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Extreme tropical cyclone activities in the southern Pacific Ocean
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This research concerning the South Pacific Ocean shows the ten-year and interannual variability of extreme cyclones (categories 4 and 5). The intensity of these cyclones has been reanalysed on the basis of GMS, GOES, and NOAA satellite images. In the period 1980 to 2016, 63 cyclones reached categories 4 and 5. During the decade 1980-89, the intensity of cyclones of at least 115 knots was underestimated: we found 19 such cyclones, as opposed to 6 in the Joint Typhoon Warning Center (JTWC) database. Between 1980 and 2016, the number of extreme cyclones did not show any tendency to increase. The 1983 season was the most active, with 6 cyclones of categories 4 and 5 that do not figure in the JTWC database for the South Pacific. El Niño episodes concurred with a much higher number of cyclones of at least 115 knots than La Niña episodes. More than half of the category 5 (at least 140 knots) cyclones were observed during El Niño years. While the ocean temperature is not a negligible explanatory factor, tropospheric dynamics remain determinant. The South Pacific Ocean is the theatre of very intense cyclones, comparable to those in the western or eastern North Pacific. Thus, by reanalysing satellite images, an intensity of 170 knots was attributed to cyclone Hina (March 1985), which was the strongest in the southern hemisphere since 1980.

Introduction

The South Pacific Ocean corresponds to the ocean basin located south of the equator and delimited in the west by the 135° East meridian. On average, every year, 10 tropical disturbances reach at least the tropical storm stage with 35 knots winds sustained for 1 minute (Diamond et al., 2012;[START_REF] Walsh | Tropical cyclones and climate change[END_REF]. The present Joint Typhoon Warning Center's database (JTWC, 2015) shows that, on average, every year in the South Pacific Ocean, 1 tropical storm increased in intensity to a category 4 or 5 extreme cyclone (at least 115 knots) in the Saffir-Simpson classification [START_REF] Simpson | The Hurricane disaster potential scale[END_REF]. In the debate on global warming and the variation in the number of category 4 and 5 extreme cyclones, research has produced very different results for the South Pacific Ocean. [START_REF] Webster | Changes in tropical cyclone number, duration, and intensity in a warming environment[END_REF] found that activity doubled between 1975-1989and 1990-2004. Klotzbach (1986) ) indicates a moderate trend (+23%) towards an increase in the number of cyclones of at least 115 knots between 1986-1995 and 1996-2005 in the South Pacific. [START_REF] Kuleshov | Trends in tropical cyclones in the South Indian Ocean and the South Pacific Ocean[END_REF] have not mentioned any trend for the period 1982 to 2007. More recently, Klotzbach and Landsea (2015) have not revealed any trend between 1990 and 2014. These various research studies used existing archives concerning the intensity of cyclones of which the data had never been verified. On the basis of an automatic algorithm applied to satellite images, [START_REF] Kossin | A globally consistent reanalysis of hurricane variability and trends[END_REF] estimated the intensity of cyclones on the worldwide scale between 1983 and 2005. Apart from the fact that this method reduces the accuracy of the estimated intensity compared to the Dvorak classic method (1984), [START_REF] Kossin | A globally consistent reanalysis of hurricane variability and trends[END_REF] did not find any trend in the number of categories 4 and 5 cyclones for the South Pacific. In order to provide new light, this article deals with the original elements of the activity of category 4 and 5 extreme tropical cyclones in the South Pacific, based on the reanalysis of satellite images during the period 1980-2016. The South Pacific Ocean was served for the period 1980-2016 by two geostationary satellites, GMS positioned at 140°E, and GOES-West at 135°W [START_REF] Foley | Observations and analysis of tropical cyclones[END_REF]. While GMS satellites have always had a resolution of 4 km with infrared, GOES satellites had 8 km resolution in the 1980s. Also, these satellites could not always observe the real temperature of the warmest pixel in the eye of cyclones, considering the position of the cyclones or the small size of the eye. The temperature of the eye is an important parameter for estimating the intensity of cyclones from infrared images. Consequently, it was necessary to use images with 4 km resolution from polar orbiting satellites belonging to the National Oceanic and Atmospheric Administration (NOAA). While moving, these satellites can pass directly above cyclones and observe the warmest pixel in the eye. Indeed, the stage of intensity of a cyclone is determined by the [START_REF] Dvorak | Tropical cyclone intensity analysis using satellite data[END_REF] analysis, for which one needs to know the highest temperature in the eye and the temperature of the top of the clouds within a radius of 0.5 degree around the cyclone centre. The Dvorak Technique is based on cyclone operational procedures that are used to estimate the intensity by means of the maximum sustained wind over 1 minute. This Technique was published in 1984. Since forecasters need several months to learn about and experience this technique, an efficient application was effective in all the world's cyclone basins in the late 1980s [START_REF] Knaff | An evaluation of Dvorak technique-based tropical cyclone intensity estimates[END_REF]. Furthermore, the assessment of the Dvorak Technique did not find any overestimation of the intensity of the strongest cyclones.

Under-estimation of the intensity of cyclones in

To illustrate the problem of the insufficient quality of databases concerning the intensity of cyclones pointed out by several authors [START_REF] Landsea | Can We Detect Trends in Extreme Tropical Cyclones?[END_REF][START_REF] Harper | A review of historical tropical cyclone intensity in northwestern Australia and implications for climate change trend analysis[END_REF][START_REF] Hoarau | Intense tropical cyclone activities in the northern Indian Ocean[END_REF] including [START_REF] Kuleshov | Trends in tropical cyclones in the South Indian Ocean and the South Pacific Ocean[END_REF] on the subject of the South Pacific Ocean, we took the example of Isaac (22P), whose intensity is not known in the JTWC database (2015). This cyclone formed on 28 February 1982 east of the Samoa Islands and then moved towards the south-west (Figure 1). On examining satellite images, marked cooling of the cloud tops was noted between the start and the middle of the day on 1 March (Figure 2), when Isaac's cloud configuration corresponded to 4.5 on the [START_REF] Dvorak | Tropical cyclone intensity analysis using satellite data[END_REF] scale, which goes up to 8.

Figure 2

The intensity is therefore estimated at 75 knots (Figure 3). On 2 March, the increase in intensity continues rapidly.

Figure 3

At 0600 UTC, a small eye forms in the central dense overcast (Figure 2). The eye widens and warms up to +18.4°C at 1500 UTC. The wide cloud belt of 0.5 degree includes tops with temperatures of -70°C to -77°C. The more the eye is warm and the more the cloud tops are cold, the greater is the intensity of the cyclone. At 1200 UTC and 1500 UTC, Isaac displayed satellite data of 7.0, which, in the Dvorak Technique, match with sustained winds of 140 knots. However, at 1800 UTC, satellite data figures drop to 6. This is why the maximum intensity of the cyclone is estimated at 130 knots (category 4) at 1500 UTC and 1800 UTC before its intensity starts decreasing (Figure 3). During a phase of rapid intensification, winds do not have time to adjust to the cloud configuration, and the same applies during a phase of rapid decrease (on 3 March from 0600 UTC): an increase or decrease of the strength of winds in the cyclone is delayed by a few hours in relation to satellite data. Cyclone Isaac is not an isolated case. Comparison of our reanalysis with the JTWC database (2015) shows that the number of category 4 and 5 cyclones had been largely underestimated 

Figure 4

When one considers the location of the maximum intensity of each of the 63 extreme cyclones in the South Pacific from 1980 to 2016, one finds that the geographical area concerned ranges from 10°S to 23°S and from 135°E to 145°W (figure 5). A total of 44 (70%) of the 63 category 4 and 5 cyclones, and 12 (66%) of the 18 category 5 cyclones (at least 140 knots) reached their maximum intensity west of the 180° meridian.

Figure 5

In the 1980s, a category 5 cyclone was observed at 147°W. It is the most intense cyclone listed in the south-eastern part of the Pacific Ocean. Most of the extreme cyclones reached their maximum between 12°S and 18°S. The four category 4 cyclones (115 to 135 knots) that reached their maximum intensity south of 20°S have occurred since 2010. This could confirm the poleward migration of the location of the maximum intensity of cyclones identified by [START_REF] Kossin | The poleward migration of the location of tropical cyclone maximum intensity[END_REF]. These different characteristics of the extreme cyclones activity in the South Pacific are greatly influenced by the interannual variations of oceanic and tropospheric conditions.

The indisputable role of the El Niño phenomenon

Marked interannual variability of the number of category 4 and 5 cyclones was found in the South Pacific (Figure 6). The maximum was 6 extreme cyclones during the summer of 1983, while none was observed 7 times between 1980 and 2016. more than 100 knots (Figure 7), while our reanalysis finds sustained winds over 1 minute ranging from 120 knots in the case of Tomasi (19P) on 30 March to 155 knots (7.5 on the Dvorak's scale) for Orama (13P) on 24 February.

Figure 7

Orama is the strongest cyclone in the eastern part of the basin. In the same year, Reva (17P) and Veena (21P) respectively reached 125 and 130 knots east of the 150°W meridian. While the two other strong El Niño episodes, in 1998 and 2016, did not concur with a high number of extreme cyclones (of which there were 2 in each of these years), the most moderate El Niños in 1992, 2003 and 2005 had more activity (Figure 6). In total, during the 9 El Niño episodes from 1980 to 2016, there were 28 category 4 and 5 cyclones, i.e., an average of 3.1 per year. This is a higher value than the average of 1.7 per year, if we count the 63 cyclones that occurred in 37 years. However, the 8 La Niña episodes produced 10 extreme cyclones, with an annual average of 1.25, a value comparable to that obtained on the basis of 25 extreme cyclones formed during the 20 other seasons in the South Pacific. Therefore, cyclones were of greater intensity during El Niño phases, and their location at the time of their maximum intensity was different from that of La Niña episodes or other seasons (Figure 8). Pacific Ocean [START_REF] Nicholls | A possible method for predicting seasonal tropical cyclone activity in the Australian region[END_REF][START_REF] Nicholls | The Southern Oscillation, sea surface temperature, and interannual fluctuactions in Australian tropical cyclone activity[END_REF]Revel and Gouter, 1986;[START_REF] Basher | Tropical cyclones in the southwest Pacific: Spatial patterns and relationships to Southern Oscillation and sea surface temperature[END_REF][START_REF] Chand | Influence of ENSO on tropical cyclone intensity in the Fiji region[END_REF][START_REF] Dowdy | Tropical Cyclone climatology of the South Pacific Ocean and Its Relationship to El Niño-Southern Oscillation[END_REF][START_REF] Chand | Impact of different ENSO regimes on southwest Pacific tropical cyclones[END_REF].

In addition, we compared the temperature of the ocean, firstly, between the 2 strongest El Niño episodes, and secondly, between the 2 most marked La Niña phases (CPCM, 2016). While the ocean temperature was higher in the South Pacific for El Niño in the summer of 2016 than in 1983 (Figure 9), the number of extreme cyclones was higher, and activity extended further to the east in 1983.

Figure 9

Similarly, the ocean temperature was higher for La Niña in the summer of 2000 than in 1989 (Figure 10), and there were no extreme cyclones in 2000, as opposed to 2 in 1989. Therefore, it is not only the higher ocean temperature in the eastern South Pacific during an El Niño phase that explains the higher number of cyclones of at least 115 knots east of the 180° meridian.

Figure 10

At the same time, the absence of category 4 and 5 cyclones east of the 180° meridian during the La Niña episodes cannot be explained by the ocean temperature, which was at least 28°C in February 1989 and 2000. Consequently, the conditions in the troposphere are determinant in the South Pacific Ocean. During the El Niño, the cyclonic vorticity of low layers is stronger in the monsoon trough that occupies a position between 170 degrees East and 140 degrees West [START_REF] Dowdy | Tropical Cyclone climatology of the South Pacific Ocean and Its Relationship to El Niño-Southern Oscillation[END_REF][START_REF] Chand | Impact of different ENSO regimes on southwest Pacific tropical cyclones[END_REF]. Vertical wind shear reaches low figures to the east of the 180° meridian, with winds at 200 hPa which have an eastward component [START_REF] Basher | Tropical cyclones in the southwest Pacific: Spatial patterns and relationships to Southern Oscillation and sea surface temperature[END_REF]Ramsay et al., 2008;[START_REF] Dowdy | Tropical Cyclone climatology of the South Pacific Ocean and Its Relationship to El Niño-Southern Oscillation[END_REF][START_REF] Chand | Impact of different ENSO regimes on southwest Pacific tropical cyclones[END_REF][START_REF] Cheung | Interdecadal shift of intense tropical cyclone activity in the Southern Hemisphere[END_REF]. Thus the eastward extension of favourable atmospheric conditions enables tropical We identified cyclones that reached sustained winds of at least 155 knots, i.e., 7.5 on the [START_REF] Dvorak | Tropical cyclone intensity analysis using satellite data[END_REF] scale. In the satellite imagery, these cyclones are seen to have an eye with a temperature of more than +9°C, and with cloud tops colder than -75°C within a minimum radius of 0.5 degree around the centre. This was the case for Orama (Figure 7) and for the 3 cyclones already mentioned -Zoe, Monica and Winston -to which we added cyclones Anne (07P) on 10 January 1988 and Percy (20P) on 2 March 2005 (Figure 11), which have an intensity of 140 knots in the JTWC database (2015). During its phase of very rapid intensification, satellite data showed that Anne even reached 8 on the [START_REF] Dvorak | Tropical cyclone intensity analysis using satellite data[END_REF] scale, with clouds top temperature between -81°C and -90°C (Figure 11). However, this cloud 

Figure 11

In agreement with [START_REF] Durden | Remote Sensing and Modeling of Cyclone Monica near Peak Intensity[END_REF], our analysis attributes 160 knots to Monica. In fact, a seventh cyclone exceeded 155 knots and, below, we study it in more detail, because it may be considered as the most intense cyclone in the South Pacific. This is cyclone Hina (30P), which was formed on 13 and 14 March 1985 north of the Vanuatu Islands (Figure 12). This cyclone moved at more than 15 knots in the east-south-east direction, then south-east, passing to the west of the Fiji Islands at the end of the day on 16 March.

Figure 12

From its very beginning, Hina intensified rapidly, increasing from 55 knots to 105 knots in 24 hours between 14 and 15 March at 0000 UTC (Figure 13). It is at that time that our analysis starts to diverge from that of JTWC, which attributed a maximum intensity of 135 knots to Hina on 16 March at 0600 UTC and 1200 UTC. For the same period, our estimation gives 170 knots, i.e., an intensity of 8 on the [START_REF] Dvorak | Tropical cyclone intensity analysis using satellite data[END_REF] scale.

Figure 13

Cyclone Hina had a cloud configuration of 140 knots on 15 March at 0300 UTC, 155 knots at 0600 UTC, and 170 knots on 16 January from 0300 UTC to 1200 UTC. The persistence of satellite data at 155-170 knots for a period of more than 24 hours enabled sustained winds to gradually adjust to the cloud scheme, explaining the exceptional intensity reached by cyclone Hina. The satellite imagery shows that Hina had cold cloud tops from the beginning of the day on 15 March (Figure 14). These cloud tops continued to cool while the eye was becoming warmer. Thus the closed cloud belt that included cloud tops colder than -81°C was extended to reach 0.5 degree at its narrowest part on 16 January from 0300 UTC, 0.6 degree at 0600 UTC, and 0.65 degree at 0900 UTC. At this time, certain cloud tops had a temperature of -92°C just around the eye. The perfectly circular eye with a diameter of 22 km had a temperature of +15°C on 15 January at 0330 UTC, +18°C at 1441 UTC, +21°C on 16 January at 0319 UTC, and still +20°C at 1500 UTC at the time when the cyclone started to weaken.

With an estimated intensity of 170 knots, Hina is probably the strongest cyclone in the southern hemisphere since the early 1980s. JTWC ( 2015 [START_REF] Kimberlain | Hurricane Patricia 20-24 October 2016 (EP202015[END_REF] and 170 knots [START_REF] Lander | State of the climate in 2013[END_REF].

Conclusion

This study highlighted the particularities of category 4-5 extreme tropical cyclones in the southern Pacific Ocean over the period 1980-2016. The re-analysis of intensities using satellite images indicates that 63 extreme cyclones were formed over the last 37 years. The number of category 4 and 5 cyclones had been largely underestimated in the South Pacific during the decade 1980-89; we found 19 cyclones that generated winds of at least 115 knots, as opposed to 6 found by JTWC. This illustrates the problem of the insufficient quality of databases and why a reanalysis of cyclone intensities was needed. The decadal distribution did not reveal any trend towards an increase in the number of these cyclones. In fact, the number of cyclones at least at 115 knots has decreased from 19 in the 1980s to 14 in the 
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  in the South Pacific during the decade 1980-89 (Figure4): we found 19 cyclones that generated winds of at least 115 knots, as opposed to 6 found by JTWC. The ten-year distribution between 1980 and 2009 does not show a trend towards an increase in the number 5 cyclones, even if activity in the present decade 2010-19 should be higher than activity in 2000-09.
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  and to become category 4 and 5 cyclones. During La Niña phases, the formation and intensification of cyclones take place in the western part of the ocean basin with unfavourable atmospheric conditions east of the 180° meridian.4. The strongest cyclones in the South Pacific OceanIt is always difficult to determine what are the most intense cyclones in a specific basin. Nott et al. (2014) put forward a pressure of 880 hPa for cyclone Mahina on the basis of the 9 metres storm tide that had hit Bathurst Bay in North-East Australia and a measurement of 914 hPa observed by a boat on 5 March 1899. Even if the authors consider Mahina to be the most intense cyclone ever recorded in the southern hemisphere, it is not possible to attribute an intensity to a cyclone for which there is no satellite data or wind data. In the JTWC database (2015), 2 cyclones were estimated at 155 knots in the South Pacific, that is, Zoe (06P) on 27 December 2002, and Monica (23P) on 23 April 2006. In real time, JTWC attributed an intensity of 155 knots to cyclone Winston (11P) on 20 February 2016. In a detailed study, Durden (2010) estimated Monica at 160 knots. Our reanalysis of satellite images of the South Pacific between 1980 and 2016 also enabled us to list the strongest cyclones.

  remain long enough to allow this cyclone to be estimated at more than 155 knots.
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  ) attributed winds of 150 knots to cyclone Agnielle (01S) on 21 November 1995 in the South Indian Ocean -an intensity similar to that attributed in real time to cyclone Fantala (19S) on 18 April 2016. However, there has still not been a reanalysis of cyclone intensities in this basin. Nevertheless, Hina could be one of the world's most intense cyclones since 1980. Only Patricia on 23 October 2015 in the North-East Pacific and Haiyan on 7 November 2013 in the North-West Pacific reached respectively 185 knots
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 2 Figure 2. Satellite images (Basic Dvorak) of cyclone Isaac. Source: Images treated using raw
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 3 Figure 3. Estimation of the intensity of cyclone Isaac using the Dvorak method. Source: Chart
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 45 Figure 4. Number of extreme category 4-5 cyclones per decade (1980-2016). Source: Chart
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 6 Figure 6. Annual number of extreme Cat 4-5 cyclones (1980-2016) and the El Niño, La Niña
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 7 Figure 7. Satellite images (Basic Dvorak) of extreme cyclones during the 1983 season.
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 8 Figure 8. The location of the maximum intensity of extreme cyclones during El Niño, La Niña
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 9 Figure 9. The location of the maximum intensity of extreme cyclones and the sea surface
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 10 Figure 10. The location of the maximum intensity of extreme cyclones and the sea surface
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 1112 Figure 11. Satellite images (Basic Dvorak) of five of the seven strongest cyclones in the
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 13 Figure 13. Estimation of the intensity of cyclone Hina using the Dvorak method. Source:
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 141234567891011121314 Figure 14. Satellite images (Basic Dvorak) of cyclone Hina. Source: Images treated using raw
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