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Abstract

:

In the Southern Ocean, the sub-Antarctic Prince Edward Islands (PEIs) play a significant ecological role by hosting large populations of seasonally breeding marine mammals and seabirds, which are particularly sensitive to changes in the surrounding ocean environment. In order to better understand climate variability at the PEIs, this study used satellite and reanalysis data to examine the interannual variability and longer-term trends of Sea Surface Temperature (SST), wind forcing, and surface circulation. Long-term trends were mostly weak and statistically insignificant, possibly due to the restricted length of the data products. While seasonal fluctuations accounted for a substantial portion (50–70%) of SST variability, the strongest variance in wind speed, wind stress curl (WSC), and currents occurred at intra-annual time scales. At a period of about 1 year, SST and geostrophic current variability suggested some influence of the Southern Annular Mode, but correlations were weak and insignificant. Similarly, correlations with El Niño Southern Oscillation variability were also weak and mostly insignificant, probably due to strong local and regional modification of SST, wind, and current anomalies. Significant interannual and decadal-scale variability in SST, WSC, and geostrophic currents, strongest at periods of 3–4 and 7–8 years, corresponded with the variability of the Antarctic Circumpolar Wave. At decadal time scales, there was a strong inverse relationship between SST and geostrophic currents and between SST and wind speed. Warmer-than-usual SST between 1990–2001 and 2009–2020 was related to weaker currents and wind, while cooler-than-usual periods during 1982–1990 and 2001–2009 were associated with relatively stronger winds and currents. Positioned directly in the path of passing atmospheric low-pressure systems and the Antarctic Circumpolar Current, the PEIs experience substantial local and regional atmospheric and oceanic variability at shorter temporal scales, which likely mutes longer-term variations that have been observed elsewhere in the Southern Ocean.
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1. Introduction


With the increase in anthropogenic greenhouse gases in the atmosphere, the world’s ocean, especially the cold Southern Ocean, has been experiencing some major variations in physical conditions [1]. The most commonly known impact of the rise in greenhouse gases is the depletion of the ozone layer above the Southern Ocean, which has led to the poleward shift and strengthening of the westerly winds, reflected by the positive trend of the Southern Annular Mode (SAM) [2,3,4,5]. Another impact of the rise in anthropogenic greenhouse gases is the gradual warming of the Southern Ocean due to its effective heat uptake ability [6]. North of the sub-Antarctic Front (SAF; 45°S–55°S), a gradual warming (~0.1 to 0.2 °C/decade) of the surface waters has been recorded, while south of the SAF (55°S–65°S), a more delayed warming of ~0.1 °C/decade has been documented [6]. The delayed warming in the south is related to the poleward strengthening of the westerly wind belt, which has been shown to amplify the Ekman-driven upwelling of the North Atlantic Deep Water along 70°S [7]. Anthropogenic and natural changes, thus, vary regionally across the Southern Ocean causing substantial ecosystem changes, which are particularly striking at sub-Antarctic islands [8,9].



The Prince Edward Islands (PEIs) are a sub-Antarctic island ecosystem situated in the Indian Ocean segment of the Southern Ocean, about 2000 km south-east of South Africa (46°50′S; 37°50′E, Figure 1). The archipelago is located in the Polar Frontal Zone, between the SAF and the Antarctic Polar Front (APF) (Figure 1) [10]. Marion Island (290 km2), and the smaller Prince Edward Island (44 km2), were annexed by South Africa in 1948 and were established as a Special Nature Reserve in 1995, and declared a Marine Protected Area in 2013 [9]. To the southwest of the islands, the South West Indian Ridge (SWIR) forces the SAF and APF to converge through the Andrew Bain Fracture Zone (ABFZ), resulting in an increase in current speed, frontal meandering, and eddy occurrence downstream of the SWIR (Figure 1) [10,11]. These eddies have been shown to travel toward the PEI region [10,11], and although very few interact directly with the island shelf [12,13], they do contribute to creating ideal foraging grounds for the top predators that seasonally breed on the PEIs [14,15]. This means that biological communities residing on the islands are likely to be highly sensitive to any changes taking place in the neighboring ocean environment.



The PEI ecosystem has experienced dramatic shifts due to climate change in the last few decades. It has been proposed that the long-term southward migration of the SAF in the region has induced a decline in phytoplankton blooms on the island shelf, eventually causing declines in the penguin population [16,17,18]. On the other hand, the albatross and seal populations, which feed along the fronts, are thought to have benefitted from their foraging environment being located closer to their breeding grounds [19]. Obtaining a clear understanding of the long-term impacts of climate change on the ocean regions surrounding the PEIs is thus critical to understanding and predicting the long-term variations in biological communities and ecosystem health of the islands.



Although valuable atmospheric and oceanographic data have been recorded on Marion Island since the 1950s, these data exist only as single point observations [20,21,22,23,24]. Studies using these observations have found a long-term increase in Sea Surface Temperature (SST) and air temperature, a decrease in rainfall and wind speed, and a rise in sunshine hours at the PEIs [20,22,23,24,25,26]. In comparison, data collections in the surrounding ocean region have been limited, both spatially and temporally, to specific research cruises during austral autumn or summer [27]. Since 2014, water column currents and bottom temperature have been observed daily at two locations on the inter-island shelf [28], but this record is still too short to clearly identify long-term trends.



In contrast, satellite and reanalysis products provide a more consistent and long-term data record with a broader spatial coverage that can be used to compare climate variability at the PEIs with that across the rest of the Southern Ocean. A recent investigation used satellite and reanalysis data to characterize the local scale seasonal variations in surface hydrography around the islands, providing a useful baseline against which interannual and long-term changes can be assessed [29]. Here, following on from the study by [30], we expand upon previous research [29] by using satellite and reanalysis data to investigate the long-term trends and interannual variability of the surface temperature, wind forcing, and circulation at the PEIs.




2. Materials and Methods


2.1. Data Product Information


Similar to [30], we used the National Centers for the Environmental Information (NCEI) global Level 4 SST product [31,32], produced by the Group for High Resolution Sea Surface Temperature (GHRSST), and distributed by the Physical Oceanography Distributed Active Archive Center (PO.DAAC, http://podaac.jpl.nasa.gov, accessed on 2 September 2021). This product was generated by the optimum interpolation of SST from different infra-red satellite sensors, as well as in situ observations, to produce a gridded and gap-free 0.25°Spatial resolution product [31]. Infra-red satellite SST measurements are more reliable in clear sky conditions as they are unable to penetrate through clouds. Since the Southern Ocean is an area of relatively high cloud coverage, the use of infra-red sensors can be quite limited, resulting in large data gaps that need to be filled by optimal interpolation. In contrast, the optimally interpolated Remote Sensing Systems (REMSS) SST product uses data from microwave satellite sensors, which are not impacted by cloud cover [33]. A strong correlation of 0.979 at the 99% confidence interval, between REMSS and GHRSST (Figure S1 from Supplementary Materials) gave confidence that the optimal interpolation of infra-red satellite data did not negatively impact the patterns observed from the GHRSST data. Since the REMSS SST is only available from 1998, and REMSS coverage extends south of 40°S only from June 2002 [33], we selected the GHRSST, available from 1982, for further analysis.



We also compared the performance of the GHRSST at the PEIs to the daily recorded South African Weather Service (SAWS) SST data at Marion Island. In agreement with [24], a strong, significant correlation of 0.954 was observed at the 99% confidence interval (Figure S2a), giving credence to the suitability of the reanalysis data at the PEIs. Thus, we used monthly averages, computed from daily reanalysis SST data between January 1982 and December 2020, to determine long-term trends and examine the interannual variations.



ERA5 reanalysis wind speed is produced by the European Centre for Medium-Range Weather Forecasts (ECMWF), at a spatial resolution of 0.25° [34]. The daily zonal (Uwind) and meridional (Vwind) wind speed components at a pressure level of 1000 hPa, between January 1979 and December 2020 were obtained from https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressurelevels?tab=overview (accessed on 5 September 2021). ERA5 wind speeds were compared against the daily in situ wind speed data from Marion Island (Figure S2b). There was good agreement between the two datasets, with a significant correlation of 0.514 at the 99% confidence interval (Figure S2b), in agreement with the findings of [24]. However, ERA5 wind speeds were generally larger than the in situ wind speeds. This is likely due to the in situ data, recorded on the lee side of Marion Island, being influenced by the island orography, which causes a reduction in wind speed. Nonetheless, the good correlation (Figure S2b) gives confidence that the coarser resolution ERA5 reanalysis wind speeds adequately represent the observed wind variability at the PEIs. Thus, the daily ERA5 data were used to compute wind stress curl (WSC) according to [35,36], and calculate monthly averages of wind speed for further analysis.



The surface ocean circulation was described using geostrophic and Ekman current speed data obtained from the 0.25°Spatial resolution multi-mission GlobCurrent v3.0 (http://globcurrent.ifremer.fr, accessed on 1 September 2021). While these data are available between 1 January 1993 and 15 May 2017, we opted to use only complete years between 1993 and 2016 for our analyses. Daily data were used to generate monthly averages. The zonal (Ugeos) and meridional (Vgeos) components of the geostrophic current are derived from the combination of altimetry sea-level anomalies and mean dynamic topography [37]. The zonal (Uekm) and meridional (Vekm) components of the wind-driven Ekman current at the surface were estimated using an empirical method applied to atmospheric circulation wind models, including data from Argo floats and surface drifters. A more detailed description of the derivation of these reanalysis data can be found in [37]. Given the relatively short length of the GlobCurrent dataset, we also examined the DUACS DT2018 geostrophic current speeds [38] from the Copernicus Marine Environment Monitoring Service (CMEMS; http://marine.copernicus.eu, accessed on 1 September 2021). These data are available over a longer period between 1 January 1993 and 31 December 2020 and were used to derive the long-term mean positions of the branches of the SAF and APF, from optimized sea surface height contours, similar to [28,29,30].




2.2. Data Analysis


Data analyses were performed using Python Software Foundation, Python Language Reference v3.7. Similar to [30], monthly means of SST, wind speed (Rwind), surface geostrophic currents (Rgeos), and surface Ekman currents (Rekm) were extracted and averaged within a 2° × 2° area centered over the PEIs (Figure 1). A linear fit was used to estimate the long-term trends of each parameter. Standardized anomalies of each parameter were calculated by dividing the anomalies (difference between the monthly climatological mean and individual monthly values) by the standard deviation of the respective months to remove the seasonal signal and the influence of any dispersion, similar to [39,40].



A wavelet analysis was applied to the standardized anomalies of each variable to identify low frequency time-dependent amplitudes in the time series. It is widely used in the study of climate signals in SST, air temperature, or precipitation, among other data [41,42]. To perform the Morlet continuous wavelet transforms, the Python software package known as PyWavelet [41] was used, which is based on the wavelet analysis described by [42]. A bias rectification was also included in the wavelet analysis to rectify any potential distortions that could occur if sine waves are present in the time series [43].



The wavelet coherence describes the significant coherence between two concurrent signals even if the common power is low [44]. It makes use of the Pearson correlation to establish the coherence between the continuous wavelet transform of two parameters in a frequency and time domain. The significance level of a wavelet coherence is calculated using the Monte Carlo method. The wavelet coherence also allows for the determination of the phase change between the two parameters. The PyWavelet package [41] was used to calculate the wavelet coherence as defined by [42]. Similar to previous studies [23,40,45,46], spatial maps of the Pearson correlation between the SST, wind speed, and geostrophic current averaged within the 2° × 2° PEI area and each pixel across the global ocean were generated to determine the spatial extent of variations in these parameters.





3. Results


3.1. Seasonal Variations


The seasonal cycle of SST, winds, and currents has been described in detail by [29], for a wider area around the PEIs, and thus here we only provide a brief description of the patterns observed within the averaged 2° × 2° area (Figure 1). The monthly climatology of SST showed a clear seasonality with a peak of 7.24 °C in February and a minimum of 4.67 °C in September (Figure 2a). Since the SST, wind, and geostrophic current products all spanned different lengths of time, we compared the seasonal cycles derived over the full time series (illustrated in black) against those derived over the period (1993–2016) common (illustrated in red) to each parameter (Figure 2). The seasonal SST cycle for a shorter period (1993–2016) showed no significant differences compared to the seasonal cycle derived over the full time period (1982–2020) (Figure 2a). Given the dominance of strong west-northwesterly winds in the PEI region [29,30], the zonal component of wind speed (Uwind) and the resultant wind speed (Rwind) showed very similar patterns (Figure 2b,c). Highest wind speed was observed in July (Rwind, 9.96 m s−1; Uwind, 9.62 m s−1) and lowest wind speed occurred in February (Rwind, 8.19 m s−1; Uwind, 7.55 m s−1). (Figure 2b,c). On the contrary, the strongest meridional wind speed (Vwind) was observed in February (−2.96 m s−1), and the weakest Vwind was detected in November (−1.08 m s−1) (Figure 2d). While some differences were evident between the seasonal cycles of Rwind and Uwind for the full time series (1979–2020) and the shorter period (1993–2016), especially during March and August, these differences did not substantially alter the seasonality. For Vwind, the differences between the seasonal cycles for the longer and shorter periods were less obvious (Figure 2b–d). While previous studies observed the strongest negative wind stress curl (WSC) at the PEIs in August (−2.30 × 10−8 N m−3), with the weakest during December (0 N m−3) [29,30], our study showed the 2° × 2° area averaged WSC for a longer period (1979–2020) was weakest in November (0.31 × 10−8 N m−3) and December (0.29 × 10−8 N m−3), and strongest in June (−2.05 × 10−8 N m−3), August (−2.00 × 10−8 N m−3), and September (−2.01 × 10−8 N m−3) (Figure S3a). These differences in the WSC climatology likely resulted from the differing time series lengths used, as illustrated in Figure S3a.



The geostrophic current (Rgeos) showed a peak in February (0.18 m s−1) and a minimum in September (0.16 m s−1) (Figure 2e). The seasonal pattern of Ugeos showed the strongest eastward current speed in May (0.11 m s−1) and the weakest in November (0.086 m s−1) (Figure 2f). On the other hand, Vgeos showed strongest northward current speed in December (0.038 m s−1), with the weakest speed observed in October (0.014 m s−1) (Figure 2g). The longer DUACS DT2018 geostrophic current speed time series showed similar seasonal patterns (results not shown). The wind-driven Ekman current (Rekm) showed great similarity to the seasonal cycle of Rwind, with highest Rekm in July (0.11 m s−1) and lowest in April and February (0.08 m s−1) (results not shown). These observations agreed well with the seasonal variations previously described at the PEIs [29,30], with only slight differences in the seasonal ranges, likely due to the spatial averages and longer period considered in this study (Figure 1, Figure 2 and Figure S3a).



Similar to [47], we calculated the percentage variance explained by the seasonality in SST, wind, and current speeds (Figure 3), to determine how reproducible the seasonal cycles were from one year to the next. About 50–70% of the SST variability was explained by its seasonal cycle, with the region to the south and southwest of the islands appearing to be more strongly influenced by shorter-term, as well as interannual and longer-term variations than the region to the north (Figure 3a). Indeed, the strong reproducibility of the seasonal SST cycle (Figure 3a) can also be seen in the monthly averaged time series (Figure 4a). For Rwind and Rekm, less than 30%, and for Rgeos less than 10%, of the variability was explained by the seasonal cycle, indicating more substantial intra- and interannual variability in these parameters at the PEIs (Figure 3b,c,d). Similar results were obtained for Rgeos from the longer DUACS DT2018 dataset (results not shown).




3.2. Long-Term Trends


Overall, most of the long-term trends were very small and statistically insignificant, in agreement with [30]. Between 1982 and 2020, SST (0.0089 °C/decade; p > 0.05) showed a small but insignificant increase (Figure 4a). Similarly, the resultant wind speed (Rwind; 0.028 m s−1/decade; p > 0.05), as well as the zonal (Uwind; 0.040 m s−1/decade; p > 0.05) and meridional (Vwind; 0.055 m s−1/decade; p > 0.05) components, showed no statistically significant long-term changes (Figure 4b,c). There was a small positive, statistically significant WSC trend (2.587 × 10−9 N m−3/decade; p = 0.018) over the 1979 to 2020 period, indicating a change from more negative WSC to more positive WSC (Figure S3b). While Ekman current speed (Rekm; −0.0011 m s−1/decade; p > 0.05) showed no clear trend, the geostrophic current speed (Rgeos) showed a small yet statistically significant increase (0.0084 m s−1/decade; p = 0.017) over the 1993 to 2016 period (Figure 4d).



Despite the significant increase in Rgeos, the zonal (Ugeos; 0.0068 m s−1/decade; p > 0.05) and meridional (Vgeos; 0.0052 m s−1/decade; p > 0.05) current speed components showed no significant change, but a positive tendency was evident in both (Figure 4d,e), suggesting increased northeastward flow at the islands. Rgeos and Ugeos from the longer-period DUACS DT2018 dataset showed similar insignificant long-term trends (results not shown). The Vgeos from the DUACS DT2018 dataset however showed a small significant increase from 1993 to 2020 (0.0103 m s−1/decade; p < 0.05).




3.3. Interannual Variations


Clear interannual SST variability was evident, with the warmest summer occurring in February 1997 (8.85 °C) and the coolest winter in September 1994 (3.45 °C). Since the annual cycle was removed through the calculation of anomalies, the interannual and decadal-scale variations became more obvious (Figure 5a). Between 1982 to 1990, and 2001 to 2009, cooler-than-average SSTs were observed at the PEIs. In contrast, the surface ocean was warmer-than-average during 1990 to 2001 and between 2009 and 2020 (Figure 5a).



Both the seasonal cycle and interannual variations in Rwind (Figure 2b, Figure 3b and Figure 4b) and WSC (Figure S3a,b) were less evident compared to that of SST. Instead, Rwind and WSC showed rapid and dramatic fluctuations from one month to the next. The strongest Rwind was observed in July 2010 (12.75 m s−1) while the weakest Rwind occurred in May 1983 (3.44 m s−1) and February 2015 (3.05 m s−1) (Figure 4b). The zonal component (Uwind) was positive and much stronger than the negative meridional component (Vwind), indicating the persistence of northwesterly winds in the region (Figure 4c). There were no clear interannual or longer-term fluctuations observed for Uwind and Vwind. The largest positive Uwind anomaly, indicating stronger-than-average westerly winds, was observed in May 1979 (2.62 m s−1), while the largest negative Uwind anomalies occurred in May 1983 (−2.89 m s−1) and February 2015 (−2.85 m s−1), reflecting westerly winds that were much weaker than the climatological mean (Figure 5c). These large negative Uwind anomalies coincided with the weakest Rwind for the time series (Figure 4b and Figure 5b). In contrast, the largest negative Vwind anomaly was observed in August 2009 (−3.25 m s−1), showing stronger-than-average southward winds, while the largest positive Vwind anomaly (3.05 m s−1), showing stronger-than-average northward winds, occurred in December 2010 (Figure 5c).



The strongest positive WSC (0.95 × 10−7 N m−3) was observed in July 1994, coinciding with the largest positive WSC anomaly (18 N m−3). In September 2002, the strongest negative WSC (−0.95 × 10−7 N m−3), along with the largest negative WSC anomaly (−12 N m−3), was observed (Figure S3a,b). In the Southern Hemisphere, negative WSC is typically associated with lower SST due to the uplift of deeper waters to the surface [48], and as such, we expected SST anomalies at the PEIs to coincide with WSC anomalies. However, there was no clear correspondence between SST and WSC anomalies at a monthly scale (Figure 5a and Figure S3b). For example, the lowest mean SST and large SST anomaly (−1.40 °C) in September 1994 occurred two months after the strongest positive WSC (0.95 × 10−7 N m−3). In contrast, in June 1998, the large positive WSC (0.70 × 10−7 N m−3) and anomaly (12 N m−3) occurred three months before a 0.8 °C drop in the mean SST (Figure 5a and Figure S3b).



Throughout the analyzed period, Rgeos was stronger than Rekm with the exception of a few months (Figure 4d). Monthly anomalies of Rgeos and Rekm also showed that they varied differently and independently from each other, since most of the anomalies were not coincident in time and showed different patterns from one year to the next (Figure 5d). The largest positive Rgeos anomaly (3.47 m s−1), indicating stronger current flow, was observed in November 2006. In contrast, the largest positive Rekm anomaly (3.34 m s−1) occurred in November 2016 (Figure 5d). The largest negative Rgeos anomaly (−2.18 m s−1), reflecting much weaker eastward flow, was observed in April 2012, while the largest negative Rekm (−2.79 m s−1) anomaly occurred in February 2015 (Figure 5d). These same Rgeos anomalies were observed in the longer DUACS DT2018 dataset (results not shown).



Since the geostrophic current drives the bulk of the circulation variability around the PEIs [29], the zonal (Ugeos) and meridional (Vgeos) geostrophic current components were further investigated to examine the interannual variations in the direction of flow (Figure 5e). No apparent interannual patterns or long-term oscillations were evident in the Ugeos or Vgeos anomalies (Figure 5e). The largest positive Ugeos anomaly (2.71 m s−1) occurred in October 2006 demonstrating stronger eastward current flow during this time (Figure 5d,e). This is also reflected in the large Rgeos anomalies that occurred in October and November 2006 (Figure 5d). The largest negative Ugeos anomaly (−2.34 m s−1) was observed in January 1997, implying weaker-than-average eastward flow. In fact, during this month, Ugeos (Figure 4e) was negative, indicating flow directed toward the west, as a result of an anticyclonic eddy located directly south of the PEIs throughout the month (Figure S4). This is in agreement with [28], who demonstrated that individual mesoscale eddies could influence circulation patterns at the PEIs for periods of a month or longer, resulting in westward flow, and warming and cooling events of the order of 0.5–2 °C, depending on their orientation relative to the islands. The generally weaker-than-usual eastward geostrophic current flow between September 1996 to March 1997 (Figure 4d,e and Figure 5d,e) corresponded closely to above-average SST (Figure 4a and Figure 5a). However, such correspondence was not obvious for the rest of the monthly time series.



The largest positive Vgeos anomaly (2.45 m s−1) was observed in February 2000, indicating flow with a stronger northward current component during this month (Figure 5d,e). Greater-than-average southward current flow, reflected by the largest negative Vgeos anomaly (−3.11 m s−1), occurred in October 2004 (Figure 5e). The Ugeos and Vgeos anomalies of the DUACS DT2018 dataset (results not shown) showed some differences, with the largest positive Ugeos anomaly in March 2009 (2.57 m s−1) and the largest negative Ugeos in August 1996 (−3.15 m s−1). The largest positive DUACS DT2018 Vgeos anomaly was seen in February 2019 and the highest negative Vgeos anomaly in August 1996 (−3.14 m s−1) (results not shown).




3.4. Wavelet Analyses


The standardized anomalies of each parameter were further decomposed using a Morlet wavelet function (Figure 6). Each continuous wavelet power spectrum was generated with a cone of influence to identify periods affected by zero padding, which are artificially filled gaps at the borders of the wavelet transform resulting from the limited time series length (Figure 6). Observations within this cone of influence (hashed and shaded regions on Figure 6) were considered statistically insignificant [41,42,43].



For SST, the wavelet spectrum indicated statistically significant variability at periods of 0.75–1.1 years and 2–9 years, with the strongest power observed at 0.8 (0.47 °C2) and 2.8 (0.36 °C2) years, respectively (Figure 6a,b). The significant variability between 10 and 12 years, with peak power (0.36 °C2) at 7.5 years (Figure 6a,b), confirmed the decadal-scale changes between warmer and cooler conditions observed in Figure 4a. Compared to wavelet analysis over the shorter 1993–2016 period [30], common to all the datasets, our wavelet analysis over the full SST time series (1982–2020) showed no substantial differences in the signals identified. In contrast, Rwind, Uwind, and Vwind showed considerable short-term variability at periods less than 0.5 years throughout the time series (Figure 6c and Figure 7a,c), in agreement with the patterns shown in Figure 4b,c. There were also short portions of these time series that showed significant power at periods between 1 and 2 years. However, these were not significant on their respective global wavelet spectra (Figure 6d and Figure 7b,c). These same signals were observed from wavelet analysis over the common 1993–2016 period [30]. Similarly, Rekm also showed mostly short-term variability, with no statistically significant signals on its global wavelet spectrum (Figure 6g,h). WSC also displayed substantial short-term (1–3 months) and semi-annual (6–8 months) variability with only the interannual-scale variations at a period of 3–4 years and decadal-scale variations at a period of 7–8 years being considered statistically significant (Figure S3c,d).



Significant variability in Rgeos was observed at periods of 0.5–1.5 years and 3.7–5 years, with the strongest power observed at 1.2 years (1.44 (m s−1)2) and 3.9 years (0.70 (m s−1)2) on the global wavelet spectrum (Figure 6e,f). Ugeos showed similar variability to Rgeos, but unlike Rgeos, the Ugeos showed somewhat stronger variability after 2005 (Figure 6e and Figure 7e). During the latter part of the time series (2006 to 2014), there was significant Ugeos variability at periods of 0.3–1.5 and 2–4 years (Figure 7e). Only the Ugeos variability at periods of 2–4 years was significant on the global wavelet spectrum, with the strongest power at 2.5 years (1.19 (m s−1)2) (Figure 7f). In contrast, Vgeos appeared to have distinct semi-annual variability throughout the study period (Figure 7g,h). Similar to the zonal component, Vgeos also showed somewhat stronger variability at periods of 1–2 years during the latter part of the time series. However, the global wavelet spectrum indicated that none of the Vgeos variations were statistically significant (Figure 7h).



The wavelet power spectra of the longer DUACS DT2018 dataset showed similar patterns to those in Figure 6e and Figure 7e,g, but their global wavelet spectra differed slightly. The DUACS DT2018 Rgeos showed highest power at 0.8 years (2.16 (m s−1)2), 2.4 years (1.19 (m s−1)2) and 3.9 years (0.66 (m s−1)2) (Figure S5b). The signals shown by the global wavelet spectrum of DUACS DT2018 appeared to be stronger than that of the GlobCurrent dataset, likely due to the increased length of the time series (Figure S5d). The strongest peaks in Ugeos were observed at 2.5 years (1.62 (m s−1)2) and at 4.8 years (0.90 (m s−1)2) (Figure S5d). The DUACS DT2018 Vgeos variability showed significant power at periods of 1–1.4 years with strongest power at 1 year (1.75 (m s−1)2).




3.5. Wavelet Coherence


Wavelet coherence spectra illustrate the correlation between two time series as they evolve in a time–frequency domain. Figure 8 shows the wavelet coherence between the monthly standardized SST, Rwind, Rgeos, and Rekm anomalies, overlaid with the phase lags (indicated by black arrows) between the various parameters.



For most of the time series, the coherence between SST and Rwind was weak and statistically insignificant (Figure 8a). Only short periods of significant coherence were observed across various periods. The strongest coherence (>0.8) between SST and Rwind variability was observed between March 2014 and April 2015 at periods less than 0.5 years, where SST and Rwind appeared to be in-phase (i.e., both decreasing), with Rwind leading (arrows pointing to the right and downward) the SST change (Figure 4a,b and Figure 8a). Within the 0.5 to 1 year band, there were several occasions where relatively high coherence (0.6–0.8) was observed, with both in-phase and anti-phase relationships between the SST and Rwind (Figure 8a).



At periods of 2–3 years, an in-phase relationship between Rwind and SST, with changes occurring simultaneously in both parameters (phase angle of 0°), was only observed between March 1995 and April 1999 (Figure 8a). Similarly, short periods of strong coherence between WSC and SST occurred at periods between 0.5 and 2 years, with the strongest coherence observed during January 1993 and March 1996, when WSC and SST changes occurred simultaneously (Figure S6). At periods between 1 and 2 years, coherence between WSC and SST was anti-phase, with SST changes leading WSC. For the first half of the time series, significant anti-phase coherence between WSC and SST was also observed at periods of 6–8 years (Figure S6).



As a result of the strong zonal character of the wind speed at the PEIs, the wavelet coherence between SST and Uwind (Figure 9a) was very similar to that of SST and Rwind (Figure 8a). Vwind appeared to have a stronger in-phase semi-annual/annual relationship with SST throughout the time series, with changes in Vwind sometimes leading SST changes (e.g., at periods of 0.5–1 years between March 1998 and January 2000), and sometimes lagging SST changes (e.g., at periods of 0.3–0.5 years between August 1985 and September 1987) (Figure 9c). The strong dependence of Rekm on Rwind at the PEIs [29,30] can also be seen in their wavelet coherence spectra (Figure 8d). Very strong coherence (>0.8) was observed across most periods for the majority of the time series. As expected, changes in Rwind mainly led the changes in Rekm at a phase angle of 90°. As a result, the coherence between Rekm and SST (Figure 8c) was very similar to that between Rwind and SST (Figure 8a).



The wavelet coherence between SST and Rgeos was also weak and insignificant throughout most the time series (Figure 8b). Strong coherence (>0.7) occurred at periods less than 1 year. Within the 0.3- and 0.8-year band, an in-phase relationship was observed between Rgeos and SST from December 1997 to October 1998 and from June 2012 to October 2013 (Figure 8b). While Rgeos led the SST change between December 1997 and October 1998, it lagged behind the SST change between June 2012 and October 2013. The wavelet coherence between SST and the DUACS DT2018 Rgeos dataset showed the same pattern with the exception of the strong significant coherence observed at periods less than 0.4 years between March and June 1995 (Figure S7).



The relationship between the SST, Ugeos, and Vgeos variability was further explored (Figure 9b,d). Relatively strong in-phase, semi-annual coherence (>0.6) occurred between SST and Ugeos towards the end of the study period (August 2009 to August 2016) (Figure 9b). Within the 3 to 7 years band, a significant anti-phase coherence was observed between SST and Ugeos from August 1996 to September 2002 (Figure 9c). Compared to Ugeos, the Vgeos showed stronger coherence with SST throughout the study period. (Figure 9d). For the first half of the analyzed period (1993 to 2003), both in-phase and anti-phase coherence occurred between SST and Vgeos at periods less than 0.5 years (Figure 9d). After 2003, strong coherence occurred at longer periods of up to 1.8 years with both in-phase and anti-phase changes in SST and Vgeos (Figure 9d).



It is noteworthy that the wavelet coherence spectra suggested decadal-scale relationships between wind and SST, and between geostrophic currents and SST. Rwind, Uwind, Vwind, and WSC showed consistently strong coherence with SST throughout the time series at periods longer than 12 years (Figure 8a, Figure 9a,b and Figure S6). Similarly, throughout the time series, Rgeos, Ugeos, and Vgeos also all showed strong coherence with SST at periods longer than 8 years (Figure 8b, Figure 9c,d and Figure S7). Unfortunately, due to the relatively short length of the time series, these relationships were considered statistically insignificant on the wavelet coherence spectra. In order to further investigate these decadal variations, similar to previous studies [24,25], we computed the 5-year running means of SST, wind speed, geostrophic current speed (Figure 10), and WSC (Figure S8). Given the short length of the GlobCurrent dataset, we chose to illustrate the DUACS DT2018 geostrophic current data in Figure 10a.



Both geostrophic current speed and wind speed showed inverse relationships with SST, with stronger current and wind speeds associated with lower SST, while weaker current and wind speeds were related to elevated SST (Figure 10a,b). This relationship between current speed and SST was evident throughout the 1996–2020 period (Figure 10a) with a strong significant negative correlation (r = −0.89, p < 0.001) at a lag of zero years (Figure 10c), confirming the strong significant wavelet coherence observed between SST and geostrophic current speed at decadal time scales (Figure 8b and 9c,d). The relationship between wind speed and SST seemed to break down between 1991 and 2001, when increasing and elevated SST was observed during a period of higher wind speeds, in contrast to the rest of the time series (Figure 10b), resulting in a weak, but significant correlation (r = −0.18, p < 0.001) (Figure 10d). When excluding data between 1991 and 2001, the correlation between wind and SST improved substantially (r = −0.64, p < 0.001) (Figure 10d), but was still weaker than the correlation between geostrophic current and SST (Figure 10c). These results suggested that at a decadal-scale, geostrophic current variations were more strongly associated with SST changes, with wind fluctuations being of secondary importance.



Prior to 1992, a similar inverse relationship was evident between SST and WSC (Figure S8a), but from 1992 onwards, this relationship is not as clear, and WSC showed a more linear trend, tending toward more positive WSC at the end of the time series. This positive trend was also observed in the monthly WSC time series, albeit much weaker (Figure S3b). The changing WSC pattern resulted in a relatively weak correlation (r = −0.32, p < 0.001) between SST and WSC (Figure S8b). Although there has been no clear long-term increase in wind speed (Figure 4b,c and Figure 5b,c), the increasing WSC was associated with variations in meridional wind speeds (Figure S9), which reflected a long-term change in the predominant wind direction from northwesterly to more westerly winds. Previous studies [22,24] documented a similar change in wind direction at the PEIs. While the weakening negative WSC since 1992 was expected to contribute to increased SST, such warming was not clearly observed in response to the WSC (Figure S9).




3.6. Spatial Correlations


Similar to previous studies [23,40,45,46], we examined the correlations between SST, wind speed, and surface current speeds at the PEIs and that across the global ocean in order to investigate the connection between variability at the PEIs and that in the surrounding global ocean (Figure 11). There was a significant negative correlation between SST at the PEIs and SST over the South Atlantic Ocean, and significant positive correlation with SST over the southwestern Indian Ocean. SST at the PEIs was also negatively correlated with the SST south of 60°S across most of the Southern Ocean (Figure 11a). In the southwest Atlantic sector of the Southern Ocean, correlations were positive, which together with the negative correlations in the southeast Pacific sector, formed a pattern characteristic of the Antarctic dipole [49]. These correlations were however considered to be negligible (−0.3 < R > 0.3) [50].



When retaining only the stronger correlations (R > 0.3 and R < −0.3) [49], the SST variability within the averaged 2° × 2° area around the PEIs matched that across a larger area enclosed by the sub-Antarctic Front (SAF) and the Antarctic Polar Front (APF) between 10°E and 65°E (Figure 11b). As expected, these correlations were stronger closer to the islands and decreased with increasing distance from the islands (Figure 11b). Notably, at the location where the SAF and APF converge through the ABFZ (~ 50°S; 30°E) of the SWIR [10,51], there was a small northeastward-orientated band of negligible correlation, while stronger correlations were observed downstream of the SWIR (Figure 11b). This negligible correlation at the ABFZ of the SWIR is likely due to the strong mesoscale variability in the region [10,51].



Significantly correlated Rwind showed a well-defined regional pattern centered between the SAF and APF, similar to the SST (Figure 11c,d). Rwind at the PEIs was negatively correlated with Rwind in the lower latitudes of the South Atlantic Ocean, and positively correlated with Rwind between 20°S and 40°S along the west coast of South Africa and across the southern Indian Ocean, but most of these correlations were negligible (Figure 11c). Closer to Antarctica, alternating bands of positive and negative correlations were observed (Figure 11c,d). Between the SAF and APF, the spatial pattern of the significantly correlated Uwind region (Figure 12c,d) was similar to that observed for Rwind. However, Uwind, at the PEIs was negatively correlated with Uwind along the west coast of South Africa and close to Antarctica (Figure 12c,d), in contrast to the pattern observed for Rwind.



The spatial correlation of the Vwind anomalies (Figure 12a,b) showed a substantially different pattern compared to Rwind and Uwind. Dipole structures were evident in the Pacific, Atlantic, and Indian sectors of the Southern Ocean (Figure 12a), characteristic of the Antarctic Circumpolar Wave (ACW) signal [49,52]. A large circular region of positive correlation was observed around the PEIs, extending across most of the Southern Ocean between South Africa and Antarctica. In contrast, similarly large regions of negative correlation occurred in the Atlantic and Indian sectors of the Southern Ocean (Figure 12a,b). Interestingly, the core area of the negative correlation in the Atlantic sector was centered south of the APF, at about 55°S; 16°W, while the core region of negative correlation in the Indian sector was located north of the SAF, at about 40°S ;85°E (Figure 12a,b).



The spatial correlations of Rgeos, Ugeos, and Vgeos were very different to that of SST and Rwind, with very patchy negligible correlations across most of the global ocean (Figure 11e and Figure 13a,c). Only a smaller region directly upstream of the islands showed stronger correlation (R > 0.5), highlighting the localized influence of the surrounding current flow. While these positive correlations extended toward the northeast and southeast of the PEIs, there was no significant relationship directly in the lee of the islands (Figure 11f). The components of the geostrophic current, Ugeos and Vgeos, both showed stronger positive correlations toward the south and west of the PEIs (Figure 13). Similar to Rgeos, the positive Ugeos correlations also showed northeastward and southeastward extensions (Figure 13b) Negatively correlated regions of Ugeos occurred to the north and to the south of the islands (Figure 13b), while Vgeos showed strong negative correlations to the east and to the west of the islands (Figure 13d). These strongly localized spatial correlations (Figure 11e,f and Figure 13) reflected the interaction of the ACC with the island bathymetry.





4. Discussion


With increased habitat degradation in the sub-Antarctic regions and the amplified environmental variability caused by low frequency natural climate variability or anthropogenic changes, the ability of sub-Antarctic species to adapt to ecosystem shifts has considerably been reduced [16,53]. To be able to better understand and predict potential impacts on biological communities at the PEIs, which are heavily reliant on the surrounding ocean environment, a good understanding of the long-term trends and year-to-year variations in oceanographic conditions needs to be established. Expanding upon previous research [20,21,22,23,24,25,26,29,30], this study described the long-term (28 years and longer) trends and interannual variations in SST, wind forcing, and surface circulation, in the ocean environment surrounding the PEIs, using satellite and reanalysis products.



4.1. Seasonal Changes and Long-Term Trends


SST variability around the PEIs was dominated by seasonal changes (50–70%), with the highest SSTs typically occurring in February (7.24 °C) and the lowest in September (4.67°C) (Figure 2a and Figure 3a). This seasonal cycle was consistent with that previously described [29] for a larger area around the PEIs, and is also in agreement with in situ SST at Marion Island [20,21,22,23,24,25,26], as illustrated in Figure S1a. Interestingly, a recent study [24], which extended the data and analyses of [20,21,22] over a longer period (1949 to 2018), showed highest SST in March instead of February. This implies that there may have been some changes in SST seasonality at the PEIs, but more detailed investigations are needed to establish this with certainty.



In the northern section of the ACC, where the PEIs are located, the temperature of the upper 1000 m of the ocean has warmed by 0.1–0.2 °C per decade due to the Southern Ocean’s increased ability to absorb heat [6]. Indeed, similar warming has also been observed locally at the PEIs. Earlier studies documented an increase of up to 1.4 °C over the 1949–1998 period [20,22,25], and this warming appears to have persisted, with [24] reporting an increase of 1.54 °C over the 1949–2018 period. The coarse resolution and optimal interpolation used to substitute data gaps [54,55] was expected to be a limitation to the accuracy of the reanalysis SST, but the excellent correlations between in situ and GHRSST (Figures S1 and S2a) provided confidence in the patterns observed from GHRSST. As such, we expected to observe a similar long-term trend in GHRSST, but in fact, our study showed no statistically significant rise in SST (0.0089 °C/decade, p > 0.05) at the PEIs (Figure 4a).



The primary reason for this discrepancy is likely the substantial difference between our study period and that of [24]. While our study was conducted over a 39-year period (1982–2020), the [24] study was conducted over a 70-year period between 1949 and 2018. This suggests that the length of the GHRSST dataset is too short to accurately identify long-term trends in the PEI region, especially since the long-term trend was much smaller than the observed seasonal and interannual variations (Figure 2a, Figure 4a and Figure 5a). This is also evident from our wavelet analyses, which show that SST signals at periods longer than 14 years cannot be interpreted with confidence (Figure 6a,b). These findings are in agreement with previous studies, which have suggested that up to 50 years of data are required to adequately distinguish long-term climate-driven SST changes from natural variability, with substantially more years of data required in regions such as the PEIs where seasonal and interannual fluctuations are large [56,57].



Nevertheless, our findings support the suggestion of [24] that there has been a decrease in the SST warming rate in recent years. Such decreased warming has also been suggested by numerous other global studies (e.g., [58]). However, it is important to remember that the in situ SST measurements at Marion Island are made using a hand-held bucket and a thermometer [20,21,22,23,24]. Thus, they may be heavily influenced by the rise in surface air temperature that has been observed across most of the Southern Ocean and at the PEIs in the past few decades ([1,20,21,22,23,24,25,26,59] among others). As such, the trends identified from these in situ SST data may not necessarily reflect water temperature changes driven by oceanographic variations.



The annual cycle of Rwind (Figure 2b) followed a bi-annual pattern reflecting that of the Semi-annual Oscillation (SAO), with the exception of the summer months (December to March), in agreement with earlier studies [22,29]. The Southern Hemisphere has been experiencing a strengthening and a slight southward migration of its westerly wind belt in the last few decades [2,5,60]. Consequently, generally weaker wind speeds have been observed in the sub-Antarctic region and at the PEIs [4,22]. In contrast, our study showed that neither the ERA5 wind data (Figure 4b,c), nor the in situ wind data at Marion Island (Figure S2b) showed any significant long-term linear trends.



This implies that the long-term SAM-induced southward movement of the westerly wind belt was not clearly apparent at the PEIs during the study period. With only 30% of the variability in Rwind expressed through its seasonality, the remaining 70% was expected to be driven by significant interannual or decadal-scale variations (Figure 3b). However, the strongest variance in wind was in fact observed at sub-annual timescales (Figure 4b,c, Figure 5b,c, Figure 6c,d and Figure 7a–d), most likely due to the frequent and rapid movement of low-pressure systems across the PEI region [22]. This substantial short-term variability likely obscures the seasonal and longer-term changes in wind at the PEIs (Figure 6c,d and Figure 7a–d).



The surface current properties of the Antarctic Circumpolar Current (ACC) are mirrored around the PEIs due to the islands being located in the direct path of the ACC [28,29]. Any physical changes experienced by the ACC are thus expected to occur at the PEIs as well. On a seasonal scale, our study agreed with previously detailed surface current variations [29], but here we demonstrated that the seasonal cycle of Rgeos (Figure 2e) accounted for less than 10%, with that of Rekm explaining less than 25% of the total variability (Figure 3c,d), implying substantial intra-, interannual, and longer-term variations in surface circulation. With SAM causing a poleward intensification of the westerly wind belt, it is expected that the ACC would strengthen and move south as well, particularly in regions where the ACC is only weakly constrained by topography [6,51,61,62]. Our results seem to support this somewhat but show only a minimal increase in northeastward flow at the PEIs during the 1993–2016 period (Figure 4d,e). Southward movement of the ACC is, however, a subject of considerable debate, as other studies have contradicted this notion [63,64].



The PEIs are located directly downstream of the region where the topographic interaction between the ACC and the ABFZ results in substantial mesoscale variability and meandering of the ACC fronts [9,10,11,28,29,65]. While recent studies [12,13] have demonstrated no long-term increase in the number of mesoscale eddies in the region, the long-term increase in current speed (Figure 4d,e) may be associated with a localized southward movement of the ACC fronts in the PEI region [66]. The recurrent passing of cyclonic and anticyclonic eddies, as well as the frequent meandering of the southern branch of the SAF and the northern branch of the APF, promotes enhanced advection and mixing between colder and warmer waters around the PEIs [10,11,12,13,27]. The high variability associated with these shorter-term physical processes and events likely moderates the expected long-term increase in both SST and geostrophic current speeds at the PEIs to some extent.




4.2. Interannual and Decadal-scale Variations


It is well-known that the Southern Annular Mode (SAM) and Semi-Annual Oscillation (SAO) strongly influence oceanographic variability in the Southern Hemisphere. While some larger-scale studies [4,60] have shown cooling trends associated with the strengthening and southward migration of the westerly wind belt due to a more positive SAM, others (e.g., [67] have demonstrated persistent warming associated with a more positive SAM. Although both SAM and SAO are known to impact the strength of the westerly winds, the bi-annual nature of SAO has a stronger influence at seasonal timescales, rather than at interannual timescales such as SAM [68].



An earlier study [22] suggested that the SAM-influenced southward migration of the westerly wind belt resulted in a long-term decrease in wind speeds and a long-term increase in SST at the PEIs. More recently, [30] demonstrated that at lags between 0 months and 12 years, correlations of SST anomalies at the PEIs with SAM and SAO were all negligible (r < 0.2), indicating no strong direct impact of SAM or SAO on SST. Similarly, lagged correlations of wind speed, WSC, and geostrophic current speed anomalies with the SAM and SAO indices showed no significant correlations at lags between 0 months and 12 years [30]. In agreement with the findings of [30], our wavelet analyses showed no clear consistent or significant signals for wind, and currents at the timescales of the impacts SAM or SAO (Figure 6 and Figure 7). Our results also agreed with previous studies [6,62,63,64], which showed that the impacts of SAM are not uniform across the Southern Ocean. However, significant SST variability (Figure 6a,b), and strong, but statistically insignificant variability in geostrophic currents (Figure 6e,f and Figure 7e–h) around a period of 1 year suggested some influence of SAM. It is thus likely that longer time series are required to obtain significant correlations of SST and geostrophic currents at the PEIs with the SAM index.



Significant interannual and decadal-scale variations in SST, strongest at periods of 2.8 and 7.5 years were clear at the PEIs (Figure 6a,b). Previous studies have suggested that this interannual variability may be associated with that of the ACW [20,21]. The ACW is a teleconnection of the ENSO that propagates across the Southern Ocean within the ACC region. Four independent signals at periods of 2.9, 3.7, 7.1, and 17 years have been identified for the ACW [69,70,71]. This, in fact, coincided with the interannual periodicity of SST at 2.8 years, as well as the decadal-scale signal at 10–12 years that reflected warmer-than-usual SST between 1990–2001 and 2009–2020, and cooler-than-usual periods during 1982–1990 and 2001–2009 (Figure 5a and Figure 6a,b). The ACW signal also corresponded to the significant interannual and decadal WSC variations at periods of 3–4 years and 7–8 years (Figure S3d,e), as well as the Rgeos and Ugeos variations at periods of 2–4 years (Figure 6e,f and Figure 7e,f). In contrast, this was not the case for Rwind, Uwind, Vwind, and Rekm, since their wavelet spectra showed no statistically significant interannual or decadal-scale signals (Figure 6c,d,g,h and Figure 7a–d).



Previous studies have established a frequency of ENSO occurrence between 2 and 7 years (e.g., [72,73]). Indeed, it can be argued that the significant power observed at these periods for SST (Figure 6b), WSC (Figure S3c,d), and geostrophic currents (Figure 6e,f and Figure 7e,f), may be associated with ENSO variations. As expected, during the strong El Niño event from June 1997 to June 1998 [74], SST at the PEIs was generally above average (Figure 4a and Figure 5a), while geostrophic current speeds were much weaker than normal (Figure 4d,e and Figure 5d,e). Similarly, the strong La Niña of May 1988 to December 2000 [75] also generally corresponded with large negative SST anomalies (up to −1.17 °C in December 1988).



However, closer examination revealed that in fact, the highest SST (8.87 °C) was actually observed in February 1997 (Figure 4a and Figure 5a), a few months prior to the start of the strong El Niño event [74]. Similarly, during this period, the weakest eastward geostrophic current speeds also occurred before the El Niño event (Figure 4d,e and Figure 5d,e). As described earlier and illustrated in Figure S4, the SST and geostrophic current anomalies in January and February 1997 were attributed to the occurrence of an anticyclonic eddy south of the islands, in agreement with previous studies [28]. The correspondence of positive and negative SST and geostrophic current anomalies with El Niño and La Niña events, respectively, was also not consistent for the remainder of the monthly time series.



Moreover, the spatial correlation plots showed no strong correlation between SST and geostrophic currents at the PEIs and that in the equatorial and subtropical Pacific Ocean directly impacted by ENSO or its teleconnections at a lag of zero months (Figure 11a,b,e,f). Similar to the spatial pattern for SST, the correlation patterns of Rwind also showed a spatially coherent, distinct regional pattern around the PEIs (Figure 11c,d). Furthermore, [30] demonstrated that ENSO only had a negligible negative correlation (r = −0.18 to −0.12, p < 0.05) with Rwind anomalies at the PEIs at lags of 13 to 21 months, and a negligible positive correlation (r = 0.11–0.19, p < 0.05) with WSC anomalies at lags of 11–12 years.



Lagged correlations between the Oceanic Nino Index and SST anomalies at the PEIs were strongest (r = 0.36, p < 0.05) at a lag of 62 months [30], suggesting that ENSO had a weak effect on SST at a lag of about 5 years after the occurrence of an ENSO event. However, examination of spatial correlations for SST, wind, and geostrophic currents at lags of 1–5 years revealed no clear strong correlations with the regions directly impacted by ENSO (results not shown). This 5-year lag in fact corresponds to the nominal travel time of the ACW across the Southern Ocean, which varies between about 5 and 10 years [21]. In agreement, an earlier study [49] demonstrated that ENSO creates SST anomalies in southwest Pacific that are then advected eastward along the ACC by the ACW, during which the SST anomalies are locally modified through interactions between air, sea, and ice.



Alternating regions of negative correlation for Vwind anomalies at the PEIs and in the Atlantic and Indian sectors (Figure 12a,b) also corresponded closely to local sea level pressure and SST anomaly cores previously identified in these regions [76]. As previously described [49,52], and also suggested by Figure 12a,b, meridional winds play a crucial role in sustaining or modifying these SST anomalies as they transit across the Southern Ocean. The spatial pattern of wind and SST anomalies (Figure 11a–d and Figure 12) also suggests the potentially strong regional influence of the ACC fronts in this region on SST and wind patterns around the islands, likely through air–sea interactions [76,77]. It also provides further evidence that long-term trends observed elsewhere in the Southern Ocean might not necessarily be reflected at the PEIs [4,23,60]. Local and regional interactions between the atmosphere and ocean surface, and subsequent modification of the anomalies, likely explain the low correlations of climate indices with SST, geostrophic currents, and winds at the PEIs [30].



Patterns of SST variability can be driven simultaneously by several oceanic and atmospheric factors, including wind forcing on the surface ocean and the advection by currents [76]. The relationship between SST, wind, and geostrophic currents was, however, not clear at a monthly or seasonal scale (Figure 2, Figure 4 and Figure 5). Although the wavelet coherence spectra showed significant coherence of wind speeds, WSC, and geostrophic current speeds, with SST at periods longer than 12 years (Figure 8a,b, Figure 9, Figures S6 and S7), these signals were not considered statistically significant, due to the relatively short length of the time series. Nevertheless, 5-year running means of geostrophic current, wind speed, and WSC all showed significant inverse correlations with SST (Figure 10 and Figure S8), and provided further evidence of the decadal-scale influence of ACW on these parameters at the PEIs.



Our results indicated that in comparison to wind variations, geostrophic current fluctuations were more strongly related to SST changes (Figure 10). This is in agreement with recent larger-scale studies that demonstrated that the long-term acceleration of zonal flow in the ACC between 48°S and 58°S, associated with warming over the 2006–2019 period, resulted from amplified baroclinicity driven by changes in buoyancy forcing rather than variations in wind stress [61,78,79]. Similar to our findings, [78] also showed that to the north (where the PEIs are located) and south of the 48–58°S region, long-term geostrophic current and warming trends were insignificant and obscured by substantial decadal variability. Here, we posit that these decadal variations are driven by the ACW.



Importantly, while these studies [78,79] have associated increased current speeds with increased upper ocean temperatures, our study showed the opposite pattern, with stronger currents and winds related to cooler conditions at the PEIs. This suggests that variability in SST, winds, and currents at the PEIs is strongly localized, likely as a result of the interaction of the ACC with the island bathymetry, as well as the interaction of the wind field with the island orography. Periods of increased current speed likely drive stronger vertical exchange and cooling through enhanced isopycnal shoaling and turbulent mixing as the ACC interacts with the island bathymetry, while increased wind speeds would also induce cooling through enhanced mixing and by promoting stronger surface divergence and uplift through strengthened negative WSC.





5. Conclusions


Our study used a combination of satellite and reanalysis data to expand the knowledge on the long-term trends and interannual variability of SST, wind, and currents in the ocean region surrounding the PEIs. Importantly, despite their coarse spatial resolution, reanalysis SST and wind products agreed well with in situ observations, giving confidence in the suitability of these data products for the analysis of interannual and longer-term fluctuations. SST was strongly dominated (50–70% of the variance) by seasonal variations, and the lack of statistically significant long-term warming between 1982 and 2020 was likely due to the relatively short length of the time series. In contrast, seasonal fluctuations accounted for much less of the variability in wind (less than 30%) and geostrophic currents (less than 10%), with the strongest variability at intra-annual scales. Similar to SST, winds between 1979 and 2020, and currents (geostrophic and Ekman) between 1993 and 2016 also showed no large statistically significant long-term trends.



Interannual SST and geostrophic current variations at periods of about 1 year suggested some influence of SAM, in agreement with previous studies, but the weak insignificant correlations suggested that longer time series are required to adequately identify the influence of SAM at the PEIs. The influence of ENSO was weak and mostly insignificant, likely due to strong local and regional modification of SST, wind and current anomalies, and spatial correlations also suggested a substantial regional influence of the ACC fronts on SST and wind. Significant interannual and decadal-scale variations in SST, WSC, and geostrophic currents corresponded with ACW variability. Periods of elevated SST between 1990–2001 and 2009–2020 were associated with generally weaker geostrophic currents and winds, while the cooler-than-usual periods during 1982–1990 and 2001–2009 showed correspondingly stronger currents and winds. These decadal variations may have a stronger influence on biological communities than the long-term trends, which are by comparison much smaller, but detailed studies examining such impacts need to be conducted.



The PEIs are located in a region where substantial mesoscale eddy activity, meridional movement of the ACC fronts, and the frequent passage of atmospheric low-pressure systems, results in strong intra-annual variations that are much larger than the longer-term changes. Consequently, the climate signal-to-noise ratio in this region is low [23,80], providing a possible explanation for why the long-term physical changes that have been observed elsewhere in the Southern Ocean were not clearly observed at the PEIs. It also highlights the need for time series observations of sufficient length to be able to adequately discern longer-term variations.
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Figure 1. Long-term mean surface geostrophic current speed (m s−1) between South Africa and Antarctica showing the position of the Prince Edward Islands. The northern, middle, and southern branches of the sub-Antarctic Front are shown as black dotted (N-SAF), solid (M-SAF) and dashed (S-SAF) lines, respectively. The northern, middle, and southern branches of the Antarctic Polar Front are shown as brown solid (N-APF), dotted (M-APF), and dashed (S-APF) lines, respectively. The black box indicates the 2° × 2° area over which data were averaged to determine long-term trends and interannual variations. 
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Figure 2. The monthly climatology of the (a) 1982–2020 (black) and 1993–2016 (red) Sea Surface Temperature (SST); (b) 1979–2020 (black) and 1993–2016 (red) wind speed; (c) 1979–2020 (black) and 1993–2016 (red) zonal (U) wind speed component; (d) 1979–2020 (black) and 1993–2016 (red) meridional (V) wind speed component; (e) 1993–2016 geostrophic current speed; (f) 1993–2016 zonal (U) geostrophic current speed component; and (g) 1993–2016 meridional (V) geostrophic current speed component, averaged within the 2° × 2° area around the Prince Edward Islands. 
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Figure 3. The percentage (%) variance explained by the seasonal cycle of (a) Sea Surface Temperature, (b) wind speed, (c) geostrophic current speed, and (d) Ekman current speed. 
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Figure 4. Time series of the monthly mean (a) Sea Surface Temperature (SST), (b) Wind speed (c) Zonal (in black) and meridional (in orange) wind speed components, (d) Geostrophic (in black) and Ekman (in orange) current speeds, and (e) Zonal (in black) and meridional (in orange) geostrophic current speed components. The red dashed lines represent the linear trends of each time series. 
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Figure 5. Time series of the standardized monthly anomalies of (a) Sea Surface Temperature (SST), (b) Wind speed, (c) Zonal (in black) and meridional (in orange) wind speed components, (d) Geostrophic (in black) and Ekman (in orange) current speeds, and (e) Zonal (in black) and meridional (in orange) geostrophic current speed components. 
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Figure 6. Wavelet power spectra of the standardized monthly anomalies of (a,b) Sea Surface Temperature (SST), (c,d) Wind speed, (e,f) Geostrophic current speed and (g,h) Ekman current speed. The 95% confidence level regions are highlighted in red and circled by a black contour. The cross-hatched regions are considered insignificant due to the effect of zero padding. The dashed red lines on the global wavelet spectra (on the right) represent the 95% confidence level, and the grey shaded regions are insignificant due to zero padding. 
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Figure 7. Wavelet power spectra of the standardized monthly anomalies of (a,b) Zonal (U) wind speed, (c,d) Meridional (V) wind speed, (e,f) Zonal (U) geostrophic current speed and (g,h) Meridional (V) geostrophic current speed. The 95% confidence level regions are highlighted in red and circled by a black contour. The cross-hatched regions are considered insignificant due to the effect of zero padding. The dashed red lines on the global wavelet spectra (on the right) represent the 95% confidence level, and the grey shaded regions are insignificant due to zero padding. 
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Figure 8. The wavelet coherence between standardized monthly anomalies of (a) Sea Surface Temperature (SST) and wind speed, (b) SST and geostrophic current speed, (c) SST and Ekman current speed, and (d) Wind speed and Ekman current speed. Note the different time series lengths. The relative phase relationships are shown as arrows (with in-phase pointing right, anti-phase pointing left). The 95% confidence level regions are highlighted in red and circled by a black contour. The cross-hatched regions are insignificant due to the effect of zero padding. 
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Figure 9. The wavelet coherence between standardized monthly anomalies of (a) Sea Surface Temperature (SST) and zonal (U) wind speed, (b) SST and meridional (V) wind speed, (c) SST and zonal (U) geostrophic current speed, and (d) SST and meridional (V) geostrophic current. Note the different time series lengths. The relative phase relationships are shown as arrows (with in-phase pointing right, anti-phase pointing left). The 95% confidence level regions are highlighted in red and circled by a black contour. The cross-hatched regions are insignificant due to the effect of zero padding. 
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Figure 10. Time series of the 5-year running means of Sea Surface Temperature (SST) (in black) and (a) geostrophic speed (in red), and (b) wind speed (in red). The Pearson Correlation between the 5-year running means of (c) SST and geostrophic current, and (d) SST and wind speed (in black), excluding the years 1991 to 2001 (in green). Note the different x-axes for panels (a) and (b). 
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Figure 11. Maps of the significant correlation (p-value < 0.05) between (a) Sea Surface Temperature (SST) anomalies at the Prince Edward Islands (PEIs) and the SST anomalies across the global ocean, (c) wind speed anomalies at the PEIs and across the global ocean, (e) geostrophic current speed anomalies at the PEIs and across the global ocean. The black box indicates the zoomed regions in panels b, d, and f. The zoomed maps show the regions of strong correlation (−0.3 < R > 0.3) for (b) SST anomalies, (d) wind speed anomalies, and (f) geostrophic current anomalies around the PEIs. The yellow box indicates the 2° × 2° area around the PEIs within which data were averaged for time series analysis. 
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Figure 12. Maps of the significant correlation (p-value < 0.05) between (a) meridional wind speed anomalies at the Prince Edward Islands (PEIs) and the meridional wind speed anomalies across the global ocean, (c) zonal wind speed anomalies at the PEIs and across the global ocean. The black box indicates the zoomed region in panels b and d. The zoomed maps show the regions of strong correlation (−0.3 < R > 0.3) for (b) meridional wind speed anomalies, and (d) zonal wind speed anomalies around the PEIs. The yellow box indicates the 2° × 2° area around the PEIs within which data were averaged for time series analysis. 
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Figure 13. Maps of the significant correlation (p-value < 0.05) between (a) zonal geostrophic current anomalies at the Prince Edward Islands (PEIs) and the zonal geostrophic current anomalies across the global ocean, (c) meridional geostrophic current anomalies at the PEIs and across the global ocean. The zoomed maps show the regions of strong correlation (−0.3 < R > 0.3) region for (b) zonal geostrophic current anomalies, and (d) meridional geostrophic current anomalies around the PEIs. The yellow box indicates the 2° × 2° area around the PEIs within which data were averaged for time series analysis. 
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