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Abstract Reconstruction of the long-term surface temperature history in Antarctica is important for a
better understanding of human-induced climate changes, especially since the Industrial Revolution. We
present here a surface temperature history spanning the last century at Styx Glacier, located on the eastern
coast of northern Victoria Land, which is reconstructed using borehole logging data. Our results indicate that
surface temperatures in the 20th century were 1.7 ± 0.4 °C higher than the long term averages over
1600–1900 Common Era, indicating regional warming over the eastern coast of northern Victoria Land.
However, we found no evidence for significant warming across the northern Victoria Land since the mid-20th
century. A global reanalysis as well as the reconstruction of proxy records demonstrate that the climate in this
region was more affected by changes in the Southern Hemisphere Annular Mode than in the
Amundsen-Bellingshausen Sea Low.

Plain Language Summary The western coast of the Ross Sea, northern Victoria Land, is one of
several regions around the world where the temperature history is highly uncertain. Here we provide a
temperature reconstruction using borehole logging data from Styx Glacier. The reconstructed temperature
history indicates that the surface temperature at Styx Glacier in the 20th century is higher than in previous
centuries, although there is no significant trend since ~1950s. The lack of recent warming trend off the
western Ross Sea is in contrast to the warming in the Antarctic Peninsula and West Antarctica.

1. Introduction

Understanding the mechanisms of Antarctic climate change is crucial for future projections of sea-level rise,
sea ice change, ocean circulations, and consequently, future global climate (Collins et al., 2013). Previous
surface temperature reconstructions over Antarctica found inhomogeneous recent warming trends since
1958 Common Era (CE), showing a strong warming in the Antarctic Peninsula (AP) and West Antarctica
(WA), but an insignificant overall warming over East Antarctica (EA; e.g., Nicholas & Bromwich, 2014; Stieg
et al., 2009), although local warming has been observed in some parts of EA (Muto et al., 2011). The significant
recent warming trends over AP and WA were confirmed by borehole temperature inversions (Barrett et al.,
2009; Orsi et al., 2012; Zagorodnov et al., 2012).

The warming in the AP since the late 1970s has been attributed to the positive phase of the Southern
Hemisphere Annular Mode (SAM), which is the leading mode of climate variability in the Southern
Hemisphere that can be defined by differences in sea level pressure between middle and high latitudes
(e.g., Marshall, 2003). The recent SAM increase is due to stratospheric ozone depletion during summer
(Thompson et al., 2011) and strong teleconnections with the tropics (e.g., Schneider et al., 2012). On the other
hand, the WA warming has been largely attributed to the strengthening of northerly warm meridional winds
caused by changes in the central pressure and mean position of the Amundsen Bellingshausen Sea Low
(ASL), a persistent low pressure centered over the Amundsen-Bellingshausen Sea and the Ross Sea
(Hosking et al., 2013, 2016), which is forced by tropical sea surface temperatures (e.g., Fogt & Wovrosh, 2015).

The Earth’s mean surface temperature has substantially increased due to human activity especially since the
Industrial Revolution. However, the current temporal coverage of temperature observation data is insufficient
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for evaluating anthropogenic warming in Antarctica. Improving the spatial
coverage of long-term temperature reconstructions is particularly impor-
tant for a better understanding of regional climate changes in Antarctica.
The Ross Sea is the region of bottom water formation (Jacobs, 2004), the
highest biological production (Arrigo & van Dijken, 2003), and the highest
increase in sea-ice extent (Comiso et al., 2017; Sinclair et al., 2014).
However, due to the complex topography and relatively low temporal
resolution of observations, the reanalysis-based temperature fields show
lower reconstruction skill in the western coast of the Ross Sea than in
the interior EA (Nicholas & Bromwich, 2014). Existing past temperature
(T) reconstructions in this region have relied exclusively on stable isotope
paleothermometry (δ18Oice), but the slope of δ18Oice/T is not spatially or
temporally constant (e.g., Goursaud et al., 2018), and it is rarely constrained
in mountainous areas. These limitations make accurate temperature
reconstruction difficult. In this study, we present an independent surface
temperature history in the western coast of the Ross Sea using borehole
temperature measurements from Styx Glacier, northern Victoria Land.

2. Materials and Methods
2.1. Styx Glacier Borehole Temperature Logging

Styx Glacier (73°51.100S, 163°41.220E, 1,623 m above sea level) is located
near the western coast of the Ross Sea, northern Victoria Land (Figure 1). A shallow (depth of 210.5 m) ice core
was drilled during the 2014–2015 austral summer (Han et al., 2015). The drilling site is close to the ice divide,
and the horizontal ice flow was estimated as ~0.9 m/year by interferometric synthetic aperture radar obser-
vations (supporting information Figure S2). Ground penetrating radar survey showed that the ice thickness at
drilling location is 550 m (Hur, 2013). The temperature of the 210.5-m borehole was measured in November
2016, 2 years after drilling. The borehole temperature was logged twice in both downward and upward direc-
tions. The logging interval was every 1 m for the upper 15 m and every 3 m down to 90 m; 5 m intervals were
used for depths below 90 m. The thermistor was held in place for at least 10 min to allow it to stabilize, and
the resistance was averaged for 5 min. The measured resistance data were converted to temperature by an
extended Steinhart-Hart calibration function (Clow et al., 1996). The expanded absolute accuracy of our log-
ging device is 0.1 K in the range of 0 to �35 °C (Institute of Calibration & Technology Co., Ltd.). The relative
accuracy of the borehole logging data is 9 mK, which is estimated as a pooled standard deviation of the four
repeated temperature measurements. We note that the relative temperature difference between the depth
intervals is more important for the borehole temperature inversion than the absolute temperature (Orsi
et al., 2012).

2.2. Temperature Reconstruction

We used a one-dimensional ice and heat flow model (forward model) and least-square technique (inversion
model) to reconstruct the temperature history. Here we assume that the horizontal heat advection is negli-
gible due to a low horizontal velocity (Figure S2). The details on the temperature reconstruction method
and uncertainty estimates are explained in Orsi et al. (2012, 2014, 2017). The parameters used in the inversion
scheme are detailed in Section S3.

The firn and ice bulk densities were measured on site during the drilling campaign (Han et al., 2015). The
snow accumulation rate was determined by the annual layer thickness calculated from the ice chronology,
bulk density profile, and thinning function. We first determined the gas chronology based on methane
correlation (Blunier et al., 2007; Buizert et al., 2015) with West Antarctic Ice Sheet (WAIS) Divide records
(Mitchell et al., 2011, 2013), which was then converted to ice age scale by using the gas age-ice age difference
at the lock-in depth (52.8 m). The gas and ice ages at lock-in depth were dated by carbon dioxide (CO2) mix-
ing ratio of firn air and the Herron-Langway empirical firn densification model (Herron & Langway, 1980),
respectively. The thinning function was calculated by Nye (1963) and Dansgaard-Johnsen model
(Dansgaard & Johnsen, 1969). Details on the snow accumulation rate estimation are described in
Supporting Information S1.

Figure 1. The locations of the Styx Glacier along with previous ice core sites
on the western coast of the Ross Sea (HN = Hercules Névé; TD = Talos Dome;
TYD = Taylor Dome; WHG = Whitehall Glacier; VLG = Victoria Lower
Glacier). The color bar indicate the surface elevation based on the Bedmap2
data set (Fretwell et al., 2013). This map was created using the Antarctic
Mapping Tool (Greene et al., 2017).
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The forward model was initialized with a constant climate history with a seasonal temperature cycle
(Figure S9). The stationary temperature profile for the initial condition was obtained after a 15,000-year model
run. The mean annual temperature of�32.5 °C, basal temperature of�20.5 °C, and basal temperature gradi-
ent of 0.0221 °C/mwere chosen to yield a temperature profile close to the borehole logging data. Styx Glacier
is situated in the Melbourne volcanic province, which may cause higher basal heat flux than other regions.
The indirect estimates from seismic model (Shapiro & Ritzwoller, 2004) and satellite observation (Maule
et al., 2005) show a larger heat flux than used in our calculation. However, changes in basal heat flux do
not cause significant changes to the model calculations (see Supporting Information S1 for the
sensitivity tests).

2.3. Sensitivity Tests

We carried out sensitivity tests to see which parameters strongly influenced the temperature reconstructions
and to conservatively define the uncertainty ranges. The sensitivity tests revealed that the temperature his-
tory was the most sensitive to the initial temperature (T0) and basal temperature (Tb). We created an

Figure 2. Model fit, sensitivity tests, and smoothing windows of Styx Glacier temperature reconstructions. (a; Upper) Comparison of borehole logging data
(blue crosses) with the model reconstructed temperature profile (solid magenta line), along with the stationary temperature profile (gray, �31.7 °C for 15,000-year
run). (a; Lower) The precision of borehole logging data (red crosses), and model-data misfit (black crosses). (b) Comparison of Styx Glacier temperature
anomalies (relative to the 1960–1990 CE period) with reanalysis-based reconstructions (blue, RECONCFSR) and the average of the mean annual temperature from the
automated weather system (AWS; red, see text). (c) Results of sensitivity tests for 1000–2010 CE. The ensemble mean and 1 standard deviation (1σ) ranges are plotted
in black solid and dashed lines, respectively. (d) Same as (c) but enlarged for 1955–2016 CE. (e) Smoothing windows at selected time steps (black open circles)
are indicated as full widths at half maximum (FWHM). (f) Same as (e) but for the 1955–2016 CE interval. CE = Common Era.
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ensemble of eight scenarios of ±0.5 and ±1.0 °C cases for the initial temperature and basal temperature, and
we added two cases of ±1σ of snow accumulation rate history to account for heat advection. Figure 2c shows
the temperature history of each sensitivity test and the mean ensemble temperature with its 1σ range. Also
plotted in Figure 2 are smoothing windows in full widths at half maximum of the smoothing function at
selected time steps. Given that the smoothing windows earlier than around 1700 CE were over 1,000 years
and that the sensitivity results diverged substantially, there was no reconstruction skill for centennial
temperature changes before around 18th century.

3. Results
3.1. Styx Glacier Temperature History

The reconstructed surface temperature history at Styx Glacier exhibits an increase from the 17–19th to 20th
century, which has paused in themid-1950s (Figures 2c and 2d). As the smoothing windows exceed 200 years
at 1900 CE, our inversion result provides a long-term average temperature for older period (Figure 2e). The
mean temperature over 1600–1900 CE was �34.5 ± 0.3 °C (Figure 3a). The surface temperature at Styx
Glacier increased by ~1.7 ± 0.4 °C from the mean over the 17–19th centuries to the 20th century
(Figure 3b). However, this warming is not clearly observed in the δ18O-based regional temperature recon-
struction over the Victoria Land Coast from Antarctic-2k framework of Past Global Changes project (Stenni
et al., 2017; Figure 4a). It shows a warming of 0.5 °C in the intervals between 1600–1900 CE and 1900–
2000 CE. We should note that the Antarctic-2k record is a spatially averaged temperature reconstruction over
the Victoria Land Coast region, which is composed of the northernmost Victoria Land, the western coast
of the Ross Sea, and the western part of the Ross Ice Shelf (Stenni et al., 2017). Therefore, if warming across
the Victoria Land Coast since the 19th century is not consistent, then only a moderate warming signal would
appear in the averaged regional temperature. Figure 4b compares the temperature at the Styx Glacier with
the stable isotope ratios (δ18Oice and δDice) from ice cores located in northern Victoria Land. We found no
warming trend since 1600 CE in Talos Dome (TALDICE and TD96 cores), located on the inland plateau,
~250 km from the Ross Sea (Stenni et al., 2002). In contrast, the δ18Oice records at Hercules Névé, located near
the eastern coast of northern Victoria Land (Figure 1), show an increase from around the 19th century to the
mid-20th century. At Hercules Névé, the mean difference of δ18Oice between the intervals of 1770–1899 CE
and 1900–1992 CE is 1.4‰, which is equivalent to a warming of 1.1 ± 0.1 °C assuming the δ18Oice/T slope
of 0.83 ± 0.05‰/°C calculated from the European Centre Hamburg Model (ECHAM) simulation over the
Victoria Land Coast (Stenni et al., 2017). This indicates that warming from the 17–19th centuries to the
20th century was probably confined to the coastal region of northern Victoria Land.

The warming trend found from the 17–19th centuries to the 20th century weakened after the mid-20th cen-
tury (Figure 4a). The Styx Glacier temperature trend calculated from the average of linear regression slopes of
the 10,000 solutions over the [t, 2016] (t = 1800, 1801, …, 2015) interval became statistically insignificant
(p > 0.05) after 1955 CE (Figure 3c). This is in contrast to WA and AP, where the borehole temperatures

Figure 3. (a) Histogram of the mean temperature over 1600–1900 CE. (b) Histogram of the temperature difference
between the long term mean and the 20th century; the results indicate that the 20th century was 1.7 ± 0.4 °C warmer
than the long term 1600–1900 CE average. (c) Histogram of the temperature trend over the 1955–2016 CE interval shows a
negligible trend of �0.01 ± 0.11 °C per decade. CE = Common Era.
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revealed rapid warming in recent decades (Barrett et al., 2009; Orsi et al., 2012; Zagorodnov et al., 2012). The
muted recent warming is consistent over the Victoria Land Coast region (Figures 4a and 4b). The Antarctic-2k
Victoria Land Coast temperature record (Stenni et al., 2017) lacks the recent warming signal after the mid-
20th century (Figure 4a). The δ18Oice and δDice records from the ice cores in northern Victoria Land show
no evidence of warming since the mid-20th century (Figure 4b). The lack of a warming signal in recent dec-
ades was also observed in the nearby automated weather system (AWS) records. We used the hourly tem-
perature record from the seven AWSs located within 100 km from Styx Glacier (Figure S9). The average of
the annual mean temperature records from the seven AWSs shows no warming trend since 1988 CE
(Figure 2b; trend = �0.1 ± 0.6 °C per decade, F stat = 0.70, p = 0.41). In addition, the global reanalysis-based
Antarctic temperature reconstruction (RECONCFSR) demonstrates an insignificant temperature trend around
Victoria Land over 1958–2012 CE (Nicholas & Bromwich, 2014). The mean annual temperature of RECONCFSR

at Styx Glacier also shows statistically insignificant temperature slope (0.0 ± 0.1 °C per decade, F stat = 0.63,
p = 0.43) over the 1958–2012 CE interval (Figure 2b). All of these lines of evidence indicate that there has been
no significant warming in recent decades in northern Victoria Land.

3.2. Influence of SAM on Styx Glacier Temperatures

To explore the mechanism for the lack of warming in Styx Glacier since the mid-1950s, we used RECONCFSR

temperature fields (Nicholas & Bromwich, 2014) because they have longer time series and are less biased

Figure 4. (a) Comparison between the reconstructed SAM index (thin purple, SAMRECON; Abram et al., 2014) and Styx Glacier temperatures since the 17th century.
Also plotted are the 70-year-smoothed SAMRECON record (thick dark purple), the Styx Glacier temperature anomalies relative to the 1960–1990 CE average (black),
and the Antarctic-2k temperature reconstructions in 10-year bins scaled by ECHAM results (green; Stenni et al., 2017). The yellow and blue shadings denote the
period when SAMRECON shows negative and positive slope, respectively. (b) Comparison between the Styx Glacier temperature anomaly (black) and the stable
isotope ratios (δ18Oice and δDice) fromHercules Névé (pink, Stenni et al., 1999), Whitehall Glacier (dark red, Sinclair et al., 2012), TALDICE (blue, Stenni et al., 2011), and
TD96 (orange, Stenni et al., 2002). CE = Common Era; SAM = Southern Hemisphere Annular Mode; VSMOW = Vienna standard mean ocean water.
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than the reanalysis; they also have a very proximal grid point (73°46.550S, 163°13.140E) to Styx Glacier. We
calculated the composite difference of temperature at Styx Glacier according to the state of SAM and ASL
change. Here we used the annual SAM index (Marshall, 2003), the actual center pressure of the ASL (ASL-P
hereafter), and the longitude of the ASL position (ASL-L hereafter; Hosking et al., 2016). The annual SAM
index is available since 1957 CE, while the ASL-P and ASL-L indices start in 1979 CE. First, we selected the
years where the annual SAM index was higher (more positive) and lower (more negative) than the 1σ
range from the mean of the entire data. Then, we calculated the difference between the annual mean
temperatures of RECONCFSR fields at Styx Glacier between the years of more positive SAM and those of
more negative SAM. An identical procedure was applied for the ASL-P and ASL-L indices. It should be
noted that, in case of the ASL-P, the temperature difference was calculated by subtracting the higher
ASL-P (weaker ASL) temperatures from the lower ASL-P (stronger ASL) temperatures (Figure 5). We found
statistically significant (Student’s t test at 95%) cooling of 0.6 °C at Styx Glacier when SAM was in the
positive phase. In contrast, we observed no statistically significant temperature change with the changing
ASL-P and ASL-L. Furthermore, we observe that the annual mean RECONCFSR temperature at Styx Glacier
shows a statistically significant negative correlation with the annual SAM index (r = �0.46, p < 0.0005),
indicating that the SAM explains ~21% of the variance. The observed negative correlation with SAM is
consistent with previous results (e.g., Marshall, 2007; Nicholas & Bromwich, 2014), although the correlation
is not strong. Meanwhile, no statistically significant correlations are found in the comparisons with ASL-P
and ASL-L.

4. Discussion

The proxy-based SAM reconstruction data (SAMRECON) seem to be related to the Styx Glacier temperatures
before the mid-20th century. The SAMRECON records were calculated by using temperature reconstructions

Figure 5. Influence of SAM (top row), ASL-P (middle row), and ASL-L (bottom row) on Antarctic temperatures. (left column)
Difference in annual mean RECONCFSR temperatures between the years when each index was in both polarities. (middle
column) Pearson’s correlation coefficients between the annual mean RECONCFSR temperatures and each index. (right
column) The p values of the correlation. The Styx Glacier borehole location is denoted as a white open circle.
SAM = Southern Hemisphere Annular Mode; ASL-P = actual center pressure of the Amundsen-Bellingshausen Sea Low;
ASL-L = longitude of the Amundsen-Bellingshausen Sea Low position.
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from the James Ross Island ice core along with the South American and Antarctic temperature records
(Abram et al., 2014). The SAMRECON records show a positive trend from the mid-17th century to ~1800 CE,
followed by a negative trend from the early 19th century to ~1940 CE, after which the trend becomes signifi-
cantly positive (Abram et al., 2014). The Styx Glacier temperatures exhibit increases during the negative
slopes of SAMRECON (yellow shading in Figure 4a) and insignificant changes when the SAMRECON shows a
positive slope (blue shadings in Figure 4a). Given that climate trends similar to those at the Styx Glacier are
observed in Hercules Névé (Figure 4b), this implies that the influence of SAM might have been persistent
in this region since before the 20th century.

The trend toward the positive phase of SAM in recent decades has been attributed to stratospheric ozone
depletion and anthropogenic greenhouse gas (GHG) emissions (Abram et al., 2014; Gillett & Fyfe, 2013;
Thompson et al., 2011). In the future, the expected ozone recovery (e.g., Kuttippurath & Nair, 2017;
Solomon et al., 2016) may lead to a negative shift of SAM, but increasing GHG emissions might counteract
the SAM shift due to the ozone recovery, likely causing SAM to stay in the positive phase (e.g., Myhre et al.,
2013; Thompson et al., 2011). If the relationship between SAM and the Styx Glacier climate presented in this
study persists, then the future climate in this region will depend on the degree of stratospheric ozone recov-
ery and anthropogenic GHG emissions.

5. Conclusions

In this study, we provide the first borehole thermometry record in northern Victoria Land that extends back to
the 19th century. According to our results, the surface temperature at Styx Glacier during the 20th century is
1.7 ± 0.4 °C higher than the long-term average over the 17–19th centuries. Warming since the 19th century is
also found in the δ18Oice records from Hercules Névé, which implies that this warming occurs around the
eastern coast of northern Victoria Land. In contrast, temperatures at Styx Glacier exhibit no significant
increase since themid-20th century. The ice cores in northern Victoria Land and the nearby AWS records both
exhibit no evidence of warming in the last six decades, indicating a large-scale phenomenon in northern
Victoria Land. The climate trends at the Styx Glacier might be related to changes in the SAM phase since
before the 20th century.
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