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Abstract: As a large-scale ocean–atmosphere coupling system in the Southern Hemisphere, 

the Antarctic Circumpolar Wave (ACW) greatly impacts the global climate. However, the 

interdecadal variation of the ACW has rarely been studied due to the lack of long-term 

data. In this research, the latest 20th Century Reanalysis Version 3 dataset is used to ana-

lyze the interdecadal variations of sea level pressure (SLP) and sea surface temperature 

(SST) signals in the ACW during 1836–2015. The results indicate that the ACW has not 

always been present in the recent 180 years, and it has remarkable interdecadal variations. 

Specifically, the ACW was hard to distinguish before the 1870s. The SLP anomalies prop-

agated eastwards over the South Pacific and South Atlantic during part of the 1880s–1940s. 

The SST anomalies also have an eastward propagation in the 1880s–1960s. The most active 

period of the SLP signal is in the 1950s–1990s, while that of the SST signal is in the 1980s–

1990s. The ACW has not been significant since the 21st century. The interdecadal variation 

of the SLP may be related to the variations of the long-term Southern Annular Mode and 

Pacific-South American pattern, while the interdecadal variation of the SST is more asso-

ciated with the ENSO.  

Keywords: Antarctic Circumpolar Wave; interdecadal variation; Southern Annular Mode; Pacific-

South American pattern; ENSO 

 

1. Introduction 

By analyzing the monthly anomalies of the sea surface temperature (SST), meridional 

wind stress, sea level pressure (SLP) and sea ice extent in the Southern Ocean from the 

1980s to the mid-1990s, White and Peterson, in 1996 (hereafter WP96), found that these 

variables have eastward-propagating signals around the pole, i.e., Antarctic Circumpolar 

Wave (ACW) [1]. This is the first time that the ACW has been proposed. The oscillation 

period of the ACW is 4–5 years, and it circles the Antarctic once in 8–10 years on average, 

showing a zonal wavenumber-2 (ACW-2) pattern in the Southern Ocean. This large-scale 

interannual oceanic and atmospheric phenomenon has attracted great attention from re-

searchers, and it was soon confirmed by several other studies on various variables, such 

as surface air temperature, sea surface height and salinity, becoming the front topic in 

climate research [2–4]. Subsequently, an east-propagating zonal wavenumber-3 (ACW-3) 

pattern, which has approximately the same period as the ACW-2, has been identified in 

model simulations [5,6]. Although the ACW formation and maintenance mechanisms are 

still unclear, it is well established that the ACW consists of the ACW-2 and ACW-3. Cai 

and Baines in 2001 (hereafter CB01) and others proposed that the ACW-2 signal is highly 
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correlated with the tropical El Niño Southern Oscillation (ENSO) activities mediated by 

the Pacific-South American (PSA) pattern and Southern Annular Mode (SAM) [7–9]. The 

ACW-3 signal is an eastward-propagating wavenumber-3 structure over the Southern 

Ocean, mainly caused by local air–sea interaction. It used to be considered a controversial 

quasi-standing pattern [9,10], but recent work has shown this issue probably comes from 

the mixture with others [11]. As an essential component of the climate in the Southern 

Hemisphere (SH) on the interdecadal time scale, the ACW greatly affects the Southern 

Ocean and SH climate change [12]. For example, White and Annis (hereafter WA04) sug-

gested that the interdecadal variation of ENSO in the last half of the 20th century can be 

largely explained by the ACW variation [13]. Moreover, the ACW is a crucial indicator for 

characterizing the annual temperature and seasonal precipitation in New Zealand and 

parts of Australia [14,15]. A dipole-like oscillation was identified in the Southern Pacific, 

which connected the ACW with South American precipitation [16]. Besides SH, the ACW 

can expand its influence in the Northern Hemisphere through cross-equatorial airflows, 

such as the influence on the Indian summer monsoon rainfall and the East China summer 

rainfall [17,18]. Therefore, identifying the presence and decadal variation of the ACW over 

a long historical period can improve the understanding of the response to climate change 

in the SH and favor regional climate prediction. 

In previous studies, the ACW from the 1980s to 1990s was confirmed to be highly 

active based on various observations [19–21]. However, few researchers have discussed 

the interdecadal variation of the ACW over a longer time scale, objectively due to the lack 

of long-term observations covering middle and high latitudes of the SH before satellites 

were widely used for meteorological observations. The satellite observations after 1979 

are too short in duration for interdecadal research, while long-term station records may 

be long enough but hardly represent the propagating property of the ACW over the whole 

Sub-Antarctic Zone. One way to avoid this problem is to perform ACW numerical simu-

lations [3,5,11]. However, due to the performance differences and simulation capability 

deficiencies of different numerical models, the ACW simulated in these studies differs in 

wavelength, periodical variation, amplitude, and other characteristics. Among them, 

some ACW simulations differ significantly from the actual observed ACW signals and 

have caused several disputes [22,23]. Proxy data, which was reconstructed based on rec-

ords, such as ice core, are another solution. Unfortunately, these data often suffer from 

low temporal resolution and poor representativeness [24]. With the development of data 

assimilation and reanalysis techniques, long-term reanalysis data fused with observations 

and numerical simulations have recently been more widely applied to ACW research, and 

numerous achievements have been achieved in terms of the interdecadal variation 

[9,25,26]. Since different studies used different reanalysis datasets and extraction methods, 

the ACW signals slightly differ in these researches. Although the ACW does not exist sta-

bly in the past several decades, the interdecadal variation in its activity is commonly rec-

ognized. 

Recently, the National Oceanic and Atmospheric Administration (NOAA), Coopera-

tive Institute for Research in Environmental Sciences (CIRES) and the U.S. Department of 

Energy (DOE) have released the latest version of the NOAA–CIRES–DOE 20th Century 

Reanalysis (20CRV3) dataset with improved quality in the SH, whose starting time has 

been updated to the early nineteenth century. Inspired by the long-term dataset, we aim 

to identify the ACW in the last 180 years and analyze its interdecadal variation in this 

study. Following many previous works, we focus on SLP and SST, which come from the 

atmosphere and ocean, respectively. In addition, several large-scale climate signals asso-

ciated with the ACW are investigated to explain its interdecadal variation. For previous 

studies, the ACW was typically investigated in a single variable or separated variable 

fields [24,27] ([28] hereafter GM13), and these researches ignored the strongly coordinated 

variations of different variables in the ocean–atmosphere coupling system [1,8,10]. Hence, 

we use the singular value decomposition (SVD) to reveal the corresponding ocean–atmos-

phere interactions.  
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The rest of this paper is organized as follows. Section 2 briefly introduces the data and 

analysis methods used in this study. Section 3 discusses the interdecadal variations of several 

climate indices investigated in this research. Section 4 presents the analysis results, where the 

results of the SLP, SST and SVD are shown in Section 4.1, Section 4.2 and Section 4.3, respec-

tively. Finally, the conclusions and discussion can be obtained in Section 5. 

2. Data and Methods 

2.1. Data 

The monthly mean SLP, SST, and 850 hPa and 500 hPa geopotential heights used in 

this research are derived from the 20CRV3 dataset from 1836 to 2015, with a spatial reso-

lution of 1° × 1°. For this new version of the 20th Century Reanalysis Project, an improved 

80-member ensemble Kalman filter, including an adaptive inflation algorithm is used to 

assimilate a larger set of surface pressure observations (from ISPD version 4.7) into an 

updated NCEP Global Forecast System (GFS) model, version 14.0.1. With this, in addition, 

a spectral horizontal resolution of T254 (nearly 0.5 degrees) and a vertical atmospheric 

resolution of 64 levels up to about 0.3 hPa are used, thus improving the confidence of this 

dataset in the SH [29]. Several issues should be noted, especially compared with other 

datasets, such as the sea ice concentrations and different grid resolutions. Additional at-

tention should be paid to the radiative forcing prior to 1850. These issues are briefly intro-

duced in ‘Model Notes’ on the download website. To diminish the unreliable records in 

Antarctica and exclude the strong variations of climate signals in the tropics, we focused 

on the middle to high latitudes where the ACW appears, and the research domain was 

restricted to the zone of 40°S–70°S as GM13 [28], while the ACW area was 56°S–66°S. The 

long-term SLP observation records from the stations Orcadas (60°44′S, 44°45′ W) and Far-

aday (65°15'S, 64°16'W) were used for comparative analysis [30]. The correlation coeffi-

cients between the interpolated 20CRV3 data and observations are 0.85 (from 1904 to 1955, 

p < 0.01) for station Orcadas and 0.96 (from 1951 to 2015, p < 0.01) for station Faraday. 

Hence, the 20CRV3 reanalysis data can be considered reliable for use in this study. 

2.2. Analysis Methods 

Following the method from the WP96, the monthly climatologies over 180 years are 

subtracted from monthly SLP and SST values to remove the seasonal cycle and obtain the 

monthly anomalies. Since the oscillation period of the ACW is 4–5 years, the 6-order But-

terworth filter with a passing window of 3–7 years was applied to the monthly anomaly 

signals to highlight the interannual variations of climate elements, which remain as the 

ACW. Note that the data from three years before and after the study period were omitted 

because of the boundary effect of the filter. To separate the ACW-2 and ACW-3 signals 

and discuss their variations and influence on large-scale climate change, we used the Em-

pirical Orthogonal Function (EOF) method to extract the leading modes, as in the CB01 

and GM13 [8,28]. Prior to the EOF analysis, the grid data should be multiplied by the 

square root of the cosine of latitudes to perform the area weighting. Then, the ACW is 

reconstructed by the main corresponding EOF modes. Moreover, the meridional average 

provides a time-longitude diagram to display the ACW interdecadal variation visually. 

Compared with the EOF, which extracts the principal mode of one field, the SVD can find 

the coupled mode pairs in two fields [31]. In this research, we normalized the filtered SLP 

and SST to the same order of magnitude, and then they were used as the left and right 

fields for the SVD analysis. The SVD significance test was carried out using the Monte 

Carlo method. 

3. Large-Scale Climate Indices 

In order to characterize the large-scale patterns that significantly impact the ACW, 

we introduced multiple climate indices in this study. The SAM is the dominant pattern of 

the SH atmospheric circulations, identified by the SAM index defined by Thompson and 
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Wallace ([32] hereafter TW00). That is, the SAM index can be obtained based on the lead-

ing principal component (PC) of 850 hPa monthly anomalies in the south of 20°S. For con-

vince of comparison, we chose the (arbitrary) sign of the leading EOF and its PC in the 

same way as TW00. This definition can theoretically capture the comprehensive feature 

of the pressure difference at the middle and high latitudes in the SH, which is more rep-

resentative of the SH atmospheric circulation than the other prevalent method proposed 

by Gong and Wang [33] and more applicable to the ACW study. The results from this 

research show that the leading EOF pattern at 850 hPa is characterized by the seesaw of 

two concentric circles between the high latitudes and parts of the mid-latitudes, which 

contributes 29.5% of the variability, consistent with the conclusion of the TW00 (Figure 

1a). Further, the other SAM index series from the 20CRv2c dataset was also used for com-

parison, which was defined by Gong and Wang [33]. The correlation coefficient between 

the two SAM series is 0.82 (p < 0.01) during 1851–2011, proving that the SAM index 

adopted in this study can capture the SAM variation. Since the SAM are represented on 

different time scales, a low-pass Lanczos filter was performed to retain low-frequency 

SAM signals beyond the 2-year period. To further reveal the low-frequency variation, we 

calculated the cumulative values of the filtered SAM index series to reflect its dominant 

phase change and long-term trend (Figure 2a). The results suggest that there are signifi-

cant long-term change trends and interdecadal variations in the filtered SAM index series. 

Specifically, the filtered SAM is mainly positive before the 1860s and after the 1950s, es-

pecially after the 1980s, when the cumulative SAM index values increase rapidly (Figure 

2e). 

As the most vital interannual variability signal in the ocean, ENSO has a main period 

of about 3–7 years, quite close to that of the ACW. The PSA induced by ENSO not only 

affects the climate in the tropics but also is one of the major interannual variation patterns 

of the atmosphere in the middle and high latitudes of the SH. In this study, the ENSO 

activities are characterized by the Nino3.4 index. The Nino3.4 index, which is calculated 

in this research based on the 20CRV3 dataset, is significantly correlated with that provided 

by NOAA, and the correlation coefficient is 0.85 (p < 0.01), indicating that this calculated 

index is applicable to this study. Similar to the SAM index series, a low-pass Lanczos filter 

was also conducted on the Nino3.4 index series to obtain the low-frequency signals for a 

period of more than two years (Figure 2b). Moreover, the cumulative values of the filtered 

Nino3.4 index series were calculated, as shown in Figure 2e. The results indicate that the 

filtered Nino3.4 index shows a significant multi-year periodic oscillation with a mutation 

in the mid-to-late 1870s, as confirmed by the Mann–Kendal test. Specifically, the Nino3.4 

index has a significantly increasing trend before the mutation while a marked decreasing 

trend after that. Three dominant phase transitions can be found from the cumulative val-

ues of the filtered Nino3.4 index series. During the 1840s–1870s, 1890s–1910s and 1980s–

2000s, the cumulative index values tended to increase, suggesting that the filtered Nino3.4 

index values were dominated by positive values during these periods, while the situation 

in the remaining periods shows a decreasing trend with mainly negative values. 

The PSA is a pattern in the SH corresponding to the Pacific-North American telecon-

nection in the Northern Hemisphere, first proposed by Mo and Ghil [34] and then Karoly 

[35] in an analysis of winter anomalies of ENSO events, which is a teleconnection pattern 

associated with ENSO. This pattern appears on wide time scales from daily to decadal, 

and it is one of the most dominant patterns in the SH atmosphere. In this paper, the PSA 

index is calculated by the method provided by the CB01 [8]. An EOF analysis was carried 

out for monthly geopotential height anomalies at 500 hPa (Figure 1b), and the time series 

of the second pattern was taken as the PSA index series. In addition, a low-pass Lanczos 

filter was performed on this PSA index series for low-frequency signals for a period of 

more than two years (Figure 2c). The filtered PSA index shows an overall upward trend. 

The characteristics of multi-year oscillations occur around 1900 and the latter half of the 

20th century, especially in the 1960s and 1990s, when the amplitude is relatively large. The 
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cumulative values of the filtered PSA index indicate that the PSA is dominated by nega-

tive values until the 1870s, with alternating positive-negative oscillations during the 

1870s–1910s, a positive phase during the 1920s–1950s, alternating positive-negative oscil-

lations during the 1960s–1990s, and a positive phase after 2000 (Figure 2e). 

The zonal wavenumber three (ZW3) is a primary atmospheric pattern in the SH. It 

appears in a standing three-wave structure in the middle and high latitudes, with time 

scales ranging from daily to interdecadal [36]. The ZW3 index used in this research can be 

calculated by the method from Cerrone [9]. That is, a single point correlation was per-

formed on monthly SLP anomaly fields with the reference point (50°S, 96°E), and the two 

maximum values of the positive correlation coefficient appeared at the points of 48°S, 

156°W and 45°S, 5°W (Figure 1c). The arithmetic mean of the monthly SLP anomalies at 

these three points was defined as the ZW3 index. Similarly, the low-pass Lanczos filter 

was performed on this ZW3 index series, and the cumulative values of the ZW3 index 

were also calculated (Figures 2d,e). The filtered ZW3 index shows an overall downward 

trend, with temporary upward trends in the 1850s–1870s, 1920s–1940s and the early 21st 

century. The cumulative values of the ZW3 index declined rapidly from the 1950s to the 

1990s, indicating that the values are mainly negative in this period. Especially, since the 

1980s, the decline accelerates, corresponding to a larger negative ZW3 index. 

Figure 1. The spatial pattern of (a) Southern Annular Mode (SAM), (b) Pacific-South American 

(PSA), (c) zonal wavenumber three (ZW3). Pac, Atl and Ind indicate the Pacific sector, Atlantic sector 

and Indian sector, respectively. 
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Figure 2. The normalized index (blue dashed line) and two-year lowpass filtered index (red solid 

line) of (a) SAM, (b) Nino3.4, (c) PSA, (d) ZW3. (e) the cumulated index of the four. 

4. Results 

4.1. Results of the Sea Level Pressure 

The spatial pattern and time series of the first four EOF patterns of the SLP (SLPEOF 

1–4, SLPPC 1-4) are shown in Figure 3. The four patterns contribute 31.4%, 19.5%, 11.2% 

and 8.8% of the total variance, respectively. The first spatial pattern shows a near concen-

tric structure with positive values at high latitudes and negative values at mid-latitudes 

(Figure 3a). Although it is approximately uniform in latitudinal direction, there is a strong 

large-value center in the middle of the South Pacific and a secondary large-value center in 

the Indian Ocean sector, resulting in a wavenumber-2 structure in the ACW area. This 

opposite distribution of the SLP at high and low latitudes is quite similar to the SAM pat-

tern calculated above. Therefore, we regress the anomalies at 850 hPa in the south of 20°S 

on the time series of the SLPEOF 1. The regressive pattern shows a similar distribution to 

the SAM pattern (of the opposite sign), with only one difference: the large-value centers 

in the middle of the South Pacific and the West Indian Ocean sector in high latitudes are 

enhanced, which leads to an ACW-2 pattern in the Sub-Antarctic Zone (Figure omitted). 

PC of the SLPEOF 1 shows a significant interannual oscillation, with an obvious interde-

cadal variation (Figure 3e). Its amplitude exceeds one standard deviation, mainly during 

the 1880s–1890s, 1920s–1930s and 1950s–1970s, and reaches the maximum in the 1980s and 

1990s. In addition, the correlation coefficient between the SLPPC 1 and the filtered SAM 

index is -0.26 (p < 0.01), implying that there is a strong connection between this pattern 

and the SAM. The SLPEOF 2 has positive loadings in the South Pacific and negative load-

ings in the Atlantic (Figure 3b), exhibiting a distinctive PSA pattern similar to the 500 hPa 
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geopotential height distribution of the CB01 [8] and Simmonds and King [37]. The SLPPC 

2 has the same stable interannual oscillation characteristics as the filtered PSA index dur-

ing the 1960s–1990s (Figure 3f), and they also have a strong correlation, with a correlation 

coefficient of −0.45 (p < 0.01). The SLPEOF 3 has three positive centers in the mid-latitudes 

in the mid-Pacific, the Indian Ocean and the Atlantic Ocean, respectively, resulting in an 

ACW-3 pattern in this area. The positive centers are close to the three reference points for 

calculating the ZW3 index, which confers a ZW3 pattern. The time series of the SLPEOF 3 

also shows large fluctuations in the 1920s, 1940s and 1970s, corresponding to brisk ZW3 

activities, and its correlation coefficient with the filtered ZW3 index is 0.31 (p < 0.01), im-

plying a covariation between these two. Similar to the SLPEOF 3, the SLPEOF 4 also has 

three positive centers in the ACW area, but the center positions are different, and there 

are large negative values in this area (Figure 3d). The SLPEOF 1 and SLPEOF 2 explain 

variance far beyond the SLPEOF 3 and SLPEOF 4, indicating that the ACW-2 is more dom-

inant than the ACW-3 for the SLP. These four EOFs contribute more than 70% of the total 

variance. Hence, these four patterns are selected for reconstructing the ACW.  
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Figure 3. The first four EOF (a–d) spatial patterns and (e–h) time series of the filtered SLP anomalies 

with the explained percentage of variance given on the top right of spatial patterns (contours at an 

interval of 0.005 hPa per unit of time series). The dashed horizontal lines in the time series denote 

the thresholds of one standard deviation. 

Figure 4 shows the time-longitude diagram of the reconstructed SLP signal. Com-

pared with the initial filtering result, the eastward-propagating ACW is enhanced in the 

amplitude in the 1980s and 1990s, which is consistent with the results of the WP96 [1] 

(nearly 5 hPa amplitude). The signal is not evenly distributed in the latitudinal direction. 

Specifically, the area with the largest amplitude is located near the Drake Passage in the 

South Pacific, which consists of Lin and Bian [26], coinciding with the strong center of the 

SLPEOF 1. However, the amplitude in the southern Indian Ocean is not significant. This 

variation persists over time. A shortcoming of the reconstructed signal is that a fuzzy 

quasi-standing wave appears in the Indian Ocean sector instead of a propagating signal. 

This phenomenon also can be found in previous research based on reanalysis data 

[9,26,38]. There is a controversy that the ACW is a standing wave rather than a propagat-

ing wave in the Indian Ocean sector [39]. Additionally, the SLP signal can be divided into 

four different phases in terms of amplitude variations. Specifically, the first phase is the 

years before the 1870s, when there are few anomalies to identify the ACW signal. The 

second phase is the years between the 1870s and 1940s when weak eastward-propagating 

anomalies can occasionally be found. For example, weak eastward-propagating anoma-

lies are found during 1915–1930 in the South Pacific, although the consistency of the east-

ward propagation is partially interrupted. The most significant ACW appears in the third 

phase of the 1950s–1990s, and the ACW amplitude gradually disappears in the fourth 

phase of the 21st century. Note that a large anomaly appears in the late 1970s, without 

propagating eastward. 

Several previous works have mentioned the interdecadal change in the ACW perio-

dicity during the 1970s. However, there are different opinions about the period character-

istics of the ACW before and after the trend shift. Some suggested that the period becomes 

shorter after the trend shift [38], while others found the opposite [9,25]. We think the con-

tradiction comes from the methods used to calculate the ACW period. In previous studies, 

the average ACW period was calculated by dividing one time period by the ACW num-

bers passing in the time-longitude diagram before and after the trend shift. This method 

relies mainly on subjective identifications to distinguish ACWs, which is not an accurate 

estimate [39]. Moreover, the poor continuity of the eastward-propagating signal makes 

the numbers of ACWs counted inconsistent, resulting in discrepancies in results. The re-

sults from this research indicate that the eastward-propagating characteristics of the ACW 

are more consistent after the trend shift with increased fluctuation amplitude, while the 

change in period is not significant. Considering the interdecadal variability of the SLPEOF 

1–4 mentioned above, we propose that the leading cause is the strength variation of the 

ACW-2 pattern. The filtered SAM index is mainly positive after 1950, and its sudden in-

crease after the mid-1970s leads to the enhancement of the SLPEOF 1 because the positive 

SAM phase represents the strengthening of the sub-Antarctic westerly wind which pro-

vides the circulation in favor of the east-propagating ACW [26]. Meanwhile, the pro-

nounced SLPEOF2 amplitude is associated with the intensification of the PSA interannual 

oscillation, which may be a secondary cause. Note, however, that the filtered SAM index 

is also mainly positive during the 1840s–1850s, while an active SLPEOF 1 is not found, 

suggesting that the SAM index cannot fully explain the interdecadal differences in the 

SLPEOF 1 and may only indicate the dynamic factor [26]. In addition, since the ACW re-

construction method based on the EOF analysis removed unexpected signals to enhance 

the anomalies in this study, the ACW signal is more evident than that obtained by using 

filters alone, which is more suitable for long-term ACW research. 
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Figure 4. Time-longitude (Hovmöller) diagrams of the reconstructed (a) sea level pressure (SLP) 

(contours at 0.5 hPa interval) and (b) sea surface temperature (SST) (contours at 0.1 K interval).  

4.2. Results of the Sea Surface Temperature 

The first four EOF patterns of the SST (SSTEOF 1–4) contribute 18.2%, 13.4%, 9.4% 

and 6.1% of the total variance, respectively, with a total variance contribution of more than 

47% (Figure 5a–d). The contribution rate is lower than that of the SLP and CB01, where 17 

years of SST data were investigated in the CB01 [8]. However, since the research period is 

180 years in this study, these patterns still dominate the ACW, suggesting a more compli-

cated situation for the SST than the SLP. The SSTEOF 1 has positive centers in the South 

Pacific and the Indian Ocean, with negative loadings and an ACW-2 structure. Similar to 

the result in the CB01 [8], this pattern may be able to identify ENSO, although the equa-

torial zone is not shown. The time series of the SSTEOF 1 also has an apparent interdecadal 

variation (Figure 5e). Its amplitude exceeds one standard deviation, mainly after 1970, 

corresponding to the turn in the dominant phase of the filtered Nino3.4 index. Further-

more, during the 1980s–1990s, when the ACW is most active, SSTPC 1 has outstanding 

negative values in 1980, 1987, 1992 and 1998, corresponding to four El Niño events, which 

implies a correlation between this pattern and ENSO. The correlation coefficient between 

SST PC1 and the filtered Nino3.4 index is 0.48 (p < 0.01), supporting this hypothesis. How-

ever, it should be admitted that the interdecadal variation of the filtered Nino3.4 index 
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near 1900 is not reflected in SSTPC 1, indicating that ENSO is one but not the only factor 

that induces this pattern.  

The SSTEOF 2 is confusing, with only one distinct positive center near the Drake Pas-

sage in the South Pacific, which is consistent with one of two positive centers in SSTEOF 

3 for the CB01 [8]. In the Indian Ocean sector, where a second positive center is supposed 

to appear, a small negative value of approximately 0 appears in our results, thus breaking 

the ACW-2 structure. The SSTEOF 1 and 3 in the CB01 reflect the ENSO influence on the 

ACW, differing in that they have about 90° out of phase [8]. Calculating the time lag coef-

ficient of SSTPC1 and SSTPC 2, we found the most significant correlation of 0.52 (p < 0.01) 

occurred at the lag of 14 months, which is consistent with their finding. In addition, the 

discordance mentioned above refers to the situation where the reconstructed SLP signal 

is not significant. Moreover, the contribution to total variance is less in the southern India 

sector [28], and the SST signal of the ACW is fuzzier in this area than in other sectors [40]. 

Previous studies have suggested that the ACW in the southern India sector moved north-

eastward into the subtropical region after 1977 due to the interdecadal variation of ENSO 

[13]. To interpret this finding, we regress the SST field in 0°S–70°S on SSTPC 2. The result 

indicates that the missing positive center in the SSTEOF 2 returns to the high latitudes of 

about 30°S near Australia (Figure omitted). SSTPC 2 has an increased amplitude after the 

middle and late 1970s, consistent with the interdecadal variation of the filtered Nino3.4 

index (Figure 5f). The SSTEOF 3 and 4 show a ZW3 structure, although the loadings in 

SSTEOF 3 in the Indian center are fuzzy and break the ACW-3 structure. Their time series 

also has the approximate 90° lag phase as the situation of the SSTEOF1 and SSTEOF 2, 

with the most significant correlation coefficient of 0.47 (p < 0.01) at the lag of 15 months 

(Figure 5g,h). These two patterns were mainly active in the 1970s–1990s. 
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Figure 5. The first four EOF (a–d) spatial patterns and (e–h) time series of the filtered SST anomalies 

with the explained percentage of variance given on the top right of spatial patterns (contours at an 

interval of 0.005 K per unit of time series). The dashed horizontal lines in the time series denote the 

thresholds of one standard deviation. 

Similar to the SLP reconstruction, the SST signal is reconstructed by the first four EOF 

patterns, and the time-longitude diagram is shown in Figure 4. During the 1980s–1990s 

when the ACW signal is most pronounced, the fluctuation amplitude is about 1 K, more 

significant than the initial filtered signal and consistent with the results of WP96 and CB01 

[1,8]. The latitudinal intensity variation is consistent with that of the SLP, with the largest 

near the Drake Passage and the smallest in the southern India sector. During the past 180 

years, there is also an interdecadal variation of the SST signal of the ACW, and it is divided 

into four phases. Specifically, the first phase is the years before the mid-1870s, when there 

are few anomalies to identify the ACW signal. The second phase is the 1880s–1970s when 

the ACW is partially present both regionally and temporally. For example, it can be found 

that the strong anomalies propagate eastward in the South Pacific and Atlantic in the late 
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1880s and the whole 1950s. The most significant propagating signal appears in the third 

phase of the 1970s–1990s. After 2000, i.e., in the fourth phase, the SST anomalies weaken 

rapidly. Considering the interdecadal variation of each pattern, we suppose that the 

strengthening of the SST signal after the mid-1970s is contributed by both the ACW-2 and 

ACW-3, and the interdecadal variation of ENSO causes the shift of the ACW-2 pattern. 

Additionally, the periods with the pronounced SST signal before the 1970s correspond to 

the vigorous activities of the SSTEOF 1, which reflects the leading role of this pattern. 

4.3. SVD Results 

As an ocean–atmosphere coupling system, the ACW was found to be associated with the 

different ocean–atmosphere variable signals as early as when it was proposed in WP96 [1]. 

Previous studies are mostly based on the independent ocean–atmosphere variable signals or 

discussed multiple signals separately, and the relationships among the different ocean–atmos-

phere variable signals are rarely discussed. In this study, we discuss the interdecadal varia-

tions of the SLP and SST signals, respectively, and also try to discover the correlation between 

them. For example, the correlation coefficient between the SLPPC 1 and SSTPC 1 reaches 0.75 

(p < 0.01), and the maximum time lag correlation appears when the SLPPC 1 is three months 

ahead of the SSTPC 1 (correlation coefficient of 0.82, p < 0.01). Therefore, we introduced the 

SVD method to find the main covariance modes of the two ocean–atmosphere variables (SLP 

and SST) and their corresponding relationship (Figure 6).  
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Figure 6. The nonhomogeneous (a–d) correlation patterns and (e–h) time series of the first two SVD 

patterns (contours at 0.1 intervals). The dashed horizontal lines in the time series denote the thresh-

olds of one standard deviation. 

The first pair of nonhomogeneous correlation patterns explains 42.4% of the total co-

variance, which passed the significance test at a 90% confidence level. The spatial distri-

bution of the first SLP nonhomogeneous correlation pattern (Figure 6a) is consistent with 

the SLPEOF1. That is, two positive centers appear at high latitudes, where the stronger 

one is located in the South Pacific, and the other is located between the Indian Ocean and 

the Atlantic Ocean. In such a situation, an ACW-2 pattern is formed around the pole in 

the middle and at high latitudes. Additionally, the corresponding time series (Figure 6e) 

have large amplitudes in the 1880s, 1915–1930 and 1950–1990s. Similar to the SLPEOF 1, 

this first SLP nonhomogeneous correlation pattern characterizes the SAM, explaining 

19.1% of the SLP variance. Moreover, the corresponding first SST nonhomogeneous cor-

relation pattern (Figure 6c) is quite similar to the SSTEOF 1 pattern, which also shows the 
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characteristics of the ACW-2, i.e., the two positive centers are located in the South Pacific 

and the Indian Ocean. This pattern explains 14.5% of the SST variance. The correlation 

coefficient of the time series of this nonhomogeneous correlation field is 0.85, peaking at 

0.87 with a lag of −2. This means, that when the SLP time series is two months ahead of 

the SST time series, their correlation is maximum, which is consistent with the results from 

the CB01 [8].  

The second nonhomogeneous correlation pattern of SLP (Figure 6b), which contrib-

utes 22.7% of the variance, presents an apparent PSA pattern. It is similar to the SLPEOF 

2 but has a slight eastward movement. Its time series shows that three periods with large 

amplitude values are also consistent with the active periods of the SLPEOF 2. The corre-

sponding second SST nonhomogeneous correlation pattern (Figure 6d) explains 9.7% of 

the SST variance. A strong and a weak center occurs in the South Pacific and the Indian 

Ocean, respectively, and their positions move slightly eastward compared with the first 

SST nonhomogeneous correlation pattern. The significant difference with the SSTEOF 2 is 

that the second SST nonhomogeneous correlation pattern captures the weak center in the 

southern Indian Ocean sector and fully reveals the wavenumber-2 structure around the 

pole. The time-series correlation coefficient of the second pair nonhomogeneous correla-

tion pattern is 0.81 (the maximum at a time lag of −1), explaining 30.1% of the total covar-

iance (significant at 90% confidence level). 

The SVD analysis results demonstrate that the dominant patterns of the two ocean–

atmosphere variables (SST and SLP) are the circumpolar 2-wave patterns, which are 

highly reconciled. The SLP signal is 1–2 months ahead of the SST signal. We finally note 

that the third and fourth pairs of nonhomogeneous correlation patterns have a 3-wave 

structure and explain a small proportion of the total covariance, which fail to pass the 

Monte Carlo test. 

5. Conclusions and Discussion 

As a large-scale ocean–atmosphere coupling system in the SH, the ACW significantly 

affects the global climate. Investigating the interdecadal variation of the ACW and finding 

its causes is beneficial to improving our understanding of its dynamics and climate pre-

diction capability. In this study, we investigated the atmospheric (SLP) and oceanic (SST) 

aspects of the ACW from 1836 to 2015 based on the latest high-quality 20CRV3 dataset. 

We extracted the relevant components of the ACW-2 and ACW-3, reconstructed the ACW 

signal during the past 180 years, and revealed its interdecadal variation. The possible fac-

tors of interdecadal variation were also discussed based on the large-scale climate indices 

corresponding to each pattern. The main findings are as follows. 

1. The ACW signal can be linearly decomposed into the ACW-2 and ACW-3 compo-

nents, with the ACW-2 pattern dominating. 

2. The ACW-2 pattern for the SLP is associated with the SAM and PSA, while the SST 

is mainly affected by ENSO. The ACW-2 signal in the SLP is ahead of that in the SST 

by approximately 1–2 months.  

3. The ACW is most significant in the South Pacific, while it is most fuzzy in the south-

ern Indian Ocean.  

4. The ACW is not persistent in SLP and SST fields from 1836 to 2015 and has remarka-

ble interdecadal variation. The fluctuation amplitude of the ACW is weak, which 

cannot distinguish the ACW signal from the background disturbance before the 

1870s. During the 1880s–1940s, part of the east-propagating SLP signal can be found 

intermittently in the South Pacific and Atlantic. A similar situation can be found in 

the 1880s–1960s for the SST. The most significant signal appears during the 1950s–

1990s for the SLP and during the 1970s–1990s for the SST. Both of them weaken in 

the 21st century. 

5. The SLP has an interdecadal phase shift in the 1950s, and the amplitude strengthens 

thereafter. The change may be related to the interdecadal variation of the SAM and 
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PSA associated with the ACW-2 pattern. The interdecadal phase shift of SST appears 

in the 1970s, which may be due to the change of ENSO. 

These two variables (SLP and SST) have a lot in common. For example, both of them 

can be decomposed into ACW-2 and ACW-3 components, and the ACW-2 signal is dom-

inant. However, several differences are also found between them. For instance, the total 

contribution of the ACW-2 and ACW-3 signals in the SLP exceeds that in SST, and the 

influencing factors are different. This study proposed that the SAM and ENSO are the 

main large-scale climate indices affecting ACW, while some pointed out that their influ-

ence is not isolated [8,9]. This is of great interest to us, and we hope to be able to compen-

sate and reveal the mechanisms in our following work.  

The changes in the SLP and SST in the 1870s are not explained by the large-scale 

climate indices in this research. Caution is still needed when interpreting this result be-

cause the performance of the dataset in the 19th century is still being evaluated [41]. 

Hence, further work using different datasets, such as CESM-LME, is welcomed for com-

paration. The EOF method was flawed in catching propagation signals. Other methods, 

such as complex EOF, could make up for shortcomings. Moreover, the view that the weak-

ening of the ACW in the 21st century represents a new interdecadal turn is yet to be fur-

ther confirmed because of the short period afterward. 
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