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The potential ice core proxies of variability in oceanic and atmospheric conditions over the Ross Sea were evaluated. This study examined sea salt sodium (ss–Na+) and biogenic sulfur (methanesulfonate, MS–) records, covering 23 years between 1990 and 2012, from two firn cores drilled on the Styx Glacier plateau (SGP), northern Victoria Land, East Antarctica, to examine the potential links between those records and datasets for various climate variables. The comparison showed that the interannual variability of the ss–Na+ record is closely related to Pacific–South American mode 2 (PSA2) in the Ross Sea sector, exhibiting an increased ss–Na+ flux, owing most likely to more frequent penetration of maritime air masses from the western Ross Sea to the SGP when the winter/spring PSA2 mode becomes more pronounced. The observed MS– record revealed statistically significant positive correlations with the changes in the summertime chlorophyll a concentration in the Ross Sea polynya (RSP) and wind speed in the southern Ross Sea region. This indicates the dominant role of a combination of changes in the summertime primary productivity and wind speed over the RSP in modulating the MS– deposition flux at the SGP. These results highlight the suitability of the ss–Na+ and MS– records from the SGP as proxies for characterizing the dominant patterns of variability in oceanic and atmospheric conditions and their underlying mechanisms on interannual and longer timescales beyond the instrumental limits over the Ross Sea region.
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1 INTRODUCTION
Considerable concerns have been raised regarding the understanding of changes in the modes of climate variability in the Pacific sector of the Southern Ocean, encompassing the Ross Sea, West Antarctica (WA), and the Antarctic Peninsula (AP), because these modes are closely linked to large-scale climate processes, such as the Southern Annular Mode (SAM) and El Niño Southern Oscillation (ENSO), which, in turn, could affect the Earth’s climate substantially (Mayewski et al., 2009, 2017; Fogt and Wovrosh, 2015). The main climate modes include the Amundsen Sea Low (ASL), a quasi-stationary low-pressure system within the Amundsen and Bellingshausen Seas and a major driver of the West Antarctic climate variability. The deepening of the ASL enhances the anomalous cool/dry southerlies into the Ross Sea and warm/moist northerlies into the AP and WA (Turner et al., 2013; Raphael et al., 2016). Along the West Antarctic coast, two leading modes, the Pacific South American mode 1 (PSA1) and mode 2 (PSA2), exist. The PSA1 and PSA2 patterns are defined as the second and third empirical orthogonal functions of the extra-tropical 500–hPa geopotential height (GpH) anomalies in the Southern Hemisphere (Mo, 2000; Mo and Paegle 2001; Marshall and Thompson, 2016). The two PSA modes are characterized by the anticyclone anomalies centered at ∼120° and ∼150°W in the South Pacific, with anomalous southward winds in the Ross Sea region (and northward winds in the AP and WA regions) during their positive phases, particularly in the austral winter/spring (Yuan and Martinson, 2001; Fogt et al., 2012; Turner et al., 2013). The patterns of variability and trends of these atmospheric modes have attracted growing concern because these modes could influence the areal extent of polynyas in the western Ross Sea, i.e., the Ross Sea polynya (RSP) and Terra Nova Bay polynya (TNBP) (Yang L. et al., 2018; Wenta and Cassano, 2020), where the cold and dense Antarctic bottom water (AABW) is formed, accounting for ∼30–40% of the total AABW production (Ohshima et al., 2016; Silvano et al., 2020).
Recent studies have shown that the Ross Sea sector has experienced a gradual increase in the RSP area and its occurrence time and annual-mean sea ice extent (SIE) and concentration (SIC), associated likely with the large-scale atmospheric modes, between the late 1970s and early 2010s, as revealed from satellite observation (Comiso et al., 2011; Park et al., 2018; Parkinson, 2019). On the other hand, little is known regarding the full mechanisms behind these variations and the dominant timescale of variability, partly due to the limited satellite-based observational record, large seasonal and interannual fluctuations in its record, and the presence of anthropogenic forcing to the observed changes (Fogt and Wovrosh, 2015; Li et al., 2015; Eayrs et al., 2019). Addressing this issue will require an extension of the historical records into the past beyond satellite-based records to document the natural variability in the sea ice conditions in the Ross Sea, which will help unravel the underlying mechanisms driving the observed changes.
Thus far, an increasing number of studies have reported the reconstructed records of the long-term trend and variability in the SIE in the Ross Sea region (including the RSP) from the coastal Antarctic ice cores using sea ice proxies, such as sea salt sodium (ss–Na+) and methanesulfonic acid (MSA, CH3SO3−; hereafter referred to as MS–) (Steig et al., 1998; Rhodes et al., 2009, 2012; Sinclair et al., 2014; Thomas and Abram, 2016; Mezgec et al., 2017; Severi et al., 2017; Bertler et al., 2018). Although these ice core proxy records provide valuable information on the regional pattern of changes in sea ice over the Ross Sea, only a limited number of studies have examined the association of the observed Ross Sea SIE variability and the trend with changes in the atmospheric circulation patterns over multi-decadal (Kreutz et al., 2000; Emanuelsson et al., 2018) to longer time scales (Winstrup et al., 2019; Dalaiden et al., 2021). Combining the proxy evidence of past ASL variability, these studies showed that the ASL could be the primary climate mode contributing to the SIE trends in the Ross Sea. On the other hand, apart from a link with the ASL, no attempts have been made to explore the influence of the PSA patterns on the observed sea ice variability retrieved from ice core records despite the potential impact of the PSA modes on the satellite-based SIE changes over the Ross Sea (Yuan and Li, 2008).
To reconstruct past SIE and its association with the main climate modes, the link between ice core proxy records and datasets of climate variables needs to be tested at a given location. This study examined the ss–Na+ and MS– records preserved in two shallow firn cores, spanning from 1990 to 2012, from the Styx Glacier plateau (SGP) of northern Victoria Land, located in the western Ross Sea region. These records were compared with existing satellite-based data to identify a statistical relationship between the parameters. This relationship was used to assess the suitability of ice core ss–Na+ and MS– records as proxies of the variability in oceanic and atmospheric conditions at the interannual timescale in this region.
2 MATERIALS AND METHODS
2.1 Field site and firn cores
The SGP (163° 41.22′E, 73° 51.10′S, and 1,623 m above the sea level) with an area of 150 km2 is located on the eastern coast, 85 km away from the Jangbogo Antarctic Research Station and 60 km away from the western coast of the Ross Sea, in northern Victoria Land, East Antarctica (Figure 1). The southerly and southwesterly winds are prevalent in this region (Udisti et al., 1999), accompanied by air masses originating from the Ross Sea (Scarchilli et al., 2011; Sinclair et al., 2012). The snow layers of the SGP are well-preserved due to a minimum influence of katabatic wind (Stenni et al., 2000) and the absence of summer melt (Udisti et al., 1998, 1999; Nyamgerel et al., 2021). The annual accumulation rates are relatively high, ranging from 130 to 226 kg m−2 yr−1 (Han et al., 2015). Therefore, this site is expected to be adequate for obtaining well-preserved high-resolution glaciochemical records. The mean annual temperature is –30.5°C, the horizontal ice flow is 0.9 m yr−1, and the estimated ice thickness is 550 m (Han et al., 2015).
[image: Figure 1]FIGURE 1 | (A) Map of the Antarctic continent showing the drilling site on the Styx Glacier plateau (SGP), northern Victoria Land, East Antarctica, and five oceanic sectors across the Southern Ocean, Weddell Sea (60˚W–20˚E), Indian Ocean (20–90˚E), Western Pacific Ocean (90–160˚E), Ross Sea (160˚E–130˚W), and Amundsen–Bellingshausen Sea (130–60˚W), as defined by Parkinson (2019). (B) Enlarged scale of the Ross Sea region showing the SGP, the Korean Jang Bogo Station, an Italian automatic weather station (Lola AWS), and Mt. Erebus Saddle (MES; 77° 30.90′S, 167° 40.59′E, 1,600 m above the sea level).
In this study, two firn cores were used with lengths of 11.29 m (hereafter referred to as the Styx-A core) and 8.84 m (hereafter referred to as the Styx-B core) drilled at the SGP using a hand auger system (Geotech Co. Ltd., Japan). The distance between the two drilling sites was 174 m. The core samples were kept frozen in polyethylene bags, transported to the Korea Polar Research Institute (KOPRI), and stored in a cold room at a temperature under –15°C before the analysis. More details for this study site and the firn cores are given elsewhere (Han et al., 2015; Yang J.-W. et al., 2018; Jang et al., 2019; Nyamgerel et al., 2020, 2021).
2.2 Analytical method
The subsamples were obtained from the top 9.29 m of the Styx-A core and the whole Styx-B core, which allowed the use of the combined glaciochemical records from the two firn cores for the same period (see Section 3). It is to be noted that the top 0.5 m was discarded because of the poor core quality of the cores. All decontamination and subsampling procedures of the core were performed under a class 100 laminar airflow booth installed inside a cold room (–20°C). Briefly, the core sections were cut into 11.5–52 cm long sticks (3.2 × 3.2 cm2) with a band-saw. Then, each core stick fixed in a custom-designed Teflon holder was decontaminated mechanically by ultraclean procedures, as described by Ro et al. (2020). These involved the chiseling of three successive layers (at least ∼2 mm thick for each layer) of the firn from the outside toward the center of the stick using pre-cleaned ceramic knives (Kyocera, Japan). The uncontaminated inner part of the stick was then cut at a depth interval of 2.0–5.0 cm (mean 3.2 ± 0.7 cm) for the Styx-A core and 2.0–5.5 cm (mean 3.7 ± 0.6 cm) for the Styx-B core. Each cut section was sampled discretely in a polyethylene bag (Whirl-Pak, Nasco, United States). After all the decontamination procedures were performed, 271 and 197 subsamples were obtained for the Styx-A and -B cores, respectively.
The samples were melted at room temperature and immediately aliquoted for subsequent analyses of the major ions and stable water isotopes. The ionic species were analyzed simultaneously using a two-channel ion chromatography (IC) system that combined two Dionex IC sets, Dionex ICS-2000 (Thermo Fisher Scientific Inc., United States) equipped with the IonPac AS15 (2 × 250 mm) column, potassium hydroxide eluent, ASRS-300 suppressor, a sample loop of 200 μl volume for anions (MS–, Cl−, and SO42–), and a Dionex ICS-2100 with CS12A (2 × 250 mm) column, methanesulfonic acid eluent, CSRS-300 suppressor, and a sample loop of 200 μl volume for the cations (Na+ and Ca2+). The IC system was installed in a class 10 laminar airflow booth in a clean room (class 1,000). The calibrations were performed using standard solutions from Dionex (P/N 046070 for cations and P/N 057590 for anions) except for MS−, for which the standard solution was prepared by diluting a stock solution (∼1,000 mg L−1) of CH3SO3Na (CAS No. 2386-57-4, Sigma-Aldrich, United States). The limit of detection and accuracy were ∼0.02–0.26 μg L−1 and ∼1.3–5.6% for anions and ∼0.01–0.26 μg L−1 and ∼4.5–12.0% for cations (Hong et al., 2012), respectively. The measured glaciochemical data used were verified carefully considering their calibration parameters and ionic balances, and some unusual data points were excluded as considered contaminated.
Stable water isotopes (δ18O and δD) were analyzed in the aliquots filtered through 0.45-µm polyvinylidene fluoride (PVDF) syringe filters (Merck Millipore, United States) by cavity ring-down spectroscopy (CRDS, L1102-i, L2130-i, and L2140-i, Picarro Inc., United States). Standards of known isotopic composition (Vienna Standard Mean Ocean Water 2 (VSMOW2), Greenland Ice Sheet Precipitation (GISP), and Standard Light Antarctic Precipitation 2 (SLAP2)) were used for the calibration of the isotopic data (Nyamgerel et al., 2020).
Sea salt (ss–) and non-sea salt (nss–) fractions of Na+, Ca2+, and SO42– used in this study were calculated using the following equations (Severi et al., 2009, 2017):
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[X]sample is the measured or calculated concentration of ion ‘X’ in samples. [Ca2+/Na+]crust is the Ca2+/Na+ ratio (1.80 w/w) in the Earth crust (Bowen, 1979). [Ca2+/Na+]seawater and [SO42–/Na+]seawater are the mean ratios of Ca2+/Na+ (0.038 w/w) and SO42–/Na+ (0.25 w/w) in bulk seawater (Kester et al., 1967).
2.3 Observational and reanalysis datasets
This study used the daily pressure and wind speed data observed from an Italian automatic weather station (Lola AWS) (74° 8′ 6″S, 163° 25′ 50″E, 1,621 m above the sea level), 40 km away from the SGP (Figure 1B). In addition, the monthly SIE data were obtained from the National Oceanic and Atmospheric Administration (NOAA) National Snow and Ice Data Center (NSIDC); the monthly SIC, 500–hPa GpH, meridional wind (v–wind) at 10 m, zonal wind (u–wind) at 10 m, and wind speed at 10 m data were from the European Centre for Medium Range Weather Forecasts (ECMWF) Interim Reanalysis (ERA-Interim); and monthly chlorophyll a concentration data were collected from the Moderate Resolution Imaging Spectroradiometer–Aqua (MODIS–Aqua) observation. The open water area was estimated based on SIC, following Cheng et al. (2019). More detailed information on these datasets is given in Supplementary Section S1.
2.4 Statistical analysis
The principal component analysis (PCA) is a multivariate technique often used to reduce the dimensionality of large data sets (Nyamgerel et al., 2020). Using JMP statistical software (SAS Institute, United States), PCA with Varimax rotation was performed on the sea salt and non-sea salt fractions of ionic species, together with biogenic species (MS– and nss–SO42–) and isotopes (δ18O and δD). The reliability of the initial PCA results was checked by running the PCAs repeatedly for the datasets, where each species was removed from the total matrix at a time. The explained variance of each output factor between runs was then compared to determine the influence of a set parameter on the output components. All the PCA outputs on a given dataset identified the three major principal components (PCs) that accounted for ≥85% of the total variance, confirming the validity and reliability of PCA results.
In this study, Pearson’s correlation coefficient (r-value) was used to examine the linear relationship between the two variables declaring statistical significance for a given level of significance (p-value) with a two-tailed t-test.
2.5 Back trajectory analysis
The 5-day backward trajectories of air masses before reaching the SGP were calculated using the U.S. NOAA’s Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT, version 5) model. The daily meteorological data used in this study were ERA-Interim from the global model ECMWF available at http://www.ecmwf.int. The back trajectories were calculated daily in a vertical mode for June–November (JJASON) and November–March (NDJFM) from 1990 to 2012. In this analysis, the trajectories arriving at 500 and 1,000 m above the ground level were calculated because the transport pathways of air masses below 1,000 m may reflect the average flow field characteristics of the Antarctic troposphere (Stohl and Sodemann, 2010; Chambers et al., 2018).
2.6 Age dating of firn cores
The PCA allows the identification of the seasonality and trend within the glaciochemical dataset by investigating the inter-species relationships and common structure. The PCA results identified the three major principal components (PCs) that explained 87.3 and 87.2% of the variance in the Styx-A and -B data, respectively, as shown in Supplementary Tables S1, S2. PC1 explained 40.2% (Styx-A) and 41.3% (Styx-B) of the total variance with strong loadings of sea salt species (ss–Na+, ss–Ca2+, Cl−, and ss–SO42–). PC2 is characterized by high loadings (25.5% for the Styx-A core and 24.6% for the Styx-B core) for isotopes (δ18O and δD) and biogenic species (MS– and nss–SO42–), indicating similar seasonal features between these variables. PC3, which accounts for 21.6 and 21.3% of the variance for the Styx-A and Styx-B cores, respectively, is of a crustal origin (nss–Na+ and nss–Ca2+).
As shown in Figure 2, the dating of the Styx-A core was determined primarily by counting the annual layers identified by the well-defined seasonal variations of the chemical composition (δ18O, δD, MS–, and nss–SO42–) in PC2, showing their annual patterns with the summer maxima and winter minima in Antarctic precipitation (Dansgaard, 1964; Minikin et al., 1998; Pasteris et al., 2014). The same seasonality of SO42–/ss–Na+ and Cl−/ss–Na+ ratios with maxima in summer (Hara et al., 2020; Nyamgerel et al., 2020, 2021) was also used to date the core (Figure 2). According to 23 summer maxima of these seasonalities (vertical orange bars in Figure 2), the top 9.29 m of the Styx-A core was dated to cover the time between 1989/90 and 2011/12 austral summer seasons.
[image: Figure 2]FIGURE 2 | Annually resolved records of δ18O, PC2 score, nss–SO42−, MS–, SO42−/ss–Na+, Cl−/ss–Na+, ss–Na+, and PC1 score from (A) the Styx-A core and (B) the Styx-B core. Profiles of δD, Cl−, ss–SO42–, and ss–Ca2+ are not shown because strong correlations between δ18O and δD and among ss–Na+, ss–Ca2+, Cl−, and ss–SO42– are observed (r > 0.99). Horizontal red lines represent the SO42–/ss–Na+ and Cl−/ss–Na+ ratios in seawater (0.25 and 1.80 w/w, respectively). Vertical orange areas refer to depth intervals assigned to summer seasons of each year. ‘V’ denotes volcanic intervals with the well-identified large volcanic deposition from Mt. Cerro Hudson and Mt. Pinatubo (Nyamgerel et al., 2020).
Along with the age scale of the Styx-B core that was previously dated back to 1990 at 8.84 m depth (Nyamgerel et al., 2020), the dating result was verified by linking annual layers in the chemical profiles to the Styx-B core profiles. In Figure 2, the strong nss–SO42- and SO42-/ss–Na+ peaks were detected at depth intervals of 7.68–8.60 m and 7.17–8.15 m in the Styx-A and -B cores, respectively, during the 1991–1993 time period, corresponding to the volcanic layers of the Cerro Hudson (1991–1992) and Pinatubo (1993–1994) eruptions (Nyamgerel et al., 2020 and references therein). This is consistent with the previous findings of the prominent nss–SO42− enhancement pattern in the snow layers deposited between late 1991 to the end of 1993, following the Cerro Hudson and Pinatubo eruptions (Legrand and Wagenbach, 1999), confirming the precise dating of the Styx-A core by counting annual layers. On the other hand, there existed a discrepancy between the Styx-A and -B ss–Na+ records. As shown in Figure 2, two core records revealed unusual peaks of ss–Na+ concentrations, reaching more than 1 mg L−1, at depths of 6.69–6.72 m, 7.06–7.12 m, and 8.97 m in the Styx-A core and 6.29–6.32, 6.48, and 8.53 m in the Styx-B core. These ss–Na+ peaks are most likely associated with large sea salt deposition fluxes caused by sporadic storm events occurring along the Victoria Land coasts (Gragnani et al., 1998; Udisti et al., 1999). The peaks in 1990, 1995, and 1996 in the Styx-A core were essentially matched by those in their respective periods of the Styx-B core, although the ss–Na+ concentration for a peak in 1990 was relatively lower (625 μg L−1) in the Styx-B core, partly due to the difference in the size of sample numbers per year (the means of 11 and 9 for the Styx-A and -B cores, respectively). In contrast, the two core records did not show matching peaks that were identified in late 2008 at 1.91 m and early 1991 at 8.31 m in the Styx-A and -B cores, respectively. This feature could be attributed to inter-core variability of chemical signals due to snowdrift or roughness of the snow surface at a given site (Wolff et al., 2005; Gautier et al., 2016). Overall, uncertainty in the dating of the Styx-A core is estimated to be <1 year for the period of 1990–2012.
The mean annual snow accumulation rates calculated by multiplying the annual layer thickness by the density at the corresponding depth in the core were 164 ± 58 kg m−2 yr−1 for the Styx-A core, which is comparable with that (155 ± 54 kg m−2 yr−1) of the Styx-B core during 1990–2012.
3 RESULTS AND DISCUSSION
The PCA results represent the dominance of sea salt and biogenic sulfur compositions, accounting for two-thirds of the total variance in the ionic composition of the Styx cores (Supplementary Tables S1, S2) and documented at various coastal areas in Antarctica (Benassai et al., 2005; Kärkäs et al., 2005; Vega et al., 2018). Sea salt aerosol (SSA) derives primarily from the sea surface by wind-driven breaking waves via bubble bursting (de Leeuw et al., 2011). On the other hand, frost flowers or blowing snow on the sea ice surface have been suggested to be potential sources of SSA to coastal regions of Antarctica over winter/spring with large SIE, resulting in higher sea salt fluxes during winter/spring (Rankin et al., 2000; Hara et al., 2004, 2012; Abram et al., 2013; Frey et al., 2020). For comparison, MS–, the marine biogenic species, is formed exclusively by the atmospheric photo-oxidation of dimethylsulfide (DMS) emitted from the seasonal sea ice melt zone (SSMZ) and polynyas in the high southern latitudes, exhibiting well-defined annual peaks during late spring to summer months in coastal Antarctic aerosol and precipitation (Minikin et al., 1998; Gondwe et al., 2003; Smith and Comiso, 2008; Osman et al., 2017). Accordingly, changes in the occurrence of ss–Na+ and MS– in the annually-dated Styx firn cores could be related directly to the changing patterns of SIE and the atmosphere–ocean system controlled by the regional/global climatic variables (Fischer et al., 2004; Abram et al., 2013).
When exploring the potential links between ss–Na+ and various climate variables, anomalous ss–Na+ concentration peaks above 1,000 μg L−1 (Figure 2), which could potentially indicate sporadic storm events, as described previously, were excluded to reduce the risk of misinterpreting the variability of ss–Na+ concentrations. The mean ss–Na+ concentrations, thus, obtained were 112 μg L−1 for the Styx-A core and 86 μg L−1 for the Styx-B core, which are comparable to those reported from snowpit samples in the SGP (Piccardi et al., 1996; Kwak et al., 2015).
To examine the dominant deposition processes (wet or dry deposition) of ss–Na+ and MS–, the annually averaged fluxes of ss–Na+ and MS– (calculated by multiplying the mean annual concentration by the annual snow accumulation rate) were plotted as a function of annual snow accumulation rates. If there is a positive linear relationship between the two variables, the y-intercept of the line represents the contribution of the dry deposition (Cole-Dai et al., 1995; Benassai et al., 2005). As shown in Supplementary Figure S1, the y-intercepts of the linear regression analysis represented the positive value (4,931 μg m−2 yr−1) for ss–Na+ and the negative value (–443 μg m−2 yr−1) for MS–. In addition, Pearson’s correlation coefficients between the annual snow accumulation rate and the annual ss–Na+ and MS– fluxes were, respectively, 0.37 and 0.66. This suggests that the dry deposition process was important in regulating the fallout of ss–Na+ to the study site, whereas MS– concentrations were associated primarily with wet deposition (Cole-Dai et al., 1995; Benassai et al., 2005). The consequence of these observations is probably due to atypical atmospheric circulation in the Ross Sea region, with dry cyclonic activity in winter and snowfall in summer (Scarchilli et al., 2011).
In the following sections, the mean annual ss–Na+ fluxes and MS– concentrations were examined in relation to their emission intensities from oceanic source areas, where air masses reaching the SGP originate most, and meteorological conditions to investigate their potential as indicators of past SIE and atmospheric circulation change. It is to be noted as detailed in Supplementary Section S2 that the annual ss–Na+ fluxes and MS– concentrations were standardized by subtracting the mean from the observed value, and the standardized data series were then averaged to reduce the effects of noise in the individual core records and produce a single stacked record of each ion for the Ross Sea region (Abram et al., 2007).
3.1 Deposition mechanism of sea salt species
3.1.1. Source effects on sea salt deposition
Based on the seasonality of the ss–Na+ concentrations generally showing maxima during the winter and spring seasons (Figure 2), the potential source areas of SSA arriving at the SGP during JJASON (winter–spring) between 1990 and 2012 were first identified using the HYSPLIT air mass back trajectories (see Section 2.5). The trajectories reaching the SGP showed the highest entrainment of maritime air masses from the Ross Sea sector (41% at 500 m and 47% at 1,000 m above ground level), lying close to the winter and spring sea ice edge between 70° and 65°S (Eayrs et al., 2019), with the additional intrusions from the Western Pacific Ocean (both 30%) and Amundsen–Bellingshausen Sea sectors (29 and 23%) (Supplementary Figure S2A,B). The ocean-derived trajectories were almost within the marine atmospheric boundary layer (<∼2000 m above sea level) in the high latitudes of the Southern Ocean (Truong et al., 2020) where there exist a number of processes that control the vertical distribution and transport of marine aerosol. It is to be noted that the air masses from the Ross Sea sector entrain directly into the Ross Sea embayment, which is favorable for the SSA migration (Minikin et al., 1994; Bertler et al., 2005). Meanwhile, the maritime air mass from the Western Pacific Ocean and Amundsen–Bellingshausen Sea sectors typically travel across the East and West Antarctic Ice Sheet, respectively (Markle et al., 2012; Sinclair et al., 2013), resulting in the removal of SSAs through long-distance transport (Minikin et al., 1994; Bertler et al., 2005). Taken together, it appears that the Ross Sea sector is most likely to be the major source region affecting sea salt deposition in the SGP.
The relationship between the stacked ss–Na+ record and the time series of the annual SIE maximum in the Ross Sea sector on interannual timescales was first examined. As shown in Figures 3A,B and Supplementary Tables S3, there was no relationship between the two variables with Pearson’s correlation coefficient of 0.04 at p > 0.1. The stacked ss–Na+ flux record was then compared with the August–October (ASO, months of sea ice maxima; Eayrs et al., 2019) SIC records of various Antarctic oceanic sectors. In Figure 4A, the stacked ss–Na+ flux and the SIC showed positive correlations (0.3 ≤ r ≤ 0.5 at p ≤ 0.1) over the Amundsen–Bellingshausen Sea sector and negative correlations (–0.7 ≤ r ≤ –0.3 at p ≤ 0.1) over the Indian Ocean sector. On the other hand, no correlations were observed over the Ross Sea sector. This suggests that the present ss–Na+ record is not linked to sea ice variability in the adjacent ocean, which, in turn, requires different factors that might contribute to the observed ss–Na+ flux changes.
[image: Figure 3]FIGURE 3 | (A) Stacked record of annually averaged ss–Na+ fluxes in the Styx-A and -B cores. The stacked profile was produced after standardizing the observed ss–Na+ flux data (see text). The vertical bars represent the standard error for each annual value. (B) Satellite-derived maximum SIE record for the Ross Sea (RS) sector (see Supplementary Section S1 and Figure 1A), (C) JJA and SON Lola AWS pressure records, (D) JJA and SON Lola AWS wind speed records, (E) JJASON ASL–P index defined by Hosking et al. (2013) and PSA1 index defined by Marshall and Thompson (2016), and (F) JJASON PSA2 index defined by Marshall and Thompson (2016). Linear regression fits between the stacked ss–Na+ flux and JJASON PSA2 index over the corresponding periods for all data points (G) and after excluding an outlier data point (red dot in (g)) in the year 1996 (H).
[image: Figure 4]FIGURE 4 | Maps of spatial correlation analysis between the stacked ss–Na+ record and (A) ASO SIC, (B) JJA 500–hPa GpH, (C) JJA 10 m v–wind, (D) JJA 10 m u–wind, (E) SON 500–hPa GpH, (F) SON 10 m v–wind, and (G) SON 10 m u–wind across the Southern Ocean and Antarctica at the 90% significance level (see Supplementary Section S1). Red stars represent the location of the SGP. The red crosses in (B) and (E) indicate the PSA2 position. The black arrows in (C), (F), and (G) are wind vectors indicating the direction and intensity of the wind. Pearson’s correlation coefficients on maps are given by the intensity of shading, as displayed in a color scale bar at the bottom. The correlation analysis was performed using a Climate Reanalyzer (http://ClimateReanalyzer.org), Climate Change Institute, University of Maine, United States.
3.1.2 Meteorological effects on sea salt deposition
Together with the effects of the sea salt source, the regional-scale (meso-to synoptic-scale) cyclones or large-scale atmospheric circulation can also play a critical role in the sea salt supply at coastal Antarctic sites (Carrasco et al., 2003; Sinclair et al., 2010; Bertler et al., 2018; Nyamgerel et al., 2021). The stacked ss–Na+ to Lola AWS pressure and wind velocity data during June–August (JJA; winter) and September–November (SON; spring) were compared to examine the relationship between the ss–Na+ flux record and the regional-scale cyclones. As shown in Figures 3C,D and Supplementary Tables S3, no statistically significant relationships were observed between the stacked ss–Na+ flux and the two meteorological parameters (p > 0.1).
The possible impact of large-scale atmospheric patterns on dominant ss–Na+ deposition to the SGP in winter and spring seasons was then examined. Figures 4B–G shows the correlations of the stacked ss–Na+ record with JJA/SON 500–hPa GpH, v–wind (northward), and u–wind (eastward) around Antarctica. The ss–Na+ flux was positively associated with the 500–hPa GpH offshore of the Ross Sea region between 130° and 170°W (0.3 ≤ r ≤ 0.6 at p ≤ 0.1) (Figures 4B,E). The corresponding fields between the stacked ss–Na+ and the v–and u–winds exhibited more southward flows in the western Ross Sea between 170°E and 160°W (negative shadings in Figures 4C,F), northward flows in the Amundsen Sea between 110° and 130°W (positive shadings in Figures 4C,F), westward flows in the South Pacific between 40° and 50°S (negative shadings in Figure 4G), and eastward flows in the Southern Ocean between 65° and 75°S (positive shadings in Figure 4G). These large-scale features were more prominent in spring than in winter. The results suggest that the ss–Na+ flux record from the Styx cores has been closely linked with the interannual variability in the anticyclone circulation centered in the Ross Sea between 130° and 170°W and the associated southward winds in the western Ross Sea region between 170°E and 160°W in winter/spring.
The linkages of stacked ss–Na+ with the JJASON ASL actual center pressure (hereafter referred to as ASL–P) index, PSA1 index, and PSA2 index were examined to reveal the dominant climate mode that primarily affects the large-scale atmospheric circulation in the Ross Sea. The observed atmospheric circulation variability over the Ross Sea has been associated with the fluctuations of these indices, where their pressure centers are positioned over the Southern Pacific Ocean (Marshall and Thompson, 2016; Raphael et al., 2016). As shown in Figures 3E,F and Supplementary Tables S3, no statistically significant correlations were observed between the stacked ss–Na+ and JJASON ASL–P and PSA1 indices (p > 0.1). In contrast, the stacked ss–Na+ record showed a significant correlation (r = 0.60, p ≤ 0.01) with the JJASON PSA2 index (Figure 3G and Supplementary Tables S3). After excluding the outlying data point (red dot for 1996 in Figure 3G) to minimize the possible bias of the correlation estimate, the relationship between the two variables was still statistically significant (r = 0.48, p ≤ 0.05) (Figure 3H and Supplementary Tables S3). As a result, the observed relationship suggests that increases in the deposition of SSAs to the SGP between winter and spring were likely associated with the more enhanced phase of PSA2 in the corresponding seasons. The positive PSA2 pattern is characterized by relatively stronger anticyclone anomalies in the Ross Sea with anomalous onshore winds at its western flank, offshore winds at its eastern flank, easterly winds at its northern flank, and westerly winds at its southern flank (see Figure 2D of Marshall and Thompson (2016), which showed great similarity to the corresponding fields in Figures 4E–G. The positive phase of PSA2 is also associated with the anticorrelated patches at the western (near the AP) and northeastern (near Australia) sides of the Ross Sea, as shown in Figure 4E (see also Figures 1C,F of Mo (2000)). Accordingly, increases in winter/spring sea salt inputs to the SGP would be linked to maritime air masses from the western Ross Sea that would penetrate the SGP more frequently in line with the prevailing anticyclone anomalies in the Ross Sea when JJASON PSA2 becomes more pronounced. Hence, this study proposes that variability of the ss–Na+ flux in the Styx cores can be used as the proxy indicator to reconstruct the past changes in the PSA2 pattern for a longer period.
3.2 Deposition mechanism of biogenic sulfur
3.2.1 Source effects on biogenic sulfur deposition
To identify the major source areas of MS–, the 5-day back trajectories reaching the SGP during NDJFM were first examined when there were large increases in the emission of oceanic DMS, the precursor of MS–, in the SSMZ of the Southern Ocean (Lana et al., 2011). Supplementary Figure S2C,D shows that most NDJFM air masses within ∼2 km above the sea level passed over the SSMZ of the Ross Sea sector (75% at 500 m and 73% at 1,000 m above the ground level) where DMS concentration in the surface seawater and its emission flux are highest with sea ice melting during the corresponding months (Curran and Jones, 2000; Lana et al., 2011). The dominance of air masses from the Ross Sea during the summer months may reflect the seasonal variation of the major transport pathways reaching the SGP (Scarchilli et al., 2011; Sinclair et al., 2013). In addition, the RSP (75–79°S, 170°E–155°W) and the TNBP (74–76°S, 168–163°E), located in the southern Ross Sea (see Supplementary Figure S3), are biologically productive, exhibiting annual cycles of primary production with rapid increases in the early spring and summer peaks (Arrigo and van Dijken, 2003; Mangoni et al., 2017). As a result, they are likely to be the most important source of biogenic sulfur deposited on the SGP. However, we cannot exclude the possibility that emissions of DMS in remote oceanic areas could also be a source of MS– in the Styx ice cores because biogenic aerosols in the fine mode have residence times of more than 5 days (Curran and Jones, 2000; Williams et al., 2002).
The potential source areas (polynyas/sea ice) of MS– deposition to the Styx cores were examined by comparing the stacked annual MS– record with the variations in the open water areas of the RSP and the TNBP, the maximum SIE of the Ross Sea sector, and ASO/NDJFM SIC across the Southern Ocean. It is to be noted that NDJFM SIC is expected to be closely related to the sea ice melt areas in a given location because the decrease in SIC occurs when sea ice melts in the spring and summer. As shown in Figures 5A–C and Supplementary Tables S3, there were no significant positive correlations between the stacked MS– record and temporal variations of polynya areas and maximum SIE (p > 0.1). By contrast, the stacked MS– exhibited significant positive correlations (0.3 ≤ r ≤ 0.5 at p ≤ 0.1) with the ASO SIC in the SSMZ on the northwestern Ross Sea (hereafter referred to as NRS; 67–69°S, 160°E–170°W) and negative correlations (–0.6 ≤ r ≤ –0.3 at p ≤ 0.1) with the NDJFM SIC in the central-eastern Ross Sea (hereafter referred to as CERS; 69–72°S, 160–130°W) (Figures 6A,B). This suggests that these offshore areas could be important for controlling the MS– variability in flux to the SGP.
[image: Figure 5]FIGURE 5 | (A) Stacked record of annually averaged MS– concentrations in the Styx-A and -B cores. The stacked profile was produced after standardizing the observed MS– concentration data (see text). The vertical bars represent the standard error for each annual value. (B) Satellite-derived NDJFM open water areas in the RSP and the TNBP (see Supplementary Section S1), (C) maximum SIE in the Ross Sea (RS) sector, (D) NDJFM chlorophyll a (Chl–a) concentrations in the CERS and the NRS, and (E) NDJFM Chl–a concentrations in the RSP and the TNBP (see Supplementary Section S1). (F) MES MS– record from Rhodes et al. (2009, 2012). (G) NDJFM Lola AWS pressure and wind speed records. Linear regression fits between the stacked MS– concentration and NDJFM Chl–a concentrations in the RSP (H) and the TNBP (I), MES MS– (J), and NDJFM Lola AWS wind speed (K) over the corresponding periods.
[image: Figure 6]FIGURE 6 | Maps of spatial correlation analysis between the stacked MS–record and (A) ASO SIC, (B) NDJFM SIC, (C) NDJFM 10 m wind speed, (D) NDJFM 500–hPa GpH, (E) NDJFM 10 m v–wind, and (F)NDJFM 10 m u–wind across the Southern Ocean and Antarctica at the 90% significance level. Red stars represent the location of the SGP. The fields of the red line in (A) and blue, green, and orange lines in (B) represent areas of the NRS, the CERS, the RSP, and the TNBP, respectively, for estimating the summertime chlorophyll–a concentrations from satellite images (see Supplementary Section S1). The black arrows in (E) and (F) are wind vectors indicating the direction and intensity of the wind. Pearson’s correlation coefficients on maps are given by the intensity of shading, as displayed in a color scale bar at the bottom. The correlation analysis was performed using the Climate Reanalyzer (http://ClimateReanalyzer.org), Climate Change Institute, University of Maine, United States.
Because the emission of DMS, which is oxidized to MS–, is closely associated with phytoplankton biomass in the Southern Ocean (Gabric et al., 2005), this study examined the sensitivity of the MS– record to the variation of the NDJFM chlorophyll a concentrations (see Supplementary Section S1), the index of phytoplankton biomass, in possible source areas to identify a substantial contributor to the variability of our MS– record. Despite the limited data availability of the chlorophyll a concentrations, there is no evidence of significant correlations between the stacked MS– and NDJFM chlorophyll a concentrations in the NRS and the CERS (p > 0.1) (Figure 5D and Supplementary Tables S3). On the other hand, statistically significant correlations were found between the MS– record and NDJFM chlorophyll a concentrations in the RSP (r = 0.62, p ≤ 0.05) and the TNBP (r = 0.53, p ≤ 0.1) (Figure 5E,H,I and Supplementary Tables S3). This suggests that the RSP and the TNBP would serve as the dominant MS– sources reaching the SGP in late spring to early autumn with biological activities. It should be noted that the concentration of chlorophyll a between 2003 and 2012 was approximately 25 times higher in the RSP than in the TNBP (averages of 10.78 and 0.43 g m−3, respectively), indicating that the RSP might be a greater source of DMS-derived MS– flux into the SGP. A comparison of the MS– record with temporally coincident chlorophyll a data suggests that the interannual variability of the MS– flux into the SGP was modulated by biological activities in the RSP instead of the NRS and the CERS.
These results are consistent with previous findings that the annual mean MS– record in the snow layers at the Mt. Erebus Saddle (MES) on Ross Island (see Figure 1B) was strongly correlated with the changes in the RSP primary productivity (Rhodes et al., 2009, 2012). Indeed, the stacked MS– record is significantly correlated with the MES MS– (r = 0.54, p ≤ 0.05; see Figures 5F,J and Supplementary Tables S3). On the contrary, these results are inconsistent with previous studies, where the ice core MS– records from Law Dome (Curran et al., 2003), Ellsworth Land (Thomas and Abram, 2016), and Antarctic Peninsula (Abram et al., 2010) revealed strong positive correlations with changes in the SIE of the adjacent sea areas during winter months in the preceding year. These regions are characterized by the much smaller (about one order of magnitude) polynyas along with the much larger (two orders of magnitude) maximum SIE compared to those situated off an area of our study (Arrigo and van Dijken, 2003). This suggests the possibility that the underlying mechanisms regulating the MS– deposition fluxes to the snow surface vary between coastal areas, which may lead to an ambiguous interpretation of the MS– records.
3.2.2 Meteorological effects on biogenic sulfur deposition
To explore the association of regional meteorological conditions with the observed relationship between the stacked annual MS– record and the RSP chlorophyll a records, the stacked MS– was compared with the NDJFM Lola AWS pressure and wind speed records (Figure 5G and Supplementary Tables S3). The absence of correlation between the stacked annual MS– and NDJFM Lola pressure was observed (p > 0.1), while the correlation was statistically significant for wind speed (r = 0.50, p ≤ 0.05) (Figure 5K). Furthermore, good positive correlations between the MS– and NDJFM wind speed were observed in the southern Ross Sea region (0.3 ≤ r ≤ 0.7 at p ≤ 0.1) (Figure 6C). Wind speed is an important factor that affects atmospheric DMS levels because the sea-to-air flux of DMS increases as wind speed increases (Zhang et al., 2020). Overall, the observed interannual variability of the MS– flux into the SGP is likely due to a combination of changing biological activities in and wind speed bringing marine air traveling over the RSP.
Finally, this study examined the possible association between the stacked MS– record and large-scale atmospheric patterns during summer. Figures 6D–F show the correlations of the stacked MS–with NDJFM 500–hPa GpH, v–wind, and u–wind around Antarctica. There was no evidence of compelling relationships between the large-scale meteorological conditions and the MS– deposition on the SGP, but the results showed that the increased MS– was likely to be strengthened by the local anticyclone system located southwest of the SGP (denoted as a red cross in Figure 6D), bringing stronger northward winds over the RSP (positive shadings in Figure 6E). By combining the significant positive correlations of the MS– with wind speed across the RSP region (Figure 6C), these features support that the RSP would be a major source of DMS-derived MS– flux into the SGP, as discussed in the previous section.
4 CONCLUSION
This study presented the ss–Na+ and MS– records from 1990 to 2012 from two firn cores drilled on the SGP, the western Ross Sea coast of northern Victoria Land. The stacked annual records of ss–Na+ and MS– were then compared with the observational datasets for various climate variables to examine the suitability of these records as proxies of the oceanic conditions and associated atmospheric circulation variability over the Ross Sea.
The stacked ss–Na+ record was correlated with the anticyclone circulation centered in the Ross Sea between 130° and 170°W and the associated southward winds in the western Ross Sea between 170°E and 160°W in winter/spring, suggesting the close linkage of the interannual variability of ss–Na+ to the winter/spring large-scale atmospheric circulation patterns. The subsequent comparison of the ss-Na+ record with the main climate modes (ASL, PSA1, and PSA2) showed a significant correlation with the winter/spring PSA2 index, suggesting that increases in the ss–Na+ flux to the SGP could be associated with the PSA2 patterns between winter and spring. The prevailing anticyclone anomalies in the Ross Sea that occur when the winter/spring PSA2 mode becomes more pronounced would allow the frequent penetration of maritime air masses containing SSAs from the western Ross Sea to the SGP.
The stacked MS– record showed a significant positive correlation with the temporally coincident chlorophyll a data in the RSP, suggesting that interannual variability of MS– was modulated by the summertime primary productivity in the RSP. Positive correlations were then observed for the MS– record with summertime wind speeds in the southern Ross Sea region and other meteorological parameters, indicating that an increase in the MS– deposition flux on the SGP would occur as a result of a strengthened local anticyclone system located southwest of the SGP, bringing more northward winds over the RSP. Overall, a combination of changing biological activities and wind speed of air traveling over the RSP appears to be responsible for the observed interannual variability of the MS– record.
Overall, the detailed examination of the ss–Na+ and MS– records from the SGP reflects the connection between ss-Na+ and spring/winter PSA2 in the Ross Sea and between MS– and a combination of the summertime primary productivity and wind strength in the RSP. This presents the potential of these SGP records as proxies for reconstructing the past variations in oceanic and atmospheric conditions associated with climate variables over the Ross Sea region. These results will guide future research for a greater understanding of the mechanisms that govern the sea ice variability in this region using high-resolution and longer proxy ice core records from different coastal areas, including the SGP.
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