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Abstract
The aim of this work is a comprehensive study of the 16-year periodicity of winter surface temperature in
the Antarctic Peninsula (AP) region, described earlier, and its possible source based on weather station
records over the 1952–2019 period making use of the Scientific Committee on Antarctic Research (SCAR)
Reference Antarctic Data for Environmental Research (READER) database, as well as Fourier and wavelet
analysis methods. It is shown that interdecadal oscillation with a period of about 16 years dominates in
the northern AP (Esperanza and Orcadas), which is consistent with previous results. The 16-year
periodicity is found to closely correlate with the sea level pressure anomaly in the southwestern Atlantic
associated with the zonal wave-3 and the Southern Annular Mode patterns. The correlation maximum in
the southwestern Atlantic, having the characteristic features of the anticyclonic circulation, affects the
surface temperature in the northern AP through the related structure of the zonal and meridional wind
anomalies. This effect is weaker to the south, where the Vernadsky station data do not show a regular
interdecadal periodicity. Due to the correlated variability in the wave-3 ridges, the pronounced 16-year
periods exist also in the surface temperature of southern Australia–New Zealand region, as well as in the
zonal mean sea level pressure at 30–50°S. The sea surface temperatures are much less involved in the
16-year oscillation suggesting that atmospheric rather than oceanic processes appear to be more
important for its occurrence.

Introduction
The quasi-periodic variabilities of surface air temperature on the time scales from 2–8 years up to 20–80
years are well known from the global and regional climate studies based on time series of the climate
indices (Park and Mann 2000; Parker et al. 2007). The interannual variations with the 2–8 year periods
are mainly associated with the El-Niño–Southern Oscillation (ENSO) (Rasmusson and Carpenter 1982;
Neelin et al. 1998; Turner 2004). The decadal variability with the periods of 20–70 years is contributed by
the Pacific Decadal Oscillation (PDO) and Interdecadal Pacific Oscillation (IPO) (Mantua et al. 1997;
Parker et al. 2007; Meehl et al. 2009; Deser et al. 2010; Newman et al. 2016). The North Atlantic and
European climate is known to be affected by the Atlantic Multidecadal Oscillation (AMO) on the time
scale of 60–80 years (Schlesinger and Ramankutty 1994; Delworth and Mann 2000; Sutton and Hodson
2005). The intermitted interdecadal periods of 10–20 years are also present in the regional and global
climate variability (Venegas et al. 1997; Park and Mann 2000; White and Tourre 2003; Mehta et al. 2018).
Interference of the climate modes, their relative contributions to the temperature variability can evolve
over decades and even cause climate regime shift, in particular in the Pacific Ocean basin (Trenberth et
al. 2002; Meehl et al. 2009; Deser et al. 2010; Newman et al. 2016; Wang et al. 2019), and can influence
(enhance or decelerate) the global temperature trends (Lin and Franzke 2015; Dai and Wang 2018).
In the Southern Hemisphere (SH), it was shown that the Southern Annular Mode (SAM) (Marshall 2007;
Fogt et al. 2012), Antarctic Circumpolar Wave (ACW) (Connolley 2003; Venegas 2003; White et al. 2004),
and Antarctic Circumpolar Current (ACC) (Verdy et al. 2006) play a significant role on the interannual time
scale (Carleton 2003). In the Antarctic Peninsula (AP) region, the ENSO–SAM–ACW–PDO coupling
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results in the varying relative influences of the individual climate mode on the temperature changes
(Stastna 2010; Clem and Fogt 2013; Clem et al. 2016; Yu et al. 2015; Goodwin et al. 2016; Turner et al.
2020). The influence of the climate modes and their interactions depend on the season (Neelin et al.
1998; Marshall 2003; Yu et al. 2015), thereby affecting the seasonal change in the structure of quasistationary planetary waves (Hoskins and Karoly 1981; Wallace 1983; Yang and Webster 1990; Turner
2004; Raphael 2004; Fahad et al. 2021). The Rossby wave train forced by tropical Pacific heating
anomalies (Karoly 1989; Mo and Higgins 1998; Fahad et al. 2021) reaches West Antarctica and the AP
region, where quasi-stationary circulation anomalies are particularly strong during the austral winter
(Turner 2004; Clem et al. 2016) and spring (Clem and Fogt 2013; Clem and Renwick 2015). Because of
the variability in the ENSO–SAM coupling, regional circulation anomalies provide differences in the winter
climate change in the different parts of the AP through redistribution of the zonal and meridional flows
and dominant advection of warm or cold air towards the AP. A local decrease of sea level pressure can
lead to greater cyclonic activity to the west, north or east of the AP in the Amundsen–Bellingshausen
Seas, Drake Passage or Weddell Sea, respectively (Clem and Renwick 2015; Turner et al. 2016;
Evtushevsky et al. 2020), influencing the temperature change across the AP. Owing to the multiplicity of
interactions between the climate modes and to the relatively short records, the most important factors
affecting the Antarctic temperatures are still unclear (Turner et al. 2020) and need to be determined.
The interdecadal variability of the AP winter surface temperature with the 16-year periodicity has been
described in (Kravchenko et al. 2011) based on the Scientific Committee on Antarctic Research (SCAR)
Reference Antarctic Data for Environmental Research (READER) from the early 1950s to 2009.
Kravchenko et al. (2011) showed that the 3–8 years periods related to the ENSO, SAM and ACW signals
were clearly separated from the 16-year oscillation. The most pronounced 16-year signals were observed
in the time series from the northern AP stations. However, the source of the 16-year oscillation has not
been identified in that work. Since this periodicity, according to (Kravchenko et al. 2011), appears only in
the northern AP, presumably, it can be generated locally. In this paper we examine the localization of the
prevalence of the 16-year periodicity in the AP region on a longer time series and determine its possible
source making use of the READER surface temperature data from the AP weather stations (Esperanza,
Orcadas, and Vernadsky). The data description and analysis technique are presented in Sect. 2, and the
results are presented in Sect. 3. The identification of the source of 16-year periodicity is described in
Sect. 4. The results are discussed in Sect. 5, and the conclusions are presented in Sect. 6.

Data And Analysis Method
The time series of the surface air temperature recorded at Esperanza (ESP hereafter; the northern tip of
the AP: 63.4°S, 57.0°W, 13 m; Fig. 1) is among the longest ones collected in the AP region. As was shown
by Kravchenko et al. (2011), the ESP winter temperature in 1952–2009 reveals rather stable periodicity
with the about 16-year cycle (their Fig. 3). We use the READER database (Turner et al. 2004) to process
the AP station data sets: ESP (1952–2019, time series length is 68 years), Orcadas (ORC; 1903–2019,
117 years), and Faraday/Vernadsky (FV; 1951–2019, 69 years; the British station Faraday before and the
Ukrainian station Vernadsky after 1996) from https://legacy.bas.ac.uk/met/READER/data.html (see the
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location of the stations in Fig. 1). ESP and ORC (FV) are in the northern (southern) AP region that
determines their different sensitivity to the individual climate modes (King 1994; Vaughan et al. 2003;
Turner et al. 2005; Oliva et al. 2017).
The linearly detrended and standardized data sets averaged over the austral winter months June, July
and August (JJA) were analyzed making use of the Fast Fourier Transform (FFT) and the wavelet
transform similar to (Kravchenko et al. 2011). The FFT is useful to extract frequency (periodic) content of
harmonics in a time series and wavelet analysis can determine both the dominant modes of variability
and how those modes vary in time (Torrence and Compo 1998). Because the wavelet function is in
general complex, the wavelet transform can be divided into the real and imaginary part (or amplitude and
phase). Among the wavelet functions, the Morlet wavelet contains more oscillations and gives finer
resolution (Torrence and Compo 1998), and it is used in this analysis. We analyze the time series of
winter temperatures, since the Antarctic stations have generally their largest interannual variability of
temperature during the winter and the annual mean temperature anomalies are dominated by winter
temperatures (Turner et al. 2020).
To identify the possible source of the 16-year periodicity in the SH atmospheric variables, we have created
an index of the local surface temperature variability. Considering the results of (Kravchenko et al., 2011),
it is based on the ESP temperature anomalies (thin curve in Fig. 2a) with band pass filter in the period
range of 15–17 years, or the frequency range of 0.067–0.059 year− 1 (thick curve in Fig. 2a). As the band
pass filter is centered at the 16-year period and the filtered time series is of sine wave form (Fig. 2a), the
latter is used as the sine wave index SW16 in this work. The peak at the 16-year period (or frequency
0.0625 year− 1) is clearly reproduced in the SW16 spectrum (marked with a vertical dashed line in Fig. 2b).
The SW16 index is used in the correlation analysis aimed at detecting the response of meteorological
variables to the 16-year period signal. The data and analysis tools from the National Centers for
Environmental Prediction (NCEP)–National Center for Atmospheric Research (NCAR) reanalysis (NNR;
Kalnay et al. 1996; www.esrl.noaa.gov/psd) are used to determine the correlative relationships between
SW16, sea level pressure (SLP), surface air temperature (T-surface), surface zonal (U) and meridional (V)
winds. Using the NNR monthly mean gridded variables averaged over June–August, the linear
correlations for the Southern Hemisphere were processed (https://psl.noaa.gov/data/correlation/). The
Marshall SAM index in the winter season was taken from https://legacy.bas.ac.uk/met/gjma/sam.html
(Marshall 2003). An alternative index for the SH annular mode known as the Antarctic Oscillation (AAO;
Gong and Wang 1999) was also used (https://psl.noaa.gov/data/climateindices/). Both indices
characterize mass exchange between middle and high latitudes with perturbations in atmospheric
parameters (e.g. zonal wind, geopotential height or sea level pressure) of opposite signs.

Frequency Analysis
Figure 3 shows the time series (left) and FFT spectra (right) of the winter surface temperatures recorded
at ESP (the top panel), ORC (the middle panel), and FV (the bottom panel). The decadal trends and their
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significance indicated in Fig. 3 (left) are consistent with the ones estimated from the shorter time series
(King et al. 2003; Turner et al. 2005; Zazulie et al. 2010; Zitto et al. 2016; Turner et al. 2020).
The spectral power plots in Fig. 3 (right) show presence of the 2–7 year periods (2–9 years for FV) typical
for the interannual variability in the climate modes ENSO, SAM, and ACW (see Sect. 1). The spectral
peaks around 16, 16, and 18 years in the ESP, ORC, and FV data, respectively, have the amplitudes similar
to the shorter period peaks. It was noted by Kravchenko et al. (2011) that the decadal periodicity in the AP
climate variability is not inferior to the SH climate modes in climatic influences. This was confirmed by
similar spectral power and statistical significance of the temperature oscillations with the periods of three
to eight years (associated with ENSO, SAM and ACW variability) and with the 16-year period (Kravchenko
et al. 2011, their Figs. 4–6).
There is a difference between the stations in the presence of statistically significant periods on the
interdecadal time scale. In the ESP (ORC) spectrum in Fig. 3b (3d), there is a period of 16.2 years (15.6
years) with the 99% (95%) confidence level. This spectral peak is the strongest and most distinct one in
the ESP time series. In the FV spectrum, the interdecadal peak is shifted to the longer period of 17.9 years
(with the 95% significance). This peak is less distinct and broadens to a band of 16–20 years at the 90%
confidence level (Fig. 3f) compared to the nearly 16-year peak in the ESP spectrum, which is narrower and
higher (Fig. 3b).
The wavelet spectra in Fig. 4 (the real component) and Fig. 5 (the spectral power) emphasize the
difference of the interdecadal period change in the time series recorded at the different stations. Figure 4
shows how periodic components vary in time and Fig. 5 gives global wavelet spectrum, which is obtained
by integration of the wavelet power spectrum over time (Torrence and Compo 1998). The most persistent
16-year oscillation is in the winter temperature time series from ESP (Fig. 4a and Fig. 5a). The wavelet
spectra peak slowly varies between 15–17 years (the solid curve in Fig. 4a) around the 16-year period (the
dashed line in Fig. 4a) in 1952–2019. In addition to that in the FFT spectrum (Fig. 3b), there is a narrow
spectral band in the wavelet power spectrum (Fig. 5a) and a strong peak in global wavelet spectrum
(Fig. 5b), all statistically significant at the 95% confidence level.
The observed interdecadal periodicity is less stable in the ORC wavelet spectrum (1952–2019) and the
peaks of the amplitude anomalies show variations of the period between 14 and 18 years (the solid curve
in Fig. 4b). The greatest anomaly variations were in the 1990s–2000s (Fig. 4b), which makes the main
contribution to statistically significant signals about 17-year in the Fourier spectrum (the 90% confidence
level, Fig. 3d) and in the global wavelet spectrum (with the 95% confidence level, Fig. 5d). No significant
interdecadal periods were observed in the ORC time series between the 1900s and 1950s (Fig. S1a).
The least stable periodicity is seen from the FV wavelet transform. The observed period decreases from
19 to 14 years (Fig. 4c) and statistically significant signal in the wavelet power spectrum exists during
1950s–1980s (i.e., it characterizes only the first half of the time series, Fig. 5e). Compared to Esperanza,
the spectral peak in the Faraday/Vernadsky spectrum is shifted to an 18-year period (Fig. 3f and Fig. 5f).
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As noted from Fig. 3 (right) and seen in Fig. 4, the shorter periods (2–7 years) are observed in the ESP
and ORC data than in the FV data (2–9 years). This difference between the FV and ESP–ORC time series
is presumably related to the varying relative contributions of the individual climate modes to the
temperature change in different parts of the AP. Due to the stronger tropical connection in the Pacific
sector, the western AP (and FV) in winter and spring is more influenced by ENSO (Sect. 1). The influence
is produced by a tropically-forced Rossby wave train directed to the south, so that the ENSO correlation in
winter and spring is consistently strongest with the western AP temperature (Clem et al. 2016; Turner et al.
2020). This is confirmed by the climatological relationships between the Niño 4 index and surface
temperature and zonal wind at the 850 hPa pressure level for winter and spring (Fig. S4a–S4d). Unlike
this, the temperatures at ESP and ORC located in the northern AP region are more influenced by zonal
circulation and annular mode (Fig. S4e–S4h; see Sect. 5 for discussion).

The Source Of The 16-year Periodicity
The length of the analyzed time series is 68 years (Fig. 3, left) covering more than 4 full 16-year periods
determined in the ESP temperature (Fig. 4a). An unusually stable oscillation is statistically significant
(Figs. 2b and 5a and 5b) and requires the existence of equally long-acting sources.
As described in Sect. 2, the SW16 index was introduced to quantitatively represent the 16-year periodicity
in the ESP time series (Fig. 2). Based on the SW16 index, one can verify whether a source of this
periodicity exists in the SH atmosphere variability.
Figures 6a–6d display anomalies in the spatial distribution of linear correlation coefficient r between
SW16 and several SH atmospheric variables: sea level pressure SLP and surface air temperature and
wind components. It is seen that the largest area of significant correlation anomalies is in the SLP
response (Fig. 6a). Correlation anomalies in the SH subtropical and middle latitudes demonstrate zonal
wave-3 pattern, represented by three positive correlation anomalies (Fig. 6a) alternating with negative
ones (most pronounced in correlation with surface temperature in Fig. 6b). This quasi-stationary pattern
in the SH atmosphere is determined by the alternation of three continents and three ocean basins
(Raphael 2004) and three subtropical anticyclones (van Loon and Jenne 1972; Carleton 2003; al Fahad et
al. 2020) in the longitudinal direction.
Less pronounced wave 3 patterns are observed in the correlations with the wind components (Fig. 6c and
6d). Correlation anomalies significant at the 95% confidence level exist over and in the vicinity of the AP
region (Fig. 6b–6d). The intense positive anomalies (r = 0.3–0.6) related to zonal wave 3 are seen in the
New Zealand (NZ) region (Fig. 6a and 6b). They indicate a 16-year periodicity in the sea level pressure
and surface temperature over a fairly large area. Indeed, even the annual mean temperature observed in
New Zealand (Fig. 7c) shows that the spectral band of 13.3–16.0 (12.7–17.2) years is statistically
significant at the 99% (95%) confidence level (Fig. 7d). The peak in the wavelet power spectrum is at 14.6
years. This result is based on the NZ temperature records in 1952–2009 averaged over 11 stations (Fig.
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7c) and available at the National Institute of Water and Atmospheric Research (NIWA) web site
https://niwa.co.nz/climate/information-and-resources/nz-temperature-record.
The SW16 index is coupled with the SLP anomalies of the anticyclone type: an increase in SW16
corresponds to an increase in the regional SLP anomaly. A strong positive anomaly in correlation ‘SW16
vs SLP’ located in the southwestern Atlantic (SWA, Fig. 6a) adjacent to the AP region indicates the close
relationship between the anomalies in the SWA SLP and the ESP temperature on the interdecadal time
scale.
The area of the maximal SLP response to SW16 limited by the coordinates of 40–50°S, 30–50°W (the
dashed rectangle in Fig. 6a) was used to verify the correlations. The time series of area-averaged SLP
anomalies inside this domain (Fig. 7a) was considered as the regional 16-year SLP variability index,
SLP16. It is seen from Fig. 7b that the 16.6-year period clearly stands out in the spectrum of SLP16 (the
solid vertical line) and spectral band of about 15–19 years is significant at the 99% confidence level (the
shaded rectangle).
As noted above, the wave 3 ridges in Fig. 6a are located mainly in the SH subtropics and middle latitudes
and their phase correlation with SW16 suggests the presence of close to 16-year period throughout this
zone. The zonal mean SLP anomalies for 30–50°S (characterized by the index SLP30–50S),
demonstrate a close period of 15.5 years statistically significant at the 99% confidence level (Fig. 7f). The
existence of this variability in the mid-latitude zone shows the important role of a periodicity close to 16
years as one of the most powerful modes in the SH climate change. Moreover, the correlation anomalies
in Fig. 6 highlight certain areas where changes in SLP, surface temperature and wind components can
affect the climate on an interdecadal time scale.
The coupling of the SLP16 index with the SH sea level pressure is shown in Fig. 6e. Correlation anomalies
display zonal wave 3 (the blue dotted curve at zero correlation) and SAM (opposite anomalies in middle
and high SH latitudes) patterns. It should be pointed out that the correlations coefficient distribution for
both SW16 (Fig. 6a) and SLP16 (Fig. 6e) does not reveal statistically significant anomalies along the
equatorial Pacific, characteristic of the El Niño phenomenon. Positive anomaly in correlation ‘SLP16 vs Tsurface’ in the western tropical Pacific is evident (Fig. 6f), however, this is not a typical El Niño region
located usually in the central and eastern Pacific (Rasmussen and Carpenter 1982; Trenberth et al. 2002).
In addition, SW16 and SLP16 are weakly coupled not only with tropical surface air temperature (Fig. 6b
and 6f), but also with the tropical sea surface temperature (SST; Fig. S2). Moreover, in the case of SST, no
clear anomalies that resemble SAM or wave 3 patterns are evident (Fig. S2). Such relatively weak
presence of the 16-year periodicity in the SST variability can indicate that this spectral component is
more associated with atmospheric than with oceanic processes.
We note that the SLP16 index correlates with T, U-wind and V-wind much stronger (rmax = 0.6; Fig. 6f–6h)
than the SW16 index (rmax = 0.4; Fig. 6b–6d, respectively). Statistically significant correlation anomalies
cover the northern part of AP, but do not reach its southern part. For U-wind and V-wind (Fig. 6g and 6h,
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respectively), they are statistically significant at ESP and ORC and not significant at FV (the stations’
locations are marked with the red, green and yellow circles respectively). The SLP16 effect in the surface
temperature has a similar difference in significance but FV is located at the edge of the area outlined by
the 95% significance contour (Fig. 6f). The influence of the SLP16 anomaly (Fig. 6a) on the AP region is,
therefore, spatially limited and Fig. 6f–6h clarifies why the 16-year oscillation can be more reliably
recorded in the northern AP but not in the southern AP.
The relative position of positive and negative anomalies in the response of wind components to SLP16
exactly corresponds to anticyclonic (counterclockwise) circulation in South Atlantic and Weddell Sea
(solid curved arrows in Fig. 6g and 6h). The positive correlation anomaly in the U-wind (V-wind) at the
southern (eastern) edge of the SLP16 region in Fig. 6g (Fig. 6h) can be interpreted as a westerly
(southerly) enhancement in response to the SLP16 index increase. This pattern is consistent with the
structure of the anticyclonic wind (solid curved arrows in Figs. 6g and 6h) in the SH atmospheric
circulation. In turn, the westerly enhancement (Fig. 6g) means greater transport of warm oceanic air to the
northern AP. The latter has a 16-year component of variability due to periodic enhancement and
weakening of the anticyclonic anomaly in the SLP16 region (Fig. 6a). A similar warming effect can be
expected from the negative correlation anomaly in V-wind in the AP region (Fig. 6h) due to the cold
southerly anomaly decrease (or, in terms of anticyclonic circulation, the warm northerly anomaly
increase). Spatially, as noted above, ESP and ORC appear to be more sensitive to the 16-year periodicity
(Fig. 6e–6h) originating in the SLP16 region (Fig. 6a).
There is also a large-scale response to SLP16 containing the wave-3 and SAM patterns (Fig. 6e–6h).
Spectral properties of the wave-3 pattern are presented for the three regions: (i) the SWA region (peak at
16.6 years from the winter SLP16 index in Fig. 7b), (ii) the northern AP (16.2 and 15.6 years in the ESP
and ORC winter temperature in Fig. 3b and 3d, respectively) and (iii) New Zealand (14.6 years in the
annual mean temperature in Fig. 7d). Spectrum of winter SAM index shows a peak of spectral power at
the 17.5-year period (Fig. 7h). Additionally, large-scale variability with strong period 15.5 years exists in
30–50°S zonal mean SLP (Fig. 7f). Figure S3 shows that the zonal wave-3 and SAM patterns are even
more evident in correlations with the index SLP30–50S than in correlations with the index SLP16 (Fig.
6f–6h).
In general, at least 5 indices of variability (SW16, SLP16, SLP30–50S, SAM, and NZ) demonstrate a
noticeable prevalence of oscillation close to the 16-year period associated with quasi-stationary regional
anomalies in the SH circulation. Surface temperature, SLP, and wind components in these anomalies
undergo periodic changes on the interdecadal time scale (Fig. 6) and contribute to regional climate
changes, which become both cyclical and synchronized. The effects of the 16-periodicity in the regional
couplings are the subject to study in a separate work. The main coupled regions are located at the wave 3
ridges in the SLP anomalies, which strongly correlate with the SW16 and SLP16 indices (Fig. 6a and 6e)
and are associated with the zonal mean SLP variability (SLP30–50S index, Fig. 7f) and the annular mode
pattern (SAM index, Fig. 7h).
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A multiple linear regression model was analyzed using Esperanza’s temperature as the dependent
variable and the four indices (SW16, SLP16, SLP30–50S and NZ) treated as independent variables (Fig.
S6). From the regression model, the square of the correlation coefficient R2 = 0.33 is significant at the 95%
confidence level. This means that the near 16-year interdecadal periodicity provides a 33% contribution to
the ESP temperature variability giving notable change in long-term trend.
We note that the east–west polarity of the correlation anomalies in the region of the southern Australia
and New Zealand is opposite to the polarity in the southwestern Atlantic–Antarctic Peninsula region (Fig.
6f). This pattern suggests a cyclonic regional anomaly (dashed curved arrow in Fig. 6h). According to the
generalized results, the periodicities between about 13 and 21 years centered close to 16-year period are
statistically significant at the 95% confidence level (Fig. 3b; shaded rectangles in Fig. 7, right).
We also examined the spectral features of surface temperature variations in the AP region (Fig. S5) using
the NCEP–NCAR reanalysis data. Four domains were chosen in: northeastern (N–E) AP, southwestern (S–
W) AP, Orcadas area (latitude ⋅ longitude = 5° ⋅ 10°) and South Pacific region (10° ⋅ 10°), as shown by the
shaded rectangles in Fig. S5e. The degree of consistency of interdecadal spectral peaks with station data
was determined. The spectra were compared in pairs: N–E AP vs ESP, Orcadas area vs ORC, and S–W AP
vs FV. Table 1 shows that the reanalysis reliably reproduces even small spatial differences in spectral
peaks observed from the station data. In South Pacific domain further west of the peninsula, there is no
periodicity close to 16 years (Table 1 and Fig. S5a).
Table 1 Comparison of interdecadal periods in the spectra of surface temperature time series from the
station data in the AP region (Esperanza, Orcadas and Faraday/Vernadsky) and from the NCEP–NCAR
reanalysis (NNR) for the three sub-regions (N–E AP, Orcadas area and S–W AP, respectively), and
additionally for the South Pacific sub-region. The spectra are compared in Fig. S5a–S5d, and the
boundaries of the sub-regions are shown in Fig. S5e

Finally, the wavelet spectra show that the interdecadal temperature oscillation in 2000s to 2010s exhibits
transition from the negative to positive phases at Esperanza and Orcadas (Fig. 4a and 4b) and from
positive to negative phases at Faraday/Vernadsky (Fig. 4c). This result is consistent with the trends in the
temperature time series observed recently: warming (Fig. 3a and 3c) and cooling (or no warming, Fig. 3e),
respectively (Oliva et al. 2017; Evtushevsky et al. 2020).

Discussion
In the Antarctic temperature, the 10–20-year periods are likely to be of PDO signal (Rahaman et al. 2019).
PDO is determined by the SST anomalies, i.e. it characterizes the state of ocean. By our estimate for the
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winter 1952–2017 time series, PDO shows strong peaks only in 9–12 and 40–60 year period ranges (not
shown) that excludes notable effects in the interdecadal range. The oceanic circulation anomalies in the
SWA region known as the Brazil–Malvinas Confluence (da Silveira and Pezzi 2014) and the Zapiola
Anticyclone (Venaile et al. 2011) are varying mainly on an interannual time scale.
In the atmospheric parameters, the SLP fluctuations in the South Atlantic dominate in the interdecadal
timescale at a 14–16-yr period caused by oscillation in the strength of the subtropical anticyclone (SA)
with its center at around 30°S (Venegas et al. 1997). An action area of SA is 15–45°S and 45°W–15°E
(Mächel et al. 1998). Climatologically, SA is located to east of the SLP16 anomaly and closer to the West
Africa coast. However, it extends to the east coast of South America (to about 45–50°W) in the austral
winter (Reboita et al. 2019), overlapping partly the SLP16 region (40–50°S, 30–50°W, rectangle in Fig. 6a
and 6e). This pattern suggests a potential contribution of SA to a 16-year periodicity. It should be
especially noted that SA is part of the zone 30–50°S, which is characterized by a strong spectral peak at
a 16-year period (Fig. 7f). There are the influences of the tropics on the southern subtropical anticyclones,
which depend on the season. They are realized through variability in ENSO (Venegas et al. 1997), the
summer monsoons and heating in the tropical Northern Hemisphere (Yang and Webster 1990; Lee at el.
2013), Intertropical Convergence Zone (Mächel et al. 1998) or South Pacific Convergence zone (Clem and
Renwick 2015; Fahad et al. 2021). However, our results indicate that in winter there is a dominant
extratropical contribution to the 16-year periodicity under consideration (Fig. 6 and Fig. S2).
As noted in Sect. 3, the difference between the SH circulation anomalies forced in the tropics and in the
extratropics is illustrated in Fig. S4. Correlations between climate modes Niño 4 (N4) and Antarctic
Oscillation (AAO, an index alternative to SAM, e.g. (Gong and Wang 1999)), on the one hand, and the
surface temperature and zonal wind in the lower troposphere (850 hPa), on the other hand, are compared.
In the first case, the central tropical Pacific mode N4 in winter and spring is associated with the planetary
wave train propagated within the Pacific basin toward West Antarctic (thick dashed line in Fig. S4c and
S4d). The negative temperature response is concentrated mainly in the western AP (white contour in Fig.
S4a and S4b). In the second case, the annular mode exhibits response in zonally-oriented anomaly
sequence at mid and high latitudes (dashed curves in Fig. S4g and S4h) without any anomalies in the
tropics. The positive temperature response is clearly seen in the southern AP region (black contour in Fig.
S4e and S4f).
As shown by Marshall (2007), a boundary between the regions where temperatures are positively and
negatively correlated with SAM exists, and the line that separates these regions moves through the FV
latitude twice a year. The recent SAM-related winter deepening of the negative SLP anomaly to the west
of the AP, accompanied by a change in the zonal and meridional wind components, also contributes to
the occurrence of the boundary that crosses the AP and divides it into sub-regions with warming and
cooling (Evtushevsky et al. 2020). In the interannual temperature variations, the difference between SAM
(prevailing periods of 2–5 years) and ENSO (2–8 years) (Yuan and Yonekura 2011; Rahaman et al. 2019)
seems to correspond to the difference between ESP–ORC and FV, respectively, in their spectra (Fig. 3,
right, and Fig. 4).
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It is quite expected that the distribution of statistically significant anomalies in the correlation between
the SLP30–50S index and the surface zonal wind demonstrates a zonal arrangement (Fig. S3b), very
similar to the climatological SAM pattern (Fig. S4c). This is because the 30–50°S latitude band
corresponds to the midlatitude part of annular mode variability (Gong and Wang 1999; Marshall 2003). In
the SH midlatitudes, SAM in winter exhibits a pronounced zonal asymmetry with the structure of wave 3
(Gong and Wang 1999; Fogt et al. 2012; Yeo and Kim 2015; Spensberger et al. 2020) seen also from
climatological relationships in Figs. S3b, S4c, S4g and S4h.
Likewise, the correlations of annual mean temperature from the AP stations with annual mean SLP for
1979–2014 show clear wave-3 pattern combined with the SAM pattern (Turner et al. 2016; their Extended
Data Fig. 6). In (Turner et al. 2016), the strongest correlation anomaly (up to r = 0.8) in the SWA region
appears only for the northern AP stations (Bellingshausen, O’Higgins, Esperanza and Marambio),
consistent with Fig. 6a above.
There is uncertainty in the detection of periodic oscillations caused by the difference in the indices of
variability used in this analysis, because they show dependence of the spectral composition on the
region, season, and also on the time range of the dataset and its length (Torrence and Compo 1998; Park
and Mann 2000; Lin and Frantzke 2015; Godoi et al. 2016). In our analysis, the region (northern AP), the
season (austral winter) and the observed 16-year periods are known, and we are looking for other regions
that serve as a source of or involved in the 16-year periodicity. This approach allows us to study in more
detail the factors associated with the appearance of this periodicity, thereby partially answering some
questions that remain regarding how modes of variability in various parts of the world influence Antarctic
temperatures (Turner et al. 2020).
As noted in Sect. 1, natural decadal oscillations can enhance or decelerate long-term temperature trends
(Lin and Frantzke 2015; Dai and Wang 2018). Evidence of this effect was noted in Sect. 3 when
comparing Fig. 4 and Fig. 3 (left). If interdecadal oscillations (10–20 year period range) in the 2000s and
2010s shift the phase from negative to positive on ESP and ORC (Fig. 4a and 4b), then the opposite
phase shift is observed on FV (Fig. 4c). This is consistent with positive and negative (or near-zero)
temperature trends in the respective parts of the time series (Fig. 3a and 3c vs Fig. 3e). A similar
difference in recent climate change along the peninsula was noted in (Turner et al. 2016; Oliva et al. 2017;
Evtushevsky et al. 2020; Turner et al. 2020).

Conclusions
In this work we confirm the persistent 16-year periodicity in the winter temperature (found in earlier study
by Kravchenko et al. (2011)) at the northern Antarctic Peninsula station Esperanza on the longer time
series, and determine the source of this periodicity by studying how widespread it is in the Southern
Hemisphere, additional to the AP region.
Correlation analysis with the sea level pressure revealed regions of the strongest response to the 16 years
period. The correlation anomalies, which are statistically significant at the 95% confidence level, fall on
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the SH subtropics and midlatitudes (30–50°S, Fig. 6a). Three areas of positive SPL response to the 16year temperature periodicity resemble the zonal wave-3 pattern in the distribution of subtropical
anticyclones. The strongest correlation anomaly is located in the southwestern Atlantic. It partially
overlaps with the subtropical anticyclone in the South Atlantic and, at the same time, is adjacent to the
AP region.
This regional anomaly is associated with variations in the zonal and meridional wind components that
affect the temperature in the southwestern Atlantic and the AP region. The correlation maps show that
this influence is more significant in the northern AP. Therefore, the 16-year period is more clearly
manifested in the winter temperature spectra from Esperanza and Orcadas in the northern AP region than
at Faraday/Vernadsky in the southern AP region.
The 16-year periodicity is found in the regional temperature variability index, zonal mean sea level
pressure in 30–50°S, Southern Annular Mode index, and New Zealand temperature periodograms.
However, the regional SLP index has a negligible correlation with sea surface temperature in the tropical
Pacific, which excludes the El Niño phenomenon as a factor influencing the origin and evolution of the
16-year periodicity. This result indicates that the atmospheric rather than oceanic processes are more
important for the stability of this oscillation. Our results highlight the two regions with the pronounced 16year periods in the surface temperature dynamics: the southwest Atlantic–Antarctic Peninsula and
southern Australia–New Zealand. The interdecadal variability in our results contributes to changes in
temperature trends, modulates regional warming and cooling in the southern Hemisphere and, thus,
should be taken into account when creating and improving climate models.
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Figures

Figure 1
The region of the Antarctic Peninsula and the location of three weather stations Orcadas, Esperanza and
Faraday/Vernadsky (closed circles) chosen for the analysis of the winter temperature periodicity

Figure 2
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(a) Time series of surface temperature at Esperanza: detrended and standardized (thin curve), filtered
with a band pass filter in the frequency range of 0.067–0.059 year–1, or the period range of 15–17 years
(sine wave SW16 shown by thick curve). (b) The FFT spectrum of band-pass filtered time series

Figure 3
(left) Time series of the winter surface temperature observed at (a) Esperanza, (c) Orcadas, and (e)
Faraday/Vernadsky. The linear trends (dashed lines) with the 95% confidence intervals are presented at
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the bottom of the panels. (right) The corresponding spectral power plots (b), (d), and (f) for time series
(a), (c) and (e), respectively. The dashed lines indicate the 90%, 95%, and 99% confidence levels

Figure 4
Wavelet spectra (the real component of the Morlet wavelet transform) of the austral winter temperature
time series 1952–2019: (a) Esperanza, (b) Orcadas, and (c) Faraday/Vernadsky. The dashed line
indicates the 16-year period. The solid curves represent the change of the interdecadal periods

Figure 5
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Wavelet power spectra (in the left) and the global wavelet spectra (in the right) of the winter temperature
time series from (a, b) Esperanza, (c, d) Orcadas, and (e, f) Faraday/Vernadsky. The horizontal dashed
line indicates the 16-year period. The contours in panels (a, c, e) and the vertical dashed lines in panels (b,
d, f) indicate the 95% confidence level

Figure 6
Correlation maps of the SW16 index with (a) the sea-level pressure SLP and (b) surface air temperature T,
(c) the zonal wind U and (d) meridional wind V. Panels (e, f, g and h) present distributions of correlation of
the SLP16 index with SLP, T, U, and V (see text for explanation). The solid (dashed) contours indicate the
95% significance of positive (negative) correlation on the 68-year time series (1952–2019). The dashed
rectangle in (a) and (e) outlines the SLP16 area. The colored circles indicate the location of the stations
according to the legend below
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Figure 7
(left) The time series and (right) Fourier spectra of the variability indices: (a, b) the atmospheric pressure
in the southwestern Atlantic, SLP16 (dashed rectangle in Fig. 6a); (c, d) the annual mean temperature in
New Zealand averaged over 11 stations; (e, f) zonal mean SLP in 30–50°S (index SLP30–50S), and (g, h)
SAM. The solid (dashed) vertical line marks the period at the peak of the spectral power (16-year period).
The spectral bands in the right column, significant at the 90%, 95% and 99% confidence levels, are shaded
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