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Precipitation teleconnections with large-scale ocean–atmosphere oscillation systems provide useful information for water management. Here, we present a 7-year lag response in South Australia (SA) precipitation to the Southern Annular Mode (SAM) in a positive Interdecadal Pacific Oscillation (IPO) phase. This teleconnection between a positive SAM phase and increased SA precipitation, and vice versa, statistically consists of three sequential steps: a 27-season lag positive correlation between sea subsurface potential temperature (SSPT) to the south of SA and SAM, a zero-season lag positive correlation between sea surface temperature (SST) and SSPT, and a 2-season positive lag correlation between SA precipitation and sea surface temperature. Physically, this teleconnection seems to be associated with a supergyre circulation of the southern hemisphere oceans, which transfers SAM signal via subsurface potential sea temperature in the central south Pacific to the south of SA in 27 seasons during the positive IPO phase. Practically, this teleconnection provides a 7-year-lead drought precursor for rain-fed agriculture planning in SA. However, the teleconnection disappears in negative IPO phases. The oceanic pathway via the supergyre suggested in this study provides a basis to predict when this 7-year teleconnection may resume in the future based on observation and/or modeling.
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INTRODUCTION
Precipitation provides water on land to support ecosystem functions and societal development. Drought events, largely associated with precipitation interannual variability, can lead to ecosystem and societal disasters (McDowell et al., 2008; van DijK et al., 2013). Drought impacts on society primarily lie in the water supply and agriculture sectors (Stahl et al., 2016). A reliable prediction of regional rainfall beyond monthly time scale is thus beneficial for water resource management and agricultural planning. In some areas, such as Australia (www.forecasts4profit.com.au), seasonal rainfall prediction has been routinely communicated to farmers and agricultural business operators. Statistical relationships between precipitation of a region and large-scale climate oscillation systems, in addition to atmospheric modeling, provide useful information for drought and its impact predictions, particularly in agriculture (Bonner et al., 2014; Lu et al., 2017).
The relationships between large-scale climate drivers and precipitation in different parts of the world have been investigated in numerous studies. While coupled ocean–atmosphere oscillation systems have been shown useful for precipitation prediction, the reported lag structure varies for different climate indices and between regions (Figure 1). Most of the reported lags are within a couple of months (Thompson and Wallace, 2000; Saji and Yamagata, 2003; Polonsky et al., 2004; Trigo et al., 2004; Li and Wang, 2005; Hu and Feng, 2010; Kenyon and Hegerl, 2010; Chen and Chung, 2015; He et al., 2017; Tabari and Willems, 2018). Some teleconnections have a lag extending to over 6 months (Kakade and Dugam, 2000; Mistry and Conway, 2003; Saji and Yamagata, 2003; Li and Wang, 2005; Fang et al., 2014; Chen and Chung, 2015; He et al., 2017). In one case, precipitation response lags a climate oscillation system by about 15 years (Sun et al., 2015).
[image: Figure 1]FIGURE 1 | Reported maximum lag (months) response of precipitation to large-scale climate oscillation systems for selected regions based on published studies referenced in the text.
As the driest inhabited continent, Australia has a high hydroclimatic variability (Peel et al., 2001). Rainfall variability poses a big challenge to water resource management and agricultural production (van DijK et al., 2013; Jarvis et al., 2018; Parton et al., 2019), and flood risk management (Liu et al., 2018). Many studies have been carried out to understand rainfall variability in Australia (Nicholls, 1989; Chiew et al., 1998; Saji and Yamagata, 2003; Meehl et al., 2010). El Niño–Southern Oscillation (ENSO) (McBride and Nicholls, 1983; Power et al., 1999; Wang and Hendon, 2007), Indian Ocean Dipole (IOD) (Ashok et al., 2003; Acworth et al., 2016), Interdecadal Pacific Oscillation (IPO) (Verdon and Franks, 2006), Southern Annular Mode (SAM) (Thompson et al., 2000; Hendon et al., 2007; Meneghini et al., 2007; Lim et al., 2016), subtropical ridge (STR) (Drosdowsky, 2005; Timbal and Drosdowsky, 2012), and a combination of them (Ihara et al., 2007; Meyers et al., 2007; Murphy and Timbal, 2008; Pezza et al., 2008; Kirono et al., 2010; Pohl et al., 2010; Cai et al., 2012; Schepen et al., 2012) are documented as having an influence on precipitation in Australia. Generally speaking, ENSO influences precipitation with La Niña (El Niño) associated with a wetter (drier) than normal condition in eastern and northeast Australia (Dey et al., 2019). IOD influences western and southern Australia with negative IOD connected to a wetter than normal condition (Risbey et al., 2009). The influence of SAM varies among season, with positive SAM connected to wetter spring and autumn in Australia, but dryer winter in the western and southeastern coasts (Ho et al., 2012). On interdecadal scales, positive (negative) IPO leads to dryer (wetter) monsoon in northern Australia (Dey et al., 2019).
In South Australia (SA), current skill to predict seasonal and longer time interval rainfall is low, which, however, are critical for the agriculture and water resources management (Drosdowsky, 1993; Risbey et al., 2009; Tozer et al., 2017). Part of this low prediction skill is likely associated with the fact that not all relevant climate indices are considered with an appropriate lag structure (He and Guan, 2013). Most of the teleconnection studies only consider SA rainfall lag responses over a few months—SAM (2–6 months), IOD (3–6 months), and ENSO (3–12 months) (Simmonds and Hope, 1997; Kiem and Franks, 2004; Pezza et al., 2008; Evans et al., 2009; Ummenhofer et al., 2009; Williams and Stone, 2009; He and Guan, 2013; Montazerolghaem et al., 2016; Tozer et al., 2017). These short-lag teleconnections are associated with dynamic ocean–atmosphere interactions and thus more variable and less predictable.
Thus, it is useful to explore teleconnections with lags beyond a year, which can be connected to the so-called “ocean tunnel” (Liu and Alexander, 2007). Should such a teleconnection path exist, it can be less dynamic and more reliable for prediction. Indeed, a recent study reports that subtropical eastern Australian rainfall is likely connected to the North Atlantic Oscillation, with a lag of 15 years (Sun et al., 2015). In the southern hemisphere oceans exists a supergyre that connects subsurface southern Pacific Ocean and southern Indian Ocean (Ridgway and Dunn, 2007). South Australia sits to the north along the path of this supergyre. If the thermal dynamic conditions carried by this supergyre become explicit on sea surface, they may influence precipitation in South Australia. Thus, there is a possibility to find a long-lag teleconnection for precipitation in South Australia.
In South Australia, rain-fed agriculture is confined to a narrow band in the coast bounded on the north by the so-called Goyder’s line (Nidumolu et al., 2012). Goyder’s line is a historic rainfall marker in South Australia indicating the margin between reliable cropping environments and those only suited to grazing. It was first drawn by the then Surveyor-General of the colony in 1865, linked with a major drought that occurred in this region during 1864–1865. This line is drawn from Ceduna in the west, across to Spencer Gulf, north to Orroroo, then south and east across the Victorian border at Pinnaroo. It was recently suggested that this line would be better drawn along the growing-season rainfall-to-potential evaporation ratio of 0.26. With projected climate change, this line will very likely move southward, reducing the rain-fed cropping area in South Australia (Nidumolu et al., 2012).
The SAM, a leading mode of variability in the southern hemisphere extratropical circulation, has not been reported with a short-lead predicting skill for precipitation in this region (Risbey et al., 2009; He et al., 2014). Given that the SAM reflects oscillation of a coupled ocean–atmosphere system to the south of 20°S, it is possible to be associated with the above-mentioned supergyre and thus has potential to be a long-lead predictor for precipitation in South Australia, particularly for the agriculture area to the south of Goyder’s line. In this study, we examine the possibility of a long-lag SA precipitation teleconnection with SAM. The objectives are to answer the following questions: 1) Does SA precipitation teleconnect with SAM with a long lag? 2) If so, what is the possible underlying mechanism? 3) Is this long-lag teleconnection useful in precipitation and drought prediction for agricultural planning?
METHODOLOGY
Data
The datasets employed in this study include climate indices [SAM, ENSO, IPO, and related Pacific Decadal Oscillation (PDO)], sea surface temperature (SST), subsurface sea potential temperature (SSPT), atmospheric variables, and station-based precipitation data in Australia. The details are given in the following.
Three SAM indices were selected for this present study. They are reanalysis data–based NOAA monthly AAO index (1979–2017) and monthly SAM index (1851–2011), and station data–based Marshall index (1957–2017). The NOAA AAO index, calculated based on 700 hPa geopotential height anomaly poleward of 20°S (Ho et al., 2012), is available at https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_index/aao/monthly.aao.index.b79.current.ascii.table. The NOAA SAM index, calculated based on the difference of normalized zonal mean sea level pressure at 40°S and 65°S (Gong and Wang, 1999), was obtained from https://www.esrl.noaa.gov/psd/data/correlation/sam.20crv2c.short.data. The Marshall SAM index, also constructed based on the definition in Gong and Wang (1999) but using station data, is available at https://legacy.bas.ac.uk/met/gjma/sam.html. A minor positive trend observed in the Marshall SAM index has been removed for this study. The NOAA AAO index was applied for analyses on data after 1979, and the two SAM indices were adopted for those with data prior to 1979. The monthly Interdecadal Pacific Oscillation (IPO) tripole index from 1854 to present was obtained from NOAA (https://www.esrl.noaa.gov/psd/) (Henley et al., 2015). The monthly Pacific Decadal Oscillation (PDO) index from 1900 to present was obtained from NOAA (https://psl.noaa.gov/gcos_wgsp/Timeseries/Data/pdo.long.data) (Henley et al., 2015). The monthly Niño-3.4 index from 1950 to present was obtained from NOAA (https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php) (Trenberth, 1997). Monthly precipitation records of 325 meteorological stations were obtained from Australian Bureau of Meteorology, http://www.bom.gov.au/climate/data/), including 33 sites in SA.
The monthly COBE SST (Centennial in situ Observation–Based Estimates of the variability of SST) data were obtained from NOAA (https://www.esrl.noaa.gov/psd/). The COBE data are available from 1891 to present, gridded on a 1.0 × 1.0 mesh (Ishii et al., 2005). Monthly data of reanalysis potential temperature in subsurface were obtained from the ECMWF (European Centre for Medium-Range Weather Forecasts, http://www.ecmwf.int/products/) Ocean Reanalysis System 4 (ORAS4), from January 1959 to present. The data are gridded on a 1.0 × 1.0 mesh (Balmaseda et al., 2013).
Data Analyses
The relationships between pairs of variables are examined by correlation analysis. The statistical significance of these analyses is assessed using the two-tailed Student’s t test. For relationships critical to this study, that is, the one between South Australia precipitation and SAM, the statistical significance is evaluated with the t test statistic considering the effect of autocorrelation in time series (Hamed and Rao, 1998; He and Guan, 2013). It is determined by
[image: image]
where Neff is the effective sample size taking into account the effect of autocorrelation in the time series. The effective sample size Neff is estimated by
[image: image]
where N is the sample size and r1 and r2 are the lag-one autocorrelations of the two time series.
Correlation analysis of anomaly time series is performed between precipitation and SAM indices, between SSPT and AAO index, between SST and SSPT, and between precipitation and SST, with various time lags. These analyses are based on monthly and seasonal anomaly time series. Monthly data obtained from different sources are summed (for precipitation) or averaged (for SST, SSPT, SAM, and AAO) into seasonal time series. The seasons in the study area are defined as spring (September–November), summer (December–February), autumn (March–May), and winter (June–August). Moving average is applied to investigate patterns in variables and relationships between variables at longer time intervals.
It is reported that SAM and ENSO are strongly correlated (Fogt and Bromwich, 2006; Pohl et al., 2010; Lim et al., 2013; Datwyler et al., 2020). Thus, possible ENSO effects on precipitation should be removed when the association between SAM and precipitation is examined. Partial correlation between precipitation and SAM against ENSO is applied to address this issue (Guan et al., 2010). Precipitation teleconnection with a climatic index is often nonsymmetric between the two extreme phases (Power et al., 2006; Ummenhofer et al., 2009; Cai et al., 2011; King et al., 2013). In this study, composite analysis is applied to detect the difference in atmospheric conditions (i.e., water vapor flux and divergence, and atmospheric convective instability) at a certain lag corresponding to positive and negative SAM phases.
RESULTS AND DISCUSSION
Correlation Analysis of South Australia Precipitation Anomaly and Southern Annular Mode
A statistically significant 29-season lag correlation between SA precipitation and AAO is found. Figure 2A shows the 29-season lag correlation coefficients of seasonal precipitation anomalies with the AAO index, for 325 Australia sites, including 33 SA sites (Supplementary Table S1). For SA sites, common maximum correlations occur at a lag of 29 seasons. The correlation coefficients are statistically significant at a confidence level of 95% or above for 17 sites (solid dots in Figure 2A, listed in Supplementary Table S1). Distribution of these 17 sites is spatially coherent. They are mostly located in the south close to the coast of South Australia. The other 16 sites, without such a lag correlation, distribute inland in the north. Such a spatial coherence pattern is common in correlation between spatial distributed precipitation and a large-scale climate driver.
[image: Figure 2]FIGURE 2 | Lag correlation coefficients between seasonal (MAM, JJA, SON, and DJF) precipitation anomalies and the AAO index over the period of 12/1978–11/2017: (A) for 325 stations in Australia at a 29-season lag and (B) for 33 SA stations with various lags. And partial correlation coefficients between seasonal precipitation at a 29-season lag with the AAO index: (C) independent of Niño-3.4 in pace with AAO and (D) independent of Nino 3.4 in pace with precipitation. The shaded areas in (A), (C), and (D) and dash lines in (B) indicate statistically significance exceeding the 95% level. Yellow dots in (A), (C), and (D) represent the sites for which correlation coefficients are statistically significant above the 95% confidence level. The red squares in (B) are the 33-site average correlation coefficients at various lags, and blue solid symbols show the number of stations with significant lag correlations.
The lag correlation between seasonal precipitation and seasonal AAO index is examined over a wide range of time lags, varying from zero season to 36 seasons (Figure 2B). The 29-season lag correlation clearly stands out, with 17 stations with significant lag correlation. At some other time lags (e.g., 8, 11, 24, 26, and 34 seasons), significant correlation exists for six to eight stations. It can be explained by internal cycles in the AAO index (Supplementary Figure S1). The result that a much smaller number of stations with significant correlation with the AAO index at these lags than the 29-season lag suggests that the 29-season lag correlation is the primary one and more likely to have a physical basis.
To make sure that this apparent lag correlation between precipitation and SAM is not an artifact from a possible correlation of precipitation and ENSO, partial correlation has been done for precipitation and SAM at a 29-season lag independent of ENSO (represented by Nino-3.4), for two time offsets for ENSO, 0 season with SAM (Figure 2C), and 0 season with precipitation (Figure 2D). Similar spatial patterns of 29-season lag correlation with SAM, to the original analysis shown in Figure 2A, are revealed.
Most of the 17 sites with significant 29-season lag correlation with AAO index are located to the south of Goyder’s line, making them an important precipitation prediction target for agriculture planning. The average rainfall anomaly of these 17 sites is thus used as the South Australia SAM sensitive seasonal precipitation anomaly (hereafter referred to as SAP) for further analysis. The correlation coefficient of the concurrent NOAA SAM index with the SAP time series during 1957–2017 is insignificant, which is consistent with previous studies (Risbey et al., 2009; Ho et al., 2012). However, at a 29-season lag, the two time-series are correlated with a correlation coefficient of 0.147, which is significant above the 98% confidence level.
To examine how robust this lag correlation varies over time, the 29-season lag SAP-SAM correlation is calculated with a 45-season moving window, based on two selected SAM indices. The size of the moving window is chosen to see if this lag correlation persists across decades. The result indicates that the significant lag correlation started around 1984, lasting for about 15 years (Figure 3, referenced to the SAM time). This time window is coincident with a positive IPO (or PDO) (1979–1998) (Salinger et al., 2001; Dong and Dai, 2015; Henley et al., 2015), offset by a half-length of the moving window (∼5 years) (Figure 3). Beyond this time period, no significant 29-season lag correlation exists between SAP and SAM. Within the positive IPO phase, the lag correlation coefficients fluctuate below the significant threshold in some occasions, which is likely associated with the small moving window size and disturbance from other factors (e.g., ENSO and IOD). This result suggests that the 29-season lag SAP–SAM relationship has a decadal variability, in rhythm with IPO, with the significant correlation occurring only in positive IPO.
[image: Figure 3]FIGURE 3 | Moving 45-season window 29-season lag correlation between SAP and SAM, and lag partial correlation between them in dependent of Niño-3.4 in pace with SAM (A) and in pace with SAP (B) (black and red lines, the correlation is shown at the centered season of the 45-season window, referenced to SAM time), compared with the 11-year moving average of IPO and PDO index (blue lines). The dash lines mark the threshold of significant SAP and SAM lag partial correlation at 95% and 90% confidence levels. The light blue–shaded area marks the duration of the positive IPO (PDO) phase.
Correlation Analyses between Southern Annular Mode, Sea Temperatures, and South Australia Precipitation
If the 29-season lag correlation between SAP and AAO indices has a physical basis, it must be related to ocean processes. Analysis of the relationship between Southern Ocean temperature variations and the AAO index may provide evidence. Given that the lag correlation occurs roughly coincident with a positive IPO phase, this analysis is confined to 1979–1998. A 27-season lag correlation between subsurface sea potential temperature (averaged over the top 1,000 m) near South Australia and the AAO index is found (Figure 4A).
[image: Figure 4]FIGURE 4 | Correlation coefficients during a positive IPO phase (1979–1998) of (A) seasonal SSPT anomalies with AAO index at a 27-season lag, (B) same-grid seasonal SST with SSPT anomalies at a zero-season lag, (C) season precipitation anomaly with SST anomaly index in the Southern Ocean offshore South Australia (120–140°E, 40–35°S) at a 2-season lag. The shaded areas indicate statistically significance exceeding the 95% confidence level.
In addition, there is an outstanding zero-season lag correlation between SST and SSPT anomalies over the same area where the 27-season SSPT lag correlation with the AAO index appears (Figure 4B). The SST anomaly of this area (120–140°E, 40–35°S) is found to have a two-season lead correlation with precipitation in the coastal area of South Australia (Figure 4C). The spatial pattern of this lag correlation is in general consistent with that for the 29-season lag correlation between precipitation and the AAO index (Figure 2A).
It seems that the 29-season lag SAP correlation with the NOAA AAO index is associated with 1) a 27-season lag correlation of SSPT off coast of South Australia and AAO, 2) a zero-season lag correlation of SST and SSPT, and 3) a two-season lag correlation between SAP and SST to the south of South Australia. These coherent statistical correlations support a physical causal relationship between SAM and SAP. In other words, a 29-season lag SAP teleconnection with SAM very likely occurred during the positive IPO phase (1979–1998).
It would be ideal to test this possible teleconnection using coupled climate models. However, it is difficult to do so because current coupled climate models often do not reproduce observed teleconnection patterns, even for a short time range teleconnection with ENSO (Dieppois et al., 2015). Here, we choose to investigate a possible oceanic pathway via sea water temperature propagation using a statistical analysis, detailed in the next section.
Possible Oceanic Pathway for the 7-Year Lag Teleconnection
If what we deduced from Figure 4 in the previous section is correct, it suggests that SAM takes 27 seasons to influence SST to the south of South Australia. How does the SAM signal propagate in 27 seasons to arrive offshore South Australia? To answer this question, we calculate correlation coefficients between the SSPT (averaged over top 1,000 m) anomaly and the AAO index for the Southern Hemisphere Oceans for the period 1978–1998, with lags ranging from zero season to 29 seasons (Figure 5). At a 10-season (or 2.5 years) lag, significant SSPT correlation with the AAO index emerges around 25°S and 140°W. The significant correlation area propagates westward, with the front arriving at the northeastern coast of Australia (at 20-season lag) in about 2.5 years. After that, the signal turns southward along the eastern coast. In about one year, the signal passes south of Tasmania (at 24-season lag) and turns west toward the South Australian coast. It finally arrives at the sea to the south of South Australia (at 27-season lag) in about three seasons. The whole path takes about 27 seasons since an SAM episode.
[image: Figure 5]FIGURE 5 | Spatially coherent locations (marked by black rectangles) of significant correlation between subsurface sea potential temperature (SSPT, average of 0–1,000 m depths) with SAM at different lag seasons (numbers in the figure) in a positive IPO phase (1979–1998), showing the track of SAM signal propagation through SSPT starting at 25°S 140°W with a 10-season lag referenced to SAM, arriving at the eastern coast of Australia at a 18-season lag, moving southerly along the coast, emerging in coastal waters to the south of Australia at a 24-season lag, and reaching offshore South Australia at a 27-season lag (Figure 4A). The colors indicate statistically significant correlation (red for positive and blue for negative) at the 95% confidence level.
This AAO signal propagation trajectory via SSPT is in a good match with a strong southern hemisphere oceanic supergyre that links the subtropical gyres of the Pacific and Indian oceans (Wang et al., 2014)—a strong East Australia Current passing through the Tasman Sea with a Tasman leakage from the southern Pacific Ocean to the southern Indian Ocean (Ridgway and Dunn, 2007). At the surface level, the Pacific and Indian oceans are connected via the Indonesian Throughflow. In subsurface, the two oceans are connected via the supergyre (Ridgway and Dunn, 2007). Previous studies have shown that AAO is connected to the supergyre. In positive AAO episodes, a poleward intensification of the supergyre occurs as a result of the poleward shift of the westerlies (Wang and Cai, 2013). Thus, it is very likely that the AAO-associated southern hemisphere oceanic supergyre provides an “ocean tunnel,” substantiating the 7-year (approximation of 29 seasons) lag teleconnection for precipitation in South Australia.
However, in a negative IPO phase, such an AAO signal propagation via SSPT from the southern Pacific Ocean to Indian Ocean is not found (Supplementary Figure S2). It is likely that under negative IPO condition, AAO and the Southern Ocean’s supergyre becomes decoupled, or that the depth-varying pattern of the supergyre differs from that in a positive IPO phase. As a result, the 7-year lag correlation between SAP and SAM disappears (Figure 3). In other words, the 7-year lag teleconnection holds for a positive IPO phase but breaks down for a negative IOP. Periodic breakdown or weakening of teleconnections is common for other oscillations (e.g., Ashcroft et al., 2016; Zhu, 2018).
Wet-Season Rendering of the Teleconnection
Given the importance of wet season precipitation to natural ecosystems (Xu et al., 2019) and agriculture in South Australia, it is crucial to know how this teleconnection may impact wet season (winter in South Australia) precipitation processes. Composite analysis is conducted to examine the anomaly of atmospheric circulation over SA winters. First, four positive and five negative AAO autumns are identified during the positive IOP phase (1979–1998), based on 3-month moving average AAO time series (Supplementary Figure S3). At a 29-season lag referenced to these AAO autumns, the corresponding winters in South Australia are identified. They are 1986, 1989, 1996, and 2005 and 1987, 1988, 1993, 1997, and 1999, respectively.
Composite differences of winter circulation and water vapor over Australia are shown in Figure 6A. At 850 hPa, there is a cyclonic anomaly over SA, combined with a water vapor sink anomaly. The difference of water vapor flux divergence is -2 · 10–7 g cm−2 hPa−1 s−1, statistically significant above the 95% confidence level (Figure 6A). Similar composite analysis is conducted for convective instability (Figure 6B). It is shown that, although not statistically significant, the convective instability in the coastal SA increases (by 0.6 · 10–3 K hPa−1) in winters with a 29-season lag from negative SAM to those corresponding to positive SAM.
[image: Figure 6]FIGURE 6 | Composite differences of average austral winter (JJA) at a 29-season lag from positive and negative SAM autumns during a positive IPO phase: (A) 850 hPa atmospheric water vapor flux (vectors, in g cm−1 hPa−1 s−1) and its divergence (contours in 10−7 g cm−2 hPa−1 s−1), and (B) 700-hPa convective instability (−∂θe/∂p) (contours in 0.3 × 10–3 K hPa−1). The shaded areas represent statistically significant above the 95% confidence level. And average winter precipitation anomaly (mm, referenced to the period of 1979–2017) at a 29-season lag from four positive SAM autumns (C), and five negative SAM autumns (D). The abnormal positive AAO autumns occurred in 1979, 1982, 1989, and 1998, and negative AAO autumns in 1980, 1981, 1986, 1990, and 1992 (Figure 3A). The anomaly is statistically significant above the 95% confidence level for the dotted areas. The yellow line in (C) and (D) is Goyder’s line, approximating the northern boundary of rain-fed agriculture in South Australia.
These composite analysis results support that the 7-year teleconnection causes an observable difference in mean winter atmospheric conditions in the coastal area of South Australia. And this difference does translate to winter precipitation (Figures 6C,D). For SAM-teleconnected wet winters, the seasonal precipitation south of Goyder’s line has a positive anomaly ranging from 50 to 90 mm (about 30% of winter precipitation) and is mostly statistically significant. For SAM-teleconnected dry winters, the seasonal precipitation south of Goyder’s line has a negative anomaly ranging from 20 to 50 mm (about 15% of winter precipitation). Such a 7-year lead prediction would provide useful information for farmers and other agricultural operators. This is particularly important for low-rainfall farming communities on the edge of Goyder’s line which will very likely move southward in the near future.
A 7-Year-Lead Drought Precursor for South Australia
The oceanic pathway (Possible Oceanic Pathway for the 7-Year Lag Teleconnection) very likely smooths the SAM signal beyond the seasonal time interval. Additional analysis has been done to examine the connection between SAM and annual precipitation at longer time intervals. It is found that during a positive IPO phase, two lows of 19-month moving average of the SAM and AAO indices precede by 29-season two occurrences of reduced annual precipitation (represented by 13-month moving average) at a selected site (Coulta in Eyre Peninsula, Supplementary Table S1) (Figure 7B).
[image: Figure 7]FIGURE 7 | Nineteen-month moving average of SAM (detrended) and AAO monthly indexes and 7.25-year lag 13-month moving average precipitation (unit: 10 mm) at Coulta, South Australia (black circle on the maps) for (A) 1957–2018 and (B) 1978–1998 (positive IPO). And the distribution of precipitation anomaly (unit: percentage of the mean of 1948–2017) for two selected drought years in the coastal area of South Australia (C) June 1987–May 1988 and (D) June 1998–May 1999, preceded around 7 years by SAM and AAO low 19-month moving averages. The year numbers in (a) and (b) mark the start of the years for SAM and AAO, with precipitation time shifted by 7.25 years. The yellow line in (C) and (D) is Goyder’s line, approximating the northern boundary of rain-fed agriculture in South Australia.
During the positive IPO phase, there are two such significant negative 1.5-year SAM episodes (Figure 7A), and both successfully predict droughts in the coastal area of South Australia with a 7.25-year lead (Figures 7C,D). For the drought predicted for June 1987–May 1988, at least 50% precipitation reduction occurs south of Goyder’s line, and for that in June 1998–May 1999, precipitation south of Goyder’s line reduces by at least 40%.
However, of five negative 1.5-year SAM episodes identified in negative IPO phases (Figure 7A), only one (1976) is coincident with a drought in Coulta at a 7.25-year lag. This contrast between positive and negative IPO, in the reliability of using 1.5-year moving average AAO as a 7-year lead drought precursor for rain-fed agriculture in South Australia, is consistent with decadal variation of the oceanic pathway (Possible Oceanic Pathway for the 7-Year Lag Teleconnection).
CONCLUSIONS
This study documents a possible 7-year lag teleconnection for precipitation in South Australia, particularly in its rain-fed agriculture region, during a positive IOP phase. This teleconnection is composed of three sequential steps: a 27-season lag positive connection between sea subsurface potential temperature (SSPT) off coast of SA and SAM, a zero-season lag positive connection between SST and SSPT, and a 2-season lag positive connection between precipitation in SA and SST.
The 29-season lag response between South Australia precipitation and SAM is likely related to an oceanic supergyre in the southern hemisphere oceans. It takes 27 seasons for the impact of SAM episodes to emerge in sea temperatures to the south of South Australia. The subsequent influences on the atmospheric conditions likely take about two seasons.
This teleconnection may provide valuable lead information for water resource management and agriculture planning for South Australia. It is found that during a positive IPO phase, a positive SAM autumn tends to be associated with a wet winter 7 year later, and vice versa, south of Goyder’s Line in South Australia. A negative 1.5-year moving average SAM can be used as a drought precursor for rain-fed agriculture in South Australia with a 7-year lead time. This relationship successfully hindcasts two drought events with about 50% annual precipitation reduction to the south of Goyder’s Line.
However, these conclusions are drawn primarily based on data of 1979–2017, which includes only one positive IPO phase. Nevertheless, the oceanic pathway via the supergyre suggested in this study provides a basis to predict when this 7-year teleconnection may resume in the future based on observation and/or modeling.
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