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ABSTRACT

The sparse nature of observational records across the mid- to high latitudes of the Southern Hemisphere
limits the ability to place late-twentieth-century environmental changes in the context of long-term (multi-
decadal and centennial) variability. Historical records from subantarctic islands offer considerable potential
for developing highly resolved records of change. In 1905, a whaling and meteorological station was estab-
lished at Grytviken on subantarctic South Georgia in the South Atlantic (54°S, 36°W), providing near-
continuous daily observations through to present day. This paper reports a new, daily observational record of
temperature and precipitation from Grytviken, which is compared to regional datasets and historical re-
analysis. The authors find a shift toward increasingly warmer daytime extremes commencing from the mid-
twentieth century and accompanied by warmer nighttime temperatures, with an average rate of temperature
rise of 0.13°C decade ' over the period 1907-2016 (p < 0.0001). Analysis of these data and reanalysis
products suggest a change of pervasive synoptic conditions across the mid- to high latitudes since the mid-
twentieth century, characterized by stronger westerly airflow and associated warm f6hn winds across South
Georgia. This rapid rate of warming and associated declining habitat suitability has important negative im-
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plications for biodiversity, including the survival of key marine biota in the region.

1. Introduction

Climate changes in the mid- to high latitudes of the
Southern Hemisphere have exhibited extreme and re-
gionally asymmetric trends in temperature and pre-
cipitation over the last half century, with warming
particularly marked over the Antarctic Peninsula and
the South Atlantic (Turner et al. 2005; Abram et al.
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2014; Richard et al. 2013; Turney et al. 2016c;
J. Jones et al. 2016). However, because of the sparse
distribution and temporal limitations of instrumental
records, the long-term evolution of climatically sensi-
tive high-latitude regions of the Southern Hemi-
sphere, especially prior to the 1950s, remains elusive.
Subantarctic islands are particularly important in
this regard, straddling major ocean and atmospheric
boundaries, and offer the potential to develop highly
resolved records of near open-ocean conditions. The
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FIG. 1. Location of (a) South Georgia (SG; red square), the Falkland Islands (FI) and Orcadas Station (OS) (both
red dots), and (b) the meteorological station at Grytviken in Cumberland Bay (red dot).

ecosystems that inhabit these islands are of global
importance, with high biological diversity and pro-
ductivity, but appear to be increasingly vulnerable to
late-twentieth-century change (Boyd et al. 2015;
Constable et al. 2014; Trathan et al. 2012; Turney et al.
2017). Proxy reconstructions have shown that the cir-
cumpolar Antarctic has experienced major changes in
the patterns and strengths of dominant airflow over
recent millennia (J. Jones et al. 2016; Turney et al.
2016a; Anderson et al. 2009), with associated impli-
cations for carbon uptake (Le Quéré et al. 2009;
Turney et al. 2016b; Sallée et al. 2012; Landschiitzer
et al. 2015). To provide a baseline for contempo-
rary and future changes, high-resolution (subannual
to annual) observational records are urgently required
across the region. Although invariably remote, nu-
merous whaling stations were established across the
Southern Ocean islands in the late nineteenth and
early twentieth centuries, where in some locations, daily
weather observations were meticulously recorded.
South Georgia is a relatively small, mountainous, and
heavily glaciated subantarctic island (~3500km?) lo-
cated in a strategic location for understanding South-
ern Ocean atmosphere—ocean dynamics, approximately
1500 km northeast of the Antarctic Peninsula (Fig. 1).
It has experienced substantial glacier retreat during the
second half of the twentieth century, with particularly
dramatic losses during the first decade of the twenty-
first century (Cook et al. 2010; Gordon et al. 2008).
While the precise drivers of this glacier retreat remain
unclear, the large impacts of this retreat on the ter-
restrial and marine biota makes an understanding of
these drivers all the more crucial (Cook et al. 2010;
Murphy et al. 2007). Despite the value of historical

data for expanding the observational network, only
a monthly resolved dataset has until now been
available.

Crucially, South Georgia was home to numerous
whaling stations from 1905, one of which, the station at
Grytviken, provides the longest and most complete
meteorological records on the island. Although monthly
climate statistics from subantarctic South Georgia are
currently available in the public domain (https://legacy.
bas.ac.uk/met/READER), understanding changes in
temperature and precipitation extremes requires daily
resolved data. A coordinated effort was therefore un-
dertaken to locate and transcribe the records from
Grytviken to improve our understanding of South At-
lantic climate change through the twentieth century.
Importantly, this contribution will add to the Atmo-
spheric Circulation Reconstructions over the Earth
(ACRE)-facilitated reanalyses database, providing
crucial data in a data-sparse region and time period. In
this paper, we explore this unique daily record of
changes in the averages and extremes of climate over the
twentieth century.

2. Data and methods

The establishment of a whaling and meteorological
station at Grytviken, South Georgia [also known as
Cumberland Bay or King Edward Point, located on the
north coast of South Georgia (World Meteorological
Organization station 88903; 54°16'59"S, 36°30'0"W)],
in 1905 resulted in the creation of one of the lon-
gest observational records from the high latitudes of
the Southern Hemisphere. Between 1905 and 1950,
the occupying Norwegian—Argentine whaling station
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(Compania Argentina de Pesca) took meteorological
readings. Following this, the British Falkland Island De-
pendencies Survey (and later, British Antarctic Survey)
took ownership of the station until the outbreak of the
South Atlantic Conflict in April 1982. A small British
military garrison reoccupied the station weeks later,
where they remained until March 2001. Near-continuous
measurements were taken from 1905 to 1982, and al-
though it is believed that the military did take meteo-
rological readings, uncertainty over the station layout
and the ultimate location of the observational registers
has unfortunately resulted in an 18-yr gap in the record.
Monthly data from 1984-88 are available from the
British Antarctic Survey, but so far, no daily data or
metadata have been identified. We therefore exclude
these data (1984-88) from our analyses and highlight the
unverified data where shown. Upon the departure of the
military, the British Antarctic Survey installed an auto-
matic weather station (AWS) in March 2001, providing
continuous measurements through to the present day.

The Grytviken weather station is located at an alti-
tude of 2.2m above mean sea level. The data from the
early Norwegian—-Argentine occupation from 1905 to
1962 are archived at the National Meteorological Li-
brary and Archive in Exeter, United Kingdom, and from
1963-82 at the British Antarctic Survey Archives in
Cambridge, United Kingdom. Data from the automated
weather station, operating since 2001, can be accessed
online (https://legacy.bas.ac.uk/cgi-bin/metdb-form-2.
pl?tabletouse=U_MET.GRYTVIKEN_AWS&complex=
1&idmask=.....&acct=u_met&pass=weather). The data
elements transcribed in this study were daily maximum
temperatures (TX), daily minimum temperatures (TN),
and daily precipitation totals (PREC).

Metadata for the meteorological station at Grytviken
are available, including height above ground, particulars
of the instruments, and dates and details of any station/
instrument location changes. Importantly, these met-
adata allow us to evaluate and cross-check our homo-
geneity tests to confirm the integrity of the record. For
instance, when the station changed hands from Argen-
tine to British control, metadata from the station read:
“The former station closed in 1948 and was replaced by
King Edward Point, the two sites should be compatible.
Reliability: compared with 88890 [Stanley] and 87968
[Orcadas] for the years 1923-1980 and 1905-1980.” It
was established from the metadata that temperature
data from January 1905 to June 1907 should be dis-
counted because of faulty exposure of the thermome-
ters, which were affected by solar radiation, providing
erroneously high readings. Although the thermometer
screen was reported to have moved in January 1978,
there is no evidence that this created a difference in the
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temperature readings. However, there are no known
metadata available when the station was under military
control, apart from unconfirmed reports that the ther-
mometer screen was moved next to a building. The
Milos 500 AWS was installed in March 2001, providing
hourly readings, and was replaced by a Milos 530 AWS
in 2006, which records 1-min observations. Both AWSs
used a platinum resistance thermometer probe with an
accuracy of =0.2°C. In terms of precipitation data, up to
1982 measurements were taken with a Snowdon rain
gauge, which can underread in snow conditions, as the
wind can blow some of the snow over the top of the
gauge (Goodison et al. 1998). The data since 2010 have
been collected using a laser precipitation monitor, which
is thought to be more accurate. However, as there is no
overlap between the two instrumentation methods,
there is no way to assess how different the totals are;
thus, long-term trends that include data using both in-
struments should be interpreted with extreme caution.
Homogeneity tests were undertaken to detect and adjust
for sudden step changes present in the time series for
reasons other than climatic changes (such as instrument
change) using the software package RHTestsv4 (Wang
2008a,b; Wang and Feng 2013), but we found no signif-
icant inhomogeneities in the daily precipitation, maxi-
mum, or minimum temperature data.

Basic quality controls have been undertaken for all
series following the procedures outlined in Alexander
et al. (2006) and, where necessary, unreliable data re-
moved. Missing data criteria were adapted from Zhang
et al. (2011) and applied as follows: monthly indices
were calculated if no more than 3 days were missing in a
month, seasonal indices were calculated if no more than
6 days were missing in the 3-month period (and no more
than 4 days missing per month), and annual values were
calculated if no more than 15 days were missing in a year
and no single month was missing. In addition to the
missing data between March 1982 and March 2001, there
were several other gaps in the observations associated
with observer illness or instrumentation problems af-
fecting the following periods: October 1910-May 1911;
January 1919-April 1920; March—April 1928; and May
1946-December 1949. After the AWS was installed in
2001, there were occasional issues with the automatic
instrumentation and/or computer that could take sev-
eral days to resolve (this was particularly acute during
2007). In addition, the data were removed between
September 1968 and December 1969, owing to suspect
diurnal temperature range and unusually high pre-
cipitation values. It is worth noting that while rarely
transcribed, observational registers often have valuable
qualitative data in addition to the quantitative data re-
corded. Following identification of potentially spurious
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value(s), we examined the original observational reg-
isters to help identify any transcription errors as well as
any qualitative comments made that could help to
corroborate the values. For example, in August 1939,
the mean monthly temperature appeared anomalously
low. The register was consulted, and it was determined
that there were no transcription errors. Instead, com-
ments in the “observations’ section had several phra-
ses indicating particularly cold conditions: ‘“‘muy frio”
(very cold), “ventisca dia y moche” (blizzard day and
night), “‘viento fuerte” (strong wind), and ‘‘temper-
atura muy baja” (temperature very low). Qualitative
data such as these can be valuable sources of extra
quality assurance.

The data were analyzed with the R-based CLIMPACT
software package (Alexander and Herold 2015) to cal-
culate selected extreme climate indices (Zhang et al.
2011). We used daily minimum (TN) and maximum
(TX) temperature as well as daily precipitation in this
assessment. Percentile-based threshold levels, including
the 10th and 90th percentiles of the daily minimum
(TN10p) and maximum (TX90p) temperatures (with
1950-80 as our baseline), were used to measure changes in
moderate extremes. To calculate rates of change, we
used a generalized least squares approach, fit by maxi-
mizing the restricted log-likelihood (REML) with au-
toregressive (AR) errors, to estimate the slope term of
an assumed linear trend. We utilized the Akaike in-
formation criterion (AIC) to compare different models
and chose an autoregressive model of order AR(1), which
successfully removed autocorrelation of the residuals. The
trends are reported as degrees Celsius of warming per
decade or precipitation sum (mm) increase per decade
calculated for each period, with the associated standard
error and p value provided. Unfortunately the 20-yr gap in
the record precludes analysis identifying whether the
changes over time are the result of an underlying system
threshold (Thomas 2016) or linear response to forcing.
Instead, to further explore the atmospheric drivers of ob-
served climate changes, we also used the ACRE-facilitated
NOAA-CIRES Twentieth Century Reanalysis project
version 2¢ (20CRv2c) (Compo et al. 2011; Giese et al.
2016). The data from this study will be publically acces-
sible via the ISTI (International Surface Temperature
Initiative; http://www.surfacetemperatures.org/) and the
GPCC (Global Precipitation Climatology Centre; https://
www.esrl.noaa.gov/psd/data/gridded/data.gpcc.html).

3. Results

A warming trend over the twentieth century at Gryt-
viken is observed in mean monthly temperature derived
from daily data (calculated as the average of TX and TN)
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(Fig. 2a), with an average annual temperature rise of
0.13°C decade ' over the period 1907-2016 (p < 0.0001;
Table 1). However, more detailed analysis of this rate of
increase shows a slight decrease in temperatures over the
first two decades of the record at South Georgia, before
the warming trend was established. When splitting the
record approximately in half (1906-50 and 1951-2016),
there is no significant trend identified in the early half
of the twentieth century, but there is a strong trend in
the latter half, peaking at 0.22°C decade ' in summer
(p < 0.001; Table 1). Importantly, however, the rate of
warming is not constant year round. When seasonal
trends are investigated, the largest warming trend occurs
during the austral spring and summer months (Table 1).

To determine whether the AWS station was reporting
temperatures that would bias the trends, we compared
the decadal rates of change calculated over 1951-2017
with those for the period excluding the AWS data (1951—
83) and found them to be generally consistent (though
with a lower p value, accordant with a smaller number
of observations; Table 1). We also compared the ob-
servations from South Georgia to the ACRE-facilitated
20CRv2c (Fig. 2b). This comparison showed a weak but
statistically significant correspondence between the two
time series (Pearson product-moment correlation of 0.347,
p < 0.0043), though it is important to note that due to
South Georgia’s small size, the reanalysis assigns the lo-
cation as an ocean cell rather than a land cell, which most
probably explains the lower variability in the reanalysis
time series (in the future, this resolution will be improved
in 20CRv3 through downscaling of its output). We also
calculated the decadal rates of change over the same time
periods for the reanalysis data as for the observations,
reported in Table 1. These show coherence to the obser-
vational trends in all periods, suggesting that the data from
the AWS have not biased the linear trend since 1950.

To investigate the distribution of temperatures across
the seasons more fully, we explored the probability
distribution functions for daily seasonal temperatures at
South Georgia over each 20-yr period since 1907
(Fig. 3). Although the shape of the distributions remains
largely unchanged (with only a slight shift to a more
positively skewed distribution between the first and
second half of the twentieth century in all seasons), TX
and TN appear to have shifted toward warmer values
through the twentieth century. Most notably, the overall
distribution in TX and TN appears to have remained
largely unchanged across the period 1907-66, but sub-
sequent bidecadal averages show a uniform shift to
higher temperatures, most notably during the austral
spring and summer. This shift implies that there was a
change in the frequency of occurrence of cold and warm
extremes across the mid-twentieth century, with more
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FIG. 2. (a) Average mean monthly temperature from South Georgia, with generalized least
squares regression (blue) and decadal running mean (red) lines shown. Dark green data (1984—
88) from the military station are unverified and not included in the linear regression or decadal
running mean. (b) Annual (July-June) 1000-hPa air temperature from 20CRv2c (blue), plotted
against South Georgia mean annual (July-June) temperature from observations (black).

frequent warm extremes and less frequent cold extremes
experienced over recent decades, compared to the be-
ginning of the twentieth century.

Because some weather extremes are predicted to be-
come more frequent due to anthropogenic forcing (IPCC
2012), extremes over the past century can provide a base-
line to compare modern variability, a situation exacerbated
in the mid- to high latitudes of the South Atlantic where the
observational record is particularly limited. Since extremes
are inherently rare events, we look at “moderate” extreme
indices, defined as those that occur several times per year,
rather than rarer events, whose statistics would be harder to
robustly characterize (Sardeshmukh et al. 2015; Zhang
et al. 2011). To further explore the changes of warm and
cool extremes during the summer and winter, we therefore
analyzed the change in the frequency of occurrence
of temperatures exceeding the 10th and 90th percentiles

(TN10p and TX90p), using the period 1950-80 as a base-
line. Here we observe an increase in the frequency of
moderate warm extremes during the austral summer
[December-February (DJF)] and a decrease in the occur-
rence of moderate cool extremes during winter [June—
August (JJA)] (Fig. 4). The mean minimum temperature in
DIJF increased from 1.05°C in 1907-26 to 1.61°C in 1947-66
and to 2.47°C in 2001-16, with their standard deviations at
2.14°,1.96°, and 2.30°C, respectively. A similar pattern was
found for the mean maximum temperature in DJF, which
increased by a total of 1.5°C over the same period.
Analysis of the annual precipitation total (using only
totals with <6 missing observations per year) shows a
strong increasing trend through the twentieth century
(Fig. 5), representing an average increase of ~40 mmyr !
(though this is superimposed on a highly variable time
series). A marked shift in the amount of precipitation is
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TABLE 1. Trends (°C decade ') for mean monthly mean tem-
perature and seasons, with standard error and p values for selected
periods of time (*** where p < 0.01; ** where p < 0.05; * where p <
0.1) for South Georgia observations and 20CRv2c.

1907-50 1950-2016  1951-83 1907-2016
South Georgia observations
TM annual -0.097 0.1 %% 0.14 0.3
Std. err. 0.0107 0.0037 0.0090  0.0026
p value 0.370 0.0043 0.143 836 X 107°
TM SON —0.14 0.14%: 0.19 0.14%%
Std. err. 0.0134 0.005 0.015 0.0034
p value 0.291 0.012 0.221 932x107°
T™M DJF —0.01 .22 0.31%%  (0.16%**
Std. err. 0.014 0.006 0.014 0.003
p value 0.970 0.001 0.030 1.14 x 107
™ MAM -0.09 0.03 -0.07 0.08**
Std. err. 0.0133 0.0063 0.0165  0.0032
p value 0.506 0.703 0.684 0.0159
T™™ JJA 0.13 0.09* 0.06 0.16%#*
Std. err. 0.014 0.005 0.014 0.003
p value 0.370 0.068 0.660 1.85 x 107°
20CRv2c
TM annual 0.07 sk 0.04%* 0.2 0.08%3#*
Std. err. 0.952 0.123 0.0001 0.0017
p value 0.009 0.003 0.004 131 x 107

observed from the most recent period (2010-16), but
due to possible inhomogeneities caused by instrument
changes from 2010 (though none were detected in our
tests, there is a 28-yr gap between the two types of in-
strument), it remains unclear how significant this is. It is
possible that the increasing precipitation trend described
above may have resulted in more precipitation falling as
rain, rather than snow, which is better recorded (Fgrland
and Hanssen-Bauer 2000; Hanssen-Bauer 2002; Fgrland
and Hanssen-Bauer 2001). It is noted, however, that even
omitting the 2010-16 precipitation values still results in a
significant increasing trend in annual precipitation totals
(Fig. 5, Table 2). To understand the seasonal variation in
rainfall, we divided the data into seasons: DJF, March—
May (MAM), JJA, and September-November (SON),
where there is a clear bias toward higher precipitation
in autumn and winter (Fig. 6). In addition, the trajec-
tory of the locally weighted scatterplot smoothing lines
indicates a greater rate of increase in precipitation in
these seasons (and with lower totals, but similar rates of
increase in SON), suggesting that whatever mechanism is
driving the increase in precipitation, it dominates in au-
tumn and winter.

4. Discussion

The warming trends observed at Grytviken, South
Georgia, are comparable to the trends from the nearby
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Orcadas station on Laurie Island, on the eastern side of
the Antarctic Peninsula (Zazulie et al. 2010). The total
amount of annual mean warming at Grytviken between
1907 and 2016 is 1.42°C (p < 0.0001; Table 1), equivalent
to an average rate of 0.13°C decade ™!, similar to the
0.2°C decade ' observed at Laurie Island (1903-2008)
(Zazulie et al. 2010). A strong seasonal component is
identified in the South Georgia dataset, however, with the
austral summer months contributing most to the annual
trend, particularly during the second half of the twentieth
century (1951-2017; 0.22°C decade ', p < 0.001; Table 1).
Similar seasonal differences in trends are also observed
at Orcadas, with the rate of summer warming in the
latter half of the twenty-first century double that of the
early twenty-first century (Zazulie et al. 2010). In con-
trast, the linear trend of the temperature series from the
Falkland Islands between 1920 and 2010 is 0.05°C decade ™"
(p = 0.002) (Lister and Jones 2014; P. Jones et al. 2016),
which is substantially lower than South Georgia.

It is important to note that many warm extremes on
South Georgia relate to f6hn winds, which are defined as
strong, warm, dry winds that descend from mountains
(Skansi et al. 2017). South Georgia’s climate is strongly
modified by the steep orography, with a high mountain
chain >2000 m above mean sea level running down the
spine of the island. Located within the belt of the west-
erly winds, the island acts as a natural barrier to the
prevailing airflow. Strong prevailing airflow over a to-
pographic obstacle results in an adiabatic cooling of the
rising air at the moist-adiabatic lapse rate, causing latent
heat to be released and precipitation to occur, while
decreasing the humidity of the advected air. As the
parcel then starts to descend down the leeward slope, it
warms at the faster dry-adiabatic lapse rate, resulting
in a temperature and humidity gradient between the
windward and leeward sides of the topographic barrier
at the same elevation (Elvidge and Renfrew 2016;
Skansi et al. 2017). Fohn warming can also take place
without precipitation, where warming on the leeside of a
topographic barrier can be generated by the descent of
warmer air sources above it caused by blocked flow
(Elvidge and Renfrew 2016). These fohn winds have
been shown to be frequent, occurring approximately
every 4 days, and capable of increasing the temperature
by up to 20°C, with a mean increase in temperature
across all events of ~10°C (as measured between 2003
and 2013) (Bannister and King 2015). While wind speed
and direction have been recorded at South Georgia
since 1905, these variables have not yet been transcribed
(in part due to the notorious unreliability of historical
observational wind data over highly variable terrain),
limiting our understanding of the role fohn winds have
played during the twentieth century. However, wind
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FIG. 3. Distribution of frequencies of daily (left) minimum (TN) and (right) maximum (TX) temperatures during
DJF,MAM, JJA, and SON for 20-yr periods since 1907. Note the data gap between 1983 and 2001. The dashed line

is at 0°C, and 2°C bins have been used.

speed and direction have been measured with the AWS
on South Georgia since installation in 2001, though
unfortunately, because of local topographic modifica-
tion (e.g., wind channeling), the recorded wind di-
rection at King Edward Point is not indicative of the
synoptic wind pattern. Instead, in Bannister and King
(2015), ERA-Interim was used to illustrate synoptic
conditions during fohn events and showed a well-
defined ridge of high pressure, centered just north of

South Georgia during strong fohn conditions, a feature
that is absent in the climatological mean.

There are several important modes of variability that
affect climate and weather in the high latitudes of the
South Atlantic. For instance, the Pacific-South Ameri-
can (PSA) teleconnection pattern is one through which
the El Nifio-Southern Oscillation (ENSO) signal prop-
agates into high southern latitudes during the austral
spring/summer (Mo and Higgins 1998; Ding et al. 2012),
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FIG. 4. Changes in the percentages (left) of relatively warm days (TX90p; purple) and cold days (TN10p; blue) for
S-yr periods for DJF, and (right) of relatively warm days (TX90p; pink) and cold days (TN10p; green) for 5-yr
periods for JJA. Open circles indicate periods where only 3 or 4 years of data were available; crosses indicate where

1 or 2 years of data were available.

causing strong northerlies to advect warm maritime air
from the South Pacific toward South Georgia. An in-
crease in Rossby wave penetration, thought to be linked
to tropical Pacific temperatures, has been suggested to
play a potential role in the evolution of Antarctic climate
since the mid-twentieth century (Fogt et al. 2011; Ding
et al. 2012; Turney et al. 2017, 2016c).

The major mode of variability in atmospheric circu-
lation in the high southern latitudes, however, is the
southern annular mode (SAM): a circumpolar circula-
tion pattern defined by the zonal mean atmospheric
pressure difference between 40° and 65°S (Marshall
2003; Thompson et al. 2011). The multidecadal trend
to a more positive SAM since the mid-twentieth century
(Abram et al. 2014) is manifested by a strengthening and
southward shift of westerly airflow over the Southern

Ocean (Visbeck 2009; Marshall 2003; Thompson et al.
2011). Although an increase in the SAM index has oc-
curred in all seasons, the most pronounced trend is ob-
served over the summer and autumn (Marshall 2003).
The impact of SAM may have been amplified as a result
of the spring Antarctic ozone hole, established in the
late 1970s, and exerts its greatest effect on climate and
circulation patterns during the summer (Thompson and
Solomon 2002; Zazulie et al. 2010). However, the
warming trend observed from South Georgia starts be-
fore this time, suggesting that ozone cannot be the sole
driver of the warming trends observed. Indeed, although
of a smaller magnitude, warming is also observed in the
winter months.

The precipitation trends observed from South Georgia
differ in two main aspects to the temperature trends:

Annual precipitation sum (mm)
1200 1400 1600 1800 2000 2200
1 1 1 1 |

1000
Il

generalised least squares regression 1905-2016; Slope = 5.223, p < 0.0001
o ---- generalised least squares regression 1905-1982; Slope = 4.683, p < 0.0122
decadal running mean 1905-2016

o

T T T T
1960 1980 2000 2020

Year

FIG. 5. Annual (July—June) precipitation totals (mm), including only years with no missing
observations (open circles), and years with <6 missing days per year (crosses), with linear
regressions for the years 1905-82 and 1905-2016 and a decadal running mean (1905-2016).
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TABLE 2. Trends [precipitation sum (mm) per decade] for mean
monthly precipitation sum, with standard error and p values for
selected periods of time (*** where p < 0.01; ** where p < 0.05; *
where p < 0.1).

1907-50 1907-83 1951-83 1907-2016
PREC annual 18.8 43.8%%* 94.4% 45.1%%*
Std. err. 4.144 1.583 5.316 1.426
p value 0.654 0.008 0.089 0.003
PREC SON 9.14 16.8%*%* 30.3 15.7%%%
Std. err. 1.247 0.542 2.215 0.422
p value 0.468 0.002 0.183 0.0004
PREC DJF 12.3 13.0%%* —17.80 10.3%*
Std. err. 1.648 0.590 1.948 0.494
p value 0.459 0.031 0.692 0.041
PREC MAM -9.11 10.9% 15.6 15.2%%%*
Std. err. 1.460 0.621 2.497 0.487
p value 0.537 0.082 0.538 0.003
PRECJJA 17.8 9.60 48.3%%* 15.3%*
Std. err. 2.119 0.745 1.824 0.611
p value 0.406 0.202 0.014 0.014

first, increasing precipitation appears to commence from
the beginning of the twentieth century; and second, the
increases appear to occur mainly over the autumn and
winter months. The difference in temperature and pre-
cipitation trends (both the timing of the changes and the
seasonality) suggests different climate drivers. Several
other records from nearby meteorological stations also
observe a long-term increase in precipitation, including
the annual precipitation recorded on the Falklands Is-
lands (Lister and Jones 2014; P. Jones et al. 2016) and
greatly increased snow accumulation on the Antarc-
tic Peninsula (Thomas et al. 2008). To elucidate the
dominant atmospheric circulation that might explain
the observed climate and weather extremes over South
Georgia, we utilized 20CRv2c. (Compo et al. 2011)
(Figs. 7, 8).
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Mechanisms of change

We investigate the total precipitation in autumn and
winter (March—August) and compare it to both 850-hPa
geopotential height and 850-hPa meridional wind over
the period 1905-83 (the data gap between 1983 and
2010 unfortunately prevents analysis in recent decades).
From this analysis, we observed a correlation between
low pressure over South America and precipitation at
South Georgia, resulting from the delivery of moisture
via northerly and easterly airflow over South Georgia
(Fig. 7). Although the Amundsen Sea low is generally
associated with quasi-stationary, low pressure systems to
the west of the Antarctic Peninsula (Hosking et al.
2013), it has synoptic-scale influences, with large sea-
sonal variability that can be manifested by low pressure
systems developing farther north (Fogt et al. 2012). Our
analysis shows these synoptic conditions are associated
with higher precipitation over South Georgia. The in-
creasing trends in rainfall from the South Georgia cli-
mate records are in general agreement with Turney et al.
(2016c¢), who describe higher rainfall over the Falkland
Islands from the 1940s (as reported in Lister and Jones
2014); this is consistent with a lower mean sea level
pressure in the South Atlantic and higher pressure in the
Amundsen Sea low, leading to an unprecedented in-
crease in growth of peat sequences relative to the last
6000 years. Similar findings from the Antarctic Penin-
sula, with increased precipitation (Thomas et al. 2008)
and temperature (Thomas et al. 2009) driving an in-
crease in moss bank growth (Amesbury et al. 2017), also
support our findings.

However, while the above mechanisms dominate
in winter and can cause enhanced precipitation over
South Georgia, there appears to have been a seasonal
change in the configuration of the synoptic conditions,

500 700
| |

Seasonal precipitation sum (mm)
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200
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—— MAM precipitation total

—— JJA precipitation total

—— SON precipitation total
DJF precipitation total

T T T T
1960 1980 2000 2020

Year

FIG. 6. Seasonal precipitation totals, including only years with <3 missing days per season,
each with a locally weighted scatterplot smoothing (1905-2016).
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FIG. 7. Correlations between the detrended and deseasonalized monthly precipitation sum from South Georgia (marked with an “X”’)
and (a) 850-hPa geopotential height, (b) 850-hPa meridional wind, and (c) 850-hPa zonal wind, averaged over March-August over the
period 1905-83 using 20CRv2c. Significance pgeg < 0.1. Analyses were made with KNMI Climate Explorer (van Oldenborgh and

Burgers 2005).

consistent with the summer impact of SAM. We there-
fore investigated the summer months (December—
February) comparing mean monthly temperature with
850-hPa geopotential height and 850-hPa zonal wind to

A 1905-1950

understand the mechanisms of synoptic change. To
compare trends over the twentieth century, we split our
data into an “‘early” period (1905-50) and a “late” pe-
riod (1950-2016). Our analysis finds a strengthening

B. 1950-2016

850 hPa
geopotential
height

850 hPa
zonal wind

FIG. 8. Correlations between the detrended and deseasonalized mean monthly temperature from South Georgia (marked
with an “X”) and (a) 850-hPa geopotential height (1905-50), (b) 850-hPa geopotential height (1951-2016), (c) 850-hPa zonal
wind (1905-50), and (d) 850-hPa zonal wind (1951-2016), averaged over December—February using 20CRv2c. Significance
Prietla < 0.1. Analyses were made with KNMI Climate Explorer (van Oldenborgh and Burgers 2005).
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F1G. 9. Zonal wind speed at 850 hPa from 20CRv2c averaged over DJF at South Georgia, with
generalized least squares regression (blue) and decadal running mean (red) lines shown.

correlation between temperature and high-latitude zonal
airflow over the twentieth century, resulting from a
poleward shift in the circumpolar trough during the
summer (Fig. 8). Based on these results, we investigate
the 20CRv2 time series of 850-hPa zonal wind over
South Georgia, averaged over December—February, and
detect a significant (p < 0.036) increasing trend in the
zonal wind (Fig. 9). While further work is needed to in-
crease the density of early observations in reanalysis
products (such as the data reported in this paper), the
inferred changing synoptic conditions are generally con-
sistent with both independent climate observations and
proxy data (Turney et al. 2016c; Amesbury et al. 2017;
Thomas et al. 2008, 2009).

The above changes can give rise to surface warming
over South Georgia. Although the link between in-
creasing westerly winds and warming over South
Georgia may at first seem counterintuitive, there is a
demonstrated link between the strength of the westerly
winds and the occurrence and magnitude of f6hn winds
(Bannister and King 2015). If the strength of the winds is
sufficiently high, downslope winds develop on the
(northeastern) leeside of the island, causing substantial
temperature increases through the fohn wind mechan-
ics, as discussed above. This link between fohn winds,
westerly airflow, and higher temperatures helps to ex-
plain the slight offset in temperature between 20CRv2c
(which is not sufficiently resolved to reconstruct fohn
winds) and observations from South Georgia in re-
cent decades. Regardless of the precise mechanism of
the generation of the féhn winds, the relationship be-
tween the positive trend in SAM from the 1960s (Jones
et al. 2009), enhancing westerly airflow over the island,
and the increased frequency and magnitude of fohn
winds, helps to explain the tendency for the high rate of

summer warming and increasing frequency of warm
extremes that we observe in South Georgia over the past
century.

5. Wider implications

Changes to the climatic and environmental condi-
tions that shape the current biological diversity consti-
tute the dominant threat to the island of South Georgia.
Contemporary glacier retreat has resulted in the in-
creased threat of invasive rat species from areas that
were previously isolated due to ice barriers (Cook et al.
2010). However, while a recent program to eradicate rats
was successfully implemented (Martin and Richardson
2017), further biological invasions and colonization of
alien species are a continuing threat with the current and
projected rates of regional climate change. The South
Georgian shelf is the most speciose region of the Southern
Ocean reported to date (Hogg et al. 2011), with a cumu-
lative dominance of endemic and range-edge species,
many of which, such as Antarctic krill Euphausia superba,
show declining habitat suitability with warming temper-
atures (Whitehouse et al. 2008). This, in turn, has negative
impacts on the breeding success of krill-dependent pen-
guins and seals (Murphy et al. 2007). Improving our un-
derstanding of the impact of climate change is establishing
link between synoptic-scale and mesoscale meteorologi-
cal processes.

6. Conclusions

The data presented here underscore the impor-
tance of the rescue of historical, daily resolved data
from subantarctic remote islands to disentangle sea-
sonal and extreme changes. We find a significant average
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temperature rise of 0.13°C decade ' over the period

1907-2016 (p < 0.0001), with most of this increase
taking place during the latter half of the twentieth cen-
tury, weighted toward the summer months. We also
observe a long-term increase in precipitation over the
same period (45.1 mm decade ', p < 0.003), with au-
tumn and winter rainfall dominating this signal. Using
atmospheric reanalysis, we demonstrate a link between
increasing temperature trends and atmospheric circula-
tion dominated by stronger westerly airflow, resulting in
significant fohn-related warming, with potentially im-
portant implications for biodiversity and ecosystems in
the region.
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