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Abstract

Meteorological records at Signy Station in the South Orkney Islands (SOIs) have

recently been digitized to cover the period of 1947–1995. This study compares the

newly available near-surface air temperatures at Signy with those from a nearby sta-

tion, Orcadas and with reanalysis datasets to provide a more comprehensive picture

of the weather and climate variability in the SOIs. Temperatures from both stations

show a higher degree of variability in winter than summer, but the variability differs

in terms of its relationship to the dominant wind directions and sea ice influences.

The two stations differ markedly in terms of their respective warm temperature

events, largely due to orography-induced föhn winds at Signy Station as northwest-

erlies flow over Coronation Island. ERA5 reproduces the monthly to annual aver-

ages exceedingly well but underestimates both cold and warm tails of station

temperatures. Temperature trends in the SOIs are also considered in terms of

changes in large-scale circulation and the sea surface temperature over the Brazil-

Falkland Confluence. However, caution is required in interpreting the long-term tem-

perature trends estimated from reanalysis data as most of the reanalyses show a cold

bias before 1979, which is most likely caused by misrepresentation of the sea ice.
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1 | INTRODUCTION

The South Orkney Islands (SOIs), a group of maritime Ant-
arctic islands in the Atlantic sector of the Southern Ocean
at the confluence of the Weddell Sea and the Scotia Sea
(Figure 1), have rich and diverse terrestrial ecosystems that
are impacted by climate change (Cannone et al., 2022;
Rootes, 1988; Royles et al., 2012). The surrounding shelf
waters are also nutrition-rich, which is vital in terms of

Southern Ocean biodiversity (Meredith et al., 2015; Moline
et al., 2004). Maritime Antarctic ecosystems and biodiversity
are highly sensitive to temperature and other environmen-
tal change (Ballerini et al., 2014; Convey & Peck, 2019). It is
thus vital to understand temperature variation and trends
in the SOIs.

The regional drivers of temperature variation over the
SOIs are the prevailing westerlies and the intense
cyclonic systems associated with the Southern Ocean
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storm tracks (Hoskins & Hodges, 2005). These weather sys-
tems are influenced by the Southern Annular Mode
(Marshall, 2003; Marshall & Thompson, 2016) as well as
tropical teleconnections such as the El Niño–Southern Oscil-
lation (Turner, 2004). In addition, the pronounced orography
and land–sea contrast of the SOIs can induce localized varia-
tions in temperature, for example, via topographically
induced föhn warming (King et al., 2017; Lu et al., 2023).

To date temperature variation and long-term trends
in the SOIs have been estimated mainly based on meteo-
rological records at Orcadas Station, Laurie Island,
�51 km from Signy Island (see Figure 1). Orcadas Station
was established in 1903 by the Scottish National Antarc-
tic Expedition and has then been operated by the Argen-
tinian Antarctic Programme from 1904 to the present,
providing the longest unbroken meteorological record
south of 60�S (Zitto et al., 2016). The temperature
record from Orcadas Station shows sustained warming

during the 20th century, especially during summer,
although the warming trend has levelled off in recent
decades (Turner et al., 2019; Zitto et al., 2016). However, it
remains uncertain whether the Orcadas record is represen-
tative of the SOIs. For instance, Jones (1995) examined
annual temperature trends in the SOIs during 1961–1990
and found that these range from 0.58 to 0.87�C�decade−1.
Moreover, the trend at Orcadas Station over this period is
around four times the trend of 0.19 ± 0.06�C�decade−1
reported by Turner et al. (2019) for the period 1903–2018.
The substantial decadal-scale variability is possibly forced
by changes in tropical teleconnections (Li et al., 2021).

Another research station, Signy Station, was estab-
lished on Signy Island by the United Kingdom in 1944,
which operated as a year-round meteorological station
from 1947 to 1995. Signy and Orcadas Stations differ
markedly in terms of their relative position to Coronation
Island, the largest island in the archipelago that is 48 km

FIGURE 1 Topography of the SOIs and the locations of Signy and Orcadas research stations. The SOIs in the Southern Ocean is shown

in the top right panel

2 LU ET AL.

 10970088, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8302 by B
ritish A

ntarctic Survey, W
iley O

nline L
ibrary on [14/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



long and with an east–west mountain spine reaching
1266 m a.s.l. Laurie Island is located to the east of Corona-
tion Island while Signy Island is located to the south
(Figure 1). This is critical because Coronation Island has a
substantial orographic effect on the regional circulation
(Chelton et al., 2004; King et al., 2017; Turner et al., 2021).
Although the 45-year meteorological record from the sta-
tion is useful for understanding spatiotemporal variability
of temperature within the SOIs, this validation has not
been carried out previously because synoptic records from
Signy Station during 1947–1954 and 1970–1981 only
existed in paper-based form and were archived at different
repositories. Furthermore, Signy data outside these periods
that were already digitized were not suitable for climate
studies as they had not undergone proper quality control.

The lack of long-term temperature observations over
the SOIs and the surrounding Southern Ocean has
resulted in reanalysis data products being extensively
used to study temperature variation and trends of the
region (Bozkurt et al., 2020). Depending on the reanalysis
products used, a widespread of climate trends has been
reported in the Antarctic (Boisvert et al., 2020; Hobbs
et al., 2020; Marshall, 2003; Swart & Fyfe, 2012). More
importantly, the relatively coarse resolution of reanalysis
products results in small, mountainous islands like the
SOIs being misrepresented with local effects, for example,
topographically induced föhn warming, being under-
represented (Alexander et al., 2009; Hosking et al., 2014;
Jury, 2009; Yuan, 2004).

The valuable paper-based historical weather observa-
tions collected at Signy Station during 1947–1954 and
1970–1981 have recently been digitized by a team at the
British Antarctic Survey. The team built an automated
deep-learning Optical Character Recognition (OCR)
model to extract the records from scanned versions of the
paper copies automatically. The OCR model output was
then put through a series of quality control procedures
including human examination of the outputs. In this
paper, we present the first study using the newly digi-
tized, quality-controlled, historical observations from
Signy Station to gain a better understanding of tempera-
ture variation and trends in the SOIs, and to better
understand their spatial and temporal heterogeneity.
Reanalysis representation of the seasonal cycle, variabil-
ity and trends in regional temperature are also presented.

2 | DATA AND METHODS

2.1 | Station observations

Although meteorological observations at Orcadas Station
are available as monthly averages since 1904 to present

(Zazulie et al., 2010), subdaily records are only available
from 1956 onwards and at standard synoptic hours
(i.e., 0000, 0600, 1200, 1800 UTC). This dataset has
undergone rigorous quality control as part of the SCAR
READER project (Turner et al., 2004).

The recently digitized surface meteorological observa-
tions at Signy Station are accessable from the UK Polar
Data Centre (Colwell and Lu 2023). Early observations at
Signy Station were taken at the same standard synoptic
hours during 1947–1949 and then every 3 h during 1950–
1974. The records became twice daily (at 0000 and
1200 UTC) during 1975–1983 but mostly only one obser-
vation per day (at 1200 UTC) during 1976–1981. The col-
lection interval returned to the standard synoptic hours
during 1984–1987. Automated collection of data then
started around late 1988, which allowed observations
every hour to be collected during 1989–1995. Meteorolog-
ical observations ceased when Signy Station became a
summer-only operation after 1995. Unfortunately, the
instruments at Signy Station were not regularly main-
tained in 1995, which resulted in spurious temperatures.
Data from Signy Station during 1995 are thus excluded
from this study.

In this study, a comparison of station temperatures is
made for monthly and annual averages for the common
period of 1947–1994. For the analyses that involve daily
data, the comparison is made for 1956–1994. Hourly data
at Signy and 6-hourly data at Orcadas are also used for a
couple of case studies. To ensure consistency between
estimates of daily temperature averages for each station,
only the 0000 and 1200 UTC observations are used. Dur-
ing 1976–1981 the daily mean temperature at Signy Sta-
tion was based only on data at 1200 UTC, as this was all
that was available. However, the computation of daily
means was found to be relatively insensitive to whether
one (1200 UTC), two (0000 and 1200 UTC), or all four
measurements at the standard synoptic hours were used,
which is likely due to the relatively small diurnal cycle
that characterizes the SOIs due to the strong maritime
influence.

2.2 | Atmospheric reanalysis data sets

Near-surface temperatures from the global reanalysis
product ERA5 (Hersbach et al., 2020) are compared with
the station temperatures in terms of their synoptic varia-
tion and the seasonal cycle. The comparison is made
based on data at the two synoptic hours chosen, that is,
0000 and 1200 UTC. ERA5 has a horizontal grid spacing
of 0.25� × 0.25� and 137 vertical levels. At this spatial res-
olution the SOIs are not well-resolved and the whole of
the area of the island group is treated as ocean. The
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ERA5 data are available from 1959 onwards. ERA5 fields are
only well-constrained by satellite data from 1979 onwards
hence, in common with all other reanalysis datasets,
ERA5 is subject to large uncertainty/errors before 1979
(Marshall, 2003; Simmons & Hollingsworth, 2002). Exam-
ining the different pre- and post-satellite periods helps us
to better evaluate the reanalysis biases and uncertainty.
We thus separately examine the pre- and post-satellite
periods whenever possible. In cases when the results do
not differ, our results are based on the common period of
ERA5 and station observations, that is, 1959–1994.

Monthly mean temperatures are also extracted from
the JRA55, ERA20C and 20CR version 3 reanalysis prod-
ucts (Harada et al., 2016; Poli et al., 2016; Slivinski
et al., 2019) for the purpose of comparing the long-term
temperature trends. ERA20C and 20CR only assimilate
surface and mean sea level pressure observations. Marine
surface winds are also assimilated into ERA20C. Nearest
neighbour interpolation is used to extract the correspond-
ing values from the reanalysis data sets.

Note that only the observed pressure from Signy Sta-
tion during 1955–1969 and 1982–1995 were assimilated
by the reanalyses. The newly digitized temperatures from
the station thus provide independent evaluations of all
these reanalysis products.

2.3 | Sea surface temperature

To understand the long-term variation of the station-based
temperatures, the monthly sea surface temperature (SST)
data, version 4 from Hadley Centre for the period of 1947–
2020, are used to estimate the SST trend over the extended
region of the SOIs. The Hadley centre SST data were pro-
duced by combining the Marine Data Bank (mainly ship
tracks) and International Comprehensive Ocean-
Atmosphere Data Set up to 1981 and a blend of in situ and
adjusted satellite-derived SSTs for 1982–onwards.

2.4 | Sea ice data

To study the influence of sea ice on air temperature vari-
ability and trends in the SOIs, we examine monthly aver-
age sea ice concentration (SIC) from Nimbus-7 SMMR and
DMSP SSM/I-SSMIS passive microwave data, processed
using the NASA Team algorithm (hereafter referred to as
“NASA Team SIC”) for the period of 1979–2020 during
which Orcadas monthly mean temperatures are available.

Daily gridded Polar Pathfinder EASE-Grid Sea Ice
Motion Version 4.1 data are also used to examine linkages
between the station temperatures and sea ice drift. This
dataset has been derived from a combination of buoy data,

satellite data (including SMMR, SSM/I, SSMIS and
AVHRR) and NCEP/NCAR reanalysis near-surface wind
data. The data are gridded onto a Lambert-Azimuthal
Equal Area Grid with 25 km grid resolution and encom-
pass the period from November 1978 to the present day.

2.5 | Trends and statistical tests

Temperature trends are estimated from all available
monthly data for the two stations and the reanalysis data
sets. The nonparametric Mann–Kendall test is used to
test the significance of the temperature trends
(Alexander & Arblaster, 2009). The test has been widely
used for evaluating the presence of monotonic trends in
datasets that do not obey a Gaussian distribution, as it
makes no assumption of normality.

3 | RESULTS

3.1 | Temperature distribution,
climatology and seasonal cycle

3.1.1 | Station observations

Figure 2a shows the normalized histogram of the
12-hourly temperatures at Signy and Orcadas for all
months during 1956–1994. Both histograms are nega-
tively skewed. This is a consequence of the negatively
skewed distribution of winter (June–September) tempera-
tures (Figure 2c) as the temperatures in summer follow a
near-normal distribution, with a single sharp peak just
above freezing point reflecting the dominant role of the
cold Southern Ocean temperatures (Figure 2b). The tem-
perature histograms agree well between Signy and Orca-
das except that Signy ones have a smaller kurtosis
(i.e., the sharpness of the peak) and a warmer tail, with
the effect most pronounced in summer. Thus, there is a
stronger warm influence by extreme high temperature
events at Signy than Orcadas.

The annual mean air temperatures at Signy and Orca-
das stations are −3.4 and −3.6�C, respectively (Table 1). In
summer, the mean temperature of the islands is around
0.5�C with Signy being 0.4�C warmer than Orcadas. In
winter, the average temperature of the islands is around
−8�C with Signy temperature being slightly colder than
Orcadas. In terms of the diurnal cycle, the temperatures at
both stations peak around 1800 UTC (�1500 LST) and
trough at 0600 UTC (�0300 LST) with a small amplitude,
that is, 0.7�C in winter and 1.2�C in summer.

The surface winds are stronger at Signy than Orcadas
as Coronation Island acts as a barrier to the westerlies

4 LU ET AL.
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(Figure 3). The year-around average wind speed is
7 m�s−1 at Signy but 6 m�s−1 at Orcadas. The winds are
strongest in winter with 10 m�s−1 on average at Signy and
�8 m�s−1 at Orcadas. The wind directions at both stations
are bimodal (Figure 3). At Signy, the dominant wind
direction spans 220�–320�, signifying the prevailing

westerlies. There is a second peak at 100�–140�. At Orca-
das, the dominant direction is northerly and northwest-
erly, that is, 300�–360�. There is also a second peak at
120�–140�. The bimodality at Orcadas reflects the barrier
effects of Coronation Island against the prevailing west-
erlies and the southeasterly winds.

FIGURE 2 (a) Normalized histograms of 12-hourly 2 m temperature observed at Signy (blue) and Orcadas (red) for the common period

1956–1994. (b) Same as (a) except for the extended summer (December–March). (c) Same as (a) except for extended winter (June–
September)

TABLE 1 Annual, summer and winter temperature (�C) mean, range, trend and the amplitude of diurnal cycle (ADC) (0600–1800 UTC)

at Signy and Orcadas for their common period of 1956–1994

Station

Annual Summer (December–March) Winter (June–September)

Mean Range Trend ADC Mean Range Trend ADC Mean Range Trend ADC

Signy −3.4 ± 6.9 −40 to
20

0.20 0.9 0.8 ± 2.3 −13 to
20

0.24 1.3 −8.3 ± 8.2 −40 to
11

0.07 0.7

Orcadas −3.6 ± 6.3 −39 to
14

0.17 0.8 0.4 ± 1.8 −12 to
14

0.20 1.0 −7.9 ± 7.6 −39 to
8

0.05 0.7

Note: Trends that are statistically significant at p = 0.05 (0.1) are highlighted as bold (italic).

FIGURE 3 The 10-m wind rose for Signy (a) and Orcadas (b) constructed from synoptic observations during 1956–1994
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Figure 4a shows the seasonal cycle of temperatures
at Signy together with the one standard deviation of
daily mean temperature. In summer, the temperatures
at the station vary around the freezing point with a stan-
dard deviation of daily temperature of σ = 2.3�C
(Table 2). The temperature variation is evidently larger
during winter (σ = 7.9�C); the station temperatures fre-
quently switch from above freezing point to below
−30�C in a matter of days. The large variation in winter
temperature is dictated by the presence or absence of
sea ice and by cyclonic activity that can advect warm
airmasses from the open oceans or cold air from the sea-
ice covered Weddell Sea (Turner et al., 2021; Wille
et al., 2019).

Figure 4a demonstrates that the 91-day averaged
cycle of temperatures for the days with winds from the
northwesterly sector (280�–360�) closely tracks the
upper bound of the one standard deviation of the daily
temperature while that associated with the southerly
sector (120�–260�) track the low bound, especially in
summer. The prevailing westerlies can bring in either
cold or warm air masses to Signy depending on the con-
ditions upstream, for example, sea ice or open ocean in
the region between the Antarctic Peninsula and the
SOIs (not shown). The temperature averages for this
dominant wind sector at Signy Station thus closely track

the all-sector mean. Extreme cold events occur in winter
and when the winds are southerly. In contrast, extreme
high-temperature events occur predominantly in sum-
mer and when the winds are northwesterly (Lu
et al., 2023). A similar seasonal cycle of temperatures is
found at Orcadas though the day-to-day temperature
variability is smaller (Figure 4b).

3.1.2 | ERA5 representation

The temperatures extracted from ERA5 at the station
locations are highly correlated with observations at both
Orcadas and Signy (Table 3). For annual averages, the
correlation coefficient reaches as high as 0.96 in the post-
satellite period (1979–1994) but reduces to around 0.80
for the pre-satellite period (1956–1978). Summer correla-
tions are substantially lower, with the r values ranging
between 0.6 and 0.71 (Table 3). Intriguingly, the summer
correlations do not show much improvement during the
post-1979 period, when the quality of ERA5 is known to
have been improved. The underrepresentation of summer
temperatures by ERA5 may be explained by the fact that
the entire SOIs are defined as ocean. High-temperature
events over the SOIs would be more likely to be underes-
timated by ERA5 because oceans warm more slowly than

FIGURE 4 (a) Annual cycle of the observed temperature at Signy during 1956–1994. The black, red dashed and blue dashed lines are

the 91-day running averages of all wind sectors, when the winds are northwesterly (280�–360�) and southerly (120�–260�), respectively. The
grey shaded region indicates the one standard deviation of daily averages. (b) Same as (a) but for Orcadas

TABLE 2 Annual, summer and winter temperature mean at Signy and Orcadas for the wind sectors of northwesterly (280�–360�) and
southerly (120�–260�) during 1956–1994

Station

Annual Summer (December–March) Winter (June–September)

Northwest South Northwest South Northwest South

Signy −1.2 ± 5.3 −5.6 ± 7.0 1.4 ± 2.3 −0.4 ± 2.2 −4.2 ± 6.6 −11.8 ± 7.5

Orcadas −1.2 ± 4.2 −6.4 ± 7.4 1.3 ± 1.6 −0.3 ± 1.7 −4.0 ± 5.3 −13.2 ± 7.2

6 LU ET AL.
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land. Such biases are stronger in summer because the
SOIs are surrounded by open ocean in summer but sea
ice in winter.

Figure 5 shows box plots of the daily temperature at
Signy and Orcadas from station observations and those
extracted from ERA5; both are grouped according to the

TABLE 3 Correlation of station synoptic observations with ERA5, all measurements included

Station

Annual Summer (December–March) Winter (June–September)

1959–1978 1979– 1959–1978 1979– 1959–1978 1979–

Signy 0.79 0.95 0.60 0.69 0.76 0.94

Orcadas 0.84 0.96 0.62 0.71 0.77 0.95

FIGURE 5 Box plots of the observed (blue) and ERA5 (red) daily temperature for each calendar month at Signy Station (a, b) and

Orcadas (c, d) and during 1959–1978 (a, c) and 1979–1994 (b, d). The median temperature for a given month is shown as the line inside the

box while the lower and upper quartiles are shown as the bottom and top edges of the box. The whiskers extend below and above the box

represent 1.5 times the inter-quartile range (IQR) of the daily temperatures while the small circles that extend from the whiskers correspond

to the outliers, which is defined as a value that is more than 1.5 times the IQR away from the bottom or top of the box
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calendar months for the post- and pre-satellite periods.
At Signy Station, ERA5 generally captures the seasonal
cycle of station temperature well, especially during the
post-satellite period (Figure 5b). It is, however, evident
that ERA5 significantly underestimates the observed
Signy temperature in summer by 0.9�C on average
(p ≤ 0.05). During the pre-satellite period, ERA5 also
underestimates the median temperatures in winter, for
example, by as much as 2.7�C in July (Figure 5a). Very
similar results are obtained for Orcadas Station though
the magnitude of underestimation becomes smaller
(Figure 5c,d).

Figure 6 compares the normalized histograms of
12-hourly temperature at the stations with that derived
from ERA5 for the period 1959–1994. It is evident that
ERA5 underestimates both the warm and cold tails of the
histograms. Underestimation is more pronounced for
the warm tail than the cold tail, resulting in an overall
cold bias in ERA5. In addition, underestimation is most
pronounced for Signy as the reanalysis does not capture
the magnitude of the extreme high temperature events,
defined as those exceeding the 95th percentile of the tem-
perature distribution (Figure 6b). Also see Lu et al. (2023).

Figure 7 provides two examples of how hourly ERA5
data compare with station observations during January

1994 and August 1994, when which Signy was recording
hourly data. ERA5 has a persistent cold bias in January
1994. The largest cold bias occurs at 1600 UTC 19 January
1994, when temperatures at Signy reached 11.4�C while
Orcadas had a temperature of only 1.7�C (this is the aver-
age value between 1200 and 1800 UTC on 19 January
1994). At the same time, ERA5 has a temperature of
2.8�C at both stations. In August 1994, ERA5 tends to
underestimate temperature variability (i.e., ERA5 has a
cold bias during warm periods and a warm bias during
cold periods) though the relative magnitude of the biases
is smaller than for the summer example.

3.2 | Trends and multidecadal variation

The annual mean temperature at both stations only
shows a weak, though statistically significant, positive
trend for the period of 1947–1994 period (Table 1). For
Signy it is 0.20 ± 0.22�C�decade−1 (p ≤ 0.10) (also see
Figure 8a). However, the summer mean temperature
shows a more significant positive trend at Signy
(0.24 ± 0.09�C�decade−1, p ≤ 0.01; Figure 8b), with an
equivalent trend at Orcadas of 0.20 ± 0.14�C�decade−1
(p ≤ 0.05). The reason why the annual mean temperature

FIGURE 6 (a) Normalized histograms of 12-hourly temperature observations at Signy (blue) and corresponding temperature extracted

from ERA5 at the same location (red) for the period 1959–1994. (b, c) Same as (a) except for the extended summer (December–March) and

winter (June–September). (d–f) Same as (a–c) except for Orcadas

8 LU ET AL.
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at the stations only has a weak positive trend is because
September–October mean temperatures decrease with
time (Figure 8c).

The seasonal cycle of temperature at Signy is not sta-
tionary during 1947–1994 (Figure 9a). The seasonal-cycle
amplitude is significantly larger during 1972–1994 than
during 1947–1970. The larger seasonal cycle amplitude
during 1972–1994 is due to higher summer temperatures
but lower temperatures in early winter (June) and spring
(September–October). Lower temperatures in spring dur-
ing 1972–1994 are also evident at Orcadas (Figure 9b).

3.3 | Connection with regional
circulation variability

To put these observed trends and the multidecadal varia-
tion of station temperature into the context of regional
variation, Figure 10a shows the ERA5 summer mean 2 m
temperature difference between the periods of 1972–1994
and 1959–1971, that is, mean of December–March mean,
December 1972–March 1994 minus mean of December–
March mean, December 1959–March 1971.

The summer temperatures in the SOIs are signifi-
cantly warmer (by up to 1�C, p ≤ 0.01) during 1972–1994
than the earlier period, which agrees with observations
(see Figure 8b). The largest temperature differences are
found near the tip of the Antarctic Peninsula where the
increase of temperature is over 2�C. These summer tem-
perature increases during 1972–1994 are associated with

a deepened Amundsen Sea Low as well as low pressure
anomalies over the west of D'Urville Sea, Western
Pacific Ocean (90�–130�E, 55�–65�S) while high-
pressure anomalies are found north of the SOIs at 60�–
30�W, 40�–55�S and over the East Antarctica–Southern
Ocean sector. These mean sea level pressure (MSLP)
anomalies are accompanied by enhanced northwest-
erlies on the west side of the Drake Passage and
enhanced northerlies at 40�–60�W, 50�–75�S on the east
side (Figure 10b,c). Such circulation anomalies would
bring in warm air from both the Pacific and South
Atlantic Ocean to the SOIs (Figure 10d), consistent with
the higher summer temperature recorded at the stations
during 1972–1994.

Winter temperatures near the SOIs are �0.6�C colder
during 1972–1994 than 1959–1970 though the differences
are not statistically significant (Figure 11a). The regional
temperature differences are, however, dominated by
anomalous warmth near the Antarctic Peninsula, along
the Antarctic coast, over the southern part of the Weddell
Sea, southern Pacific and southern Atlantic. These
regional temperature differences are associated with the
anomalous high-pressure anomalies over the Amundsen-
Bellingshausen Sea and low-pressure anomalies over the
Weddell Sea (Figure 11b). These pressure anomalies
induce enhanced southerly winds near the Drake Passage
and an anomalous cyclonic circulation over the Weddell
Sea (Figure 11c). As part of this cyclonic circulation, the
southerly winds on the eastern side of the Antarctic Pen-
insula advect sea ice from the interior of the Weddell Sea

FIGURE 7 Time series of observed synoptic temperatures at Signy (black solid) and Orcadas (black dashed) comparing with those

extracted from ERA5 at the same location of the stations (red solid and dashed) for January 1994 (a) and August 1994 (b). Note that both

Signy records and ERA5 temperature are hourly while the records from Orcadas are 6-hourly. Also, ERA5 temperatures at Orcadas is

identical to those at Signy
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FIGURE 8 (a) Annual

mean temperatures (�C) for
Signy (black) and Orcadas (red

dashed) for the period of 1947–
1994. The corresponding trends

and 95% confidence intervals

are provided at the top of the

panel. The trend and confidence

interval of Signy are also shown

as the thin black and dotted

lines. (b, c) Same as (a) except

for summer (December–March)

and September–October

FIGURE 9 (a) Seasonal cycle of the observed temperature for 1947–1970 (black) versus 1972–1994 (red) at Signy with the grey- and red-

shaded regions indicating the 95% confidence of the 31-day centred running averages. (b) Same as (a) but at Orcadas for 1956–1970 (black)
and 1972–1994 (red)
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towards the SOIs, thus leading to the colder winter tem-
perature there during 1972–1994.

Figure 12a shows the linear trend of summer SSTs
over the extended region of the SOIs and for the period of
1947–2020. The most significant trends of the summer-
mean SSTs over the extended region of the SOIs are
detected over the Brazil Falkland Confluence (BFC), that
is, 45�–58�W, 35�–50�S, which is located directly north of
the SOIs, indicated by the yellow box in Figure 12a.
The summer SST trend for this region reaches
0.18�C�decade−1 over the period, which is statistically sig-
nificant (p << 0.01) (Figure 12b). A significant trend is
also obtained for the post-satellite era, that is, 1979–2020
(0.11�C�decade−1, p = 0.03). These results agree with pre-
vious studies that the SST isotherms of the Brazil Current
exhibit a significant southward expansion since 1854 with
a significant warm trend over the BFC zone (de Souza
et al., 2019; Zavialov et al., 1999).

The BFC is where the warm and salty Brazil Current
from the tropics is met by the colder and fresher water of
the Falkland Current from subpolar origins (Gordon, 1989).
The BFC has the SST ranging from 7 to 18�C on average
and is marked by a complex array of strongly contrasting
water types. The BFC is also a region with complex dynami-
cal processes and intense cyclogenesis (Hoskins &
Hodges, 2005). We nevertheless find that the summer mean
SSTs averaged over the BFC zone are significantly corre-
lated with the summer averaged temperature observed at
Signy (r = 0.39, p = 0.008) for the period 1947–1994 and at
Orcadas (r = 0.43, p = 5.7e-4) for the period 1947–2020.
With the enhanced northerly winds (Figure 10c), the warm
trend of the SST over the BFC zone would provide favour-
able conditions for föhn events in summer at Signy as
northerly winds flow over Coronation Island (King
et al., 2017; Lu et al., 2023), which may explain the larger
summer temperature trend at Signy (Figure 8b).

FIGURE 10 (a) Composite differences of 2 m temperature in summer (December–March) between 1972–1994 and 1959–1971 periods for the
extended region of the SOIs. Stippled regions indicate the differences are statistically significant at p = 0.05 level. (b) Same as (a) except for MSLP

over the extratropical Southern Hemisphere. (c) Same as (a) except for 10 m wind fields
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FIGURE 11 Same as Figure 10 except for winter (June–September)

FIGURE 12 (a) Linear trend of the SST (�C�decade−1) during summer (December–March) during 1947–2020 with the SOIs shown as

the black dot. Stippled regions indicate that the trends are statistically significant at p ≤ 0.05 and the absolute value of the trends are greater

than 0.1�C decade−1. (b) Time series of the summer SST averaged over the BFC, that is, the yellow box (i.e., 35�–50�S, 45�–58�W) in (a) with

the linear trends for the entire period (1947–2020) and the satellite era (1979–2020) shown as the black solid and red dashed lines
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3.4 | The role of sea ice

To better understand the connection between the station
temperature and sea ice, Figure 13a shows the correlation
between winter temperature (June–September) at Orca-
das and NASA Team SIC for the period of 1979–2020.
Orcadas temperature is used here because the records
extend to present day and thus have the longest overlap-
ping periods with the SIC data. Because the winter tem-
peratures at Orcadas and Signy are very similar, the
results reported in the section should be representative of
both stations.

It is evident that the station temperature anomalies
during winter are negatively correlated with the SIC over
the Bellingshausen Sea and north of the Weddell Sea.
The highest correlation magnitude is found at 46�–65�W,
58�–63�W (r = 0.79), upstream of the SOIs. The negative
correlation between the June–September averaged Orca-
das temperature and the June–September averaged SIC
over 46�–65�W, 58�–63�S for the period of 1979–2020 is
evident in Figure 13b. Significant positive correlations
are also found over the coastal polynyas in the southwest-
ern Weddell Sea. Thus, when the wind within the
Weddell Sea is anomalously southerly, the circulation is
conducive to transport of sea ice away from the Ronne
Ice Shelf. Concurrently, cold temperatures are more
likely to be recorded in the SOIs.

To appreciate how SOIs temperature relates to
regional sea ice on shorter timescales, we examine the
correlation between Orcadas daily temperature and sea
ice drift speed during June–September over the Weddell
Sea region. With the sea ice field leading Orcadas

temperature by 1 day, it is evident that Orcadas winter
temperature is positively correlated with the zonal
velocity of sea ice near the SOIs and in the northeast of
the Weddell Sea but negatively correlated in the south-
west of the Weddell Sea. The station temperature is
however negatively correlated with the meridional com-
ponent of sea ice drift velocity within the Weddell Sea
(Figure 14b). These correlation patterns are very similar
to the correlations between the Orcadas temperature
and 10 m winds (Figure 14c,d). These results suggest
that the connection between the sea ice and Orcadas
temperature is primarily wind driven. Orcadas tempera-
ture increases as sea ice is advected away from the SOIs
by either enhanced westerlies or northerlies. Con-
versely, the southerly winds advect sea ice from the
Weddell Sea towards the SOIs, which cools the tempera-
ture in the SOIs. The meridional wind anomalies have a
compounding influence on the SOI temperature, which
not only bring in warm (cold) air from the South Atlan-
tic Ocean (the Weddell Sea) but also advect sea ice away
(towards) the SOIs. For instance, the southerlies were
enhanced during 1972–1994 (Figure 11d); thus, colder
winter temperatures were recorded in the SOIs during
those years (Figure 9).

3.5 | Uncertainties in reanalyses in
representing long-term trends

Here we examine the ability of reanalyses that extend
back in time beyond 1979 to reproduce station observed
temperature trends at Signy and Orcadas. Figure 15a

FIGURE 13 (a) Correlation between June–September temperature at Orcadas and the SIC of NASA Team v2.0 over the extended

Weddell Sea sector for the period of 1979–2020. To remove noise, regions where the mean Jun–Sep SIC is less than 0.1% are masked out.

(b) Time series of June–September averaged SIC (black solid) at 46�–65�W, 58�–63�S, indicated by the yellow box in (a), and June–
September averaged station temperature at Orcadas (red dashed)
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compares the annual mean temperature at Signy with
those from reanalysis data sets for the period of
1947–1994. All the reanalyses capture the interannual
variation of station temperature exceedingly well after

1975 with ERA5 closest to the station observations,
which is consistent with previous evaluation
(Zhu et al., 2021). However, a cold bias can clearly be
seen in most of the reanalyses before 1975. The cold bias

FIGURE 14 (a) Correlation (colour) between daily temperatures at Orcadas during winter (June–September) and the zonal component

of Polar Pathfinder daily sea ice drift velocity (in cm�s−1) over the Weddell Sea sector with the sea ice drift velocity field leading the Orcadas

temperature by 1 day. The climatological winter sea ice drift speed is overlayed as the vectors. The coloured contours are masked in white

where the correlations are not significant at p = 0.05. Ice shelves are shown as dark blue. The dark grey region indicates where daily sea ice

motion data were not available for more than 10% of the days. (b) Same as (a) except for the meridional component of sea ice drift velocity.

(c, d) Same as (a, b) except that the sea ice drift fields are replaced by ERA5 10 m winds with no time lag between the station-temperature

and ERA5 winds. Similar results are obtainable using Signy data (not shown)
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remains even after 1979 though the magnitude is noticeably
smaller. The largest bias is associated with ERA20C, which
greatly underestimates the station temperatures by more
than 3�C before 1975. The early period underestimation of
temperature is primarily associated with summer months
(cf., Figures 5 and 6 as an example), which results in spuri-
ously large positive temperature trends in ERA20C, 20CR
and ERA5. On the contrary, JRA55 tends to overestimate
the station temperatures. Thus, no significant temperature
trend is detected in JRA55, which appears to be consistent
with the inability of this reanalysis to reproduce the
regional change in SAM structure prior to 1979 (Marshall
et al., 2022). The large spread among the reanalyses makes
reanalysis temperature trends highly uncertain before 1979.

Similar spread and biases can be seen in Orcadas
where data are extended forward to 2020 (Figure 15b). In
comparison with the observations, cold biases of up to
�1�C are evident in some years after 1979. Thus, the cold
bias is not limited to the pre-satellite period. ERA5 agrees
with Orcadas temperature slightly better than other rea-
nalysis datasets with a maximum cold bias of 0.7�C, con-
sistent with Figure 5.

The biases are particularly larger in winter than in
summer for all these reanalyses before 1975 (not shown).
These biases prior to 1975 are consistent with consider-
able uncertainties in SSTs during this period, as well as a
lack of sea ice observations in the Southern Ocean
(Kennedy et al., 2011). Such uncertainties present a chal-
lenge for studying long-term temperature variation,
e.g., analyses shown in Figures 10 and 11.

4 | CONCLUSIONS AND
DISCUSSION

The newly digitized Signy synoptic temperature records
compare well with those from Orcadas. Temperatures at
both stations show a higher degree of variability in winter
than summer. Signy is slightly warmer in summer and
colder in winter. Signy temperatures demonstrate more
variability than Orcadas with longer tails of extreme
temperatures.

A statistically significant positive temperature trend
(0.24 C�decade−1) is detected in summer at Signy during
1947–1994 while no significant trend is detected in winter
for both Signy and Orcadas Stations. The lack of
winter warming trend in the SOIs differs from the strong
winter warming trends observed in the western Antarctic
Peninsula and South Shetlands Islands (Cannone
et al., 2022; King et al., 2003; Royles et al., 2012). Results
based on ERA5 reanalysis data suggest a strong linkage
between the summer warming at Signy and warm anom-
alies on the eastern side of the Peninsula and an increase
in the strength of the prevailing westerly winds, which
has previously been attributed to circulation changes
associated with stratospheric ozone depletion leading to a
more positive SAM (Marshall, 2003; Thompson &
Solomon, 2002).

In addition to these large-scale drivers, localized föhn
winds may also play an important role in causing temper-
ature variation and trends at the stations (Lu et al., 2023).
For instance, here we show that Signy is significantly

FIGURE 15 (a) Station-based annual mean temperatures (�C) of Signy (black) compared with four different reanalysis products, that is,

ERA5, 20CR, JRA55 and ERA20C for 1947–1994. (b) Same as (a) except for Orcadas and for the period of 1947–2020
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warmer than Orcadas in summer and the effect increases
with time along with the positive temperature trend dur-
ing 1947–1994 (cf., Figure 8b). This warm trend is associ-
ated with enhanced northerlies and warmer SST
anomalies upstream over the Brazil–Falkland Confluence
(BFC) (cf., Figure 10). Signy Station is situated directly on
the leeside of Coronation Island (cf., Figure 1), making
the station more sensitive to föhn warming in the event
of northerlies (King et al., 2017). Higher SSTs in summer
over the BFC during 1972–1994 would allow more warm
air to reach the SOIs via enhanced northerly winds (cf.,
Figure 10c). The effect is further amplified by föhn winds
induced locally by Coronation Island. Conversely, Orca-
das Station is situated on a low-lying isthmus joining
parts of Laurie Island and east of Coronation Island, so
does not receive the exceptionally warm föhn winds that
affect Signy (King et al., 2017). These geographical differ-
ences between the two SOI stations may explain the
greater warming trend at Signy and the observed temper-
ature difference between Signy and Orcadas in summer
(Lu et al., 2023).

Wintertime temperature in the SOIs is largely related
to changes in regional sea-ice cover leading to increased
heat fluxes between the open ocean surface and the over-
lying atmosphere (Simmonds et al., 2005). The important
role of sea ice on regional Antarctic temperature has been
noted previously (King et al., 2003; Reid et al., 2020;
Turner et al., 2020; Weatherly et al., 1991). Similarly, here
we have found that Orcadas temperatures are inversely
related to SIC to the west of the SOIs on daily to monthly
scales. In addition, there is a localized cooling trend
along the narrow band on the east side of the Antarctic
Peninsula in winter that is linked to the localized SST
anomalies and a northward drift of sea ice from the
Weddell Sea.

ERA5 temperatures are highly correlated with those
at the stations even on synoptic timescales and agree
exceedingly well with the station temperatures on
monthly to annual timescales during the post-satellite
period. However, ERA5 tends to underestimate extreme
high temperatures in summer and overestimate
extreme cold temperatures in winter. The underestima-
tion is most likely due to a lack of representation of local-
ized föhn effects, and the effect is more pronounced at
Signy than Orcadas. The warm biases in winter are likely
due to the rather crude representation of sea ice in the
ERA5 assimilation model (King et al., 2022). ERA5 and
other reanalysis datasets all underestimate station tem-
peratures even for annual averages before 1979. These
results reinforce the importance of using available histor-
ical station measurements when examining temperature
variation in the sub-Antarctic islands, such as the SOIs.
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