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Abstract

:

In recent decades, southeast Australia has experienced both extreme drought and record-breaking rainfall, with devastating societal impacts. Variations in the Australian polar-front jet (PFJ) and the subtropical jet (STJ) determine, for example, the location and frequency of the cool season (April–September) weather systems influencing rainfall events and, consequently, water availability for the southern half of Australia. Changes in jet stream wind speeds also are important for aviation fuel and safety requirements. A split jet occurs when the single jet separates into the STJ and PFJ in the early cool season (April–May). This study focusses on split jet characteristics over Australian/New Zealand longitudes in recent decades. During the accelerated global warming from the mid-1990s, higher mean wind speeds were found in the PJF across the Australian region during June–September, compared to the STJ. In contrast, significant wind speed increases occur in the early cool season (April–May) at STJ latitudes, which straddle the East Coast of Australia and the adjacent Tasman Sea. These changes are linked to major changes in the mean atmospheric circulation, and they include relative vorticity and humidity, both being vital for the development of rain-bearing weather systems that affect the region.
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1. Introduction


Globally, jet stream variations during accelerated global warming (GW) have had major impacts on weather extremes. It is well-known that the west-to-east jet streams located in the upper troposphere affect the development, tracks, and intensity of rain bearing systems [1]. In the Southern Hemisphere (SH), climate models consistently predict an almost year-round poleward shift in mid-latitude westerly winds as a consequence of global warming [2,3,4]. This poleward shift is most notable in the cool season, April–September (hereafter, Apr–Sep), when the westerly winds are at their most equatorward mean latitude. Within the westerly wind circulation, the subtropical jet (STJ) is a narrow band of strong wind with maximum speed at an average height of around 200 hPa in the upper troposphere. It is characterized by a large vertical and horizontal wind shift and one or more speed maxima, reaching values of 70–100 m s−1. It occurs at the latitudes of the descending branch of the Hadley Cell after warm, rising tropical air has gained westerly angular momentum as it cools and descends. Its mean location in the SH over Australia is at approximately 30° S. An important feature in the Australian region is that in Apr–Sep and annually, there are two jets in the mean flow, the STJ at 25–30° S and the Polar Front Jet (PFJ) at 40–50° S. Both are narrow bands of strong westerly winds in the troposphere characterized as a distinct split jet over the Australia/New Zealand region (e.g., [5,6,7,8,9,10,11,12,13]). Using 250 hPa as the average height of the two jets, the climatology of the split jet is shown using ERA5 data [14] from 1965–2020 (Figure 1a–d). The dominant split jet is present annually (Figure 1a) and for the cooler months from Apr–Sep. (Figure 1b,c). In the warmer months from October–March (Figure 1d) the split jet gradually becomes a single jet by November at approximately 45–50° S in the time-mean flow.



Recently, Zolotov et al. [15] applied a correlation analysis to the NCEP-NCAR reanalysis data [16] and found, for the period 1948–2013, a poleward shift of the latitudinal jet position and a decrease in the wind speed on the jet axis that are statistically significant indicators for the SH STJ variability. They noted that the variability of the latitudinal position is more expressed in summer, whereas the variability of wind speed is more prominent in winter. Furthermore, there can be a single, merged jet with large variation in latitude over eastern Australian/New Zealand longitudes [13]. The structure of the jet, split or merged, is important in determining the dynamics of cool season weather systems that affect southern Australia.



The tropospheric jet streams link the influence of the El-Nino Southern Oscillation (ENSO) to the middle and high latitudes. During an El Niño event, the warming of the tropical troposphere strengthens and contracts the Hadley Circulation. Consequently, the subtropical jet stream moves equatorward, and the displaced jet stream affects the central location of baroclinic eddies, which drives anomalous ascending motions in the mid-latitudes. The eddy forcing then induces anomalous adiabatic cooling in the mid-latitudes to displace the location of the polar jet stream, which is driven by the north–south thermal gradient and the resultant baroclinic eddy forcing [17,18].



Although some of these studies provide valuable insights into the structure and variability of the split jet in general, a more detailed statistical analysis of the split jet in the Australian region is required, owing to the possible impact of changes in the split jet characteristics. This emphasis on the warming that has occurred after the mid-1970s climate shift is due to increasing greenhouse gas concentrations in that period [19,20]. Furthermore, the acceleration in global warming from the 1990s [4,21] and in the associated global ocean heat content [22,23] has coincided with a dominant poleward contracted SH PFJ, accompanied by an anomalous increase in its wind speed and an anomalous decrease in the SH STJ wind speed [24,25,26,27,28,29,30,31].



The main aims of this study are to investigate changes in the climatological split jet over the Australian region and to indicate some important changes in meteorological variables associated with the split jet in response to accelerated global warming from the 1990s. For example, in much of southeast Australia where cool season precipitation dominates any dry season precipitation [32], a highly significant decrease in late Autumn (April–May) precipitation was previously found [33]. However, for the remainder of the cool season June–September (JJAS), there was no significant decrease. Also, April–May is the abrupt transition time from a single high latitude jet to the cool season split jet [13]. Therefore, the Apr–Sep jet stream data were split in order to compare the two groupings: April–May and June–September. We note that significantly higher mean wind speeds were found in the PJF across the Australian region during June–September, compared to the STJ. This affects aviation fuel consumption as well as route scheduling and passenger comfort and safety across southern Australian longitudes [34,35]. In contrast, significant wind speed increases occur in the early cool season (April–May) at STJ latitudes, which straddle the East Coast of Australia and the adjacent Tasman Sea. Consequently, in this study, we found that the known significant decrease in April–May precipitation over inland southeast Australia, from changes in location of East Coast Lows (ECLs) and cut-off lows in MAM over inland southeast Australia, is closely linked to observed major changes in the mean atmospheric circulation.




2. Methods


Within a comprehensive list of reanalysis datasets readily available, there is a good agreement between all reanalyses for the properties of the zonal means of the mid-tropospheric jets [36]. The reanalysis data chosen for this study is the ERA5-Interim archived dataset [14] covering the period 1979–2020, whereas the preliminary back extension dataset covering from 1965 is outlined in Bell et al. [37]. The dynamic atmospheric variables are represented by a spectral T255 horizontal resolution or 0.250 (~30 km) grid spacing on a reduced Gaussian grid. The vertical resolution consists of 60 model layers with the top of the atmosphere located at 0.1 hPa. To represent the zonal wind covering the Australian region, the gridded u-component at 250 hPa is used spanning latitudes 15–70° S and longitudes 90–180° E. The 250 hPa level was chosen as a mean level to cover the 200 hPa mean level of the STJ, and the lower mean level of 250 to 300 hPa of the polar front jet at mid-latitudes.



Additionally, relative vorticity, relative humidity, and vector wind data at 500 hPa were obtained from ERA5 to analyze changes associated with the 250 hPa zonal wind. According to [12], there is an abrupt (2–3 week) transition during April–May from a singular mid-latitude jet south of the Australian continent in the warm season. Therefore, in this study, the April–September wind data were split in order to compare the two monthly groupings of April–May and JJAS, such that the time series differences with significance contour intervals were displayed in four panels: annual, late autumn (April–May), the four remaining cool season months (JJAS), and the warm season (October–March).



To perform statistical significance testing on the data, the grouping of two periods 1965–1992 and 1993–2020 was used for the zonal wind speed at 250 hPa, in addition to both relative vorticity and relative humidity at 500 hPa, as well as wind vector anomalies at 500 hPa. There were two SST warming events in the 20th century–namely 1925–1926 and 1987–1988 [38]–but our choice of periods was influenced by the fact that GW accelerated from the early to mid-1990s [4,21], in addition to an increase in ocean heat content [22,23]. Change point analysis of the data is not applicable here because the acceleration in GW occurred over several years in the early to mid-1990s. If years other than 1992 had instead been chosen to demarcate the two periods, the findings would have remained almost unchanged. Two-sided permutation testing was applied to test for statistical significance of these trends. A significance level of α < 0.1 was considered to represent a statistically significant result, and α < 0.05 implies a highly significant result.




3. Results


3.1. Jet Stream Changes April–September


If the STJ structure has moved poleward, fewer cold frontal weather systems are expected to influence southern Australia in the cool season, as observations confirm [21]. In addition, marine low-pressure systems, also referred to as East Coast Lows (ECLs) (e.g., [39,40,41]), that develop adjacent to the Australian East Coast, are dependent on jet stream structure. Therefore, possible changes in mean speed or location of the two branches of the jet over eastern Australia have important implications for the location of low-pressure system development [42]. Rain-producing cut-off low-pressure systems, which form in the cool season over southeast Australia [43,44], are mostly driven by baroclinic processes [45]. They are linked to high pressure blocking [46] in association with the split-level flow [13,44]. About half the reduction in cool season rainfall since 1990 over inland southeast Australia is due to the reduction in frequency of cut-off systems, and, by association, a reduction in the frequency of blocking in the Tasman Sea/New Zealand region [47].



In the Australia-New Zealand region of the SH, the Apr–Sep. cool season is the main period to examine for possible jet stream changes, because there is an apparent interplay between the STJ and PFJ branches compared to the single jet at other SH longitudes. It was found that when the southern annular mode (SAM) [48,49] is in a negative phase, the SH mid-latitude polar jet stream wind speed anomalies are weaker and the STJ wind speed becomes anomalously strong [42]. In contrast, in the positive SAM phase, the STJ wind speed anomalies weaken, and the zonal mid-latitude westerly winds contract poleward together with a more pronounced PFJ, which is defined by an increase in mid-latitude zonal wind speed anomalies. They concluded that without any shift in latitude of either jet, there is a dipole that oscillates between polar jet and subtropical jet, which shifts the storm track and associated baroclinic processes (processes favoring low-pressure development) latitudinally. From the 1990s, corresponding to the acceleration of GW in both the atmosphere [4,21] and ocean heat content [22,23], we found significant differences firstly in the location of the April-May jet stream wind speed maxima. This is shown as a significant weakening in the STJ wind speed maximum over Western Australian longitudes at latitudes 20–25° S, whereas an area of significant increase is evident over the eastern Australian coast at latitudes 25–30° S, which extends eastward to the adjacent Tasman Sea (Figure 2a). In addition, a significant increase is shown in the wind speed of the PJF branch of the split jet (Figure 2a). Second, JJAS differences indicate significant polar jet increases in wind speed maxima between latitudes 40–50° S in addition to significant decreases extending across subtropical latitudes of the Australian East Coast (Figure 2b). In particular, the significant decreases in Figure 2b also occur across the subtropical latitudes of the Australian continent implying that in JJAS, when the split jet is dominant, the PFJ has become stronger relative to the STJ. For the warm season October–March, there are significant wind speed increases between 50–60° S (Figure 2c), which represents the climatological single jet that gradually becomes dominant by November [11].



Relative vorticity in the mid-troposphere is an indication of preferred areas of surface low-pressure development and hence precipitation [50]. Entrance and exit areas of jet streams where the wind speeds up and slows down, respectively, lead to areas of upper-level divergence and convergence, and hence to increases and decreases of relative vorticity in the mid-troposphere. This affects where low-pressure and high-pressure systems develop near the surface and, consequently, the formation and tracks of rain-bearing -systems [50]. To illustrate how the development areas of these rain-producing low-pressure systems have changed in the same period, relative vorticity changes at 500 hPa are shown in Figure 3. In April–May, relative vorticity has increased significantly south of Western Australia (WA) while over Tasman Sea longitudes at 30–35° S relative vorticity has also increased significantly (Figure 3a). For JJAS there is a significant decrease in relative vorticity impinging on southwest WA from the adjacent Indian Ocean centred along 30° S implying a reduction in favourable area of low-pressure development. Similarly, at eastern Australian/Tasman Sea longitudes there is a significant decrease in relative vorticity centred between 30–35° S in JJAS (Figure 3b). Importantly, in the longitudes between 140° E and 180° E, relative vorticity associated with the polar branch of the split jet has shifted approximately 5° poleward as shown by the significant decrease at 55° S and significant increase at 60° S (Figure 3b).



When the SAM is positive, it was found that from 1979–2005, the PFJ is clearly separated from the STJ, and the PFJ extends across the South Pacific [42]. When the SAM is negative, the PFJ moves north, blending into the STJ. However, they noted, as [51] also pointed out, that at ~150° E, there remains a local wind speed maximum, thereby indicating that the SAM appears inactive at these longitudes. Furthermore, no recent coherence was found by [52] between southeast Australian autumn rainfall and the SAM. Consequently, the implication is that the changes in baroclinicity (preferred areas of low-pressure development) mentioned above in relation to the split jet, are consistent with GW features that climate models have consistently shown for many years, that there is poleward contraction of the zonal westerlies and the subtropical dry zone [2,3,4].




3.2. Implications of Jet Stream Changes April–May


A significant increase in wind speed at the jet stream level south of Western Australia (WA) and associated relative vorticity implies that low-pressure development, and hence rain-producing systems, in the zonal westerlies are concentrated south of WA land areas. However, in southeast Australia near 150° E the significant increase in mean wind speed and relative vorticity over the ocean and adjacent land is counterfactual to the significant decrease in April–May rainfall found in southeast Australia [33], and also confirms a disassociation with the SAM at longitude 150° E, as noted by [42,51]. An investigation of the atmospheric circulation changes for April–May between 1965–1992 and 1993–2020 reveals an anomalous mid-latitude trough extending equatorward at longitudes 150–160° E to an apex between 25–35° S (Figure 4a,b), which explains the significant increase in relative vorticity there (Figure 3a). Importantly, there are significant decreases in relative humidity from 1965–1992 to 1993–2020 over southeast Australia (Figure 4c), due to the anomalous, drier south to southwest winds inland. The significant increase in relative humidity shown in Figure 4c at subtropical latitudes is well east of the Australian continent. In eastern Australia, the circulation changes are consistent with an eastward and southward shift in East Coast Lows (ECLs) from the mid-1990s that affect Australia’s subtropical East Coast [53]. ECLs are weather systems [41] that can cause flooding rain, destructive winds to coastal infrastructure, and soil erosion from storm surges between the latitudes of 25–40° S. Their development is linked to the jet stream changes described earlier [1]. Although the polar branch of the split jet has contracted poleward approximately 5° from the 1990s (Figure 3b; longitudes 140–180° E), it is the mean atmospheric circulation, relative vorticity, and humidity changes that have led to a significant decrease in April–May rainfall over southeast Australia.




3.3. Why Do April–May Relative Humidity Decreases Extend to 25° S in Southwest Australia but to 35° S in Southeast Australia?


Although a significant decrease in April–May precipitation has occurred over inland southeast Australia–south of latitude 25° S, from the mid-1990s between the 28-year periods of 1968–1992 and 1993–2020 [33]–there is an inconsistent increase (although statistically non-significant) in the relative humidity north of 35° S (Figure 4c). Looking at shorter 14-year periods, the likely explanation is that the vector wind anomalies indicate a reversal in direction from a lack of moisture source with the anomalous south to southwest airflow in the period 1993–2006 (Figure 5a) to an anomalous, moister, southeast airflow, resulting in positive relative humidity differences (non-significant) shown in the apex of the anomalous Tasman Sea low-pressure trough in the period 2007–2020 (Figure 5b). Accelerated global warming from the mid-1990s corresponds to the negative relative humidity differences from 1979–1992 to 1993–2006 for most of southeast Australia (Figure 5c).




3.4. Implications of JJAS Jet Stream Changes


At jet stream level, the JJAS wind speed between Australia and New Zealand has increased the PFJ branch significantly along ~ 50° S and significantly decreased the STJ branch over Australia at ~25° S (Figure 2b) in line with GW. This suggests that the PFJ has become more dominant in JJAS relative to the STJ. If the trend continues along with the poleward contraction of the associated band of relative vorticity, then JJAS mid-latitude frontal systems also will continue to contract further poleward in addition to a continued reduction in April-September rainfall over southeast Australia.




3.5. Implications of Jet Stream Changes October–March


In the warmer months, October–March, there is only one climatological jet that is positioned south of the Australian continent [13]. Our results indicate that in the most recent two to three decades, the strength of the warm season PFJ south of Australia has increased significantly, while speeds at 250 hPa have decreased significantly at tropical latitudes (Figure 3c). Rainfall across tropical northern Australia during its wet season (October–March) has increased since the 1970s, with a greater proportion of high intensity short duration rainfall events [21]. Over the subtropical latitudes of eastern Australia, trends in rainfall amount still need to be investigated.





4. Discussion and Conclusions


In this study, it is shown that changes in meteorological components of the SH circulation in the Australian region are related to the locations of STJ and PFJ wind speed maxima before and after the accelerated GW period in the 1990s. Consequently, an important climate change impact is that accelerated GW is contributing to significantly decreased April–May rainfall in southeast Australia. While the remaining cool season (JJAS) rainfall in southeast Australia has not decreased significantly in recent decades [33], a decreasing trend has occurred in JJA rainfall [32]. In the cool season, more subtropical low-pressure systems (or ECLs) affect eastern Australia if the STJ over Australia dominates the PFJ. A strong STJ compared to the PFJ allows more ECLs to form at subtropical eastern Australian latitudes. When the PFJ is stronger than the STJ, which has been the case anomalously since the mid-1970s at Tasman Sea/east Australian longitudes, then cold fronts and associated baroclinicity, for example in the form of ECLs, occur at the more southern latitudes associated with the PFJ [53] and there are fewer cut-off lows over inland southeast Australia [47]. In the transition months of April–May from a single jet to a split jet, the anomalous mid-latitude low-pressure trough since the early 1990s between longitudes 150–160° E, together with the accompanying significant decrease in relative humidity, has been responsible for the significant decrease in April–May rainfall in southeast Australia. A factor in the reduction in MAM rainfall in southeast Australia suggested by [54] has been a poleward shift in the MAM subtropical dry zone. In addition, the role of SST warming in the subtropical South Pacific has been shown to produce subsidence over eastern Australia since the early 1990s [54]. However, our results indicate that changes in jet stream maximum speed and maximum relative vorticity positions since the 1990s have shifted to more eastward and southward locations off the Australian East Coast. This has resulted in ECLs forming further east and south [53], with fewer cut-off low-pressure systems developing over inland southeast Australia [47]. Future research is necessary to investigate the possibility–with continued GW–that the decreased April–May subtropical wind speeds and relative vorticity for April–May at the split jet longitudes of 150°–160° E (which occurred in JJAS) might change the atmospheric circulation by broadening the Hadley circulation. Such broadening might lead to further changes in split jet characteristics or delay the transition to a split jet in April–May until later in the cool season.



Adverse impacts on ecosystem sustainability, agricultural viability, and human liveability will continue as GW continues over inland southeast and southwest Australia in the cool season. Increases in warm season rainfall expanding poleward into subtropical Australia, as noted by [21], are dependent on long-term trends in short duration, heavy rainfall events, which are, by definition, isolated in space and time. This trend merits further investigation because the impacts can be catastrophic due to the associated flooding and coastal erosion [41,53,55]. The main impact on warm season subtropical latitude rainfall in southeast Australia thus far is consistent with the expansion of the Hadley cell and therefore of the subtropical dry zone [56,57].
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Figure 1. ERA5 zonal wind (u) speed climatologies 1965–2020 at 250 hPa in the Australian region. (a) Annual, (b) April–May, (c) JJAS, and (d) October–March. Note the dominant split jet annually in (a,b) in April–May, and (c) in June–September. 
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Figure 2. Significant u-component wind speed differences representing jet stream level. Significant u-component wind speed differences between the period 1965–1992 and 1993–2020 at 250 hPa representing jet stream level for, (a) April-May, (b) JJAS, (c) October-March. Note the significant increase centred at ~25–30° S, 150° E representing the approximate STJ latitude in April–May (a) in contrast to decreases in the same area for JJAS (b). Also note the significant increases at latitudes representing the PFJ in all three monthly groupings throughout the year. Black lines show contours of statistical significance for α = 0.1, 0.05 and 0.01. 
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Figure 3. Relative vorticity changes Australian region in recent decades. Relative vorticity changes at 500 hPa between the periods 1965–1992 and 1993–2020 from ERA5 re-analysis data for, (a)April–May, (b) JJAS. Positive areas (orange) indicate increased relative vorticity and negative areas (blue) indicate decreased relative vorticity. Black lines show contours of statistical significance for α = 0.1, 0.05 and 0.01. Note the significant increases (orange) south of WA and between 25–35° S over eastern Australia/Tasman Sea longitudes for April–May and decreases for JJAS between 25–35° S and at 55° S. 
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Figure 4. ERA5 vector wind anomalies and relative humidity changes. April–May vector wind anomalies (m s−1) at 500 hPa (relative to the 1980–2010 climatology) for the period (a) 1965–1992, (b) 1993–2020, and (c) April–May relative humidity changes (%) between 1965–1992 and 1993–2020. Note the change at longitudes 140–160° E, 25–30° S in (a) from anticyclonic anomalies to cyclonic anomalies in (b), and significant decrease in relative humidity over southeast Australia in (c), where black lines show contours of statistical significance for α = 0.1, 0.05 and 0.01. 
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Figure 5. ERA5 vector wind anomalies and relative humidity changes (14-year intervals). April–May vector wind anomalies (m s−1) at 500 hPa (relative to the 1980–2010 climatology) for the period (a) 1979–1992, (b) 1993–2006, and (c) April–May relative humidity changes (%) between 1979–1992 and 1993–2006. Note the change at longitudes 150–160° E, 25–30° S in (a) from south to southwest vector wind anomalies to southeast anomalies near the apex of the low-pressure trough in (b), and significant decrease in relative humidity over southeast Australia in (c), where black lines show contours of statistical significance for α = 0.1, 0.05 and 0.01. 
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