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ABSTRACT: Polar snow pits or ice cores preserve valuable information derived from the atmosphere on past climate and

environment changes. A 1.57-m snow-pit record from the coastal site (Styx Glacier) in eastern Antarctica covering the

period from January 2011 to January 2015 was discussed and compared with meteorological variables. The dominant

contribution of the deposition of sea-salt aerosols due to the proximity of the site to the ocean and processes of sea ice

formation was revealed in the ionic concentrations. Consistent seasonal peaks in d18O, dD, MSA, nssSO22
4 , and NO2

3

indicate the strong enhancement of their source during warm periods, whereas the sea-salt ions (Na1, K1, Mg21, Ca21, Cl2,

and totSO22
4 ) exhibit a distinct distribution. Monthly mean d18O positively correlates with the air temperature record from

an automatic weather station (AWS) located in themain wind direction. Despite the shortness of the record, we suspect that

the slight depletion of the isotopic composition and lowering of the snow accumulation could be related to the cooler air

temperature with the decrease of open sea area. Consistency with previous studies and the positive correlation of sea-salt

ions in the snow pit indicate the relatively good preservation of snow layers with noticeable climate and environmental

signals [e.g., changes in sea ice extent (SIE) or sea surface temperature]. We report a new snow-pit record, which would be

comparative and supportive to understand similar signals preserved in deeper ice cores in this location.
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1. Introduction

Polar precipitation in the form of snow and its subsequent ac-

cumulation retrieved from ice cores have been used as historical

evidence to interpret past climatic and environmental conditions

(Dansgaard 1964; Jouzel andMasson-Delmotte 2010). The highly

resolved records in snow pits providemore precise information of

climate and environment.Distinguishable seasonal patterns in the

records of stable water isotopes (d18O and dD) and chemical

impurities are crucial for the stratigraphic dating of accumulated

snow layers and are used as proxies for temperature, sea ice extent

(SIE), atmospheric circulation, aerosol transport and depositional

processes, and atmospheric (anthropogenic) pollution in this remote

location (Udisti 1996; Jouzel et al. 1997; Barbante et al. 1998; Udisti

et al. 1999; Stenni et al. 2000; Delmotte et al. 2000; Ayling and

McGowan 2006; Sinclair et al. 2010;Rhodes et al. 2012;Markle et al.

2012; Tuohy et al. 2015; Du et al. 2019; Bhardwaj and Jindal 2020).

The isotopic and chemical compositions of snow, firn, and ice

cores near to Victoria Land in East Antarctica have been re-

ported, and they highlighted the possibility of reconstructing the

influence of the oceanic environment (Udisti et al. 1998; Stenni

et al. 2000; Benassai et al. 2005; Sinclair et al. 2014; Caiazzo et al.

2016).A repetitive seasonal (austral spring and summer) variation

has been identified in d18O, dD, CH3SO
2
3 [methanesulfonic acid

(MSA)], non-sea-salt (nss) sulfate, and NO2
3 in snow layers in the

northern Victoria Land of East Antarctica (Udisti et al. 1998;

Stenni et al. 2000; Rhodes et al. 2012; Becagli et al. 2016; Ro et al.

2020). Previous studies in the Styx Glacier covered the period of

1974–90 in firn cores (Stenni et al. 2000) and 2009–11 in snow pits

(Kwaket al. 2015).More recently,Nyamgerel et al. (2020) focused

on the temporal variations (1990–2014) of the stable isotopes and

ions in the firn core with annual resolution.

Because of the significant spatial and temporal variabilities

in Antarctic snowfall and temperature (Ingólfsson et al. 2003;

Anschütz et al. 2011; Frezzotti et al. 2007; Masson-Delmotte et al.

2008; Yang et al. 2018) and the sparse collection of weather sta-

tions (Stenni et al. 2000; Tuohy et al. 2015), there are still limita-

tions on the interpretation of paleoclimate records. Caiazzo et al.

(2016) stated that the temporal variability more directly corre-

sponds to real environmental changes rather than spatial vari-

ability of the site. Thus, site-based information and evaluation of

isotopic and chemical compositions are required to investigate the

present-day snow compositions and their differences at regional

and/or local scales in addition to application to the interpretation

of the paleoclimate records (Stenni et al. 2000; Ingólfsson et al.

2003; Tuohy et al. 2015; Stenni et al. 2017).

During the 2014/15 Antarctic expedition by the Korea Polar

Research Institute (KOPRI), samples from a 1.57-m snow pit

were taken from the Styx Glacier as a part of the research on

paleoclimatic and environmental reconstruction along the

Pacific margin of Antarctica. The purpose of this study is to

evaluate the isotopic (d18O and dD) and ionic composition

(Na1, K1, Mg21, Ca21, MSA, Cl2, NO2
3 , and SO22

4 ) of the

snow pit by comparing with instrumental meteorological var-

iables on the seasonal scale. It is beneficial to understand the
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seasonality in potential and dominant climate factors, which

alter the snow-pit record in this location. This work reports the

most recent and high-resolution snow-pit record in the Styx

Glacier. Our results will support the previous records reported

(Udisti et al. 1998; Stenni et al. 2000; Traversi et al. 2004; Kwak

et al. 2015) and further interpretation of long cores from

this site.

2. Data and methods

a. Site description

The Styx Glacier (738500S, 1638410E; 1623mMSL) in northern

Victoria Land, East Antarctica, is located west of the Ross Sea

coast and north of Jang Bogo Station on the South Korean

Antarctic base (Fig. 1). The snow pit was retrieved in December

2014. At this latitude (annual mean temperature of 232.58C)
(Yang et al. 2018), the summer snowmelt, which typicallymakes it

more difficult to distinguish seasonal snow layers, is less of a factor

(Udisti et al. 1998; Lee 2014; Lee et al. 2020). The ablation, ac-

cumulation, and redistribution of the snow layers are relatively

weak, and the western and northwestern katabatic winds are re-

duced by the Campbell Glacier valley (Udisti et al. 1999).

Cyclonically driven snow accumulation is common (Bertler et al.

2018), and southerly and southwesterly winds are dominant, ac-

companied by a low pressure center over the Ross Sea (Drewry

et al. 1982; Udisti et al. 1999; Scarchilli et al. 2011; Sinclair et al.

2012). Annual mean accumulation rates of 203kgm22 yr21

(Stenni et al. 2000; 1974–90), 226 kgm22 yr21 (Kwak et al. 2015;

2009–12), and 1466 60kgm22 yr21 (Nyamgerel et al. 2020; 1990–

2014) were estimated in the previous studies in the Styx Glacier.

Thus, better seasonal signals in water isotopes and ions in snow

layers assumed to be obtained with this relatively large accumu-

lation (Frezzotti et al. 2007; Iizuka et al. 2017). In addition, the

combination of the high-altitude Transantarctic Mountains and

the low coastal areas means that this site is a potential location for

the study of airmass transport at both the regional and global scale

(Udisti et al. 1998). Furthermore, because of its proximity to the

Ross Sea, the site also has the potential to be used for investiga-

tions into temporal changes in the SIE (Drewry et al. 1982; Stenni

et al. 2000; Han et al. 2015; Kwak et al. 2015).

b. Sampling and measurements

The wall of the pit was removed using precleaned low-density

polyethylene (LDPE) shovels. Samples were obtained at intervals

of 0.05m with a precleaned polytetrafluoroethylene (PTFE) tube

FIG. 1. Map of the snow-pit sampling site on Styx Glacier, the South Korean Jang Bogo Station, and three Italian automatic weather

stations (Lola, Alessandra, and Eneide) in East Antarctica. The snow-sampling procedure is shown in the upper-right corner.
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and a hammer and transferred into precleaned LDPE bottles. All

of the sampling followed a procedure to prevent sample con-

tamination (Kwak et al. 2015). The samples were shipped and

stored frozen before isotopic and ionic analysis at KOPRI. The

samples were melted at room temperature in a clean room, sub-

sampled, and filtered using a 0.45-mm polyvinylidene difluoride

syringe filter (Merck Millipore, United States).

A total of 32 samples were decanted into 2-ml glass vials, and

their isotopic composition was measured using cavity ring-down

spectroscopy (Picarro, Inc., L1102-i, L2130-i, and L2140-i). Vienna

Standard Mean Ocean Water (VSMOW), Greenland Ice Sheet

Precipitation, and Standard Light Antarctic Precipitation from the

International Atomic Energy Agency were used to calibrate the

isotope analysis. An in-house reference prepared from Antarctic

snowmelt was measured every 10 samples to monitor the

operation of the analyzer. Isotopic ratios are expressed in

delta notation (d18O and dD) by the following equation with a

unit of per mill (&):

d5

�
R

sample
2R

VSMOW

R
VSMOW

�
3 1000, (1)

whereR represents the ratio of heavy to light isotopes (18O/16O

and D/1H) in both the sample and the VSMOW. Analytical

reproducibility was better than 0.1& and 1& for d18O and dD,

respectively. The deuterium excess (d-excess), which repre-

sents the deviation from global meteoric water line, was esti-

mated using an equation that is based on Dansgaard (1964):

d-excess5 dD – 83 d18O. (2)

Ions (Na1, Mg21, K1, Ca21, Cl2, SO22
4 , MSA, and NO2

3 ) were

analyzed using a two-channel ion chromatography system

(Thermo Fisher Scientific, Inc., ICS-2000 and ICS-2100) at

KOPRI. Anions were analyzed using Dionex model ICS-2000

with an IonPac AS15 column and KOH eluent (6–55mM), and

the cations were measured using Dionex model ICS-2100 with

an IonPac CS12A column and MSA eluent (20mM). The an-

alytical detection limit, reproducibility, and accuracy were

0.01–0.26mg L21, 0.4–17.4%, and 4.5–12.0% for cations, re-

spectively, and 0.02–0.26mg L21, 0.1–27.6%, and 1.3–5.6% for

anions, respectively (Hong et al. 2012). Using the theoretical

ratio of a specific ion to Na1 in seawater (Pilson 2013), the nss

fraction of the ions, including Cl2, SO22
4 , K1, Mg21, and Ca21,

were estimated to isolate the contribution of sea spray by the

following equation (Kuramoto et al. 2011):

nss[X]5 tot [X]2

�
X

Na1

�
sw

3Na1, (3)

where [X] is the target ion and (X/Na1)sw is the ratio of that ion

and Na1 in seawater. Similarly, the massive representations of

the ions (Cl2, SO22
4 , K1, Mg21, and Ca21), the enrichment

factors (EF), were calculated by dividing the mass ratios of the

[X]/Na1 in the samples by those in seawater (Pilson 2013).

Additionally, the Sr concentration analyzed by inductively

coupled plasma sector field mass spectrometry with detection

limit of 0.242mg L21 and accuracy of 2.8% (Thermo Fisher

Scientific) in KOPRI and its crustal enrichment factor (using

Al as reference element) were compared.

The peak values of d18O, dD, nssSO22
4 , MSA, and NO2

3 in

the austral summer period, which are related to the seasonality

of their sources (Udisti 1996; Kwak et al. 2015; Caiazzo et al.

2016), were identified and used for snow-pit dating. We were

able to assume the maximum of d18O (or dD) as a midsummer

(1 January) and the minimum as a midwinter (July) with

comparison of nssSO22
4 , MSA, and NO3

2 in the snow pit, which

is similar to previous studies (Rhodes et al. 2012; Markle et al.

2012; Tuohy et al. 2015). The period between the peaks was

determined using linear interpolation, and the number of

measurements for each year ranged from 6 to 9. A density of

371 kgm23, which was measured in upper layers in an ice core

at same location (Han et al. 2015), was used to calculate snow

accumulation rate in water equivalent.

Isotopic values (d18O and dD) of the snow pit were com-

pared with the precipitation isotopic composition (monthly

mean) simulated by isotope-enabled atmospheric general cir-

culation model (IsoGSM2) (Yoshimura et al. 2008). IsoGSM2

model has been introduced by the isotope fractionation process

and spectrally nudged toward themeteorological conditions by

National Centers for Environmental Prediction (NCEP) re-

analysis (Yoshimura et al. 2008). The European Centre for

Medium-Range Weather Forecasts interim reanalysis (ERA-

Interim) dataset provided the precipitation and temperature

data (Dee et al. 2011). Two-meter temperature data were

taken from the nearest automatic weather station (AWS)

(Lola) and two other stations in the northwest and southwest of

the study area (Alessandra and Eneide, respectively) (http://

www.climantartide.it) and compared with the snow-pit rec-

ords. The location of the AWS Alessandra and Eneide are in

the direction of the dominant wind path. The snow-pit records

also were compared with the SIE time series for the Ross Sea

region (Parkinson and Cavalieri 2012; data archive at the

National Snow and Ice Data Center).

3. Results and discussion

The descriptive statistics and correlation matrix of water

isotopes and ions are shown in Tables 1 and 2 . The positive

correlations between d18O, dD, MSA, and nssSO22
4 indicate

their increase in warm period. The distribution of NO3
2 show

correlation to the d-excess (r520.43; p5 0.013) and nssSO22
4

(r5 0.42; p5 0.017). The double peaks of d-excess in 2014 and

the inconsistent relationship between NO3
2 and d18O after

winter 2013 are likely to indicate the occurrence of event-based

changes (Fig. 2). For the ions, strong positive correlations r

were observed among the ions Na1, K1, Mg21, Ca21, Cl2, and

totSO22
4 (r . ;0.90; Table 2), and the slope of the linear re-

lationship between Na1 and the other ions was similar to their

respective ratios in seawater (Table 3). This indicates a domi-

nant contribution of deposition of sea-salt aerosols in the snow

pit (Piccardi et al. 1994; Traversi et al. 2004). The large nss

fractions of SO22
4 (65.5%) and Ca21 (64.9%) indicated other

potential sources. The nss fractions of Cl2 (25.1%) and of

Mg21 averaged 25.5% (n 5 25), except for some negative

values. For K1, the nss fraction was not able to be calculated
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TABLE 1. Statistics of the isotopes and ions from different studies in northern Victoria Land.

Stenni et al.

(2000)

Gragnani et al.

(1998)

This

study

Nyamgerel

et al. (2020)

Stenni

et al.

(2000)

Stenni

et al.

(2000)

Severi

et al.

(2009)

Time period 1980–87 1986–94 2010–14 1990–2014 1971–90 1973–92

Type of record Firn core Firn core Snow pit Firn core Firn core Firn core Ice core

Accumulation rate (kg m22 yr21) 130–426 140–180 143.71 146 111–335 83–265 77.4

Altitude (m MSL) 650 1560 1630 1630 1800 3000 2316

Distance from coast (km) 40 ;70 ;60 ;60 50 75 250

Location McCarthy

Ridge

Campbell

Glacier C

Styx

Glacier

Styx

Glacier

Styx

Glacier

Hercules

Neve

Talos

Dome

d18O (&) mean 225.5 233.5 236.16 234.92 232.9 233.6 —

d18O (&) SD 4.4 5.02 3.13 3.2 2.4 —

d18O (&) max 217.1 227.2 224.90 226.70 223.7 227.0 —

d18O (&) min 237 240.8 243.91 243.13 239.2 242.0 —

MSA (mg L21) mean 26.7 16.17 14.12 8.12 13.6 94 5.36

MSA (mg L21) SD 24.4 12.36 15.78 7.17 10.1 6.9 6.61

MSA (mg L21) max 143.0 71.32 66.08 53.71 57.3 118.3 40.49

MSA (mg L21) min 2.0 3.80 2.03 1.34 2.5 12.7 0.42

nssSO22
4 (mg L21) mean 131.6 62.44 44.36 49.87 57.5 46.2 42

nssSO22
4 (mg L21) SD 92.8 76.85 37.82 49.22 36.0 27.8 27.47

nssSO22
4 (mg L21) max 405.9 408.27 163.28 523.03 270.4 178.6 100.2

nssSO22
4 (mg L21) min 5.2 2273.78 5.00 4.10 1.7 0.8 6.59

Na1 (mg L21) mean — 485.07 59.23 171.07 — — 21.79

Na1 (mg L21) SD — 625.30 1480.14 671.04 — — 16.14

Na1 (mg L21) max — 4620.79 6706.94 8802.32 — — 84.87

Na1 (mg L21) min — 20.69 1.16 1.20 — — 2.52

Ca21 (mg L21) mean — 82.16 24.56 26.97 — — 2.80

Ca21 (mg L21) SD — 54.11 52.04 51.08 — — 1.88

Ca21 (mg L21) max — 402.78 236.13 362.57 — — 20.71

Ca21 (mg L21) min — 18.04 2.77 2.73 — — 0.76

K1 (mg L21) mean — 144.66 20.47 7.38 — — —

K1 (mg L21) SD — 191.58 57.15 28.60 — — —

K1 (mg L21) max — 1266.78 275.63 373.13 — — —

K1 (mg L21) min — 19.55 0.84 0.43 — — —

Mg21 (mg L21) mean — 44.96 61.58 20.86 — — 2.31

Mg21 (mg L21) SD — 60.76 165.31 77.67 — — 1.63

Mg21 (mg L21) max — 466.66 768.47 1042.42 — — 10.56

Mg21 (mg L21) min — 8.51 1.49 1.07 — — 0.36

Cl2 (mg L21) mean — 808.33 1018.27 339.42 — — 46.73

Cl2 (mg L21) SD — 1052.95 2672.45 1239.98 — — 30.72

Cl2 (mg L21) max — 6877.88 12 205.73 16 394.61 — — 184.1

Cl2 (mg L21) min — 88.63 7.30 6.58 — — 6.54

SO22
4 (mg L21) mean — 182.52 178.20 91.63 — — 47.52

SO22
4 (mg L21) SD — 158.50 373.67 188.53 — — 27.47

SO22
4 (mg L21) max — 979.84 1732.80 2506.58 — — 139.6

SO22
4 (mg L21) min — 43.23 14.08 13.38 — — 12.42

NO2
3 (mg L21) mean — 60.14 49.28 42.46 — — 47.38

NO2
3 (mg L21) SD — 26.04 24.42 19.15 — — 13.49

NO2
3 (mg L21) max — 189.73 130.7 118.91 — — 100.2

NO2
3 (mg L21) min — 12.40 12.68 10.09 — — 21.59
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because of the negative values (n5 18). These negative values

for K1 and Mg21 are indicative of the fractionation of these

ions when Na1 is considered as solely originating from sea-

water. Table 1 compares the mean values of isotopes and ionic

species recorded in northern Victoria Land. Depending on the

site location (altitude and distance to coast), distinct values

were reported; however, Styx snow-pit records were in similar

range to the records except for McCarthy Ridge (40 km to

coast) and Talos Dome sites (250 km to coast). Temporally,

there was no significant difference (p . 0.05) in the isotopic

and chemical compositions of the snow pit when compared

with the firn core record in the same period (Nyamgerel

et al. 2020).

Thed18O, dD,nssSO22
4 ,MSA, andNO3

2 in the snowpit indicate

the snow layers deposited in thewarmperiod (spring and summer)

and used for snow-pit dating. The snow pit covered the period

between January 2011 and January 2015 (4 full years) with an

average snow depth of 0.396 0.05m (n5 4), corresponding to an

annual accumulation of 143.716 17.75kgm22 yr21. We note that

the dating uncertainty is on amonthly scale sincewebased it on the

increased summer and decreased winter values of d18O, dD,

nssSO22
4 , MSA, and NO2

3 .

a. Seasonal variation of isotopes

The d18O, dD, and d-excess of the snow pit display well-

preserved seasonal cycles (Fig. 2). The d18O values of the snow pit

(n5 32) fluctuated between243.91& and224.90&, whereas the

dD values fluctuated between 2346.8& and 2194.1& (n 5 32).

The d18O values are in a similar range as the previous records in

northern Victoria Land (Table 1) (Gragnani et al. 1998; Stenni

et al. 1999, 2000; Kwak et al. 2015; Nyamgerel et al. 2020). The

mean d18O was slightly depleted in the snow pit (236.16& 6
5.02&) relative to the previous records in the firn cores, hav-

ing mean values of 232.9& 6 3.2& (Stenni et al. 2000)

and 234.92& 6 3.13& (Nyamgerel et al. 2020), and the

mean value (235.77& 6 4.55&) covering the same period

obtained from upper part of the firn core (Nyamgerel et al.

2020). The sinusoidal trends in d18O and dD are primarily

representing their conventional correlation to annual temper-

ature cycle (Dansgaard 1964; Petit et al. 1999). The peak values of

d18O (assumed to be in January) and the lowest values (assumed

to be in July) ranged from 233.96& to 226.23& (standard

deviation 1s is 3.17&) and from 243.91& to 240.18& (1s is

1.69&), respectively. The variations in the summer d18O

values were more pronounced than those in the winter, likely

because of precipitation amounts and postdepositional pro-

cesses (Casado et al. 2018).

A linear relationship between d18O and dD was examined,

with a slope of 7.87 (dD 5 7.87d18O 1 0.99, R2 5 0.99, n 5 32,

and p , 0.001), which is similar to the precipitation isotopic

composition of both the global scale (slope of 8.00) (Dansgaard

1964) and the whole Antarctic scale (slope of 7.75) (Masson-

Delmotte et al. 2008). This may reflect the minimal effects of

sublimation process and melting processes (Lee et al. 2010;

Steen-Larsen et al. 2014). The mean d-excess was 5.59&, with a

maximum of 11.48& and a minimum of 0.96& (n 5 25). The

annual cycle in d-excess was similar in 2011 and 2012, with the

maximum values during May and June and a sharp minimum in

November; whereas in 2013 and 2014, themaximum values were

detected earlier. The d-excess could be influenced by the subli-

mation of surface snow and changes in precipitation seasonality

(Steen-Larsen et al. 2014; Casado et al. 2018) and the changes in

relative humidity, sea surface temperature, and wind speeds in

the airmass source area (Merlivat and Jouzel 1979).

b. Seasonal variation of ions

The variations of ions are presented in Fig. 2. MSA and

nssSO22
4 are the oxidation products of dimethylsulphide (DMS)

from marine algae and phytoplankton during austral spring and

summer (Udisti et al. 1998). Although nssSO22
4 in polar ice cores

can be derived from crustal erosion and volcanic emissions

(Handler 1989; Delmas et al. 1992; Legrand andMayewski 1997;

Cole-Dai et al. 1999), the emission frommarine activity is large,

especially in coastal sites (Dixon et al. 2004; Jonsell et al. 2005;

Uemura et al. 2016). MSA and nssSO22
4 in the snow pit show

increased values during the summer period relating to the strong

seasonality of DMS production. This seasonal pattern is in line

with the other studies (Legrand et al. 1992; Udisti et al. 1998;

Saltzman et al. 2006; Rhodes et al. 2012; Becagli et al. 2016). The

negative value for nssSO22
4 was detected at a depth of 0.025m,

which commonly indicate the winter sea-spray aerosol (relative

depletion of SO22
4

2 by precipitation of mirabilite Na2SO4)

TABLE 2. Correlationmatrix for the isotopic and ionic species in the snow pit. Correlation coefficient values larger than 0.4 are highlighted

in boldface type (n 5 32).

d18O dD d-excess MSA Cl2 nssSO22
4 totSO22

4 NO2
3 Na1 K1 Mg21 Ca21

d18O 1.00

dD 1.00 1.00

d-excess 20.19 20.11 1.00

MSA 0.41 0.45 0.35 1.00

Cl2 0.11 0.12 0.02 20.15 1.00

nssSO22
4 0.56 0.57 0.02 0.63 0.05 1.00

totSO22
4 0.17 0.18 0.02 20.08 0.99 0.15 1.00

NO2
3 0.31 0.28 20.43 20.02 0.03 0.42 0.07 1.00

Na1 0.12 0.12 0.02 20.14 1.00 0.04 0.99 0.03 1.00

K1 0.35 0.12 0.02 20.14 1.00 0.05 1.00 0.03 1.00 1.00

Mg21 0.11 0.12 0.03 20.14 1.00 0.06 1.00 0.02 1.00 1.00 1.00

Ca21 0.14 0.15 0.00 20.14 0.99 0.11 0.99 0.07 0.99 0.99 0.99 1.00
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(Piccardi et al. 1996; Udisti et al. 1998; Benassai et al. 2005). In

the snow pit, this value is likely to indicate the occasional large

concentration of Na1 relative to SO22
4 in this depth (as well as

depth to 0.125m). The MSA peaks in 2013 (66.08mgL21) and

2012 (46.51mgL21) were larger than those in the other years,

whereas the nssSO4
22 exhibited relatively consistent peaks.

There can be differences in the transport pathways of MSA and

nssSO22
4 (Becagli et al. 2012) and different rates of photo-

chemical oxidation (Preunkert et al. 2008).

The NO2
3 concentrations in polar precipitation are assumed

to be increased in spring and summer period linked to the re-

sult of the sedimentation of polar stratospheric clouds and

photo-induced atmospheric processes (Legrand and Delmas

1986; Mulvaney and Wolff 1993; Wagenbach et al. 1998;

Traversi et al. 2004). The NO2
3 concentrations (mean 49.28 6

24.42mg L21) in the snow pit generally increased in the late

spring and summer period with secondary peaks at 2013 (May)

and 2014 (April) (Fig. 2). There could be NO2
3 loss by post-

depositional and photochemical mechanisms (Legrand and

FIG. 3. Comparison of monthly mean SIE in the Ross Sea, d18O

of the snow pit and IsoGSM2 simulation, and daily temperature

fromLola (black), Alessandra (dark gray), and Eneide (light gray).

TABLE 3. Linear regression of Na1 vs K1, Mg21, Ca21, and Cl2

with a comparison with their theoretical ratios in seawater

(Pilson 2013).

Cl2 ssSO22
4 Mg21 K1 Ca21

Seawater ratio 1.794 0.252 0.119 0.037 0.038

Slope 1.805 0.251 0.112 0.038 0.035

Intercept 44.734 42.87 1.444 20.346 5.75

R2 0.999 0.989 0.997 0.999 0.983

n 32 32 32 32 32

p ,0.001 ,0.001 ,0.001 ,0.001 ,0.001

FIG. 2. Profiles of concentration vs depth for isotopic composi-

tion and ionic species with three-point running average (red lines).

The Cl2/Na1 ratio is shown with its typical seawater ratio of 1.794

(red line). The shaded areas represent the summer peaks from

January 2011 to January 2015. Black dashed lines are the sea-salt

EF for SO4
22 and Ca21 and crustal EF for Sr and highlight their

sharp increases in January 2013.
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Delmas 1988; Dibb and Whitlow 1996; Mulvaney et al. 1998;

Röthlisberger et al. 2002), and still the nitrogen cycling is un-

certain in Antarctica (Pasteris et al. 2014). However, a similar

pattern has been observed in other studies (e.g., Pasteris et al.

2014; Kwak et al. 2015; Caiazzo et al. 2017), and we state that

NO2
3 can be used as an additional seasonal marker for age

determination of ice core.

Sea salts show a high concentration in winter due to the in-

tensive storms, which move the fragile sea-salt crystals formed

above the sea ice surface (Brimblecombe 1996; Udisti et al.

1998; Rankin et al. 2000; Abram et al. 2007). Wind speeds

larger than 9.7m s21 (mean velocity) were mostly observed in

winter months (28.3% of total count) based on LolaAWSdata.

However, the concentrations of Na1, K1, Mg21, Ca21, Cl2,

and totSO22
4 in the snow pit show no consistent seasonality. A

sharp increase of Na1 as well as other sea-salt species was

observed at a depth range of 0.025–0.125 (Fig. 2). These are

likely to indicate the dry deposition of large particles from sea-

salt aerosol during sea storms (Tuohy et al. 2015). The ratios of

Cl2/Na1 show mostly large values in the warm period. The

intercept of Cl2 and Na1 indicates the presence of an extra

source of HCl. This could be related to the gaseous HCl as a

consequence of exchange between NaCl and HNO3 or H2SO4

in the atmosphere (Legrand and Delmas 1988).

The average nss fraction of Ca21 was 64.9%, indicating the

greater contribution of continental mineral dust than sea spray.

A local ice-free area chained to the Transantarctic Mountains

and long-range transport from South America are considered

potential sources (Kreutz and Mayewski 1999). An enhance-

ment of nssCa21 in spring was observed in the other studies

relating to wind-induced transport of crustal dust due to cy-

clonic activity (Rhodes et al. 2012; Caiazzo et al. 2017).

However, the seasonal pattern of the concentration of Ca21

was not as clear; it was high in the summer layers at depths of

0.325, 0.425, and 1.175m but was low and stable at a depth of

0.525–0.875m. The EFs for Ca21 as well as nssSO22
4 show el-

evated values at a depth of 0.725m as well as Cl2/Na1 ratio at a

depth of 0.725 and 0.775m (Fig. 2).

c. Comparison with meteorological records

Themonthly mean d18O of the snow pit and simulation from

IsoGSM2, SIE, and daily mean air temperature from three

automatic weather stations are presented in Fig. 3. The mean

values of d18O and dD from IsoGSM2 show the enriched value

by 13.11& and 109.15&, respectively, relative to the mean

value of that of the snow pit. Moreover, the variations in the

snow-pit values were relatively large. This difference can be

observed by the processes after snow deposition (e.g., wind

erosion and sublimation), which is difficult to be captured in

the IsoGSM2 simulation (Casado et al. 2018). On a seasonal

scale, there was a positive correlation between the isotopic

compositions of the snow pit and temperature from the nearest

AWS Lola (south from the site), with a slope of 0.52& 8C21

and a correlation coefficient of 0.59 (n 5 32; p , 0.001). For

other twoAWS (Eneide andAlessandra) slopes were decreased

to 0.39& 8C21. A correlation coefficient of 0.63 (n 5 32; p ,
0.001) was observed with temperature from Eneide (southwest

from the site), whereas there is no correlation with Alessandra

(northwest from the site). Since the southerly and southwesterly

winds are predominant relating to the low pressure center over the

Ross Sea (Scarchilli et al. 2011; Sinclair et al. 2012), the AWS

observations (Lola and Eneide) in these directions are likely to

show this trend. Based on Lola AWS observation during the pe-

riod from 2011 to 2014, the prevailing winds are directed from the

southwest (35.9%of total counts) andwest (17.1%of total counts).

From this point of view, the isotopic values appear to be relatively

well preserved throughout the snow pit. Spatially and temporally

different slopes were observed in the other studies, including

0.44& 8C21 (van Ommen andMorgan 1997), 0.60& 8C21 (Stenni

et al. 2002), and 0.81& 8C21 (Stenni et al. 2000). The difference

in the isotope-temperature slope of snow pit (0.52& 8C21 with

temperature from AWS Lola) can result from various factors, in-

cluding changes in evaporation conditions, transport pathway, and

changes in precipitation seasonality (Werner et al. 2018) and

postdepositional processes (Sinclair et al. 2010;Rhodes et al. 2012).

Goursaud et al. (2019) highlighted that the variability in

precipitation dominantly influenced by the large-scale circulation

particularly in coastal sites rather than the thermodynamic pro-

cesses. Moreover, the potential impacts of southern annular mode

(SAM) on Antarctic temperature (Marshall and Thompson 2016),

precipitation (Marshall et al. 2017) and sea ice (Doddridge and

Marshall 2017) have been reported recently. Thus, there has been

increase in SIE particularly in Ross Sea region (Sinclair et al. 2014)

with the cooling of the air temperature relating to the recent

changesof SAM(Stenni et al. 2017;Yanget al. 2018).Annualmean

of snow accumulation and d18O (d18O preferred, and the correla-

tion to dD is 0.99) were shown together with the annual means of

temperature (AWS and ERA-Interim reanalysis), SIE, and snow

accumulation rate from ERA-Interim reanalysis (Table 4). The

mean accumulation rate (143.71 6 17.75kgm22 yr21) during the

2011–14 period is comparable to the ERA-Interim reanalysis data

(165.906 27.49kgm22 yr21; n5 4) and the firn core record (1466
60kgm22 yr21; n 5 25) (Nyamgerel et al. 2020). Moreover, this

estimate is slightly lower than had been reported by previous

TABLE 4. Annual mean values of d18O, temperatures (labeled temp) from AWS (Lola, Eneide, and Alessandra) and ERA-Interim

reanalysis data, SIE, and snow accumulation rate (labeled SA) from the snow pit and ERA-Interim reanalysis data (the largest values are

highlighted in boldface type).

Year d18O Temp (Lola) Temp (Eneide) Temp (Alessandra) Temp (ERA) SA (ERA) SA (snow pit) SIE (106 km2)

2014 236.05 222.30 213.32 -10.19 229.07 137.88 129.85 3.01

2013 236.49 222.62 213.62 215.16 228.96 159.84 129.85 3.10

2012 235.16 222.54 213.60 215.33 228.53 162.15 148.40 2.78

2011 237.16 221.44 212.48 214.04 227.14 203.74 166.95 2.74
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studies (before 2011), ranging from 160 to 226kgm22 yr21 in

northernVictoria Land (Udisti 1996; Stenni et al. 2000; Kwak et al.

2015). In other coastal Antarctic sites, themean accumulation rates

were 218kgm22 yr21 (Goursaud et al. 2017), 230kgm22 yr21

(Rhodes et al. 2012), 256kgm22 yr21 (Agosta et al. 2012), and

280kgm22 yr21 (Rahaman et al. 2016). In Talos Dome site

(;250km to coast), the accumulation rate was reported as

77.4kgm22 yr21 (Severi et al. 2009), which is 53.8% lower than the

Styx snow pit. The differences in accumulation rate can be due to

various event-based processes, including wind-driven snow dis-

tortion and snowdrifts, particularly in coastal sites (Frezzotti et al.

2004; Karlöf et al. 2005; Broeke 2008; Sinclair et al. 2010; Rhodes

et al. 2012; Casado et al. 2018; Jang et al. 2019), and changes in

evaporation conditions, transport pathways, and precipitation

seasonality (Fujita and Abe 2006; Werner et al. 2018). The snow

accumulation rates from the snow pit (129.85 kgm22 yr21) and

ERA-Interim reanalysis (137.88kgm22 yr21) in 2014 were lower

by a factor of 1.3 (snow pit: 166.95kgm22 yr21) and 1.5 (ERA:

203.74 kgm22 yr21) than those in 2011. A linear correlation co-

efficient between snowaccumulation from the snowpit andERA-

Interim analysis was 0.91 (n 5 4; p 5 0.08). By considering the

vicinity to ocean and recent advance of SIE in theRoss Sea region

(Severi et al. 2009), we suspect the potential influence of sea ice.

The SIE in 2014 was 1.1 times larger than the SIE in 2011 in the

Ross Sea region, which could reduce the intrusion of moist air

mass to the deposition area (Table 4). The annual variations of

SIE were inconsistent with the d18O of the snow pit. It also can

be seen that the annual mean temperatures (except Alessandra

AWS) were lower in 2014 than the values in 2011. These results

appear to state the accumulating snow is relatively consistent by

preserving the noticeable climate and environmental conditions

(e.g., changes in SIE or sea surface temperature).

The lower MSA peaks in 2013 and 2014 after the signifi-

cantly large two peaks in 2012 and 2011may likely to evidences

the reduced emission of DMS due to the larger extent of sea ice

(Abram et al. 2007) if we assume that changes in SIE are most

significant in this region. The summer in 2012/13 where the

largest peaks of d18O, dD, and MSA, EF values of SO22
4 and

Ca21, with large ratio of Cl2/Na1 detected at 0.725m (January

2013). This is likely to represent the occasional snow deposition

with lower fraction of sea-salt ions. In addition, Sr concentra-

tion was low, but the crustal EF of Sr was peaked at this depth

(Fig. 2). It may somehow under the influence of changes in

strength and pathway of storm. We assume that it may be

linked to the weakening of the westerly wind flowing to de-

position area. This weakening could have related to the large

negative values of SAM; thus, it could restrict the transport of

sea salts. We observed a decreasing value of the SAM index

from December 2012, and it reached in May 2013 the lowest

value within the period from 2011 to 2014 (Marshall et al.

2018). There was also a different pattern at the depth ranges

0.025–0.2m and 0.55–0.6m showing relatively high values of

EF for Sr but not for SO22
4 and Ca21. Although it is difficult to

verify, these discrepancies can result from depositional (e.g.,

changes in airmass source) and postdepositional (e.g., wind

erosion, sublimation) processes. Noise can be caused by non-

climatic processes; thus, the interpretation can be improved by

use of ensemble records. Despite the fact that there is lack of

robustness relating to the shortness of the record, we believe

this work will allow comparisons with and is supportive to the

further interpretation of deeper ice cores in this location.

4. Conclusions

This study discussed the isotopic (d18O and dD) and chemical

composition (Na1, Mg21, K1, Ca21, Cl2, SO22
4 , MSA, and

NO2
3 ) in the snow pit from an Antarctic coastal site and its po-

tential relation to meteorological variables. Consistent seasonal

peaks in d18O, dD,MSA, nssSO22
4 , and NO2

3 indicate the strong

enhancement of their source during warm period, while the sea-

salt ions (Na1, K1, Mg21, Ca21, Cl2, and totSO22
4 ) show an

inconsistent trend. Measured ionic concentrations reveal a

dominant contribution of sea-salt aerosol deposition due to the

proximity of the site to the ocean, and processes of sea ice

formation. The occasional snow deposition with distinct ionic

compositions was influenced by the changes in strength and

pathway of storms. Monthly mean d18O positively correlates

with the air temperature record fromAWS located in the main

wind direction. Despite the shortness of the record, we pro-

posed that the slight depletion of the isotopic composition and

lowering of the snow accumulation could have been related to

the cooler air temperature with decreasing open sea area (or

advance of SIE). Consistency with previous studies and the

positive correlation of sea-salt ions in the snow pit indicate the

relative good preservation of snow layers with noticeable cli-

mate and environmental signals (e.g., changes in SIE or sea

surface temperature). We note that noise can result from non-

climatic processes and thus that amore robust interpretation can

be obtained from ensemble records. We report a new snow-pit

record that would be compared with and support understanding

of similar signals preserved in deeper ice cores in this location.
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