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In this study, we examine the tropical cyclone (TC) activity over the western North Pacific (WNP) in 2018–2020 and its relationship with planetary scale convection and circulation anomalies, which play an important role for TC genesis. To determine the sea surface temperature (SST)-forced atmospheric variability, atmospheric general circulation model (AGCM) ensemble simulations are executed along with the observed SST. For AGCM experiments, we use two different convection schemes to examine uncertainty in convective parameterization and robustness of simulated atmospheric response. The observed TC activity and genesis potential demonstrated consistent features. In our AGCM ensemble simulations, the updated convection scheme improves the simulation ability of observed genesis potential as well as planetary scale convection and circulation features, e.g., in September–October–November (SON), a considerable increase in the genesis potential index over the WNP in SON 2018, WNP in SON 2019, and South China Sea (SCS) in SON 2020, which were not captured in the Emanuel scheme, have been simulated in the updated convection scheme.
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INTRODUCTION

Tropical cyclones (TCs) are important extreme weather events that has a socioeconomic impact on populated areas through strong winds and heavy precipitation. In particular, over East Asia and North America, TCs commonly cause socioeconomic damage in regions where they make landfall. For example, Typhoon Haiyan in 2013 made landfall in The Philippines as an extreme TC with a wind speed of >80 m/s; >7,000 people were estimated as either dead or missing. In 2019, Typhoon Hagibis caused an anomalous rainfall of >1,000 mm between 10 and 13 October in Japan, leading to the death of ~100 people and the loss of $US 5 billion by flooding. In the autumn of 2020, frequent TC activity caused considerable flooding over Vietnam, thus leaving ~200 people dead and resulting in the loss of $US 1.5 billion. Therefore, to improve their prediction, an accurate understanding of the regional features of TC activity is required (Li and Zhou, 2018; Roberts et al., 2018).

Recent variations in TC activity over the western North Pacific (WNP) are listed below. In 2018, boreal summer had high TC activity because of high convective activity over the WNP (18 TCs; climatological value during 1959–2019 is 11.4 from https://www.metoc.navy.mil/jtwc/products/atcr/2019atcr.pdf); however, the TC activity decreased during the fall season because of suppressed convection (8 TCs; climatological value is 11.3). In 2019, TC activity during the boreal summer was almost neutral (10 TCs) but it became active during boreal fall (16 TCs). In 2020, TC activity was slightly low during boreal summer (9 TCs); however, it became neutral during boreal fall (12 TCs).

Recently, studies reported various types of tropical climate modes such as El Niño and Indian Ocean Dipole (IOD) modes (Saji et al., 1999), and El Niño Modoki (Ashok et al., 2007). These climate modes influence both TC genesis and interannual TC activity variation over the tropical Pacific (Chen and Tam, 2010; Kim et al., 2011). For example, the canonical El Niño events (SST warming over the eastern equatorial Pacific; Niño 3 index is conventionally used as area average of 5°S−5°N, 90–150°W) contribute to an east–west shift in the TC frequency (TCF), which captures TC genesis and subsequent development. However, the El Niño Modoki events led to a basin-wide increase in TCF over the WNP in observations (Kim et al., 2011). Furthermore, the contribution of the Pacific meridional mode (PMM: Chiang and Vimont, 2004) has been investigated (Zhang et al., 2016; Gao et al., 2018; Qian et al., 2019; Takaya, 2019).

To examine the atmospheric response to the sea surface temperature (SST) anomaly, the atmospheric general circulation model (AGCM) experiment is a useful tool (Gates et al., 1999). However, most AGCMs have large uncertainty for convective parameterizations (Baba, 2019). Therefore, recent studies attempted to improve AGCM cloud parameterizations (Baba, 2019, 2021). Moreover, most previous studies focused on boreal summer and fall together (June through November; JJASON); thus, the detailed seasonality of interannual TC activity is not completely understood. The seasonal migration of Asian monsoon may cause some shift in the relationship between TC activity and large-scale environmental fields, e.g., the delayed Indian Ocean warming after strong winter El Niño events causes the TCF to decrease during the following summer (Du et al., 2011; Takaya et al., 2017) and increase over the South China Sea during fall (Ueda et al., 2018). The seasonality of the Asian monsoon may affect the simulation skill of AGCMs because the relationship between SST and the Asian monsoon is expected to be controlled by seasonality.

In this study, to focus how AGCM simulation captures recent extreme climate variability over the East Asia, we examined the TC activity over the WNP in 2018–2020 and its relationship with planetary scale convection and circulation anomalies, which play an important role in TC genesis. To extract impacts of climate modes (El Niño, IOD, and El Niño Modoki) on the SST-forced atmospheric variability, ensemble AGCM simulations forced with the observed SST are conducted. In AGCM experiments, we used two different convection schemes to examine the uncertainty of convective parameterization and robustness of the simulated atmospheric response.



MODEL AND DATA

In this study, we use the seasonal climatology of TCF, which is defined as the number of TC tracks (segment of the TC trajectory) that fall within 5 × 5° bins in a season, computed from observations made available by the Japan Meteorological Agency (JMA; data can be found at https://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html). For comparison with simulated climatological and year-to-year environmental fields, we use the NCEP/NCAR Reanalysis 1 dataset (Kalnay et al., 1996).

Moreover, we analyze the AMIP-like (AMIP; Atmospheric Model Intercomparison Project; Gates et al., 1999) 5-member ensemble simulations performed by AGCM for the Earth Simulator (AFES; Ohfuchi et al., 2004; Kuwano-Yoshida et al., 2010; and references therein) for the 1982–2020 period. In AFES, the Emanuel convection scheme (Emanuel, 1991; Emanuel and Živković-Rothman, 1999; Peng et al., 2004) and stratiform cloud schemes based on the updated planetary boundary layer scheme (Kuwano-Yoshida et al., 2010) are used. This AFES version is configured at a horizontal resolution of T42 (~280 km) with 48 vertical levels extending from the surface up to ~3 hPa. Each ensemble simulation is driven using randomly different initial conditions from spin-up AGCM experiment (monthly climatological SST/ICE condition) but under the same observed SST and sea-ice forcing from the monthly Optimally Interpolated Sea Surface Temperature (OISST) analysis (Reynolds et al., 2007).

Using AFES, recent studies by Baba (2019, 2021) demonstrated that the updated convection scheme (spectral cumulus parameterization, spectral scheme hereafter) improves the excessive TC genesis bias by reducing the temperature and humidity bias from the lower to upper troposphere. Therefore, to compare with the Emanuel convection scheme (that has been traditionally adopted in AFES), this updated spectral convection scheme was used.



OBSERVED AND SIMULATED TC FREQUENCY OVER THE WNP


Comparison of Observed TCF in 2018–2020

Figure 1 shows the observed TCF anomaly during 2018–2020 over the WNP during boreal summer (June–July–August (JJA) in the left panels) and autumn (September–October–November (SON) in the right panels). In JJA, a significant positive TCF anomaly can be seen in the WNP in 2018 (Figure 1A). The spatial distribution of the positive TCF anomaly area in Figure 1A shows that the frequent TC genesis over the southeast quadrant of the WNP (~5–20°N, 140–160°E) affects the significant increase in TCF over the northwest quadrant (20–35°N, 120–140°E). In 2019, the observed TCF anomaly over the WNP shows an almost neutral state (Figure 1B). In 2020, a weak but significantly negative TCF anomaly appears over the WNP (Figure 1C). To summarize, as mentioned in the Introduction, these observed TCF anomalies during the 2018–2020 summer JJA seem consistent with the year-to-year TC activities over the WNP.
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FIGURE 1. Observed TCF anomaly (defined as occurrence in 5 × 5° bins, units are TCs per season) during 2018–2020 over the WNP during (A–C) boreal summer [June–July–August (JJA)] and (D–F) autumn [September–October–November (SON) in the right panels]. Regions with exceeding ±1σ are shaded.


With seasonal migration from summer (JJA) to autumn (SON), the TCF anomaly distribution features changed. In 2018, a positive TCF signal appeared over the WNP; however, it seems less significant compared with JJA (Figure 1D). In Figure 1D, the positive TCF area is limited only to the southeast quadrant of the WNP. In 2019, a significant TCF increase can be observed in the southeast quadrant (Figure 1E). Furthermore, frequent TC activity can be observed over Japan. According to the JMA report, 10 TCs approached Japan in SON 2019. This number is significantly high compared with the climatological value (~5.5 TCs). In 2020, the TCF anomaly is almost neutral over the WNP (Figure 1F); however, there is a significant positive TCF anomaly over the South China Sea (SCS). As reported in the Introduction, such frequent TC activity over the SCS caused severe flooding in Vietnam.



Comparison of Observed and AFES-Simulated GPI

Previous studies reported that TC distribution is controlled by mean atmospheric conditions (Emanuel and Nolan, 2004), e.g., the weak vertical wind shear and cyclonic vorticity in the lower troposphere and high relative humidity in the mid-troposphere are all favorable for TC genesis (Gray, 1975). For TC intensity, the maximum potential intensity (MPI) based on the SST and convective available potential energy has been defined (Emanuel, 1995; Bister and Emanuel, 2002). For TC genesis, the genesis potential index (GPI) was proposed using four parameters (Emanuel and Nolan, 2004): the relative humidity at 600 hPa, the relative vorticity at 850 hPa (from which the TCF contribution is removed), the MPI, and the vertical wind shear. We used this Emanuel and Nolan (2004) GPI.

To examine whether the mean atmospheric condition is favorable to TC genesis, Figure 2 shows the observed and AFES-simulated GPI anomaly during 2018–2020 over the WNP during boreal summer (JJA). In JJA, a significant positive GPI anomaly can be observed in the WNP in 2018 (Figure 2A). The spatial distribution of the positive GPI anomaly area in Figure 2A suggests an increased TC genesis frequency over the east of The Philippines (10–25°N, 120–150°E), and this is consistent with the TCF increase (Figure 1A). In 2019, the observed GPI anomaly over the WNP has not been clear, thus showing almost neutral state (Figure 2B). In 2020, a significant negative GPI anomaly appears over the WNP (Figure 2C). To summarize, as shown in Figure 1, this observed GPI anomaly during the 2018–2020 summer (JJA) seems consistent with the year-to-year TC activities over the WNP.
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Figure 2. (A–C) Observed (NCEP reanalysis), (D–F) Emanuel scheme AFES, and (G–I) spectral scheme (Baba, 2019, 2021) AFES simulated genesis potential index (GPI) anomaly during 2018–2020 over the WNP during boreal summer (JJA). Regions with exceeding ±1σ are shaded.


The observed GPI anomalies follow the features of the TC activity (Figure 1). In the next step, we examine the SST-forced atmospheric variability using AGCM simulations. Figures 2D–F shows a simulated GPI anomaly during 2018–2020 over the WNP in the Emanuel scheme AFES. In JJA, a weak but significant, positive GPI anomaly can be observed in the WNP in 2018 (Figure 2D). In 2019, a simulated GPI anomaly over the WNP shows significant positivity (Figure 2E), which is different from the observation showing almost a neutral state (Figure 2B). In 2020, a weak but significantly negative GPI anomaly appears over the WNP (Figure 2F).

As reported in section Model and Data, for comparison with the Emanuel convection scheme (that has been traditionally adopted in AFES; results of Figures 2D–F), the spectral scheme (Baba, 2019, 2021) was used. Figures 2G–I show a simulated GPI anomaly between 2018 and 2020 over the WNP in spectral scheme AFES. In JJA, a weak but significantly positive GPI anomaly can be seen in the WNP in 2018 (Figure 2G). This anomaly agrees with the observation (Figure 2A) and Emanuel scheme AFES (Figure 2D). In 2019, a simulated GPI anomaly over the WNP is almost neutral (Figure 2H), which is similar to our observation (Figure 2B). In 2020, a negative GPI anomaly appears over the WNP (Figure 2I). Although the signal appears more equatorward, this signal is qualitatively consistent with this observation (Figure 2C) and the Emanuel scheme AFES simulation (Figure 2F).

Similar to the TCF case (Figure 1), GPI anomaly distribution features changed from JJA to SON. Figure 3 shows observed and simulated GPI anomalies in SON. In 2018, a positive GPI signal appears over the WNP, which seems less significant compared with JJA (Figure 3A). In Figure 3A, the positive GPI area is shifted to the southeast quadrant of the WNP. In 2019, a significant GPI increase can be seen in the southeast quadrant (Figure 3B). Furthermore, another positive GPI area can be observed over the north of Philippines. In 2020, the GPI anomaly is almost neutral over the WNP (Figure 3C); however, there is a significant positive GPI anomaly over the SCS. Similar to the JJA case, GPI distribution and year-to-year variability seem consistent with the TCF variability in Figure 1.


[image: Figure 3]
FIGURE 3. Same as Figure 2, except for the GPI anomaly during boreal fall (SON).


In the Emanuel scheme AFES (Figures 3D–F), the positive GPI signal disappears over the WNP in 2018 (Figure 3D). Compared with the observation (Figure 3A), there is no significant GPI area over the WNP. In 2019, a GPI increase can be observed in the east of Philippines despite insignificant (Figure 3E). In 2020, a strong and significant negative GPI anomaly covers over the WNP and SCS (Figure 3F). This is unlike the observation (Figure 3C) that the GPI anomaly is significantly positive (neutral) over the SCS (WNP).

In the spectral scheme AFES (Figures 3G–I), the positive GPI signal appears over the southeast quadrant of the WNP in 2018 (Figure 3G). This feature agrees with the observation in Figure 2D. In 2019, a GPI increase can be observed in the east of Philippines (Figure 3H). Compared with the Emanuel scheme AFES (Figure 3E), the GPI pattern seems improved, i.e., significantly positive. In 2020, a strong and significant negative GPI anomaly covers the WNP (Figure 3I). It is similar to the Emanuel scheme AFES (Figure 3F). However, a strong (despite being insignificant), positive GPI anomaly can be seen over the SCS (Figure 3I). This anomaly agrees with the observation in Figure 3C.



Observed and Simulated Atmospheric Responses Between 2018 and 2020

To examine the large-scale atmospheric conditions associated with TCF variability over WNP, we examine the seasonal mean (JJA and SON) 850 hPa wind and convective anomalies. The left panels of Figure 4 show spatial patterns of the observed 850 hPa wind and outgoing longwave radiation (OLR) anomalies in JJA. In 2018, negative OLR and a cyclonic anomaly can be observed over SCS and WNP (~10–25°N, 100–150°E) in the observation (Figure 4A). Toward the north of the cyclonic/convective anomaly, a positive OLR and an anticyclonic anomaly can be observed in East Asia and North Pacific (~30–45°N, 100–150°E). Around the central Pacific, negative (positive) OLR anomaly appears over the north (south) of the equator. In 2019, there is no significant OLR and circulation anomaly over the North Pacific area (Figure 4B). In 2020, positive OLR and an anticyclonic anomaly can be seen over the WNP (~10–30°N, 120–180°E) in the observation (Figure 4C). Around the equator, positive OLR and an easterly anomaly appear over the central Pacific.
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FIGURE 4. Spatial patterns of the observed 850 hPa wind (units; m/s) and outgoing longwave radiation (OLR) (units; W/m2) anomalies in JJA. (A–C) is observation (NCEP reanalysis), (D–F) is the Emanuel scheme AFES, and (G–I) is the spectral scheme AFES. OLR regions with exceeding ±1σ are shaded.


In the Emanuel scheme AFES (middle column panels of Figure 4), the SST-forced response is weak; however, the cyclonic response over the WNP and the meridional dipole OLR pattern in the central Pacific are simulated in 2018 (Figure 4D). Around the central Pacific, a negative (positive) OLR anomaly is simulated over the north (south) of the equator. In 2019, there is significantly negative OLR and a cyclonic anomaly over the western/central North Pacific area in the AFES simulation (~10–30°N, 120–180°E; Figure 4E), which is different from the observation (Figure 5B). In 2020, over the WNP, a positive OLR and an anticyclonic anomalies are not simulated (~10–30°N, 120–180°E); the AFES simulation demonstrates almost a neutral condition (Figure 4F). However, a positive OLR and an easterly anomaly are simulated over the central Pacific on the equator.


[image: Figure 5]
FIGURE 5. Same as Figure 4 but for SON.


In the spectral scheme AFES (right column panels of Figure 4), compared with the Emanuel scheme AFES, the SST-forced response seems improved with the cyclonic/anticyclonic meridional dipole pattern over the WNP (~100–150°E) and a meridional dipole OLR pattern in the central Pacific in 2018 (Figure 4G). In 2019, there are no significant OLR and circulation anomaly over the North Pacific area (Figure 4H). In 2020, a positive OLR and an anticyclonic anomalies are not simulated over the WNP (~10–30°N, 120–180°E), and the AFES simulation shows rather the opposite (Figure 4I). However, positive OLR and an easterly anomaly are simulated over the central Pacific on the equator.

The left panels of Figure 5 show the observed spatial patterns of the observed 850 hPa wind and OLR anomalies in SON. In 2018 (Figure 5A), positive (negative) OLR anomaly appears around the SCS (equatorial Pacific ~150°E). The equatorial westerly anomaly can be observed in the Pacific. In 2019, there is a cyclonic anomaly over the North Pacific area (Figure 5B). Over the Maritime Continents, there is a significant positive OLR anomaly. In 2020, negative OLR and a cyclonic anomaly can be observed over the SCS in observation (Figure 5C). Around the equator, similar to JJA (Figure 4C), positive OLR and easterly anomaly appears over the central Pacific.

In the Emanuel scheme AFES (middle column panels of Figure 5), the SST-forced response is an equatorial westerly anomaly in the Pacific; however, the observed dipole OLR pattern between the SCS and central Pacific is not simulated in 2018 (Figure 5D). In 2019, there is no significant OLR anomaly over the North Pacific area (Figure 5E). In 2020, negative OLR and a cyclonic anomaly are not simulated over the SCS, and the AFES simulation shows almost neutral conditions (Figure 5F). However, positive OLR and an easterly anomaly are simulated over the central Pacific on the equator; the easterly anomaly intrudes in the SCS area.

In the spectral scheme AFES (right panels of Figure 5), compared with the Emanuel AFES, the SST-forced response seems improved with the negative/positive OLR dipole pattern over the WNP and SCS in 2018 (Figure 5G). In 2019, there is significant negative OLR and a cyclonic anomaly over the North Pacific area (Figure 5H). Over the Maritime Continents, this AFES simulation captures a significant positive OLR anomaly. In 2020, negative OLR and a cyclonic anomaly are simulated over the SCS, although the AFES simulation shows an extension bias to the WNP (Figure 5I). Moreover, positive OLR and an easterly anomaly are simulated over the central Pacific on the equator.

To examine the global SST patterns associated with observed and simulated atmospheric/GPI variability, Figure 6 shows the spatial patterns of the SST anomalies in JJA (left panels) and SON (right panels).


[image: Figure 6]
FIGURE 6. Spatial patterns of the observed SST (units; °C) anomalies in (A–C) JJA and (D–F) SON. Regions exceeding ±0.3°C are shaded.


The SST anomaly in SON 2018 shows a positive anomaly over the central Pacific (Figure 6D). The SST pattern shows El Niño Modoki or the Central Pacific (CP) El Niño in the tropics (Kao and Yu, 2009) with a precursory extratropical signature of warm SST anomalies in the northeastern subtropical Pacific (120–180°W, 10–30°N) in JJA 2018 (Figure 6A), reminiscent of the PMM (Chiang and Vimont, 2004; Ogata et al., 2019). The associated TCF pattern in JJA 2018 (Figure 1A) demonstrates a positive anomaly approximately over the WNP. The results in Figures 1–5 show that the observed TCF increase over the WNP during JJA 2018 is significantly related (simulated as an SST-forced response) to the central equatorial and subtropical warm Pacific SST anomalies via a GPI increase by the cyclonic vorticity. The relationship between TCF/GPI increase and warm SST seems to have continued in SON 2018. TCF increases over the WNP with equatorial and subtropical SST warming (i.e., El Niño Modoki and PMM) agrees with the previous studies (Kim et al., 2011; Zhang et al., 2016; Qian et al., 2019).

Equatorial/subtropical SST warming over the central Pacific continued in 2019; however, the eastern Pacific is a weak cold anomaly (Figures 6B,E) while warm anomaly over the CP is persisting. In the tropical Indian Ocean, particularly in JJA, basin-wide warming is a noticeable feature (SST anomaly averaged over 20°S−20°N, 50–100°E is 0.44°C in JJA, and 0.24°C in SON). From JJA to SON 2019, IOD is developing. The results in Figures 1–5 suggest that the observed TCF increase over the WNP during SON 2019 is significantly related (simulated as SST-forced response) to the central equatorial and subtropical warm Pacific SST anomalies via the GPI increase using cyclonic vorticity. However, JJA 2019 is not significant in the TCF/GPI change per the observation in Figures 1–3. The Indian Ocean basin warming causes an anticyclonic anomaly over the WNP (Xie et al., 2009; Du et al., 2011); therefore, the cyclonic response to the Pacific forcing and anticyclonic response to the Indian Ocean forcing may cancel each other over WNP in JJA 2019.

In 2020, opposite to 2018, the La Niña condition is developing (Figures 6C,F). The observed TCF decrease over the WNP during JJA 2020 is significantly related (simulated as SST-forced response) to the central equatorial cold Pacific SST anomalies (Figure 6C) using the GPI decrease by the anticyclonic vorticity. However, in both AFES simulations, the anticyclonic circulation observed over the WNP (Figure 4C) was not simulated, which indicates the underestimation of the atmospheric response to basin warming over the Indian Ocean (Xie et al., 2009; Du et al., 2011). Over the SCS, the anticyclonic response decay by the Indian Ocean basin warming in SON (e.g., Ueda et al., 2018) may help the favorable TC genesis in SON 2020.




SUMMARY AND DISCUSSION

In this study, we examined the TC activity over the WNP in 2018–2020 and its relationship with planetary scale convection and circulation anomalies, both of which play an important role in TC genesis. To extract the impacts of climate modes (El Niño, IOD, and El Niño Modoki) on the SST-forced atmospheric variability, ensemble AGCM simulations forced with the observed SST are executed. In AGCM experiments, we investigate the uncertainty of convective parameterization and robustness of simulated atmospheric response using two different convection schemes. Between 2018 and 2020, the observed TCF (Figure 1) and GPI (Figures 2, 3) demonstrated consistent features. In the AFES simulation, the updated convection scheme (spectral scheme) improves the simulation ability of the observed GPI (Figures 2, 3) and the planetary scale convection and circulation (Figures 4, 5) features. For example, a significant GPI increase over the WNP in SON 2018 and SCS in SON 2020, which were not captured using the Emanuel scheme AFES, have been simulated in the spectral scheme AFES (Figures 2, 3).

Ogata et al. (2021) demonstrated that using the Emanuel scheme AFES, TCF variability is simulated in JJA but not in SON. They concluded that this difference is attributed to the internal atmospheric variability. However, in this study, the spectral scheme (Baba, 2019, 2021) may improve the SON skill. The higher resolution (T239, 50-km in horizontal) AFES experiments having the updated convection scheme will be required for additional investigation of sensitivity to convective parameterization.

As reported in section Comparison of Observed and AFES-Simulated GPI, GPI can be expressed using four environmental variables. To investigate important factors for the GPI anomaly formation, GPI anomaly is decomposed in each environmental variables' contribution (Figure 7). Most GPI anomalies (blue bars in Figure 7) over the WNP can be explained by relative vorticity anomalies (orange bars in Figure 7), except the observed JJA case (Figure 7A). In the observed JJA case, other factors (relative humidity in 2018 and MPI in 2019) seem important. Note that the observed JJA (spectral scheme AFES simulated SON) anomaly may underestimate the variability because of the opposite signal in the south (west) of averaged area (5–20°N, 120–180°E).
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FIGURE 7. Decomposed GPI contribution in each environmental variable during JJA (left) and SON (right) over the WNP (averaged over 5.20.N, 120.180.E). Total (blue bars), vorticity (orange), humidity (gray), MPI (yellow), and wind shear (aqua) contributions are shown. (A,D) is observation (NCEP reanalysis), (B,E) is the Emanuel scheme AFES, and (C,F) is the spectral scheme AFES.


Recently, studies demonstrated that to simulate the realistic TC development, high-resolution, cloud-resolving (5-km or finer) models are desirable (Kanada and Wada, 2017), although at the expense of a high computational cost. To examine the long-term (multidecadal) TC variability, however, 50-km resolution AGCMs are adequate (Yoshida et al., 2017) despite a significant uncertainty because of the convective parameterizations used in AGCMs. Therefore, efforts should be made toward improving AGCM cloud parameterizations (Baba, 2019, 2021). Furthermore, studies reported that air–sea coupling is important to improve seasonal or longer time-scale TCF forecasts by considering the impact of the active entrainment of subsurface water on the SST and extreme TC activity predictions (Vincent et al., 2012; Ogata et al., 2015, 2016; Ma et al., 2018), which is not considered in this study as it requires the use of an AGCM. Thus, as a next step, we plan to examine this topic using coupled GCMs.
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