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Abstract

Here we present an ˜2000 year high-resolution glaciochemical record from the South Pole. Significant changes in chemical

concentrations, accumulation rate, stable water isotopes and deuterium excess records are captured during the period ˜1400-

1700 CE, indicating a reorganization of atmospheric circulation that occurred in two steps: ˜1400-1425 CE and ˜1650-1700

CE. Major declines in dust and SO42- concentrations are observed ˜1400 CE suggesting poleward contraction of the southern

circumpolar vortex and potential intensification of westerly air flow, accompanied by a sea ice decrease in the Weddell Sea and

potentially also in the Indian sector of the Southern Ocean. The changes in stable water isotopes, deuterium excess, NO3-

concentration and accumulation rate characterize a second shift in atmospheric reorganization between 1650-1700 CE, reflecting

increased marine air mass intrusions and subsequent reduction of the katabatic winds, and a shift to a colder moisture source

for South Pole precipitation. These internally consistent changes involving atmospheric circulations and sea ice conditions are

also in line with those identified for the recent period, and include associations with the large-scale teleconnections of El Niño

Southern Oscillation (ENSO) and the Southern Annular Mode (SAM).
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Abstract  23 

 Here we present an ~2000 year high-resolution glaciochemical record from the South Pole. 24 

Significant changes in chemical concentrations, accumulation rate, stable water isotopes and 25 

deuterium excess records are captured during the period ~1400-1700 CE, indicating a 26 

reorganization of atmospheric circulation that occurred in two steps: ~1400-1425 CE and ~1650-27 

1700 CE. Major declines in dust and SO4
2- concentrations are observed ~1400 CE suggesting 28 

poleward contraction of the southern circumpolar vortex and potential intensification of westerly 29 

air flow, accompanied by a sea ice decrease in the Weddell Sea and potentially also in the Indian 30 

sector of the Southern Ocean. The changes in stable water isotopes, deuterium excess, NO3
- 31 

concentration and accumulation rate characterize a second shift in atmospheric reorganization 32 

between 1650-1700 CE, reflecting increased marine air mass intrusions and subsequent reduction 33 

of the katabatic winds, and a shift to a colder moisture source for South Pole precipitation. These 34 

internally consistent changes involving atmospheric circulations and sea ice conditions are also in 35 

line with those identified for the recent period, and include associations with the large-scale 36 

teleconnections of El Niño Southern Oscillation (ENSO) and the Southern Annular Mode (SAM). 37 

Introduction   38 

 A major disturbance of the late Holocene climate is a cooling period in the Northern 39 

Hemisphere between ~1400-1850 CE, known as the Little Ice age (LIA) [Jones and Mann, 2004; 40 

Matthews and Briffa, 2005; Mann et al., 2008, 2009; Wanner et al., 2011]. The LIA was most 41 

likely driven by a combination of factors including: a decrease in solar output, an increase in 42 

volcanic activity and a possible slowdown of the thermohaline circulation [Mann et al., 2009; 43 

Trouet et al., 2009; Wanner et al., 2011; Miller et al., 2012]. Several studies report evidence of a 44 

climate shift observed during a similar time interval in the Southern Hemisphere (SH) [Mayewski 45 
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et al., 2004a; Moy et al., 2009; Bertler et al., 2011]. Climate changes in the SH are, however, not 46 

homogenous, due to the regional differences in environment, climatology and ice dynamics over 47 

the vast expanse of Antarctica. A major climate driver in the SH is the Southern Hemisphere 48 

Westerlies (SHWs) belt. The intensity and position of the SHWs affect environmental conditions 49 

throughout Antarctica [Mayewski et al., 2004b, 2009; Shulmeister et al., 2004; Bertler et al., 2011; 50 

Dixon et al., 2012; Sime et al., 2013] Several records from Antarctica and South America suggest 51 

a shift in atmospheric circulation and position of the SHWs sometime between 1300-1800 CE, 52 

however, they differ in their interpretations of the associated climate conditions and position and 53 

strength of the SHWs.  54 

 Moy et al. [2009] suggest an intensification and poleward shift of the SHWs and overall 55 

colder conditions in southern South America, based on several paleoclimate records from 56 

Patagonia. Moreno et al. [2009] show that the SHWs may have achieved their modern state at the 57 

beginning of the Little Ice Age, i.e., 570 years ago. Lechleitner et al. [2017] note a pronounced 58 

southward shift of the intertropical convergence zone (ITCZ) between 1320-1820 CE. Ceppi et al. 59 

[2013] show that the ITCZ tends to shift together with the SHWs, thus a southward shift in ITCZ 60 

during the LIA would coincide with a southward shift in the SHWs. Based on ice core records 61 

from Siple Dome, Mayewski et al. [2013]  suggest a contraction and southward shift of the SHWs 62 

and displacement of the Amundsen Sea Low (ASL) closer to coastal West Antarctica ~1600 CE. 63 

Kreutz et al. [1997] show an increase in meridional atmospheric circulation intensity in the sub-64 

polar South Pacific at the beginning (~1400 CE) of the LIA. Law Dome records show generally 65 

lower temperatures during the period 1350-1800 CE [Ommen and Morgan, 1997] . A study from 66 

Stenni et al. [2011] reports colder conditions during the LIA in northern Victoria Land, East 67 

Antarctica. Bertler et al. [2011] published a summary of climatic changes during the LIA (1300-68 
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1800 CE) in Antarctica, suggesting overall cooler conditions during this period, with increased 69 

atmospheric circulation, and increased sea ice production in the Ross Sea.  70 

 Other proxy records suggest alternate expansion and weakening of the SHWs during the 71 

LIA. A study using climate-proxy data from peat bogs reports drier conditions during the LIA in 72 

Tierra del Fuego, southern South America, during the LIA which the authors attribute to the 73 

equatorward shift of the mean position of the SHWs [Chambers et al., 2014]. Varma et al. [2012], 74 

using climate models and marine sediment records from the Chilean continental slope, note that 75 

during periods of low solar activity (such as the Maunder Minimum) the SHWs become weaker 76 

near Antarctica and the belt expands equatorward. Based on a West Antarctic ice core record, 77 

Koffman et al. [2014] suggest that SHWs occupied a more southerly position during the Medieval 78 

Climate Anomaly (1050-1400 CE) and shifted northward at ~1430 CE. Meyer and Wagner [2008, 79 

2009], show a northward shift of the SHWs during the LIA, based on both proxy records from 80 

South America and climate modeling studies. 81 

 Given the somewhat conflicting results of previous studies as to the inferred atmospheric 82 

circulation during major climate events such as LIA,  in this paper, we present a 2000 year ice core 83 

record from the South Pole that shows a shift in several glaciochemical parameters (SO4
2-, NO3

-, 84 

Ti, La, Ce, Pr, 18O, D and d-excess) capturing a major reorganization of atmospheric circulation 85 

between 1400-1700 CE.  86 

Methodology 87 

2.1 Ice core collection and chemical analysis 88 

 An ice core was drilled near South Pole (89.93°S, 144.39°W, elevation of 2808 m a.s.l.) 89 

during the 2002/2003 austral summer field season. The core was collected as a “core of 90 
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opportunity” by Ice Core Drilling Services (ICDS) during construction of the South Pole Remote 91 

Earth Science and Seismological Observatory (SPRESSO). The core was subsequently processed 92 

by the United States International Trans Antarctic Scientific Expedition team (site US ITASE-02-93 

6).  94 

 The section from 0.8 to 200 meters of the South Pole ice core was sampled using the 95 

Climate Change Institute continuous melting system at an average sample resolution of ~1 cm.   96 

Melted co-registered samples were collected for ICP-SFMS (Inductively Coupled Plasma Sector 97 

Field Mass Spectrometry), IC (Ion Chromatography) and stable water isotopes analysis. All 98 

samples were analyzed for their major anion (Cl-, NO3
-, SO4

-) content using a Dionex DX-500 ion 99 

chromatograph paired to a Gilson Liquid Handler autosampler.  Every sample from sections 0.88-100 

59.4 m and 148.9-161 m depth (sample resolution 4-27 samples/year), and every tenth sample 101 

from the rest of the core (sample resolution 1-2 samples/year) were analyzed for major and trace 102 

elements (Na, Mg, Ca, Sr, Cd, Cs, Ba, La, Ce, Pr, Pb, Bi, U, As, Al, S, Ti, V, Cr, Mn, Fe, Co, Cu, 103 

Zn, Li and K)  using the Climate Change Institute (CCI) Thermo Electron Element2 ICP-SFMS 104 

coupled to a Cetac Model ASX- 260 autosampler. The interferences were minimized by using an 105 

ESI Apex desolvating sample introduction system. All samples from the top 6 meters of the core 106 

and every 10th sample from the rest of the core were analyzed for stable water hydrogen (D) and 107 

oxygen (18O) isotopes. The stable water isotope samples are reported as per mil relative to 108 

Standard Mean Ocean Water (SMOW). They were analyzed as vapor on a Picarro Laser Cavity 109 

Ringdown Spectrometer (Model L2130-i) with a high throughput vaporizer. The detection limits 110 

for major and trace elements, and major ions used in this study (defined as three times the standard 111 

deviation of MilliQ (>18.2 MΩ) deonized water blanks passed through the entire continuous 112 

melting system) are shown in Table 1. 113 
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2.2 Dating of the ice core 114 

 The South Pole ice core record was annually dated, using a CCI software package 115 

[Kurbatov et al., 2005], by counting seasonal peaks from Na, Sr, S, SO4
2-, and Cl- (See example 116 

in Figure 1a). The timescale was calibrated using major volcanic eruptions, identified by large 117 

peaks in S and SO4
2- concentration, as independent age markers (Figure 1b). Ages of volcanic 118 

events were adapted from the WAIS Divide timescale  [Sigl et al., 2013]. Based on our dating, the 119 

South Pole record covers the period from -66 to 1999 CE. The estimated dating error is ±1 year 120 

for the period 1963-1999 CE; ±3 years for 1815-1963 CE; ±11 years for 1458-1815 CE; ±12 years 121 

for 1257-1458 CE - ±1; and ±24 years for 232-1257 CE. Dating uncertainty before 232 CE is not 122 

estimated because of the lack of any known historical eruptions in the deeper section of the core. 123 

 124 

 125 

    Figure 1. South Pole ice core timescale development. Annual variations in Cl- (ug/L) 126 

concentrations (a) and SO4
2- (ug/L) volcanic record (b). 127 
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 128 

The South Pole ice core site and climate influences 129 

 The South Pole is located in central Antarctica at an elevation of 2835 m a.s.l. (Figure 2). 130 

The prevailing wind direction at the South Pole is from north to east grid, emanating from the high 131 

interior of the East Antarctic plateau  [Lazzara et al., 2012]. These air masses have low 132 

concentrations of aerosols, because of the long distances the particles travel from their sources 133 

[Hogan et al., 1982].  The proximity of the South Pole to the lower-altitude West Antarctic ice 134 

sheet means that the South Pole region can also be influenced by warmer and more moist air-135 

masses entering West Antarctica from the south-east South Pacific or the south-west South 136 

Atlantic Oceans.   The South Pole Plateau receives warmer surface air and stronger surface winds 137 

than most of the Antarctic interior [Hogan, 1997]. Previous studies show that aerosols and particles 138 

are usually transported to the South Pole by these warm marine air mass intrusions occurring via 139 

the Weddell, Amundsen-Bellingshausen and Ross Seas [Bodhaine et al., 1986; Shaw, 1988; Hogan 140 

and Gow, 1993]. 141 

Element Blank MDL Mean Min Max

La
139

(LR) (ng/L) 0.02 0.001 0.37 < MDL 30.36

Ce
140

(LR) (ng/L) 0.01 0.001 0.77 < MDL 62.26

Pr
141

(LR) (ng/L) 0.002 0.001 0.09 < MDL 7.08

Ti
47

(MR) (ng/L) 1.62 3.01 35.48 < MDL 2062.02

NO3
-
 (µg/L) 6.73 4.82 84.67 < MDL 197.45

SO4
2-

 (µg/L) 3.09 0.75 57.60 1.18 1002.89

Table 1. Average method blank concentration (blank), method detection limit (MDL)
1
, 

minimum, maximum and mean sample concentration South Pole ice core used in this 

study. 

SPRESSO concentrations

1 MDL is defined as three times the standard deviation of 5 MilliQ (>18.2 MΩ) deonized water blanks 

passed through the entire melter system

LR denotes low-resolution ICP-SMS mode (m/rm=300), and MR denotes medium-resolution 

mode (m/rm=4000)
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 142 

 143 

Figure 2. Map of the ice core locations used in this study. (produced using Generic Mapping Tools 144 

(GMT) http://gmt.soest.hawaii.edu/). 145 

 146 

South Pole glaciochemical records. 147 

 A number of glaciochemical records, including stable isotopes, d-excess, SO4
2-, NO3

-, Ti, 148 

La, Ce, Pr, and accumulation rate, were chosen for this study to evaluate climate conditions for the 149 

past ~2000 years (Figure 3). Mean values during different time intervals are shown in Table 2. 150 

 151 

 152 

 153 
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 154 

Figure 3. South Pole glaciochemical records:  NO3
- (ug/L), D (‰), accumulation rate (m H2O a-155 

1), Ti (ng/L), dln, and SO4
2-(ug/L). All data shown as a smoothed data estimated using a robust 156 

spline smoothing function. Values above the mean are colored for the ice core time series. Also 157 

shown are the reconstructed climate indices of the Southern Oscillation (SOI) [Yan et al., 2011], 158 

and Southern Annular Mode (SAM) [Abram et al., 2014], and the solar irradiance [Reimer et al., 159 

2004] reconstructions.  160 
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Table 2. Mean values of South Pole time series during different periods. 161 

 162 

Dust records 163 

 The dust signal in the South Pole record is represented by several elements: Ti, La, Ce, and 164 

Pr. All elements are highly correlated to each other and have very low crustal enrichment factors 165 

when compared to values in Wedepohl [1995], indicating that the primary source for these 166 

elements is crustal dust. Figure 3 shows Ti variability for the past ~2000 years (note that other dust 167 

elements show similar variability as given in Figure 4). The most elevated dust concentrations are 168 

observed until ~1400-1425 CE, except for the ~400-550 CE interval, when some dust elements 169 

show a decline in concentration (Table 2). The most significant shift in South Pole dust influx 170 

occurs ~1425 CE, when dust element concentrations decrease ~1.5 times. 171 

 Dust is transported to the Antarctic from the Southern Hemisphere lower-latitude 172 

landmasses via the SHWs. The observed decrease in dust deposition at ~1425 CE suggests changes 173 

in strength, latitudinal extent, and dominant pattern (i.e., zonal vs. meridional) of the SHWs. Figure 174 

5 shows that during the period 1958-1998 South Pole Ti is positively correlated with the strength 175 

of the zonal near-surface winds. The positive correlation suggests that a decrease in dust 176 

concentrations after 1425 CE is related to weakening of the SHWs. A weakening of the SHWs 177 

60 BCE - 400 CE 400 CE - 650 CE 650 CE -1400 CE 1400 CE -1650 CE 1650 CE - 1998 CE

La (ng/L) 0.74 0.34 0.70 0.30 0.31

Ce (ng/L) 1.42 0.61 1.33 0.68 0.70

Pr (ng/L) 0.20 0.07 0.17 0.08 0.07

Ti (ng/L) 54.55 36.49 64.16 37.57 27.66

NO3
- (ug/L) 81.28 88.01 91.26 83.87 74.05

SO4
2- (ug/L) 63.32 66.52 62.65 46.29 43.52

O18 (%o) -50.23 -50.33 -50.54 -50.06 -48.72

D (%o) -404.69 -406.05 -406.19 -403.47 -393.79

d-excess -2.82 -3.38 -1.86 -2.97 -4.08
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during the LIA is supported by Varma at al. [2012] and suggested to be related to reduced solar 178 

irradiance. However, the period for which the correlation in Figure 5 is calculated is not very long. 179 

Moreover, one cannot assume that the same relationships between South Pole dust and zonal wind 180 

persisted in the past under potentially different climatic conditions. Several studies, in fact, show 181 

intensified westerly flow during the LIA [Kreutz et al., 1997; Shulmeister, 1999; Mayewski et al., 182 

2004a; Moy et al., 2009; Bertler et al., 2011].  183 

 Several studies [Shulmeister, 1999; Mayewski et al., 2004a; Goodwin et al., 2012] suggest 184 

the dominance of more intense westerly (i.e., zonal) circulation during the LIA and more 185 

meridional circulation before the LIA. Under meridional flow conditions, dust could be more 186 

easily transported to the South Pole, which would explain the elevated dust levels until ~1425 CE. 187 

An increase in zonal flow, conversely, would limit the intrusion of middle-latitude air into the 188 

Antarctic interior, potentially causing the decrease in dust concentration noted in the South Pole 189 

records during the LIA. Dust deposition at the South Pole is appears to be related to the position 190 

of the SHWs. Most of the dust deposited in Antarctica originates from South America and 191 

Australia with the southern South American dust source being more significant for the South Pole 192 

region [Li et al., 2008; Neff and Bertler, 2015]. The most southern major dust sources are in 193 

Patagonia (between 38-48oS), in the region under the influence of the SHWs [Prospero et al., 194 

2002; Li et al., 2008]. Maximum dust activity in Australia is centered on the northeast side of 195 

present-day Lake Eyre [Prospero et al., 2002]. Australian dust sources are located farther north, 196 

so transport of Australian dust to the South Pole would be more likely during equatorward 197 

expansion of the SHWs. Our South Pole dust records suggest that before ~1425 CE the SHWs 198 

occupied a more northerly position because concentrations are higher, therefore, involving dust 199 

from Patagonia and possibly also Australia. The major decrease in dust deposition ~1425 CE could 200 
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be a result of the contraction of the SHWs and concomitant poleward shift of the southern 201 

circumpolar vortex, thus decreasing exsposure of the dust source areas to SHWs. Several studies, 202 

using proxy records from Antarctica, South America and Australia, also suggest a poleward shift 203 

of the SHWs during the LIA [Shulmeister et al., 2004; Moreno et al., 2009; Moy et al., 2009; 204 

Mayewski et al., 2013]. Other studies, however, argue that SHWs shifted north during the LIA 205 

[Meyer and Wagner, 2009; Varma et al., 2012; Chambers et al., 2014; Koffman et al., 2015]. 206 

 Lowered dust concentrations can also be related to changes in precipitation, such that 207 

increased precipitation would lead to dust being precipitated out enroute to Antarctica and not 208 

reaching South Pole. Our South Pole record does not show any evidence for a precipitation increase 209 

at ~1425 CE. However, it does show an increase in accumulation rate and stable water isotopes 210 

~1650 CE, indicating an increase in precipitation that might, at least partially, account for the lower 211 

dust levels during the LIA. 212 

 213 

Figure 4. South Pole dust records. Smoothed records of Ti (ng/L), La (ng/L) and Pr (ng/L). 214 
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  215 

 216 

 Figure 5. Correlation between South Pole Ti data and surface wind at 10 m (U10) for the 217 

period 1958-1998 CE. Correlations were made with the ECMWF 40-year reanalysis (ERA-40) 218 

data using Climate Reanalyzer (https://ClimateReanalyzer.org), Climate Change Institute, 219 

University of Maine, USA. 220 

SO4
2- 221 

 The most elevated SO4
2- values are noted until ~1175 CE, after which time SO4

2- 222 

concentration starts to decline. The most pronounced decrease is observed ~1400 CE, shortly 223 

preceding the decrease in dust concentrations (Figure 3, table 2). 224 

 Except for brief intervals during large volcanic eruptions, the major natural source for SO4
2- 225 

in Antarctica is the marine biogenic emission [Mayewski et al., 1990; Legrand and Mayewski, 226 

1997]. SO4
2- comes from the oxidation of dimethylsulphide (DMS) produced by marine 227 

phytoplankton and emitted from the ocean surface [Legrand et al., 1991; Minikin et al., 1998]. 228 

Increased oceanic emission of DMS characterizes glacial intervals due to an increase in sea ice 229 

extent [Welch et al., 1993; Wolff et al., 2006]. 230 
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 The South Pole ice core record reveals a decrease in SO4
2- concentrations after ~1400 CE. 231 

This could imply a decrease in the production of biogenic sulfate, potentially related to a decrease 232 

in sea ice extent or a shift in the atmospheric transport of SO4
2- to interior Antarctica. Variation in 233 

snow accumulation may also affect concentrations of sulfate in snow, however, we do not see any 234 

correlation between SO4
2- and accumulation in our record. For the period 1979-1998 CE, our South 235 

Pole SO4
2- record shows a positive correlation with sea ice extent during austral spring in the 236 

Weddell Sea and Indian sectors of the Southern Ocean, and a negative correlation with parts of the 237 

Ross Sea (Figure 3.5). Bertler et al. [2011] show an increase in sea ice during the LIA in the Ross 238 

Sea. Based on the dipole response of the Ross and Weddell Seas to climate forcing [Carleton, 239 

2003; Lefebvre and Goosse, 2005] (Figure 6), one would expect a decrease in sea ice during the 240 

LIA in the Weddell Sea. We suggest that the decrease in South Pole SO4
2- indicates a decrease in 241 

sea ice extent in the Weddell Sea and potentially in the Indian sector of the Southern Ocean since 242 

~1400 CE. A decrease in sea ice extent and therefore a larger amount of open water source is also 243 

suggested by changes in South Pole isotopic values discussed below.   244 

 The decrease in SO4
2- during the LIA coincides with the major decline in dust 245 

concentration, which as discussed earlier could be related to the change to a more zonal 246 

atmospheric circulation. Unlike coastal Antarctic sites, South Pole SO4
2- typically shows a 247 

maximum sulfate during winter/spring (together with Cl-), suggesting that biogenic SO4
2- is 248 

transported from more distant northerly located areas by winter/spring storms. A decline in SO4
2- 249 

concentration since 1400 CE could, therefore, be caused by a contraction of the polar vortex and 250 

subsequent decrease in transport of SO4
2- from more distant ocean sources. 251 

 252 

 253 
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 254 

Figure 6. Correlation between South Pole SO4
2- data and sea ice concentration during SON for the 255 

period 1979-1998 CE. Correlations were made using European Reanalysis Interim (ERA-Interim) 256 

data from Climate Reanalyzer (https://ClimateReanalyzer.org), Climate Change Institute, 257 

University of Maine, USA.  258 

Stable water isotopes  259 

 The oxygen and hydrogen isotopic composition of polar ice is used to obtain such 260 

paleoclimate information as past local surface temperature changes at the precipitation site [Petit 261 

et al., 1999]. Our South Pole isotope record shows a weak correlation to the Amundsen-Scott 262 

station air temperature (Figure 7). This weak correlation might be attributable to dating uncertainty 263 

and/or lack of an annual isotopic signal in the South Pole record. The latter could be explained by 264 

the fact that the South Pole ice core was stored in a freezer facility for a few years before it was 265 

sampled, and the long storage period might have caused smoothing of the isotopic signal [Jouzel, 266 

2003]. 267 

 Figure 3 shows the D record for the last ~2000 years. South Pole 18O and D values are 268 

relatively stable until ~1650 CE, except for a short-term increase around 550 CE. The timing of 269 

the South Pole stable water isotopes increase corresponds to the extreme short-term cooling in the 270 
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Northern Hemisphere starting at 536 CE [Büntgen et al., 2016]. Our South Pole record suggests 271 

that climate disturbance ~536-550 CE was a global event, which could be caused by an eruption 272 

of a tropical volcano [Dull et al., 2019]. 273 

 A slightly elevated base level is observed for the period 1100-1650 CE compared to earlier 274 

times. The most significant shift in water isotopes occurred ~1650 CE, when 18O and D values 275 

increased by ~3% compared to the earlier interval. The South Pole record demonstrates that this 276 

shift was rapid, occurring in less than a decade.  277 

 Stable isotope variability in ice core records is linked to changes in cyclonic activity around 278 

Antarctica [Ekaykin et al., 2004]. An increase in cyclonic activity results in more precipitation and 279 

higher temperatures as warm air is advected more frequently onto the continent [Morgan et al., 280 

1991; Ekaykin et al., 2004]. Therefore, we interpret the increase in stable isotopes since ~1650 CE 281 

as an increase in the penetration of warm marine air masses to the South Pole produced by an 282 

increase in cyclonic activity.  283 

 Figure 8 shows stable water isotopes from other Antarctic sites revealing the large spatial 284 

and temporal climatic variability. Several ice core records show a decrease in stable isotope values 285 

during the LIA. Victoria Lower Glacier (VLG) shows cooling between 1300-1800 CE with the 286 

transition to colder conditions occurring rapidly, in less than a decade  [Bertler et al., 2011]. Talos 287 

Dome shows slight cooling since ~1450 CE, accompanied by an increase in accumulation [Stenni 288 

et al., 2011]. Taylor Dome reveals cooling between 1400-1800 [Steig et al., 2000]. The WAIS ice 289 

core indicates gradual cooling in central West Antarctica during the last 1000 years [Fudge et al., 290 

2013]. EPICA Dome C from East Antarctica indicates cold conditions 1400-1800 CE [Jouzel et 291 

al., 2007]. In contrast, several other records show an increase in isotope values during the last few 292 

centuries. RICE, in West Antarctica shows warmer conditions since 1450 CE [RICE community 293 
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members, 2018]. Located nearby, Siple Dome also suggests warmer conditions [Brook et al., 2005; 294 

Fudge et al., 2013]. Records from the Antarctic Peninsula demonstrate warming after ~1700 CE 295 

[Abram et al., 2014]. Our records indicate that the South Pole climate is different from other East 296 

Antarctic sites, and also from interior of West Antarctica: it shows more similarity with isotopic 297 

changes in the Antarctic Peninsula. Thus, South Pole is most likely representing the most interior 298 

intrusion of air masses coming from the Weddell and Bellingshausen Seas. 299 

 300 

 301 

 Figure 7. Comparison between South Pole stable water isotopes and Amundsen-Scott 302 

temperature records. Amundsen-Scott station temperature records are from 303 

https://legacy.bas.ac.uk/met/READER/surface/Amundsen_Scott.00.temperature.html 304 
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 305 

Figure 8. Antarctic stable water isotope records. Stable water isotopes data from top to bottom:  306 

South Pole (this study), James Ross Island [Abram et al., 2014], RICE [RICE community 307 

members, 2018], Siple Dome [Brook et al., 2005; Fudge et al., 2013], Vostok [Petit et al., 1999], 308 

Taylor Dome [Steig et al., 2000], EDC [Jouzel et al., 2007], EDML [Barbante et al., 2006], 309 

Talos Dome [Stenni et al., 2011], WAIS [Fudge et al., 2013], and VLG [Bertler et al., 2011]. 310 
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Deuterium excess  311 

 Deuterium excess is a second-order isotopic parameter used to assess moisture source 312 

[Vimeux et al., 2001]. There are two major factors controlling d-excess: sea surface temperature 313 

(SST) during evaporation, and relative humidity at the vapor source region. The d-excess is in 314 

general positively correlated with SST, and anticorrelated with relative humidity [Jouzel et al., 315 

2013; Pfahl and Sodemann, 2014]. We use the natural log definition of d-excess (dln) from Uemura 316 

at al.  [2004]: dln = ln(1+D)−(−2.85×10−2 ×(ln(1+18O))2+8.47×ln(1+18O)).    317 

 The South Pole mean dln value is ~ -6.7 ‰ (varying from +7 to -42.7 ‰). Previous studies 318 

show that negative d-excess values are observed in ice core sites with elevations lower than 2000 319 

m. The differences in d-excess between low and high elevation sites suggest different moisture 320 

source regions, whereby low elevation and coastal locations receive moisture from the colder high-321 

latitude ocean; and interior Antarctic sites having elevations above 2000 m receive moisture from 322 

the subtropics and middle latitudes [Masson-Delmotte et al., 2008; Sodemann and Stohl, 2009]. 323 

The more negative South Pole d-excess values suggest that the South Pole receives precipitation 324 

from a more southerly located region than do the more interior areas of East Antarctica. 325 

 The dln at the South Pole (Figure 3) shows that values stay relatively high between 50-1500 326 

CE, except for decrease between ~450-670 CE. The latter dln deviations, accompanied by lower 327 

dust values and short-term increase in stable water isotopes, indicate a climate disturbance similar 328 

to the LIA. The highest values are observed between 700 and 1450 CE, indicating warmer SST 329 

and lower humidity at the moisture source. The dln values start to decline after 1450 CE, followed 330 

by a sharp decrease at ~1650 CE, suggesting a decrease in SST and increased humidity at the 331 

moisture source, or a shift to a colder higher latitude moisture source. Similar to the 18O and D, 332 
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changes in dln occur abruptly, over about 10 years, in the South Pole record. The South Pole dln 333 

values reach a minimum at ~1725 CE, then start to rise slowly, except for a sharp drop ~1950 CE.  334 

NO3
- 335 

 The presence of NO3
- in Antarctic ice cores is attributed to a variety of sources such as 336 

tropospheric lightning, NOx produced from N2O oxidation in the lower stratosphere, galactic 337 

cosmic rays and/or surface sources such as biomass burning and NO exhalations from soils  338 

[Legrand and Kirchner, 1990]. Nitrate concentrations in Antarctic snow are also linked to the 339 

extent and/or persistence of polar stratospheric clouds (PSCs) (Mayewski and Legrand, 1990; 340 

Mayewski et al., 1995). NO3
- is transported mostly through the upper troposphere and stratosphere 341 

from distant sources [Legrand and Kirchner, 1990; Mayewski et al., 2005]. NO3
- concentration is 342 

also assumed to be related to temperature and snow accumulation rate, whereby lower 343 

temperatures lead to higher mean NO3
- concentrations [Legrand and Mayewski, 1997] 344 

Rothlisberger et al., 2000).  345 

 South Pole NO3
- concentrations exhibit elevated values for the period 60 BCE to ~1700 346 

CE and a decrease from ~1700 CE (Figure 3, Table 2). The decrease in NO3
-, in general, coincides 347 

with a major shift in stable water isotopes, suggestive of increased penetration of marine air masses 348 

to the South Pole. More frequent marine air intrusions would, in turn, reduce the katabatic transport 349 

of air from the highest locations of the Antarctic interior and subsequently lead to a decrease in 350 

deposition of NO3
- at the South Pole.  351 

 352 

 353 

 354 
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Influences of SAM and ENSO teleconnections, and solar activity on South Pole climate 355 

variability.  356 

 The Southern Annular Mode (SAM) is the dominant pattern of climate and atmospheric 357 

variability in the Southern Hemisphere eaxtratropics [Marshall, 2003; Abram et al., 2014], and is 358 

a measure of the position and strength of the SHWs. Positive SAM is associated with 359 

intensification and poleward shift of the SHWs, and low-pressure anomalies over Antarctica 360 

compared to middle latitudes [Swart et al., 2015]. Figure 3 shows a SAM reconstruction for the 361 

last millennium based on Antarctic temperature proxy records [Abram et al., 2014]. 362 

 Another major atmospheric circulation driver in the Southern Hemisphere is the tropical 363 

El Niño Southern Oscillation (ENSO) [Carleton, 2003]. We use an existing proxy-based 364 

reconstructions of the Southern Oscillation Index (SOI) for the past 2,000 years [Yan et al., 2011] 365 

to capture ENSO variability and changes (Figure 3). The SOI index we use is based on the 366 

normalized difference in mean sea level pressure between Tahiti (17.5°S, 149.6°W) and Darwin, 367 

Australia, (12.4°S, 130.9°E). Negative SOI anomalies favor El Niño like conditions and positive 368 

SOI corresponds to La Niña dominated conditions. 369 

 Previous studies demonstrate that polar/tropical teleconnections are stronger when +SAM 370 

(-SAM)  phases occur with La Niña (El Niño) events, or when ENSO events occur with a weak 371 

SAM [Fogt et al., 2011].  The La Niña influence on climate in the SH is very similar to the 372 

influence of +SAM. Figure 9 shows the correlation between ENSO (represented by the SOI), SAM 373 

and several climate parameters using the ERA-Interim climate reanalysis data. A positive SAM 374 

coupled with a La Niña like climate  is characterized by deepening of ASL, intensification and 375 

poleward contraction of the SHWs, increased precipitation and warming over Antarctic Peninsula 376 

and parts of West Antarctica, cooling over most of East Antarctica, decreased sea ice extent in the 377 
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Weddell/Bellinsgausen Seas, and increased sea ice in the Ross/Amundsen Seas. The ENSO 378 

reconstruction shows La Niña conditions dominated during the LIA, with a more pronounced shift 379 

to a negative ENSO ~1600 CE (Figure 3). The SAM reconstruction shows the most negative values 380 

~1400 CE with a positive trend after that (Figure 3). 381 

 A number of previous studies show that the South Pole climate is affected by both SAM 382 

and ENSO variations [Meyerson et al., 2002; Lazzara et al., 2012]. We compare 25-year resampled 383 

South Pole glaciochemical data with SAM and ENSO reconstructions to investigate their long-384 

term associations (Table 3). There is a significant positive correlation between SAM and stable 385 

water isotopes, and a significant negative correlation between NO3
- and d excess (Table 3). An 386 

increase in isotopes and decrease in d-excess and NO3
- concentrations are associated with a trend 387 

to more +SAM since ~1650 CE (Figure 3).  388 

  Variations in ENSO evidently have a more pronounced influence on South Pole records 389 

that the SAM. Table 3 shows a significant negative correlation between SOI and d-excess, SO4
2-, 390 

dust, and NO3
- concentrations; and a positive correlation with stable water isotopes. Decreases in 391 

South Pole dust and SO4
2- concentrations coincide with a shift to La Niña dominated conditions 392 

~1400 CE based on the SOI reconstruction. The shift in South Pole water isotopes, accumulation, 393 

and NO3
- records ~1650-1700 CE coincides with maximum in SOI values for that time. However, 394 

our South Pole record does not show any major changes during the period 60 BCE to ~1400 CE 395 

and suggests relatively stable El- Niño dominated conditions prior to ~1400 CE.  396 

 We also investigated the potential influence of changes in solar activity on our South Pole 397 

glaciochemical time series. Mayewski et al. [2005] show increased zonal wind strength near the 398 

edge of the circumpolar vortex (40-50oS) during intervals of increased solar activity. Varma et al. 399 

[2012], using model output and marine sediment records from the Chilean continental slope, 400 
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suggest that during periods of low solar activity (Maunder Minimum) the SHWs weaken near 401 

Antarctica and expand north, towards the equator. Figure 3 shows a total solar irradiance (TSI) 402 

reconstruction based on tree-ring 14C measurements [Reimer et al., 2004]. Table 3 shows that 403 

South Pole dust elements, SO4
2- and d-excess are negatively correlated with solar activity, and 404 

stable water isotopes are positively correlated. The correlations suggest that during the periods 405 

with lower solar activity, like the Maunder Minimum during LIA, South Pole sees a decrease in 406 

the dust import, SO4
2- and d excess values, and more positive isotope values.  407 

 408 

Table 3. Correlations between 25-year resampled South Pole glaciochemical data and SAM, SOI 409 

and solar activity reconstructions. Statistically significant positive/negative correlations (p<0.1) 410 

are highlighted in yellow/blue. The correlation with the SAM reconstruction [Abram et al., 2014] 411 

covers the last ~1000 years, correlations with SOI [Yan et al., 2011] and solar activity 412 

reconstruction [Reimer et al., 2004] cover the last ~2000 years. 413 

 414 

 415 

  416 

   417 

 418 

SAM SOI Solar 14C

La 0.09 -0.19 -0.29

Ce 0.10 -0.33 -0.30

Pr 0.09 -0.39 -0.32

Ti -0.09 -0.26 -0.19

NO3
-

-0.39 0.07 -0.09

SO4
2-

0.17 -0.26 -0.38


18

O 0.35 0.25 0.27

D 0.33 0.17 0.23

dln -0.32 -0.41 -0.29

Accumulation 0.22 0.14 0.04
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 419 

Figure 9. Correlation between SAM, SOI and several surface and near-surface climate 420 

parameters. Correlations are shown between SAM and SOI indexes and surface westerly wind at 421 

10 m (U10), mean sea level pressure (MSLP), near-surface temperature (T2), precipitation 422 

(PRCP), and sea ice concentration (SEAICE) for the period 1979-2007 CE. Correlations were 423 

made using the European Reanalysis Interim (ERA-Interim) data from Climate Reanalyzer 424 

(https://ClimateReanalyzer.org), Climate Change Institute, University of Maine, USA. All 425 

correlations are at 0.95 significance. 426 
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Conclusions 427 

 We present an ~2000 year-long high-resolution glaciochemical record from the South Pole. 428 

The record reveals major climate changes during the period between 1400-1700 CE, corresponding 429 

to the initial and middle stages of the LIA. The most pronounced decrease in SO4
2- is observed 430 

~1400 CE. A significant decrease in dust element concentrations occurs ~1425 CE. The d excess 431 

starts to decline after 1450 CE, followed by a sharp decrease at ~1650 CE. South Pole stable water 432 

isotopes show a shift to more positive values ~1650 CE, accompanied by an increase in the snow 433 

accumulation rate. The NO3
- record shows a decrease in concentration ~1700 CE. Taken together, 434 

the South Pole records demonstrate a major reorganization of atmospheric circulation between 435 

~1400-1700 CE.  436 

 Our South Pole glaciochemical record suggests that that atmospheric reorganization 437 

occurred in two steps. The first shift in circulation occurred ~1400 CE, as evidenced by a decline 438 

in dust and SO4
2-. We suggest that these decreases were the result of a poleward contraction and 439 

zonal intensification of the SHWs, thus restricting dust and SO4
2- transport from the middle-440 

latitudes to Antarctica. Changes in SO4
2- also indicate a decrease in winter-spring sea ice extent in 441 

the Weddell Sea and in the Indian sector of the Southern Ocean during te LIA, which was 442 

countered by an increase in ice extent in the Ross Sea sector. 443 

 The second major shift in atmospheric circulation occurred ~1650-1700 CE, as evidenced 444 

by major changes in the stable water isotopes, d-excess, and NO3
- records. This second shift we 445 

ascribe to increased cyclonic activity in the sub-Antarctic,  with a subsequent enhanced penetration 446 

of marine air masses to South Pole, displacement of the moisture source to a colder higher latitude 447 

ocean location, reduction of katabatic air transport to the South Pole from the interior of East 448 
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Antarctica, and a decrease in sea ice extent in the Weddell Sea. The ~1650-1700 CE atmospheric 449 

shift may indicate a further contraction and intensification of the SHWs. 450 

 South Pole glaciochemical records show relatively stable climate conditions prior to onset 451 

of the LIA, except for the period ~450-650 CE. During the latter interval there is a slight decrease 452 

in dust concentration, increase in stable water isotopes and decrease d-excess values, indicative of 453 

climate conditions similar to the LIA, but smaller in magnitude. In the Northern Hemisphere, this 454 

interval corresponds to a cold event between 400-765 CE, known as the Dark Ages Cold Period 455 

[Wanner et al., 2011; Helama et al., 2017] and 536-660 CE Late Antique Little Ice Age [Büntgen 456 

et al., 2016].  457 

 Correlation of the South Pole ice core record with reconstructions of the SAM and ENSO 458 

indices show that both teleconnections have a strong influence on South Pole climatic conditions. 459 

In summary, our South Pole glaciochemical records show that prior to ~1400 CE the SH climate 460 

was dominated by El Niño-like conditions that changed to a +SAM/La Niña dominated climate 461 

conditions during the LIA. These inferences suggest that contemporary associations identified 462 

between the indices and their climatic expression operated similarly over the past ~2000 years. 463 

 464 
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