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ARTICLE INFO ABSTRACT

Keywords: Mineral dust plays a key role in both local and global climates. At high latitudes, atmospheric dust can affect ice-
Greenland nuclei formation, and surface dust can reduce the albedo as well as increase subsequent ice melting. As a proxy
Dust for past climate, mineral dust is preserved in ice cores, but few studies have examined deposited dust in ice cores
ﬁnﬂe e during the Anthropocene, especially after 2000. We measured dust concentrations in an ice core at the south-

eastern dome in Greenland (SE-Dome), and reconstructed the annual and seasonal dust fluxes during 1960-2014.
We find the annual average flux during 1960-2014 to be 34.8 = 13.5 mg m~2 yr~1, a value about twice that of ice
cores further inland. The more recent part of that period, 2000-2014, has the higher annual flux of 46.6 + 16.2
mg m~2 yr 1. The annual and autumn dust fluxes highly correlate with air temperature in Tasiilaq (r = 0.61 and
0.50, respectively), a coastal location in southeastern Greenland. Our results suggest that the local dust emissions
at the coastal region are increasing due to a decreasing seasonal snow-cover area arising from coastal Greenland
warming after 2000.

Seasonal flux

1. Introduction

Mineral dust has global and local effects on climate (Carslaw et al.,
2010; Kok et al., 2018). Globally, mineral dust can directly influence the
atmospheric radiation budget and indirectly affect the radiation budget
via the cloud condensation nucleus effect (e.g., Stanelle et al., 2014).
Locally, mineral dust is known to affect hot, arid, and subtropical re-
gions (e.g., Mahowald et al., 2006, 2014). However, it is increasingly
recognized that dust produced at high latitudes and cold environments
mflay extend beyond the local source area and have regional, and even
global, significance (Bullard et al., 2016).

The motion of glaciers produces fine sediment (glacial flour) that is
delivered via meltwater to proglacial floodplains. Then, when the glacier
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retreats, more land surface area with fine sediment becomes exposed to
wind action, meaning that local dust emissions at high latitudes are
likely to increase in a warming climate (Bullard, 2013; Simonsen et al.,
2019). Once airborne, such glacial-outwash dust has a remarkably high
ice-nucleating ability under conditions relevant for mixed-phase cloud
formation (Tobo et al., 2019). In addition, at high latitudes, the low
humidity, strong winds, permafrost, and niveo-aeolian processes pro-
mote dust emission and distribution of sediments. The subsequent dust
deposition on the surface of ice sheets and glaciers can decrease ice al-
bedo and increase subsequent glacier melting (e.g., Aoki et al., 2006;
Fujita, 2007; Fujita et al., 2011; Nagorski et al., 2019).

Ice cores drilled in high-latitude regions preserve past aerosols
including mineral dust (e.g., Lambert et al., 2008). The source of the
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mineral dust has been studied mainly by using the isotopic method (Bory
et al., 2003; Delmonte et al., 2008). Over the long term, mineral dust
contributes to the glacial-interglacial cycle as a cooling factor (e.g.,
Seinfeld and Pandis, 1998). Dust deposited in inland Greenland mostly
consists of the fine grain size (<5 pm), mainly coming from long-term
transport from Asian source regions (Biscaye et al., 1997; Bory et al.,
2002; Bory et al., 2003; Uno et al., 2009). On the other hand, dust
deposited on the Renland ice cap, a coastal region in Greenland, is
dominated by coarse particles (>5 pm), suggesting a dust source local to
the ice cap that sediments rapidly, typically within one day (Simonsen
et al., 2019). Other regions on the Greenland ice sheet that may have
significant contributions from both long-transported Asian and
short-transported local sources have not been examined in detail.

Over the local scale and short-term, the picture is less clear. Few
studies of deposited dust in ice cores of inland Greenland have covered
the Anthropocene, especially after 2000. From a lake-sediment core in
west Greenland, Saros et al. (2019) found that after 2006, the mean July
air temperature shifted 1.1 °C higher. They also found that nonlinear
environmental responses occurred with or shortly after the abrupt
climate shift, including increases in both dust and ice-sheet discharge.
However, the dating uncertainty of ice cores makes it difficult to
compare an ice-core proxy such as dust with a climatic index such as air
temperature. Over the past 600 years, the warmest period began after
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2000. The dust in this period has been modeled and monitored by sat-
ellite, but such approaches have been insufficient for understanding
local-scale climate systems (Bullard et al., 2016). For example, satellite
detection of dust is particularly challenging in the high latitudes due to
darkness above the polar circles in late fall and winter (Bullard et al.,
2016). Thus, a record of deposited dust from an ice core with accurate
dating resolution would greatly help us evaluate the relationship be-
tween dust and the local climate system.

The Greenland ice sheet has a dome in the southeastern area (SE-
Dome; 67.18°N, 36.37°W, 3170 m a.s.l.), located on the margin of
Greenland ice sheet. Despite its high altitude of over 3000 m a.s.l., the
SE-Dome is located near the North Atlantic Ocean. The SE-Dome lies
midway between ice-core sites in inland Greenland and Renland. Thus,
the SE-Dome is an ideal location to evaluate contributions of both Asian
and local sources of mineral dust. Also, due to the extremely high
accumulation rate at the SE-Dome, its ice-core record has a high time
resolution (lizuka et al., 2017). Calibration between oxygen isotope
(6180) data from SE-Dome samples and 5'%0 models produced a
reconstruction of the paleoclimate and atmospheric circulation over the
last 60 years with an uncertainty of +2 months (Furukawa et al., 2017).
Thus, over this period, paleoclimate reconstruction here allows one to
examine the relationship between dust and climate on the seasonal
scale. In this study, we analyzed dust concentrations in the SE-Dome ice
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Fig. 1. Study area and air-mass trajectories. (a) Locations of southeast dome (SE-Dome), Tasiilaq, Itseqqortoormiit, and Renland. Blue and red shaded regions denote
potential snow-free areas bordering the Greenland Ice Sheet. The red regions are obtained from the air-mass trajectories in Fig. 1b and c (east coast between 65 and
75 °N), and used to calculate snow-free area in September (Fig. 2¢). (b) Probability distribution (%) of an air mass arriving at the SE-Dome site from a 3-day, 3-D
backward-trajectory analysis, averaged over 1960-1999 for air-mass starting elevations 10 and 500 m a.g.l. Color scale at bottom. (¢) Same as (b) except for period
2000-2014. Probability of the air mass is weighted by the daily precipitation from combined reanalysis datasets of ERA-40 and ERA-Interim. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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core over this period, investigating the relationship between the climate
system and a high-latitude dust source, with focus on the post-2000
years.

2. Materials and methods
2.1. SE-dome ice core and age scale

Dust data came from a 90.45-m depth ice core obtained at a dome
site on the SE-Dome (67.18°N, 36.37°W, 3170 m a.s.l., Fig. 1a). The
annual mean temperature at the SE-Dome is —20.9 °C, based on 20-m-
deep firn-temperature measurements (lizuka et al., 2017). For a time-
scale, we use the SEIS2016 age scale for 1960-2014, which is deter-
mined by the oxygen-isotope matching method (Furukawa et al., 2017).
The SEIS2016 scale has been carefully evaluated with independent age
markers of tritium and volcanic events, and its precision is within two
months (Fig. 3 in Furukawa et al., 2017). Depths marking the beginning
of the year are found by linear interpolation.
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2.2. Microparticle (dust) concentration measurements

In a cold room (Institute of Low Temperature Science, Hokkaido
University, Japan), we divided the 90.45-m ice core into 941 sections,
each of close to 100 mm depth. Based on the SEIS2016 age scale, up-
permost 852 samples cover the period from 1960 to 2014. The samples
were divided using a clean ceramic knife in a cold clean room (class
10000), put into clean polyethylene bottles, and then were melted in the
bottle at room temperature in a clean room. Concentration and grain-
size distributions of the microparticles, hereafter dust, were measured
using a Beckman Coulter Counter Multisizer 3 with an aperture of 30 pm
(size range between 0.6 and 18 pm in diameter) in a class 10000 clean
room.

To make a measurement solution of 15 ml, we mixed 3 ml of melted
ice-core sample with 12 ml of a liquid dilution agent (ISOTON II,
Beckman) in a 25 ml bottle (Accuvette ST, Beckman). To dissolve any
bubbles in the melted water, the solutions were kept at least 24 h in the
clean room after melting. Then, to homogenize the settled (larger)
particles, the solutions were gently stirred using a 1000 pl pipette
(Eppendorf Research) without making bubbles. For the background
value, we ran a blank test of the above method by using 96 samples with

Fig. 2. Trends in dust mass, dust flux, and snow-free
coastal area. (a) Annual dust mass concentration (left)
and dust flux (right) in the SE-Dome ice core. Dotted
line shows a running average over 5 years. (b) Same
as (a) except for particles exceeding 5 pm. (c) At left
are seasonal dust fluxes in the SE-Dome ice core. Blue,
green, red, and purple for spring, summer, autumn,
and winter, respectively, the dotted lines are running
averages over 5 years. At right, snow-free area in
September on the east coast of Greenland within
65-75°N derived from AVHRR from 1979 to 2008.
(Data losses in 1980 and 1981 are due to having
insufficient satellite observations for that period.) (d)
Same as (c) except for particles exceeding 5 pm and
without the snow-free area. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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ultra-pure water (18.2 MQ cm). Each sample consisted of 3 ml of the
ultra-pure water and 12 ml of the diluent. The average and standard
deviation of the particle number and mass concentration were 1900 +
423 ml~! and 2.6 =+ 1.0 pg kg, respectively. The mass concentration
was calculated from dust volumes, assuming a spherical approximation
and a density of 2.50 g cm ™3,

2.3. Flux estimation

The annual and seasonal dust fluxes are based on the seasonal
average value of each dust concentration value multiplied by the sea-
sonal accumulation rate. The seasonal boundaries are March 1st, June
1st, September 1st, and December 1st for spring (MAM), summer (JJA),
autumn (SON), and winter (DJF). The annual dust fluxes use the
boundary of January 1st. These annual and seasonal accumulation rates
are estimated based on the SEIS2016 age scale (Furukawa et al., 2017).

2.4. Observation of particle sizes and shapes

Insoluble particles were collected on a polycarbonate membrane
filter (Advantec 13 mm, pore size 0.4 pm) following the method in lizuka
et al. (2009). The filter was coated with Pt by using magnetron sputter
(MSP-10, Vacuum Device). Then, the particle shape was observed using
a scanning electron microscope (JSM-6360LV, JEOL) with an energy
dispersive x-ray spectrometer (JED2201, JEOL). We confirmed that
almost all measured particles contained Si, indicating silicate minerals
(dust). To determine their shapes, we examined particles in a sample
from summer 1964 (depth 80.105 m) and a sample from summer 2003
(24.800 m), which had the largest dust mass concentrations in

1960-1999 and in 2000-2014, respectively.

2.5. ERA-40 and ERA-Interim reanalysis data

To evaluate climate records in the SE-Dome ice core, we used the
ERA-40 (1958-2001) and ERA-Interim (1979-2014), hereafter ERA-I,
reanalysis datasets produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Uppala et al., 2005; Dee et al.,
2011). The daily and monthly mean air temperature at the SE-Dome
elevation (3170 m a.s.l.) were extracted from the pressure level air
temperature by referring to the geopotential height, both in ERA-40 and
ERA-I (Sakai et al., 2015; Furukawa et al., 2017). Daily precipitation was
also retrieved from ERA-40 and ERA-I for the backward trajectory
analysis. To maintain consistency between the two precipitation prod-
ucts for the whole period (1958-2014), the daily precipitation of
ERA-40 (p4o) is calibrated with that of ERA-Interim (p;) by a linear
regression obtained for the period 1979-2001 (p; = 1.36p40,R> =0.862,
p < 0.001, lizuka et al., 2018).

2.6. Backward trajectory analysis

To investigate source regions of the chemical species in the ice core,
transport pathways of air masses are analyzed using the HYSPLIT model
(hybrid single-particle Lagrangian integrated trajectory), a model
distributed by NOAA (National Oceanographic and Atmospheric
Administration) (Stein et al., 2015). We followed the backward trajec-
tory analysis as described in Iizuka et al. (2018), and set four points at
10, 500, 1000, and 1500 m above ground level (a.g.l.) at SE-Dome for
the start of the three-day backward trajectory calculation.
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2.7. Remotely sensed snow-free terrain

To investigate how variations in the distribution of snow-free areas
affect dust sources during 1979-2008, we used a 0.05° gridded daily
calibrated radiance and -classification product derived from the
Advanced Very High Resolution Radiometer (AVHRR). Details of this
product are in Hori et al. (2017). Product flag values are defined as
snow, sea ice, bare land, open ocean, and cloud. To calibrate the
snow-free pixels, we used the bare land flags on the Greenland region
defined by DiMarzio (2007). Over a month, we counted the number of
days a given pixel was flagged as "bare land" and the number of days it
was not flagged as "cloud", then took the ratio. If the ratio exceeded 0.5,
it was classified "snow-free" for the month. This procedure was done for
each pixel of the designated area for the months from April to
September. The extracted snow-free pixels were projected onto Lam-
bert’s azimuthal equal-area projection to calculate the areal extent. The
month with maximum snow-free area (July or August) is defined as the
“maximum month”. For the analysis, the designated area was that
within 65-75 °N of the east coast of Greenland (Fig. 1), the most likely
source region of local dust based on the backward trajectory analysis
(maximum area of 6.5 x 10* kmz).

3. Results and discussion
3.1. Dust concentrations

The average concentration of dust particle number in the SE-Dome
ice core over 1960-2014 is 13000 + 6200 ml! (Table 1). (Unless
otherwise noted, uncertainties here are the standard deviation.) The
numbers also show that the concentration during 2000-2014 is 14800
+ 6880 ml~!, which is almost same or slightly higher than that over
1960-2014. Larger particles (over 5 pm) are smaller in number, but
show the same trend, almost same or slightly increasing from 9.08 +
1.43 ml~! for 1960-2014 to 11.5 + 2.32 ml~! for 2000-2014.

From the profile in Fig. 2a, the dust mass concentration has an
average value (1960-2014) of 34.2 + 22.1 pg kg~!. The average blank
error is 7.6% in this study. Table 1 shows that the average mass con-
centration increases after 2000 to 42.9 + 29.1 pg kg™!. Both are within
1o, but the mass concentration is 25.4% higher after 2000, but the
number concentration is only 13.8% higher. The difference is related to
the relative increase of the fraction of coarser particles.

The dust size distribution by mass (green and purple in Fig. 3a) over
1960-2014 show a bimodal trend. One peak occurs around 1-2 pm, the
other around 15 pm, suggesting contributions from two sources. The
dust size distribution of Renland ice core (the RECAP Holocene) has a
peak around 20 pm, suggesting high contribution from local source
(Simonsen et al., 2019). Thus, the large particle mode (around 15 pm) of
the SE-Dome ice core implies a nearby dust source. As the long-term
transport from Asian source regions has particles mostly less than 5
pm (Biscaye et al., 1997; A.-M. Bory et al., 2002; A. J. M. Bory et al.,
2003; Uno et al., 2009), we divide the two sources at 5 pm. The mass

Table 1
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concentration for dust larger than 5 pm is 10.7 & 10.8 ug kg%, which is
31.3% of the total mass concentration during 1960-2014. For the period
2000-2014, the corresponding mass for dust larger than 5 pm is 12.6 +
12.9 pg kg™, which is 29.4% of the total mass concentration. Thus, the
size distribution by mass shows a similar bimodal trend between
1960-2014 and 2000-2014, suggesting little change of the source
(Asian or local) contributions between the two periods. The periods of
dust events in summers 1964 and 2003 (red and blue in Fig. 3a) have
larger size distributions than those in averaged distribution (green and
purple in Fig. 3), suggesting high contribution from local source during
the periods.

We examined SEM micrographs of particles from summer 1964
(depth 80.105 m) and summer 2003 (24.800 m). In Fig. 2a, these years
have the largest dust mass concentrations in 1960-1999 and in
2000-2014. These seasons did not have any large volcanic eruption in
Iceland. The SEM analyses show that the SE-Dome ice core has a sig-
nificant number of dust particles over 5 pm, especially in 2003 (e.g.,
Fig. 3d); however, the size distributions have similar trends for summer
1964 and summer 2003 (Fig. 3b). In addition, the dust-particle shapes,
as indicated by the aspect ratios, are similar between summer 1964 and
summer 2003 (Fig. 3c). The similar size distributions and aspect trends
suggests the same contributions from each source region between the
two seasons.

3.2. Annual and seasonal dust flux reconstructions

The annual and seasonal dust fluxes equal the product of the mass
concentration with their respective accumulation rate (Furukawa et al.,
2017). The resulting annual flux for 1960-2014 in Fig. 2a gives an
average of 34.8 + 13.5 mg m~2 yr_ 1. This average is greater than the
yearly values of 14-19 mg m~2 yr~! at the inland ice cores of GRIP,
NGRIP, and Dye3 (Bory et al., 2003), but is less than the 57 mg m 2 yr !
at Haus Tausen in the coastal region of north Greenland (Bory et al.,
2003) and much less than the 680 mg m~2 yr! at Renland on an ice cap
near the ice sheet (Bory et al., 2003). Over the extensive inland region of
Greenland, the flux values are low and nearly uniform due to the
long-distant transport over high-elevations to the ice sheet (Bory et al.,

Table 2
Seasonal average dust fluxes (mg m? season™!) with standard deviations during
1960-1999 and 2000-2014 in the cases of within 0.6-18 pm, and 5.0-18 pm.

Period Term Particle size within 0.6-18  Particle size within 5.0-18
pm pm
1960-1999  Spring 7.79 £+ 4.20 2.24 +1.47
Summer 8.24 + 3.74 245 +1.71
Autumn  7.19 + 2.96 2.38 +1.89
Winter 7.28 + 3.44 2.21 £1.85
2000-2014 Spring 9.01 +4.73 2.86 +1.81
Summer 11.2 £5.46 3.34 £ 2.42
Autumn 15.7 £ 8.51 3.72 £ 227
Winter 10.4 + 4.52 3.06 + 2.02

Average values and standard deviations of number and mass dust concentrations during 1960-2014, 2000-2014, and seasons with large volcano eruption events in
Iceland. The average values and standard deviations are shown in the cases of within 0.6-18 pm, and 5.0-18 pm. Seasons with 7 large volcano eruption events in
Iceland: 1) Bardarbunga, autumn 2014; 2) Grimsfjall, spring 2011; 3) Eyjafjallajokull, spring 2010; 4) Hekla, winter 2000; 5) Krafla, autumn 1984; 6) Eldfell, winter

1973; and 7) Askja, autumn 1961.

Number conc.(mL-1) Mass conc. (ug kg-1)

Term Particle size (pm)
Period 1960-2014 (n = 850) 0.6-18
Period 1960-2014 (n = 850) 5.0-18
Period 2000-2014 (n = 259) 0.6-18
Period 2000-2014 (n = 259) 5.0-18
Volcanic seasons* (n = 26) 0.6-18
Volcanic seasons* (n = 26) 5.0-18

13000 + 6000 34.2 £ 221
9.08 +1.43 10.7 £10.8
14800 + 6880 429 +£29.1
11.5 £ 2.32 12.6 £12.9
13700 + 8270 40.1 = 34.6
16.4 £ 2.82 14.8 + 149




T. Amino et al.

Table 3

Annual and seasonal correlation coefficients (r) between dust fluxes and potentially relevant proxies during 1960-2014. Bold marks values of 0.5 or higher.
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0.20
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0.34
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# Maximum month means July or August with greatest snow-free area.
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2003). On the other hand, the high dust fluxes in Haus Tausen and
Renland are mainly due to the local source (Simonsen et al., 2019). The
average flux value of 34.8 mg m~2 yr~! of the SE-Dome ice core is about
twice that of the inland ice cores. We argue next that this difference
indicates that some dust particles come from local sources such as
exposed glacial sediments, moraines, rock, soil, and sand in coastal
Greenland (e.g. Bullard et al., 2016).

The high contribution to the flux from large particles is one argument
for a local dust source. The average annual flux from particles larger
than 5 pm is 10.6 + 4.26 mg m 2 yr~! (Fig. 2b, blue curve), which is
30.5% of the total flux value. Due to the relatively rapid fallout of such
large particles, they must be from a nearby source. For particles smaller
than 5 pm, the average annual flux is the remaining 24.2 (= 34.8 — 10.6)
mg m~2 yr~L. Of this flux, some must also be from the local sources. The
similar method of the 5 pm threshold of dust size dividing long and local
transportation was done in coastal Antarctica (Baccolo et al., 2018). If
we assume that this remaining dust flux equals that from long distance
sources plus fine dust from local sources, with the former equaling that
reaching the inland ice cores of GRIP, NGRIP, and Dye3 (14-19 mg m >
yr 1), then the annual flux of fine particles from local sources equals
5.2-10.2 mg m~2 yr~!. This amount from local sources is 15.0-29.3% of
the total flux. Totaling both the smaller and larger dust flux from the
local sources, we estimate that 45.5-59.8% of the dust at the SE-Dome
ice core is from a local source.
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A second argument for a local source contribution comes from the
recent trend in annual flux. In particular, the total flux is higher after
2000 (46.6 + 16.2 mg m~2 yr~* during 2000-2014; Table 1 and Fig. 2a),
but the flux from Asia is not likely to have increased during this time. In
particular, Liu et al. (2020) found that the Asian dust intensity during
1961-2020 was high until 1980 and then decreased to the present
(2020). This fact suggests that the Asian dust source by itself cannot
explain the high flux after 2000 in the SE-Dome ice core. Given that the
atmospheric circulation does not change after 2000 (Fig. 1b and c), the
increase after 2000 must be from a local source. In addition, the annual
flux of the larger (>5 pm) particles also increased after 2000 to 13.3 +
5.33 mg m 2 yr ! (2000-2014; Table 1 and Fig. 2b). Thus, the contri-
bution from local sources probably increased after 2000.

Finally, a third argument for a local source comes from the trend in
seasonal flux. The seasonal fluxes during 1960-2014 are plotted in
Fig. 2c. We split this period into before and after 2000. Table 2 shows the
averages in both periods. During 1960-1999, the averages are nearly the
same for all seasons (7.19-8.24 mg m—2 yr’l). For 2000-2014, the
highest average is in autumn at 15.7 + 8.81 mg m~2 yr™!, suggesting
that the high dust flux after 2000 was mainly driven by the increase in
autumn. A similar increase in autumn flux occurs for the large particles
(Fig. 2d, Table 2). In particular, the average fluxes during 1960-1999
are nearly the same for all seasons (2.21-2.45 mg m~2 yr~!). But for
2000-2014, the highest average is in autumn at 3.72 + 2.27 mg m >
yr~!. However, Asian dust storms tend to come in spring (e.g., Liu et al.,
2020), and thus the increase in autumn flux is more likely due to a local
source. In the next section, we suggest a cause of the increasing annual
and autumn dust fluxes during 2000-2014.

3.3. Cause of the increase in annual and autumn flux after 2000

The distance that dust of a given size will travel will depend on the
fallspeed of the dust, the windspeed, and the height of the dust particles.
According to Tegen and Lacis (1996), dust of size 1-10 pm can transport
in the atmosphere for only about 40 h. To determine the sources of the
dust, we calculated the air-mass distributions arriving at the SE-Dome
site from back-trajectory analyses going back three days. The air
masses are separated into those from 1000 to 1500 m a.g.l., and those
from 10 to 500 m a.g.l. The latter case of the two lower air masses can
entrain dust emitted from the surface. Fig. 1 shows these lower air
masses. The air masses mainly come from regions of Greenland just
north of SE-Dome, extending up to about 75°N, and include regions just
offshore as well as some coastal regions to the south. Both periods be-
tween 1960-1999 and 2000-2014 have similar distribution patterns of
air mass. The similarity suggests that the increase in particle number
during 2000-2014 was not driven by a change in atmospheric circula-
tion, but by higher dust emissions in the source regions. Given that the
air-mass trajectories do not show the emissions of dust, we focus on
specific regions in the higher-probability areas that are likely to have the
greatest emissions. These regions would be the snow-free areas in the
coastal regions. Thus, we focus on the area marked in red in Fig. 1a.

The area includes the cities of Tasiilaq and Itseqqortoormiit, where
the Danish Meteorological Institute (DMI) measures air temperature and
precipitation. Tasiilaq is located at a coastal region of southeastern
Greenland (~190 km from the SE-Dome site, Fig. 1a). Both annual dust
fluxes during 1960-2014 correlate more strongly with air temperature
in Tasiilaq (r = 0.61 in Table 3, Fig. 4a) than with that at the SE-Dome
site (Table 3). Most coastal regions in southeastern Greenland have
exposed snow-free areas of rock, soil, and glacial flour, which are po-
tential dust sources. The lower air masses, which would be the main
atmospheric transport for larger dust, come from the eastern coast be-
tween 65 and 75 °N of Greenland (Fig. 1). At nearly four times the
distance to Tasiilaq lies Itseqqortoormiit (Fig. 1), another potential dust
source because it is also on the coast (Fig. 1a). But air temperature in
Itseqqortoormiit has lower correlation with the SE-Dome dust (r = 0.35)
than that of Tasiilaq. This suggests that the larger dust likely comes from
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very close to the SE-Dome site.

The autumn dust fluxes during 1960-2014 also have high correla-
tions with autumn air temperature in Tasiilaq (r = 0.50 in Table 3,
Fig. 4b). Even omitting the extremely high dust-flux datum from autumn
2014, the autumn average of dust flux (2000-2013) is still highly
correlated to the Tasiilaq air temperature (r = 0.52). The correlation
suggests that a warmer autumn on the coast increases the dust emission
from snow-free areas exposed by a delay of seasonal snowpack. The
seasonal snow-free area would be an additional dust source in the
coastal regions, especially during autumn. Thus, high correlations be-
tween dust flux and Tasiilaq air temperature, both annual and autumn,
during 1960-2014 suggest that the warming in the coastal regions of
southeastern Greenland after 2000 promotes dust emission to the
atmosphere.

The snow-free area trend by AVHRR during 1979-2008 is consistent
with such warming, showing a loss of seasonal snowpack in the coastal
regions around southeastern Greenland. The snow-free areas of the re-
gion in September (Fig. 2c) show an increasing trend after 2000. The
average snow-free area in September is 14700 + 5600 km? during
1979-1999 and 21700 + 10800 km? during 2000-2008. This increase
suggests that the warmer summers and autumns after 2000 are causing a
delay in the seasonal snowpack cover and an extension of snow-free
areas. These snow-free areas have high correlation with the autumn
dust flux (r = 0.49 for the maximum month, 0.60 for September in
Table 3; Fig. 4c). The high correlations suggest a larger snow-free area in
autumn increased the dust emission, leading to a higher dust flux in the
SE-Dome ice core.

On the other hand, results in Table 3 show low correlations between
dust flux and annual Tasiilaq precipitation (r = 0.17) and windspeed (r
= 0.41). The Tasiilaq precipitation is a proxy of an aridity in Tasiilaq.
Dust is more likely to emit from a source area under drier and windier
conditions (e.g., Bullard et al., 2016). The low correlations suggest that
the high dust flux after 2000 is not due to a high emission activity of the
source area, but rather is due to extend dust emission area (i.e., seasonal
snow-free area).

We also examined the correlations between the dust flux and other
possible proxy variables. Results in Table 3 show low correlations (|r| <
0.30) with the North Atlantic Oscillation (NAO), which is defined as the
pressure difference between the Azores High and the Icelandic Low. The
low correlations with NAO, as well as the Arctic Oscillation (AO, |r| <
0.27) are consistent with the larger dust size distribution during
2000-2014 not being caused by a stronger atmospheric circulation.

Thus, the evidence indicates that the Greenlandic warming produced
a larger regional dust emission via a larger seasonal snow-free area in
coastal Greenland. The air temperature after 2000 has been increasing
throughout the Arctic (Stocker et al., 2013) and specifically around
southeastern Greenland (Bjgrk et al., 2012), consistent with a retreat of
the Greenland ice sheet (Mouginot et al., 2019). As mineral dust plays a
key role in the climate system (Carslaw et al., 2010; Kok et al., 2018), the
increase in dust flux at the SE-Dome after 2000 is a potentially important
way that high-latitude dust can affect the climate system. Future studies
about the dynamic of the Greenland ice sheet will need to take into
account the role of dust, since increased dust deposition implies an
increased radiative forcing on the surface of the ice sheet.

3.4. Contribution of Iceland dust emission

Other than the Greenland coast, the next nearest potential dust
source is Iceland. Iceland is also a potential local source of volcanic
emissions (Groot Zwaaftink et al., 2017). However, the average air-mass
probability distribution from Iceland is just 1.51 £+ 1.47% (Fig. 1b and
¢), which is less than one-third that of the 4.88 + 2.37% value from 65 to
75 °N of eastern Greenland by the trajectory analyses. Moreover, the
fraction of air trajectories from Iceland hardly changes from the earlier
period of 1960-1999 (1.53 + 1.47%) to the recent period of 2000-2014
(1.48 £ 1.49%). Thus, the dust-flux increase after 2000 is not explained
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by the contribution from Iceland.

Nevertheless, over shorter terms, volcanic eruptions in Iceland have
affected dust deposition in the SE-Dome region. For example, the
extremely high dust flux in the autumn of 2014 (41.4 mg m~2 yr™!)
might be due to the eruption of Mt. Bardarbunga in Iceland. However,
the contribution of Icelandic volcanic eruptions to dust flux into the SE-
Dome ice core should depend on air mass trajectory. Over 1960-2014,
seven eruptions in Iceland had a volcanic explosivity index (VEI)
exceeding 3 (Table 1). The average number and mass dust concentra-
tions of the term during these seven eruptions are 13700 + 8270 ml !
and 40.1 + 34.6 pg kg~!, respectively (Table 1). These averages are
higher than the overall averages during 1960-2014, but are lower than
those during 2000-2014 (Table 1). So, some volcanic events likely
contribute to dust deposition in the SE-Dome region (e.g., autumn
2014); however, they cannot explain the increase of dust flux in the SE-
Dome ice core after 2000. Baddock et al. (2017) showed similar results.
They found that trajectories during Icelandic volcanic seasons rarely
ascend high enough to reach inland Greenland, suggesting instead that
Icelandic dust has more important effects on the neighboring marine
environment than on the cryosphere.

4. Conclusion

We measured particle-size distributions from an ice core in the
southeastern dome in Greenland (SE-Dome), using them to reconstruct
annual and seasonal dust fluxes during 1960-2014. The annual average
flux over the whole period 1960-2014 was 34.8 + 13.5mgm 2yr !, a
value about twice that of inland ice cores. The later term of this period
2000-2014 had the higher annual flux of 46.6 + 16.2 mg m~2yr . The
higher flux, together with other trends, indicated that some dust in the
SE-Dome region came from local sources of exposed rock, soil, and sand
in coastal Greenland.

The air-mass source locations hardly changed between the terms
1960-1999 and 2000-2014, suggesting that the reason for the larger
size distribution during the later term was likely a higher dust produc-
tion at the source. One nearby coastal source area is Tasiilaq, which had
air temperatures that correlated more strongly to the annual and autumn
dust fluxes over 1960-2014 than the air temperature in SE-Dome. A
probable local source is the region surrounding Tasillag, where many
snow-free areas are found, especially during summer and autumn. In
addition, the snow-free area from 65 to 75 °N of southern and eastern
Greenland, possible source areas, also was highly correlated during
1979-2008 to the autumn dust flux, especially after 2000. The high dust
flux in the SE-Dome ice core after 2000 may indicate a greater influence
of high-latitude dust to the future climate system.
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