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Abstract Aecrosols significantly affect Earth's radiation budget, thus influencing global climate. In the
Arctic, sulfate aerosols are thought to have reduced the warming during the twentieth century. However, trends
in past sulfate aerosols are poorly known, especially the aerosol sizes and compositions. Here, we analyze a
high-resolution ice core from southeastern Greenland, comparing the seasonal deposition flux of large sulfate
salt particles and small sulfur compounds, including non-neutralized sulfuric acid, between the anthropogenic
sulfate maximum (1973-1975) and after sulfur emissions control (2010-2012). Between these periods, we
find that the large-diameter (>0.4 pm) flux remains roughly unchanged, yet the small-diameter (<0.4 pm)
aerosol flux significantly decreases. The results indicate that small sulfates were efficiently activated as cloud
condensation nuclei during the 1970s, and thus likely increased cloud albedo, offsetting the warming.

Plain Language Summary Sulfate acrosol compositions and size distributions are important factors
in Earth's radiation budget. However, we have little information on past sulfate aerosol sizes and compositions
over the Arctic due to a lack of reliable observations, and as such, we have less confidence in modeling
historical aerosol composition and transport. We present here the first observational evidence that small sulfate
particles increased in the Arctic during the 1970s. With emission controls, anthropogenic SO, emissions from
eastern North America and Western Europe decreased after the 1980s, thus increasing the relative importance
of large sulfate particles. Thus, our findings should help to improve the understanding of aerosol-cloud
interactions, and provide new constraints for the parameterization in the model.

1. Introduction

Aerosols have had a large role in both global and regional climate change during the twentieth century (Shindell
& Faluvegi, 2009). Sulfate aerosols can act as cloud condensation nuclei (CCN), increasing cloud albedo and thus
cooling Earth's surface (Szopa et al., 2021). Due to increasing anthropogenic SO, emissions, sulfate aerosol in the
Arctic increased until 1975 (Chylek et al., 2016; Szopa et al., 2021). Then, starting in the 1970s, the emissions
decreased due to clean-air regulations in the Northern Hemisphere. As a result, a large aerosol contribution to
mid-twentieth century Arctic cooling may account for the lack of an observed polar warming amplification at
least until the 1970s (Polyakov et al., 2002). The rapid warming after the 1970s is likely to be partly due to the
unintended consequences of clean-air policies that have greatly decreased sulfate precursor emissions from North
America and Europe (Aizawa et al., 2022; Gillett et al., 2021; Shindell & Faluvegi, 2009; Takemura, 2020).
However, even in recent model simulations, aerosols and clouds remain a major uncertainty in estimates of effec-
tive radiative forcing and climate projections (Oshima et al., 2020; Smith et al., 2020). Thus, more direct evidence
of the role of sulfate aerosols on Arctic climate is needed. For example, even if the sulfate aerosol flux is fixed,
the size of the sulfate aerosol will change the number density, and through the CCN effect, have a significant
impact on cloud albedo.

Aerosols in the Arctic region contain anthropogenic and natural sulfates, mostly ammonium sulfate ((NH,),SO,)
and sulfuric acid (H,SO,) from marine biological activity and anthropogenic SO, emissions (Fisher et al., 2011;
Seguin et al., 2011; Udisti et al., 2016). In the Arctic, the anthropogenic SO, dissolves in water droplets, forming
sulfuric acid aerosol (hereafter, referred to as SO;7). The (NH,),SO, arises mostly from the reaction of H,SO,
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with ammonia (NH,), which comes mainly from terrestrial biological activity and agricultural activities. The
(NH,),SO, salts form via condensational growth from SO, and NH, gases as well as by aqueous-phase reactions
of SO, and NH, in water drops. As a result, the (NH,),SO, aerosols generally exist in the nucleation and small
accumulation modes smaller than 0.45 pm (Seguin et al., 2011). Aerosols in the Arctic region also contain
sodium sulfate (Na,SO,) and calcium sulfate (CaSO,). The Na,SO, derives mostly from the reaction of NaCl
from sea salt with H,SO, (Park et al., 2004), or possibly from mirabilite formed on sea ice (Seguin et al., 2014).
The CaSO, derives from terrestrial gypsum and also from a reaction in aerosol between H,SO, and calcium
carbonate (CaCO,) (Li et al., 2006). A potential source region of CaSO, and CaCO, is the Asian highlands
such as the Taklamakan and Gobi deserts (Bory et al., 2002, 2014). Such CaSO, can form from the reaction of
CaCO, with H,SO, from China (Seguin et al., 2011). The Na,SO, and CaSO, aerosols generally occur in the
coarse mode because they form on coarse sea salt (Seguin et al., 2011) and dust. In the Arctic, wet deposition
produces about 90% of the black carbon, sulfate, and dust depositions (Breider et al., 2014). Thus, recent aerosols
in the Arctic region are well-known to contain anthropogenic and natural sulfates; however, the characteristics
of sulfur compounds during the mid-twentieth century have seen little study (Boucher & Anderson, 1995; Brock
et al., 1990). The anthropogenic sulfate mass mainly resides in the accumulation mode (0.1-1.0 pm), with the
sulfate aerosol only interacting with gas-phase ammonia and water vapor (Boucher & Anderson, 1995). Research
is needed to determine the fraction of anthropogenic sulfate that forms on large-mode particles (over 1.0 pm)
(Boucher & Anderson, 1995). Thus, the past variations of size distribution and CCN activity should be recon-
structed to better elucidate aerosol's radiative effects.

Aerosols and their precursor emissions for climate models are available from databases such as AeroCom
(Schulz et al., 2006, 2009), EDGAR (Crippa et al., 2016), and the Community Emissions Data System (Hoesly
et al., 2018), all of which cover from the industrial revolution to the present. On the other hand, information on the
chemical forms and size distribution of past aerosols is limited. In the atmosphere, H,SO, formed from oxidation
of SO, can exist either as gas, liquid, or salt (e.g., (NH,),SO,, Na,SO,, and CaSO,) after reaction-neutralization
with cations, which changes the aerosols' CCN activity properties. Aerosol composition and size distribution
remain a large uncertainty for accurately predicting CCN number concentrations and determining cloud-base
supersaturation (Moore et al., 2011).

Although aerosol deposition fluxes have been obtained from ice cores (Fischer et al., 2007; Wolff et al., 2006),
most such studies retrieve the total sulfate ion flux, which combines both sulfate salts and sulfuric acid (Fischer
et al., 1998). However, the total sulfate amount alone cannot reveal the number concentrations, size distribution,
and CCN activity. One tool that can provide details of aerosol size and CCN activity is the sublimation-SEM/EDS
method. This method has reconstructed aerosol size and compositions in surface snow (lizuka, Ohno, et al., 2016;
lizuka, Tsuchimoto, et al., 2012) and ice cores (lizuka et al., 2009; lizuka, Uemura, et al., 2012), showing that the
sulfate-salt flux is high during glacial periods and low during interglacial periods in inland Antarctica (lizuka,
Uemura, et al., 2012). However, there has not yet been an examination of how the sulfate chemical composi-
tion of single particles responded to the reduction in air pollution after the 1980s. In this study, we applied the
sublimation-SEM/EDS method to an ice core from SE-Dome, a dome in southeast Greenland (67.18°N, 36.37°W,
3,170 m a.s.l.) (Iizuka, Matoba, et al., 2016). This dome area has an extremely high accumulation rate, meaning
that its ice-core record has both a high time resolution (lizuka et al., 2017) and negligible post-depositional
chemical changes (lizuka et al., 2018). In addition, a precise age scale (uncertainty of +2 months) has already
been established by matching oxygen isotope (5'0) data from SE-Dome with those from isotope-enabled climate
models (Furukawa et al., 2017). Thus, the SE-Dome ice core is one of the best ice cores to accurately determine
the flux of past deposited aerosols.

The focus here is on the sulfur compounds in single particles, with comparison of the periods 1973-1975, the
“1970s,” and 2010-2012, the “2010s.” The former period is the anthropogenic sulfate maximum, the latter period
represents the period after widespread regulation of sulfur emissions. By comparison of the mass ratio of sulfate
salt and insoluble dust from the sublimation method, and the ratio of sulfate ions and dust from liquid analyses
(see Methods), we can divide the sulfate ion concentration into large particles of sulfate salt larger than 0.4 pm
diameter and small sulfur compounds below 0.4 pm (Figure 1). This cutoff is a convenient filter pore size that
we have used in previous studies (lizuka, Uemura, et al., 2012). After analyzing their seasonal fluxes, we discuss
their contributions to aerosol-cloud interactions and how they may improve aerosol climate models.
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Figure 1. Overall analytical procedure. Fractions D and E are not used in this study.

2. Materials and Methods

2.1. Sampling Site and the SE-Dome Ice Core

The ice core samples came from SE-Dome in southeast Greenland (lizuka, Matoba, et al., 2016). The timescale
for this ice core was previously obtained by matching isotope models and has an uncertainty of less than 2 months
(Furukawa et al., 2017). Thus, we can estimate the age of each ice section to seasonal resolution. In addition,
as the accumulation rate is about 1 m yr~! in water equivalent, impurity concentrations are little affected by
post-depositional processes (lizuka et al., 2018). Even for nitrate, the photochemical reaction is negligible in the
surface at this site (lizuka et al., 2018).

We selected 1973-1975 for the period of anthropogenic sulfate maximum (“1970s”) and 2010-2012 for the
period after regulation of sulfur emission (“2010s”) (Figure 1). For the 1970s, we analyzed the chemical compo-
nents in 30 ice sections dated as covering 19th December 1973-25th May 1975. For the 2010s, we measured
37 ice sections covering 9th May 2010-29th May 2012. Thus, we measured a total of 67 sections covering
42 months (Figure 1).

2.2. SEM/EDS Measurement

For the component analyses, we pulverize about 2 g of the ice (or snow) from a sample and sublimate it on a Teflon
filter with a pore size of 0.4 pm (Advantec, HO40A013A) at —50°C using clean, dry air (as in lizuka et al., 2009).
All filters are coated with platinum to a thickness of 10 nm using magnetron sputtering for 30 s (Vacuum Device,
MSP-10). We then analyze the 67 filter samples using a SEM/EDS system (JEOL, JSM-6360LV/JED2201). Each

IIZUKA ET AL.

3of 15



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036880

filter yielded several hundred nonvolatile particles exceeding 0.4-pm diameter (Figure S1 in Supporting Informa-
tion S1). For each such particle, we estimate the surface area (pm?). Using SEM-EDS at 20 keV, we determine
the atomic mass percentages of O, Si, Al, S, Cl, Na, Mg, K, and Ca in the particles (Figure S1 in Supporting
Information S1). In total, 12,325 particles were analyzed, giving an average of 184 particles per filter. Originally,
a given filter would have 400-500 particles after the sublimation. From these particles, we randomly sample 184,
which in the case of 500 to sample from, gives a tolerant error of 5.7% with confidence level of 95%. We do not
analyze levels of C and N due to inaccuracies with light elements.

To determine the sulfate components, we use the sublimation_EDS method (lizuka et al., 2009; lizuka, Uemura,
et al., 2012). This method identifies the nonvolatile particles and separates the nonvolatiles into soluble and
insoluble components. Particles containing Si are assumed to have silicate material. We also assume that all S
in the nonvolatile particles are from soluble material (Figure S2 in Supporting Information S1) such as sulfate
salts (lizuka, Uemura, et al., 2012). Dry air ventilation removes gas-phase compounds such as HCI and HNO,,
and remnant solution (H,SO,) becomes undetectable under the SEM environment and measurement procedure.
Unlike previous studies (lizuka et al., 2009; lizuka, Uemura, et al., 2012), we distinguish the sulfuric acid in
liquid droplets (SOi") from gaseous H,SO, (i.e., H,SO,(g)).

After considering the possible remaining compounds, we assume that Na and S in a given particle came from
Na,SO,, whereas Ca and S are assumed to come from CaSO, (Figure S1 in Supporting Information S1). (A simi-
lar assumption has been used in other studies (Chi et al., 2015; Hara et al., 2014).) If S is found in particles with-
out Na or Ca, we regard the S-containing particles as ammonium sulfate salt (NH,),SO,), which is now common
in the Arctic atmosphere (Park et al., 2004). We ran tests on ice sections from spring 1974, summer 2003, and
winter 2011. The nonvolatile particles were collected by the sublimation method, whereas the insoluble particles
were collected by filtration of the melted sample from the same depth, with both groups examined with SEM/
EDS (lizuka et al., 2009). For example, in the case of summer 2003, we measured 200 nonvolatile and 318 insolu-
ble particles. For this summer, more than 99% of the total insoluble particles contain Si (Figure S2b in Supporting
Information S1, right side, yellow bar), suggesting that the particles containing Si are insoluble materials such as
silicate. For S, we detected S in 14% of the nonvolatile and none of the insoluble particles (light blue bar). The CI
results show a similar trend (green bar). This overall pattern repeats in the other filters (spring 1974, winter 2011).
These results suggest that particles containing either S or ClI are soluble materials (likely sulfate or chloride) and
thus reconfirm the effectiveness of the above scheme for the Greenland ice core.

2.3. Mass Weights of Silicate and Sulfate Salt

For particle diameters over 0.4 pm, we calculate mass weights of silicate and sulfate salt using the mass ratio of Si
and S in a particle, and the particle surface area (lizuka, Ohno, et al., 2016; lizuka, Tsuchimoto, et al., 2012). By
summing the mass weights of silicate and sulfate salts in each particle, we obtain the total mass weights of sili-
cate and sulfate salts. In a given particle, the mass weight of Na,SO, is assumed from the lower mole-equivalent
weight between Na and S. The same holds for CaSO, using Ca and S. For example, if the mass weights of sodium
and sulfur are expressed as [Na] and [S], then the mass weights of Na,SO, is [Na,SO,] = [Na] if [Na] < [S] (eq);
otherwise, [Na,SO,] = [S]. For the mass weights of (NH,),SO,, we assume that the sulfate mass weight in the
case of S was found having neither Na nor Ca. Thus, the mass weights of (NH,),SO, is [(NH,),SO,] = [S] (eq).

Following our previous work (lizuka, Uemura, et al., 2012), a particle containing Si is assumed to be silicate dust.
Then, to estimate the total mineral dust mass, we multiply the Si mass by 0.28~!, due to the average abundance of
silicon in Earth's crust being 28%. In a similar manner, S-containing particles in the nonvolatile particles can be
regarded as large solid sulfate salts exceeding 0.4-pm diameter. Thus, to estimate the sulfate mass, the S mass is
multiplied by 96.07 x 32.0657!, the ratio of molecular weights of SOi" and S. Any liquid inclusions such as SOﬁ"
larger than 0.4 pm diameter cannot be detected as particulate residues by the sublimation method as explained
in the next section.

The uncertainty of the number ratio is based on the assumption that the errors follow the Poisson distribution
law. For example, the uncertainty of the number ratio of sulfate salt to mineral dust for the 2010s is 0.10 + 0.07
and for the 1970s is 0.08 + 0.03. Details of the method are in (lizuka, Tsuchimoto, et al., 2012). For the mass
ratio, the uncertainty is based on the coefficient of variation (CV) for each atomicity ratio and the spherical
approximation. For the atomic ratio, we used 0.40 as the CV (lizuka, Tsuchimoto, et al., 2012). For the spherical
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approximation, the calculated uncertainty for 95% of the particles is below 0.20 (lizuka, Uemura, et al., 2012).
The average uncertainty and the standard deviation of the mass ratio of sulfate salt to mineral dust is 0.22 + 0.02
in the 2010s and 0.22 + 0.01 in the 1970s. These uncertainty values are slightly higher than those from the ratio of
sulfate ion and dust concentrations measured using ion chromatography and coulter counter (i.e., 0.10 and 0.15,
respectively). Details of this CV method are in (lizuka, Tsuchimoto, et al., 2012).

2.4. Evaluation of Sulfuric Acid Droplets Larger Than 0.4 um

We used the sublimation method on a winter 1974 sample to estimate whether a significant number of sulfu-
ric acid droplets larger than 0.4 pm were deposited at SE-Dome. In this case, we put the sample on a Ni mesh
(DN200 mesh, Okenshoji) instead of the Teflon filter. After sublimation on the Ni mesh, any residue of sulfuric
acid droplets would react to NiSO, on the mesh, showing up in the SEM/EDS measurement as an increase in
mass proportion of S-containing particles. We found the mass proportion of S-containing particles in relation to
total particles to be 0.05. This value is not larger than the value of 0.12 from the same ice sample on the Teflon
filter, and is also within the range 0.09 + 0.06 that was found for the 1970s. This result indicates that if sulfuric
acid droplets larger than 0.4 pm are deposited, then they must be too few in number to significantly contribute to
the sulfur signal. In agreement with this test, micro-Raman measurements of the nonvolatile particles (>0.6 pm)

on a Ni plate in the SE-Dome ice cores never detected the NiSO, peak of 987 cm~!.

During the sublimation at —50°C, all sulfate salts considered here are solid, whereas sulfuric acid is liquid. In
particular, the eutectic points of (NH,),SO,, Na,SO, 10H,0, CaSO, 2H,0, and H,SO, are —19.0, —1.3, —0.05,
and —56.4°C (at 34.6%), respectively. Thus, whereas the liquid sulfuric acid might spread out and bind with the
Teflon filter during the sublimation step and thus be lost from the SEM image, the solid sulfate should hardly
shrink. Also, we assume that the size and chemical forms of sulfate salts in the ice core reconstruct their state in
surface snow just after wet deposition. On the other hand, our analyses do not reveal their prior states, such as
the size and compounds during emission and atmospheric transport.

Solid sulfate salts here may be relatively unaffected by post-depositional effects that can alter other impurities
in inland ice sheets. In particular, solid sulfate salts are found within ice grains (Ohno et al., 2005), suggesting
that they are stably isolated from the surrounded ice matrix. Furthermore, the SE-Dome region's high accumu-
lation rate should greatly reduce post-depositional effects. For example, here even NOy is well preserved (lizuka
et al., 2018), suggesting the reaction of sulfate salt formation of NaNO, + H,SO, — Na,SO, + HNO;, in snow
is not likely to occur. On the other hand, liquid sulfuric acid may aggregate in snowpack or during sublimation.
Sulfuric acid is likely to exist at the grain boundary of ice (or surface of snow particle), forming a liquid layer
with SOi" (Mulvaney et al., 1988). Such SOi" can coalesce in snowpack or during sublimation, resulting in larger
droplets. For this reason, we checked for sulfuric acid droplets larger than 0.4 pm on the Ni mesh.

2.5. Aerosol Model Simulations for Sulfate Deposition Fluxes

To estimate deposition fluxes of sulfate aerosols originating from anthropogenic and natural (biogenic) sources,
we used Coupled Model Intercomparison Project 6 (CMIP6) historical simulation data calculated by the Mete-
orological Research Institute Earth System Model version 2 (MRI-ESM2.0 (Oshima et al., 2020; Yukimoto
et al., 2019)). MRI-ESM2.0 consists of four main parts: an atmospheric general circulation model with land
processes (MRI-AGCM3.5), an ocean-sea-ice general circulation model (OGCM), an aerosol chemical transport
model, and an atmospheric chemistry model. The horizontal resolution of the atmospheric general circulation
model (GCM), aerosol, and chemistry sub-models are about 120, 180, and 280 km, respectively, all with the same
80 vertical layers from the surface to the model top at 0.01 hPa.

The aerosol model tracks non-sea-salt sulfate, black carbon, organic carbon, sea salt, mineral dust, and aerosol
precursor gases (e.g., sulfur dioxide and dimethylsulfide). The size distributions of sea salt and mineral dust have
10 discrete bins. The other aerosols are represented by lognormal size distributions and the size-distribution
parameters assumed in the model are described elsewhere (Yukimoto et al., 2019). Sulfur species originating
from anthropogenic sources are separated from natural sources. Emissions of mineral dust, sea salt, and sulfur
species originating from a natural source (e.g., dimethylsulfide from the ocean) are interactively calculated in the
model. Sulfate aerosols form via gas- and aqueous-phase reactions by oxidants arising from atmospheric ozone
chemistry.
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We ran 10 ensemble members of the historical simulations for 1850-2014. Their initial states came from the
pre-industrial control experiment that started from the final state of the 1,000-year spin-up run with the 1,850
condition. The CMIP6 forcing data set includes greenhouse gas concentrations (Meinshausen et al., 2017),
anthropogenic and open biomass burning emissions of short-lived climate forcers (Hoesly et al., 2018; van Marle
etal., 2017), and volcanic stratospheric aerosol data (Thomason et al., 2018). Further details of the CMIP6 histor-
ical simulations by MRI-ESM2.0 are described in Yukimoto et al. (2019).

3. Data

To compare the mass weights of silicate and sulfate salt by the SEM/EDS measurements, we use published ice
core data of oxygen isotope ratio, seasonal accumulation rates (Furukawa et al., 2017), ion concentrations and
fluxes (lizuka et al., 2018), as well as dust concentrations and fluxes (Amino et al., 2020). For a summary of
the data on the oxygen isotope ratio as well as the ion and dust concentrations, see the supplemental data. The
seasonal accumulation rate, ion concentration, and dust concentration are calculated by averaging the raw data
(Table S1 in Supporting Information S1). The seasonal fluxes of sulfate ion and dust are calculated from the
sulfate ion and dust concentrations, together with the seasonal accumulation rates in the SE-Dome ice core.

4. Results and Discussion
4.1. Mass Ratios of Sulfate Salt and Insoluble Dust on Single Particles

For the mass ratios, we examined all the particles on each filter sample, finding about one fourth the mass being
Si (0.25 + 0.05 for the 1970s, 0.25 + 0.11 for the 2010s) and about one tenth the mass being S (0.09 + 0.06 for
the 1970s, 0.09 + 0.07 for the 2010s). Figure 2a shows that the mass fraction of silicon (Si) and sulfur (S) in each
particle remains essentially the same between the two periods. Therefore, the S/Si mass ratio R (red, Figure 2b)
hardly changed between the 1970s (0.31 + 0.22) and the 2010s (0.37 + 0.42). (As described in the methods

section, R is adjusted for Si abundance in dust and S fraction in sulfate ion to compare directly to Rso,/dust)-

s/si
However, the 1970s have higher sulfate ion concentrations and lower dust concentrations compared to those for
the 2010s (Figure S3 in Supporting Information S1). Thus, the concentration ratio of sulfate ion to dust Rso,/dust 1S

higher during the 1970s (2.53 + 0.91) than that during the 2010s (0.92 + 0.78) (purple, Figure 2b).

4.2. Separation of Sulfate Ion Concentration Into Large Sulfate Salt and Small Sulfur Compounds

Sulfate ion concentrations here substantially decrease from 59.5 + 18.3 pug kg~! in the 1970s to 23.2 + 15.9 pg
kg~! in the 2010s (light blue, Figure S3b in Supporting Information S1). This factor of two decrease roughly
equals the decrease in anthropogenic SO, emissions flux between these periods (Figure 8 of lizuka et al., 2018).
This finding is consistent with measurements elsewhere in Greenland. For example, sulfate fluxes in Greenland
ice cores tend to be higher near anthropogenic sources and coastal areas (biogenic sulfate), but at a given location,
the sulfate fluxes are higher in the 1970s than in the post-2000 period, which is a general trend seen in all ice cores
(e.g., Bauer et al., 2020; Fischer et al., 1998).

This link to anthropogenic SO, emissions flux is also supported by the seasonal variations in the sulfate ion
profiles. Indeed, while the sulfate profile during the 1970s shows a constantly high sulfate concentration with-
out clear seasonality (Figure S3b in Supporting Information S1), the sulfate profile during the 2010s shows a
seasonal fluctuation with spring—summer maximum (Figure S3b in Supporting Information S1). In contrast,
the average dust concentration during the 1970s (25.0 + 7.04 pg kg™') is slightly lower than that of the 2010s
(34.4 + 22.2 pg kg~") (brown circles, Figure S3b in Supporting Information S1). The higher dust levels in the
2010s likely arise from an increase in soil exposure due to the decrease in seasonal (summer—autumn) Snow cover
(Amino et al., 2020).

To better understand possible changes between the two periods, we divide the sulfate ion concentration into two
size categories: (a) sulfate salt on particles of diameter over 0.4 pm and (b) sulfate salt on particles of diameter
less than 0.4 pm. The latter category includes small sulfuric acid droplets. As a first step, we examine the mass
ratios. The sulfate measured for R is on the particles over 0.4 pm. The Rso,/aust is the mass ratio of dissolved
sulfate compounds measured with the ion chromatography to the total insoluble dust measured with the coulter
counter (Figure 1). The dissolved sulfate concentrations are the sum of the liquid sulfuric acid and the solid
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Figure 2. Silicon (Si), sulfur (S), SOﬁ‘, and dust levels in examined particles from the 1970s and 2010s. (a) Mass of silicon (brown) and sulfur (green) divided by the
particle mass from EDS measurements. Each data point is from measurements of fraction C (Figure 1) on about 184 particles on a given filter. Dotted lines are average
values. (b) Mass ratio of sulfate ion to dust concentrations (Rso,/aust; purple) from the data of Figure S3b in Supporting Information S1 and from measurements of
fraction B (Figure 1). The mass ratios (R ; red) of sulfur (S) and silicon (Si) are from plot (a) above. The purple includes both small and large sulfate, whereas the red
includes only large sulfate. (c) [SO>~_ ] (blue) and [SO?~, ] (orange) concentrations (pg kg~') from the two mass ratios in Figure 2b. [SOi’large] is the sulfate salt

4 small 4 large

concentration of large particles (larger than 0.4 pm), whereas [SOi‘ «may] 18 from both small liquid sulfuric acid droplets and sulfate salt particles (smaller than 0.4 pm).

sulfate salts of any size. The Si obtained by the sublimation method is assumed to be the same as the dust by the
dissolved method, as they both are insoluble materials. Most of the Rso,/ust Values are higher than the R, values
in the 1970s (Figure 2b), which indicates that the sulfur compounds existed mainly as sulfuric acid droplets and
sulfate salt smaller than 0.4 pm. In the 2010s, the R, values are close to those of Rso,/dust-

s/si

To calculate [SOi’laIge], the concentrations (pg kg~!) of sulfate salts larger than 0.4 um, we use

[s05” [s0%] M

4 large

] Ry
Rso, /aust

where [SOi‘] is the total ion concentration. For the [SOi‘gmu“], which is the concentration of sulfuric acid in
droplets and sulfate salt smaller than 0.4 pm, we subtract the large contribution from the total:

[Soi_small] = [Soi_] - [SOZ_ ] (2)

4 large

In the rare case that R exceeds Rso,ust; We assume that all sulfate ions were in the large sulfate salt, that is,
[SO2- 1=[SO;land [SO>~_ ]=0.

4 large 4 small

The average [SOi‘smau] greatly decrease from 51.5 + 15.9 pg kg=! in the 1970s to 14.1 + 14.8 pg kg~! in the
2010s (Figure 2c). In contrast, [SOj‘lar -] hardly changes between the periods (Figure 2c, Table S2 in Supporting

Information S1). Given that the 1970s is a period of high anthropogenic SO, emission, the high [SO?~__ ] likely

4 small
originated from anthropogenic SO,. The relatively low and nearly equal [SOi‘ [arge] concentrations for the 1970s
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Figure 3. Seasonal flux of sulfate compounds (mg m~2 season™") from the 1970s (left), and from the 2010s (right). (a) SO~ (blue) and SO~ . (orange) fluxes
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from Figure 2c. The sum of the SOi‘ amall and SOﬁ’ Jorge fluxes equals the sulfate ion flux. (b) Na,SO, (green), CaSO, (light blue), and (NH,),SO, (purple) fluxes. The
sum of these fluxes equals the SO}“large flux in panel (a) (orange).

and 2010s implies that anthropogenic sulfuric acid, which has significantly decreased since the 1970s, is not
likely to have produced these large sulfate salt particles during transport processes in the atmosphere.

4.3. Seasonal Flux of Large Sulfate Salt and Small Sulfur Compounds

The seasonal fluxes of SOﬁ‘large and Soi_small are calculated from the [SOi‘large] and [SOZ‘SmaH], as well as from
the seasonal accumulation rates in the SE-Dome ice core (Furukawa et al., 2017). Throughout this study, a
season is a 3-month period: March—May for spring, June—August for summer, September—November for fall, and
December—next February for winter. Averaged over the periods, the seasonal flux of SO?“Small during the 1970s is
10.8 + 2.32 mg m~2 season!, about three times that during the 2010s (3.30 + 2.02 mg m~2 season~!) (Table S2
in Supporting Information S1). On the other hand, the seasonal flux of SOZ‘ Jarge during the 1970s (1.62 + 0.54 mg
m~2 season™) is slightly lower than that during the 2010s (2.49 + 2.00 mg m~2 season™).

Considering the seasonal trends in Figure 3a, in winter the Soi_small fractions exceed those of SOi‘laIge, consist-
ent with our argument that they have an anthropogenic source. Also, some seasonality for SOi‘Small is apparent
between 2011 and 2012, showing a higher summer flux, but the 1970s results in Figure 3c show no seasonal-
ity, suggesting anthropogenic sulfuric acid may contribute to winter flux in the 1970s. Some insight into the
chemical processes comes from examining the anion and cation levels. Table S1 in Supporting Information S1
shows that the [SOi"] levels are less than those of the total cations during all seasons in the 2010s. On the other

hand, in the 1970s, the [SOi'] levels exceed those of the cations during most seasons (Table S1 in Supporting
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Figure 4. Sulfate sources, transport, and deposition to the SE-Dome ice core. The near sulfate sources are from natural
marine biological activity in the North Atlantic, which is also the source of sea salt. This region is the likely source of large
Na,SO, particles. Further sulfate sources are mainly from North America and Western Europe, due largely to oxidation of
SO, from anthropogenic emissions. These regions are the likely source of small SOi’ droplets and (NH,),SO, particles. The
CaSO, sources are likely the Asian highlands and coastal Greenland. Snow crystal symbol indicates wet deposition. Not
shown is the contribution from volcanic eruptions, which was insignificant during the study periods.

Information S1), which is consistent with the 1970s having a larger aerosol flux of non-neutralized sulfuric acid
than the 2010s. Thus, the high fraction of sulfate flux from SOi‘ 111 the 1970s s likely due to non-neutralized
sulfuric acid.

Southeastern Greenland is thousands of kilometers from the nearest land emission areas of North America and
West Europe, the likely sources of the small aerosols (Sirois & Barrie, 1999). These small aerosols also provide
the largest sulfur flux to the ice core, suggesting that the anthropogenic sulfur particles were relatively small in
the atmosphere and if they were CCN, then their combination of being relatively small and numerous would
imply that they had a relatively large radiative forcing. Hence, understanding the small sulfate particles is impor-
tant for the precise reconstruction of aerosol radiative forcing during the 1970s and how the sulfate particles can
cool the Arctic region.

4.4. Transport of Sulfate, Dust, and Sea-Salt Aerosols to SE-Dome

The Na,SO,, CaSO,, and (NH,),SO, salts form by sulfatisation of SO}~ during their transport through the atmos-

phere. Na,SO, and CaSO, form by SOi' sulfatisation on the surface of sea salt (NaCl) and dust (CaCO,) parti-
cles, respectively. The sea salt to the SE-Dome region largely comes from the North Atlantic Ocean (lizuka
et al., 2018), whereas the Ca-related dust has many potential source areas from near land area in coastal Green-
land to distant Asian highlands (Amino et al., 2020). Gypsum (CaSO,-2H,O) in terrestrial dust also travels far,
from the Asian highlands (green arrow in Figure 4) to the SE-Dome area (Miyamoto et al., 2022). On the other
hand, (NH,),SO, salts form by condensation of SO, and NH, gases as well as by aqueous-phase reactions of SO,
and NH, in water drops. An insignificant difference of condensational growth by the SO, and NH, reactions
between the 1970s and 2010s is likely the main reason for the insignificant difference of large sulfate salt fluxes
between these periods.
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To better understand the large sulfate salt flux, we divide the SOft‘lb‘rge seasonal fluxes into Na,SO,, CaSO,, and
(NH,),SO, fluxes as in Figure 3b. For both periods, the dominant component for SOj‘lzlrge is the (NH,),SO, flux.
In the 1970s, it is 1.03 + 0.44 mg m~2 season~! (64% of total SOi‘lar - and in the 2010s it is 1.48 + 1.40 mg m~2
season! (59% in total SOi‘large). Similarly, the CaSO, (0.41-0.47 mg m~2 season~") are nearly the same in both
periods. The SO}“large flux increased by 154% from the 1970s (1.62 mg m~2 season~!) to the 2010s (2.49 mg m~2
season~!), driven mainly by an increase in Na,SO, flux.

Between the two periods, the Na,SO, flux increased from 0.18 to 0.54 mg m~2 season!, in spite of the [Na*]
and [SOﬁ'] decreasing from the 1970s to the 2010s (Table S1 in Supporting Information S1). Thus, the 2010s
has more sulfatization of sea salt. A possible reason for this increase is a shift in the main source of [Na*] and
[SOﬁ'] between the 1970s and 2010s (Figure 4). Specifically, the SO, origin shifts from mainly anthropogenic
in the 1970s to mainly natural in the 2010s, which is a shift from North America and West Europe to the North
Atlantic Ocean. The former regions are also a source of NH,, leading to formation of (NH,),SO,, the latter is
also source of sea salt (Seguin et al., 2011), leading to formation of Na,SO,. Between the 1970s and 2010s, the
natural SO, emission in the North Atlantic may have increased due to higher chlorophyll and therefore higher
dimethylsulfide masses. (Chlorophyll increased from 1997 to 2016 (von Schuckmann et al., 2018), and some
proxies showed the chlorophyll mass during 1970s being lower than that during around 2000 (Boyce et al., 2010;
Osman et al., 2019)) As sulfate during the 1970s arrived from a different pathway than that of sea salt (Figure 4),
sea-salt modification to sodium sulfate was less likely to occur.

The [Ca?*] in the 1970s (0.22 mg m~2 season™!) is about 60% of that in the 2010s (0.36 mg m~2 season™!) (Table
S1 in Supporting Information S1). In both periods, [Ca?*] is lower than [SOﬁ‘], implying that CaSO, should form

if Ca®* and SOi‘ were contacting each other. However, the CaSO, flux (0.41-0.47 mg m~2 season™!) is about the

same in both periods, suggesting that not all Ca®* reacted with SOi'during the transport. A possible reason is a
difference in source regions (Figure 4). First, the local dust from Greenland's coast is a source of Ca®* (Amino
et al., 2020), which is probably a different pathway than the anthropogenic sulfate during the 1970s. Second,
an earlier study found that anthropogenic sulfate (H,SO,) from China would react with CaCO,, forming CaSO,
before arriving in Japan (Takahashi et al., 2009). If we apply that observation here, then a higher CaCO, contri-
bution to Greenland in the 1970s may be due to there being lower SO, emissions in China back then. On the
other hand, the anthropogenic SO, flux from North America and West Europe was high at this time. If the Asian
CaCO, were to react with anthropogenic sulfate (H,SO,) from North America and West Europe, then the CaSO,
flux should be higher during the 1970s than that during the 2010s. Thus, the constant CaSO, flux suggests (a)
a different pathway between Asian dust (CaCO,) and anthropogenic SO, from North America and West Europe
(Figure 4), and (b) a smaller contribution from Asian dust (CaCO, and CaSO,) to the total dust in the SE-Dome
ice core. This argument suggests that sulfate during the 1970s was transported via a pathway differing from that
of dust (Figure 4), and thus the dust modification to calcium sulfate was not likely to occur.

4.5. Aerosol Model Simulations of Sulfate Deposition Fluxes

We ran the MRI-ESM2.0 model to simulate the contributions, both anthropogenic and natural, to the deposited
sulfate flux from 1950 to 2014 in the SE-Dome region. In Figure 5, we compare these simulated fluxes to the
sulfate ion flux (1960-2014) in the SE-Dome ice core (lizuka et al., 2018). The agreement is good except in
years of large volcanic sulfate contributions such as in 2014 (from Bardarbunga, Iceland). The simulated sulfate
flux of anthropogenic origin during 1973-1975 (42.6 + 25.4 mg m~2 yr~') is four times higher than that during
2010-2012 (10.7 + 2.74 mg m~2 yr~!), agreeing closely to the flux change of SOﬁ‘smﬂ]l from 43.36 + 9.30 to
13.20 + 8.06 mg m~2 yr~! found here for these periods.

The anthropogenic sulfate in the SE-Dome ice core mainly comes from emitted SO, gas from North America
and Europe. These regions emit relatively little large sea salt and dust particles compared to their emissions of
cationic materials from anthropogenic gas NH, and small anthropogenic particles (e.g., fly ash). Thus, the simu-
lations support our argument that the anthropogenic SO, from these regions is likely to form small SOZ‘ liquid
droplets and small sulfate salt particles due to condensation of H,SO, on small particles and aqueous-phase reac-
tions by SO, on aerosol-originated cloud droplets.

IIZUKA ET AL.

10 of 15



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036880

AL L LA AL LA B L  L BL L B RL A LELELEL LRLELL N LELELEL L L |
140 —— |ce Core

Biogenic
m Anthropogenic

BEEE
1973-1975 2010-2012 4

120

100

80

60

40

20

Sulphate deposition flux (mg m? yr'1)

1950 1960 1970 1980 1990 2000 2010
Year (C.E.)

Figure 5. Observed and simulated annual mean sulfate deposition flux. Simulated sulfate fluxes originating from
anthropogenic and natural (biogenic) sources are shown in blue and orange bars, respectively. The model results are
ensemble-mean of 10 members of the historical simulations by MRI-ESM2.0. The black line is the observed sulfate flux from
the SE-Dome ice core. The simulations do not include deposited volcanic sulfate, but they do include effects of the volcanic
aerosols on climate. The pink bars mark the periods of measured fluxes of SOﬁ‘ amay A0 SOi’ Jorge from the ice core.

As we also found here, the simulations show that the sulfate flux of natural origin during the 1970s is similar as
that during the 2010s (16.1 + 4.66 vs. 18.0 + 5.56 mg m~2 yr~!). Natural sulfate in the SE-Dome ice core mainly
comes from emitted dimethylsulfide from the North Atlantic and then oxidized to SO, gas. Having the SO, gas
and sea-salt particles in the same air masses during transport would promote the formation of large Na,SO,
particles. The similar SOi‘large fluxes during the 1970s and 2010s (5.68 + 2.16 vs. 9.96 + 8.00 mg m~2 yr~') are
consistent with the simulated natural sulfate fluxes for those periods, although sulfate production from biogenic
SO, would contribute to both the SO~ and the SO~ fluxes.

The model simulations show increases in the anthropogenic sulfate fluxes in 1960-1990, followed by a gradual
decreasing trend of the fluxes; however, the natural sulfate fluxes are nearly constant throughout the entire period
(Figure 5). The two periods of 1973-1975 and 2010-2012 correspond to the largest and smallest anthropogenic
contributions, respectively, supporting our choice of these periods. The model results show larger contributions
of natural origin than anthropogenic origin since around 2000 (Figure 5) and the relative contribution of natural
origin will continue to increase over the near-term future due to further reductions in anthropogenic SO, emis-
sions in future scenarios (Gidden et al., 2019). Although the measurement techniques used in this study could not
distinguish biogenic from anthropogenic sulfate, our results suggest the importance of resolving both particle size
and origin (anthropogenic vs. biogenic) of sulfate aerosols in the ice core measurements, which could be partly
achieved by incorporating sulfur isotope measurements into future studies.

4.6. Implications of Sulfate Aerosols During the 1970s

Our main finding is that the flux of the small sulfur particles is higher during the 1970s than that during the
2010s, whereas the larger sulfate particle flux stayed essentially unchanged. These particles are relevant to the
aerosol-cloud interaction that, according to models, cooled the Arctic region in the 1970s (Chylek et al., 2016).
However, observational knowledge of past aerosol size distributions has been insufficient, resulting in large
uncertainties in estimates of aerosol climate effects. Global aerosol-climate models use microphysical processes
to determine the particle size distribution (Mann et al., 2014), with some models showing that the spatial distri-
butions of aerosols and their climatic effects are highly sensitive to the treatment of the aerosol size distribution
(Mann et al., 2014; Matsui et al., 2018; Reddington et al., 2011).

In this study, we have taken a step toward providing measurements of past aerosol sizes preserved in an ice core.
We found a higher fraction of Soi_small to the total sulfate flux during the 1970s than in the 2010s, an important
finding for constraining models and their estimates of climate effects for the Arctic. In particular, because the

IIZUKA ET AL.

11 of 15



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres 10.1029/2022JD036880

smaller aerosols imply a higher number concentration of particles or droplets than larger aerosols with the same
aerosol mass, the amount of scattered radiation would be larger, particularly if the particles acted as CCN. The
results here suggest that there were more CCNs during the 1970s than aerosol mass estimation. Thus, our findings
may help to improve understanding of the aerosol-cloud interactions for the modeling of past climates (Eyring
et al., 2016; Gillett et al., 2016).

4.7. Future Implications

Looking toward the future, continued reductions in anthropogenic SO, may continue to accelerate global warm-
ing (Chylek et al., 2016; Gillett et al., 2016). Moreover, in the Arctic, polar amplification of global warming
will increase the sea surface temperature, which is predicted to increase the marine biological activity and
dimethylsulfide emission (Mahmood et al., 2019). Such an increase may lead to an increase in new particle
formation over the ocean, which, through increased CCN production, produces higher albedos in the marine
boundary layer clouds, causing a cooling feedback (Kerminen et al., 2018). Our results suggest that the SO,
from dimethylsulfide is likely to form large sulfate salts (e.g., Na,SO,) during transport to highlands over the
Greenland ice sheet, suggesting that the relationship between sulfate and CCN may differ between marine and
highlands regions.

Also, according to Hattori et al. (2021), the triple oxygen isotopic compositions (A!’O) of sulfate have increased
since the 1980s, which indicates greater importance of in-cloud sulfate production. In-cloud sulfate production
is a potentially important source of accumulation mode-sized CCN due to both the growth of activated Aitken
particles and the higher coalescence efficiency of processed particles (Roelofs et al., 2006). Also, any differences
in oxidation pathways for anthropogenic and biogenic aerosols (e.g., acidity) could have significant effects on
CCN and precipitation that are not currently captured in the models. However, the relationship between SO, from
dimethylsulfide in the marine area and the flux of sulfate salts to the ice sheet is complex, and may also be influ-
enced by precipitation rates (Mahmood et al., 2019). As such, further studies are required to predict CCN-based
aerosol-cloud interactions in the future.

5. Conclusions

We have analyzed mass ratios of sulfate salt and insoluble dust on single particles in the high-resolution ice core
from southeastern Greenland between the anthropogenic sulfate maximum (1973-1975) and after sulfur emis-
sions control (2010-2012). Then, we have separated sulfate ion concentration into large sulfate salt and small
sulfur compounds. The seasonal flux of SOi’Small during the 1970s (10.8 + 2.32 mg m~2 season™") is about three
times that during the 2010s (3.30 + 2.02 mg m~2 season™!). On the other hand, the seasonal flux of SOZ’Mrge
during the 1970s (1.62 + 0.54 mg m~2 season~") is slightly lower than that during the 2010s (2.49 + 2.00 mg m~2
season~!). This small aerosol also provided the largest sulfur flux to the ice core, suggesting that the anthropo-
genic sulfur particles remained small during their transport (below 0.4 pm diameter) and if they were CCN, then
their combination of being relatively small and numerous would imply that they had a relatively large radiative
forcing. Hence, understanding the small sulfate particles is important for precise reconstruction of past aerosol
radiative forcings and how the sulfate particles can cool the Arctic region.

After dividing the SOﬁ’large seasonal fluxes into Na,SO,, CaSO,, and (NH,),SO, fluxes, we found the dominant
component for SO2~ Jarge 10 D€ the (NH,),SO, flux in both periods. In the 1970s, it is 1.03 + 0.44 mg m~season!,
and in the 2010s it is 1.48 + 1.40 mg m~2 season~!. On the other hand, the SOZ*Mrge flux increased by 154% from
the 1970s (1.62 mg m~2 season~!) to the 2010s (2.49 mg m~2 season™!), driven mainly by an increase in Na,SO,
flux. Thus, the 2010s had more sulfatization of sea salt. A possible reason is that the Na,SO, and (NH,),SO, are
independent, with different sources and transport pathways. As sulfate during the 1970s arrived from a different
pathway than that of sea salt, sea-salt modification to sodium sulfate was less likely to occur.

We also ran the MRI-ESM2.0 model to simulate the contributions, both anthropogenic and natural, to the depos-
ited sulfate flux from 1950 to 2014 in the SE-Dome region. The simulated sulfate flux of anthropogenic origin
during 1973-1975 (42.6 + 25.4 mg m~2 yr~!) was found to be four times higher than that during 2010-2012
(10.7 +2.74 mg m~? yr~"), agreeing closely to the flux change of SO~ from 43.36 + 9.30 to 13.20 + 8.06 mg
m~2 yr~! found here for these periods. Thus, the simulations support our argument that the anthropogenic SO,
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from these regions is likely to form small SOi' liquid droplets and small sulfate salt particles due to condensation
of H,SO, on small particles and aqueous-phase reactions by SO, on aerosol-originated cloud droplets.
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