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Abstract Variations in the conditions of sea ice in the northern part of Bafﬁn Bay and North Open Water
polynya inﬂuence human activity in northwestern Greenland through oceanic circulation and heat balance
between air and sea. To evaluate the impact of variations in sea ice conditions on the surrounding
environment, it is important to understand the mechanism of sea ice variations over long periods. In this
study, we estimated the age of the SIGMA‐A ice core collected northwestern Greenland Ice Sheet and
researched the relationship between annual or seasonal deuterium excess (d‐excess) and seasonal sea ice
concentration. We found that a temporal variation in the spring d‐excess in the ice core negatively correlated
signiﬁcantly with that of sea ice concentration in February–April in northern Bafﬁn Bay from 1979–2005
(r ¼ −0.61, p < 0.001). Using this relationship, we reconstructed the temporal variations in sea ice
concentrations for 100 years from the ice core drilled in the northwestern Greenland Ice Sheet. The sea ice
concentration in the early twentieth century was lower than that in the present. The decrease in sea ice
concentration was consistent with analytical results for marine sediments obtained from Bafﬁn Bay. We also
suggested that the sea ice concentration was controlled by atmospheric conditions from the 1920s to 1940s
based on examinations of correlations with the North Atlantic Oscillation index and air temperature in
Ilulissat and by oceanographic conditions from 1945–1955, 1959–1969, and 1982–1992 based on the Atlantic
Multidecadal Oscillation index and meridional heat transport to western Greenland.

1. Introduction
Bafﬁn Bay is located between Greenland in the east and Bafﬁn Island, Devon Island, and Ellesmere Island in
the west. Bafﬁn Bay is today covered with seasonal sea ice from winter to spring. In northwestern Greenland,
facing Bafﬁn Bay, there are several villages whose people hunt and ﬁsh on sea ice and move between the villages on sea ice by dog sledge and skidoos during winter and spring. Therefore, recent changes in sea ice conditions inﬂuence human activities in this region. The frequency of winter breakup of sea ice in front of
Siorapaluk village, which is the northernmost village in this region, has increased remarkably since the
2000s (Matoba & Yamasaki, 2018).
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The North Open Water (NOW) polynya extends from 76 to 79°N and 70 to 80°W between northwestern
Greenland and Ellesmere Island. The NOW polynya is categorized as a latent heat polynya (Melling
et al., 2001). When sea ice forms by wind and ocean current actions, new ice is advected away by winds
and currents (Dumont et al., 2009), and latent heat is released from the ocean surface (Minnett &
Key, 2007). The polynya is also a water vapor source for precipitation surrounding the polynya (Minnett
& Key, 2007). Thus, the formation of a polynya inﬂuences the heat balance between air and sea, oceanic
circulation, and meteorological conditions surrounding the polynya.
An ice core is a useful tool to reconstruct climate and environmental variations in the past or recent past in
polar areas where meteorological data recorded continuously are few. Among the many signals detected in
1 of 19
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Figure 1. Maps around Greenland (upper panel) (Kurosaki et al., 2018) and north open water (lower panel).
The SIGMA‐A site is located on the northwestern coast of the Greenland Ice Sheet. EI ¼ Ellesmere Island;
2B ¼ 2Barrel; Thule AB ¼ Thule Air Base.

ice cores, water stable isotopes (δD and δ18O) are important signals for reconstructing air temperatures and
precipitation amounts. There is a correlation between δD and δ18O of water (Craig, 1961), and
Dansgaard (1964) deﬁned as the deuterium excess (d‐excess) by the following equation 1:
d − excess ¼ δD − 8 δ18 O:

(1)

The d‐excess reﬂects ocean surface conditions in water vapor source regions for precipitation and does not
change during transport of an air mass with any condensation processes (Merlivat & Jouzel, 1979).
Therefore, the d‐excess is recognized as a tracer indicating environmental conditions at the moisture source,
such as sea surface temperature (SST), air temperature, wind speed, and relative humidity (Gat, 1996;
KUROSAKI ET AL.
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Uemura et al., 2008). Recently, relationships between d‐excess in water vapor or precipitation and sea ice
conditions in water vapor source regions have been reported as below. In polar regions, d‐excess in water
vapor becomes high over open water areas surrounded by sea ice (Kurosaki et al., 2018; Steen‐Larsen
et al., 2014). When cold air blows down to an open water area, strong evaporation occurs due to a steep temperature gradient between the sea surface and air above the sea surface, and strong evaporation results in
high d‐excess in water vapor (Kurita, 2011; Kurosaki et al., 2018). Based on the relationship between sea
ice conditions and d‐excess in water vapor, temporal variations in sea ice conditions have been reconstructed
from ice core analyses. Sinclair et al. (2014) reconstructed temporal variations in sea ice in the Ross Sea,
Antarctica, for 130 years using a negative correlation between d‐excess in a coastal ice core obtained in
Antarctica and sea ice area in the Ross Sea (r ¼ −0.53, p < 0.01). On the other hand, Osterberg et al. (2015)
showed a positive correlation with the annual mean of d‐excess in an ice core from the northwestern
Greenland Ice Sheet (r ¼ 0.61, p < 0.01). Thus, a certain relationship between d‐excess in ice core and sea
ice conditions is suggested. However, that relationship differs depending on the position of an ice core drilling site and moisture source for precipitation at the ice core drilling site.
In this paper, we elucidate a relationship between d‐excess in an ice core obtained from the coastal area of
northwestern Greenland and sea ice concentration in Bafﬁn Bay and NOW, reconstruct the temporal variations in sea ice concentration for 100 years, and discuss the mechanism of the temporal variations in sea ice
concentration.

2. Materials and Methods
2.1. SIGMA‐A Ice Core
The SIGMA‐A observation site (78°03′06″N, 67°37′42″W, 1,490 m above sea level (a.s.l.)) is located 70 km
northeast of the town of Qaanaaq in northwestern Greenland and lies on the ridge of the Hayes
Peninsula, which is north of Qaanaaq (Figure 1) (Aoki et al., 2014). Because the elevation of the drilling site
is relatively low and the distance from the coastline is remarkably short, reconstructed information from the
ice core can reﬂect the nearby land and ocean. Matoba et al. (2014) conducted several snow pit observations
and chemical analyses of the snow along the ridge and suggested that the ﬂuctuations in water isotopes and
chemical substances in the snow resulted from water vapor and air transport from the south generated by an
atmospheric depression developed over Bafﬁn Bay. Therefore, proﬁles of water isotopes and chemical substances in the ice core from the SIGMA‐A site can reﬂect the variations in sea ice conditions in Bafﬁn
Bay. According to previous research at the SIGMA‐A site, the annual average surface mass balance was
0.27 m water equivalent per year (w. eq. year−1) between 1975 and 2010 (Matoba et al., 2016; Yamaguchi
et al., 2014). From May to June 2017, we drilled a 60.06 m‐deep ice core (Matoba et al., 2018). We used an
electromechanical ice‐core drilling system developed by the Institute of Low Temperature Science (ILTS),
Hokkaido University (HU) (Shiraiwa et al., 2004). The ice core samples were placed in polyethylene bags
and packed into insulated boxes without any cutting processes, and they were then kept frozen at approximately −25°C during shipment to the ILTS‐HU in Japan. Ice core sections were preserved at −50°C in the
cold laboratory of the institute until chemical analysis.
2.2. Ice Core Analysis
All chemical analyses of the ice core were conducted at the ILTS‐HU. The core samples were prepared for
analysis of the stable isotopes of water in a cold laboratory (−20°C). Ice core samples with a thickness of
90 mm were cut longitudinally into three parts (thicknesses of 5, 75, and 10 mm) with a band saw (supporting information Figure S1). One of the 5 mm‐thick sections was horizontally cut at 25 mm intervals for analysis of the stable isotopes of water. The subsamples were placed into clean polyethylene bags, melted at
ambient temperature, and decanted into glass bottles with an inner cap. The stable oxygen and hydrogen isotope compositions of water were measured using a water stable isotope analyzer (L2130‐I, Piccaro Inc.) with
an evaporating device (A0212, Picarro Inc.). The analytical precisions of δ18O and δD were 0.08‰ and 0.8‰,
respectively.
Using the residue after measurements of the stable isotopes of water, tritium concentrations were measured
using a liquid scintillation counter (LSC‐LB3, Aloka Co., Ltd.) to identify the reference horizon of the
H‐bomb test in 1963. The spatial resolution of the measurement of tritium content was 48 mm.
KUROSAKI ET AL.
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To identify volcanic signals as reference horizons for ice core chronology, the continuous electrical conductivity was measured using a dielectric proﬁling system (DEP). DEP has been developed to study the solid
electrical conductivity of ice cores (e.g., Moore & Paren, 1987; Wilhelms et al., 1998). In this study, we used
a system developed by the National Institute of Polar Research, Japan (e.g., Fujita et al., 2016; Iizuka
et al., 2017). We measured electrical conductivity at 250 kHz under a temperature of −22°C with a spatial
resolution of 20 mm. Then, to obtain the accumulation rate of the ice core, a continuous density proﬁle of
the ice core was obtained using an X‐ray transmission method (Hori et al., 1999). The intensity of X‐rays
transmitted through an ice core sample was continuously measured using an X‐ray detector during translation of the sample across the beam. The X‐ray intensity proﬁle was then converted to a density proﬁle using a
calibration curve for X‐ray absorption based on ice thickness. The spatial resolution of the density proﬁle
was approximately 1 mm. We used the 75 mm‐thick section of the ice core.
The concentration of Cl−, SO42−, and Na+ were measured by ion chromatography (Thermo Scientiﬁc, ICS‐
2100). We used Dionex CS12‐A column with 20 mM methanesulfonic acid eluent and Dionex AS‐17A column with 1–18 mM KOH gradient eluent for cations and anions, respectively. The analysis precision of
the ion concentrations was 10%. Non‐sea‐salt (nss) SO42− was calculated by the ratio of Na+ and SO42−
(SO42−/Na+ ¼ 0.038) (Wilson, 1975).
2.3. Moisture Source Diagnosis
To identify the source of moisture for precipitation at SIGMA‐A, we used a part of the Lagrangian moisture
source diagnostic (LMSD) technique introduced by Sodemann et al. (2008). The diagnostic method is based
on analyzing the backward trajectory of an air mass. The change in the speciﬁc humidity within an air mass
along its trajectory during a certain time interval is generally the net result of moisture uptake into the air
mass due to evaporation and moisture scavenging from the air mass due to precipitation (James et al., 2004;
Stohl & James, 2004). The difference of speciﬁc humidity within an air mass along its trajectory during 6‐hr
time interval is shown as below (Sodemann et al., 2008).




→
→
ΔqðtÞ ¼ q x ðtÞ − q x ðt − 6hÞ :
→

(2)

→

x ðt Þ is the air mass position at time t. In this study, x ðt Þ was estimated by the 10‐day backward trajectories

at 00‐, 06‐, 12‐, and 18‐hr (UT) of precipitation days, which extracted from ERA‐interim 6‐hr time interval
data set, at SIGMA‐A calculated by the National Oceanographic and Atmospheric Administration (NOAA)
hybrid single‐particle Lagrangian integrated trajectory (HYSPLIT) model (Stein et al., 2015) with National


→
Centers for Environmental Prediction (NCEP) reanalysis data set which grid interval was 2.5°. q x ðt Þ
was applied the speciﬁc humidity, which was extracted from ERA‐interim 6‐hr time interval and 0.75°
horizontal interval data set, closest to the air mass position at time t. We integrated every moisture uptake
into an air mass due to evaporation (Δq(t) > 0) using the Equation 2 and ignored the uptake of moisture
during transport above 1,500 m a.s.l., land areas including the ice sheet and ocean areas where the sea ice
concentration was more than 99% and the scavenging of moisture along the all trajectory. The starting
points of trajectories were 500 m above ground level (a.g.l.) and 1,000 m a.g.l. at the SIGMA‐A site, and
the time interval was 6‐hr. The speciﬁc humidity used in this analysis deﬁned a vertical layer averaged
at pressure levels from 850 to 1,000 hPa. We calculated integrated monthly values of moisture uptake
under the above conditions from 1979 to 2016 at each grid of 1.0° horizontal interval.
2.4. Meteorological and Climatological Reanalysis Data
The SIGMA‐A ice core could reconstruct environmental changes over the last 100 years around SIGMA‐A
site and Bafﬁn Bay. Most instrumental or reanalysis data sets in these regions are not enough to compare
with the ice core data over the last 100 years. Therefore, we used climate indices to elucidate the mechanism
of climate changes reconstructed by the ice core data.
The North Atlantic Oscillation (NAO), which is a representative indicator of Northern Hemispheric climate
variability, is based on the difference between the Icelandic low and the Azores high. In the positive NAO
phase in winter, the gradient between the Icelandic low and Azores high is strong (Hurrell, 1995).
Northerly wind becomes dominant, and surface temperature is lower across western Greenland when the
KUROSAKI ET AL.
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Figure 2. The vertical proﬁle of Cl /Na (black line) and δD (gray line) in SIGMA‐A ice core. The gray dashed line is the
−
+
weight ratio Cl to Na in seawater (1.80).

Icelandic low is developed (Grumet et al., 2001). We used the monthly data set of the NAO index supplied by
the Climatic Research Unit, University of East Anglia (Jones et al., 1997). The NAO index data were
extended back to 1821 by instrumental pressure measurements from Gibraltar in southernmost Iberia and
from southwestern Iceland (Jones et al., 1997).
The Atlantic Meridional Oscillation (AMO) is deﬁned by the alternation of warm and cold SST anomalies in
the North Atlantic Ocean (Kerr, 2000). We used the monthly data set of the AMO index supplied by the
Earth System Research Laboratory (ESRL) (Enﬁeld et al., 2001).
The surface oceanic circulation along the western coast of Greenland is dominated by the West Greenland
Current (WGC), and the water mass is transported northward (Ribergaard et al., 2008). Warm water masses
ﬂow into the NOW from the southeastern region via the WGC (Melling et al., 2001). We estimated the heat
ﬂux of the warmer current as the vertically integrated heat transport (VIHT) supplied by the Ocean
Analysis/Reanalysis System 3 (ORA‐S3), ECMWF (Balmaseda et al., 2008). Moreover, we used the meridional component of VIHT and averaged between 60–61°N and 48–54°W.
The sea ice concentration, precipitation amount, and speciﬁc humidity used in this study were from the
ERA‐interim reanalysis data set supplied by the European Center for Medium‐Range Weather Forecasts
(ECMWF) (Dee et al., 2011).

3. Result and Discussion
3.1. Dating and Annual Accumulation Rate of the SIGMA‐A Ice Core
Figure 2 shows vertical proﬁles of δD and Cl−/Na+. The δD proﬁle exhibits regular cyclic variations. At several Greenland sites, δ18O and δD have maximum values in summer and minimum values in winter (e.g.,
Kuramoto et al., 2011; Legrand & Mayewski, 1997; Oyabu et al., 2016). Thus, δ18O and δD here have similar
variations (Figure 3), and we recognize the regular cyclic variations in δD as a seasonal cycle. Cl−/Na+ also
have positive peaks in summer at several site (e.g., Dibb et al., 2007; Furukawa et al., 2017). We recognize
periodic peaks of Cl−/Na+ in the ice core as summer. Thus, we checked annual layers by counting negative
peaks of δD and summer peaks of Cl−/Na+ (Figure 2, Table S1).
KUROSAKI ET AL.
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Figures 4 and 5 show vertical proﬁles of δD, nssSO42− concentration, tritium concentration, electrical conductivity, Cl−/Na+, ice layer thickness,
and d‐excess. We extracted signiﬁcantly large (>2σ) peaks from vertical
proﬁles of nssSO42− concentration, tritium concentration, electrical conductivity, and Cl−/Na+ except for ice layers where chemical species were
relocated by melt water (Figure 6).

18

Figure 3. Relationship between δD and δ O in the SIGMA‐A ice core
18
(black circles). The gray line is the meteoric water line (δD ¼ 8 × δ O + 10).
18
δD is signiﬁcantly correlated with δ O (r ¼ 0.99, p < 0.01).

The age of the ice core was determined by identifying the reference horizons of the tritium peak originating from the H‐bomb test and volcanic
signals. A sharp tritium peak was found at 29.58–29.94 m, which is the
reference horizon of H‐bomb testing in 1963 (Clausen & Hammer, 1988)
(Figure 4A).

It was difﬁcult to ﬁnd clear volcanic peaks from only nssSO42− during late
twentieth century because anthropogenic SOx in atmosphere increased in
this period. Therefore, we identiﬁed volcanic signals by electrical conductivity and Cl−/Na+ in addition to nssSO42− (Figures 4 and 5). There were
2−
continuous peaks of nssSO4 and electrical conductivity at 20.38–20.69 m (Figures 4B‐1 and 4B‐2), and we
assigned these peaks to United States/St. Helens eruption in 1980 which was a volcanic explosivity index of
5. The Alaska/Katmai eruption in 1912 was the only eruption with a volcanic explosivity index of 6 in the
high latitudes of the Northern Hemisphere during the twentieth century. The impact of Alaska/Katmai
eruption was found as high electrical conductivity, SO42−, and Cl− signals of some arctic ice cores (Cole‐
Dai et al., 2018; Coulter et al., 2012; Lyons et al., 1990; Tsushima et al., 2015; Yalcin et al., 2003). Extreme
peaks of electrical conductivity and a Cl−/Na+ peak were found during 56.03–56.14 m (Figures 5D‐2 and
5D‐3). A high nssSO42− peak was found in 55.30–55.35 m after a winter from electrical conductivity and
Cl−/Na+ peaks (Figure 5D‐1). We assigned these peaks to the Alaska/Katmai eruption in 1912

2−

Figure 4. The vertical proﬁle of δD, non‐sea‐salt (nss) SO4 , tritium concentration (TU), electrical conductivity (DEP),
−
+
Cl /Na , ice layer thickness, and d‐excess in SIGMA‐A ice core. The point marked A is the peak of H‐bomb
testing in 1963.
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Figure 5. The vertical proﬁle of δD, nssSO4
in SIGMA‐A ice core.

2−
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−

+

, electrical conductivity (DEP), Cl /Na , ice layer thickness, and d‐excess

(Figures 5D‐2 and 5D‐3). There was another peak of electrical conductivity, nssSO42−, and Cl−/Na+ in a
slightly shallower than tritium concentration peak in 1963 (Figures 4C‐1, 4C‐2, and 4C‐3). It might be the
peak appeared by Indonesia/Agung eruption. Herron (1982) mentioned that near‐equatorial volcanic events

Figure 6. Peak values of electrical conductivity, nssSO4
standard deviation (>2σ).

KUROSAKI ET AL.
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, and Cl /Na . Each peak was signiﬁcantly large due to use
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Figure 7. A schematic of estimations of spring layers in SIGMA‐A ice core. Above and under graphs are vertical proﬁles (left side is during 12.0–16.5 m and right
side is during 45.0–50.0 m) of δD and d‐excess, respectively. A black and gray vertical solid line are positive peak depths and negative peak depths of δD,
respectively. A black vertical dotted line are the depths corresponding to 70% from a positive peak to a negative peak of downward. A gray shade are
spring layers.

have been shown in arctic ice core about 2 or 3 years later. Actually, volcanic peak of Agung eruption in
NEEM ice core was found in 1963.9–1964.7 (Sig et al., 2013). Therefore, we assigned the peaks of electrical
conductivity, nssSO42−, and Cl−/Na+ to a volcanic eruption of Agung in 1963.
The annual layers of δD and Cl−/Na+ were counted manually above and below the reference horizons of the
H‐bomb test and the United States/St. Helens and Alaska/Katmai eruption. However, seasonal cycles of δD
and Cl−/Na+ above 6.06 m were not clear because of the inﬂuence of meltwater. Therefore, we omitted the
data above 6.06 m depth and used the data only from 6.06 to 61.06 m corresponding to 2005–1903 for reconstruction of past sea ice variations.
We identiﬁed the seasons in the ice core based on the ratio of precipitation amount in each season. The ratios
of precipitation during October–March and April–September to total annual precipitation at SIGMA‐A calculated with the ERA‐interim daily precipitation data set from 1979–2005 were approximately 30% and 70%,
respectively (Figure S2). A summer layer was deﬁned as a layer of 70% from a positive peak to both a negative
upward peak and a negative downward peak, and a winter layer was deﬁned as a layer of 30% from a negative peak to both a positive upward peak and a positive downward peak. A spring layer was deﬁned as a layer
of 70% from a positive peak to a negative downward peak (Figure 7). Year by year changes in annual and
spring means of d‐excess are indicated in Figure 8.
To interpret variations of δ18O, δD, and d‐excess in ice cores quantitatively, it is needed to evaluate post
depositional changes of δ18O and δD by water molecule diffusion in ﬁrn pore space and nonequilibrium
effect on d‐excess values in water vapor during atmospheric transportation from water vapor sources. The
water molecule diffusion in ﬁrn pore space decrease amplitudes of seasonal variation of δ18O and δD with

Figure 8. Interannual variations in d‐excess for the annual mean (during pre‐summer and the summer) (black) and
spring mean (gray) during 1903–2005.
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depth (Johnsen et al., 2000; Steen‐Larsen et al., 2011). In SIGMA‐A ice core, the decreases of the amplitude of
δ18O and δD were observed in deeper part (Figure S4). Changes of d‐excess by the water molecule diffusion
in ﬁrn pore space can be caused by difference of diffusion length between δ18O and δD. According to
Johnsen et al. (2000), we calculated the changes of d‐excess by the water molecule diffusion in the
SIGMA‐A ice core (Figure S5). Consequently, the changes of d‐excess were not signiﬁcant in SIGMA‐A
ice core. Although it was possible that peaks of d‐excess in deeper side of an ice core also shifted because
of water molecular diffusion, the shifts of d‐excess were not signiﬁcant in SIGMA‐A ice core (Figure 7).
Therefore, the changes of d‐excess by water molecule diffusion were negligible to following discussion.
To evaluate inﬂuence of changes of d‐excess during transportation, we calculated exponential d‐excess,
which keep the inﬂuence of the nonequilibrium effect during ice and mixed‐phase cloud formation and
completely avoid the unphysical δ‐scale effect (Dütsch et al., 2017). The calculated exponential d‐excess of
SIGMA‐A ice core correlated with measured d‐excess signiﬁcantly (r ¼ 0.79, p < 0.001). Therefore, we concluded that any inﬂuences of the nonequilibrium effect on d‐excess values be negligible in this paper, in
which only relative variation of d‐excess was used to reconstruct the variation of sea ice concentration.
To obtain the annual accumulation rate, the depth was resampled at 1‐year intervals based on the δD
minima during 1903–2005. The depth of a 1‐year interval indicates the annual accumulation rate in
snow/ice equivalents. Then, the snow/ice accumulation rate in water‐equivalent depth was calculated via
multiplying by snow/ice density.
3.2. Moisture Source and Accumulation at SIGMA‐A
To investigate the factors controlling the variations in water stable isotopes in the ice core, we estimated the
moisture source for precipitation at SIGMA‐A using LMSD. Figure 9 shows the uptake amount from the
moisture source region transported toward SIGMA‐A in each season during 1979–2016. The moisture
uptake from Bafﬁn Bay was largest in summer and smallest in winter. The seasonality of the moisture
uptake was consistent with the seasonality of precipitation amounts at SIGMA‐A. The moisture uptake in
summer occurred across the whole area of northern Bafﬁn Bay, and the contributions from NOW and the
eastern area of Bafﬁn Bay were remarkable. The dominant area of moisture uptake in spring and autumn
was the eastern area of Bafﬁn Bay. The WGC ﬂows northward along the west coast of Greenland and prevents sea ice from moving toward the eastern part of Bafﬁn Bay (Cuny et al., 2005). Therefore, the sea ice
concentration in the eastern area of Bafﬁn Bay is relatively low (Seidenkrantz, 2013), and the uptake amount
of moisture from the area is higher than in other areas in spring and autumn.
Sodemann et al. (2008) reported that the moisture sources for precipitation at inland portions of the
Greenland Ice Sheet were remote areas such as the Atlantic Ocean, Labrador Sea, and southern half of
Bafﬁn Bay. At the NEEM site (77°26′55″N, 51°03′20″W, 2,484 m a.s.l.), dominant moisture source for the
snow deposited was assumed to be as far south as 35°N in the western part of the Atlantic Ocean (Steen‐
Larsen et al., 2011). On the other hand, we assume that the moisture source for precipitation at SIGMA‐A
is closer than those at inland areas; this source is the northern part of Bafﬁn Bay because of the location
of SIGMA‐A, which is close to the ocean and at low elevation. Recently, Nusbaumer et al. (2019) argue that
a signiﬁcant proportion of moisture for the northwest ice sheet can be sourced from land snow and ice in the
summer months. Although we do not discuss further on this point in the present study, it is necessary for us
to investigate its effect utilizing the SIGMA‐A Automated Weather Station (AWS) data as well as the recently
developed high‐resolution (5 km) nonhydrostatic polar regional climate model NHM‐SMAP (Non
Hydrostatic Model‐Snow Metamorphism and Albedo Process) (Niwano et al., 2018).
Figure 10 shows the 5‐year running mean (an annual mean was averaged during January–December) of the
annual accumulation rate at the SIGMA‐A ice core and the average moisture uptake in the northern part of
Bafﬁn Bay (70–78°N; 55–78°W) during 1981–2003. The annual accumulation rate at SIGMA‐A correlates
with the moisture uptake in the northern part of Bafﬁn Bay (r ¼ 0.53, p < 0.01). Consequently, the variations
in the stable isotopes of water in the SIGMA‐A ice core are reﬂected by environmental changes in local areas,
such as the northern part of Bafﬁn Bay, rather than changes in remote areas.
3.3. Reconstruction of Past Sea Ice Concentration
Evaporated water containing high d‐excess diffuses into the atmosphere due to strong kinetic fractionation
under such conditions as low relative humidity, high SST, and strong wind (Bonne et al., 2014; Steen‐Larsen
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Figure 9. Distributions of the amount of moisture uptake to the atmosphere transported toward SIGMA‐A in (a)
December–February, (b) March–May, (c) June–August, and (d) September–November during 1979–2016. Red inverted
triangles indicate the position of SIGMA‐A.

et al., 2014; Uemura et al., 2008). The variations in sea ice extent and concentration can inﬂuence these
meteorological conditions in polar regions (Klein & Welker, 2016). Kurita (2011) suggested that
evaporated water containing high d‐excess was supplied to the atmosphere over the open water region
surrounded by sea ice due to strong temperature contrasts between surface air temperature (SAT) and
SST. Kurosaki et al. (2018) showed that the air masses leading to high d‐excess snowfall were transported
toward SIGMA‐A via above the open water area. Therefore, d‐excess in ice cores could indicate long‐term
variations in sea ice conditions because d‐excess in precipitation in polar regions is affected by variations
in sea ice conditions.
Figure 11 shows the scatter plot between annual or seasonal mean of sea ice concentration in the northern
part of Bafﬁn Bay and annual or seasonal mean of d‐excess during 1979–2005. There was relatively high
negative correlation between year‐by‐year variation in the northern part of Bafﬁn Bay of sea ice concentration averaged from February to April and year‐by‐year variation of annual mean of d‐excess (r ¼ −0.53,
p < 0.01) (Figure 11d). Therefore, we focused on the relationship between spring mean of d‐excess and
winter‐spring mean of sea ice concentration. To extract the information about the environment in spring,
the spring mean of d‐excess was calculated from spring layers according to the deﬁnition described in
section 3.1 (Figure 7). The SIGMA‐A year‐by‐year variation of spring mean of d‐excess is strongly correlated
with the year‐by‐year variation of the northern part of Bafﬁn Bay sea ice concentration averaged from
February to April (r ¼ −0.61, p < 0.001) (Figures 12c and 13a).
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Figure 10. Proﬁles of 5‐year running means of annual accumulation at
SIGMA‐A reconstructed from the SIGMA‐A ice core (black) and annual
mean of moisture uptake in the northern part of Bafﬁn Bay (gray) during
1981–2003.
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A single regression model incorporating the spring mean of d‐excess in
the SIGMA‐A ice core explains 39% of the sea ice concentration in the
northern part of Bafﬁn Bay from winter to spring (February–April)
(SICwin.‐spr. ¼ − 0.55 d‐excessspr. + 74.73). Figure 14a shows the reconstructed values of the winter‐spring mean of sea ice concentration around
the northern part of Bafﬁn Bay (SICwin.‐spr.) from 1903 to 2005 using the
single regression model. Because the relationship between d‐excess and
sea ice concentration in spring still contains 60% of the variance unexplained by this relationship, there might be additional factors varying
the d‐excess of precipitation such as changes of dominant source regions
of moisture, SST at moisture source, and so on. We believe that the most
dominant factor is sea ice concentration, but we might evaluate possibilities of the other factors on discussions about reconstruction of past
environment.

Sinclair et al. (2014) also found the negative correlation between d‐excess
in a coastal ice core obtained in Antarctica and sea ice area in the Ross Sea (r ¼ −0.53, p < 0.01). The Ross Sea
is formed polynya, and the size is directly linked to the strength of southerly winds transporting sea ice
toward northward into the Ross Sea. The Ross Sea Polynya is increased by strong southerly wind.
Therefore, the proportion of the water vapor with low d‐excess for the precipitation nearby the Whitehall
glacier which is the ice core drilling site is increased.
In contrast, Osterberg et al. (2015) found a positive correlation between the sea ice concentration in Bafﬁn
Bay and the annual d‐excess in an ice core obtained from the northwestern Greenland Ice Sheet (2Barrel
site). This study suggests the mechanism of a positive correlation between the sea ice concentration in
Bafﬁn Bay and the d‐excess in the ice core. When Bafﬁn Bay is covered with a high concentration of sea
ice, the ratio of water vapor supplied from Bafﬁn Bay to the 2Barrel site becomes low and that from the middle latitude area becomes relatively high. Because the d‐excess of water vapor from middle latitudes, where
SST is high, is generally high, the d‐excess of precipitation should be high when the sea ice concentration in

Figure 11. Scatter plots between sea ice concentration on annual (a) and each season (b–m) (3 months running mean) in the northern part of Bafﬁn Bay and
annual mean of d‐excess from SIGMA‐A ice core. The r shows Pearson correlation coefﬁcient and the asterisk shows that p‐value is less than 0.01.
Each season are shown initial of month (e.g., DJF ¼ December, January, and February).
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Figure 12. Scatter plots between sea ice concentration on each season (3 months running mean) in the northern part of Bafﬁn Bay and spring mean of d‐excess
from SIGMA‐A ice core. The r shows Pearson correlation coefﬁcient and the asterisk shows that p‐value is less than 0.01. Each season are shown initial of
month (e.g., DJF ¼ December, January and February).

Figure 13. Spatial Pearson correlation maps between spring mean of d‐excess in the SIGMA‐A ice core and February–
April (a), March–May (b), April–June (c), and May–July (d) mean sea ice concentrations during 1979–2005. The
colored areas indicate that the correlation coefﬁcient of a grid cell is statistically signiﬁcant (|r| > 0.38, p < 0.05).
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Figure 14. (a) Reconstructed sea ice concentration in the northern part of Bafﬁn Bay in winter‐spring (black line) and
sea ice concentration in the northern part of Bafﬁn Bay extracted from the ERA‐interim reanalysis data set (gray line).
(b) Average NAO index in February–April. (c) Average instrumental air temperature in February–April in Ilulissat
and Thule Air Base. Dashed lines indicate the average temperature from 1903 to 2005. (d) Average AMO index in
February–April. (e) Meridional component of vertically integrated heat transport through the area in 60–61°N
and 48–54°W. Dashed lines indicate the average values from 1959 to 2005.

Bafﬁn Bay is high. Kopec et al. (2016) also indicated that annual average of d‐excess from some Canadian
arctic region had positive correlation with sea ice extent of the Bafﬁn Bay (60–80°N; 50–80°W), and other
Greenland sites were indicated same positive correlation between sea ice and d‐excess measured from precipitation or water vapor on the seasonal or year scale (Bonne et al., 2014; IAEA, 2014; Kopec et al., 2019).
We speculate that one of the most important reasons to explain the differences of interpretation of d‐excess
between this research and previous studies is a difference of locations of the observation sites and a source
regions of water vapor transported to observation site. The elevation of the SIGMA‐A site (1490 m a.s.l.) is
comparable to that of the 2Barrel site (1685 m a.s.l.), but the distance from the SIGMA‐A site to the coast
of Greenland (30 km) is shorter than that from the 2Barrel site (~100 km). Moreover, the south side of the
2Barrel site faces to the Bafﬁn Bay directly. Therefore, the precipitation at SIGMA‐A site seems to be affected
from closer area than the 2Barrel site. Thus, we estimated spatial distributions of amount of moisture uptake
to atmosphere transported toward 2Barrel and SIGMA‐A in annual and spring in 1996 and 2003 when
annual sea ice concentration was relatively high and low, respectively (Figure 15). D‐excess values in annual
and in spring at SIGMA‐A site were relatively low and high in 1996 and 2003, respectively (Figure 8).
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Figure 15. Distributions of amount of moisture uptake to atmosphere transported toward 2Barrel (above ﬁgures) and SIGMA‐A (under ﬁgures) annual (a) or
spring (b) precipitation in 1996 and 2003. Black triangles are SIGMA‐A site and black circles are 2Barrel site.

Dominant areas of vapor source for precipitation in annual in SIGMA‐A were the northern part of Bafﬁn Bay
and NOW in both of 1996 and 2003. Dominant areas of vapor source for precipitation in spring in SIGMA‐A
were NOW. On the other hand, dominant areas of vapor source for precipitation in annual and spring in
2Barrel were more southern area of the Bafﬁn Bay. The estimated source area for 2Barrel is consistent
with the speculated source area in Osterberg et al. (2015). Moreover, it is also consistent with the
estimation of source areas for precipitations in SIGMA‐A and 2Barrel that d‐excess values in SIGMA‐A
ice core were lower in 2Barrel ice core. Because SST in more southern area is higher and d‐excess of water
vapor from high SST ocean tends to be high.
Sodemann et al. (2008) showed the moisture source for central west Greenland precipitation were north
Atlantic Ocean and the southern part of Bafﬁn Bay which was southern sea ice edge in NAO negative phase.
At the NEEM site (2484 m a.s.l.), dominant moisture source for the snow deposited was assumed to as far
south as 35°N from the western part of Atlantic Ocean (Steen‐Larsen et al., 2011). Consequently, we speculated a reason why d‐excess in the ice core at only SIGMA‐A negatively correlated with sea ice concentration
is that NOW can supply water vapor to SIGMA‐A and not to other sites.
We speculate the mechanisms that d‐excess in late winter and early spring in the ice core at SIGMA‐A negatively correlated with sea ice concentrations as follows: in late winter and early spring, cold and dry air mass
is transported from north of Greenland to the northern part of Bafﬁn Bay by a wind of cyclonic ﬂow. Water
vapor is supplied to atmosphere from intervening open water of sea ice in the northern part of Bafﬁn Bay
driven by strong contrast of relative humidity between cold‐dry air and air directly above the ocean.
D‐excess of the water vapor becomes high owing to the strong contrast of relative humidity. If the concentration of sea ice in source area of water vapor is low, that is the area of intervening open water is high,
amount of water vapor with high d‐excess supplied to atmosphere becomes high, and d‐excess of precipitation becomes high.
3.4. Sea Ice Reduction in Early Twentieth Century
Figure 14a shows the reconstructed values of SICwin.‐spr.. The average values of SICwin.‐spr. in the northern
part of Bafﬁn Bay during 1903–1920 and 1921–2005 were 68.45% and 69.74%, respectively. The SICwin.‐spr.
from 1903–1920 was signiﬁcantly lower than that from 1921–2005 (p < 0.01). Grumet et al. (2001) reconstructed temporal variations in spring sea ice extent at Bafﬁn Bay using sea‐salt concentrations in an ice core
drilled from Penny Ice Cap on Bafﬁn Island and showed that spring sea ice extent was relatively low from the
eighteenth to the early twentieth century. Cormier et al. (2016) also reconstructed the temporal variations in
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Figure 16. Displacement Pearson correlation coefﬁcient for 11 years between winter‐spring mean sea ice concentration in the northern part of Bafﬁn Bay and (a)
average NAO index in February–April and the instrumental air temperature of Ilulissat (a; gray line) and Thule air base (a; gray dotted line), (b) average AMO
index in February–April and meridional component of vertically integrated heat transport through the area in 60–61°N and 48–54°W. The dashed line
indicates the statistically correlated value (|r| > 0.60, p < 0.05). The blue band in (a) is the period of signiﬁcant correlation between sea ice concentration
and NAO index or air temperature in Ilulissat (|r| > 0.60, p < 0.05), and the red band in (b) is the period of signiﬁcant correlation between sea ice
concentration and AMO index or VIHT (|r| > 0.60, p < 0.05).

sea ice cover using marine sediments obtained from northern Bafﬁn Bay and showed that the sea ice cover
decreases from 9 to 7 months year−1 between 1880 and 1915. These decreasing trends are consistent with our
results. Generally, the SAT in the Northern Hemisphere from the sixteenth to the middle of the eighteenth
century was low, and the period is called the Little Ice Age (LIA). In the Arctic region, SAT was still low after
the LIA to the 1910s until the SAT dramatically increased in the 1920s (Shindell & Faluvegi, 2009). The
instrumental record at Ilulissat in central western Greenland also showed that the Ilulissat SAT before
1920 was lower than that from 1921–1950 (Figure 14c). In western Greenland in the early twentieth
century (1900–1910), the sea ice extent in Bafﬁn Bay was low despite low SAT. We believe that the
reduction of sea ice in the northern part of Bafﬁn Bay in the early twentieth century was not controlled
simply by changes in SAT but by complicated meteorological and/or oceanographic conditions.
Two of the indices indicating meteorological and oceanographic conditions around Greenland are the NAO
index and AMO index, respectively. The NAO index corresponds to the development of the Icelandic low
and northerly wind in northwestern Greenland. The AMO index corresponds to the SST of the North
Atlantic Ocean. Figures 14b and 14d show the year‐by‐year variations in the NAO and AMO indices. In
the early twentieth century, the NAO index was high, and the AMO index was low. Generally, when the
NAO index is high, the sea ice concentration in Bafﬁn Bay becomes high due to strong northerly wind blowing through Smith Sound under present conditions (Mysak et al., 1996; Stern & Heide‐jørgensen, 2003). In
this study, the NAO index was in a positive phase, but SICwin.‐spr. in the northern part of Bafﬁn Bay was low
in the early twentieth century (Figures 14a and 14b). The results from the marine sediment core showed that
the SST in northern Bafﬁn Bay was relatively high in the early twentieth century (Cormier et al., 2016), while
the AMO index was low. This situation means that the high SST was not caused by the increase in SST in the
Atlantic Ocean but by the increase in heat transport to western Greenland and NOW by the WGC. The high
SST in the northern part of Bafﬁn Bay might have caused melting of sea ice inﬂowing from Smith Sound to
NOW during winter‐spring in the early twentieth century.
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3.5. The Mechanism of Year‐by‐Year Change in Sea Ice
During 1920–2005, the reconstructed values of SICwin.‐spr. in the northern part of Bafﬁn Bay show year‐by‐
year variations. To reveal the mechanism of year‐by‐year variations in SICwin.‐spr., we compare reconstructed
SICwin.‐spr. to the climate index (NAO) (Figure 14b), the instrumental air temperatures at Ilulissat and Thule
Air Base, which is the meteorological data station nearest to the SIGMA‐A site (Figure 14c), the oceanographic index (AMO) (Figure 14d) and the meridional component of vertically integrated heat transport
(VIHT) in the region from 60–61°N and 48–54°W (Figure 14e). Figure 16a shows a displacement Pearson
correlation coefﬁcient for 11 years between SICwin.‐spr. and the NAO index from February to April and air
temperatures from February to April at Ilulissat and Thule Air Base. SICwin.‐spr. correlated with NAO index
negatively from 1926 to 1951 (r ¼ −0.60, p < 0.05), with SAT at Ilulissat positively from 1922 to 1941
(r ¼ 0.60, p < 0.05) and negatively from 1995 to 2005 (r ¼ −0.60, p < 0.05) and did not correlate with SAT
at Thule Air Base, the nearest meteorological data station to the SIGMA‐A site. Polyakov et al. (2003) indicated that a positive NAO index induces stronger northerly wind and low SAT on the west coast of
Greenland. On the other hand, in a negative NAO index, southerly wind is induced and brings warm and
wet moisture including high d‐excess from lower latitude (Kopec et al., 2016). In fact, the SAT at Ilulissat
became high between the 1920s and 1950s when the NAO index was relatively low (Figures 14b and 14c).
However, the spring mean of d‐excess in SIGMA‐A ice core were relatively low and the reconstructed
SICwin.‐spr. was high during the period. The SIGMA‐A site locates on the northern peninsula behind the
southern peninsula where the 2Barrel site and Tule Air Base are. Therefore, the moisture from lower latitude
was scavenged at the southern peninsula and moisture which brings snowfall to the SIGMA‐A site did not
mix with the moisture from lower latitude. We speculate that the reason for the negative correlation between
SICwin.‐spr. and the NAO index from 1926–1951 can be described as follows: SAT in south and middle west
Greenland remained high from late winter to early spring in the 1920s–1950s. When northerly wind blows
strongly, corresponding to a high NAO index, the amount of sea ice transported toward the south in the early
sea ice melting season increases, and the melting of sea ice is enhanced.
Figure 16b shows a displacement Pearson correlation coefﬁcient between SICwin.‐spr. and the AMO index
and VIHT in February–April. SICwin.‐spr. in the northern part of Bafﬁn Bay was negatively correlated with
the AMO index during 1945–1955 (r ¼ −0.60, p < 0.05). In this period, SICwin.‐spr. was controlled by SST
in the north Atlantic Ocean ﬂowing into Bafﬁn Bay by the WGC. SICwin.‐spr. also correlated negatively with
VIHT during 1959–1969 and 1982–1992 (r ¼ −0.60, p < 0.05). In these periods, increasing the inﬂow of warm
water masses from the south promoted high SST and sea ice melting during the winter‐spring in NOW. In
fact, the high SST promoted diffusing of the water vapor, which included high d‐excess, by strong evaporation. Therefore, it is possible that the d‐excess of the moisture for snowfall in the SIGMA‐A site was inﬂuenced by oceanographic circulation such as WGC and SST in NOW, directly.
Consequently, the factors controlling the sea ice concentration in the northern part of Bafﬁn Bay varied
temporally.

4. Conclusions
A 60.06 m ice core obtained from the SIGMA‐A site, northwestern Greenland Ice Sheet, was analyzed for
water stable isotopes and chemical species. We estimated the age of the ice core by counting the annual
cycles of δD and Cl−/Na+ and using reference horizons of a tritium peak from the H‐bomb test in 1963
and a peak from the volcanic eruptions of St. Helens in 1980 and Katmai in 1912 detected by DEP,
nssSO42−, and Cl−/Na+. The ice core covered from 1903 to 2017. We also estimated seasonal layers in each
year using the seasonal cycle of δD and the seasonal distribution of precipitation at the SIGMA‐A site estimated from reanalysis data. The temporal variations in d‐excess in spring in the ice core correlated negatively and signiﬁcantly with those of sea ice concentration in winter‐spring (February–April) in the
northern Bafﬁn Bay in 1979–2005. Using this relationship, we reconstructed the temporal variations in
the sea ice concentrations during winter‐spring in Bafﬁn Bay for approximately 100 years from the record
of d‐excess in the ice core. The reconstructed sea ice concentration showed that the sea ice concentrations
were low in the early twentieth century. The period with low sea ice concentrations is consistent with the
results from analyses of marine sediment obtained from northern Bafﬁn Bay. After the period with low
sea ice concentration, the sea ice concentration correlated negatively with the NAO index from 1926–1951
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and positively with February–April air temperature in Ilulissat from 1922–1941. In this period, the air temperature in Ilulissat was relatively high, and we hypothesized that the sea ice concentration of Bafﬁn Bay
was mainly controlled by the meteorological conditions at this time. On the other hand, the sea ice concentration correlated negatively with the AMO index from 1945–1955 and with meridional heat transport to
western Greenland from the south in 1959–1969 and 1982–1992. In these periods, the sea ice concentration
in Bafﬁn Bay was mainly controlled by oceanographic conditions in western Greenland, especially transport
of heat by the WGC. In this study, it is possible that the oceanographic circulation affects the d‐excess in the
moisture for snowfall in the SIGMA‐A site independently of sea ice concentration. Uncertainty of the relationship between d‐excess in the SIGMA‐A ice core and sea ice concentration in the northern part of Bafﬁn
Bay should be evaluated in the future study.

Data Availability Statement
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