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Abstract

:

In this study, the author examined the tropical cyclone (TC) activity over the southern hemisphere (SH) and its relationship with tropical climate modes, such as the El Niño–Southern Oscillation (ENSO), during the austral summer (December–January–February; DJF) and fall (March–April–May; MAM). The correlation analysis between the TC activity and the global sea surface temperature (SST) suggested that an increased TC activity over the southwestern and southeastern Indian Ocean (SWIO and SEIO) was associated with a La Niña-like SST pattern, while an increased TC activity over the southwestern Pacific (SWP) was associated with an El Niño-like SST pattern. The atmospheric conditions accompanying the TC increase over the SWIO/SEIO indicated that a La Niña induces tropospheric cooling over the tropics with cyclonic circulation anomalies over the TC genesis region. Both the SST anomalies and the cyclonic circulation anomalies were significantly correlated with TC genesis parameters, suggesting that they contributed to TC genesis. To investigate the SST precursors, a lead-lag correlation analysis was performed. For the TC variations over the SEIO, an SST pattern that resembled the Pacific Meridional Mode (PMM) was statistically significant at a two-season lead. However, such a TC-ENSO relationship is seasonally dependent, with different patterns during DJF and MAM. These results suggest that the Matsuno-Gill response to ENSO is an important factor in TC activity but that this influence is seasonally modulated over the SH.
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1. Introduction


Tropical cyclones (TCs) are important extreme weather events that have a socioeconomic impact on populated areas through strong winds and heavy precipitation. Over East Asia and North America, TCs commonly cause socioeconomic damages when they make landfall [1,2,3,4]. In 2013, for example, typhoon Haiyan made landfall in the Philippines as an extreme TC with wind speeds exceeding 80 m/s, and more than 7000 people were reported as either dead or missing. In 2019, typhoon Hagibis caused rainfall of over 1000 mm between 10 and 13 October in Japan, leading to the death of ~100 people and the loss of USD 5 billion by flooding. In the autumn of 2020, frequent TC activity caused considerable flooding over Vietnam, thus leaving approximately 200 people dead and resulting in economic losses totaling USD 1.5 billion. To mitigate such impacts, it is vital to improve the predictive skill of forecast models. This requires a deeper understanding of the regional features of TC activity [5,6].



TCs are not limited to the northern hemisphere (NH) but also occur in the southern hemisphere (SH). In 2016, Cyclone Winston was recorded as an extreme TC with wind speeds exceeding 80 m/s when it made landfall in Fiji. It caused the death of approximately 50 people and the loss of USD 1.4 billion. In 2022, Cyclone Batsirai, with a central pressure of 930 hPa and wind speeds of 70 m/s, approached Madagascar, causing the death of about 100 people and the loss of USD 190 million.



The tropical oceans show variability on interannual time scales that are associated with tropical climate modes, such as El Niño, the Indian Ocean Dipole (IOD) [7], and El Niño Modoki [8]. Previous studies have revealed that these climate modes influence both TC genesis and TC activity over the tropical Pacific on interannual times scales [9,10]. For example, during the canonical El Niño events, SSTs warm over the eastern equatorial Pacific (often measured using the Niño-3 index, which is defined as the area average of SST over the area 5° S–5° N, 90–150° W). This contributes to an east–west shift in the TC frequency (TCF), which depends on both TC genesis and subsequent development. The El Niño Modoki events, on the other hand, lead to a basin-wide increase in the TCF over the western north Pacific (WNP) in observation [10]. Furthermore, the contribution of the Pacific meridional mode (PMM) [11] has been investigated [12,13,14,15]. Using ensemble simulations [16,17], our previous studies have investigated the influence of SST on the potential predictability of TC activity and its seasonality.



Similar to the NH, TC activity over the SH and its relationship with tropical climate modes have been examined in previous studies [18,19]. These have shown that, during El Niño events, TC tracks tend to extend further eastward over the southwestern Pacific (SWP), while their activity decreases in the southeastern Indian Ocean (SEIO). The El Niño events also contribute to subsurface warming over the southwestern Indian Ocean (SWIO), which may lead to an increased TC activity over the SWIO [20]. In addition, recent studies have pointed out that the negative IOD is associated with an increased TC activity over the SEIO [21]. In the SWP, previous studies [22,23,24] have suggested that ENSO can contribute to the interannual variability of the TC activity over the SWP through the variability of the South Pacific Convergence Zone (SPCZ). Recent studies [25,26] have also revealed the impact of ENSO diversity on TC activity over the SWP. For example, El Niño Modoki (or CP El Niño) has the largest influence on TC formation over the SWP. In the SIO, previous studies have investigated the TC-ENSO relationship [27,28,29]. In their studies, an increase in TC frequency in the SEIO can be seen in the developing La Niña events.



As mentioned above, the air-sea variability by tropical climate modes is important for the TC variability through environmental change. In the atmospheric response to ENSO, the Walker circulation can affect the low convective activity over the western Pacific [29,30]. In addition, the Walker circulation in response to ENSO can also impact the tropical IO; one impact is on the IO basin-wide warming [31,32], and another is on the IOD [33,34]. For the IO basin-wide warming, SWIO thermocline deepening is important for maintaining the atmospheric response [35,36,37]. It should be noted that although the IOD is often triggered by an ENSO as an inter-basin interaction, the IOD is recognized as an independent mode [7,38].



Most previous studies have not examined the seasonality of these linkages. For example, most previous studies jointly analyzed the austral summer and fall (November-May). It is well known, however, that the ENSO and the IOD have strong seasonality. For example, an ENSO is triggered by the westerly wind burst (WWB) during March-April-May (MAM), grows from June-July-August (JJA) to September-October-November (SON) and matures in December-January-February (DJF). The IOD is typically triggered during MAM, grows during JJA, and matures during SON. This seasonal dependence of the tropical climate modes can be expected to modulate their impacts on TC activity. To this end, the present study investigates the differences in the interannual relationship between the austral summer (DJF) and fall (MAM).



In this study, to focus on how TC activity is related to tropical climate variability over the SH, the author examined the TC activity over the SH and its relationship with the global SST and circulation anomalies, both of which play an important role in TC genesis. To highlight the impacts of climate modes (El Niño, IOD, and El Niño Modoki) as precursors of TC activity, a lead-lag correlation analysis was also conducted.




2. Methods


In this study, the seasonal climatology of TCF was used, which is defined as the number of TC tracks (segment of the TC trajectory) that falls within a 5° × 5° bin during one season. This was computed from observations and made available by the IBTrACS project [39]. For comparison with the simulated climatological and year-to-year environmental fields, the NCEP/NCAR Reanalysis 1 dataset was used [40]. For ocean datasets, monthly Optimally Interpolated Sea Surface Temperature (OISST) analysis [41] was used. As a proxy for subsurface thermocline variability, sea surface height (SSH) from the NCEP Global Ocean Data Assimilation System (GODAS) was used [42]. The analysis period was from 1983–2020. In order to extract low-frequency variabilities such as linear trends and decadal variability, a 7-year high-pass filter was applied to focus on the interannual variability.



Figure 1 shows the seasonal climatology of TCF over the SH. DJF is the peak season (Figure 1b), and the TCF during MAM is smaller, but there is some activity over the SH (Figure 1c). The TCF during SON is very low (Figure 1a). In light of this seasonality, DJF and MAM are focused. In addition, there are three regional peaks around 60° E (western Indian Ocean), 110° E (eastern Indian Ocean), and 160° E (western Pacific). Accordingly, three areas are defined: SWIO (10–30° S, 40–70° E), SEIO (10–30° S, 90–120° E), and SWP (10–30° S, 150–180° E). The TCF is averaged over these areas and correlated with the resulting indices with oceanic and atmospheric variables.



As mentioned in the Introduction, several climate modes have been identified in the tropics, each with distinct influences on TCF variability. These modes are characterized using the Niño-3 index, the Dipole Mode Index (DMI), and the El Niño Modoki Index (EMI). The Niño-3 index is defined as the SST averaged over 5° S–5° N and 90°–150° W, whereas the DMI is defined as the SST difference of the western box (10° S–10° N, 50°–70° E) minus the eastern box (0–10° S, 90°–110° E). The EMI is defined as SSTA-0.5 × SSTB–0.5 × SSTC, where SSTA is the central equatorial Pacific (averaged over 10° S–10° N, 165° E–140° W), SSTB is the eastern equatorial Pacific (15° S–5° N, 70–110° W), and SSTC is the western equatorial Pacific (10° S–20° N, 125–145° E). These indices were derived from monthly SST anomalies from 1983–2020.




3. Observed Relationship between TC Frequency and Global Circulation


3.1. Comparison of Observed TCF and SST/SSH


Figure 2 shows the correlation map between anomalies of the TCF over the SWIO and the global SST (left panels) and SSH (right panels). The SSH variability in the tropics is considered to resemble the subsurface thermocline variability [43,44]. Actually, Figure 3 of Trenary and Han (2012) shows a good agreement between the SSH and 20 °C subsurface thermocline anomalies [44]. During DJF, there is a negative correlation over the equatorial Pacific, resembling a La Niña (Figure 2a). The SSH correlation pattern (Figure 2b) also shows negative (positive) values in the eastern (western) equatorial Pacific, consistent with La Niña conditions. During MAM, compared with the DJF case, the La Niña-like negative correlation over the equatorial Pacific associated with the SWIO TCF variability (Figure 2c) becomes more significant. Similar to the SST, the SSH correlation pattern (Figure 2d) also becomes more significant, negative (positive) in the eastern (western) equatorial Pacific as a feature of the La Niña. On the other hand, the contribution of the Indian Ocean SST and SSH is not significant. Previous studies have indicated that both the positive phase of the IOD and El Niño led to subsurface warming (and therefore thermocline deepening and positive SSH anomalies) in the SWIO. Therefore, the remote impacts from La Niña may counteract the local SWIO subsurface warming. This point will be discussed in Section 4.



Figure 3 shows the correlation maps between the TCF in the SEIO and the global SST (left panels) and SSH (right panels). During DJF, the correlation patterns indicate that an increased TCF in the SEIO is associated with La Niña-like conditions in the tropical Pacific. The patterns are similar to those in Figure 2 but more pronounced (Figure 3a,b). These patterns weaken during MAM. The results suggest that the TC activity in the SEIO is related to La Niña during both DJF and MAM, but there is a significant seasonality as the relationship between the TCF and ENSO is much clearer during DJF than MAM.



Figure 4 shows the correlation map between TCF anomalies in the SWP and SST (left panels) and SSH (right panels). During DJF, the most unique feature is the negative correlation over the western equatorial Pacific (west of the dateline; Figure 4a) and the negative SSH correlation (Figure 4b) in the western equatorial Pacific. The correlations are weak but statistically significant, and they indicate that an increased TCF in the SWP is associated with El Niño-like conditions. This is in contrast to the SWIO (Figure 2) and SEIO (Figure 3), where an increased TCF is associated with La Niña-like conditions. During MAM, the SSH correlation pattern becomes more pronounced (Figure 4d). It may resemble a feature of triggering an El Niño by warm Kelvin wave propagation. These results suggest that TC activity in the SWP shows significant seasonality; an increased SWP TCF is associated with cold SST anomalies in the western equatorial Pacific (positive SSH anomalies in the eastern equatorial Pacific) during DJF (MAM).




3.2. Comparison of Atmospheric Conditions


Large-scale atmospheric conditions are an important factor in TC activity. Previous studies have identified several atmospheric conditions that are key to TC genesis [45,46]. In this section, the relationship between the TCF and atmospheric circulation patterns is investigated. Figure 5 shows the correlation map between the TCF in the SWIO and z850 (left panels) and tropospheric thickness (z200-z850; right panels). During DJF, a significant negative correlation resembling the Matsuno-Gill pattern [47,48] can be seen in the Indian Ocean and western Pacific (Figure 5a), indicating a response to the increased diabatic heating over the Maritime Continent (MC) during La Niña. Another unique feature is the negative correlation with tropospheric thickness anomalies (Figure 5b) across the tropics. Such a negative tropospheric anomaly (tropospheric cooling) is expected to be more convectively unstable, which is favorable for the TC genesis. Compared to DJF, the negative correlation pattern in z850 (cyclonic Matsuno-Gill-like pattern) and tropospheric thickness (tropospheric cooling) becomes less significant during MAM (Figure 5c,d). These results suggest that the atmospheric response to ENSO shows significant seasonality; the atmospheric response is significant (less clear) during DJF as the ENSO mature phase (MAM as ENSO decay phase). As a result, the SWIO TCF variability is significantly related to a negative Matsuno-Gill-like anomaly in response to La Niña, but seasonal differences can be seen during DJF and MAM.



Figure 6 shows the correlation map between TCF in the SEIO and z850 (left panels) and tropospheric thickness (z200-z850; right panels). During DJF, a negative correlation pattern is significant and very clear in the Indian Ocean and western Pacific (Figure 6a), which is consistent with the Matsuno-Gill-like response to increased diabatic heating over the MC during La Niña. In addition, the negative correlation pattern of the tropospheric thickness (Figure 6b) in the tropics is also very pronounced. Such a negative correlation pattern of the tropospheric thickness (tropospheric cooling) is expected to be more convectively unstable, which is favorable for the TC genesis. Compared to DJF, the negative correlation pattern in z850 and tropospheric thickness (Figure 6c,d) becomes less significant during MAM. These results suggest that the SEIO TCF variability is significantly related to a negative Matsuno-Gill-like anomaly in response to La Niña during both DJF and MAM, but the signal is more pronounced during DJF than MAM.



Figure 7 shows the correlation map between TCF in the SWP and z850 (left panels) and tropospheric thickness (z200-z850; right panels). The features in the SWP TCF case in Figure 6 are very different from those in the SWIO (Figure 5) and SEIO (Figure 6) cases. During DJF, a positive correlation resembling an anticyclonic anomaly is significant in the northwestern Pacific (Figure 7a), which is consistent with the southward divergent wind anomalies over the western equatorial Pacific. A correlation map of the tropospheric thickness (Figure 7b), on the other hand, does not show any clear patterns in the tropics. The anticyclonic signal seen in Figure 7a may play an important role in the negative SST signal in the western equatorial Pacific (Figure 4a) through negative heat flux anomalies (defined as downward positive) caused by an increased wind speed. This point will be discussed in Section 4. During MAM, the circulation patterns change drastically, with a positive (negative) signal in z850 (tropospheric thickness) resembling a Matsuno-Gill-like response (anticyclonic z850 and tropospheric cooling; Figure 7c,d) over the tropical Indian Ocean. To the east of the Masuno-Gill pattern, divergent westerly winds are expected. Therefore, westerly anomalies over the equatorial Pacific may form a cyclonic vorticity anomaly, which is favorable for TC genesis. These results suggest that the atmospheric circulation patterns related to the SWP TCF variability are significantly different between DJF and MAM.



As mentioned before, previous studies have identified several atmospheric variables as the key parameters in TC genesis [45,46]. Table 1 shows the correlation coefficients between the TCF indices and four important parameters that are included in the TC genesis potential index (GPI; [46]): relative vorticity at 850 hPa (Vort850), relative humidity at 600 hPa (RH600), maximum potential intensity (MPI; [49]), and vertical wind shear between 200 and 850 hPa (Ushear). In general, correlations with relative vorticity (Vort850) are significant (except for the SWIO TCF variability in MAM), and, therefore, it seems to play an important role. In contrast, MPI is generally negatively correlated with TCF, and hence, it seems to act as a negative factor. The negative MPI contribution is due to the cold local SST anomalies. The MPI is generally larger over warmer SST [49], which seems consistent with the La Niña-induced Indian Ocean cooling (for the SWIO and SEIO cases) and western Pacific cooling during El Niño (for the SWP case). The contribution from the relative humidity (RH600) shows seasonality, with DJF being significant in contrast to MAM. The seasonal march of the intertropical convergence zone may contribute to this seasonality. In the case of the SWIO TCF during MAM, the contribution from the relative vorticity is very small, and only vertical wind shear (Ushear) contributes positively to TC genesis.



It should be noted that the SST-TCF relationship means that both the “active TCF causes SST cooling” and the “SST warming causes active TCF”. More specifically, the storm passage over the ocean cools down the SST in several days through vertical mixing, entrainment, and Ekman pumping [50,51,52,53]. Therefore, such a short-term air-sea interaction process may cause a cold SST over the active TCF area. Similarly, the vorticity-TCF relationship means that both the “active TCF causes cyclonic vorticity” and the “cyclonic vorticity causes active TCF”. Previous studies have shown that cyclonic vorticity and rainfall anomalies can be formed by individual TCs [16,54]. On the other hand, the NCEP dataset is too coarse, and therefore, previous studies reported that the TC contributions using the NCEP might be too small [16]. Conventionally, most studies did not consider the individual TC feedback to the mean field on the environmental change of TC genesis. In order to prove the impact of the short-term air-sea interaction on the SST-TCF relationship and of the individual TC contributions to the vorticity-TCF relationship, further studies using high-resolution air-sea datasets will be needed.



In addition, the Southern Annular Mode (SAM) is an important factor for the atmospheric variability in the SH [55,56,57]. Figure 8 shows the simultaneous correlation map of z850 (left panels) and z200 (right panels) anomalies to the observed TCF anomaly over the SWIO region (averaged over 10–30° S, 40–70° E). During DJF, a positive SAM structure can be seen in both z200 and z850 (Figure 8a,b). A positive SAM can be interpreted as a degree of decoupling between Antarctica and southern mid-latitude [56], which may contribute to thermodynamically favorable TC genesis conditions. On the other hand, there is no significant annular mode structure during MAM (Figure 8c,d). On the other hand, in the SEIO and SWP cases, there are no significant annular mode structures (figure not shown).




3.3. Possible Precursors of the SH-TCF Variability


In Section 3.1 and Section 3.2, the simultaneous relationships between the TC activity and the global fields were investigated. If signals can be traced back by several seasons, this may allow us to identify the precursors of the TC activity. This is addressed by performing lead-lag correlation analysis. Figure 9 shows the correlation map between the anomalous MAM TCF in the SWIO and the global SST (left panels) and SSH (right panels). At a two-season lead (SON), a negative SST signal appears west of California but is weak (Figure 9a). At a one-season lead (DJF), a warm SST signal appears over the northwestern Pacific (Figure 9c). No precursors are apparent in the lagged SSH correlations (Figure 9b,d).



Figure 10 shows the correlation map between the DJF TCF anomaly over the SEIO and SST (left panels) and SSH (right panels). In contrast to the SWIO case (Figure 9), clear and significant SST and SSH signals can be traced back to two seasons before (JJA), with a significant negative SST signal appearing over the northern tropical Pacific (Figure 10a). At a one-season lead (SON), this negative SST signal moves equatorward and forms a La Niña-like pattern (Figure 10c). Consistent with the development of La Niña, a negative SSH signal becomes pronounced over the equatorial Pacific. At a two-season lead (JJA), a significant negative SSH signal appears over the central equatorial Pacific (Figure 10b). At one season before (SON), this negative SSH signal moves eastward and forms a canonical La Niña-like pattern (Figure 10d). These results suggest that a La Niña is an important precursor for DJF TCF in the SEIO. A recent study has pointed out that there is possible feedback between the CP El Niño events and the PMM [58,59]. The SST precursors seen in Figure 10a,c are consistent with an ENSO event triggered by the PMM. It should also be noted that such SST anomalies over the central North Pacific may be traced back to the so-called seasonal footprint mechanism (SFM) and the PMM during the boreal winter through spring [60,61,62].



Figure 11 shows the correlation map between the anomalous DJF TCF in the SWP and SST (left panels) and SSH (right panels). Compared to the SEIO case (Figure 10), weaker but significant SST and SSH signals can be traced back to a two-season lead time (JJA), with a significantly positive SST signal appearing over the eastern equatorial Pacific that resembles a canonical El Niño (Figure 11a). It should be noted that a significant positive SST signal can be seen over the northern Indian Ocean, suggesting that the El Niño induced Indian Ocean warming. At one-season lead (SON), this positive SST signal still remains over the eastern equatorial Pacific (Figure 11c). Consistent with the El Niño-like SST pattern, there is a zonal SSH dipole in the equatorial Pacific. At a two-season lead (JJA), a significant positive (negative) SSH signal appears over the eastern (western) equatorial Pacific (Figure 11b). This feature persists at the one-season lead (SON; Figure 11d). These results suggest that an El Niño can be regarded as a climate precursor for the DJF TCF in the SWP.



As a summary, Table 2 shows the lead-lag correlation coefficients (R) between all three TCF indices and all three climate indices (Niño-3, EMI, and DMI). In the SWIO, there are no significant correlations. It should be noted that the DJF TCF features a higher correlation with the Niño-3 index (R = −0.31 at the one-season lead and R = −0.31 at the two-season lead) than the MAM TCF (R = −0.23 at the one-season lead and R = −0.17 at the two-season lead), which may be due to the seasonal dependence of the ENSO evolution (DJF is the mature phase while MAM is the decay phase). For the SEIO TCF during DJF, there are statistically significant correlations with the Niño−3 and EMI indices. At the two-season lead (JJA), the correlation with the EMI (R = −0.41) is higher than that with the Niño-3 (R = −0.26). This is consistent with the features seen in Figure 8. During MAM, the simultaneous correlations are not statistically significant, but the Niño-3 index is significantly correlated at the one-season lead (DJF, R = −0.37) and the two-season lead (SON, R = −0.4). This is also consistent with the seasonal dependence of the ENSO evolution. For the SWP TCF during DJF, the simultaneous correlations are not statistically significant, but the Niño-3 index is significantly correlated at the two-season lead (JJA; R = 0.37). This is consistent with the features seen in Figure 11. On the other hand, there is no significant precursor during MAM. These results suggest that the precursor signals depend on regions and seasons and that these relations are affected by the seasonality of large-scale variability patterns such as the ENSO.




3.4. Long-Term Trend


In addition to interannual variability, the long-term trend over the SH was also investigated. Figure 12 shows the TCF, SST, and tropospheric thickness (z200-z850) difference of the seasonal mean between 1983–2001 and 2002–2020. The TCF pattern shows a generally decreasing trend over the SH (Figure 12a,d). The SST pattern (Figure 12b,e) shows a warming trend over the tropical IO and the western Pacific. The tropospheric thickness pattern (Figure 12c,f) shows a warming trend over the tropics. These results are consistent with previous studies of future climate projection under the global warming scenario; the SST warming and tropical circulation slow down by stabilization [63] as the TC activity decreases [64,65,66]. In addition, a positive SAM trend appears during DJF (Figure 13a,b). The positive SAM can be interpreted as a degree of decoupling between Antarctica and the southern mid-latitude [56]. In the long-term trend, the positive SAM may contribute to reduced TC activity through the change of TC seeding from mid-latitude. During MAM, a zonally asymmetric structure (planetary wavenumber 1) seems more apparent (Figure 13c,d).





4. Discussion


During the MAM TCF anomaly over the SWIO, the La Niña-like negative SST correlation over the equatorial Pacific associated with the SWIO TCF variability (Figure 2c) is significant. Similar to the SST, the SSH correlation pattern (Figure 2d) is also significant; a negative (positive) correlation in the eastern (western) equatorial Pacific is a feature of La Niña. On the other hand, the contribution of the Indian Ocean SST and subsurface thermocline (SSH) is not significant. According to previous studies, a positive IOD or El Niño causes subsurface warming (thermocline deepening, positive SSH anomaly) in the SWIO. Therefore, the remote impact of La Niña and the local impact of the SWIO subsurface warming may cancel each other out. In order to focus on the local impact of the SWIO subsurface warming, a partial correlation analysis was performed. Figure 14 shows a partial correlation map (Niño-3 index regressed out) between the TCF in the SWIO and the global SST (left panels) and SSH (right panels). During DJF, a significantly positive SST signal appears in the SWIO (Figure 14a). The SSH pattern (Figure 14b) also shows significantly positive values (associated with thermocline deepening) over the SWIO. These features are consistent with the results of previous studies [20]. During MAM, on the other hand, there are no statistically significant correlations (Figure 14c,d). In Figure 14d, a previous study dealing with dendrochronology had similar results in the high mountains of Costa Rica [67].



Finally, the SST formation mechanism seen in Figure 4a (correlation with the DJF TCF variability in the SWP) is investigated. In Figure 7a, there is an anticyclonic anomaly in the northwestern Pacific, which is expected to produce southward divergent wind anomalies over the western equatorial Pacific. This anticyclonic anomaly may play an important role in the negative SST signal in the western equatorial Pacific (Figure 4a) by inducing a negative heat flux anomaly due to the increased wind speed. Figure 15 shows lead-lag correlation maps between the DJF TCF in the SWP and global SST (left panels) and wind speed (right panels). During DJF, a wind speed increase can be seen over the cold SST signal west of the dateline (Figure 15e). This is consistent with the above hypothesis that an increased wind speed leads to SST cooling through the surface heat flux. It should be noted that the SST warming (cooling) and wind speed decrease (increase) can be seen in other cases. For example, the SST warming and wind speed decrease can be seen in the eastern equatorial Pacific during DJF (Figure 15f). This is probably due to the reduction of the trade winds during El Niño. Over the northern Indian Ocean, the SST warming, and wind speed decrease, can be seen during JJA (Figure 15b). This is consistent with the El Niño induced Indian Ocean warming.




5. Conclusions


In this study, the author examined the tropical cyclone (TC) activity over the southern hemisphere (SH) and its relationship with tropical variability patterns. Our focus was on the seasonality of interannual variability during the austral summer (December–January–February; DJF) and fall (March–April–May; MAM). According to the correlation analysis between TC activity and global sea surface temperature (SST), the TC activity over the southwestern and southeastern Indian Ocean (SWIO and SEIO) is significantly correlated with a La Niña SST pattern (Figure 2 and Figure 3). On the other hand, an increased TC activity over the southwestern Pacific (SWP) is associated with an El Niño-like SST pattern (Figure 4). The TC increase over the SWIO/SEIO, on the other hand, is associated with a La Niña-like SST pattern, which is accompanied by tropospheric cooling and cyclonic circulation anomalies over the TC genesis region (Figure 5 and Figure 6). The correlation analysis suggests that this cyclonic vorticity is favorable to TC genesis, while the cold SST anomalies are unfavorable. To investigate potential precursors, a lead-lag correlation analysis was performed. An increased TC activity over the SEIO was preceded by an SST pattern resembling the Pacific Meridional Mode (PMM) by two seasons (Figure 10). This TC-ENSO relationship is seasonally dependent, with different patterns during DJF and MAM.



Motivated by the observational analysis presented here, seasonal forecasts of the TC activity using a general circulation model (GCM) is in the planning. Over the northwestern Pacific, our previous study [16] demonstrated that the TCF variability is well-reproduced by an atmospheric GCM (AGCM) during JJA but not during SON. Previous studies concluded that this difference is due to internal atmospheric variability. However, a newly developed convection scheme [68,69] may improve the skill during SON [17]. AGCM experiments with a higher resolution (about 50 km in the horizontal) that use the new convection scheme will be required to investigate the potential sensitivity to the convective parameterization. As a possible driver of the monsoon circulation, the land-sea contrast plays an important role for the NH. In contrast, the contribution of continental heating is smaller in the SH because a wider area is covered by the ocean. Therefore, the impact of the new convective parameterization on the TCF may be more apparent in the SH.



Furthermore, recent studies have reported that air–sea coupling is important for improving the seasonal or longer timescale TCF forecasts in order to represent the entrainment of the subsurface water and its impact on the SST and extreme TC activity predictions [50,51,52,53], which is not considered in SST-prescribed AGCMs. Further investigation of this topic using a coupled GCM (CGCM) is in planning in the near future.



Finally, it should be noted that synoptic and intraseasonal variability, such as Equatorial Rossby (ER), Mixed Rossby Gravity (MRG) waves, and Madden Julian Oscillation (MJO), is important for forming TCs and modulating TC activity [70,71,72,73]. In addition, previous studies noted that TCs might cause anomalous equatorial westerly events such as the WWB, and they can trigger an ENSO [74,75]. From these results, intraseasonal atmospheric variability is also important for TC activity, and its multi-scale interaction with ENSO is expected.
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Figure 1. Climatological TCF (defined as occurrence in 5° × 5° bins, units are TCs per season) over the SH in (a) SON, (b) DJF, and (c) MAM. More than 0.3 are only shaded. 
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Figure 2. Simultaneous correlation map of SST (left panels) and SSH (right panels) anomalies with the TCF anomaly (defined as occurrence in 5° × 5° bins, units are TCs per season) averaged over the SWIO region (averaged over 10–30° S, 40–70° E). Significant areas above the 90% confidence level are shaded. Correlation map of (a) DJF SST, (b) DJF SSH, (c) MAM SST, (d) MAM SSH. 
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[image: Atmosphere 14 00546 g002]







[image: Atmosphere 14 00546 g003 550] 





Figure 3. Same as Figure 2 but for the TCF anomaly (defined as occurrence in 5° × 5° bins, units are TCs per season) over the SEIO region (averaged over 10–30° S, 90–120° E). (a) DJF SST, (b) DJF SSH, (c) MAM SST, (d) MAM SSH. 
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Figure 4. Same as Figure 2 but for the TCF anomaly over the SWP region (averaged over 10–30° S, 150–180° E). (a) DJF SST, (b) DJF SSH, (c) MAM SST, (d) MAM SSH. 
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Figure 5. Same as Figure 2 but for z850 (left panels) and tropospheric thickness (z200-z850; right panels) anomalies. (a) DJF z850, (b) DJF z200-z850, (c) MAM z850, (d) MAM z200-z850. 
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Figure 6. Same as Figure 5 but for the TCF anomaly (defined as occurrence in 5° × 5° bins, units are TCs per season) over the SEIO region (averaged over 10–30° S, 90–120° E). (a) DJF z850, (b) DJF z200-z850, (c) MAM z850, (d) MAM z200-z850. 






Figure 6. Same as Figure 5 but for the TCF anomaly (defined as occurrence in 5° × 5° bins, units are TCs per season) over the SEIO region (averaged over 10–30° S, 90–120° E). (a) DJF z850, (b) DJF z200-z850, (c) MAM z850, (d) MAM z200-z850.



[image: Atmosphere 14 00546 g006]







[image: Atmosphere 14 00546 g007 550] 





Figure 7. Same as Figure 5 but for the TCF anomaly (defined as occurrence in 5° × 5° bins, units are TCs per season) over the SWP region (averaged over 10–30° S, 150–180° E). (a) DJF z850, (b) DJF z200-z850, (c) MAM z850, (d) MAM z200-z850). 
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Figure 8. Simultaneous correlation map of z850 (left panels) and z200 (right panels) anomalies to observed TCF anomaly over the SWIO region (averaged over 10–30° S, 40–70° E). Significant areas above 90% are shaded. (a) DJF z850, (b) DJF z200, (c) MAM z850, (d) MAM z200. 
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Figure 9. Lead-lag correlation map of SST (left panels) and SSH (right panels) anomalies to MAM observed TCF anomaly (defined as occurrence in 5° × 5° bins, units are TCs per season) over the SWIO region (averaged over 10–30° S, 40–70° E). Significant areas above 90% are shaded. (a) SON SST, (b) SON SSH, (c) DJF SST, (d) DJF SSH. 
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Figure 10. Same as Figure 9 but for the DJF observed TCF anomaly (defined as occurrence in 5° × 5° bins, units are TCs per season) over the SEIO region (averaged over 10–30° S, 90–120° E). (a) JJA SST, (b) JJA SSH, (c) SON SST, (d) SON SSH. 
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Figure 11. Same as Figure 9 but for the DJF observed TCF anomaly (defined as occurrence in 5° × 5° bins, units are TCs per season) over the SWP region (averaged over 10–30° S, 150–180° E). (a) JJA SST, (b) JJA SSH, (c) SON SST, (d) SON SSH. 






Figure 11. Same as Figure 9 but for the DJF observed TCF anomaly (defined as occurrence in 5° × 5° bins, units are TCs per season) over the SWP region (averaged over 10–30° S, 150–180° E). (a) JJA SST, (b) JJA SSH, (c) SON SST, (d) SON SSH.



[image: Atmosphere 14 00546 g011]







[image: Atmosphere 14 00546 g012 550] 





Figure 12. Difference in seasonal means between 1983–2001 and 2002–2020. (a) TCF, (b) SST, and (c) z200-z850 in DJF. (d–f) are same as (a–c) but during MAM. 
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Figure 13. Difference in seasonal means between 1983–2001 and 2002–2020. (a) z850, and (b) z200 in DJF. (c,d) are same as (a,b) but during MAM. 
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Figure 14. Same as Figure 2 but removed Niño-3 index for partial correlation map. (a) DJF SST, (b) DJF SSH, (c) MAM SST, (d) MAM SSH. 
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Figure 15. Same as Figure 11 but for wind speed anomaly at 850 hPa (ws850; right panels). (a) JJA SST, (b) JJA ws850, (c) SON SST, (d) SON ws850, (e) DJF SST, (f) DJF ws850. 
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Table 1. Simultaneous correlation coefficients between TCF anomalies and each GPI-related indices. Vort850 and Ushear are sign-reversed so that positive values mean increased GPI. Bold indicates above 90% significance.
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	Vort850
	RH600
	MPI
	Ushear





	SWIO-DJF
	0.46
	0.55
	−0.47
	−0.4



	SEIO-DJF
	0.51
	0.55
	−0.05
	0.14



	SWP-DJF
	0.3
	0.07
	−0.37
	−0.04



	SWIO-MAM
	0.006
	−0.019
	−0.41
	0.35



	SEIO-MAM
	0.38
	0.05
	−0.38
	0.26



	SWP-MAM
	0.48
	−0.21
	−0.32
	−0.23










[image: Table] 





Table 2. Lead-lag correlation coefficients between TCF anomalies and each climate indices. Left/middle/right values indicate DJF/SON/JJA (MAM/DJF/SON) coefficients during DJF (MAM) TCF cases. Bold indicates above 90% significance.
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	Niño-3
	EMI
	DMI





	SWIO-DJF
	−0.36/−0.31/−0.31
	−0.04/−0.09/−0.13
	0.03/0.11/0.12



	SWIO-MAM
	−0.4/−0.23/−0.17
	0.13/−0.14/−0.16
	0.3/0.18/0.13



	SEIO-DJF
	−0.55/−0.47/−0.26
	−0.35/−0.42/−0.41
	−0.18/−0.27/−0.05



	SEIO-MAM
	−0.3/−0.37/−0.4
	−0.1/−0.18/−0.08
	0.26/−0.17/−0.26



	SWP-DJF
	0.28/0.33/0.37
	−0.24/−0.18/−0.1
	−0.2/0.08/0.1



	SWP-MAM
	0.25/0.09/0.11
	0.1/0.23/0.12
	−0.06/0.29/−0.16
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