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Isotopic Evidence for Acidity-driven Enhancement of Sulfate Formation after SO2 emission control

After the 1980s, atmospheric sulfate has remained relatively high despite dramatic reductions in sulfur dioxide (SO2) emissions. However, a lack of observational evidence has hindered the identification of causal feedback mechanisms. Here we report an increase in the oxygen isotopic composition of sulfate (D 17 OSO 4 2 ) in a Greenland ice core, implying an enhanced role of aciditydependent in-cloud oxidation by ozone (up to 18%) in sulfate production since the 1960s. A global chemical transport model reproduces the magnitude of the increase in observed D 17 OSO 4 2 with a 10 15% enhancement in the conversion efficiency from SO2 to sulfate in Eastern North America and Western Europe. With an expected continued decrease in atmospheric acidity, this feedback will continue in the future and partially hinder air quality improvements.

One Sentence Summary: Observed 17 O excess of sulfate in an ice core record suggests an acidity-driven enhancement of atmospheric sulfate formation in the recent past.

Main Text:

Atmospheric sulfate (SO4 2-) has a significant but uncertain impact on the global radiation budget and cloud lifetimes (1). sulfate also accounts for a major component of fine particulate matter mass in urban regions, affecting visibility (2) and public health (3). Since the Industrial Revolution, increased emissions of sulfur dioxide (SO2) have resulted in an increase in sulfate load. The period from the 1950s to the 1970s had increased SO2 emissions leading to highpollution; however, switching to cleaner technology and fuels decreased these emissions after the 1980s across North America (NA) and Western Europe (WE) (4). These decreases successfully lowered sulfate concentrations, which avoided hundreds of thousands of deaths and illnesses from exposure to particulate matter smaller than 2.5 µm (PM2.5) in the USA alone (3). However, atmospheric sulfate declined less rapidly than SO2 emissions, especially in wintertime (4,5). This unexpected phenomenon suggests the existence of feedback processes which render SO2 emission reductions less efficient than expected for mitigation of sulfate aerosol.

In the atmosphere, the majority (60-80%) of sulfate formation occurs through oxidation of SO2 in the aqueous-phase (i.e., in clouds), with gas-phase SO2 oxidation by hydroxyl radicals (•OH) accounting for most of the remainder (20-40%) (6). Upon dissolution in the aqueous phase, SO2 dissociates into S(IV) species (mainly HSO3 -and SO3 2-) that react with hydrogen peroxide (H2O2), ozone (O3), and molecular oxygen (O2) to form sulfate (7). S(IV) oxidation is thought to be dominated by H2O2 oxidation, which is largely insensitive to cloud acidity, whereas the more minor S(IV) + O3 pathway exhibits strong pH dependence (7). Among these chemical processes, several studies have proposed enhancement of S(IV) + H2O2 (8,9), S(IV) + O3 (10), or SO2 + •OH (9,11) oxidation pathways as mechanisms causing the weakened response of sulfate abundances to decreases in SO2 emissions. These conclusions are based on a comparison between observed and modeled sulfate concentrations, and model estimates of atmospheric sulfate production mechanisms. However, observational evidence so far has not pointed to a specific mechanism. These uncertainties limit confidence in the model forecast and hindcasts of management of current and future tropospheric sulfate aerosol and its environmental impacts.

One tool for providing insight into sulfate formation mechanisms is offered by the massindependent oxygen isotopic composition (D 17 O) (12) of sulfate. D 17 OSO 2 equals 0‰ because of rapid oxygen exchange between SO2 and H2O in the atmosphere (13), and thus the D 17 OSO 4 2- value reflects the oxidation pathway of SO2 to SO4 2-. Gas-phase SO2 oxidation by •OH, where D 17 O•OH = 0‰, produces SO4 2-with D 17 OSO 4 2-= 0‰ (14). Aqueous-phase S(IV) oxidation by H2O2 and O3 leads to D 17 OSO 4 2 values of 0.8 and 6.5‰, respectively, since D 17 OH 2 O 2 = 1.6‰ (15) and D 17 OO 3 = 26‰ (16) (see Supplementary Text). Other production pathways, such as S(IV) + O2 catalyzed by trace metal ions (TMI) and in-cloud HOBr lead to D 17 OSO 4 2-at or near 0‰. Primary SO4 2-from natural and anthropogenic sources also has D 17 OSO 4 2-= 0‰ (17).

Consequently, D 17 OSO 4 2-is solely determined by the proportions of different sulfate formation pathways that yield non-zero values of D 17 OSO 4 2-(18): D 17 OSO 4 2-= 6.5 fO 3 + 0.8 fH 2 O 2 + ( 0.1) fTMI + 0 fzero (‰), (1) where the " # (x = O3, H2O2, TMI, and zero) terms indicate the respective fractions of SO2 oxidized by O3, H2O2, and TMI catalyzed O2, and fO 3 + fH 2 O 2 + fTMI + fzero = 1. To date, this approach using D 17 OSO 4 2-has enabled observation-based quantification of atmospheric sulfate formation in different regions and time periods, including glacial-interglacial cycles (19), stratospheric volcanic eruptions (20), preindustrial biomass burning (21), and transition after the Industrial Revolution (22). Particularly, comparison of observed and modeled D 17 OSO 4 2-has enabled the recognition and quantification of sulfate formation mechanisms often ignored in models, including S(IV) + O2 oxidation catalyzed by TMI (22,23), sulfate formation by ozone oxidation on sea salt aerosol, S(IV) oxidation by hypohalous acids (24,25), and heterogeneous reactions in extreme haze events (18,26). However, there is no record of D 17 OSO 4 2-that can provide information on changes in sulfate formation pathways in response to the reduction in air pollution following the implementation of governmental reduction policy such as US Clean Air Act of 1970.

Here, we present the first observations of changes in Northern Hemisphere D 17 OSO 4 2- between 1958 to 2015, based on a continuous and high-resolution ice core record from a highelevation dome site in southeast Greenland called SE-Dome. The record from the past 60 years covers the high-pollution decades of the 1950s-1970s as well as the substantial SO2 emissionsreduction period from the 1980s to the present (1). The SE-Dome ice core preserves atmospheric aerosols that originate mainly from NA and WE, with no notable change in the air mass origin over the period (27). We reconstructed D 17 OSO 4 2-in three to six years resolution with an accuracy of dating better than two months, which is given by precise age-depth scaling with the oxygenisotope matching method (28).

The ice-core D 17 Onss-SO 4 2-ranges from 1.0‰ to 1.7‰ and shows a substantial increase over the period of record (Fig. 1A), with a ~0.4‰ difference (p < 0.05) between the D 17 Onss-SO 4 This increase in D 17 Onss-SO 4 2 clearly indicates that the sulfate formation pathways responsible for sulfate preserved in the SE-Dome have changed from the 1960s to the present. Given that the D 17 OSO 4 2 signatures for the sulfate formation pathways are all lower than 0.8‰ except for the S(IV) + O3 pathway (D 17 O = 6.5‰), the D 17 Onss-SO 4 2 increase can reasonably be interpreted as the reflection of an increase in the relative importance of the S(IV) + O3 pathway. On the basis of simple mass balance calculation using Eq. ( 1), the estimated maximum and minimum fO 3 are increased from 3.5 16.5% to 15.7 27.7%, respectively, when the D 17 Onss-SO 4 2-is increased from 1.0‰ to 1.7‰ (see Supplement). The increase of the relative importance of the S(IV) + O3 pathway can be explained by (i) enhancement of the S(IV) + O3 pathway itself and (ii) decrease of other oxidation pathways that possess lower D 17 OSO 4 2-values. First, we consider the possible reasons that could cause an enhancement of the S(IV) + O3 pathway. Given that high pH conditions promote the S(IV) + O3 pathway (7), acidity changes may be an important factor accounting for the increase in D 17 Onss-SO 4 2 . Indeed, the best correlation between D 17 Onss-SO 4 2 and other ice-core measurements is found for the neutralization ratio, NH4 + /(2 nss-SO4 2 + NO3 ) (Fig. 1D), where $ = 0.80 (% < 0.01; Table S1). Additionally, the H + flux (Fig. 1E), the ice acidity indicator, also shows a strong correlation with D 17 Onss-SO 4 2 ($ = 0.71, % < 0.01; Table S1). The increase in the neutralization ratio and the decrease in the acidity result from the simultaneous decrease in nss-SO4 2 flux (Fig. 1B) and increase in NH4 + flux (Fig. 1C). This is consistent with previous studies that observed an increase in the pH of precipitation in NA and WE after the 1970s (29) and in a Greenland ice core (30), mainly because of the mitigation of SO2 emission and the simultaneous increase in NH3 emission from agricultural and industrial sectors (31). Changes in O3 concentrations over the period may also contribute to changes in sulfate formation pathways. Tropospheric O3 concentrations in the free troposphere (~3 km above sea level, a.s.l.) were ~30 ppb in the 1970s and increased to ~50 ppb by 2000, but there is no significant subsequent increase (32). Thus, an increase in tropospheric O3 might partially contribute to the increase of the S(IV) + O3 pathway before 2000, but is not consistent with the substantial increase of D 17 Onss-SO 4 2 for the post year 2000 period (Fig. 1A).

Secondly, we discuss the possibility of inhibition of other oxidation pathways which possess low D 17 Onss-SO 4 2 , because the decrease of other sulfate formation pathways also could increase the relative importance of the S(IV) + O3 pathway. Influence from changes in the contribution from SO2 + OH due to changes in tropospheric •OH concentrations is thought to be minimal, given that no significant decrease in •OH is observed between 1980 and 2010 (33). Greenland ice core shows a post-1950 increase of H2O2 (34), but this H2O2 increase is not consistent with the observed D 17 Onss-SO 4 2 increase, given the D 17 OSO 4 2-values of only 0.8‰ from S(IV) + H2O2

reaction. An observed 0.6‰ decrease in D 17 Onss-SO 4 2 in a Greenland ice core from 1900 to 1980 was partially attributed to an increase in the TMI catalyzed S(IV) + O2 oxidation pathway resulting from increases in anthropogenic metal emission after the Industrial Revolution (22). A decrease in anthropogenic metal emissions since 1980 would tend to decrease the importance of the TMI catalyzed S(IV) + O2 oxidation pathway, resulting in an increase in D 17 Onss-SO 4 2 as is observed.

To examine the relative importance changes in sulfate formation mechanisms on observed icecore D 17 Onss-SO 4 2 , we simulate global tropospheric chemistry using the GEOS-Chem chemical transport model (version 12.5.0, DOI:10.5281/zenodo.3403111) with an updated "offline" taggedsulfate aerosol simulation (22,23,[START_REF] Alexander | Isotopic constraints on sulfate aerosol formation pathways in the marine boundary layer of the subtropical northeast Atlantic Ocean[END_REF]. We performed model simulations using meteorology and anthropogenic emissions for the years 1960,1973,1986,1999, and 2013 (see Materials and Methods). This model calculates bulk cloud pH based on the local concentrations of inorganic species and CO2 (g) and considers the impact of heterogeneity in cloud water pH within a cloud [START_REF] Alexander | Isotopic constraints on sulfate aerosol formation pathways in the marine boundary layer of the subtropical northeast Atlantic Ocean[END_REF]. Since the main source region of sulfate aerosol to the Arctic region is transported from Eastern North America (ENA) and WE, we compare the ice-core observations with modeled tropospheric D 17 Onss-SO 4 2-in ENA (-90--60°E, 30-60°N, n = 56) and WE (15 to 40°E, 40-70°N, n = 72) (Fig. S2). We also compute modeled D 17 Onss-SO 4 2-in the region -90 to 30°E and 35 to 90°N based on computed 10-day back trajectories (n = 300, Trajectory (TRAJ) region hereafter) (27) (Fig. S2).

The GEOS-Chem model yields an increase of annual-mean, mass-weighted average of tropospheric D 17 OSO 4 2 from 1973 (0.79 to 1.31‰) to 2013 (1.45 to 1.75‰) for all three regions for TRAJ, NA, WE, an increase that is quantitatively consistent with the observed increase of ice-core D 17 OSO 4 2 (Fig 1A) over this same time period. The observed D 17 OSO 4 2 falls within modeled values in all years, consistent with a mixture of sulfate originating in ENA and WE. The increase in modeled D 17 OSO 4 2 is due to an increase in fO 3 between 1973 and 2013 from 2.0 to 8.2% and 7% to 21% for ENA, and WE regions, respectively (Fig. S3), consistent with the observation-based estimate of an increase in fO 3 from [3. 5 16.5% (1960 1970s) to 15.7 27.7% (present)]. GEOS-Chem also reproduces the observed D 17 Onss-SO 4 2 trend, and other trends for modeled sulfate (Fig. 1B), NH4 + (Fig. 1C), neutralization ratio (Fig. 1D), and bulk cloud pH (Fig. 1E) between 1973 and 2013 (see Supplementary Text).

The TMI catalyzed S(IV) + O2 pathway decreases by 10% in the model between 1973 to 2013, yielding a 0.1‰ increase in D 17 OSO 4 2 (Fig. S3). Although this goes in the right direction, it is not large enough to explain the observed 0.7‰ increase. Modeled O3 concentrations also increase over this same time period, but the increase from 1960 to 1986 is higher than from 1986 -2013 (Fig. S4). Modeled bulk cloud pH increased by 0.5 pH units between 1973 to 2013 (Fig. 1E) and neutralization ratio also shows substantial increases between 1973 to 2013 (Fig. 1D), with good agreement with modeled changes in D 17 OSO 4 2 for ENA and WE ($ > 0.75, % < 0.01; Table S2). In addition, no increase in the modeled D 17 OSO 4 2 by is found when cloud pH is set constant to pH = 4.5 in the model (Fig. S6). Thus, modeled increase in D 17 Onss-SO 4 2 is driven by an increase in the cloud water pH over the same time period.

We use the model to further investigate how changes in sulfate formation pathways alter the conversion efficiency (η) from SO2 to SO4 2 using the following metric:

ηx = P(SO4 2 )x / S(SO2), (2) 
where P(SO4 2 )x indicates the tropospheric sulfate production rate from the oxidation of SO2 by oxidant x (i.e. OH, H2O2, O3, O2 (TMI), and hypohalous acids (H)), and S(SO2) represents total tropospheric source SO2 calculated from SO2 emission, photochemical SO2 production and net transport (import export). Although there is regional variability (Fig. S7), the common feature in all regions is that η increases from year 1973 to year 2013. The increase in η is caused mainly by increases in ηO 3 and ηH 2 O 2 , particularly in ENA, partially compensated by decreases in ηTMI and ηOH (Fig. 2AB). The modeled abrupt increase of η after 1999 is mainly caused increases in wintertime (Fig. S8B), consistent with a weakened response of reduction of US SO2 emission due to a weakening H2O2 limitation on the S(IV) + H2O2 pathway (8) and cloud pH-induced promotion of S(IV) + O3 pathway at low SO2 (10). The WE region has relatively high coal combustion and thus higher metal emissions, yielding a higher contribution from the TMI catalyzed SO2 + O2 oxidation in wintertime (Fig. S8C). Increases of ηO 3 and ηH 2 O 2 for WE between 1973 and 2013 are 10% and 8%, respectively, but these increases were compensated by a decrease of ηTMI by 5% (Fig. 2B). Notably, the main contribution for total η for WE was switched from the TMI catalyzed S(IV) + O2 oxidation in 1973 to the S(IV) + O3 oxidation at 2013 (Fig. 2B). An increase in ηO 3 in WE thus plays a greater role for the increase of η compared to ENA, because of relatively high cloud pH conditions (Fig. 1E) and more limited oxidant concentrations at higher latitude. The relatively small decreases in ηOH and increase in ηH in both regions are likely driven by an increase in cloud water pH which enhances SO2 solubility in clouds (7). As consequence, the increase in η over the ENA and WE regions kept sulfate reduction slower than the reduction of source SO2 during the past 60 years (Fig. 2AB), by increasing solubility of SO2 and promoting the acidity-dependent S(IV) + O3 pathway.

In this study, we present ice core D 17 OSO 4 2 record providing the first observational evidence that atmospheric acidity has driven changes in sulfate formation pathways and enhanced sulfate production rates after SO2 emissions control in NA and WE. The increases in sulfate production efficiency (η) has so far been partially compensated by the reduction of other pathways, particularly in WE (Fig. 2A), but this offset may not be significant in the future. The importance of S(IV) + O3 pathway, on the other hand, will continue to increase in the future due to the increase of cloud water pH by expected future growth of anthropogenic NH3 emission [START_REF] Paulot | Ammonia emissions in the United States, European Union, and China derived by high resolution inversion of ammonium wet deposition data: Interpretation with a new agricultural emissions inventory (MASAGE_NH3)[END_REF] and possible future usage of NH3 as hydrogen storage/transport medium in hydrogen energy technologies [START_REF] Lamb | Ammonia for hydrogen storage; A review of catalytic ammonia decomposition and hydrogen separation and purification[END_REF]. SO2 emissions have increased in other parts of the world (e.g. China and India) over the last decades, but they then have been decreasing more recently and are expected to continue to decrease in coming decades [START_REF] Li | India Is Overtaking China as the World's Largest Emitter of Anthropogenic Sulfur Dioxide[END_REF][START_REF] Si | Assessment of satellite-estimated near-surface sulfate and nitrate concentrations and their precursor emissions over China from 2006 to 2014[END_REF]. Thus, the acidity-driven enhancement of atmospheric sulfate formation causing non-linear sulfate responses to SO2 is expected to occur for the wide area in the world as long as NH3 emissions are also not simultaneously controlled. The future feedback driven by atmospheric acidity for sulfate formation should be predicted to design effective mitigation policies for air quality and climate change, and observations of D 17 OSO 4 2 provide the ability to validate and give confidence in the model forecasts. 

Materials and Methods

Samples

This study is based on the 90.45 m depth ice core obtained at a southeastern Greenland dome site (67.18°N, 36.37°W, 3170 m above sea level, SE-Dome hereafter) (1). The age-depth scale was determined by the oxygen-isotope matching method with an estimated age error of two months (2). The ice core samples were stored in the cold room (-50 °C) of The Institute of Low Temperature Science, Hokkaido University, Sapporo, Japan.

The ion fluxes of the species used in Fig. 1 in the main text are from a previous study (3). To match the resolution of ion fluxes and D 17 OSO 4 2-, we reanalyzed the data with our resolutions as summarized in Table S1. In addition to ion fluxes, we calculated the neutralization ratio (N) and H + flux (F(H + )) determined by ion balance: The molar ratio of [SO4 2-]seawater / [Na + ]seawater in seawater is 0.06 (4).

N = NH4 + / (2 nss-SO4 2 + NO3 ) (S1) F(H + ) = F(Cl ) + 2F(SO4 2-) + F(NO3 -) F(Na + ) F(K + ) -2F(Mg 2+ ) 2F(Ca 2+ ), ( S2 

Ice core cut

The ice sample was cut by a band saw in the cold room (-20 °C) and decontaminated by cutting the outside ice with a ceramic knife to ~70% of the sample's original weight in a class 10,000 clean booth. The sample (approximately 1~2 kg) was then melted in a pre-cleaned bottle and shipped frozen (~ 20 °C) to the Tokyo Institute of Technology, Yokohama, Japan. The sample was then stored in a freezer kept at 30 °C until the time of the experiments described below. The samples and corresponding years covered are summarized in Table S1.

Oxygen isotope analysis of sulfate

The measurement system for D 17 OSO 4 2 follows Savarino et al. (5), with modifications described in our previous study (6). SO4 2-was separated from other ions using ion chromatography and converted to H2SO4. 1 µmol of H2SO4 was then chemically converted to Na2SO4, and subsequently added 1 mL of 30% H2O2 solution and dried up. Next, the Na2SO4 was converted to silver sulfate (Ag2SO4) using an ion exchange resin (6). This Ag2SO4 powder GEOS-Chem model description and simulations. GEOS-Chem is a global 3-D model of atmospheric composition (www.geos-chem.org) originally developed by Bey et al. (11). In this study, we use GEOS-Chem (version 12.5.0, DOI: 10.5281/zenodo.3403111) driven by assimilated meteorological fields from MERRA-2 reanalysis data product from NASA Global Modeling and Assimilation Office's GEOS-5 Data Assimilation System. We simulate aerosol-oxidant tropospheric chemistry containing detailed HO x -NO x -VOC-ozone-BrO x chemistry (11,12,13). The model was run at 4 ×5 ̊ horizontal resolution and 47 vertical levels up to 0.01hPa. The model was spun up for 1 year before each of the five years simulated. In the model, sulfate is produced from gas-phase oxidation of SO2 (g) by OH, aqueous-phase oxidation of S(IV) by H2O2, O3, HOBr, metal-catalyzed O2, and heterogeneous oxidation on sea-salt aerosols by O3 (14,15).

The parameterization of the metal-catalyzed S(IV) oxidation is described in Alexander et al (16). We consider Fe and Mn which catalyze S(IV) oxidation in the oxidation states of Fe(III) and Mn(II). Dust-derived Fe ([Fe]dust) is scaled to the modeled dust concentration as 3.5% of total dust mass, and dust-derived Mn is a factor of 50 times lower than [Fe]dust. Anthropogenic Fe ([Fe]anthro) is scaled as 1/30 of primary sulfate and anthropogenic Mn ([Mn]anthro) is 10 times lower than that of [Fe]anthro. In the model, 50% of Mn is dissolved in cloud water as Mn(II) oxidation state, and 10% of [Fe]dust and 1% of [Fe]anthro are dissolved in cloud water as Fe(III) oxidation states. This parameterization might underestimate the anthropogenic Fe and Mn, especially for the US region, which is discussed in the Supplementary Text below.

For pH-dependent S(IV) partitioning, bulk cloud water pH is calculated as described in Alexander et al. (14). We use the Yuen et al. parameterization to account for the effect of heterogeneity of cloud water pH on S(IV) partitioning and subsequent aqueous phase sulfate formation (14). Sulfate formed from each oxidation pathway was treated as a different "tracer" in the model to calculate D 17 O as described elsewhere (17,18).

Given that meteorological fields from MERRA-2 are not available before 1979, we use meteorological fields and non-anthropogenic emissions such as biogenic VOCs (42), soil NOx (43), lightning (44), and stratospheric sources (44) from the year 1986, and set anthropogenic emissions, biomass burning emissions, and CH4 concentrations to specific years. For anthropogenic emissions we use the Community Emissions Data System (CEDS) inventory (http://www.globalchange.umd.edu/ceds/) (19). Emission species for CEDS include aerosol (black carbon (BC), organic carbon (OC)), aerosol precursors, and reactive compounds (SO2, NOx, NH3, CO, non-methane volatile organic carbon (NMVOC)). We use the biomass burning emissions from the CMIP6 (BB4CMIP) inventory for each individual year (20). Emission species for BB4CMIP include the following species: BC, CH4, CO, NH3, NMVOC, NOx, OC, SO2, and HCl. We prescribe latitudinal CH4 concentrations for historical simulations. For years after 1979, CH4 concentrations are based on NOAA GMD flask (observationswww.esrl.noaa.gov/gmd/ccgg/trends_ch4/), and for pre-1979 the CMIP6 monthly mean surface CH4 is used (21).

The simulations were performed for years 1960, 1973, 1986, 1999, and 2013, which enables us to isolate the impact of anthropogenic emissions on historical changes in sulfate formation pathways and D 17 OSO 4 2 based on Eq. 1 in the manuscript. In addition to the five model years with calculated cloud pH, we test the same model but assume cloud water pH is constant (pH = 4.5) for 1973 and 2013, in order to examine the importance of changes in bulk cloud pH for modeled D 17 OSO 4 2 over the period.

In addition to the calculation of the transported sulfate in the model, we also extracted online diagnostics to calculate sulfate production efficiency (η) using Eq. ( 2) in the main text. S(SO2) was calculated by summing the emission of SO2 from anthropogenic and volcanic activity, photochemical production of SO2 from DMS oxidation in the atmosphere, and the net import/export budget of SO2 by transportation. The production of SO4 2-(P(SO4 2-)) was also calculated online, as the sum from all aqueous, heterogeneous, and gas-phase production pathways.

Supplementary Text

Correlation between D 17 Onss-SO 4 2 

and proxies of atmospheric composition

In order to determine the cause of the observed D 17 Onss-SO 4 2-trend, we compared D 17 Onss-SO 4

2-with other proxies of atmospheric composition preserved in the same ice core. The Mt. Pinatubo eruption in 1991 strongly influenced the sulfate flux (3), and probably influenced the D 17 Onss-SO 4 2-and other proxies preserved in the SE-Dome ice core. Thus, the two samples covering the periods from 1989 to 1991 (Sample 10, Table S1) and from 1992 to 1994 (Sample 11, Table S1) were excluded for the correlations discussed in the main text. After the exclusion, we found a weak correlation (J = 0.56, K < 0.05) between D 17 Onss-SO 4 2 and SO4 2 flux (Table S1). The correlation of D 17 Onss-SO 4 2 with SO4 2 flux is weaker than that with NH4 + flux (J = 0.62, K < 0.05, Table S1). The best correlation with D 17 Onss-SO 4 2 is found for the neutralization ratio, NH4 + /(2 nss-SO4 2 + NO3 ) (Fig. 1D), with a correlation coefficient of J = 0.80 (K < 0.01; Table S1). This suggests that acidity changes may be an important factor controlling the trends in D 17 Onss-SO 4 2 . Conversely, there is no correlation between D 17 Onss-SO 4 2 and Mg 2+ (J = 0.36, K = 0.22; Table S1), indicating the D 17 Onss-SO 4 2 variation is not the result of changing terrestrial dust fluxes (22).

GEOS-Chem model results and data extraction

In 2013 are calculated over a wide region, the D 17 OSO 4 2 at SE-Dome region did not show an increase, instead of decreasing by 0.1‰ from 1973 to 2013 (Fig. S1). Given that the increase in D 17 OSO 4 2 were clearly observed in the SE-Dome ice core (Fig. 1A in the main manuscript), we consider that several uncertainties in the model associated with aerosol transport, aerosol wet deposition, annual precipitation, and snow accumulation in complex mountain terrains in coarse resolution of the model (4° × 5°) caused this difference between model and observation. We therefore extract the modeled tropospheric D 17 Onss-SO 4 2 from three selected regions of TRAJ, ENA, and WE (Fig. S2), to obtain regional characteristics of D 17 OSO 4 2 . The changes in D 17 OSO 4 2 and other proxies show good agreement between the SE-Dome observation and the model from 1974 to the present (Fig. 1).

In Fig. S3, the relative proportion of each sulfate formation pathways in the model is shown. In the main manuscript, the calculated increase of fO 3 between 1973 and 2013 in the model was 2.0 to 8.2% and 7% to 21% for ENA and WE regions, respectively, but this figure shows the results including all formation pathways for all model years.

Correlation between modeled D 17 OSO 4 2 and the proxies in the model In Fig. S4, the modeled tropospheric oxidant concentrations are summarized. The trend of the oxidant concentrations is generally consistent with the broad expected trends, which is discussed in the main manuscript. Briefly, as noted earlier in a review for global trends (23), tropospheric O3 concentrations in the model increase after 1960s, but the increase found in the models are smaller than observations. The correlation between O3 concentrations to the modeled D 17 OSO 4 2 is not significant (Table S2), likely due to the smaller increase of O3 after the end of 20 th century. This disagreement supports that the proportional contribution of the S(IV) + O3 pathway is mainly driven by cloud pH, and not by O3 changes. The model calculates and increase in H2O2 from 1973 to 2013, and this is slightly correlated with D 17 OSO 4 2 (J = 0.63) over the model period, but the increased proportion of the S(IV) + H2O2 pathway does not explain the increase of D 17 OSO 4 2 because of the D 17 OSO 4 2 from the S(IV) + H2O2 pathway possesses a value (0.8‰) to low to explain the observed increase from 1973 (D 17 OSO 4 2 = 0.79 to 1.31‰) to 2013 (D 17 OSO 4 2 = 1.45 to 1.75‰) for three selected regions of TRAJ, NA, and WE.

In Fig. 1B-E, the modeled sulfate and NH4 + concentrations, neutralization ratio (calculated from (NH4 + + NH3) / [2 nss-SO4 2 + (NO3 + HNO3)] based on the modeled concentrations of these species), and modeled bulk cloud pH are shown. For the neutralization ratio, the absolute value is different among observation and model (Fig. 1D), possibly owing to the uncertainty originating from transport and wet and dry deposition. Note that the modeled bulk cloud pH represents an average in the grid boxes of each region, and actual pH for sulfate formation, especially for the S(IV) + O3 pathway, is not identical to the average value. We note that the important finding of this study is that acidity indicators (neutralization ratio, H + flux, and bulk cloud pH) for the observations and the model show good agreement with modeled changes in D 17 OSO 4 2 (Table S1 andS2).

The uncertainly in modeled D 17 OSO 4 2- The end member for D 17 OSO 4 2-of the S (IV) + O3 oxidation (= 6.5‰) value used in this study is on the basis of 1/4 slope between D 17 OSO 4 2-and D 17 O of O3(bulk) from a laboratory experiment (24). This assumption hypothesizes that 1/4 of D 17 O for SO4 2-originates from O3, and that all 3 oxygen atoms of O3 are equally likely to transfer to the product SO4 2-. However, we note that if O atom transfer occurs only from one of the two terminal oxygen atoms of O3 (O3(term) = ~39.2‰), which is expected from theoretical calculations (25), D 17 OSO 4 2-from S(IV) + O3 would be 9.8‰. When assuming D 17 OSO 4 2-= 9.8 ‰ for the S(IV) + O3 oxidation, the modeled D 17 OSO 4 2-is increased for all three regions by 0.3-0.5‰ relative to the model when using D 17 OSO 4 2-= 6.5‰ for the S (IV) + O3 oxidation (Fig. S5). If this assumption is true, only the variation of D 17 OSO 4 2-for ENA is similar to the observation in the SE-Dome ice core (Fig. S5), and the model is biased high in D 17 OSO 4 2-for TRAJ and WE regions. This may indicate that the observed D 17 Onss-SO 4 2-record reflects in the changes in sulfate formation pathway mainly for ENA. We note that the case assuming D 17 OSO 4 2-= 6.5‰ in the model showed better agreement with the observations. This determination of end member of D 17 OSO 4 2-of the S (IV) + O3 oxidation from more comprehensive laboratory experiments is needed in future studies. The assumption of D 17 OSO 4 2-of the S (IV) + O3 oxidation pathway does not change the trends in modeled D 17 OSO 4 2-, nor our conclusions.

Secondly, the model may underestimate pFe concentrations, especially for ENA region. In the US, pFe is emitted from coal combustion proportional to primary SO 2 4 -emissions with an emission ratio of 0.15 kg kg -1 (26), which is ~5 times higher than our estimate in the model. These uncertainties for metal emissions might result in a model underestimate the proportion of TMI catalyzed S(IV) + O2 pathway and overestimate of D 17 OSO 4 2 in the model. In particular, the proportional contribution of TMI catalyzed S(IV) + O2 pathway in ENA region only possess 2~3% for total sulfate, but it is smaller than the earlier estimate of Shah et al. (27) which modeled ~10% contribution of this pathway for the atmosphere below in 2015. In that case, D 17 OSO 4 2 in the model would be lower than current result shown in Fig. 1A for ENA. This underestimate and uncertainty may cause the inconsistent result between 1960 and 1973, which shows no significant difference of D 17 Onss-SO 4 2 for observation but a significant decrease in the model.

Thirdly, the model-calculated cloud water pH and its heterogeneity has a large influence on the importance of the S (IV) + O3 pathway, and also represents a source of uncertainty in the model. In this study, we use the model's default setting of calculated bulk cloud water pH (14) and its heterogeneity according to Yuen's parameterization (28). We note that the increase of D 17 OSO 4 2 due to the Yuen et al. parameterization contributes ~10% of total P(SO4 2 ) at maximum of for North Atlantic Ocean, and ~5% increase of η for TRAJ regions. Since atmospheric acidity plays a central role for aqueous chemistry in general, cloud and aerosol pH have implications for many other chemical reactions, including nitrate, ammonium, halogen, metals, and organic compounds reactions that link emission to impacts on air quality, human health, ecosystem, and climate change (29). Prior to the 1990s, cloud pH was too low in many regions for S(IV) + O3 reaction to be significant, leading earlier studies to often neglect the S(IV) + O3 reaction completely (30,31). Recent studies have proposed an increase in cloud water pH promoting the S(IV) + O3 pathway to explain the sublinear response of SO4 2 concentrations to the decrease in SO2 emission (32,33), but even the latest study (34) prescribes cloud pH to investigate past sulfate production and its radiative effect. Although this uncertainty should be considered in future studies, we note that, when we set a constant value for cloud water pH in the model, the increase of D 17 OSO 4 2-does not occur (Fig. S6). This result strongly supports our conclusion that the increase in D 17 OSO 4 2-reflects the enhanced role of O3 for atmospheric sulfate formation pathway induced by an increase in the cloud water pH after SO2 emission control.

As discussed above, although there are several factors leading to uncertainty in the calculation of the absolute value of D 17 OSO 4 2-in the model, the increase of modeled D 17 OSO 4 2- after 1973 is driven by increases in cloud water pH. Thus, our main conclusion in the manuscript is not changed.

Sulfate production rates and efficiency in the GEOS-Chem model Fig. S7 shows the spatial distribution of η calculated in GEOS-Chem. The modeled increase of η from 1973 to 2013 occurs in both the NA and WE regions, and is mainly caused by an increase in ηO 3 and ηH 2 O 2 . The decrease in ηTMI and ηOH partially compensated for the total increase of η as discussed in the manuscript. The decrease in ηTMI was caused by decrease in metal emission, especially for WE, and the decrease of ηOH was caused by increase of SO2 solubility to the aqueous-phase by increase cloud water pH as mentioned in the main manuscript.

Fig. S8 shows the seasonal pattern of η. The increase in η occurred in both summer (JJA) and winter (DJF) for WE (Fig. S8C andS8F). These increases in η for WE are partially compensated by decreases in ηTMI in wintertime and ηTMI in summertime (Fig. S8C andS8F). For ENA, the increase in η is mainly for wintertime and was caused by increases in ηO 3 and ηH 2 O 2 (Fig. S8B). Smaller increases in summertime η is mainly caused by an increase in ηO 3 (Fig. S8E). More detailed analysis of these feedback mechanisms causing non-linear sulfate responses to SO2 for other regions of the world is desirable, and future model predictions under different emission control strategies may provide valuable information for designing effective pollution control and climate change prediction in the future. 

2 average

 2 of 1960-1970 [(1.14±0.06)‰, n = 4)] and that of 2005-2015 [(1.51±0.19)‰, n = 3)].

Fig. 1 .Fig. 2 .

 12 Fig. 1. D 17 Onss-SO 4 2 and chemical fluxes at the SE-Dome and GEOS-Chem model results during the last 60 years. Open black circles represent ice core record and closed black circle represents data from snow pit, and red symbols represent model results for given years for TRAJ, ENA, and WE regions. The observed chemical fluxes and neutralization ratio were obtained from Iizuka et al. (27). The thin lines represent observed data for each year, and the open circles with thick lines represent the weighted average flux data corresponding to D 17 OSO 4 2-sample resolution (see Supplementary Text). (A) D 17 OSO 4 2-record. Open black circles represent ice core record and closed circle represents data for shallow snow with 1 sigma uncertainty (± 0.1‰ or 0.2‰) shown as error bar. Red sybols represent annual-mean, mass-weighted average of tropospheric for given years. (B) nss-SO4 2-flux and modeled annual-mean SO4 2-concentration normalized to 1973 (C) NH4 + flux and modeled annual-mean concentrations of NH3 + NH4 + normalized to1973, (D) neutralization ratio: NH4 + /(2 nss-SO4 2 + NO3 ) for observation, and (NH4 + + NH3) / [2 nss-SO4 2 + (NO3 + HNO3)] calculated from modeled, annual-mean tropospheric concentrations, and (E) H + flux and modeled tropospheric annual-mean, cloud liquid water weighted, bulk cloud-pH.

  )where F(X) (nmol m 3 yr -1 ) represents the flux of X as determined by Iizuka et al.(3), and nss refers to non-sea salt component.Since sea salt sulfate aerosols (ss-SO4 2-) are of little importance to atmospheric sulfur oxidation processes (i.e., D 17 Oss-SO 4 2 = 0 ), D 17 O values were corrected for their sea salt sulfate (ss-SO4 2 ) component by using Eq. S3 to obtain their corresponding nss-SO4 2 content, using Eq. S3 below.

  Fig. S1, the modeled annual-mean mass-weighted average of tropospheric D 17 OSO 4 2 for 1960, 1973, 1986, 1999, and 2013 are shown. Although clear increases in D 17 OSO 4 2 from 1973 to

Fig. S1 .

 S1 Fig. S1. Modeled annual-mean, mass-weighted average of tropospheric D 17 OSO 4 2-for 1960 (A), 1973 (B), 1986 (C), 1999 (D), and 2013 (E), and differences in D 17 OSO 4 2-relative to 1973 (F to K).

Fig. S2 .

 S2 Fig. S2. Map for data extracted regions from the model, Trajectory region (TRAJ) (A), Eastern North America (ENA) (B), and Western Europe (WE) (A). (A) Color indicate probability distribution of an air mass arriving at the SE-Dome site from a 10-days 3-D backward-trajectory analysis for two elevations (1,000 and 1,500 m agl) (3).

Fig. S3 .

 S3 Fig. S3. Proportional contributions of each sulfate (SO4 2-) formation pathway and modeled weighted average of D 17 OSO 4 2-for TRAJ, ENA, and WE over the period.

Fig. S4 .Fig. S5 .Fig. S6 .

 S4S5S6 Fig. S4. Modeled annual-mean tropospheric concentrations of oxidants (ozone, H2O2, OH, pFe) from 1960 to 2013. The color symbols are the same as Fig. 1.

Fig. S7 .

 S7 Fig. S7. The calculated conversion efficiency of SO2 to sulfate (η) for the model of 1973 and 2013. (A) total η for 1973; (B) total η for 2013; (C) Difference in total η between 1973 and 2013. (D-G) η in each sulfate formation pathway for 2013: SO + OH (D), S(IV) + H2O2 (E), S(IV) + O3 (F), S(IV) + O2 (TMI) (G). (H-K) Difference in each sulfate formation pathway between 1973 and 2013: SO + OH (H), S(IV) + H2O2 (I), S(IV) + O3 (J), S(IV) + O2 (TMI) (K).

Fig. S8 .

 S8 Fig. S8. Seasonal difference of modeled η, S(SO2), and P(SO4 2-) between wintertime (DJF) and summertime (JJA) at TRAJ (A, D), ENA (B, E), and WE (C, F) regions.
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Table S1 .

 S1 Data used in Fig.1and correlations between D 17 OSO 4 2 and fluxes atmospheric components over the last 60 years.

	Sample ID	Start year	End year	Periods of year	SO4 2	D 17 O nss-SO4 2	SO4 2	Anion species nss-SO4 2 Cl	NO3	Na +	Cation species NH4 + Mg 2+	Ca 2+	Neutralization ratio	H +
						‰						mmol m 2 yr 1		
	1	1959		3	1.03	1.06	0.64	0.62	0.39	1.08	0.31	0.50	0.02	0.07	0.216	1.74
	2	1962		3	1.14	1.16	0.67	0.66	0.32	1.10	0.22	0.63	0.02	0.07	0.260	1.73
	3	1965		4	1.14	1.17	0.60	0.59	0.27	0.79	0.18	0.32	0.02	0.07	0.164	1.58
	4	1969		3	1.12	1.15	0.57	0.55	0.33	0.80	0.24	0.41	0.02	0.06	0.216	1.46
	5	1972		3	1.15	1.20	0.60	0.57	0.47	0.86	0.40	0.43	0.03	0.11	0.211	1.42
	6	1975		3	0.95	0.98	0.87	0.85	0.43	1.21	0.31	0.72	0.03	0.12	0.247	2.05
	7	1978		4	1.25	1.30	0.57	0.56	0.39	1.04	0.27	0.58	0.02	0.08	0.271	1.52
	8	1982		3	1.39	1.43	0.81	0.79	0.54	1.21	0.37	0.70	0.03	0.10	0.252	2.04
	9	1985		4	1.30	1.35	0.50	0.48	0.43	1.30	0.26	0.51	0.04	0.10	0.226	1.68
	10	1989		3	1.13	1.21	0.70	0.67	0.75	1.50	0.54	0.74	0.05	0.08	0.262	2.11
	11	1992		3	1.51	1.57	0.83	0.82	0.48	1.67	0.30	1.13	0.03	0.09	0.340	2.16
	12	1995		5	1.27	1.34	0.34	0.32	0.40	1.19	0.27	0.58	0.02	0.08	0.320	1.21
	13	2000		5	1.21	1.30	0.37	0.35	0.57	1.40	0.40	0.72	0.05	0.22	0.342	1.08
	14	2005		6	1.44	1.55	0.35	0.33	0.56	1.10	0.36	0.78	0.04	0.14	0.443	0.86
	15	2011		4	1.38	1.67	0.46	0.42	0.81	1.01	0.68	0.97	0.03	0.24	0.524	0.54
	Correlati on with D 17 O	Entire period Without (1989-1994)		r p r p	0.32 0.238 0.56 0.047	0.34 0.210 0.58 0.037	0.56 0.031 0.76 0.003	0.28 0.303 0.16 0.610	0.47 0.080 0.65 0.016	0.66 0.007 0.62 0.023	0.21 0.452 0.36 0.222	0.50 0.056 0.36 0.035	0.79 0.0004 0.80 0.0003	0.45 0.089 0.71 0.007

Table 2 .

 2 Correlations between D 17 OSO 4 2 and oxidants concentrations and acidity indicators calculated from the model.

			Neutralization ratio	Bulk cloud pH	O3	H2O2	OH	pFe
	TRAJ	r p	0.57 0.2525	0.90 0.0039	-0.18 0.7523 0.9405 0.04	0.88 0.0085	-0.87 0.0102
	ENA	r p	0.97 0.00003	0.98 0.00001	0.35 0.529	0.63 0.182	0.00 0.994	-0.93 0.001
	WE	r p	0.76 0.07	0.98 0.00001	-0.02 0.9765 0.6174 0.28	0.91 0.0031	-0.94 0.0005
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was transported in a custom-made quartz cup, which was dropped into the 1000 °C furnace of a high-temperature conversion elemental analyzer (TC/EA; Thermo Fisher Scientific, Bremen, Germany) and thermally decomposed into O2 and SO2. Gas products from this sample pyrolysis were carried by ultrahigh-purity He (>99.99995 % purity; Japan Air Gases Co., Tokyo, Japan), which was first purified using a molecular sieve (5Å) held at 196 °C (7). The O2 and SO2 gas products were carried through a clean-up trap (trap 1) held at -196 °C to trap SO2 and trace SO3, while O2 was transported to another 1/16 inch outer diameter tubing trap with a molecular sieve (5 Å) (trap 2) held at 196 °C to trap O2 separately from the other gas products. The O2 was purified using a gas chromatograph, with a CP-Molsieve (5 Å) column (0.32 mm inner diameter, 30 m length, 10 µm film; Agilent Technologies Inc., Santa Clara, CA, USA) held at 40 °C, before being introduced to the IRMS system to measure m/z = 32, 33, and 34. As discussed by Schauer et al. (8), this method results in oxygen isotope exchange between the O2 products and the quartz cups having D 17 O of 0‰ ( 9 where "total" is the quantity measured by ion chromatography, corresponding to the sum of ssand nss-SO4 2-components. The data for D 17 Ototal-SO 4 2 and D 17 Onss-SO 4 2 are summarized in table S1.

Calculation of the maximum and minimum contribution of the S (IV) + O3 oxidation

The maximum fO 3 was calculated assuming that SO4 2-is produced only by the S (IV) + O3 oxidation (D 17 OSO 4 2-= 6.5 ) and the TMI catalyzed S (IV) + O2 oxidation (D 17 OSO 4 2-= -0.1‰). In a similar manner, the minimum fO 3 was calculated assuming that nss-SO4