010b] used
a low value of −0.002, while other studies used higher slopes
such as −0.004 to capture Antarctic d‐excess data [Schmidt
et al., 2005] or the isotopic signature of ENSO [Tindall
et al., 2009] (albeit without d‐excess constraints).
[30] We note that our study based on precipitation sam-

ples differs from previous works, which relied on surface
snow data to adjust the supersaturation function. Surface
snow samples integrate precipitation events over weeks to
years in Greenland or Antarctica. During this period, post
depositional processes might have altered the isotopic
composition and therefore the d‐excess levels. Here, we use
direct sampled precipitation, which have most of the time
only been averaged for about 3–6 h and should therefore
have undergone minimum post depositional processes.
Simulations conducted with atmospheric general circulation
models have shown that Rayleigh distillation models best
perform on short time scales [Noone and Simmonds, 2002].
[31] Our results explicitly assume a single moisture

source, which is likely unrealistic. Fisher [1990] showed
using a zonally averaged simple distillation model that 70%

Figure 8. The key factors in the local hydrological cycle above the snow surface. The numbers indicate
the meteoric water line slope (WLS) of dD‐d18O, which we use to determine from where the sampled
water vapor originates. Vapor is collected at 3 m height. CALIPSO data indicate that the clouds bringing
in precipitation are about 0.5 and 1 km above the snow surface. We use italic to illustrate slopes we obtain
from models and bold to illustrate slopes we obtain from direct measurements of samples.

Table 2. Summary of Other Deep Ice Core Drilling Sites in Greenland: Position And Elevation, Their Isotopic Composition, and
Climatology

NEEM GRIP NorthGRIP Dye‐3 Camp Century

Position 77.45°N 51.06°W 72.58°N 38.50°W 75.10°N 42.32W 65.18°N 43.83°N 77.18°N 61.15°W
Elevation 2484 m 3230 m 2919 m 2490 m 1890 m
Mean temperature −29°C −32°C −32°C −20°C −24°C
Mean d18O −33‰ −35.2‰ −35.5‰ −28‰ −29‰
Mean d‐excess 11.5‰ 9.5‰ 10.5‰ 8.3‰ NN
Accumulation Water equivalent 20 cm/a 23 cm/a 19 cm/a 50 cm/a 35 cm/a
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of the accumulation at Crête, Greenland, originates from the
Atlantic Ocean between 20°N and 55°N. Despite contribu-
tions from various latitudes, their accumulation weighted
source latitude appears to be ∼35°N, which is in very good
agreement with our working hypothesis. Werner et al.
[2001] used a GCM to depict that origin of precipitation
at Summit, Greenland, consist of 28% moisture from the
northern Atlantic and 14% from the tropical Atlantic. The
d‐excess from these two regions was simulated to be ∼4‰
and 11‰, respectively, and to control the seasonal d‐excess
in the snow at Summit.
[32] We are finally aware that the results from the distil-

lation model are affected by the closure assumption, which
neglects advection and mixing of vapor above the main
moisture source. Armengaud et al. [1998] have indeed
demonstrated differences in the simulated Greenland
d‐excess when using the closure assumption and when using
prescribed vapor fields from GCMs. We have therefore
prescribed the isotopic composition of the initial vapor with
isotopic values obtained from ECHAMiso calculated vapor
fields (which account for mixing). We have repeated the
same procedure to estimate the supersaturation function that
best captures the observed relationship between dD and
d18O in NEEM precipitation samples. In this case, the best
fit is obtained when assuming that the majority of the vapor
originates 10° further south (from Weather ships D (44°N,
41°W) and E (35°N, 48°W) [IAEA/WMO, 1969–1979]),
than what was found when assuming closure assumption. In
this case, the supersaturation is optimized to S = 1.00 −
0.007T. Using this new supersaturation function and the
isotopic vapor fields from ECHAMiso does not improve the
fit with the NEEM d‐excess seasonal cycle (discussed in
section 4.2). By assuming vapor from around SHIP A at
62°N 33°W (using both closure assumption and ECHAMiso
vapor fields) returns a temperature dependence of the
supersaturation smaller than −0.01 in order to simulate the
precipitation samples. This sensitivity test to the initial vapor
isotopic composition (either using the closure assumption or
the ECHAM fields) supports the use of a single source sit-
uated between 30°N and 50°N for the precipitation samples
collected at NEEM.

4.2. Modeling the d‐Excess Seasonal Cycle

[33] Based on the mean seasonal cycle of the back‐dif-
fused shallow firn/ice core data (Figure 2b), the mean d18O
cycle is used as an input in the distillation model [Johnsen
et al., 1989]. Using the new supersaturation function, the
annual NEEM precipitation d‐excess cycle is calculated
using different source regions defined by SHIP D and SHIP
E. The modeled d‐excess with the new and the old super-
saturation functions are compared to the d‐excess of the
stacked shallow firn core data (Figure 2a). With the new
supersaturation function (only adjusted to capture the
NEEM dD‐d18O slope), the model is able to capture rea-
sonably well the amplitude and timing of the d‐excess cycle.
Assuming a southward moisture source shift from Ship D to
Ship E during late fall, and back to Ship D in March would
bring the model results even closer to the NEEM seasonal
d‐excess cycle, suggesting seasonal changes in NEEM
moisture origin. This “best guess” model tuning and mois-
ture source compatible with NEEM data is used for calcu-
lations of water vapor isotopic composition in section 4.3.

4.3. Origin of the Water Vapor Above the Snow
Surface

[34] We explore here the isotopic constraints available to
assess the origin of the surface vapor that we have sampled
at NEEM. First, we assess the hypothesis that the surface
vapor is directly linked with the atmospheric moisture pro-
viding NEEM precipitation. We then analyze the hypothesis
that the local surface snow is the dominant surface air
moisture source. Our methodology here is based on the use
of the distillation model of Johnsen et al. [1989] tuned with
the new supersaturation function (based on the NEEM
dD‐d18O slope) and the moisture source coherent with
NEEM d‐excess seasonal cycle as presented above. We base
the use of this simple model on its ability to correctly
simulate the isotopic variability of the precipitation samples.
The model produces atmospheric vapor (at condensation
height) above NEEM with high dD‐d18O slope (8.1). This
modeled condensating‐vapor slope is very different from the
slope of the collected surface vapor samples, (6.89 ± 0.15)
(section 2.3). It is therefore unlikely that the majority of the
sampled surface vapor is the “condensating” moisture at the
origin of NEEM precipitation.
[35] We now explore the possible contribution of surface

snow sublimation as a source for the collected vapor above
the surface. The isotopic value of the condensate that is in
isotopic equilibrium with the collected water vapor can be
calculated using the in situ data available for surface tem-
perature (Ts) by:

�*condensate ¼ � Tsð Þ � 1þ �*vapor

� �
� 1: ð3Þ

Here a(T) is the equilibrium fractionation coefficient over
water or ice [Majoube, 1970; Majoube, 1971]. d* refers to
either dD or d18O. We consider both fractionation over ice
and liquid, as several authors have reported a mesoscopic‐
liquid layer or quasi‐liquid layer on the free surface of ice
crystals down to −70°C [Grannas et al., 2007; Lied et al.,
1994; Wei et al., 2001]. Moreover, satellites using passive
microwaves have detected episodic daily surface melt
around NEEM (section 2.1).
[36] Using the water vapor data (shown with black crosses

in Figure 4) the calculated isotopic composition of the
condensate in isotopic equilibrium with the vapor have a
dD‐d18O slope of 7.64 ± 0.19 (for fractionation over ice,
shown with filled diamonds in Figure 4) and 7.37 ± 0.17 (for
fractionation over water, shown with open diamonds in
Figure 4). This is comparable with the dD‐d18O slope of the
precipitation samples constituting the snow surface (7.57 ±
0.14 – shown with red circles in Figure 4). It is therefore
very likely that the majority of the vapor above the snow
surface is in isotopic equilibrium with the snow surface,
with a combination of ice and liquid equilibrium fraction-
ation. Figure 8 summarizes the observed information
together with the Rayleigh model constraints on the
dD‐d18O slopes for precipitation, condensation moisture, or
moisture formed at equilibrium with summer surface snow.
[37] We now discuss if the source of surface water vapor

is the surface snow or older/deeper firn layers. Figure 3
shows a relationship between the isotopic composition of
the latest precipitation and the isotopic composition of the
water vapor. Between precipitation events, changes in the
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isotopic composition of the sampled water vapor are
observed. For group 1 of the water vapor samples, during
the period no precipitation occurred, the change in dD is up
to about 40‰ (Figure 3). These changes are larger than what
can be explained by time varying temperature‐dependent
equilibrium fractionation effects starting from the same
surface snow isotopic composition. This can be seen since
the fractionation constant for dD only changes from ∼1.12 at
−5°C to ∼1.15 at −20°C resulting in an approximate change
in the dD of only about 15‰. Our study of the dD‐d18O
slope rules out the hypothesis that the surface vapor consists
of moisture from advection along the atmospheric paths
delivering precipitation. One suggestion is that these chan-
ges in the isotopic composition of the sampled water vapor
between two snowfall events could be explained by vapor
originating from different depths below the snow surface.
From Figure 2 the mean annual amplitude in dD of the snow
is about 50‰. If the vapor would originate from the last
winter snow layer, which in the summer time is to be found
just 30–50 cm below the snow surface, a similar change in
the isotopic value of the water vapor would be seen. Another
suggestion is that these changes in the isotopic composition
could be caused by different strengths of the katabatic winds
bringing moisture down from upslope. None of these sug-
gestions are possible to validate with the data set at hand but
will be studied in the future.
[38] A further constrain on the processes driving varia-

tions of surface water vapor isotopic composition could be
expected from its relationships with SH. Figure 4 clearly
shows that different water vapor d18O – SH linear rela-
tionships are identified for the different observation periods.
From the observed linear correlations obtained from water
vapor monitoring conducted at Palisades, New York, White
and Gedzelman [1984] attributed the changing correlation to
the vertical gradients of both isotope composition and SH in
the atmosphere. These vertical gradients are caused by air
ascending under saturated conditions and becoming isoto-
pically depleted because of condensation of the vapor.
Changes in atmospheric vertical mixing are then expected to
induce shifts in isotope values and SH. At NEEM, changes
in vertical mixing linked with the boundary layer dynamics
could explain the strong links between SH and isotopic
composition of the water vapor above the snow surface, but
cannot be reconciled with the observed dD‐d18O slope.
Neither could the observed relationship between dD and SH
be explained by a Rayleigh distillation. If this was the case
the logarithm to dD should be linear with the logarithm to
SH when assuming a fixed source, which is not something
we observe in the data. Alternatively, temporal changes in
firn/low‐atmosphere water vapor fluxes may also explain
changing correlations between SH and d18O, if different firn
layers (with different d18O signatures) act as moisture
sources for the lower atmosphere.
[39] It should be noted that we also find a similar high

correlation between temperature and isotopic composition.
We attribute the correlation between the isotopic value and
temperature to be caused by correlation between SH and
temperature. Because of the high correlation between iso-
topic composition and temperature or SH we will expect to
see a diurnal cycle in the isotopic composition of the water
vapor if the source is the snow surface. However, because of

the low temporal resolution we are not able to clarify this
further with this data set.

5. Climatic Controls

5.1. Regression Analysis Between the NEEM Record
and Climate Indices

[40] We first explore the linear correlations between
regional climate indices and the NEEM shallow core back‐
diffused isotopes. A link would be expected from air mass
trajectories (see section 4) between seasonal surface air
temperatures at Ilulissat and Thule and interannual varia-
tions of NEEM seasonal isotope values (Table 3). However,
we find that the mean annual temperatures at Ilulissat and
Thule explain close to 0% of the variance in the mean
annual isotope record. Instead when using the mean summer
temperatures for JJA at Ilulissat (1965–2004) we find that
they explain all of 21% of the variance in the mean annual
isotope record (for the mean winter temperature DJF 4% of
the variance is explained). However, it is interesting to note
that when comparing temperatures for JJA at Ilulissat with
summer isotope values at NEEM only 6% of the variance is
explained (for the DJF temperature at Ilulissat compared
with NEEM winter isotopes 0% variance is explained.)
[41] By contrast, the Baffin Bay Annual Sea Ice Anomaly

(BBASIA) shows a strong correlation with the annual iso-
tope signal at NEEM (34% variance explained). Both
records display a strong anomaly for the years 1983–1984.
However, they also have common variance for the rest of
the overlapping time periods (Table 3). For Antarctica,
coastal ice cores [Masson‐Delmotte et al., 2003] and mod-
eling studies [Noone and Simmonds, 2004] have suggested
similar links between the polar precipitation isotopic com-
position and variations in sea ice extent through changes in
atmospheric condensation, evaporation, and mixing history.
The strong correlation between NEEM isotope data and
Baffin Bay sea ice extent is consistent with 3 day backward
air trajectories calculated from the NEEM site (not presented
here). The backward air trajectories showed that the
majority of the air arriving to NEEM has traveled above the
Baffin Bay area. In the work of Fisher [1990], the author
reports that the coastal precipitation on Devon Island con-
sisted of 18%–25% local moisture from the Baffin Bay,
while on the top of Devon Island Ice Cap only 8% of the
moisture would originate from the Baffin Bay. We have in
this study not assessed the ratio of local moisture precipi-
tating at NEEM. However, it could be speculated that it is
not the direct coupling of local moisture precipitating at
NEEM that results in the high correlation but merely a cli-
matic connection between sea ice extend and the tempera-
ture in clouds and thereby the isotopic composition of the
moisture. The interannual correlation reveals the potential of
NEEM ice core isotopic data as an indicator of past sea ice
extent in the Baffin Bay region.
[42] While NEEM isotopic records are weakly correlated

with coastal Greenland mean annual temperatures, it must
be noted that BBASIA and coastal temperatures at Thule
and Ilulissat are themselves correlated (with R2 of 0.37 and
0.56, respectively). We have also explored the correlations
between our Greenland/Baffin Bay climate and isotopic
records with North Atlantic indices. The North Atlantic
Winter Sea Surface Temperature Anomaly (NAWSSTA,
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measured for the region 5–20°N and 30–60°W) shows a link
with BBASIA (R2 = 0.15) but no link with the NEEM data
(Table 3). Changes in winter air mass trajectories to
Greenland are also known to be affected by changes in
atmospheric dynamics in relationship with the North
Atlantic Oscillation (NAO) [Sodemann et al., 2008]. Pre-
vious studies have demonstrated the strong impact of the
NAO on winter isotopic records from south and central
Greenland ice core [Vinther et al., 2003, 2010; White et al.,
1997]. As coastal temperature records from Ilulissat or
Thule and Baffin Bay sea ice data record a NAO fingerprint
in northwest Greenland, we expected to find a strong winter
NAO signal in the NEEM shallow ice core isotopic records
(Table 3). Surprisingly, neither annual nor winter NEEM
d18O values from the NEEM07S3 core exhibit any signifi-
cant relationship with NAO. In order to characterize the
amplitude of isotopic variations expressed at the NAO time
scale, we follow a previous methodology [White et al.,
1997] and use a bandpass filter to isolate the 7.5 year
component of the dD record from the NEEM07S3 core
(Figure 9). At NEEM, there is only 0.5‰ dD amplitude
expressed in the 7.5 year component, which is at the limit of
analytical noise and 8 times weaker than the 4‰ GISP2 dD
amplitude, which was shown to be in phase with the NAO
index for the last couple of decades. For NEEM, the winter
NAO and AO index however accounts for ∼11% and ∼19%,
respectively, of the variance in the annual d‐excess signal, a
feature expected from the imprint of NAO on NEEM source
area SST and RH [Sodemann et al., 2008].
[43] Using a multiple linear combination of the BBASIA

with both the mean annual temperature at Ilulissat, the NAO
winter index, and the NAWSSTA, it is possible to explain up
to 58% of the variance of NEEM07S3 interannual d18O
variations (Table 4) (also without considering the 1983–84
anomaly). Despite the high correlation between Ilulissat
summer temperature and the NEEM07S3 annual isotope
record exchanging the Ilulissat annual temperature with
summer temperature does not increase the variance explained
by the above linear combination. Figure 7e shows the mea-
sured mean annual d18O record from the NEEM07S3 core
compared to the estimation based on the multivariable linear
regression explained above. Alternatively, a multiple linear
combination of NEEM d18O and climate records can be
proposed to quantify past variations in Baffin Bay sea ice,
prior to the satellite era (1979). Figure 7h displays our Baffin
Bay sea ice anomaly reconstruction. For the overlapping
period the reconstruction represent 74% of the observed

Figure 9. The 7.5 year bandpass‐filtered dD signal com-
pared to the 7.5 year bandpass‐filtered NAO signal. Before
1970, effects due to edges are persistent and are not shown
here.T
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BBASIA variation. The reconstruction shows that prior to
around 1995 the BBASIA is relatively flat besides the
anomaly in 72/73, which were also found by Mysak et al.
[1990], and the anomaly in 83/84. The 83/84 anomaly is
also indicated by a low Cl‐ concentration in the Penny Ice
Cap core drilled in 1995 [Goto‐Azuma et al., 2002]. They
also support the finding that the BBASIA is relatively flat
before 1995. This indicates that the decrease in BBASIA
have only been occurring over the last 15 years.

5.2. Correlation Analysis Between the NEEM Core
and ERA‐40

[44] We present here results from a correlation analysis of
the ERA‐40 data set [Uppala et al., 2005] with the
NEEM07S3 record. Significant (p < 0.05) correlation of the
mean annual d18O signal and d‐excess signal, with the mean
annual 2 m temperature and wind speed at the 200 hPa level
(the jet stream), respectively, is shown in Figure 10. In
Figure 10a is seen a positive correlation between the d18O
value and the temperatures in Baffin Bay and the Innuitian
Region. Noticeable in Figure 10b is the significant positive
correlation between d18O and the jet wind speed centered
over 40°N 50°W. High cyclonic activity is often found
below a strong jet stream (e.g., ch. 10.6 [Holton, 2004]).
High cyclonic activity of this area increases the poleward
flux of moisture, causing higher temperatures along the
trajectory of the cyclonic systems. A significant positive
correlation between strength of the jet stream above 40°N
50°W and the 2 m temperature over the ocean between
Iceland and Greenland, and over the Baffin Bay, supports
this (figure not shown). The area of positive correlation seen
in the northern Pacific is related to a positive correlation
between strength of jet stream for this area and 2 m tem-
perature for the area of positive correlation seen in the

Atlantic Ocean between 25°N–40°N in Figure 10a. The
correlation between strength of the jet stream over 40°N
50°W and the NEEM d18O signal indicate that the area
around 40°N 50°W can be considered source region for the
moisture ending up over the Baffin Bay and possibly over
NEEM. This hypothesis is tested in Figure 10c, which shows
the significant (p < 0.05) correlation between the 2 m tem-
perature and the mean annual d‐excess signal at NEEM. In
this panel a region of positive correlation is seen in the
eastern part of the Atlantic Ocean between 30° and 40°N. In
section 4.1 this area was assumed to be a major source region
for the moisture ending up at NEEM. This assumption is
supported by the positive correlation, which is expected from
the effect of kinetic fractionation during evaporation
[Merlivat and Jouzel, 1979]. A similar significant correlation
is found for the mean of the months May–June–July (mini-
mum d‐excess signal) but not for the months of November–
December–January (maximum d‐excess signal). We attri-
bute this lack of significant correlation to the low winter
precipitation amount. The “dipole”‐like signal seen in the
correlation between the NEEM d‐excess signal and the
strength of the jet stream (Figure 10d) over Iceland and
the Azores, respectively, are correlated with the Arctic
Oscillation (AO). This causes the wind speed over Iceland
and the Azores to be correlated with the 2 m temperature in
the Baffin Bay region and south of Greenland. Lower tem-
peratures in the sink area result in more depletion of the
isotopic signal in the precipitation, and therefore higher
d‐excess. This seems to indicate that the Baffin Bay and the
ocean south of Greenland do not act as efficient source
regions since a lower source temperature would result in
lower d‐excess [Merlivat and Jouzel, 1979]. The “dipole”
structure of correlation seen in the middle of the pacific is
correlated with the temperature of the in section 4.1 assumed

Table 4. Variance of Isotope Record From NEEM07S3 Explained by a Multivariable Linear Regression of Baffin Bay Annual Sea Ice
Anomaly, Ilulissat Annual Temperature, NAO Winter Anomaly, and the North Atlantic SST Winter Anomaly

Baffin Bay
Annual
Sea Ice
Anomaly

Baffin Bay
ASIA
+

Ilulissat
Annual
Temp

Baffin Bay
ASIA
+

NAO Winter
Anomaly

Baffin Bay
ASIA
+

Ilulissat
Annual
Temp
+

NAO Winter
Anomaly

Baffin Bay
ASIA
+

NAO Winter
Anomaly

+
NATL Winter

Anomaly

Baffin Bay
ASIA
+

Ilulissat
Annual
Temp
+

NAO Winter
Anomaly

+
NATL Winter

Anomaly

Annual d18O
+

Ilulissat
Annual
Temp

Annual d18O
+

Ilulissat
Annual
Temp
+

NAO Winter
Anomaly

+
NATL Winter

Anomaly

Annual d18O a1 = −0.58
33.7%

a1 = −0.78,
a2 = −0.33
40.7%

a1 = −0.69,
a2 = 0.35
44.8%

a1 = −0.88,
a2 = −0.33,
a3 = 0.35
51.6%

a1 = −0.79,
a2 = 0.29,
a4 = −0.32
53.5%

a1 = −0.94,
a2 = −0.27,
a3 = 0.29,
a4 = −0.28
58.1%

d‐excess winter a1 = −0.48
23.9%

a1 = −0.42,
a2 = 0.11
24.6%

a1 = −1.14,
a3 = 0.49
29.2%

a1 = −0.49,
a2 = 0.11,
a3 = 0.24
30.0%

a1 = −0.58,
a3 = 0.23,
a4 = −0.05
29.4%

a1 = −0.51,
a2 = 0.12,
a3 = 0.23,
a4 = −0.07
30.3%

Baffin Bay annual sea
ice anomaly

a1 = −0.50,
a2 = −0.53,

62.0%

a1 = −0.58,
a2 = −0.39,
a3 = 0.24,
a4 = −0.24
74.3%

aThe coefficient estimates are given by a. All records have been normalized. Bold font indicates variance explained. Time period used is 1979–2004.
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source region, thereby controlling the d‐excess of the initial
vapor through the kinetic effects [Merlivat and Jouzel,
1979].

6. Regional to General Circulation Model
Outputs for NEEM

6.1. Seasonality of Precipitation

[45] The winter NAO signal is only very weakly repre-
sented in the NEEM isotope record compared to winter ice
core isotopic records from other sites on the Greenland ice
sheet [Vinther et al., 2003; White et al., 1995] and winter
coastal meteorological data. One explanation for the lack

of a clear NAO signal might be a lack of winter precipitation
at the NEEM site, as indicated by satellite data from
CALIPSO (presented in section 2.1). Due to the lack of
year‐round precipitation data, we rely on atmospheric
models. In Figure 11 is shown the ratio between precipita-
tion for JJA and DJF as estimated from two regional
atmospheric models (MAR and REMO) [Fettweis, 2007;
Sturm et al., 2005], one stretched grid atmospheric general
circulation model (LMDZ) [Krinner et al., 1997], and two
coupled ocean‐atmosphere models (IPSL VERSION,
CNRM‐IPCC, and CNRM‐new). Apart from the CNRM‐
new model, all the other models indicate between 2.5 and
4.5 times more accumulation during the summer than the

Figure 10. (a) The significant (p < 0.05, two‐tailed) correlation between the mean annual NEEM d18O
signal and the 2 m temperatures from ERA‐40. (b) The significant (p < 0.05, two‐tailed) correlation
between the mean annual NEEM d18O signal and the ERA‐40 wind speed at the 200 hPa level. (c) The
significant (p < 0.05, one‐tailed) correlation between the mean annual NEEM d‐excess signal and the
ERA‐40 2 m temperatures. (d) The significant (p < 0.05, two‐tailed) correlation between the mean annual
NEEM d‐excess signal and the ERA‐40 wind speed at the 200 hPa level.
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winter period in a large part of the northwest Greenland
including the NEEM site. The lack of winter versus summer
precipitation is also observed on the neighboring Penny Ice
Cap where summer accumulation were 4 times larger then
winter accumulation [Goto‐Azuma et al., 2002]. This sup-
ports our hypothesis that the weak NAO imprint on NEEM
data is linked with intermittency of winter precipitation and
will have implications for the interpretation of the deep ice
core data. However, it seems that coupled climate models
still preserve this feature, which means that paleoclimate
simulations may resolve such seasonality features [Krinner
and Werner, 2003].

6.2. Interannual Isotopic Variability at NEEM

[46] Two isotopic simulations are explored here, one
conducted with a general circulation model (LMDZiso) and
one conducted with a regional atmospheric model (REMO‐
iso). The water isotope‐enabled general atmospheric circu-
lation LMDZiso [Risi et al., 2010a] has been run nudged
(Newtonian relaxed toward the observed field [von Storch
et al., 2000]) to the ERA‐40 analyses for the time period
1979–2002 and to ECMWF operational analysis for the time
period 2003–2007. The model has a warm winter bias in
temperature and simulates about 54 cm of water precipita-
tion per year (two times the estimated NEEM accumula-
tion). As a result, it has a systematic bias on NEEM d18O,
with the simulated values at least 5‰ above the mean
NEEM2007S1 data. It simulates too low a d‐excess, with a
seasonal cycle in perfect antiphase with the site temperature

and d18O (Figure 12). At the interannual scale, LMDZiso
simulates a strong (4‰ in annual mean) d18O depletion in
1983–84 (Figure 13). The d18O–temperature temporal slope
simulated at the interannual scale is around 0.6‰/K for
NEEM. A small inverse correlation is simulated between
LMDZ DJF NAO and NEEM d18O (R ∼ −0.4).
[47] An independent 42 year simulation (1959–2000) is

available from the regional REMOiso model [Sturm et al.,
2005] nudged by the ERA‐40 reanalyses (J. Sjolte et al.,
Modeling the water isotopes in Greenland precipitation
1959–2001 with the meso‐scale model REMOiso, submitted
to Journal of Geophysical Research, 2011). The REMOiso
has a spatial resolution of ∼2.8° × 2.8° (approximately
55 km in Greenland) and 19 vertical levels. LMDZ‐iso: 2.5°
in latitude × 3.75° in longitude with 19 vertical levels. As
for LMDZiso, the REMOiso systematically underestimates
Greenland isotopic depletion by 10‰ (Figure 12) associated
with a similar temperature bias. The simulated d18O sea-
sonal cycle amplitude is twice as large as observed. Albeit
each seasonal cycle appears shifted when compared to the
data, the phase lag between the modeled d‐excess cycle and
modeled d18O cycle is comparable with the phase lag
between the observed d‐excess cycle and the observed d18O
cycle (Figure 12). The mean annual d18O and d‐excess is
shown in Figure 13. It is seen that the REMOiso simulation
shows a similar decrease in d18O for the 1983–84 event as
the LMDZiso simulation. However, none of the models are
able to recreate the magnitude of the observed 1983–84
event depletion. The same is observed for the d‐excess. In

Figure 11. The mean summer (JJA) to winter (DJF) ratio in amount of precipitation over 20 years of
simulation (1980–1999). Estimates are from the MAR model, REMOiso, LMDZ, IPSL, CNRM‐IPCC,
and CNRM‐new.
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general there is a higher correlation in between the models
compared to the correlation between the models and the
observed isotopic record of the NEEM07S3 core.
[48] From the REMOiso 42 year simulation, a synthetic

ice core record can be produced (accounting for precipi-
tation seasonality and isotopic diffusion) and compared to
the observations. The result shows weak correlation with
the NEEM07S3 core annual isotopic signal (R2 = 0.11 for
d18O and 0.07 for d‐excess). Comparing a 28 year (1979–
2007) simulation using LMDZiso reveal a strong correla-
tion with the NEEM07S3 core annual d18O isotopic signal
(R2 = 0.49 for d18O and 0.07 for d‐excess). It is therefore
of interest to understand what controls the isotopic value in
the modeled REMOiso and LMDZiso record in comparison
with our analysis of correlations with regional climate
indices. (Table 3). Noticeably when only correlating the
NEEM07S3 core annual d18O with the REMOiso and
LMDZiso for the overlapping period from 1979 to 2000
they both show a correlation of about R2 = ∼0.32. How-
ever, irrespectively of the time period (1965–2000 or
1979–2000) the simulated REMOiso d18O at the NEEM
site has no correlation with BBASIA. This can suggest that
despite using the ERA‐40 synoptic wind data, REMOiso
does not capture the correct moisture transport trajectories
linked with cyclonic activity over the Baffin Bay area.
However, as seen in Table 3 LMDZiso d18O correlates
strongly with BBASIA, which probably explains the high
correlation between the modeled and observed annual
isotope signal at NEEM. Comparably does the Total Sea
Ice Annual Anomaly correlate with REMOiso d18O with a
correlation of R2 = 0.14 while it does not correlate with
LMDZiso over the same period. It should be noted that the
correlations between LMDZiso d18O and the different cli-
mate indices shown in Table 3 are approximately the same

as the correlation between the NEEM07S3 d18O annual
record and the same climate indices. This suggests that the
LMDZiso better captures the large‐scale drivers of inter-
annual variability at NEEM. A detailed comparison
between LMDZiso and REMOiso would likely reveal what
physics is important in simulating the right isotopic com-
position of the precipitation in Greenland. It seems that the
difference between the two models is either in the forcing
of SST and sea ice cover or in the parameterized physics.
[49] A comparison of the correlation between the

REMOiso modeled annual d18O record and the LMDZiso
modeled record for the period 1979–2000 reveals a high
correlation coefficient of R2 = 0.45. If performing a multi-
variable linear correlation of the BBASIA and the REMOiso
modeled annual d18O against the LMDZiso modeled annual
d18O a high correlation of R2 = 0.57 is observed. This sug-
gests that the observed signal at NEEM is a sum of a large‐
scale signal captured by the models and a local signal not
captured by especially REMOiso.

Figure 12. The annual cycle in d18O and d‐excess for both
the REMOiso and LMDZiso simulation of the isotopic con-
tent of the precipitation at NEEM.

Figure 13. Comparison of the interannual variability of the
REMOiso and LMDZiso model output compared to the
observed values from the NEEM07S3 core. (a) The simu-
lated mean annual site temperature at NEEM for the nearest
grid point in the model. (b) The modeled and observed mean
accumulation rate in meter per year water equivalent. (c and
d) The d‐excess and d18O, respectively, from the REMOiso
and LMDZ models and the NEEM07S3 core.
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[50] Over the period 1979–2000, the REMOiso model
simulates a NEEM d18O increasing trend with a magnitude
of ∼2.1‰ (to compare with ∼2.2‰ observed for the period
1979–2000). The LMDZiso simulates for the period 1979–
2000 an increase of ∼1.5‰ in d18O at NEEM. By contrast,
both the REMOiso and LMDZiso model simulates a
d‐excess decreasing trend of 1.2‰ (1979–2000) and 0.3‰
(1979–2000), respectively, opposite to the observed 0.4‰
increasing trend (1979–2000). Following the work of Jouzel
et al. [2007] and Masson‐Delmotte et al. [2005] this leads to
an interpretation using the REMOiso and LMDZiso model
of a cooling of the source region while the NEEM07S3
records points to a warming of the source region. Using the
relationship between site and source temperature and change
in d18O and d‐excess value derived by Masson‐Delmotte
et al. [2005] by use of the distillation MCIM model devel-
oped by Ciais and Jouzel [1994] gives a change according
to the REMOiso model of about +1.5°C and −1.3°C for the
site and source temperature over the period 1979–2000. For
the LMDZiso model the numbers are +1.7°C and 0.0°,
respectively. For the NEEM07S3 record the numbers are
+3.3°C and +1.3°C, respectively. This calculated warming
of the site region follows the previous reported warming
(section 3.1) using the empirical relationship between mean
annual isotope value and temperature reported by [Johnsen
et al., 1999] (∼3.0 ± 1.2°C for the last ∼40 years).

7. Conclusion

[51] Combining the data from shallow cores, precipitation
and water vapor samples with the meteorological observa-
tions at NEEM have revealed information on the external
factors affecting the NEEM snow isotopic composition as
well as indicating a strong link between the surface water
vapor isotopic composition and the surface snow.
[52] From the precipitation samples, which were collected

during the season of 2008, we observe changes of up to 90‰
in the dD content of the precipitation samples during the
passage of a cyclonic system. This is relatively large com-
pared to the annual amplitude of 50‰ in dD. By adjusting
the supersaturation function of a Rayleigh model, we are able
to capture the observed dD‐d18O slope in the precipitation
samples. With the new supersaturation we are able to sim-
ulate the annual d‐excess cycle, which, after back‐diffusion
correction, shows a 5 months lag with respect to d18O. Our
simple modeling approach is compatible with a NEEM
moisture source region as far south as SHIP E (35°N, 48°W).
[53] Using a simple isotope distillation model, we also

show that the water vapor collected above the snow surface
has a very small, if any, fingerprint of the vapor in the
clouds bringing in precipitation to the NEEM site. Com-
paring the relationship between dD and d18O of the collected
water vapor with the precipitation samples points to the
water vapor being in isotopic equilibrium with the surface
snow. This has implications for our understanding of the
post depositional processes affecting the connection
between the climate and the isotopic composition observed
in the ice core. The water vapor samples also show varying
relationships with specific humidity, which we are not able
to explain using the data at hand. The relationship between
humidity and isotope composition should also results in a

diurnal cycle. However, we do not have enough temporal
resolution to observe this. By monitoring the snowpack
temperature and the air temperature it should be possible to
determine whether the correlation between humidity and
isotope values is because of variations in the snowpack or
variations in the boundary layer. Our observations suggest
that diurnal variations should be resolved in atmospheric
water vapor composition, a feature which will be assessed
by deploying new types of water vapor laser analyzers at
NEEM to perform high temporal resolution monitoring.
[54] When studying the isotopic composition of the

shallow cores, it is interesting to note the very low corre-
lation between the NAO index and the annual/winter isotope
records. This is likely caused by more frequent accumula-
tion during summer than during winter. Such a seasonal bias
will most likely be more pronounced during the glacial
period, which will have to be considered for the use of
isotopes as a palaeothermometer and possibly for the iden-
tification of seasonal cycles and dating. Our data reveal an
imprint of changes in Baffin Bay area sea ice extent in the
interannual variability of NEEM isotope records. This opens
up for the possibility of estimating the Baffin Bay sea ice
extent prior the onset of satellite observations in 1979. Over
the last 40 years, significant trends in the NEEM isotope
record reveals a warming trend of NEEM temperature as
well as its mean moisture source. Our estimate of NEEM
warming (∼3.0°C over the last 40 years) will have to be
compared to borehole temperature data and will have
implications for the use of firn air data. Preliminary com-
parisons between NEEM isotopic data and isotopic results
obtained from regional and general circulation atmospheric
models have revealed model biases regarding the present‐
day seasonal cycle and the drivers of interannual variability.
However, models seem to capture the observed increasing
trend. This will have implications for the use of climate/
atmospheric models when interpreting the deeper part of the
NEEM ice core. Performing water‐tagging simulations with
general circulation models together with detailed trajectory
analysis are likely to reveal more detailed information about
the relationship between climate and the isotopes found at
NEEM.

Appendix A
A1. Precipitation Collection Procedure

[55] The sampling of precipitation at NEEM was carried
out by setting up a table made out of wood with a surface
area of 0.35 m2 in the clean‐air zone upwind of camp. The
table was equipped with 15 cm high sides to prevent snow
from blowing off the table. To reduce the collection of
wind‐drifted snow, the height of the table was about 1.6 m
above the snow surface. Regardless of wind speed we never
registered any snow on the table during nonprecipitation
days. The inside of the table was painted white to reduce the
amount of absorbed sunlight. During precipitation events
snow was collected about every 3 h depending on the
amount of snow caught on the table. The samples were kept
frozen until both d18O and dD were measured at the Centre
for Ice and Climate using a Themo Finigan Delta Vplus
mass spectrometer with an accuracy (±1s) of 0.08‰ and
0.5‰ for d18O and dD, respectively (Figure 3).
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A2. Procedure for Atmospheric Water Vapor
Collection

[56] The air intake was placed 3 m above the snow surface
and air was pumped through the vapor trap with a flow rate
of about 5 L per minute. The temperature of the vapor trap
was kept at −80°C and by filling the trap with glass beads of
a diameter of 2 mm the surface area was increased to ensure
complete condensation of all the vapor. After 2 h sampling,
2 to 3 ml of water were collected depending on the humidity
in the atmosphere. The sampled water vapor was transferred
into vials, which were kept frozen, until d18O and dD mass
spectrometer measurements were performed at the Centre
for Ice and Climate. The transfer of the water vapor was
achieved by connecting a vial and the vapor trap and
hereafter creating a vacuum of 10−2 mbar. By heating the
vapor trap but keeping the vial at −80°C the vapor was
transferred to the vial by sublimation from the beads in the
vapor trap and then condensation in the vial. Laboratory
experiments with this setup and standard water samples
have shown that the sample transfer leads to uncertainties in
d18O and dD values of ±0.2‰ and ±1‰, respectively, and
that no detectable water vapor is able to get through the
vapor trap at the flow rate used.
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