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ABSTRACT  16 

 17 

The relations of the low-level extra-tropical cyclones in the southeastern Pacific 18 

and South Atlantic with the sea surface temperature (SST) anomalies associated with the 19 

Atlantic multi-decadal oscillation (AMO) during the summer and winter of the 1979-1993 20 

(cold AMO- CAMO) and 2003-2017 (warm AMO - WAMO) are analyzed. During both 21 

seasons and in both AMO phases, the cyclone trajectories defined by cyclone local counts 22 

exceeding 10 events per grid box occur approximately in the areas with the AMO-related 23 

positive SST anomalies. The cyclone densities in most latitudes during both seasons are 24 

higher in the CAMO than in the WAMO. Thus, the cyclone density in the study domain 25 

presents a reduction trend during the 1979-2017 period. The large-scale northward SST 26 

anomalous gradients between the bands north and south of 40°S increase the long wave 27 

baroclinicity in the mid-latitudes in the WAMO, and the southward SST anomalous 28 

gradients decrease it in the CAMO. Consequently, the short wave baroclinicity is higher 29 

in the WAMO than in CAMO in the southeastern Pacific mid-latitudes. Thus, the 30 

cyclones are more energetic in the WAMO than in the CAMO.  In the South Atlantic 31 

region off the Argentinean coast, both the barotropic and baroclinic conversion terms are 32 

positive indicating increase of the kinetic energy of the short waves. The low-level 33 

cyclones in the southeastern Pacific and South Atlantic are modulated by the AMO. As 34 

far as we know, the relation of the SH low-level extra-tropical cyclones to the AMO 35 

documented here was not studied before. 36 

37 
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1. Introduction 38 

 39 

Migratory cyclones are important parts of the general circulation in transporting 40 

heat, momentum and moisture between the equator and the poles (Peixoto and Oort 1992), 41 

and in driving weather and climate. Using automatic tracking schemes, several authors 42 

analyzed the climatological features of the Southern Hemisphere (SH) mean sea level 43 

extra-tropical cyclones, their trends and variability (Jones and Simmonds 1993; Sinclair 44 

1994; 1995; 1997; Simmonds and Keay 2000a; Mendes et al. 2009; Eichler and 45 

Gottschalck 2013; Neu et al. 2013; Wang et al. 2013; Reboita et al. 2015; Grieger et al. 46 

2018). These studies indicated that the cyclone climatological features depend on the 47 

dataset, period of analysis and tracking method used. 48 

Wang et al. (2013) identified these systems in the SH using the National Oceanic 49 

and Atmospheric Administration (NOAA)-Twentieth Century Reanalysis (NOAA-50 

20CR) data during the 1871-2010 period, and showed trends in the cyclone activity index 51 

that vary with the seasons and regions. During winter, they found increases in this index 52 

in the circumpolar latitudes of the South Atlantic-Indian Ocean, and decreases in southern 53 

Australia, in the circumpolar latitudes of the South Pacific and in the region to the 54 

southeast of South America. During summer, they registered increases in the cyclone 55 

activity index in the South Atlantic, eastern South Pacific and around the circumpolar 56 

latitudes, and decreases in the Indian Ocean and western South Pacific. Neu et al. (2013) 57 

showed that different algorithms give similar patterns of the number of cyclones in the 58 

extratropics of both hemispheres in particular the strong events. Grieger et al. (2018) 59 

confirm this result for the SH events. Nevertheless, both studies recommended caution 60 

with respect to the total cyclone counts when only one method is used.  61 
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Befort et al. (2016) compared the long-term trends of extratropical cyclones 62 

during the 1901-1930, 1931-1960 and 1961-1990 periods using two reanalysis datasets: 63 

NOAA-20CR and European Centre for Medium-Range Weather Forecasts (ECMWF) 64 

Twentieth Century Reanalysis (ERA-20C). In the SH, they registered large differences 65 

between the datasets. In the NOAA-20CR, they found an increase in the cyclone activity 66 

in all regions, except the Pacific by 1970 and a decrease afterwards, and an increase in 67 

the number of extreme cyclones from 1920 to 2000. In the ERA-20C, they found an 68 

increase in the cyclone activity over the twentieth century, and a local maximum in the 69 

number of extreme cyclones by 1940, and two local minima, one by the beginning of the 70 

twentieth century and the other by 1960. Another aspect raised by Schneider and Fogt 71 

(2018) concerns the spurious pressure decrease trends in the 60-90°S band during the 72 

1905-2010 period in the NOAA-20CR, ERA-20C and ECMWF’s coupled Ocean-73 

Atmosphere Twentieth Century Reanalysis (CERA-20C), which reflect the number of 74 

assimilated observations. All these results indicate that the trends in the cyclone activity 75 

in the SH should be taken with care. 76 

On the other hand, Simmonds and Keay (2000a) documented a variability of the 77 

SH extra-tropical cyclones using the 6 hourly National Centers for Environmental 78 

Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis during 79 

the 1958-1997 period. They found an increase in the annual average number of cyclones 80 

in the entire SH and 30-70°S bands from the beginning of the period up to a maximum 81 

that occurred, respectively in the 1972 and 1970 years. They associated the decrease trend 82 

after these years with the SH warming, and argued that the low frequency variability of 83 

the number of these systems might be related to the decadal and multi-decadal sea surface 84 

temperature (SST) variability in the SH. In this context, several authors registered a 85 

decadal variability of the SST in the outflow regions of the western boundary currents in 86 
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the SH, which coincide with those dominated by the mid-latitude westerlies (Parker et al. 87 

1994; Venegas et al. 1996; 1998; Reason 2000). Using a general atmospheric circulation 88 

model, Reason and Murray (2001) provided indications that the SH extratropical cyclones 89 

are affected by the underlying SST variations in a decadal time scale. With a warming 90 

forcing over the entire SH mid-latitudes and 21-year integrations, they obtained a large-91 

scale trough in the mid-latitudes and a ridge in the higher latitudes, which lead to increases 92 

in the baroclinicity and the cyclone density in the 40-55°S band and decreases to the south 93 

of this band. 94 

Reason and Murray´s (2001) work concerned the SST decadal variability in the 95 

SH mid-latitudes noted previously in a number of papers (Venegas et al. 1996; 1998). 96 

However, persistent SST anomalies in the extra-tropical Southern Oceans also occur in 97 

longer time scales. One phenomenon that might cause such anomalies is the well-known 98 

large-scale multi-decadal climate variability mode whose main action center is located in 99 

the North Atlantic, the so-called Atlantic Multi-decadal Oscillation (AMO) (Enfield et al. 100 

2001; Kerr 2000, among others). Schlesinger and Ramankutty (1994) identified the AMO 101 

signal as a 65-80-year period oscillation in the spectrum analysis of the surface air 102 

temperature time series of the North Atlantic. Later, several authors showed that the 103 

AMO-related SST anomaly pattern features the same sign anomalies in most of the North 104 

Atlantic (Enfield and Mestas-Nuñez 1999; Enfield et al. 2001; Goldenberg et al. 2001; 105 

Mestas-Nuñez and Enfield 2001), and opposite sign SST anomalies in large extensions 106 

of the extra-tropical southern oceans (Folland et al. 1999; Timmermann et al. 2007). The 107 

AMO is related to thermohaline circulation changes varying from decadal to multidecadal 108 

time scales (Kerr 2000; Delworth and Mann 2000; Knight et al. 2006), with a clear 109 

signature in the SST field in the Weddell Sea, as shown in a modeling study by Crowley 110 

and Kim (1993). The warm AMO (WAMO) phase features anomalously warmed North 111 
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Atlantic and anomalously cooled South Atlantic and South Pacific Oceans, and the cold 112 

AMO (CAMO), an almost reversed sign SST anomaly pattern. The AMO-related SST 113 

anomaly pattern in the extra-tropical oceans might impact the baroclinicity and 114 

consequently the low-level extra-tropical cyclones. Studies regarding this issue have been 115 

done for the Northern Hemisphere systems (Gómara et al. 2016; Varino et al. 2018). As 116 

far as we know, similar studies for the SH low-level extra-tropical cyclones have not yet 117 

been done. 118 

Another important aspect that has received little attention concerns the energetics 119 

of SH low-level extra-tropical cyclones, in particular in the southeastern Pacific and South 120 

Atlantic region. Few studies can be found on this issue in the literature in particular 121 

concerning the South American neighboring regions (Orlanski and Katzfey 1991; Gan 122 

and Rao 1999; Pinto and Rocha 2011; Rosa et al. 2013). So, this aspect is dealt in the 123 

present analysis. 124 

Here, the SH low-level extra-tropical cyclones during two AMO phases are 125 

investigated by focusing on the number of cyclones per grid box and the related energetics 126 

in the southeastern Pacific and South Atlantic regions. Analyses are done for two periods 127 

with 15 years each: 1979-1993 for the CAMO phase, and 2003-2017, for the WAMO 128 

phase, which do not include years when the AMO phase changed. The following section 129 

presents a brief description of the data and methodology. Section 3 presents the 130 

differences between the two selected periods for the low-level extra-tropical cyclones 131 

concerning their trajectories and the associated patterns of the kinetic energy, available 132 

potential energy and the barotropic and baroclinic conversion terms of the Lorenz energy 133 

cycle. Conclusions are drawn in Section 4. 134 

 135 

2. Data and Methodology  136 
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 137 

Thirty nine years (1979-2017) of 6 hourly air temperature  T , vertical velocity 138 

in pressure coordinate (ω), geopotential height (Z), and zonal and meridional winds (u139 

and v , respectively) data from the NCEP-DOE Reanalysis-II (2018) dataset developed by 140 

Kanamitsu et al. (2002) were used here. These data at a 2.5º horizontal resolution grid 141 

and at standard levels from 1000 hPa to 25 hPa, were obtained over the SH to the south 142 

of 20°S.  143 

The SST dataset used here is independent from those used in the NCEP-DOE 144 

Reanalysis-II, which are: global ice and SST from the Hadley Centre for the period from 145 

December 1978 to November 1981 and since then the optimum interpolation SST. Here, 146 

we used the monthly mean SST data in a 2° horizontal grid from the extended 147 

reconstructed SST (NOAA/ERSST, 2018) version V5 data for the 1870-2017 period 148 

(Huang et al., 2015). These data were used to support the hypothesis that the SST anomaly 149 

patterns for the two selected periods contain the AMO-related features. In this case, first 150 

the time series in each grid point is de-trended in order to remove the climate change 151 

effects. The monthly anomalies were based on the 1979-2017 period. Then, the summer 152 

and winter SST anomaly patterns of the 1979-1993 and 2003-2017 periods were obtained. 153 

The AMO index was obtained from the NOAA web site (NOAA/AMO, 2019). In 154 

addition, the Pacific Decadal Oscillation (PDO) index was extracted from the Joint 155 

Institute for the Study of the Atmosphere and Ocean (JISAO) web site (JISAO/PDO, 156 

2019). 157 

The Lorenz energy cycle of the high frequency disturbances was analyzed.  158 

Similar to Blackmon’s (1976) analysis, we used a Fourier harmonic longitudinal 159 

decomposition over the entire globe instead of time filtering, and the first five modes 160 

added to the zonal means were considered as the long waves (l), and the complementary 161 
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modes, the short waves (h).  The energy cycle equations after Gan and Rao (1999) are 162 

given by:   163 

𝑃ℎ =  𝑔−1 ∫
𝑇ℎ

2

2𝜎
 𝑑𝑝                  (1) 164 

 165 

𝐾ℎ =  𝑔−1  ∫
𝑢ℎ 

2 + 𝑣ℎ
2

2
 𝑑𝑝              (2) 166 

 167 

𝜕𝐾ℎ

𝜕𝑡
=  𝑃ℎ𝐾ℎ +  𝐾𝑙𝐾ℎ + 𝑅𝐾ℎ                         (3) 168 

 169 

𝜕𝑃ℎ

𝜕𝑡
=  𝑃𝑙𝑃ℎ −  𝑃ℎ𝐾ℎ + 𝑅𝑃ℎ                                    (4) 170 

 171 

𝑃𝑙𝑃ℎ =  −𝑔−1 ∫ 𝜎−1 (𝑢ℎ𝑇ℎ
𝜕𝑇𝑙

𝜕𝑥
+  𝑣ℎ𝑇ℎ

𝜕𝑇𝑙

𝜕𝑌
) 𝑑𝑝           (5) 172 

 173 

𝐾𝑙𝐾ℎ =  −𝑔−1 ∫ (𝑢ℎ𝑢ℎ
𝜕𝑢𝑙

𝜕𝑥
+  𝑢ℎ𝑣ℎ

𝜕𝑢𝑙

𝜕𝑦
+  𝑣ℎ𝑢ℎ

𝜕𝑣𝑙

𝜕𝑥
+ 𝑣ℎ𝑣ℎ

𝜕𝑣𝑙

𝜕𝑦
) 𝑑𝑝                    (6) 174 

 175 

𝑃ℎ𝐾ℎ =  −𝑔−1 ∫
𝑅

𝑝
 𝜔ℎ𝑇ℎ𝑑𝑝              (7) 176 

where, the subscripts h and l refer, respectively, to the short and long waves, P and K are 177 

the available potential energy and kinetic energy. The other parameters are: g, the 178 

gravitational acceleration (m s-2); T, the air temperature (K); u and v, the zonal and 179 

meridional wind components (m s-1); ω, the vertical velocity in pressure coordinate (hPa 180 

s-1); R the ideal gas constant; and, 𝜎 =  (
𝑇𝑙

𝑐𝑝
−  

𝑝

𝑅

𝜕𝑇𝑙

𝜕𝑝
) the static stability parameter. For the 181 

baroclinic conversion term in this cycle, the available potential energy of the long waves 182 

is converted into the potential energy of the short waves (PlPh), which, in turn, is 183 
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converted into the kinetic energy of short waves (PhKh). Therefore, we analyzed here the 184 

summation (PlPh + PhKh), which is called baroclinic conversion term. For the barotropic 185 

conversion term (KlKh), a positive value represents the conversion of the kinetic energy 186 

of the long waves into the kinetic energy of the short waves.  Since the interest here is the 187 

low-level extra-tropical cyclones, only these two energy conversion terms were analyzed.   188 

Using the horizontal winds, the relative vorticity at 925 hPa was obtained. Using 189 

these data and the automatic tracking scheme developed by Hodges (1994), cyclones at 190 

925 hPa were identified in the study domain, which is the band between 75°S and 20°S 191 

which extends eastward from 160°W to the Greenwich meridian. This band encompasses 192 

highly populated areas of South America where the low-level extratropical cyclones 193 

might have strong impacts. Cyclones with a minimum lifetime of 72 h were identified 194 

when the relative vorticity was less than -3.0 x 10-5 s-1. Cyclones within the grid box with 195 

0.5° in latitude and longitude were counted. Cyclones that remain stationary in a grid box 196 

were counted only once. This tracking method provides the trajectories of the cyclones.  197 

In order to focus on the variable patterns associated with the cyclone occurrences, 198 

for each grid point, we selected the time steps with cyclone occurrences within an area 199 

with a 1000 Km ray from the grid point. This ray is in accordance with the typical 200 

dimension of 2000 Km for a baroclinic wave (Orlanski 1975). Cyclones out of this area 201 

were not considered for the time averages. Then, the variables were averaged over these 202 

time steps during summer (December to February-DJF) and winter (June to August - JJA) 203 

in the 1979-1993 and 2003-2017 periods. These averages were obtained for the short 204 

wave kinetic energy, short wave available potential energy, baroclinic and barotropic 205 

conversion terms. 206 

 207 

3. Results 208 
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 209 

3.1. SST mean state 210 

 211 

 Figure 1 shows the summer and winter SST anomaly maps during the two selected 212 

periods. The seasonal maps during the 2003-2017 period show dominantly positive 213 

anomalies in the North Atlantic and negative ones in the 40-70°S band, and those during 214 

the 1979-1993 period, reversed sign patterns, which are typical in the WAMO and 215 

CAMO, respectively (Enfield and Mestas-Nuñez 1999; Folland et al. 1999; Mestas-216 

Nuñez and Enfield 2001; Enfield et al. 2001; Timmermann et al. 2007). These patterns 217 

illustrate large-scale meriodional SST anomalous gradients between the bands north and 218 

south of 40°S, which are northward directed in the WAMO and southward directed in the 219 

CAMO.  In the Atlantic, the meridional SST anomalous gradient relates to thermohaline 220 

circulation changes varying from decadal to multidecadal time scales (Kerr 2000; 221 

Delworth and Mann 2000; Knight et al. 2006). Also, the PDO signature is apparent. The 222 

negative SST anomalies in the central North Pacific and the positive ones in the eastern 223 

tropical Pacific noted during both seasons in the 1979-1993 period are indicative of the 224 

warm PDO (WPDO) phase, and the reversed sign anomaly patterns during both seasons 225 

in the 2003-2017 period, of the cold PDO (CPDO) phase (Mantua et al., 1997; Zhang et 226 

al., 1997). Nevertheless, the anomalies in the eastern tropical Pacific are considerably 227 

weak. in particular during the 2003-2017 period.  228 

 Therefore, both PDO phases might occur in this period. The annual AMO and 229 

PDO indices during the 1979-2017 period are illustrated in Figure 2. The AMO index is 230 

predominantly negative and the PDO index, positive, during the 1979-1993 period. While 231 

the AMO index is predominantly positive during the 2003-2017 period, the PDO index 232 

oscillates between positive (2003-2006 and 2014-2017 -WPDO) and negative (2008-233 

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-18-0564.1.



11 

 

2013 -CPDO) values. Since the AMO remains in the same phase during the 2003-2017 234 

period, if the PDO has a strong effect in the SST of the southern middle and high latitudes, 235 

the SST patterns in these latitudes must present distinct features during the WPDO and 236 

CPDO. However, the SST anomaly patterns in the middle and high latitudes during the 237 

WPDO and CPDO do not show substantial differences (Fig. 3). Therefore, the SST 238 

anomaly mean states presented in Figure 1 can be considered related to the AMO. 239 

Therefore, the significant negative anomalies in the Drake Passage, southeastern 240 

Pacific, and South Atlantic during both seasons in the 2003-2017 period are indeed part 241 

of a large-scale WAMO-related SST anomaly pattern (Figs. 1a and 1c). The opposite sign 242 

SST anomaly patterns during both seasons in the 1979-1993 period are related to the 243 

CAMO (Figs. 1b and 1d). In general, the SST anomaly patterns feature nearly zonal 244 

structures along the southern mid-latitudes, with strong meridional gradients in the South 245 

Atlantic and southeastern Pacific. The east-west SST gradients are also apparent in some 246 

cases, as between the Bellingshausen and Amundsen Seas during summer in the WAMO. 247 

But the east-west SST gradients are less pronounced than the meridional gradients. 248 

During both seasons, the northward SST anomalous gradient increases the baroclinicity 249 

in the mid-latitudes in the WAMO; and the southward SST anomalous gradient decreases 250 

the baroclinicity in these latitudes in the CAMO. Since this analysis refers to the low-251 

frequency SST variations, we can infer that the SST meridional gradients alter the long-252 

wave baroclinicity, which in turn takes part in the energy cycle. Therefore, the selected 253 

periods show contrasting SST mean states under which the cyclones might present 254 

distinct features. These differences are analyzed in the next subsections considering only 255 

the time steps with the extratropical cyclone occurrences. 256 

 257 

3.2. Extra-tropical Cyclones 258 
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  259 

The seasonal maps with the number of cyclones at 925 hPa per grid box in the 260 

study domain are depicted in Figure 4. The cyclone trajectories vary seasonally and with 261 

the AMO phases. During summer in the WAMO, the cyclone local counts exceeding 10 262 

events per grid box occur mostly in the 50-60°S band between 150°W and 100°W, where 263 

they turn southeastward along two preferred narrow bands, one of them extends across 264 

the Drake Passage, and then to the South Atlantic in the 50-60°S band (Fig. 4a). Along 265 

the high mid-latitudes, the number of grid boxes with cyclone local counts exceeding 10 266 

events is lower in the South Atlantic than in the southeastern Pacific (Fig. 4a). Thus, the 267 

cyclones in the southeastern Pacific might last longer or be slower than those crossing the 268 

South Atlantic. One reason for the distinct behavior of the cyclones in these two oceanic 269 

sectors is the SST background along the high mid-latitudes, which is anomalously more 270 

negative in the Drake Passage and South Atlantic than in the southeastern Pacific (Fig. 271 

1a).  272 

During summer in the CAMO, the cyclone local counts exceeding 10 events 273 

appear along narrow zonal areas in the 50-70°S band in the southeastern Pacific and along 274 

the Drake Passage and in the 50-60°S band in the South Atlantic  (Fig. 4b). In this case, 275 

the largest cyclone local counts are channeled along the 50-70°S band, where positive 276 

SST anomaly background prevails (Fig. 1b). During summer in the CAMO, the number 277 

of grid boxes with cyclone local counts exceeding 10 events is higher than during summer 278 

in the WAMO along the high mid-latitudes (Figs. 4a and 4b). This is due to the positive 279 

summer SST anomaly mean state in these latitudes in the CAMO, and the negative one 280 

in the WAMO (Figs. 1a, 4a, 1b and 4b). 281 

During winter, the cyclone local counts exceeding 10 events per grid box are 282 

spread in a larger latitudinal band mostly between 35°S and 75°S for both AMO phases 283 
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(Figs. 4c and 4d). During winter in the WAMO, the largest cyclone local counts exceeding 284 

10 events per grid box occur along 40°S in the southeast Pacific and along 50°S in the 285 

South Atlantic approximately over the regions with positive SST anomaly mean state 286 

(Figs. 1c and 4c). In the case of winter in the CAMO the most prominent feature is the 287 

maximum cyclone local counts along 68°S in the Bellingshausen Sea, which is a preferred 288 

cyclolytic region (Simmonds and Keay 2000b) (Fig. 4d). So, a larger number of cyclones 289 

remain in this region leading to the maximum cyclone local counts. This maximum is also 290 

consistent with the positive SST anomaly mean state in the circumpolar and high middle 291 

latitudes in the southeastern Pacific (Figs. 1d and 4d).   292 

The cyclone densities in most latitudes during both seasons in the CAMO surpass 293 

those in the WAMO (Fig. 5). Furthermore, the cyclone densities in most latitudes in both 294 

AMO phases are higher during winter than during summer, except in the 50-57°S band. 295 

This occurs due to the larger meridional temperature gradients during winter than during 296 

summer (Figure not shown). During summer, the largest cyclone densities occur in the 297 

50-60°S band, with a maximum of approximately 6 cyclones in the CAMO and 5.5 298 

cyclones, in the WAMO (Fig. 5a). On the other hand, during winter, the cyclone densities 299 

show several maxima, which reflect the largest counts per grid box along narrow zonal 300 

bands (Figs. 4c, 4d and 5b). A winter maximum occurs around 68°S for both AMO 301 

phases, which is the main peak with 8.5 cyclones per grid box in the CAMO, and the 302 

secondary one with 4 cyclones per grid box in the WAMO.  The winter graphs show other 303 

peaks, around 60°S, 48°S and 42-40°S, which are consistent with the spatial distribution 304 

of the cyclone counts (Figs. 4c, 4d and 5b). 305 

 306 

3.3. Available Potential and Kinetic Energies 307 

 308 
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The summer and winter maps of the Ph and Kh in each AMO phase are illustrated 309 

in Figures 6 and 7. The highest Ph, values occur in the mid-latitudes with a maximum in 310 

central northwestern Argentina during summer and in the low mid-latitudes and 311 

subtropics during winter with a maximum in central Argentina and Uruguay, and the 312 

lowest Ph values, in the southern extratropical latitudes (Fig. 6). These bands with the 313 

largest Ph values are approximately 10° north of the corresponding oceanic high mid-314 

latitude bands with the largest cyclone local counts in the southeastern Pacific and 315 

southwestern Atlantic (Figs. 4 and 6). During both seasons, the Ph values in the WAMO 316 

exceed those in the CAMO over the study domain (Figure not shown). Thus, concerning 317 

the available potential energy, this result indicates that the cyclones during both seasons 318 

are more energetic in the WAMO than in the CAMO (Fig. 6). 319 

In both AMO phases, the highest Kh values occur along the 30-50°S and 20-50°S 320 

bands, respectively during summer and winter, and the lowest ones, along the southern 321 

high latitudes during both seasons (Fig. 7). The bands with the largest Kh are 10-20° north 322 

of the high mid-latitude bands with the largest cyclone local counts in the southeastern 323 

Pacific and southwestern Atlantic (Figs. 4 and 7). Furthermore, the maximum Kh values 324 

in the southwest Atlantic off the eastern coast of Argentina, Uruguay and southern Brazil 325 

coincide with a previously documented cyclogenetic region (Sinclair 1995; 1997). During 326 

both seasons, the Kh estimates in the study domain in the WAMO surpass those in the 327 

CAMO. Thus, the considerably more energetic low-level cyclones in the study domain 328 

might lead to higher energy conversion terms in the WAMO than in the CAMO.   329 

 330 

3.4. Baroclinic and Barotropic Energy conversion 331 

 332 

During both seasons in both AMO phases, significant positive PlPh + PhKh  333 
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(baroclinic conversion term)  values are found in most of the study domain, except in 334 

small areas of the subtropics (Fig. 8). The largest PlPh + PhKh values during summer are 335 

found in the 30-60°S band, and during winter in the 25-50°S band, in particular in the 336 

southwestern Atlantic, where the largest Ph and Kh values are noted (Figs. 6, 7 and 8). The 337 

southwestern Atlantic is a known cyclogenetic area (Sinclair 1995; 1997). The bands with 338 

the largest PlPh + PhKh  are approximately 10° north of the corresponding mid-latitude 339 

bands with the largest cyclone local counts in the southeastern Pacific and southwestern 340 

Atlantic (Figs. 4 and 8). During both seasons, larger PlPh + PhKh  values occur in the 341 

WAMO rather than in the CAMO. Thus, the cyclones are more baroclinic during the 342 

WAMO. This result is consistent with the meridional SST anomalous gradients between 343 

the bands north and south of the 40°S which are northward directed during the WAMO 344 

and southward directed during the CAMO (Fig. 1). Thus, the SST mean state creates large 345 

scale anomalous gradient favorable to increase the low-level cyclone baroclinity during 346 

the WAMO in relation to the CAMO.   347 

The maps of the barotropic conversion term of the Lorenz energy cycle (KlKh) are 348 

depicted in Figure 9. The significant negative values of this energy conversion term, thus 349 

reductions of the kinetic energy of the short waves and increases of the kinetic energy of 350 

the long waves, are noted in most of the study domain south of 50°S during both seasons 351 

and both AMO phases. This barotropic energy conversion is stronger in the WAMO than 352 

in the CAMO. On the other hand, conversion of the Kl into Kh occurs in several bands, 353 

whose location depends on the season and AMO phases. Positive KlKh values are noted 354 

in most of the band extending southeastward from the 30-40°S and 160-120°W area into 355 

the central South Atlantic between 20° and the Greenwich longitudes and between 45°S 356 

and 55°S during summer and between 50°S and 60°S during winter (Fig. 9). The positive 357 

KlKh values are not well defined during summer in the WAMO in the southeastern Pacific 358 
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(Fig. 9a). During winter in both AMO phases, another almost zonal band between 25°S 359 

and 45°S and between 100°W and the Greenwich longitude is evident (Figs. 9c and 9d). 360 

In this case, the barotropic conversion is stronger in the CAMO than in the WAMO.  361 

 362 

4. Discussions and conclusions 363 

 364 

This study investigated the hypothesis that the anomalous SST mean state 365 

associated with the AMO might alter the low-level cyclone features in the southeastern 366 

Pacific and South Atlantic using thirty nine years (1979-2017) of 6 hourly NCEP-DOE 367 

Reanalysis-II (2018) (Kanamitsu et al. 2002) data. This period contains two periods of 15 368 

years, which overlap the CAMO and WAMO phases, 1979-1993 and 2003-2017 periods, 369 

respectively. In order to show that these periods represent the two AMO phases, we used 370 

the monthly mean SST data from the extended reconstructed SST (NOAA/ERSST, 2018) 371 

version V5 data for the 1870-2017 period (Huang et al., 2015). In this case, we removed 372 

the SST linear trends for the 1870-2017 period and the SST anomalies were based on the 373 

1979-2017 base period. So, these anomalies do not contain the climate change trends. 374 

Also, an automatic cyclone tracking algorithm was used to identify the 925 hPa cyclones 375 

per grid box. We limited our study to the 20-75°S, 160-0°W area, whose southern portion 376 

presents multi-decadal SST variability modulated by the AMO (Folland et al. 1999; 377 

Timmermann et al. 2007). 378 

The summer and winter SST anomaly maps during the 1979-1993 and 2003-2017 379 

periods reproduced, respectively, the typical patterns previously documented in the 380 

CAMO and WAMO phases (Enfield and Mestas-Nuñez 1999; Folland et al. 1999; 381 

Mestas-Nuñez and Enfield 2001; Enfield et al. 2001; Timmermann et al. 2007). These 382 

patterns show large-scale meriodional SST anomalous gradients between the bands north 383 
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and south of 40°S, which are northward directed in the WAMO and southward directed 384 

in the CAMO. The AMO-related large-scale SST anomaly patterns play an important role 385 

in the cyclone trajectories and in the Lorenz energy cycle. 386 

The positive SST anomalies of the mean state define approximately the cyclone 387 

trajectories, which vary seasonally and with the AMO phases. Indeed, the number of grid 388 

boxes with cyclone local counts exceeding 10 events during summer along the high mid-389 

latitudes is higher in the CAMO due to the positive SST anomalies in these latitudes 390 

compared to negative ones in the WAMO (Figs. 1a, 4a, 1b and 4b). During winter in the 391 

WAMO, the cyclone local counts exceeding 10 events per grid box along 40°S in the 392 

southeast Pacific and along 50°S in the South Atlantic occur approximately in the areas 393 

with positive SST anomalies (Figs. 1c and 4c). During winter in the CAMO the maximum 394 

cyclone local counts along 68°S in the Bellingshausen Sea is driven by the positive SST 395 

anomalies in the circumpolar and high middle latitudes in the southeastern Pacific (Figs. 396 

1d and 4d). We also found that the cyclone densities in most latitudes during both seasons 397 

are higher in the CAMO than in the WAMO (Fig. 5). Therefore, considering the 1979-398 

2017 period, the cyclone density in the study domain presents a reduction trend. 399 

Consistently, Simmonds and Keay (2000a) documented a decrease trend in the annual 400 

average number of cyclones in the 30-70°S band from 1970 to 1997.  401 

The large-scale northward SST anomalous gradients between the bands north and 402 

south of 40°S increase the baroclinicity in the mid-latitudes in the WAMO, and the 403 

southward SST anomalous gradients decrease it in the CAMO. Our analysis refers to the 404 

low-frequency SST variations, so the SST meridional gradients alter the long-wave 405 

baroclinicity, which in turn takes part in the Lorenz energy cycle. Consistent with the 406 

AMO-related increased long wave baroclinicity during both seasons, increased short 407 

wave baroclinicity occurs in the WAMO compared to the CAMO (Fig. 8). Meanwhile, in 408 
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the South Atlantic region off the Argentinean coast, both the barotropic and baroclinic 409 

conversion terms are positive indicating increase of the kinetic energy of the short waves 410 

(Figs. 8 and 9).  This is a known cyclogenetic region (Sinclair 1995; 1997).   411 

Our results indicated higher cyclone densities in the CAMO than in the WAMO 412 

in most latitudes during both seasons (Fig. 5). However, the cyclones are more energetic 413 

during the WAMO than in the CAMO (Figs. 6-9). These distinct aspects of the low-level 414 

cyclones in the southeastern Pacific and South Atlantic during the two AMO phases are 415 

modulated by the AMO-related SST anomalies, with the positive anomalies affecting the 416 

cyclone trajectories, and the meridional SST gradients, the baroclinicity of the long 417 

waves, which in turn enters in the energy Lorenz cycle.  418 

Although the linear trends were removed from the SST data, this procedure does 419 

not completely remove the climate change signal. Nevertheless, the best estimate of the 420 

natural component of the AMO is the removal of the model based estimates of the forced 421 

component variability (Ting et al. 2009; Frankcombe et al. 2015; Frankignoul et al. 2017). 422 

Since analysis with modeling outputs is out of the scope of the present study, we used 423 

Frankignoul et al.’s (2017) results to support the hypothesis that the SST patterns during 424 

the two selected periods contain the AMO signal. Their Figure 8 shows the mean AMO 425 

pattern obtained after removing the anthropogenic effect from modeling estimates. Their 426 

“true” AMO pattern shows opposite sign SST anomalies in the North Atlantic and the 427 

southern middle and high latitudes. This pattern is similar to that shown in our Figure 1. 428 

Thus, Figure 1 contains the AMO-related variability, which might be intensified due to 429 

global change. However, this anthropogenic component does not invalidate our 430 

conclusions. 431 

Our analysis clearly illustrates the relations of the low-level extra-tropical 432 

cyclones in the study domain to the AMO phases. As far as we know, these relations have 433 
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not been examined before. However, the cyclone related changes described here might 434 

also be partially caused by the global warming between the two analyzed periods. The 435 

results here might be relevant to future diagnostic and modeling studies on the SH low-436 

level extra-tropical cyclones. Finally, we are aware that the approach adopted here 437 

considering two periods of 15 years as representative of the two AMO phases should be 438 

validated with a longer period data. Such validation analysis is the subject of a future 439 

study by the authors.   440 

 441 
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Figure Captions 611 

 612 

Fig. 1 – Seasonal SST anomaly patterns during summer in the: (a) WAMO; (b) CAMO 613 

and during winter in the: c) WAMO; d) CAMO.  Shades interval is in °C indicated 614 

by color bar. The continuous (dashed) line encompasses positive (negative) 615 

significant values at the 95% confidence level using the Student’s t-test. The zero 616 

line was omitted. 617 

Fig. 2 – Annual PDO and AMO indices during the 1979-2017 period. Positive PDO index 618 

values are red, and the negative ones, blue. The AMO index is the black continuous 619 

lines. 620 

Fig. 3. Seasonal SST anomaly patterns during summer in the: (a) WAMO/WPDO; (b) 621 

WAMO/CPDO and during winter in the: c) WAMO/WPDO; d) WAMO/CPDO. 622 

Display is the same as in Figure 1.   623 

Fig. 4 – Number of the 925 hPa cyclones during summer in the: (a) WAMO; (b) CAMO 624 

and during winter in the: (c) WAMO; (d) CAMO. 625 

Fig. 5 – Density of 925 hPa cyclones in the longitudinal band between 160°W and the 626 

Greenwich Meridian during: (a) summer; (b) winter. Open and closed circles refer 627 

to the CAMO and WAMO phases, respectively. 628 

Fig. 6 – Available potential energy patterns during summer in the: (a) WAMO; (b)  629 

CAMO and during winter in the: c) WAMO; d) CAMO.  Shades interval is in 1e-630 

1 KJ s-2 indicated by color bar. 631 

Fig. 7 – Kinetic energy patterns during summer in the: (a) WAMO; (b) CAMO and during 632 

winter in the: c) WAMO; d) CAMO.  Shades interval is in 1e-1 KJ s-2 indicated by 633 

color bar. 634 
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Fig. 8 - Baroclinic conversion of energy during summer in the: (a) WAMO; (b)  CAMO 635 

and during winter in the: c) WAMO; d) CAMO.  Shades interval is in W s-2 636 

indicated by color bar. The continuous (dashed) line encompasses positive 637 

(negative) significant values at the 95% confidence level using the Student’s t-638 

test. 639 

Fig. 9 – Barotropic conversion of energy during summer in the: (a) WAMO; (b)  CAMO 640 

and during winter in the: c) WAMO; d) CAMO.  Shades interval is in W s-2 641 

indicated by color bar.  The continuous (dashed) line encompasses positive 642 

(negative) significant values at the 95% confidence level using the Student’s t-test.  643 
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Fig. 1 – Seasonal SST anomaly patterns during summer in the: (a) WAMO; (b) CAMO 

and during winter in the: c) WAMO; d) CAMO.  Shades interval is in °C indicated 

by color bar. The continuous (dashed) line encompasses positive (negative) 

significant values at the 95% confidence level using the Student’s t-test. The zero 

line was omitted. 
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Fig. 2 – Annual PDO and AMO indices during the 1979-2017 period. Positive PDO index 

values are red, and the negative ones, blue. The AMO index is the black continuous 

lines. 
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Fig. 3. Seasonal SST anomaly patterns during summer in the: (a) WAMO/WPDO; (b) 

WAMO/CPDO and during winter in the: c) WAMO/WPDO; d) WAMO/CPDO. 

Display is the same as in Figure 1.   
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Fig. 4 – Number of the 925 hPa cyclones during summer in the: (a) WAMO; (b) CAMO 

and during winter in the: (c) WAMO; (d) CAMO. 
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Fig. 5 – Density of 925 hPa cyclones in the longitudinal band between 160°W and the 

Greenwich Meridian during: (a) summer; (b) winter. Open and closed circles refer 

to the CAMO and WAMO phases, respectively. 
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Fig. 6 – Available potential energy patterns during summer in the: (a) WAMO; (b)  

CAMO and during winter in the: c) WAMO; d) CAMO.  Shades interval is in 1e-

1 KJ s-2 indicated by color bar. 
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Fig. 7 – Kinetic energy patterns during summer in the: (a) WAMO; (b) CAMO and during 

winter in the: c) WAMO; d) CAMO.  Shades interval is in 1e-1 KJ s-2 indicated by 

color bar. 
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Fig. 8 - Baroclinic conversion of energy during summer in the: (a) WAMO; (b)  CAMO 

and during winter in the: c) WAMO; d) CAMO.  Shades interval is in W s-2 

indicated by color bar. The continuous (dashed) line encompasses positive 

(negative) significant values at the 95% confidence level using the Student’s t-

test. 
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Fig. 9 – Barotropic conversion of energy during summer in the: (a) WAMO; (b)  CAMO 

and during winter in the: c) WAMO; d) CAMO.  Shades interval is in W s-2 

indicated by color bar.  The continuous (dashed) line encompasses positive 

(negative) significant values at the 95% confidence level using the Student’s t-test.  
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