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34 Abstract

35 Extra-tropical cyclones are a prelevant feature in the climate at middle and high latitudes. Despite their 

36 importance, most studies typically focus only on cyclones identified at a single atmospheric level and on 

37 events close to the surface. This paper provides a new perspective on the Southern Hemisphere (SH) cyclone 

38 events based on the multilevel cyclone tracking algorithm STACKER. The algorithm, using relative 

39 vorticity, detects the raw tracks at single levels and objectively combines them to provide the 3D events and 

40 their evolutionary timeline. As a result, a 3D cyclone climatology, based on ECMWF Reanalysis ERA-I data 

41 from 12 pressure levels in the troposphere and lowermost stratosphere is presented. To the best of our 

42 knowledge, this is the first analysis carried out throughout the troposphere and the lowermost 

43 extratropical/subpolar stratosphere in order to give a comprehensive picture of the cyclone events as physical 

44 entities throughout their lifetime. Cyclone properties analysed are track densities, translational velocity, 

45 vorticity and lifetimes. For the subtropical and extra-tropical SH, results support many previous ideas about 

46 cyclone characteristics, but new insights are also obtained. A total of 58231 multilevel cyclone events lasting 

47 at least 2 days were detected, with vertical structures spanning two or more levels. This means an average 

48 of 303 cyclone events of all types per month, between 2001 and 2017, disregarding seasonality. Results show 

49 that cyclones are most frequently detected at the lowest levels of 925 and 700 hPa. By considering that 

50 cyclonic systems can be grouped into families according to their vertical extent, results per month on average 

51 show that shallow systems are the most frequent events with approximately 248 systems detected, followed 

52 by 43 intermediary and 11 deep events.  Shallow and deep systems have a large percentage of events with 

53 genesis at 925 and 700hPa. Density statistics show that shallow events are present at all latitude ranges 

54 mostly poleward of 30ºS with high and medium intensities, while intermediate ones are mostly restricted to 

55 mid-latitudes and deep events are mostly confined to sub-polar and polar latitudes. Cyclones over Antarctica 

56 seem to be mostly intermediary and deep cyclones, with longer lifetimes and lower velocities.  

57 Keywords: STACKER, 3D cyclone climatology, feature tracking, relative vorticity, multilevel structures. 

58 Dynamic programming, Optimal algorithm

59
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60 1. Introduction

61 Cyclone activity represents an important feature of the general circulation of the atmosphere because they 

62 transport large amounts of energy, momentum and moisture polewards. The passage of cyclones is also 

63 linked to severe weather in terms of rainfall, snowstorms and strong winds (Sinclair, 2020), In a climate that 

64 is expected to become warmer in the future, with more frequent severe events, understanding changing 

65 cyclone behaviour is a particularly complex and important challenge, especially considering their potential 

66 economic and human impact (IPCC, 2007, 2014). At mid-latitudes, the cumulative behaviour of cyclones is 

67 what constitutes the storm tracks (Catto,2018). As Valsangkar et al. (2018) point out with regard to future 

68 climate change and the associated changes in the storm tracks, understanding the genesis and life-cycle of 

69 extra-tropical cyclones is an issue of great relevance. The analysis of the cyclones must include not only 

70 their characteristics, location, intensity and frequency but also identify and track their path, origin and 

71 evolution. 

72 Many studies have addressed the topic since van Bebber (1882) studied cyclones with a manual analysis of 

73 synoptic weather charts. Since then, a considerable number of analysis methods have been developed with 

74 a wide variety of results, depending on the availability of the parameters considered, the cyclone definition 

75 applied and the algorithm designed to track them (e.g., Neu et al, 2013, Grieger et al, 2018).  Examples of 

76 such studies are, among others, Sinclair (1994, 1995, 1997; 2002); Inatsu, (2009); Reboita et al. (2009); 

77 Eichler and Gottschalck, (2013), Hoskins and Hodges (2005). 

78 Many methods used to detect and track cyclones are based on some variant of the neighbour point tracking 

79 (NPT) method, which consists of two step: first, the cyclonic system centres, defined as a local maximum or 

80 minimum value of a climatic variable, are detected at each time step; and secondly the track is obtained by 

81 linking these points together based on the nearest neighbour method (Kelemen et al., 2015) (Satake et al., 

82 2013; Flaounas, 2014). Currently available algorithms mostly track atmospheric events broadly across the 

83 globe using mean sea level pressure (MSLP), geostrophic vorticity, geopotential heights, potential and 

84 relative vorticity, singly or in combination (Hanson et al., 2004; Picornell et al., 2001; Jansa et al., 2001; 

85 Trigo et al., 1999, Hoskins and Hodges, 200; Flocas et al, 2010; Kouroutzoglou, et al., 20 12). The most 
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86 frequent variables used are local minima in MSLP or maxima or minima in vorticity (depending on 

87 hemisphere) at a single geopotential height or pressure level (Pepler and Dowdy, 2020; Walker et al., 2020).  

88 An efficient algorithm implies the use of a decision tree formulated around constraints on cyclone properties 

89 in order to be able to identify feature values (typically values above or below a prescribed value). The 

90 detected centres are then organised into the cyclone trajectories. The algorithm also has to deal with the fact 

91 that cyclones may split or merge with other cyclones. Because cyclones can have diverse characteristics and 

92 evolution at various levels, a single-level analysis will affect the climate statistics and conclusions derived 

93 from such algorithms. Despite the fact that the vertical structure of a system is known to play a major role 

94 in its development and impacts (Pepler and Dowdy, 2020), most of the analyses typically focus on cyclones 

95 identified at a single atmospheric level and in events close to the surface. 

96 There are very few analyses that consider multilevel events and those that do usually only span levels up to 

97 500 hPa. Lim and Simmonds (2007) compared cyclone tracks at six levels, between MSLP and 500hPa, to 

98 assess the vertical climatology of SH cyclones for the austral winter months (JJA), for the period 1979-2001. 

99 The analysis was based on cyclone tracks defined in terms of multiple-level events by considering their 

100 variations in height, as well as sequences of multilevel overlaps defined for track points at different 

101 contiguous levels at a given timestep (whose coordinates at an immediate upper level fall within a 4° latitude 

102 radius (≈444 km) of the track point being considered at the lower level). This is carried out at each time step, 

103 comparing track points at subsequent levels. Results of this bottom-to-top approach composition were further 

104 separated into shallow (up to 700hPa) and well-organized cyclones (at least up to 500hPa).  Their results 

105 showed that cyclones are frequently detected at the surface and at 500 hPa, with a minimum frequency value 

106 at 700 hPa, while about 52% of SH winter events have a vertically well-organized structure, extending 

107 through the 500-hPa level. 

108 Pepler and Dowdy (2020) based on the results of Lim and Simmonds (2007) and using mean sea level 

109 pressure (MSLP) from ERA-Interim reanalysis data, carried out a study of the global distribution of cyclones 

110 at six vertical levels to analyse how the frequency of deep or well-organized events varies around the world, 

111 with a focus on south eastern Australia. They found that about 50% of global cyclones show a coherent 

112 vertical structure extending to at least 500 hPa, while shallow cyclones are most common in the global mid 
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113 latitudes. On the other hand, the results obtained when the cyclone analysis was restricted to Australia 

114 showed that deep surface cyclones tend to be stronger, larger, and longer-lived than shallow surface 

115 cyclones, and they also have higher maximum rain rates and wind speeds than shallow surface cyclones, 

116 resulting in significantly larger total rainfall accumulations. Therefore, their findings clearly highlight the 

117 need and benefits of examining cyclones over multiple levels of the troposphere due to the importance of 

118 deep events for causing extreme weather events. Given these results, and in order to give a more coherent 

119 three-dimensional picture of cyclone structure and evolution, a multi-level, self-consistent cyclone tracking 

120 algorithm is needed. Including a greater number of atmospheric levels in the algorithm will allow us not only 

121 to delve into more detailed information of each level, but also to analyse the systems from a new perspective 

122 to give a full 3D view of the cyclone lifecycles. 

123 Hodges (1994, 1995, 1999) has developed a detection and tracking algorithm TRACK. The algorithm can 

124 use relative vorticity pressure/geopotential anomalies computed from MSLP and geopotential as in Lim and 

125 Simmonds (2007). By using Hodges´s algorithm and the starting point provided by Lim and Simmonds 

126 (2007) for the implementation, we have extended the algorithm to create a comprehensive fully automated 

127 algorithm for the processing and combination of cyclone tracks at multiple levels. A detailed description of 

128 this algorithm, named STACKER, can be found in Lakkis et al. (2019). Briefly, the algorithm determines 

129 which cyclone events independently tracked at different levels are to be combined into single (multi-level) 

130 events, preserving all the track features detected at each level. The STACKER was built using a Smoothness 

131 Cost Function approach (Lakkis et al. 2019). European Centre for Medium-Range Weather Forecasts 

132 (ECMWF) Reanalysis ERA-Interim (ERA-I) products for the SH were used. In Lakkis et al (2019). 

133 STACKER was applied to track events for the 2015 winter (JJA) in the SH, using tracks determined at 7 

134 levels between the surface and the vicinity of the tropopause. For validation, three multilevel events, which 

135 developed with different characteristics near Southern South America, were selected and compared with 

136 GOES cloud imagery, ERA-I cloud cover and winds. A very high correspondence was observed between 

137 the multilevel tracked events, GOES cloud imagery and ERA-I selected variables. 

138 The purpose of the present study is to develop a 3D cyclone climatology for the SH during the first decades 

139 of the 21st century using the STACKER algorithm, including both single-level and multilevel analysis. This 
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140 climatology is based on 17 years (2001-2017) of ECMWF Reanalysis ERA-I data using 12 pressure levels 

141 in the troposphere and lowermost stratosphere. The vertically tracked cyclones are categorized into families 

142 defined by their vertical extent given by the maximum number of levels present in each cyclone event 

143 (shallow, intermediate and deep) and height of occurrence. In section 2, we present the ERA dataset and the 

144 analysis techniques used. Results are presented in section 3, focusing on the analysis of the density, intensity, 

145 lysis and genesis region as well as translational velocity. Finally, a discussion and concluding remarks are 

146 presented in section 4. To the best of our knowledge, this is the first analysis to attempt the combination of 

147 such a large number of atmospheric levels in the lifetime of the cyclone systems, viewing them as vertically 

148 coherent physical entities, rather than sample slices at specific pressure levels.

149

150 2. Data and Methodology

151 This study follows closely the methodology in the previous SH cyclone tracking study of Lakkis et al (2019, 

152 L4DC from now on), and draws from concepts introduced in Lim and Simmonds (2007) and Hoskins and 

153 Hodges (2005). In order to cover the tropospheric depth more completely and to provide insights of the 

154 cyclonic events throughout their entire life cycle, the analysis explores a wider range of pressure fields for 

155 cyclone track activity between 925hPa and 100hPa than in our previous work (12 levels vs. 7 levels in 

156 L4DC). The study area spans the latitude band 14°S to 78°S. The tracking is performed using the STACKER 

157 algorithm (L4DC) involving single level cyclone tracks obtained with the TRACK algorithm (Hodges, 1995, 

158 1999) for the following twelve pressure levels: 100, 125, 150, 200, 250, 300, 400, 500, 600, 700, 850 and 

159 925 hPa. Potential cyclone centres at a given level are initially identified in the T42 filtered data as minima 

160 (for SH) by comparing the relative vorticity values of each grid point to its neighbouring grid points and then 

161 refined to find their off-grid locations using B-splines and steepest descent minimization (Hodges, 1995). 

162 As was mentioned in the Introduction, cyclones can have any lifespan at a given level, but multi-level events 

163 are only retained when they persist for at least 2 days. Following the criteria adopted in L4DC, the relative 

164 vorticity threshold used is −1.0 × 10−5 s −1 at all levels, This is set at a comparatively low value to capture as 

165 much of the cyclone life cycle as possible during any season (A more restrictive threshold will reduce the 

166 number of systems identified but will also shorten the life cycles of those that are identified, even more so 
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167 for the weaker summer systems). These points are then initialised into a set of tacks using a nearest neighbour 

168 method and are then refined by iteratively swapping points between tracks forward and backwards in time 

169 to minimize a cost function for track smoothness. The cost function is subject to adaptive constraints for 

170 displacement distance and track smoothness suitable for the extra-topics (Hodges, 1999). This produces the 

171 minimal set of smoothest tracks.  The L4DC analysis has been expanded to include more pressure levels and 

172 to improve the space resolution and time evolution of cyclones. Using the objective function criterion, as in 

173 L4DC.the STACKER algorithm is designed to associate all tracks obtained from a given (single-level) 

174 feature-tracking algorithm that represent the same synoptic event at different vertical levels The process is 

175 performed iteratively over adjacent pressure levels until the stacking of tracks is complete. For robustness 

176 of results, the algorithm works both bottom-to-top and top-to-bottom (stacking lower level tracks under 

177 higher level tracks in the latter case), capturing such features as upper level troughs or cut off lows. Further 

178 details of the STACKER algorithm, including the relative vorticity choice, parameterization criteria, event 

179 validation and preliminary statistics, can be found in L4DC.

180  The data used in this study are from the ERA-I reanalysis, generated with a numerical model constrained 

181 by observational data (Dee et al., 2011). The data products include a large variety of variables, but in this 

182 study the core data were fields of relative vorticity (RV) at 6 hourly intervals, spanning the period 2001-

183 2017, with the horizontal reanalysis resolution of 1.5º × 1.5º. For the interpretation of results in the 

184 discussion, horizontal wind components U, V in the upper troposphere and SST in the ERA-I database are 

185 also used.

186  Concerning the choice of data, an extensive discussion about the impact on the results of using different 

187 climate variables for the event identification, different databases and methods, can be found in the recent 

188 literature (Hodges et al., 2011; Vessey et al., 2020).  As mentioned in L4DC, Hodges et al. (2011), using 

189 four different analyses (Japanese JR25, ERA-Interim, NASA MERRA and NCEP CFSR) showed that the 

190 detected cyclones, in terms of numbers, location and spatial distribution, compared well between each  

191 reanalysis. Slight discrepancies may arise primarily in the cyclone intensities and they are greater in the SH, 

192 in regions of growth or decay.  Ulbrich et al. (2009) also found some disagreements between results using 

193 different reanalysis for both hemispheres, with some noteworthy differences in summer months. According 
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194 to them, the differences when comparing reanalysis datasets are mostly linked to different spatial resolutions. 

195 In a later analysis where eleven different methods for cyclone detection and tracking have been applied to a 

196 particular ECHAM5/OM1 model run under transient greenhouse gas forcing, Ulbrich et al (2013) concluded 

197 that in spite of differences in absolute cyclone track numbers between the different methods, there is an 

198 agreement between the results using these algorithms, both with respect to the distribution of cyclones and 

199 with respect to change signals.

200 Three cyclone families are defined in terms of the maximum number of levels present in the events: shallow, 

201 intermediate and deep. Figure 1 shows this classification of events, as well as subdivisions into subfamilies, 

202 or subtypes, depending on the height ranges of the pressure levels where the events are detected. Note that 

203 the cyclones are classified into families on the basis of the maximum number of levels an event has at any 

204 stage during its lifetime. Events belonging to shallow and intermediate cyclone families are assigned to a 

205 sub-family depending on the level of occurrence of the lowermost level of each cyclone event. Deep events 

206 are not separated into subfamilies.

207 The overall cyclone events and their family and type are considered in the subsequent analysis in order to 

208 develop the 3D SH cyclone climatology. This analysis is further broken up into seasons: austral summer 

209 (DJF), austral autumn (MAM), austral winter (JJA) and austral spring (SON). The cyclone properties 

210 analysed are:  track densities, translational velocity, vorticity and lifetimes, between 14°S to 78°S. Genesis 

211 and lysis density distributions are also considered.  All variables are plotted at 2x2° resolution for the full 

212 study area. In the case of track densities, at a given timestep the total number of events where there is a track 

213 position present at each 2°x2°area or grid point are computed and given as monthly mean seasonal values 

214 for each season. These are corrected for grid point central latitude so that the density refers to equal area 

215 pixels. Lifetimes are obtained by considering the times and dates of the first and last positions of each cyclone 

216 event. These values are then assigned to the grid points over which the cyclone event moved. All the lifetimes 

217 in each grid point were then vertically averaged. The translational velocity and the vorticity are calculated 

218 at each timestep and pressure level in a given event and averaged in height and assigned to the corresponding 

219 grid point at each timestep. All values for events in each grid point were then averaged. The first (last) event 
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220 position were considered for genesis (lysis) plots. Trajectories from (to) major genesis (lysis) areas are also 

221 considered.

222 3. Results: 3D Cyclone climatology, a family perspective

223 3.1 An overview of family distribution 

224 The annual and seasonal frequencies of cyclones over the SH were obtained between 14° and 78°S during 

225 the period 2001 to 2017. A total of 58231 multilevel events were detected corresponding to an average of 

226 303 per month. This is composed of approximately 248-249 shallow systems, 43 intermediate systems and 

227 11-12 deep events each month on average. The percentage of shallow events is greater than that reported by 

228 Pepler and Dowdy (2020) and Lim and Simmonds (2007) and even in L4DC, but the latter only considered 

229 a single winter season. Tests carried out with the STACKER show that the greater the number of pressure 

230 levels included in the analysis, the greater percentage of shallow systems that are detected, whereas the 

231 intermediate and deep number of events remains fairly constant or even decreases. It is important to bear in 

232 mind that using different approaches to the tracking and different datasets as input can lead to variations in 

233 the results. According to Raible et al. (2008), differences in the location and number of tracks could be due 

234 to the choice of variable used. Additionally, the difference in frequency and number of events may also be 

235 linked to the criteria of minimum lifespan of the events included in the analysis. For example, Pepler and 

236 Dowdy (2020) included events without a minimum lifespan threshold. 

237 A preliminary inspection of the frequency distribution of events per level, i.e., TRACK outputs, indicates 

238 that more cyclones are detected in the mid-troposphere, 600 and 500 hPa being the pressure levels with most 

239 events. The average frequency in cyclonic systems decreases, albeit slightly, in the 700-925 hPa range, with 

240 minimum values at 700 hPa.  A similar minimum was observed in both Lim and Simmonds (2007) and 

241 Pepler and Dowdy (2020). In the upper troposphere/lowermost stratosphere, the 250 hPa level has the most 

242 events detected. The annual histograms for cyclone families at different levels for all the events (not shown), 

243 show the shallow family is the most populous with 47751 events, followed by 8235 intermediate and 2245 

244 deep family events. When the frequency distribution is given in terms of the lowermost pressure level per 

245 event (constructed by assigning an event, determined by STACKER to the lowermost level present during 

246 its lifecycle as previously explained), it shows two maxima at 925 and 700 hPa, with close to 13000 and 
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247 9000 cyclonic systems respectively. In other words, events are counted as units or entities defined by 

248 STACKER, not overall number of cyclone tracks obtained with TRACK. Above 700 hPa and up to 300 hPa 

249 the vertical distribution of events is approximately constant with height, with an average of 6000 events per 

250 level. When the lowermost level of a system is near the tropopause, and hence the system may extend into 

251 the lower stratosphere, the number of events decreases to 4000 or less per level. In general terms, minimum 

252 values are detected at 125, 200 and 850 hPa. Minimum values in the number of events are observed near the 

253 surface, at 850hPa. Overall, close to 40% of detected events thus occur near the surface, while about 50% of 

254 cyclones have their lowermost level in the mid troposphere up to 300hPa. 

255 Figure 2a shows the lowermost level distribution by family. For the shallow events the distribution shows 

256 that these systems are the most frequently detected throughout the entire period of analysis, with a large 

257 percentage of events that have their lowermost level at 925 and 700hPa. Another secondary peak is found at 

258 300hPa. Beyond that level the event count decreases rapidly. The intermediate cyclone family (Fig. 2b) has 

259 rather similar number of events at 925, 700, 500, and 400hPa with maxima near the surface and at 500hPa. 

260 Finally, the family of deep events (Fig. 2c) has similar counts of events at 925 and 700hPa with an 

261 exponential decay in the count above. All families have low event counts at 850hPa, i.e., fewer events appear 

262 to have their lowermost level at 850hPa. Results per family also show that on average, per year, the shallow 

263 system translational velocity values were found to be close to 10 m/s, with lifetime values around 6.5 days, 

264 while the intermediate and deep systems display translational velocities of the order of 8 and 4 m/s 

265 respectively, with similar mean lifetime values of 8.9 and 8.3 days. Translational velocities for shallows 

266 systems reported here, are in good agreement with Lim and Simmonds who reported a translational velocity 

267 ranging between 8.7-9.8 m/s. However, lifetimes here appear to be somewhat longer, probably due to the 

268 use of relative vorticity tracking. 

269 In order to provide a more detailed overview of these mean values of each family, Table 1 shows the zonal 

270 mean average translational velocity, vorticity, lifetime and density values, where each latitude band spans 8º 

271 of latitude and the values are given in terms of the average value of each properties within each band. On 

272 average, higher density values for all the events can be found between 50ºS-60ºS, while overall 
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273 values decrease towards the Equator. Similar results were found in Keable et al. (2000). However, shallow 

274 systems, by far the most numerous, have their highest frequency around 50ºS-58ºS. 

275 For intermediate and deep events, results also show increasing differences poleward, in particular for deep 

276 ones. Higher densities can be found around 60ºS-65ºS, with translational velocities close to 10-12 m/s 

277 Vorticity in all cases show relative stable values across latitude bands. The results also show that overall, 

278 shallow and intermediate events are the fastest systems, with shorter lifetime while deep systems tend to 

279 move slower for the longest time. These characteristics are also analysed subsequently considering seasonal 

280 behaviour.

281

282 3.2 2001-2017 Basic annual and seasonal cyclone spatial characteristics

283

284 3.2.1 Cyclone densities

285 Figure 3 shows the annual spatial distribution of cyclone density during 2001-2017 for all multilevel 

286 cyclones detected (Fig. 3a). Cyclones are broadly distributed from the subtropics (approx. 30°S) into polar 

287 regions. During this period, the highest cyclone density occurs in the extra-tropics, from mid-latitudes 

288 towards Antarctica. High cyclone densities occur over the South Pacific. Somewhat lower cyclone densities 

289 are observed at mid latitudes over the southern central Indian Ocean. Density variations, with maxima and 

290 minima, can be observed near and over East Antarctica. Peak densities occur over the Antarctic Peninsula 

291 and into the Weddell sea as well as to the east of the Southern Andes, over the Santa Cruz province, 

292 Argentina, and over the adjacent Atlantic Ocean. A secondary density maximum is also present over the 

293 eastern Ross Sea. In the subtropics note the relatively high event density extending from the eastern edge of 

294 the Central Andes (Mendoza and Neuquén provinces, Argentina) eastward over the Pampas region of 

295 Argentina and Uruguay into the South Atlantic. Note also the density minimum surrounding the coast of 

296 South Africa, particularly on the Atlantic side. An interesting feature is the N-S density ridge to the west of 

297 the Andes a few degrees off the coast of Chile, and the very low density region in between (cf. case studies 

298 in L4DC). 

299 The density distribution changes significantly when the density by cyclone families is considered (note the 

300 change in the scales). For shallow events (Fig. 3b), the distribution appears very similar to that shown for all 
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301 events, but in this case the higher density values that extend from Antarctica to mid-latitudes can reach the 

302 subtropics with high densities, reaching the Rio de la Plata lower basin and coastal areas over Argentina, 

303 Uruguay and southernmost Brazil. Another subtropical high-density region is observed over eastern South 

304 Africa, extending towards the Indian Ocean. The similarity between the two distributions confirms that the 

305 shallow events are predominant in the total distribution throughout the entire period. The largest cyclone 

306 activity for these events can be found at 90ºE, over Kaiser Wilhelm II Land, near the Dome Argus on the 

307 Antarctic Plateau, and over Tierra del Fuego, Argentina. 

308 The intermediate cyclone family density plot (Fig. 3c) shows a cyclone belt surrounding Antarctica, centred 

309 near 50ºS. It also shows significant regional density, albeit weaker, affecting part the Pampas region, 

310 Argentina, as well as the Rio de La Plata, between Argentina and Uruguay, at subtropical latitudes. At polar 

311 latitudes a very high density region can be seen to the east of the Antarctic Peninsula, extending over the 

312 Weddell Sea into the Southern Ocean/South Atlantic. Another small region of very high densities can be 

313 found over Kaiser Wilhelm II Land over Eastern Antarctica. Scattered higher density values can also be 

314 observed in the Southern Ocean, near 60ºS, extending south of New Zealand almost to Tierra del Fuego. 

315 The deep cyclone family density distribution shows a core region of cyclone activity in a ring around 

316 Antarctica near 60ºS (Fig. 3d). The Weddell Sea once more is an area with higher cyclone activity. These 

317 density plots show that, as the number of levels determining a cyclone event increase, their spatial 

318 distribution moves poleward, i.e., the possibilities for a cyclone to develop vertically increases poleward. 

319 (cf. Table 1 where the number of events increases while the latitude increases). From the results it is evident 

320 that most of the cyclones in the SH tend to develop over the oceans and their distribution show zonal features 

321 linked to each family. While shallow events can be detected almost at all the latitude ranges, intermediate 

322 cyclones mainly develop at midlatitudes, and deep systems are mostly confined to the polar region in 

323 agreement with Table 1. The Andes mountain range and the South African plateau appear as significant 

324 orographic features impacting cyclone distribution, in agreement with Inatsu and Hoskins (2004).

325 Figures 4 shows, for the SH during 2001-2017, the histograms of seasonal distribution of all the events 

326 according to the lowermost cyclone pressure level. Seasonally, the highest event count occurs in autumn, 

327 with 14682 systems detected over the 17 years, while the lowest count takes place in winter with 13780 

328 events. Event counts for summer and spring are 14504 and 14638 respectively. However, results per family 
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329 (not shown) show a different seasonal distribution. While the shallow systems are mostly detected in summer 

330 and the lowest counts occur in winter, intermediate and deeps events are more frequent in winter, with fewer 

331 systems observed in summer. This means that detected intermediate cyclones are approximately 13% of all 

332 events in summer and 16% in winter. Deep events have a seasonal distribution similar to intermediates, albeit 

333 with an enhanced seasonal variability. They represent close to 3% of all events in summer and 5% in winter. 

334 This last result shows a similar behaviour to that reported by Reboita et al (2014) Jones and Simmonds 

335 (1993) and Simmonds and Keay (2000), who noted that at 980hPa pressure, the austral winter is the most 

336 cyclogenetic season, closely followed by autumn, spring and summer.  Results show that in all seasons the 

337 most populated lowermost levels are 925 and 700 hPa. In summer and autumn events with lowermost level 

338 at 300hPa have counts similar to the 700hPa values. Such a secondary maximum agrees with the seasonal 

339 behaviour of cut-off lows (Reboita et al, 2010; Pinheiro et al, 2017; Pinheiro et al. 2019). Above 300hPa the 

340 number of events decreases rapidly. 

341 Figure 5 show the seasonal cyclones density for all the events.  During autumn (Fig. 5b), the cyclone activity 

342 shows high values over West Antarctica, with hotspots in the area of the eastern side of the Antarctica 

343 Peninsula, Weddell Sea, and the Filchner-Ronne Ice Shelf. Two other small high-density areas can be 

344 observed for Antarctica.  The cyclone density shows a ring of high values around the hemisphere with 

345 maximum values near 50ºS decreasing equatorward. This band has peak values south of Australia and New 

346 Zealand and in the vicinity of Tierra del Fuego/southern Patagonia, extending into the neighbouring South 

347 Atlantic. In the subtropics cyclonic activity is present over Central Argentina to the east of the Andes 

348 extending over the South Atlantic almost to South Africa. To the west of the Andes there is a minimum in 

349 activity along most of the coast of Chile and, a few degrees into the Pacific Ocean, a parallel ridge of higher 

350 density values. On the equatorward edge of the subtropics a secondary ridge of slightly higher density spirals 

351 across the Pacific into the ridge off the coast of Chile. 

352 This overall pattern prevails during all the other seasons, with some variations. For example, in summer (Fig. 

353 5a), a weak spiral signature can be seen over the Atlantic lower subtropics, from the coast of Brazil towards 

354 South Africa. In winter (Fig. 5c) and spring (Fig. 5d), when there are higher values in the 50°S band, the 

355 peak over the Weddell Sea region does not appear so strongly even though the cyclone density also increases 

356 there. During these seasons the subtropical density ridges spiral towards higher latitudes, over the Pacific 
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357 and Atlantic Oceans, with values similar to autumn.  This spiralling structure, constantly present throughout 

358 the year and with variable seasonal intensity, was also observed by Lim and Simmonds (2007) and Hoskins 

359 and Hodges (2005) but only for JJA. According to their study and that of Inatsu and Hoskins (2004), the 

360 spiralling structure in the lower level of activity can be related with the stronger SST gradient of the oceans, 

361 particularly in winter as well as the topography of South America and Africa. As would be expected, for all 

362 the cyclone systems identified the seasons that display the lowest and highest densities are respectively the 

363 summer and the winter/spring. Throughout the entire period for all seasons, the highest cyclonic density 

364 values, except for some specific hotspot that occur with variations, are detected in the belt between 45-70ºS. 

365 This area is associated with the polar jet. The subtropical jet, which maximises in winter/spring appears to 

366 be associated with higher densities regionally observed in the subtropics, e.g., over the Pampas. Such 

367 behaviour was also reported by Lim and Simmonds (2007) and more extensively addressed by Nakamura 

368 and Shimpo (2004) in their description of the seasonal variation of eddies. They pointed out that in the middle 

369 and upper troposphere strong westerly winds can act to force eddies to migrate away from the baroclinic 

370 zones, interacting in their growth or even leading to the suppression of their activity. Rudeva et al. (2015) 

371 focused on the global analysis of variability of frontal activity using the Interim ECMWF Re-Analysis (ERA-

372 I) from 1979 to 2013. They pointed out that in DFJ a shift of atmospheric fronts to the high latitudes can be 

373 observed in the SH and this shift is consistent with the seasonality of other synoptic trends that show maxima 

374 during the austral summer in the SH. 

375

376  3.2.2 Cyclone Genesis and Lysis

377 Figure 6 shows the genesis of cyclone activity throughout the year and seasonally disaggregated for all 

378 events. Note that genesis is defined as the first appearance of the cyclone event, i.e., the first point identified 

379 by the algorithm (hence sparse plots). Other researchers, by contrast, have defined genesis as a developing 

380 stage (Grise et al; 2013). Most of the SH activity develops between 30ºS and 70ºS. There are three areas of 

381 interest with high genesis that should be noted when considering all the events throughout the year for 2001-

382 2017: along the lee side of the South American Andes between 30ºS and 55ºS; southern New Zealand; and 

383 a broad band over the oceans, between Africa and New Zealand at 45-50ºS (Fig.6a). According to Figure 3, 

384 the largest number of events detected in these areas corresponds to shallows and intermediates systems. Over 
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385 South America the two most active genesis regions in the hemisphere can be found: Tierra del Fuego and 

386 Santa Cruz provinces in southern Argentina, and the eastern slope of the Andes in the Argentine provinces 

387 of Mendoza and Neuquén, both areas with predominantly shallow events. Secondary genesis regions in the 

388 hemisphere with high to intermediate density values of shallow and intermediate events, include the southern 

389 part of South Island, New Zealand, the western edge of the Ross Sea, near Oates Land, and the poleward end 

390 of the Antarctic Peninsula, both over Antarctica. 

391 Hoskins and Hodges (2005) noted that the Patagonian genesis maximum is located along the downslope side 

392 of the Andes. This region is located to the east of the Pacific stormtrack. The other maximum genesis region 

393 on the lee side of the Central Argentina Andes, with an average height close to 6000 m a.s.l., which Hoskins 

394 and Hodges (2005) suggest is most probably linked to “the shallow but strong systems on the subtropical jet 

395 that cross the Andes” in agreement with Figure 3(b). The Ross Sea coastal area is an intermediate genesis 

396 region throughout the year, maximising in winter. These regions, together with the genesis area in the 

397 Antarctic Peninsula, were also highlighted by Bengtsson et al. (2006), who observed that the area of 

398 cyclogenesis across the Andes extended practically along the same longitude to the northern part of the 

399 Antarctic Peninsula, i.e., along the main orographic barrier of the SH with its only break in the Drake Strait. 

400 These cyclogenesis areas exhibit weaker activity in the SH summer than in in the other seasons. 

401 Figure 6b to 6e show the seasonal variability of SH cyclogenesis regions. These regions have intense activity 

402 throughout the year as well as seasonally, with relatively stable values, with some spatial variations. The 

403 vicinity of Antarctica generally has lower event counts during the summer, and as the cold season approaches 

404 the activity increases to reach maximum activity near the Antarctic Peninsula/Weddell Sea in winter and 

405 spring. The high activity area near Oates Land on the Ross Sea is observed throughout the year but especially 

406 in summer. The region of the Argentine Central Andes also exhibits enhanced cyclogenesis during the austral 

407 winter and spring. On the other hand, the genesis regions over southern Santa Cruz and Tierra del Fuego 

408 have enhanced cyclogenesis during spring and summer. 

409 In the South American subtropics enhanced cyclogenesis can be observed over the southern humid Pampas 

410 region and over the Rio de La Plata Estuary from autumn through spring. Cyclogenesis over South Africa 

411 also increases during winter and spring. Over the oceans cyclogenesis varies more prominently both 

412 geographically and in intensity. During summer, cyclogenesis appears to be limited to the coast and Atlantic 
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413 Ocean near the south of the Pampas region and northern Patagonia. During autumn and winter enhanced 

414 cyclogenesis can be observed, albeit to a lesser extent in winter, as far equatorward as the coast of southern 

415 Brazil and Uruguay. Over open ocean regions, cyclogenesis is weak during summer and mostly limited to 

416 the Indian Ocean near 40-45ºS. During autumn this region broadens poleward and extends into the Pacific. 

417 Such broadening extends towards the subtropics during winter and spring. It finally becomes a ring spanning 

418 southern mid latitudes. Also during this period over the Pacific Ocean, and to a lesser extent the Atlantic 

419 Ocean, subtropics, weakly enhanced cyclogenesis areas can be observed spiralling from west to east towards 

420 mid latitudes over both ocean basins. 

421 Similar to Figure 6, Figure 7 shows the pattern of the lysis behaviour of the cyclone activity throughout the 

422 year and seasonally disaggregated, for all events. The plot for all events over SH during 2001-2017 (Fig. 7a) 

423 shows that most of the lysis events appear to be concentrated between 30ºS-80ºS with maximum values 

424 between 5°-10° west of the Andes, over the Pacific Ocean. This major lysis region remains active throughout 

425 the year, but is particularly noticeable in the summer and spring (Fig. 7b, 7d). It also coincides with a relative 

426 maximum in cyclone density all year round. Moreover, this region displays genesis of shallow and 

427 intermediate events, larger than the lysis (Fig 6), which could suggest that systems do not disappear and 

428 reappear over the lee side of the Andes. In L4DC a case study shows how a cyclone starts moving along the 

429 N-S axis when it moves close to the Andes, in the vicinity of the highest peaks north of 40°S. Note the lysis 

430 minimum surrounding the coast of South Africa is surrounded on the Atlantic side by a somewhat higher 

431 density of lysis events.  Genesis and density values remain relatively constant and low throughout the period. 

432 Again the South African Plateau appears to impact cyclone displacements, as by Inatsu and Hoskins (2004) 

433 pointed out for storm tracks. Overall, it should be noted that the highest density region in terms of number 

434 of events does not have a direct correspondence with the more active genesis and lysis zones. Although the 

435 belt between 45º- 75ºS has a high density of events and high genesis values, the highest lysis values 

436 correspond to a narrower portion of this ring detected between 50º-65ºS, with the exception of West 

437 Antarctica, which retains high values in all three features.

438

439 3.2.3 Cyclone intensity 
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440  Figure 8 shows the relative vorticity scaled by -1 × 10−5, corresponding to cyclone centres, used here to 

441 identify cyclone intensity. The higher relative vorticity values (Fig. 8a), considering the whole period of 

442 analysis, can be found in the ring 50-80ºS where high system densities are detected with values ranging 

443 between 2.5 and 4.5. An outer ring that spans most of the subtropics with intermediate values is located 

444 between 50-25ºS. Note that near the coast of Chile, close to the Andes, a small wedge of higher vorticity 

445 extends north into the subtropics, while a wedge of lower values coincident with the area of maximum lysis 

446 and lower genesis values, further out in the Pacific, extends south from the subtropics.

447 These values are relatively constant throughout the year, with almost no noteworthy seasonal spatial 

448 variability. During the MAM and JJA, West and East Antarctica shows slightly higher vorticity values. Over 

449 the South Atlantic most of the cyclones display somewhat higher values in MAM and JJA. During the spring, 

450 results (Fig. 8e) show that in general vorticity values are lower compared to the other seasons. In general 

451 terms, the vorticity values are in agreement with those reported by Gramcianinov et al. (2019). They 

452 observed that vorticity for the southeast coast of Brazil (SE-BR in their work) and north eastern Argentina 

453 and the Uruguay region, close to the La Plata river (LA PLATA, in their work) areas, display a peak between 

454 −2 and −3 in the summer. In the winter, SE-BR cyclones present initial vorticity between −4 and −6. 

455 Moreover, the majority of the South Atlantic cyclones have weaker vorticity in summer than winter. 

456

457 3.2.4 Lifetime and translational velocity

458 Figures 9 and 10 show, respectively, cyclone mean lifetime and translational velocity for all the systems 

459 detected. Annually (Fig. 9a) the longest cyclone lifetime is found over East Antarctica with 4 to 6-day 

460 lifetimes, coincident with the area of highest vorticity. During the whole period of analysis, the other regions 

461 show lifetimes between 3-4 days, decreasing from mid-latitudes towards the subtropics. Seasonally, the 

462 longest lived events occur during the summer (Fig. 9b), with lifetimes up to 11 days. Many of these longer 

463 lasting systems occur over and around Antarctica, where intermediate and deep events are more frequently 

464 present. The remaining areas in this season show a fairly homogeneous behaviour with lifetime values 

465 between 3 and 6 days. The filament-like pattern, i.e., narrow extended regions, of somewhat longer lived 

466 events in the subtropics, may suggest that events along or close to the subtropical jet may have slightly longer 
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467 lifetimes. Argentina, southern Brazil and Uruguay regions have lifetime values in agreement with those 

468 reported by Gramcianinov et al (2019). According to Figures 9 b, c, d and e, the season with the highest 

469 density of events with the longest mean lifetime is winter. Lifetime values range between 7-10 days over 

470 Antarctica, spanning some hotspots in the Pacific and Atlantic Oceans. 

471 Translational velocity results (Fig. 10) show three well-defined areas with distinguishable velocity values. 

472 The first ring is over and around Antarctica, except the tip of the Antarctic Peninsula (Fig. 10a), with systems 

473 moving with velocities between 4-6 m/s, surrounded by a higher velocity annular structure located 30-50ºS, 

474 with the highest values reaching up to 15 m/s over the Indian Ocean sector. According to Figures 6 to 9 this 

475 area includes the higher vorticity, genesis, lysis and lifetimes values. There are some N-S anomalies to the 

476 west of both the Andes and South Africa, where cyclones undergo significant lysis and high density values, 

477 in the process changing from a predominantly zonal displacement to a meridional one, e.g. cf. L4DC. There 

478 are also some regions of somewhat higher velocities off the coast of Uruguay and southern Brazil. In certain 

479 areas such as the central zone of Argentina, there are lower values of the order of 6 m/s. The overall pattern 

480 does not vary significantly from one season to the next. Velocities increase towards Antarctica in JJA and 

481 peak velocities of the order of 20m/s are found over the Indian ocean during this period, Over the subtropics 

482 velocities are of the order of 12m/s on average. Somewhat higher speeds appear to occur in the vicinity of 

483 the subtropical jet from MAM through SON. The lowest translational velocities over the extratropics are 

484 observed in JJA.  If the velocities of the systems are analysed considering the families, the results show that 

485 the shallow and intermediate events are faster, while the deep ones, mostly located in the polar area, have 

486 lower speeds.

487

488 3.3 Lower and upper troposphere: 925 and 250 hPa “non family” cyclone results 

489

490 In order to have a preliminary look at height dependent cyclone behavior, results for 925 and 250 hPa are 

491 introduced. For the present purpose all events present at each of these two levels will be considered together, 

492 independent of their family classification, i.e., a “non family” approach. Note that no single level events are 

493 included in this analysis, only multi-level events present at each of these pressure levels.  A more detailed 
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494 analysis on the height behavior of families and subfamilies will be provided in Canziani et al. (2020, 

495 manuscript in preparation)

496

497 3.3.1 Lower troposphere: 925 hPa

498 Figure 11 shows monthly mean seasonal track density at 925hPa. Present results show large densities over 

499 and to the east of the Rio de la Plata and southern Argentina, close to Ushuaia. Higher values can be found 

500 close to the Andes over the Pacific Ocean, where high lysis values are also observed, and in areas over East 

501 Antarctica with hotspots extending from Dronning Maud Land to Oates Land mixed with areas of minimums 

502 values. Overall, the higher density of events can be observed between 35º-75ºS. The values throughout the 

503 year show limited seasonal variability, although same differences can be noted. During SON, higher densities 

504 appear between Australia and New Zealand. In JJA present results show less cyclone activity over the eastern 

505 South Atlantic and western Indian Oceans. Lim and Simmonds (2007), using the Melbourne University 

506 tracking algorithm in their 3D climatology for the period 1979-2001, found at sea-level results close to the 

507 present study, for JJA. They also noted higher cyclone density near the Antarctic Peninsula´s tip, i.e., to the 

508 north of the high density region reported here, although their results did not find higher densities at 

509 subtropical/midlatitudes as observed here. Results are also in agreement with Simmonds et al. (2003) and 

510 Pepler and Dowdy (2020), though the maximum near the Antarctic Peninsula is to the west of the peninsula 

511 in their analysis. 

512 Figure 12 shows the cyclone translational velocity field at 925hPa. A quick inspection of the figure shows 

513 that the area with the highest density of events is the one that shows the greatest range of speeds with 

514 exception of East Antarctica were velocities appear to be the lowest. Though maximum observed velocities 

515 reach values of the order of 20m/s year round, there are some seasonal variations in their distribution. During 

516 DJF peak translational velocities near 18m/s are observed over the South Atlantic and 20m/s over the Indian 

517 Oceans between 40 and 60°S. During MAM maximum translational velocities in the vicinity of 20m/s 

518 maximize mainly over the Indian Ocean, extending into the higher subtropics. Higher velocities are also 

519 found over the South Pacific. During JJA translational velocity maximize in the vicinity of 20m/s over the 

520 Indian Ocean primarily between 35 and 60°. Translational velocities between 12 and 15m/s extend well into 
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521 the subtropics over the South Atlantic and Central South Pacific Oceans, appearing as a spiraling pattern 

522 similar to the subtropical jet.  A similar behavior is observed for SON.  

523 Although there are fewer studies presenting seasonal translational velocities, Hoskins and Hodges (2005) 

524 show that JJA velocities at 850hPa maximize around 18m/s, with an overall distribution similar to present 

525 results, even when the velocities over the subtropical latitudes are somewhat lower in their study.  Similarly, 

526 translational velocities at MSLP for DJF and JJA in Sinclair (1994) are also in very good agreement with 

527 present 925hPa results.  Figure 13 shows the seasonal intensity distribution at 925hPa given in terms of 

528 relative vorticity distribution. Relative vorticity and cyclone depth, given in terms of the pressure or pressure 

529 anomaly at the centre of the cyclone event, are most commonly used to show the intensity of cyclone events. 

530 The highest relative vorticity values which match with higher velocities, are found in a broad band in the 

531 extratropics and subpolar latitudes, with some seasonal variations in maximum values and distribution. 

532 During DJF, relative vorticity values of the order of 4x10-5s-1 are observed in the western south Pacific near 

533 the Rio de la Plata and the coast of southern Patagonia and Malvinas (Falkland) sector, which merge towards 

534 the central South Atlantic. Values between 3 and 4 x 10 -5s-1 extend in a latitudinally narrowing belt over the 

535 Indian Ocean all the way to Australia. This relative vorticity belt expands into the subtropics and onto the 

536 Antarctic coast on the western half of the South Pacific. During MAM somewhat lower relative vorticity 

537 values are observed with maximum values of the order of 3.5x10-5s-1, with a broader, more homogeneous 

538 distribution throughout the southern extratropics. During winter months, relative vorticity in the extratropics 

539 can reach values close to 5x10-5s-1 over the eastern South Atlantic and south of New Zealand. The latitudinal 

540 distribution shows a minimum over the Indian Ocean around 90°E. During SON the current analysis, in 

541 agreement with Hoskins and Hodges (2005), yields a broad latitudinal band from the subtropics into subpolar 

542 latitudes with values in the vicinity of 3.5x10-5s-1. Broadly speaking the overall depth patterns found here 

543 are in agreement with the relative vorticity patterns described by Lim and Simmonds (2007) and Eichler and 

544 Gottschalck (2013).  It is important to note, however, that maxima for the different reanalyses may differ as 

545 much as 30% in a given region.

546

547 3.3.2 Upper troposphere: 250 hPa
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548 Figure 14 shows that during DJF high densities are still observed close to Antarctica. In the subtropics there 

549 is a weak density maximum similar to the one in Hoskins and Hodges (2005). During autumn there is a better 

550 overall agreement in the density distribution between both studies. A double spiraling structure can be 

551 observed, one in the subtropics and another at higher extratropical latitudes, extending from Australia well 

552 into the South Pacific Ocean. During JJA the maximum values are higher in the present analysis spiraling 

553 from the subtropics into the extratropics and extending all the way to Antarctica except in the vicinity of the 

554 Ross Sea. There is only a very weak evidence of subtropical densities at this time of year. The higher latitude 

555 distribution is observed during the spring in fairly good agreement with Hoskins and Hodges (2005) and 

556 Pinheiro et al (2017). The higher density region, when compared to the winter behavior, also broadens 

557 towards midlatitudes. There is also some evidence of activity at subtropical latitudes, particularly over and 

558 around southern Africa, the Indian Ocean between Madagascar and Australia, and over the South Pacific 

559 east of Australia. These results show the influence of the jet structure in the observed distribution of the 

560 upper tropospheric cyclone families. Spatially the 250 hPa lows densities tend to be uniform around and over 

561 the continents, during most of the year, but with higher density observed over the Indian Ocean and the South 

562 Pacific during summer. 

563 The 250hPa translation velocity distribution is presented in Figure 15. During summer maximum velocities 

564 are mainly observed between 40 and 60°S with maximum velocities in the vicinity of 20m/s. These maxima 

565 are observed primarily over the Indian Ocean and to the west of Chile, over the South Pacific. During MAM 

566 the average speeds above 16ms-1 are more evenly distributed over the SH subtropics and midlatitudes. 

567 Comparatively high translational velocities are also observed coincident with the subtropical poleward 

568 spiraling branch previously mentioned. Winter velocities are also more evenly distributed and the spiraling 

569 structures are similar to the SH winter jet streams. Velocities in spring are similar to those in autumn and 

570 winter, and also show the poleward spiraling pattern, which is also well-defined over the South Atlantic and 

571 Indian Ocean subtropics.  The spatial distribution is in excellent agreement with that found by Pinheiro et al. 

572 (2017), 

573 Finally, Figure 16 shows the spatial distribution of event intensity in terms of relative vorticity. The seasonal 

574 cycle appears to have somewhat limited seasonal changes: during DJF, MAM and JJA a broad ring of 
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575 vorticity of the order of -6 to -8x10-5 s-1 extends from the poleward edge of the subtropics into polar latitudes. 

576 There are some areas with values up to -10x10-5 s-1   over the Indian Ocean near 55°S, during autumn. The 

577 latitudinal extent varies over the season, during DJF and MAM extending into the subtropics with areas with 

578 values between -6 and -8 x10-5 s-1 near or above New Zealand, South America and southern Africa. During 

579 spring, the overall pattern is similar, but the relative vorticity values are all under -8 x10-5 s-1. There is a 

580 relative minimum spanning the ocean due south of South Africa extending towards Antarctica. The relative 

581 vorticity also shows higher values associated with the spiralling structure of the upper tropospheric jets. 

582

583 3.3.3 Stacked plots of the lower and upper troposphere

584 In order to shed some light in the comparison between the 925 hPa and 250 hPa and attempt to further explore 

585 the spatial patterns of the cyclonic events and their vertical distribution in the atmosphere, Figure 17 shows 

586 the “stacked” plots of the two levels. Figure 17a presents the overlapped vorticity fields of the two levels. A 

587 distinct stronger vorticity average value at 250 hPa can be observed with respect to 925 hPa values, 

588 suggesting a strong vertical vorticity gradient, which more than doubles in the upper troposphere with respect 

589 to the lower troposphere. The spatial pattern also shows that the values are more uniform in the upper 

590 troposphere than near the surface, where events, mostly shallow ones, are observed to die in the vicinity of 

591 the Andes. There is also a highlighted area over Argentina that displays low values of vorticity near the 

592 surface, which in the upper troposphere become uniform. Velocity values show that events are faster at 250 

593 hPa than at 925 hPa. Regarding the lifetime, a much more homogeneous spatial pattern can be appreciated, 

594 with events lasting up to almost 8 days at both levels. However, it can be noted that while the events at 

595 925hPa are more concentrated in middle latitudes, for the upper troposphere, the density of events with the 

596 same speed expands to middle and high latitudes (Figure 17 c). Finally, density patterns are shown in Figure 

597 17 d. It can be noted that more surface lows are detected in subtropical regions, including near South America 

598 and between Australia and NZ. Another characteristic is that near Antarctica, events are stronger at 250 hPa, 

599 and weaker near the surface.

600
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601 4. Discussion and summary

602 Cyclonic systems are one of the most widely studied topics from different perspectives based on theoretical, 

603 numerical analysis and observational data. However, most observational studies are restricted to the surface 

604 or near surface. Those involving various levels of pressure are scarcer and it is also important to highlight 

605 that there are differences in the characteristics analysed between them. The STACKER algorithm was used 

606 to build an initial 3D cyclone climatology, based on 18 years of ECMWF Reanalysis ERA-I data from 12 

607 pressure levels in the troposphere and lowermost stratosphere. Cyclone events were categorized into shallow, 

608 intermediate and deep families.  This complex cyclone tracking scheme based on the methods of Hoskins 

609 and Hodges (2005), and applied over the Southern Hemisphere for 2001-2017 focused on density, 

610 translational velocity, relative vorticity, lifetime, genesis and lysis for event occurrences between 14° and 

611 78°S, provides much raw material for ongoing research on cyclone dynamics.

612 Basic aspects of the characterization were presented, with 58231 multilevel cyclones being detected during 

613 the study period, an average of 303 events for all types per month, lasting at least 2 days with vertical 

614 structures spanning two levels or more. In terms of families, there is a clear identification in the distribution 

615 of densities. The shallow family cyclones are observed from the subtropics well into polar latitudes.  

616 Intermediate cyclones extend from the extratropics into polar latitudes, while deep cyclones are essentially 

617 sub-polar and polar. This does not mean the intermediate or deep events cannot extend into the subtropics, 

618 just that at lower latitudes they are comparatively rare events, in particular deep cyclones. Table 1 also 

619 provides information regarding lifetime and velocity and shows that, on average, shallow cyclones, are 

620 usually faster in contrast with deep events which tend to move more slowly but with longer lifetimes. As the 

621 results also highlight, an equatorward shift in the higher density frequency can be noted for shallow events. 

622 For the 17-year sample from 2001 to 2017, results show that most of the events develop over the oceans 

623 rather than over land, and the 700 hPa pressure level plays an important role in the analysis, regardless of 

624 the family or seasonality. Shallow and deep cyclones tend to have a large percentage of genesis with their 

625 lowermost level at 925 and 700hPa, while the intermediate ones have their genesis maxima near the surface 

626 and at 500hPa. During the whole period, the highest cyclone density can be observed in the extratropics, 

627 from mid-latitudes towards Antarctica while high and low cyclone densities occur over the South Pacific 
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628 and over the southern central Indian Ocean respectively. Peak densities can be detected over the Antarctic 

629 Peninsula, Weddell sea and the east of the Southern Andes, over the Santa Cruz province, Argentina and the 

630 adjacent Atlantic Ocean. Family analysis also reveals that shallow events are predominant in the total 

631 distribution, with more than 81% systems detected per month throughout the entire period, with the largest 

632 cyclone activity confined to 90ºE, over Kaiser Wilhelm II Land, near the Dome Argus on the Antarctic 

633 Plateau, and over Tierra del Fuego, Argentina. 

634 Results also show that for all the detected cyclone events, the seasons that yield the lowest and highest 

635 densities are respectively the winter and autumn. Throughout the entire period and for all seasons, the highest 

636 cyclonic density values can be observed in areas associated with the polar jet instead of the subtropical jet, 

637 even when the latter is stronger in winter, when higher densities are regionally found. With respect to genesis 

638 and lysis, it is important to highlight that the more dense regions in terms of number of events do not have a 

639 direct correspondence with the genesis and lysis high value zones. Although the belt between 45º- 75ºS has 

640 a high density of events and high genesis values, the highest lysis values correspond to a narrower portion 

641 of this ring detected between 50º-65ºS with the exception of West Antarctica. The latitudinally extended 

642 Andes region, coinciding with previous analyses, is revealed again as a region of high hemispheric relevance 

643 in terms of genesis and lysis, showing that their unique orographic characteristic may play a key role in the 

644 development of the systems. The area displays genesis of shallow and intermediate events, larger than the 

645 lysis. This suggests that systems do not necessarily die out but can reappear/redevelop in the downstream 

646 side of the Andes, depending on latitude as discussed in L4DC. In terms of translational velocity, the analysis 

647 suggests that shallow and intermediate events are faster, while the deep ones, mostly found in the vicinity of 

648 the polar areas, move at lower velocities.

649 In order to take the first steps toward an analysis of the height dependence in cyclones systems behaviour, 

650 925 and 250 hPa were analysed.  In the lower troposphere, present results show large densities over and to 

651 the east of the Rio de la Plata basin and southern Argentina, as well as over the Weddell Sea, east of the 

652 Antarctic Peninsula. Regarding transitional velocity, although maximum observed velocities reach values of 

653 the order of 20m/s year round there are some seasonal variations in their distribution at this pressure level. 

654 There are fewer studies presenting seasonal translational velocities, but results presented here are in very 
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655 good agreement with translational velocities at MSLP for DJF and JJA in Sinclair (1994). The highest 

656 relative vorticity values are found in a broad band in the extratropics and subpolar latitudes, with some 

657 seasonal variations in maximum values and distribution. With respect of 250 hPa, high densities are observed 

658 close to Antarctica with a weak density maximum similar to the one noted in Hoskins and Hodges (2005) in 

659 the subtropics. There is also some evidence of activity at subtropical latitudes, particularly over and around 

660 southern Africa, the Indian Ocean between Madagascar and Australia, and over the South Pacific east of 

661 Australia, albeit weaker than in Hoskins and Hodges (2005). 

662 Results show the influence of the jet structure in the observed distribution of the upper tropospheric cyclone 

663 families. Spatially the 250 hPa lows densities tend to be uniform around and over the continents, during most 

664 of the year, but with higher density observed over the Indian Ocean and the South Pacific during summer. 

665 A novel way of presenting the results through the stacked plots between levels also revealed that there is a 

666 distinctly stronger vorticity at 250 hPa than 925 hPa, and that the translational velocity of the systems is 

667 faster close to the surface than in the upper troposphere/lowermost stratosphere. 

668 In general terms, the current bibliography usually present results that focus areas of agreement between 

669 studies. However, it should be noted that most of them are based on methods that usually involve either 

670 surface systems and/or single or few pressure levels. In this sense, we believe that the STACKER provides 

671 a more complete perspective of the cyclone systems by involving 12 pressure levels, and therefore the 

672 comparison with previous results is at most partial, if not limited. Bearing that in mind, it is important to 

673 highlight that features observed here were present in some studies but not in others, and none of the other 

674 studies were closer among themselves than with the present results.  Local and regional differences in the 

675 lower troposphere can be observed and can be attributed to different tracking methodologies, different study 

676 periods or reanalysis products used. As Walker et al (2020) pointed out, it is important to note that each 

677 method has its uncertainties and these differences, may result from differences in the data used or differences 

678 in the methodology of tracking or even in the way the properties are presented.

679 Hence overall the STACKER seasonal climatology results, without including single level events, only family 

680 classified events, agree well with previous cyclone climatologies in the lower troposphere. Larger differences 

681 occur in the upper troposphere where, for example, generic multilevel cyclone events can be only primarily 
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682 compared with more selective studies with specific constraints of COLs (Pinheiro et al., 2017) determined 

683 from single surfaces studies. Some of the results have suggested linkages between major atmospheric 

684 features such as jets and probably, as argued by Gramcianinov et al (2019), SST gradients or with the main 

685 modes of atmospheric variability, in particular with the SAM and ENSO in the SH (Rudeva et al, 2015). 

686 Many of these features, however, are not well defined in the current analysis given that all cyclone families 

687 are considered together. A family analysis is necessary to highlight the details of such relationships (Canziani 

688 et al., 2020, manuscript in preparation).

689

690 5. Acknowledgments

691 The authors would like to thank CONICET, Universidad Tecnológica Nacional, Facultad Regional Buenos 

692 Aires, and Pontificia Universidad Católica Argentina. We would also like to thank UTN, PID 4787 and 

693 ECMWF for the ERAI reanalysis products. The authors wish to thank the reviewers for their valuable 

694 comments and insights.

695 Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 

696 study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision 

697 to publish the results.

698

699

700 6. References

701 Bengtsson, L., Hodges, K.I. and Roeckner, E. (2006). Storm Tracks and Climate Change. Journal of Climate, 

702 19(15), pp.3518–3543

703 Catto, J.L. (2018). A New Method to Objectively Classify Extratropical Cyclones for Climate Studies: 

704 Testing in the Southwest Pacific Region. Journal of Climate, 31(12), pp.4683–4704.

705 Dee, D.P., Uppala, S.M., Simmons, A.J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, 

706 M.A., Balsamo, G., Bauer, P., Bechtold, P., Beljaars, A.C.M., van de Berg, L., Bidlot, J., Bormann, N., 

707 Delsol, C., Dragani, R., Fuentes, M., Geer, A.J., Haimberger, L., Healy, S.B., Hersbach, H., Hólm, E.V., 

Page 26 of 54

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only



Peer Review Only

708 Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., McNally, A.P., Monge-Sanz, B.M., Morcrette, J.-J., 

709 Park, B.-K., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J.-N. and Vitart, F. (2011). The ERA-Interim 

710 reanalysis: configuration and performance of the data assimilation system. Quarterly Journal of the Royal 

711 Meteorological Society, [online] 137(656), pp.553–597. Available at: 

712 https://rmets.onlinelibrary.wiley.com/doi/full/10.1002/qj.828 [Accessed 15 Oct. 2019].

713 Eichler, T. and Gottschalck, J. (2013) A comparison of southern hemisphere cyclone track climatology and 

714 interannual variability in coarse-gridded reanalysis datasets. Advances in Meteorology, 2013,891260

715 Flaounas, E., Kotroni, V., Lagouvardos, K. and Flaounas, I. (2014). CycloTRACK (v1.0) – tracking winter 

716 extratropical cyclones based on relative vorticity: sensitivity to data filtering and  other relevant parameters. 

717 Geoscientific Model Development, 7(4), pp.1841–1853.

718 Flocas, H. A., I. Simmonds, J. Kouroutzoglou, K. Keay, M. Hatzaki, V. Bricolas, and D. Asimakopoulos, 

719 2010: On Cyclonic Tracks over the Eastern Mediterranean. J. Climate, 23, 5243–5257, 

720 https://doi.org/10.1175/2010JCLI3426.1.

721 Gramcianinov, C.B., Hodges, K.I. and Camargo, R. (2019). The properties and genesis environments of 

722 South Atlantic cyclones. Climate Dynamics, 53(7–8), pp.4115–4140.

723 Grieger, J., Leckebusch, G.C., Raible, C.C., Rudeva, I. and Simmonds, I. (2018). Subantarctic cyclones 

724 identified by 14 tracking methods, and their role for moisture transports into the continent. Tellus A, 70(1), 

725 1–2. https://doi.org/10. 1080/16000870.2018.1454808.

726 Grise, K., Son, S. and Gyakum, J. (2013). Intraseasonal and Interannual Variability in North American Storm 

727 Tracks and Its Relationship to Equatorial Pacific Variability. Monthly Weather Review, 141(10), pp.3610-

728 3625

729 Hanson, C., Palutikof, J. and Davies, T. (2004). Objective cyclone climatologies of the North Atlantic – a 

730 comparison between the ECMWF and NCEP Reanalyses. Climate Dynamics, 22(6-7), pp.757-769.

731 Hodges, K. I. (1995.) Feature tracking on the unit-sphere. Monthly Weather Review, 123 (12). pp. 3458-

732 3465, ISSN 0027-0644 doi: https://doi.org/10.1175/1520-0493

Page 27 of 54

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only

https://doi.org/10.%201080/16000870.2018.1454808
http://centaur.reading.ac.uk/view/creators/90000463.html
http://centaur.reading.ac.uk/167/
https://doi.org/10.1175/1520-0493


Peer Review Only

733 Hodges, K. I. (1999). Adaptive constraints for feature tracking. Monthly Weather Review, 127 (6). pp. 1362-

734 1373. ISSN 1520-0493 doi: https://doi.org/10.1175/1520-0493(1999)

735 Hoskins, B.J. and Hodges, K.I. (2002). New Perspectives on the Northern Hemisphere Winter Storm Tracks. 

736 Journal of the Atmospheric Sciences, 59(6), pp.1041–1061.

737 Hoskins, B.J. and Hodges, K.I. (2005). A New Perspective on Southern Hemisphere Storm Tracks. Journal 

738 of Climate, 18(20), pp.4108–4129.

739 Hodges, K. I., , R. W. Lee & , and L. Bengtsson, 2011: A comparison of extratropical cyclones in recent 

740 reanalyses ERA-Interim, NASA MERRA, NCEP CFSR, and JRA-25. J. Climate, 24, 4888–4906.

741 Inatsu, M. and Hoskins, B.J. (2004). The Zonal Asymmetry of the Southern Hemisphere Winter Storm 

742 Track. Journal of Climate, 17(24), pp.4882–4892.

743 IPCC. (2007) In: Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M. 

744 and Miller, H.L. (Eds.) Climate Change 2007: The Physical Science Basis. Contribution of Working 

745 Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge 

746 University Press, Cambridge, United Kingdom and New York, NY, USA.

747 IPCC. (2014) In: Pachauri, R.K. and Meyer, L.A. (Eds.) Climate Change 2014: Synthesis Report. 

748 Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel 

749 on Climate Change. IPCC, Geneva, Switzerland, 151 pp

750 Jansa, A., Genoves, A., Picornell, M., Campins, J., Riosalido, R. and Carretero, O. (2001). Western 

751 Mediterranean cyclones and heavy rain. Part 2: Statistical approach. Meteorological Applications, 8(1), 

752 pp.43-56.

753 Jones, D.A., Simmonds, I. A climatology of Southern Hemisphere extratropical cyclones. Climate Dynamics 

754 9, 131–145 (1993). https://doi.org/10.1007/BF00209750

755 Keable, M., Simmonds, I. and Keay, K. (2002), Distribution and temporal variability of 500 hPa cyclone 

756 characteristics in the Southern Hemisphere. Int. J. Climatol., 22: 131-150. https://doi.org/10.1002/joc.728.

Page 28 of 54

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only

https://doi.org/10.1175/1520-0493(1999)


Peer Review Only

757 Kelemen FD, Bartholy J, Pongracz R (2015) Multivariable cyclone analysis in the Mediterranean region. 

758 Quarterly Journal of the Hungarian Meteorological Service, 119(2):159–184

759 Kouroutzoglou, J., Flocas, H.A., Keay, K. et al. On the vertical structure of Mediterranean explosive 

760 cyclones. Theor Appl Climatol 110, 155–176 (2012). https://doi.org/10.1007/s00704-012-0620-3

761 Lakkis, S., Canziani, P., Yuchechen, A., Rocamora, L., Caferri, A., Hodges, K. and O'Neill, A. (2019). A 

762 4D feature‐tracking algorithm: A multidimensional view of cyclone systems. Quarterly Journal of the Royal 

763 Meteorological Society, 145(719), pp.395-417.

764 Lim, E. and Simmonds, I. (2007). Southern Hemisphere Winter Extratropical Cyclone Characteristics and 

765 Vertical Organization Observed with the ERA-40 Data in 1979–2001. Journal of Climate, 20(11), pp.2675-

766 2690.

767 Nakamura, H. and Shimpo, A. (2004). Seasonal Variations in the Southern Hemisphere Storm Tracks and 

768 Jet Streams as Revealed in a Reanalysis Dataset. Journal of Climate, 17(9), pp.1828-1844.

769 Neu, U., Akperov, M., Bellenbaum, N., Benestad, R., Blender, R., Caballero, R., Cocozza, A., Dacre, H., 

770 Feng, Y., Fraedrich, K., Grieger, J., Gulev, S., Hanley, J., Hewson, T., Inatsu, M., Keay, K., Kew, S., 

771 Kindem, I., Leckebusch, G., Liberato, M., Lionello, P., Mokhov, I., Pinto, J., Raible, C., Reale, M., Rudeva, 

772 I., Schuster, M., Simmonds, I., Sinclair, M., Sprenger, M., Tilinina, N., Trigo, I., Ulbrich, S., Ulbrich, U., 

773 Wang, X. and Wernli, H. (2013). IMILAST: A Community Effort to Intercompare Extratropical Cyclone 

774 Detection and Tracking Algorithms. Bulletin of the American Meteorological Society, 94(4), pp.529-547.

775 Pepler, A. and Dowdy, A. (2020). A Three-Dimensional Perspective on Extratropical Cyclone Impacts. 

776 Journal of Climate, 33(13), pp.5635-5649.

777 Picornell, M., Jansà, A., Genovés, A. and Campins, J. (2001). Automated database of mesocyclones from 

778 the HIRLAM(INM)-0.5° analyses in the western Mediterranean. International Journal of Climatology, 21(3), 

779 pp.335-354.

780 Pinheiro, H. R., Hodges, K. I., Gan, M. A. and Ferreira, N. J. (2017) A new perspective of the climatological 

781 features of upper-level cut-off lows in the Southern Hemisphere. Climate Dynamics, 48 (1). pp. 541-559.

Page 29 of 54

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only



Peer Review Only

782 Pinheiro, H.R., Hodges, K.I. & Gan, M.A. (2019) Sensitivity of identifying cut-off lows in the Southern 

783 Hemisphere using multiple criteria: implications for numbers, seasonality and intensity. Clim Dyn 53, 6699–

784 6713. https://doi.org/10.1007/s00382-019-04984-x

785 Raible CC, Della-Marta PM, Schwierz C et al. (2008). Northern Hemisphere extratropical cyclones: a 

786 comparison of detection and tracking methods and different reanalyses. Mon. Weather Rev. 136: 880–897.

787 Reboita, M.S, Ambrizzi, T. and da Rocha, R.P, (2009). Relationship between the southern annular mode and 

788 southern hemisphere atmospheric systems. Revista Brasileira de Meteorologia, 24(1), pp.48-55.

789 Reboita, MS, da Rocha R.P, Ambrizzi, T, Sugahara, S. (2010). South Atlantic Ocean cyclogenesis 

790 climatology simulated by regional climate model (RegCM3). Climate Dynamics, 35(7):1331–

791 1347. https://doi.org/10.1007/s00382-009-0668-7.

792 Reboita, M. S., R. P. da Rocha, C. G. Dias and R. Y. Ynoue, 2014: Climate projections for South America: 

793 RegCM3 driven by HadCM3 and ECHAM5. Advances in Meteorology, 2014, 376738, doi: 

794 10.1155/2014/376738.

795 Reboita, M.S., da Rocha, R.P., Ambrizzi, T. and Gouveia, C.D. (2014). Trend and teleconnection patterns 

796 in the climatology of extratropical cyclones over the Southern Hemisphere. Climate Dynamics, 45(7–8), 

797 pp.1929–1944.

798 Rudeva, I., and I. Simmonds. (2015). Variability and trends of global atmospheric frontal activity and links 

799 with large-scale modes of variability. J. Climate, 28, 3311–3330, doi:10.1175/JCLI-D-14-00458.1.

800 Satake, Y., Inatsu, M., Mori, M. and Hasegawa, A., 2013. Tropical Cyclone Tracking Using a Neighbor 

801 Enclosed Area Tracking Algorithm. Monthly Weather Review, 141(10), pp.3539-3555.

802 Simmonds, I. and Keay, K. (2000). Variability of Southern Hemisphere Extratropical Cyclone Behavior, 

803 1958–97. Journal of Climate, 13(3), pp.550–561.

804 Simmonds, I., K. Keay, and E. Lim, 2003: Synoptic Activity in the Seas around Antarctica. Mon. Wea. Rev., 

805 131, 272–288, https://doi.org/10.1175/1520-0493(2003)131<0272:SAITSA>2.0.CO;2.

Page 30 of 54

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only

https://doi.org/10.1007/s00382-009-0668-7


Peer Review Only

806 Sinclair, M.R (1994). An Objective Cyclone Climatology for the Southern Hemisphere. Monthly Weather 

807 Review, 122(10), pp.2239-2256.

808 Sinclair, M.R., (1995). A Climatology of Cyclogenesis for the Southern Hemisphere. Monthly Weather 

809 Review, 123(6), pp.1601-1619.

810 Sinclair, M.R, (1997). Objective Identification of Cyclones and Their Circulation Intensity, and Climatology. 

811 Weather and Forecasting, 12(3), pp.595-612.

812 Sinclair, V., Rantanen, M., Haapanala, P., Räisänen, J. and Järvinen, H., (2020). The characteristics and 

813 structure of extra-tropical cyclones in a warmer climate. Weather and Climate Dynamics, 1(1), pp.1-25.

814 Trigo, I., Davies, T. and Bigg, G., (1999). Objective Climatology of Cyclones in the Mediterranean Region. 

815 Journal of Climate, 12(6), pp.1685-1696.

816 Ulbrich U, Leckebusch GC, Pinto JG. (2009). Extra-tropical cyclones in the present and future climate: a 

817 review. Theor. Appl. Climatol. 96: 117–131

818 Ulbrich U, Leckebusch GC, Grieger J, Schuster M, Akperov M, Bardin MY, Feng Y, Gulev S, Inatsu M, 

819 Keay K, Kew SF, Liberato MLR, Lionello P, Mokhov II, Neu U, Pinto JG, Raible CC, Reale M, Rudeva I, 

820 Simmonds I, Tilinina ND, Trigo IF, Ulbrich S, Wang XL, Wernli H (2013) Are greenhouse gas signals of 

821 Northern Hemisphere winter extra-tropical cyclone activity dependent on the identification and tracking 

822 algorithm? Meteorol Z 22(1):61–68.

823 Valsangkar, A.A., Monteiro, J.M., Narayanan, V., Hotz, I. and Natarajan, V. (2019). An Exploratory 

824 Framework for Cyclone Identification and Tracking. IEEE Transactions on Visualization and Computer 

825 Graphics, 25(3), pp.1460–1473.

826 van Bebber, W.J. (1891) Die Zugstrassen der barometrischen Minima nach den Bahnenkarten der Deutschen 

827 Seewarte für den Zeitraum von 1870–1890. Meteorologische Zeitschrift, 8, 361–366.

828 A.F. Vessey, K.I. Hodges, L.C. Shaffrey, J.J. Day  (2020). An inter-comparison of Arctic synoptic scale 

829 storms between four global reanalysis datasets Clim. Dyn., pp. 2777-2795, 10.1007/s00382-020-05142-4

Page 31 of 54

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only



Peer Review Only

830 Walker, E., Mitchell, D. and Seviour, W. (2020), The numerous approaches to tracking extratropical 

831 cyclones and the challenges they present. Weather, 75: 336-341. https://doi.org/10.1002/wea.3861

832

833

834

835

836

837

838

839

840

841

842

843

Page 32 of 54

http://mc.manuscriptcentral.com/joc

International Journal of Climatology - For peer review only



Peer Review Only

Graphical Abstract

Early 21st Century cyclone climatology: a 3D perspective . Basic 

Characterization 

S. G.Lakkis b,a , Pablo Canziani a,c , Joaquín Rodriguezc ,Adrián Yuchechen a,c,  

Alan O´Neilld, Kim H. Alberse, Kevin Hodgesd

A 3D Southern Hemisphere climatology for the 2001-2017 period was developed using the 
STACKER algorithm. Cyclones are analysed as 3D entities. The Andes Cordillera and the South 
African Plateau appear as significant orographic features impacting cyclone distribution, in 
agreement with Inatsu and Hoskins (2004). The plot suggests that at 925 hPa, systems undergo 
lysis near the Andes, but a fraction can move over the mountains at extratropical latitudes and 
even redevelop on the lee side of the Andes.
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Figure 1. Event classification: Shallow cyclones are cyclone events containing at some stage in their 

evolution tracks in 2 or 3 pressure level and subsequently separated into 3 sub-families or types spanning 

the low and mid troposphere and the upper troposphere/lowermost stratosphere pressure levels (925 to 

600hPa, 500 to 250hPa and 200 to 100hPa); Intermediate includes intermediate events with cyclone events 

spanning 4/5 pressure levels at some stage in their lifecycle with the corresponding subtypes located in the 

lower and mid troposphere up to 500hPa and in the upper mid troposphere above 500hPa and potentially 

extending into the lowermost stratosphere. Finally, vertically well-organized or deep cyclones span at least 

6 of the levels without sub-families since they cover much of the atmospheric thickness under study 
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Figure 2. Histogram of the lowermost level distribution per family (a) Shallows, (b) Intermediate and (c) 

Deep events. The histograms are constructed by assigning an event to the lowermost level present during 

its lifecycle. 
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Figure 3. Annual density cyclones distribution from 2001-2017 for (a) all the events over SH, (b) shallow, 

(c) intermediate (d) deep. Note that different scales are used in the panels. Density is calculated as the total 

number of events at a given timestep where there is a track position present at each 2°x2°. 
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Figure 4. Seasonal distribution of lowermost pressure level of all events over SH along 2001-2017 for (a) DJF, (b) MAM, 

(c) JJA and (d) SON. Histograms are built in the same way as Figure 3 
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Figure 5. Seasonal cyclones density for all the events over the SH from 2001-2017, (a) DJF, (b) MAM, (c) JJA and (d) 

SON. Density values as Figure 3, but as monthly mean seasonal values for each season. 
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Figure 6. Genesis of (a) all the events, (b) DJF, (C) MAM, (d) JJA and (e) SON. 
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Figure 7. Lysis for (a) all the events, (b) DJF, (C) MAM, (d) JJA and (e) SON 
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Figure 8. Vorticity for (a) all events, (b) DJF, (c) MAM, (d) JJA and (d) SON 
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Figure 9. Lifetime for (a) all the events, (b) DJF, (c) MAM, (d) JJA and (d) SON 
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Figure 10. Speed for systems for (a) all the events, (b) DJF, (c) MAM, (d) JJA and (e) SON 
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Figure 11. 925 hPa seasonally density for all the events over the SH from 2001-2017, (a) DJF, (b) MAM, (c) JJA and (d) 

SON 
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Figure 12. 925 hPa seasonally velocity for all the events over the SH from 2001-2017, (a) DJF, (b) MAM, (c) JJA and (d) 

SON 
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Figure 13. 925 hPa Vorticity for all the events over the SH from 2001-2017, (a) DJF, (b) MAM, (c) JJA and (d) SON 
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Figure 14. 250hPa seasonal density for all the events over the SH from 2001-2017, (a) DJF, (b) MAM, (c) JJA and (d) SON 
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Figure 15. 250 hPa Seasonal velocity for all the events over the SH from 2001-2017, (a) DJF, (b) MAM, (c) JJA and (d) 

SON 
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Figure 16. 250 hPa vorticity for all the events over the SH from 2001-2017, (a) DJF, (b) MAM, (c) JJA 

and (d) SON 
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Figure 17. Stacked plots for 925 hPa (below) and 250 (above) for (a): vorticity, (b) speed, (c) lifetime and 

(d) density. 
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Latitudinal  band -74,-66 -66,-58 -58,-50 -50,-42 -42,-34 -34,-26 -26,-18 

Family Property        

Shallows Lifetime 4.37 4.12 4.02 4.01 4.03 3.97 3.95 

 Vorticity (×  10-5) 3,41 3,50 3,57 3,27 2,74 2,32 2,04 

 Speed 7.31 10.14 11.84 11.64 10.45 9.32 8.31 

 Density 30.87 34.44 39.74 38.27 28.66 19.52 11.95 

Intermediate Lifetime 5.42 5.24 5.11 5.17 5.13 5.04 4.48 

 Vorticity (×  10-5) 3,78 3,75 3,68 3,34 2,82 2,31 1,88 

 Speed 6.41 9.58 11.64 11.31 8.39 5.08 1.64 

 Density 18.21 20.59 19.08 13.07 6.63 2.43 0.82 

Deep Lifetime 6.18 5.93 5.89 6.11 6.20 3.92 1.09 

 Vorticity (×  10-5) 3,72 3,63 3,56 3,16 2,54 1,23 3.20 

 Speed 3.75 6.66 7.66 6.02 1.92 0.93 0.77 

 Density 11.09 12.61 9.52 4.56 1.25 0.23 0.03 

Table 1. Mean 8º- latitudinal band average values of the cyclone properties per family. Lifetime is 

expressed in days; speed in m/s, and vorticity in s-1; lifetime is calculated as the average of lifetime of 

each pixel in the band. 
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