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Abstract

This study reports on the measurements of ion and refractory black carbon (rBC) concentrations in a shallow (10.96 m) ice core sample which
was drilled from the field site of the East Greenland Ice Core Project (EGRIP) in July, 2016. The results provide a recent record of rBC
deposition in the East Greenland ice sheet from 1990 to 2016. The annual variability in oxygen (3'®0) and hydrogen (3D) isotopic compositions
indicated that notably warm events occurred since 2008. Peaks in rBC occurred during summer seasons, which may be attributed to the burning
of biomass in boreal summer. The rBC record and analysis of historical air trajectories using the HYSPLIT model indicated that anthropogenic
BC emissions from Russia, North America and Europe contributed to the majority of rBC deposition in the Greenland region, and a reduction in
anthropogenic BC consumption in these areas played a dominant role in the decrease in BC concentrations since 2000. This record also suggests
that the emissions from the East Asian region (China) contributed very little to the recorded BC concentrations in East Greenland ice core. The
model results indicated that radiative forcing due to BC had decreased significantly since 1990, and had remained below 0.02 W m ™~ since 2000.

Keywords: East Greenland; Ice core; Black carbon; Seasonal variability; Potential emission sources

1. Introduction the melting of glacier and ice sheets, particularly in Greenland

(Xu et al., 2009; Li et al., 2016; Li and Flanner, 2018; Winiger

Black carbon (BC) is the absorbing component of soot and
originates from the combustion of biomass and fossil fuels
(Winiger et al., 2019). BC can affect the albedo of snow and
ice when deposited on the ground surface, and the radiative
forcing (RF) of BC in snow is an important factor enhancing
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et al, 2019). BC has been recognized as an important
contributor to anthropogenic climate change since the 1980s
(Warren, 2019). Therefore, various studies have focussed on
the effects of BC in snow on the climate (Skiles et al., 2018).
However, the quantitative impact of BC on the ablation of
glaciers remains highly uncertain due to the high spatial and
content variabilities of BC (Mcconnell et al., 2007; IPCC,
2013; Mori et al., 2019).

Studies on the deposition of BC and the resulting contri-
bution to the melting of snow and ice over the Pan-Arctic
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region are relatively mature (Flanner et al., 2007; Dou et al.,
2012; Lin et al., 2014; Polashenski et al., 2015). Previous
studies have suggested that the RF of BC deposition over the
Arctic could be as much as 0.23 W m ™2 during years with high
emissions, far exceeding the global mean of 0.05 W m >
(Flanner et al., 2007). Model simulations have indicated that
the RF of organic aerosols deposited in snow/ice ranges from
+0.0011 W m~2 to +0.0031 W mfz, which can account for
24% of the forcing resulting from BC in snow and ice (Lin
et al., 2014). However, model simulations are not available
for the Greenland region due to a lack of continuous field
measurements (Hirdman et al., 2010; Dou et al., 2012).
Greenland ice core data can to some extent compensate for
this lack of modelled data, and ice core data are also suitable
for use in the investigation of long-term changes in emissions
of BC within the Northern Hemisphere (Mcconnell et al.,
2007). Ice cores contain detailed paleo-climatic environment
information, including data for impurities, short-lived aerosols
and BC, which can provide a unique historical record of past
aerosol loads. Therefore, the reconstruction of historical BC
from ice core archives can help to calculate historical emis-
sions and can also provide additional constraints on the cli-
matic effect of BC (Mcconnell et al., 2007; Ming et al., 2009;
Xu et al., 2009; Bisiaux et al., 2012).

Ice cores drilled at high-altitude European Alpine sites have
since the mid-20th century highlighted a pronounced increase
in BC concentrations (Legrand et al., 2007; Thevenon et al.,
2009). Several ice-core records of refractory BC (rBC) depo-
sition in the Arctic are available from Greenland and Svalbard
(Koch et al., 2007; Mcconnell et al., 2007; Lee et al., 2013;
Ruppel et al., 2014; Zennaro et al., 2014; Zdanowicz, 2018;
Osmont et al., 2018; Sigl et al., 2018), which have shown that
historical BC records can be attributed to anthropogenic
emissions and the transport of BC to the Pan-Arctic region.
However, the majority of these ice cores were dated before
2000, resulting in a lack of comprehensive understanding of
BC deposition after 2000. The present study used BC records
reconstructed from a shallow ice core (10.96 m) near the East
Greenland Ice core Project (EGRIP) research site (75°37'N,
35°59'W, 2702 m above sea level (a.s.l)). The reconstructed
BC records were used to investigate BC deposition in East
Greenland over the last three decades, and to be compared
with those over other Arctic regions. The present study con-
ducted a preliminary investigation on the possible reasons for
the spatial differences in BC deposition within the Pan-Arctic
region.

2. Methods
2.1. Ice core collection and treatment

A shallow ice core sample (depth 10.96 m, diameter 7.0 cm)
was drilled at the EGRIP research site in July, 2016 (Fig. 1). The
shallow ice core samples were maintained in a frozen condition
and shipped to the State Key Laboratory of Cryospheric Science
(SKLCS) in Lanzhou. The thicknesses of annual layers were
determined from a previous ice core collected at the EGRIP

180°

Fig. 1. Map showing the research site of the East Greenland Ice core Project
(EGRIP) where a shallow ice core was collected, along with other reference
locations such as the Alert station, the North Pole and the site of the Holuhraun
volcano eruption.

site, which showed an ice accumulation rate of about 0.11 m per
year (ice equivalent) (Vallelonga et al., 2014). During the pro-
cessing of ice core samples, the samples were first cut at in-
tervals of 4—5 cm to ensure the availability of a mean of 8—9
subsamples per year for the determination of the temporal
resolutions of major ions, rBC, and stable oxygen (6180) and
hydrogen (3D) isotopes. The outermost 5 mm layer of each core
section was then removed using a lathe to eliminate contami-
nation that may have occurred due to drilling, transport, and
storage processes. This outer layer was removed using a
ceramic blade cleaned with ultrapure deionized (DI) water, with
the process repeated three times. The final processed inner core
section was placed into an acid-cleaned polypropylene (PP)
bottle (Thermo Fisher Scientific). The above processes were
performed in a Class 100 laminar cleaning flow bench
(—12 °C). The second layer of each ice section was wiped free
of contamination using a pre-cleaned ceramic blade, following
which the inner section was melted at 20 °C and the resulting
melt water was transferred into a 1.5 ml glass bottle for analyses
of 3'®0 and 3D isotopes. More details on the research method
can be found in Du et al. (2020).

2.2. Quantification

The cleaned ice samples were melted at room temperature
(~20 °C), following which measurements were conducted
using a Picarro L2130-i Cavity Ring-Down Spectrometer.
3'®0 and 3D measurements were calibrated against the
Vienna Standard Mean Ocean Water (VSMOW). Analytical
precisions of 0.1%o and 0.5%o were adopted for 3'*0 and 3D,
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respectively. Ion analyses (Na* and SOZ’) were performed
on an ion chromatograph (Dionex ISC3000, Thermo Scien-
tific, USA). Approximately 2 ml of sample was injected,
following which isocratic and gradient analyses were con-
ducted for determination of cations and anions, respectively
(Du et al., 2018). The errors originating from replicate
sample measurements were within 5% of standard samples.
The detection limits, defined as three times the standard
deviation of the baseline noise, were approximately 1 ng g~
for all major ions. The non-sea-salt (nss) fractions for SO?[
were calculated by first assuming that all Na' originates
from sea salt (ss). The non-sea-salt fraction [nss
SO 1 = [SO; 1-([SO; V[Na™]ea x [Na'] as sea salt
aerosol (SO3") is primarily emitted from the open ocean (the
bulk sea water ion weight ratio of [SO?[]/[Na*] = 0.252)
(Kaufmann et al., 2010).

rBC was analyzed using a Single Particle Soot Photometer
(SP2) coupled with an ultrasonic nebulization system
(CETAC3tan Plateau Research, Chinese Academy of Sciences.
rBC was defined based on the mass of the specific absorbing
components of individual aerosol particles, and was measured
using a SP2 (Schwarz et al., 2010). The SP2 was used with
laser-induced incandescence to measure the mass of rBC in
individual particles (Schwarz et al., 2006). The rBC particles
were directed by a jet stream through a Nd:YAG laser. The
intensity of the intracavity light (~10° W cm™2) was suffi-
ciently strong to vaporize light absorbing particles (Stephens
et al., 2003; Baumgardner et al., 2007; Wang et al., 2015).
That incandescence signal, detected by photomultiplier tube
detectors, can be converted to an rBC mass. This method has
been applied to ice core samples in previous studies
(Mcconnell et al., 2007; Bisiaux et al., 2012; Wang et al.,
2015). The rBC samples were ultrasonically agitated for
15 min prior to analysis. Detailed information of the SP2
analytical process and calibration procedures have been
described in Wang et al. (2015).

3. Results and discussion
3.1. Dating of the ice core

Since the measured 3'®0 and 3D values of the EGRIP
shallow core were highly correlated with each other
(r2 = 0.98), it is evident that the isotopes showed similar
behavior during the fractionation processes. The 3'%0 and 3D
values showed distinct seasonal variation, with high and low
values during summer and winter, respectively (Fig. 2).
Therefore, the shallow core could be dated by counting annual
layers using seasonal variations in 3'%0 and 3D (Fig. 2). As
shown in Fig. 2, each annual layer represents two parts,
consistent with different snow deposition rates under winter
and summer conditions. Vallelonga et al. (2014) dated the top-
most annual layer of a shallow ice core using 3'*0 values as
2016, with dating uncertainty estimated to be less than + 1
year over a period extending from 1990 to 2016. The study by
Vallelonga et al. (2014) used a high temporal resolution of
3'%0 values, with 8—9 subsamples per year.

The mean 3'0 and 3D values of the EGRIP shallow ice
core in 1990—2016 were —37.1%0 + 2.0%0 and —286.7%o0 +
13.8%b, respectively. The 3'®0 and 5D measurements showed
considerable fluctuation during 1990—2016, including a
decreasing trend beginning in 1992, with the lowest 3'%0 and
3D values observed at 1996 (Fig. 2). Steady warming then
occurred until 2004, with high and significantly oscillating
3'®0 and & D values as the record entered the 21st century,
indicating that cold and warm events had become more
extreme. The warmest years in the record were 2003, 2008,
2010, 2012 and 2016, with all occurring in the 21st century
(2000—2016), whereas the highest 380 value occurred in
2012 followed by 2008, with values of —29.3%o0 and —31.0%o,
respectively. The extent of Arctic sea ice observed on 13
September, 2012 was the lowest on record since November,
1978 (Parkinson and Comiso, 2013). The record obtained from
the EGRIP shallow ice core was divided into three 10-year
periods of 1990—1999, 2000—2009, and 2010—2016, with
the mean 3'®0 value for each period being —37.96%o (std. dev.
+ 1.48), —36.42%o (std. dev. = 1.95), and —36.62%o (std. dev.
+ 2.23), respectively. The 10-year mean during 2000—2009
was slightly higher compared with that during 2010—2016
because of extreme high and low temperatures occurring
during 2010—2016. This result is further evidence of a sig-
nificant increase in temperature during the 21st century (Karl
et al., 2015). The abnormally low D-excess values in the
EGRIP shallow ice core record can be explained by the effects
of re-evaporation of snow crystals during precipitation or low
kinetic effects (Steen-Larsen et al., 2011). As can be seen in
Fig. 2, the record shows lower D-excess values for 2007, 2010,
2011, and 2015, suggesting that water vapor originating from
the Arctic ocean may have a significant effect in decreasing
temperatures.

3.2. rBC record

The rBC concentrations varied between 0.03 and
2.55ng g~ ', with the maximum value recorded during the late
1990s, and a declining trend evident since 2000. Prior to 2000,
the mean rBC concentration and flux in this shallow ice core
were 0.57 ng g ' and 3.0 ng cm > per year, respectively,
approximately twice the mean value after 2000 of 0.29 ng g~ .
In contrast, the mean rBC concentration measured in the
Greenland D4 ice core was 2.6 ng g ' during 1990—2000
(Mcconnell et al., 2007), considerably higher than that of the
EGRIP shallow ice core. After removing the nss [SOi_] data
representing the eruption of the Holuhraun Volcano
(2014—2015), the mean nss SOﬁ’ concentrations before and
after 2000 were 120.22 ng g ' and 50.23 ng g ', respectively.
Besides, for the contribution of the volcanic source, the
EGRIP shallow ice core did not record a remarkable increase
in rBC concentration after the eruption.

The record obtained from the EGRIP shallow ice core re-
cord showed a clear seasonal rBC cycle (Fig. 3). Winter values
were generally lower and ranged from 0.04—0.35 ng g7l with
a mean of 0.29 ng g '. In contrast, summer concentrations

1

ranged from 0.09—1.74 ng g~ ' with a mean of 0.71 ng g~ ',
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Fig. 2. The 3D values (a), 3'%0 values (b), and D-excess (c) corresponding to depth and age of a shallow ice core collected from East Greenland Ice core Project
(EGRIP) (The dotted box indicated that the frequencies of maximum (minimum) 3D and 380 values have increasing trend since 2008).

which were identified by higher values of 8'*0 (Fig. 3). The
seasonal cycle evident in the EGRIP shallow ice core record is
different from that observed by Sharma et al. (2013) for a
shallow ice core collected from the Arctic Alert station, where
BC concentrations were high in winter/spring and low in
summer.

Although the mean rBC in summer was higher than that in
winter, as shown in Fig. 3, the rBC peaks also occurred in
winter. A recent study showed that the sources of elemental
carbon (EC) at four Arctic sites were dominated by emissions
originating from combustion of fossil fuels during winter and
by burning of biomass during in summer (Winiger et al.,
2019). Modeling studies and observations have demon-
strated that boreal forest fires and biomass burning are the
dominant sources of BC in the Arctic during summer
(Schneidemesser et al., 2009; Stohl et al., 2013; Mouteva
et al.,, 2015). For example, biomass burning contributed
39% + 10% of the annual mean BC of the circum-Arctic

region (Winiger et al., 2019). Therefore, forest fires and
biomass burning may be considered as an additional source
of BC which resulted in summer peaks in rBC within the
record from the EGRIP shallow ice core. In addition, the
difference in observed seasonal patterns in rBC between the
EGRIP shallow ice core and observations by Sharma et al.
(2013) may be explained by differences in atmospheric
boundary layers, as the elevation of the EGRIP shallow ice
core was 2702 m, whereas that of the shallow ice core in
Sharma et al. (2013) was 210 m.

The median RFs of BC in early summer (June and July) in
Greenland prior to 1850, during 1850—1951, and after 1951
were ~0.20 W m™>, ~0.38 W m % and ~022 W m 7,
respectively (Mcconnell et al., 2007). The Matlab column
version of the Snow, Ice, and Aerosol Radiative (SNICAR)
model was used to simulate the effects of BC on surface ice
albedo (Flanner et al., 2007). The modelling assumed a con-
stant snow grain radius of 100 um with no significant aging.



364 DU Z.-H. et al. / Advances in Climate Change Research 11 (2020) 360—369

—287]
—304

3] (a)

—38
—40-

—424

>

450 -
4004 (b)

3504 P

300

250 A

(ngg™)

2
4

200 4

nss SO

150

0 T T 1 T I T T N I

3.0

IN)
[}

" 1 L
~~
o
~—

N
=)
1

1BC (ngg™)
1

B
<
1

<
[
1

0.0

SUIAA N A m"L»f’\,/\wA

y T T T y T ! T y T t T
1992 1994 1996 1998 2000 2002

T T T T v T ! T T T
2004 2006 2008 2010 2012 2014 2016

Year

Fig. 3. East Greenland Ice core Project (EGRIP) shallow ice core records of 380 (a), non-sea-salt (nss) [SOE’] (b), and versus variations in refractory black carbon
(rBC) (c) during 1990—2016 (The vertical lines represent the winter seasons whereas the dotted box indicates significant warming during 2008—2016).

The annual mean RF was evaluated by rBC with National
Centers for Environment Prediction (NCEP) downwelling
surface solar radiation. As shown in Fig. 4, the RF due to BC
deposition showed a consistent declining trend during
2000—2016. In particular, the annual mean surface RF values
prior to and after 2000 were 0.029 W m~2 and 0.013 W m 2,
respectively.

3.3. Regions of potential emission sources

The increase in fossil fuel emissions in China since 2000
has not resulted in a concurrent increase in rBC in the EGRIP
shallow ice core. Studies based on ground observations of
aerosol BC over the Alaskan Arctic (Barrow station), Cana-
dian Arctic (Alert station), and Svalbard (Zepplin station) have

shown a decline in winter BC concentrations by 40% between
1990 and 2009, which is the most significant change in BC
since the early 1990s (Sharma et al., 2013). Observations of
carbonaceous species in snow at the Summit station has shown
clear seasonal variations, with higher spring or summer con-
centrations (Hagler et al., 2007; Stohl et al., 2013). This sea-
sonal deposition most likely results from smoke plumes,
including from forest or grassland fires, which are transported
to the Arctic by the prevailing summer winds (Stohl, 2006;
Paris et al., 2009; Warneke et al., 2009; Zennaro et al., 2014).
Further analysis showed a discrepancy in BC values between
the Summit station and the Alert station, indicating that BC
aerosols are transported from the polluted boundary layer to
higher altitudes with efficient upward transport occurring
during summer, mainly driven by thermal convection and
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Fig. 4. Surface equivalent black carbon (EBC, absorption inferred BC) values observed at the Alert Arctic station (82.5°N, 62.3°W) (a), (b) refractory black carbon
(rBC) fluxes observed in the East Greenland Ice core Project (EGRIP) shallow ice core during 1990—2016, and (c) annual mean radiative forcing and rBC

concentrations observed in the EGRIP shallow ice core during 1990—2016.

thickening boundary-layer heights, as observed in the Alps
(Lugauer et al., 1998; Lim et al., 2017). This result is
consistent with seasonal variations in rBC recorded in the
EGRIP shallow ice core. The discrepancy in BC measured
values can also be attributed to the fact that the majority of
emissions from biomass burning do not extend beyond
3—4 km from the source, and these emissions do not settle on
the land surface, particularly in the Arctic, due to stratification
in the boundary layer. This results in a disconnection in BC
distribution in the atmospheric layers. It is also worth
mentioning that equivalent black carbon (EBC, absorption
inferred BC) values at the surface were measured using an

optical technique and Aethalometer, with clear differences
between the observations by the two instrument measurements
as they do not measure the same thing.

An earlier study has suggested that the contribution by the
Former Soviet Union (FSU) to near surface and atmospheric
BC decreased by 70% and 50% from 1990 to 2009, respectively
(Sharma et al., 2013). Fig. 5 shows the temporal trends in BC
emissions originating from North America (Canada and the
United States), Europe and China (Hoesly et al., 2018). There
was a significant drop in FSU BC emissions in the early 1990s,
whereas BC emissions from Europe and North America
decreased steadily throughout the 1990s. Multi-model
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assessments of transport of pollution to the Arctic have shown
that emissions from North America have the greatest influence
on the deposition of BC onto the Greenland ice sheet (Shindell
et al., 2008). Emissions from North America and Europe can
contribute up to ~40% of total BC deposition over Greenland,
with East Asia contributing ~20% (Shindell et al., 2008). An
earlier study suggested that pollutants originating from South
Asia contribute ~30% of total pollutant deposition in the Arctic
during spring, and originate primarily from the Arctic upper
troposphere/lower stratosphere (Koch and Hansen, 2005). The
BC record from the EGRIP shallow ice core did not reflect the
rapid increase in emissions in China since 2000. In particular,
BC emissions increased rapidly in 1995 and 2003 in China.
Therefore, previous models may have overestimated the con-
tributions of BC to the high latitude of Arctic region from East
Asia.

The Devon ice core (75.32° N, 81.64° W, 1750 m above sea
level) shows an increasing trend in deposition of contaminants
in the Arctic in the 20th century, including sulphate and lead

(Pb), but not for rBC (Zdanowicz, 2017). BC records of ice
cores from the Greenland NEEM and D4 sites also showed a
clear drop in 1952 Common Era (C.E.) (Mcconnell et al.,
2007; Zennaro et al., 2014). The rBC fluxes were calculated
for the EGRIP shallow ice core to exclude emissions from
fires. The declining trend in rBC concentrations during winter
and spring indicated that although there have been continuous
increases in BC emissions in developing countries, the in-
tensities of these emissions have been decreasing due to im-
provements in technology and changes to fuel compositions at
a global scale. Therefore, the records of BC in the EGRIP
shallow ice core supports the assertion that the decreasing rBC
in the Greenland region since 2000 can be attributed to re-
ductions in anthropogenic emissions from North America,
Europe, and the FSU. In addition, China has experienced rapid
urbanization rates and other developing countries have also
reduced their BC emissions. This result indicates that
anthropogenic emissions of sulphate and BC are declining due
to the shift in economic activity on a global scale. Therefore,
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the variations in the rBC observed in the record of the EGRIP
shallow ice core may be explained by the fact that the BC
emissions from developed countries, including North America,
Russia and Europe, have been decreasing.

The HYSPLIT model and the reanalysis meteorological
dataset (NCEP/NCAR) were used to further determine the
sources of air masses transporting BC to the EGRIP site based
on the backward trajectory analysis (Draxler and Hess, 1998).
The model was run at a time step of 6 h between the
winter—spring and summer—autumn seasons for 1990—2000
and 2001—-2016, respectively. The 7-d back trajectory fre-
quency plotted for the EGRIP drilling site (1000 m above
ground level) shows that the air mass of the winter—spring
season was significantly different from that of the summer—
autumn season. The winter—spring season showed consider-
ably more air masses originating from Europe and North
America (Fig. 6 a—d), with little contribution from northern
regions of Russia. Since the Greenland ice sheet has experi-
enced warming since 2000, local source of air masses have
been presented for all high-level air masses over the East
Greenland ice sheet (Fig. 6 ¢ and d). These results also
emphasize that the changing pattern of atmospheric circulation
may be responsible for the decline in BC deposition since 2000.

4. Conclusions

The historical records of H/O isotopic ratios, ions and rBC
concentrations for 1990—2016 were reconstructed from a
shallow ice core taken from the East Greenland Ice core
Project (EGRIP) site. Measurements of nss-SO;~ from the
shallow ice core were used to identify trends in BC resulting
from anthropogenic emissions. The results showed that there
has been a decrease in the deposition of contaminants,
including rBC and nss-SO;~ since 2000. Back trajectory
analysis showed that sources of rBC deposition over East
Greenland were mainly the Former USSR, Europe, and North
America. Similar trends in EBC were observed at the Alert site
in the Canadian Arctic, which suggests decreasing BC emis-
sions from the burning of biomass and anthropogenic activity.
There has been a declining trend in BC deposition on the East
Greenland ice sheet since 2000 due to a reduction in energy-
related combustion, which has resulted in a concurrent
decrease in RF.
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