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ABSTRACT: Extratropical cyclones are systems responsible for weather and climate 
changes. The knowledge of their main features is obtained by extensive databases and 
algorithms. There are several studies for the Northern Hemisphere (NH) that compare 
the climatology of cyclones in different reanalyses, whereas for the Southern Hemisphere 
(SH) there are few studies with this focus. In that sense, the objective of this study is to 

evaluate and compare cyclones climatology in different reanalyses for the SH. Here, 
cyclones at the south of 20°S are identified through the mean sea level pressure field in 

six reanalyses (NCEP1, NCEP2, NCEP20C, ERAI, ERA5 and ERA20C) using an automatic 
scheme. There are two periods under analysis: a long one (1900-2010), which includes 
the centennial reanalyses (NCEP20C and ERA20C), and a short one (1980-2018), which 
includes the four other reanalyses. Regarding the centennial reanalyses, the NCEP20C 
shows a positive and statistically significant trend of the cyclone frequency, while the 
ERA20C indicates a negative trend of these systems. Comparing the six reanalyses, those 

with higher resolution are the ones that register the largest number of cyclones, but this 
does not affect the climatological characteristics of the cyclones, such as the annual cycle 
pattern, which is similar in all datasets. The trend of intense cyclones (reaching a central 
pressure lower than 980 hPa) shows an increase in all reanalyses. An interesting result of 
the centennial reanalyses is that the trend of all cyclones in the SH decreases in mid-
latitudes and increases around Antarctica, which is a signal similar to that of the climate 

projections. 
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CICLONES EXTRATROPICAIS NO HEMISFÉRIO SUL:COMPARAÇÃO ENTRE DIFERENTES 
REANÁLISES  

RESUMO: Os ciclones extratropicais são sistemas responsáveis por mudanças no tempo 
e clima das regiões onde atuam. O conhecimento de suas características médias é obtido 
por meio de extensas bases de dados e códigos computacionais. Há vários estudos para o 
Hemisfério Norte (HN) que comparam a climatologia dos ciclones em diferentes 

reanálises. Como para o Hemisfério Sul (HS) há poucos estudos com esse enfoque, esse 
é o objetivo do presente trabalho. Aqui, os ciclones ao sul de 20°S são identificados no 
campo da pressão atmosférica ao nível médio do mar em seis reanálises (NCEP1, NCEP2, 

NCEP20C, ERAI, ERA5 e ERA20C) e com um esquema automático. Dois períodos são 
analisados: um longo (1900-2010), que inclui as reanálises centenárias (NCEP20C e 
ERA20C), e um curto (1980-2018), que engloba as outras quatro reanálises. Com relação 
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às reanálises centenárias, para todo o HS, o NCEP20C mostra tendência positiva e 
estatisticamente significativa da frequência de ciclones, enquanto a ERA20C indica 

tendência negativa. Comparando as seis reanálises, aquelas com maior resolução são as 
que fornecem o maior número de ciclones, o que não afeta as características 
climatológicas dos ciclones, como o padrão do ciclo anual, por exemplo, que é similar em 
todos os conjuntos. A frequência de ciclones intensos (que atingem pressão central 
menor do que 980 hPa) mostra tendência de aumento em todas as reanálises. Um 
resultado interessante nas reanálises centenárias é que a tendência de todos os ciclones 
no HS diminui em latitudes médias e aumenta ao redor da Antártica, sinal similar ao das 

projeções climáticas. 

PALAVRAS-CHAVE: ciclones extratropicais, tendência, Hemisfério Sul, oceano Atlântico 
Sul 

1. INTRODUCTION 

Cyclones, regardless of type (extratropical, subtropical or tropical), are of 

great interest to the scientific community and the population because they cause 

weather and climate changes. Extratropical cyclones are those formed outside 

tropical regions and are associated with the presence of horizontal gradients of 

surface air temperature and the influence of waves on the flow in medium/high 

levels of the atmosphere (Celemín, 1984; Reboita et al., 2017). The study of 

climatological characteristics (genesis regions, displacement, lifetime etc.) of 

extratropical cyclones throughout the 20th century is an important way to 

understand trends in the precipitation (Kunkel et al., 2012) and winds (Vessey 

et al., 2020) extremes. 

Extratropical cyclones can be studied using reanalysis data, which is a 

combination of observed and modeled data. As there are different methods of 

data assimilation and different configurations of the atmospheric models and 

horizontal resolution used in these models, the reanalysis sets differ from each 

other, which may cause uncertainties in the results of cyclonic activity (Hodges 

et al., 2008, 2011; Allen et al., 2010). Therefore, studies have been carried out 

in order to compare the climatological characteristics of cyclones in different 

reanalyses (Table 1). For example, Befort et al. (2016) found differences in the 

cyclones trend in the NCEP-20C and ERA-20C reanalyses in both Southern (SH) 

and Northern (NH) Hemispheres. Tilinina et al. (2013) analyzed the extratropical 

cyclones trend in NH recorded in five reanalyses, and only the National Center 

for Environmental Prediction Reanalysis 1 (NCEP1) and ERA-Interim (ERAI; from 

the European Centre for Medium-Range Weather Forecasts) had a positive and 

significant linear trend, from 1 to 2% per decade, in the total number of 

cyclones. Chang and Yau (2016) compared the cyclonic activity of five 

reanalyses with that of radiosonde data in the NH. While the reanalyses showed 

an increase in the trend, the radiosonde data indicated a decrease in the 

cyclones frequency. Reboita et al. (2015) showed that the trend of all cyclones 

identified in the NCEP1 reanalysis for the SH is increasing, influenced by the 

greater number of intense cyclones since the weaker ones are less frequent. 

Reboita et al. (2018) compared the frequency of cyclones in the South Atlantic 

Ocean in five reanalyses (NCEP1, NCEP2, ERA-40, ERAI and CFSR) and found 

that CFSR reanalysis was the one that registered the highest frequency of 

cyclones, while NCEP1 and NCEP2, the lowest occurrence of these systems. This 

fact can be explained by the higher spatial resolution of the model that 

generates the CFSR reanalysis, which better solves the cyclonic circulation 

centers. A similar study was carried out by Crespo et al. (2020a), who compared 
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the climatology of three reanalyses (ERA5, ERAI and CFSR), using the same 

tracking algorithm as Reboita et al. (2018). The authors found that CFSR has 

the highest number of cyclones, while ERAI the lowest. de Jesus et al. (2020), 

through an ensemble of ERAI and CFSR reanalyses, found a negative trend in 

the frequency of cyclones in the period 1979 to 2005, which is in agreement 

with Reboita et al. (2015) for the time slice 1980 to 2000.  

In addition to the uncertainties arising from the data source, cyclone 

climatology may also have uncertainties associated with the atmospheric 

variable used to identify these systems, as well as with the algorithm used 

(Leonard et al., 1999; Neu et al., 2013). For example, Vessey et al. (2020) 

found fewer cyclones in the Arctic using MSLP rather than vorticity, and this 

difference reaches almost 50% from December to February. Crespo (2019), 

comparing two cyclone climatologies using ERAI for the period 1979 to 2017, 

one obtained with MSLP data and the other with the relative vorticity of the wind 

at 925 hPa, found that the cyclogenetic density obtained with the two variables 

is similar in subtropical regions, over the continent and close to the coast. 

However, at mid-latitudes, there is a higher frequency of cyclones when using 

relative vorticity. In addition, the systems appear slightly displaced to the 

southwest compared to those identified on the MSLP. 

Table 1 summarizes several studies published from 2010 to the present 

day; it is observed that there are more studies comparing the climatology of 

cyclones in different reanalyses for the NH than for the SH. In the SH, studies 

for the South Atlantic are not so scarce but generally use only one data set. 

Therefore, this study aims to determine the climatology of extratropical cyclones 

in the SH in six reanalyses and to evaluate the cyclone frequency trend sign.  
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Table 1- Summary of studies from 2010 to the present day using different reanalyses to identify cyclones and their trends in different parts 

of the globe. In the table, SH stands for Southern Hemisphere; NH for Northern Hemisphere; MSLP for mean sea level pressure; and Vort for 

Vorticity.  

Reference Reanalyses Period 
Variable used 

to identify 
cyclones 

Study area 

Type of 
climatology (all 
cyclones or only 

the intense ones) 

Reanalysis with 
more and less 

cyclones 

Cyclone frequency 
trend 

Allen et al. 
(2010) 

ERA40, ERAI, 
NCEP2, JRA25 

1979-
2008 

MSLP SH and NH Deep 
+ERAI 
-NCEP2 

+ ERAI, ERA40, NCEP2 
and JRA-25 

Hodges et al. 
(2011) 

ERAI, JRA25, CFSR, 
MERRA 

11979-
2009 

DDJF: NH 
JJA: SH 

MSLP and Vort SH and NH All and intense 

Merra produces a 
higher number of 
pressure-intensive 
cyclones than the 

CFSR as to vorticity 

Not shown 

Wang et al. 
(2013) 

NCEP1, NCEP20C 
1951-
2010 

MSLP SH and NH All 
+NCEP1 

-NCEP20C 
+ NCEP1 and NCEP20C 

Tilinina et al. 
(2013) 

NCEP2, JRA25, 
ERAI, MERRA, CFSR 

1979-
2010 

MSLP NH 

Total 
+ MERRA 
- NCEP2 

+ NCEP2 and ERAI 

Intense 
+ MERRA 
- NCEP2 

All show a negative 
trend in the last 

decade of the study 

Tilinina et al. 
(2014) 

ERAI, MERRA, 
CFSR, ASR 

2000-
2010 

MSLP Arctic 
All + ASR No trend 

Intense +ASR Negative 

Reboita et al. 
(2015) 

NCEP1 
1980-
2012 

MSLP SH 

All  Positive 

Intense  Positive 

Weak  Negative 

Chang e Yau 
(2016) 

NCEP2, ERA40, 
JRA55, NCEP20C, 

ERA20C 

DJF 1959-
2010 

MSLP NH All - NCEP20C 
Positive in all, except in 

observed radiosonde 
data 

Wang et al. 
2016 

ERA20C, NCEP20C, 
JRA55, MERRA, 

CFSR, ERAI, ERA40, 
NCEPI, NCEP2 

1979-
2001 

MSLP SH and NH All 
+ MERRA 

- NCEP20C 

In general, data from 
1958 to 2010 show a 
positive trend in both 

hemispheres 

Befort et al. 
(2016) 

NCEP20C, ERA20C 
1901-
2008 

MSLP SH and NH All 
+ ERA20C and there 

is a substantial 
difference between 

NH: + ERA20C and – 
NCEP20C 

SH: + ERA20C 
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1931-1960 

Grieger et al. 
(2018) 

ERAI 
1979-
2008 

MSLP, Vort and 
geopotential 

height 

Subantarctic 
region 

All  Positive 

Reboita et al. 
(2018) 

CFSR, ERAI, ERA40, 
NCEP1, NCEP2 

1979-
2005 

Vort 
South 

Atlantic 
All 

+ CFSR 
- NCEP1 and NCEP2 

Not shown 

Zahn et al. 
(2018) 

ERAI, MERRA2, 
CFSR, JRA25 

1981-
2010 

MSLP Arctic 
All  

ERAI andMerra + 
in DJFCFSR 
and JRA55 - 

Intense Similar in all sets Only JRA55 - 

Bloomfield et 
al. (2018) 

ERA20C, ERAI, 
ensemble CERA20C 

and ERA20C 

1900 - 
2010 

Vort NH All  Not shown 

Wickström et 
al. (2019) 

ERAI 
DJF: 

1979-
2016 

MSLP 
North 

Atlantic 
Intense  +ERAI 

Kayano et al. 
(2019) 

NCEP2 
1970-
2017 

Vort 
South Pacific 
and South 
Atlantic 

Intense  Negative 

Crespo (2019) ERAI 
1979-
2017 

MSLP and Vort SH All  Not shown 

Crespo et al. 
(2020a) 

ERAI, ERA5, CFSR 
1979-
2018 

Vort 
South 

Atlantic 
All 

+CFSR 
- ERAI 

Not shown 

de Jesus et al. 
(2020) 

Ensemble CFRS 
and ERAI 

1979-
2005 

Vort 
South 

Atlantic 
All  

All period, 
a negative trend; 

from 1989 to 2005, 
a positive trend 

Vessey et al. 
(2020) 

ERAI, JRA55, 
MERRA2, CFSR 

1980-
2017 

MSLP and Vort Arctic All 

Similar in all sets. 
The number of 

cyclones is greater 
when identified with 

vorticity. 

No significant trend 
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2. METHODOLOGY 

2.1 DATA 

In this study, MSLP data are used every six hours in six reanalyses: three 

from the National Center for Environmental Prediction-NCEP (NCEP1, NCEP2 and 

NCEP20C) and three others from the European Center for Medium-Range 

Weather Forecasts - ECMWF (ERAI, ERA5 and ERA20C), as shown in Table 2. 

These reanalyses differ in spatial resolution as well as in the methods of data 

assimilation and the configurations of the models that produce them. 

The study covers two periods according to the available data: a long one 

(1900-2010), which includes the centennial reanalyses NCEP20C and ERA20C, 

and a short one (1980-2018), including the four other reanalyses.  

Before using the algorithm for the cyclones identification and tracking, all 

reanalyses were interpolated to the same grid with a resolution of 2.5º following 

Kodama et al. (2019). This operation smooths the MSLP field and avoids 

identifying noises as a cyclone when using high resolution data (such as ERA5), 

which are called spurious or unrealistic cyclones (Sinclair, 1994).  

Table 2 Characteristics of the reanalyses used in the study. 
 

Reanalyses Resolution Period Reference 

NCEP1 2.5º x 2.5º 1980 - 2018 
https://www.esrl.noaa.gov/psd/data/gridded/da

ta.ncep.reanalysis.html (Kalnay et al., 1996) 

NCEP2 2.5º x 2.5º 1980 - 2018 
https://www.cpc.ncep.noaa.gov/products/wesle
y/reanalysis2/kana/reanl2-1.htm (Kanamitsu et 

al., 2002) 

NCEP20C 2.0º x 2.0º 1900 - 2010 
https://www.esrl.noaa.gov/psd/data/20thC_Rea

n/ (Compo et al., 2011) 

ERA-Interim 0.75º x 0.75º 1980 - 2018 
https://apps.ecmwf.int/datasets/data/interim-
full-daily/levtype=sfc/(Berrisford et al., 2011). 

ERA5 0.25º x 0.25º 1980 - 2018 
https://cds.climate.copernicus.eu/#!/search?te
xt=ERA5&type=dataset (Hersbachet al., 2019) 

ERA20C 1.25º x 1.25º 1900 - 2010 
https://apps.ecmwf.int/datasets/data/era20c-
daily/levtype=sfc/type=an/(Poli et al., 2016) 

 

2.2 CYCLONE IDENTIFICATION AND TRACKING ALGORITHM 

The scheme used to identify and track cyclones in this study is that of 

Murray and Simmonds (1991a, b), developed at the University of Melbourne, 

Australia. This algorithm was part of a project that involved the intercomparison 

of 15 extratropical cyclone identification algorithms (Neu et al., 2013), called 

Intercomparison of Mid Latitude Storm Diagnostics (IMILAST). It has also 

recently been used to track cyclones in the subantarctic region (Grieger et al., 

2018). In addition, the Murray and Simmonds algorithm has been used since 

2004 by the Climate Studies Group from the University of São Paulo (GrEC-USP; 

www.grec.iag.usp.br) and shows a good performance in the identification of 

extratropical cyclones in the SH (Pezza and Ambrizzi, 2003; Reboita et al., 

https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
https://www.cpc.ncep.noaa.gov/products/wesley/reanalysis2/kana/reanl2-1.htm
https://www.cpc.ncep.noaa.gov/products/wesley/reanalysis2/kana/reanl2-1.htm
https://www.esrl.noaa.gov/psd/data/20thC_Rean/
https://www.esrl.noaa.gov/psd/data/20thC_Rean/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset
https://cds.climate.copernicus.eu/#!/search?text=ERA5&type=dataset
https://apps.ecmwf.int/datasets/data/era20c-daily/levtype=sfc/type=an/
https://apps.ecmwf.int/datasets/data/era20c-daily/levtype=sfc/type=an/
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2015) and in other regions of the globe (Leckebusch and Ulbrich, 2004; Pinto et 

al., 2005; Leckebusch et al., 2006; Kruschke et al., 2014; Befort et al., 2016). 

MSLP at every six hours is the input data for the algorithm. The literature 

has shown a discussion as to whether vorticity or MSLP is the most appropriate 

variable for identifying cyclones. There is not a single answer to this question, 

since both variables have positive and negative qualities (details on this subject 

are presented in Reboita, 2008). The IMILAST project, for example, includes 

algorithms based on both pressure and vorticity and a general result is that the 

algorithms using vorticity detect a higher frequency of cyclones in comparison 

with that based on MSLP (Neu et al., 2013). 

Initially, the algorithm interpolates the MSLP from regular to polar-

stereographic, centered on the SH, using the bicubic spline interpolation 

method. The routine for identifying low pressure centers starts by looking for an 

array (set of grid points) with the maximum Laplacian pressure value. The 

position of the minimum pressure is then located by an interactive approach to 

the center of the ellipsoid with a better representation of surface pressure, 

which is also done through bi-cubic splines. The pressure Laplacian is considered 

a measure of the system intensity. In order to exclude weak systems, low 

pressure centers that do not reach a minimum value pre-specified for the 

pressure Laplacian are avoided (Simmonds et al., 1999). As the pressure 

Laplacian is proportional to the cyclonic relative geostrophic vorticity, this 

method ends up approaching the algorithms based on relative vorticity to 

identify cyclones, such as the one used by Sinclair (1994) and Reboita et al. 

(2010, 2018). 

The cyclone tracking procedure involves three stages: (a) the subsequent 

position of a low pressure center is initially predicted, (b) the identification 

probability between the projected cyclone and each low center present in the 

new synoptic schedule is calculated and (c) the combination of the position of a 

cyclone at a given time (t) and the next time (t + dt) is based on the highest 

probability of association between the centers identified in two consecutive 

times (further details on the method are presented in Simmonds et al., 1999, 

2003). 

The Murray and Simmonds scheme has a large number of parameters 

that must be set by the user. Here, the configurations proposed by Pezza and 

Ambrizzi (2003) and by Reboita et al. (2015) are used. These settings include, 

for example, the “iopmxc” parameter, which, if set to zero, only indicates the 

inclusion of low-pressure systems with closed isobars; and the “mscrn” 

parameter, which represents the tracking method and, when set to 2, 

corresponds to the maximum Laplacian. 

The algorithm provides the trajectory of each cyclone (latitude and 

longitude) throughout the lifecycle, as well as statistical data regarding the 

trajectory density (SD), central pressure (PC), intensity, radius (R) and depth 

(D) of cyclones. The SD corresponds to the normalized number of systems that 

pass by a given area. The measurement of the cyclone intensity is provided by 

the Laplacian pressure field (calculated between the center of the system and 

the neighborhood) and, according to Simmonds and Murray (1999), must 

exceed 0.2 hPa (lat)-2 to be considered. D is the difference (in pressure) 

between the system center and the region where the Laplacian turns zero 

(which associates the cyclone outermost isobar), and R is the distance between 
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these two points (Lim and Simmonds, 2007). All statistics are presented in a 

grid with a horizontal resolution of 2.5°. 

For the climatology, only cyclones that have a lifespan of 24 hours or 

more and were formed south of 20ºS are included (this avoids the inclusion of 

tropical systems). Cyclone frequency is defined as the number of systems per 

month, season (DJF, MAM, JJA and SON) and year. 

 

2.3 ANALYSES 

The study presents the climatologies of the cyclone frequency in the SH 

and for the South Atlantic Ocean (defined by the region between 80°W-20°E 

and 90°-20°S), once many extratropical cyclones are formed in this region, 

impacting the South American east coast. Statistics are calculated for all 

cyclones with a lifespan of 24 hours or more and for the intense systems, that 

is, systems that have central pressure equal or lower than 980 hPa at some 

point in its life cycle (Tilinina et al., 2013, 2014; Reboita et al., 2015). In 

addition, the seasonal average of the cyclogenesis density, the cyclone 

trajectory density and the central pressure of all systems are presented for the 

SH. As the cyclogenesis density (initial cyclones position) is not provided by the 

algorithm, this is calculated considering the area of 2.5ºx2.5º and normalized by 

the same area. 

The trend of cyclone frequency is obtained using the linear regression 

method calculated from the least-squares. The Mann-Kendall non-parametric 

test of statistical significance (Kendall, 1938) is used as an indicator of the 

statistical significance of the trend at the confidence level of 95%. All analyses 

described here are performed for the six reanalyses defined in Table 2. 

 

3. RESULTS 

3.1 ANNUAL FREQUENCY AND TRENDS 

 The annual frequency of extratropical cyclones considering all cyclones 

identified by the algorithm (Figure 1) and those with pressure lower than or 

equal to 980 hPa (P ≤ 980 hPa) at some point in their lifecycle (Figure 2) is 

presented for the entire SH and in the South Atlantic Ocean. For the SH and all 

cyclones (Figure 1a), regarding the centennial reanalyses (NCEP20C and 

ERA20C), NCEP20C shows a steep and statistically significant positive trend 

while ERA20C presents a significant negative trend. The trend sign and 

indication of those that are statistically significant at the 95% confidence level 

are shown in Table 3. For the recent reanalyses, all data sets show a positive 

trend that is not significant only in ERA5. For the intense systems in the SH 

(Figure 2a), both centennial reanalyses indicate a positive and statistically 

significant trend. These results agree with several of the studies compiled in 

Table 1, such as Allen et al. (2010), who showed a positive trend in the 

frequency of strong cyclones in ERAI and NCEP2; Reboita et al. (2015), who 

showed this same result using NCEP1; and Wang et al. (2016) and Grieger et al. 

(2018), who obtained a positive trend considering all cyclones registered in 

NCEP20C and ERAI, respectively.  
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 For all cyclones over the South Atlantic Ocean (Figure 1b), ERA20C 

shows a negative trend in the frequency of the system, while NCEP20C shows a 

positive one, which agrees with the hemispheric analysis. Regarding intense 

systems (Figure 2b) in the South Atlantic, all six reanalyses indicate a positive 

trend, but with ERAI and ERA5 not showing any statistically significant trend 

(Table 3).  

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 - Annual frequency of all extratropical cyclones considering the different 

reanalyses: (a) Southern Hemisphere and (b) South Atlantic Ocean. The gray and black 
lines indicate the number of surface observations assimilated in the NCEP (Compo et al., 
2011) and in the ECMWF (Poli et al., 2016) reanalyses, respectively. The correlation 

between the number of surface observations assimilated in the reanalyses (ObsN for 
NCEP and ObsE for ECMWF) and the cyclones frequency are shown in the frame inside 
the figure, where the significant correlations at the 95% confidence level are underlined. 

 

 

 

 

a)

b)

Southern Hemisphere

South Atlantic Ocean
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Table 3 - Trend (inclination angle) of the annual frequency series of extratropical 
cyclones. A positive (negative) value indicates a positive (negative) trend. Values with 

statistical significance at the 95% level are highlighted in bold. 

Reanalyses 

All cyclones Cyclones with P ≤ 980 hPa 

Southern 
Hemisphere 

South Atlantic 
Southern 

Hemisphere 
South Atlantic 

NCEP1 1.53 0.56 1.60 0.46 

NCEP2 1.10 0.75 1.44 0.58 

ERA5 0.23 -0.13 0.67 0.04 

ERA-Interim 1.10 -0.10 0.97 0.12 

NCEP20C 5.21 0.87 4.22 0.63 

ERA20C -0.59 -0.17 1.11 0.23 

 

 

Figure 2 - Annual frequency of intense cyclones in the different reanalyses: (a) Southern 
Hemisphere and (b) South Atlantic Ocean. 

The main information obtained from Figures 1 and 2 are: (a) all data sets 

agree that the number of intense cyclones has been increasing over the years. 

In the SH, the number of intense cyclones in the current reanalyses has 

a)

b)
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increased between 6 (ERA5) to 16 (NCEP1) cyclones per decade; (b) the 

reanalyses with a higher horizontal resolution register a higher number of 

cyclones, which is shown by the higher cyclones frequency in ERA5, followed by 

ERAI and those from NCEP; and (c) there is a great difference in the cyclones 

frequency recorded in the centennial reanalyses (ERA20C and NCEP20C).   

Regarding item (b), even if all reanalyses have been interpolated to the 

same horizontal resolution, they preserve their original information; hence, 

those obtained by numerical models with a higher horizontal resolution can 

resolve a greater number of cyclones (Tilinina et al., 2013; Hodges et al., 2017; 

Reboita et al., 2018). 

To elucidate the difference in the cyclones frequency between the 

centennial reanalyses (item c), we addressed three points: (1) the relationship 

between the number of surface observations assimilated over the years in the 

numerical models for the generation of these reanalyses and the cyclones 

frequency, (2) the values of the MSLP in the reanalysis and (3) the impact of 

some teleconnection patterns on the cyclones climatology. 

Assimilated surface observations: We begin evaluating the relationship between 

the number of surface observations assimilated over the years in the numerical 

models for the generation of these reanalyses and the cyclones frequency. The 

number of observations by year in each reanalysis was obtained by converting 

Figure 3b from Compo et al. (2011) and Figure 1a from Poli et al. (2016) in time 

series. From the time series of the number of assimilated observations along 

with the annual cyclones frequency (Figure 1), it is noted that there is a positive 

linear trend in the number of observations assimilated in both NCEP20C and 

ERA20C, but with higher number of information assimilated in ERA20C 

compared to the NCEP20C from 1940. While the increase in the annual cyclones 

frequency in NCEP20C seems to be a function of the increase in assimilated 

observations, this result is different in ERA20C, where there is a slight decrease 

in the cyclones frequency. Therefore, it is suggested that the numerical model 

used in the generation of the NCEP20C reanalysis is more sensitive to the 

assimilated data than that of the ERA20C. The result obtained here also agrees 

with Wang et al. (2013), who mention that the NCEP20C reanalysis has no 

homogeneities in the number of cyclones and that this is associated with the 

change in the number of observed data used in the assimilation during the 20th 

century. Another fact is that ERA20C, different from NCEP20C, assimilates near-

surface winds over the oceans, which is an important variable for the cyclone's 

identification, mainly in the SH where the oceans are predominant. In addition, 

there are differences in data assimilation schemes between reanalyses. 

MSLP: A second point is the comparison in terms of MSLP average. The 

hypothesis here for the difference in the number of cyclones would be that the 

NCEP20C reanalysis had a higher atmospheric pressure in the first decades than 

the ERA20C. Thus, it could generate weaker cyclones and/or with shorter 

lifetime, not being detected by the algorithm. Figure 3 shows the comparison of 

the annual MSLP average considering the entire SH, and reveals that until 1955 

both reanalyses have an annual average (1009.4 hPa for NCEP20C and 1008.7 

hPa for ERA20C) slightly higher than that of the most recent period (1008 hPa 

for NCEP20C and 1007.6 for ERA20C), with the difference between the two 

periods about 1 hPa. Although MSLP in the NCEP20C is slightly higher than that 
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of ERA20C, this does not explain the difference in the cyclones frequency, since 

the difference is practically constant over the whole period (Figure 3). 

 

Figure 3 - MSLP annual average (hPa) for the entire Southern Hemisphere in the 
NCEP20C (blue line) and ERA20C (purple line) reanalyses. 

Teleconnection Patterns: Figures 1a and 3 indicate that the time series change 

patterns from approximately 1955. This could suggest the influence of some 

low-frequency teleconnection patterns of the atmosphere in such configurations. 

In this context, a third approach is to relate the cyclones frequency anomalies 

with two specific low-frequency patterns. 

Figure 4 shows the annual Pacific Decadal Oscillation Index (PDO; 

Mantua et al., 1997) along with the detrended  time series of annual anomalies 

of cyclone frequency in NCEP20C and ERA20C. PDO is a climate variability 

pattern characterized by anomalies of opposite signs (sea surface temperature, 

atmospheric pressure etc.) between the tropical-northeastern and central-

northwestern North Pacific Ocean. The hypothesis here is that periods of positive 

PDO phase (positive anomalies of sea surface temperature predominating in the 

eastern North Pacific, along with the North American coast, and central-eastern 

Tropical Pacific) may be favorable to the reduction of atmospheric pressure in 

southern latitudes and, consequently, favoring higher frequency of cyclones. 

From 1900 to 1955, the PDO changed from a positive to a negative phase and 

then to a positive one, showing no persistence in a single phase, in that sense, it 

does not justify the pattern of atmospheric pressure shown in Figure 3. After 

1955, there is a preference for the negative phase of the PDO, which would be 

favorable to the increase in pressure (unfavorable to cyclones) and, therefore, 

indicating opposite results to those shown in Figure 3, in which there is a record 

of the lowest MSLP annual average. As shown through the visual analysis of 

Figure 4 and Pearson's correlation coefficient, there is no relationship between 

PDO and the cyclones frequency. 
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Figure 4 - Annual Pacific Decadal Oscillation Index 
(PDO;  https://www.ncdc.noaa.gov/teleconnections/pdo/; bars) and the detrended  time 
series of the anomaly of the extratropical cyclones frequency (1900-2010) in the SH (all 

systems) for NCEP20C (blue line) and ERA20C (purple line). The frame inside the figure 
indicates the correlation between the series of centennial reanalyses and the anomaly of 
cyclones frequency. 

Another low-frequency variability pattern that may impact the cyclones 

occurrence is the Atlantic Multidecadal Oscillation (AMO; Kayano et al., 2019), 

characterized by sea surface temperature anomalies in the North Atlantic. The 

periods with cold (warm) anomalies correspond to the AMO cold (warm) phase 

(Enfield et al., 2001) and can last for 20 to 40 years 

(https://www.aoml.noaa.gov/ phod/amo_faq.php). Kayano et al. (2019) showed 

that AMO had a negative phase between 1979-1993 (which coincided with the 

PDO positive phase) and a positive one between 2003-2017 (coinciding with a 

PDO oscillation from positive - 2003-2006 - to negative - 2014-2017). These 

phases are evident in Figure 5a, which begins in 1948, the year when the AMO 

index was made available by NOAA. The final year (2010) in the figure is the 

last year available in centennial reanalyses.  

Figure 5a shows the AMO annual index along with the time series of 

anomalies of the cyclones annual frequency (detrended) in the SH for the 

centennial reanalyses. The NCEP20C reanalysis clearly shows a pattern opposite 

to that of AMO, with positive (negative) cyclone anomalies in periods of cold 

(warm) AMO phases, giving a correlation coefficient of -0.47 (with 95% 

confidence statistical significance). On the other hand, the inverse relationship 

occurs between ERA20C and  AMO in shorter periods compared to the results of 

NCEP20C. For example, between 1973 and 1979 there are positive anomalies in 

the cyclones occurrence in ERAC20C concomitantly with the cold AMO phase. 

The same analysis is performed considering only the period from 1980 to 2018 

for all cyclones identified in the SH (Figure 5b) and only in the South Atlantic 

(Figure 5c) in the NCEP1, NCEP2, ERAI and ERA5 reanalyses. In general, there 

is a negative correlation between the time series of cyclones occurrence and 

AMO, with the highest correlations (although without statistical significance) in 

the ECMWF reanalyses(Figure 5b-c).  

The results from Figure 5 are in agreement with those of Kayano et al. 

(2019), who analyzed the cyclones relationship in the region between the 

Southeast Pacific and the South Atlantic oceans from 1979 to 2017, considering 
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the NCEP2 reanalysis and the summer and winter seasons. The authors obtained 

a higher (lower) cyclones frequency in both oceans and seasons in the cold 

(warm) AMO phase. Kayano et al. (2019) associated their results with the 

distinct patterns of sea surface temperature anomalies in the SH in both AMO 

phases. For example, in the negative (positive) AMO phase at high and middle 

latitudes, there are positive (negative) temperature anomalies on the sea 

surface. In short, even if the cyclone frequency has a response to AMO, it also 

does not explain the difference in trends between centennial reanalyses. 

 
Figure 5 - Time series of the annual Atlantic Multidecadal Oscillation Index (AMO; 
https://www.psl.noaa.gov/data/correlation/amon.us.data; bars) and detrended time 

series of the anomaly of the extratropical cyclones frequency (all systems identified; 
lines). a) NCEP20C (blue line) and ERA20C (purple line) in the SH (1948 to 2010). The 
cyclone anomaly is regarding the climatology from 1900 to 2010; b) NCEP1, NCEP2, ERAI 

a)

b)

c)

https://www.psl.noaa.gov/data/correlation/amon.us.data
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and ERA5, considering the period from 1980 to 2018 in the SH; and c) NCEP1, NCEP2, 
ERAI and ERA5, considering the period from 1980 to 2018 in the South Atlantic. The 

frames inside each panel show the correlation between the annual time series of cyclone 
occurrence in each dataset and the AMO index. Only the correlation between NCEP20C 
and AMO has a statistical significance with 95% confidence. 

 

3.2 SEASONALITY 

 The annual frequency cycle of all extratropical cyclones and those more 

intense in the SH is characterized by a higher occurrence in the winter and a 

lower one in the summer in all reanalyses (Figures 6a,c; Tables 4 and 5), except 

in NCEP20C for intense systems. This result agrees with several studies, such as 

Simmonds and Keay (2000) and Reboita et al. (2015). When the analysis is 

restricted to the South Atlantic Ocean (Figures 6b, d), the highest cyclones 

frequency occurs in a very similar way between autumn and winter (Table 4) for 

all systems and the intense ones, a result that was also obtained by Reboita et 

al. (2010) in a specific study for the South Atlantic.  

 Regarding the data variability, the standard deviation is similar between 

reanalyses, except in NCEP20C, in which it presents the largest deviations in 

relation to the set average (Figure 6). 

 

Figure 6- Annual frequency cycle of all cyclones identified by the algorithm (left column) 
and intense cyclones (P ≤ 980 hPa) (right column) in the different reanalyses for the SH 
(a,c) and South Atlantic (b,d). The black lines at the top of each colored bar indicate the 
standard deviation. 
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Table 4 - Seasonal averaged frequency (absolute) of all cyclones identified in the SH and 
the South Atlantic. 

Reanalyses 
Southern Hemisphere South Atlantic 

DJF MAM JJA SON DJF MAM JJA SON 

NCEP1 64.0 71.3 72.3 66.7 15.2 16.8  16.2 14.9 

NCEP2 64.5 73.3 74.0 67.9 15.2 17.5 16.9 15.3 

ERA5 69.1 75.6 77.8 72.6 15.5 17.5 17.1 15.9 

ERAI 66.1 73.2 75.3 69.3 14.7 16.5 16.5 15.1 

NCEP20C 43.2 45.8 50.4 44.8 11.9 13.3 13.8 12.2 

ERA20C 66.1 73.9 76.9 71.2 15.3 17.3 17.4 16.4 

 
Table 5 - Seasonal averaged frequency (absolute) of cyclones that reach P ≤ 980 hPa at 

some point in their lifecycle in the SH and the South Atlantic. 

Reanalyses 
Southern Hemisphere South Atlantic 

DJF MAM JJA SON DJF MAM JJA SON 

NCEP1 33.2 40.2 40.5 37.7 7.5 8.3  8.0 7.6 

NCEP2 33.6 40.9 41.4 37.9 7.3 8.4 8.3 7.6 

ERA5 36.3 43.6 45.3 41.9 7.5 8.6 8.8 7.9 

ERAI 35.4 43.3 44.3 40.4 7.2 8.3 8.5 7.7 

NCEP20C 18.8 22.1 21.7 22.2 5.0 6.2 5.3 5.5 

ERA20C 27.1 36.8 39.1 35.5 5.4 7.4 7.0 6.7 

 

3.3 OTHER CLIMATOLOGICAL FEATURES 

 Figure 7 shows the regions favorable to the genesis of all cyclones in 

summer and winter; the hatched regions indicate positive (blue) and negative 

(red) trends for cyclogenesis. The hypothesis test for trends is not applied since 

cyclogenesis has a lot of spatial variability, so that many zero values appear in 

the time series affecting the statistical test quality (Pezza et al., 2012; Reboita 

et al., 2018, 2020).  

In general, the latitude belt between 50º and 70ºS is the most 

cyclogenetic region of the SH (Figure 7). However, there are two sectors within 

this  belt with the highest cyclones frequency: one at around 170ºE and the 

other at the east of the Antarctic Peninsula, which was also obtained by Crespo 

(2019). Only NCEP20C (Figure 7f, l) shows a difference in this characteristic, 

that is, more cyclones to the west of the Peninsula than to the east. ECMWF 

reanalyses, with emphasis on ERA20C, reveal that there is a predominance of a 

negative trend in the cyclones frequency between 40º and 55ºS, and a positive 

one in higher latitudes, which is a pattern similar to that obtained in climate 

projections (Reboita et al., 2018, 2020). NCEP20C shows a negative trend 

around 60ºS and in southern South America, and a positive trend in higher 

latitudes in both seasons. Despite this difference, NCEP20C also indicates an 

increase of cyclones frequency at higher latitudes in more recent years. 

The sector to the east of the continents (at about 30ºS) is also favorable 

to cyclogenesis and with a higher frequency of systems in winter, in agreement 

with Reboita et al. (2018, 2020). In South America, this latitude is close to the 

extreme south of Brazil and Uruguay and corresponds to the cyclogenetic region 

called RG2 by Reboita et al. (2010) and sometimes denominated by Uruguay 

(Crespo et al., 2020b). In RG2, there is a positive trend in the cyclones 

frequency in the NCEP20C reanalysis but, in the other reanalysis is found a 

gradient of trend with positive trend near Uruguay and negative one in the 
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neighbourhood. The positive trend highlighted in RG2 is also shown by Reboita 

et al. (2015). The east coast of South America has two other cyclogenetic 

regions: the southeast/south coast of Brazil (RG1) and the southeast/south 

coast of Argentina (RG3). Differently than RG2, in these regions the frequency 

of cyclones is higher in summer (Figure 7). Moreover, the cyclones in RG1 

practically disappear in winter. In summer, the NCEP1 and NCEP2 reanalyses 

show the well-defined RG1 and RG2 (with two separated cores, Figures 7a-b), 

and the other reanalyses show a single elongated nucleus connecting these two 

regions. 

 

Figure 7 - Seasonal average (colors) of the initial position density (cyclogenesis) of all 
cyclones identified by the algorithm in summer (left column) and winter (right column) in 
the different reanalyses. The unit is 10-5 km-2. The hatched regions represent positive 

(blue) and negative (red) trends. In the left column is identified the three cyclogenetic 
regions on the east coast of South America (RG1, RG2 and RG3). 
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Reboita et al. (2012) present the physical mechanisms associated with 

the three cyclogenetic regions on the east coast of South America. Briefly, 

cyclogeneses in RG1 are more associated with thermodynamic processes, while 

in RG3 the main forcing are baroclinic and cyclone regeneration processes 

(cyclonic vorticity is gained by the air column of the flow that crosses the Andes, 

in latitudes at about 45ºS; Hoskins and Hodges, 2005). In RG2, cyclogenesis is 

favored by a) waves at middle levels of the atmosphere traveling from the 

Pacific towards the Atlantic, b) the transport of heat and moisture carried out by 

the low-level jet east of the Andes, c) divergence in mid-upper levels associated 

with the semi-stationary trough due to the Andean topography and d) the 

horizontal surface temperature gradients (Gan and Rao, 1991; Vera et al., 

2002; Reboita et al., 2012).  

In general, the trend of cyclogenesis frequency indicates negative values 

in both summer and winter in RG3, while in RG1 the signal varies: NCEP and 

ERA20C reanalyses show a positive trend, and ERA5 and ERAI-Interim show a 

negative trend near the southeastern coast of Brazil and a positive one towards 

the south of RG1. 

Figure 8 shows the average path density of all cyclones identified in the 

SH in summer and winter, representing the seasons with the lowest and highest 

frequency of systems, respectively. The common feature in all reanalyses 

(Figure 8) is that the cyclone trajectory is more concentrated in a belt around 

Antarctica in summer, while it expands to the subtropics in winter, a fact 

associated with the north-south displacement of the most intense horizontal 

gradient of air temperature (baroclinic zone). In the SH, the baroclinic zone 

migrates northward (southward) in winter (summer), contributing to the 

occurrence of extratropical cyclones further away (nearby) from Antarctica. This 

seasonal feature is evident in Figures 8 and 9, where in summer the meridional 

gradients of atmospheric pressure (indicated by the marked variation of colors) 

are concentrated over 45ºS and more expanded/displaced to the north in 

winter. 

In winter (Figure 8g-l), a belt of high cyclone density is also evident, 

extending from southeastern Australia to southern South America. In addition, 

there is an intense core of systems density in the vicinity of New Zealand. The 

east coast of South America also has an intense system activity in both seasons. 

Another fact that stands out in Figure 8 is that, in both summer and winter, the 

cyclone belt around Antarctica weakens between the Antarctic Peninsula and the 

southern part of the South Atlantic. This may be a response to the peculiar 

geography of both South America, which is more extended to the south than the 

African and Australian continents, and the projection of the Antarctic Peninsula 

towards lower latitudes. The comparison of the six reanalyses in Figure 8 shows 

that the spatial pattern of the cyclone path density is similar between them, 

except for NCEP20C, which shows lower cyclone density (Figures 8f, l). 

Regarding the central pressure of cyclones (Figure 9), winter shows 

greater contrasts in pressure values than summer. During winter, the systems 

have lower (higher) pressure in the vicinity of Antarctica (subtropical region). In 

summer, on the other hand, there is less contrast between the high latitudes 

and the subtropics. Although there are differences in the central pressure 

averages between the reanalyses, the spatial pattern is similar in all of them. 
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When it comes to the centenary reanalyses, NCEP20C shows a higher average 

pressure than ERA20C, which was already indicated in Figure 3. 

 
Figure 8 - Seasonal average (colors) and standard deviation (lines) of the trajectory 
density of all cyclones identified in summer (left column) and winter (right column) in the 
different reanalyses. The figure unit is (10-3 cyclones degrees lat-2).  
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Figure 9 - Seasonal average (colors) of the central pressure (hPa) of all cyclones 

identified in summer (left column) and winter (right column) in the different reanalyses. 
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4. CONCLUSIONS 

 This study compared the cyclone climatology in the Southern Hemisphere 

in six reanalyses: two centenaries (1900-2018) and four covering a more recent 

period (1980-2010). The analyses focused on all cyclones identified by the 

algorithm and on the set of intense systems, i.e., the ones that reach a central 

pressure lower than or equal to 980 hPa at some point in their lifecycle. In this 

work, cyclones were identified through MSLP. 

Among the main results of the study, we consider: 

1) There is a big difference in the frequency of cyclones detected in the 

centennial reanalyses, mainly in the period before 1970. In NCEP20C, the 

number of cyclones is higher with the increase of the surface data assimilated in 

the reanalysis. However, this does not occur in ERA20C. We suggest that the 

near-surface wind over the ocean assimilated in the ERA20C contributes to the 

better representation of the cyclones and the more homogeneous pattern in the 

cyclones frequency along the time; 

2) The current reanalyses obtained using models with a higher horizontal 

resolution (ERAI and ERA5) show a greater number of cyclones; 

3) For the Southern Hemisphere and South Atlantic Ocean: 

1. Considering all cyclones from the centennial reanalyses, NCEP20C shows 

an accentuated and significant positive trend while ERA20C is more 

homogeneous and with a significant negative trend in the cyclones 

frequency; 

2. Considering the intense systems, both centennial reanalyses indicate a 

positive and statistically significant trend in the cyclones frequency in the 

period 1900-2010; 

3. Considering all cyclones from the recent reanalyses, there is a positive 

trend over the SH while ECMWF reanalyses (ERAI and ERA5) indicate a 

negative trend in the cyclones frequency over the South Atlantic between 

1980-2018; 

4. Considering the intense systems, the recent reanalyses show a positive 

trend for systems in the period (1980-2018), but only those from NCEP 

have a statistical significance over the South Atlantic Ocean; 

4) On the seasonality of extratropical cyclones, when all cyclones are considered 

and only those with P ≤ 980 hPa in the SH, there is a higher (lower) occurrence 

in the winter (summer) months. When the analysis is restricted to the South 

Atlantic, the highest cyclones frequency occurs similarly in autumn and winter 

for all and intense cyclones; 

 5) The latitude belt between 50º and 70ºS is the most cyclogenetic region in 

the SH. At latitudes around 30ºS, the sector to the east of the continents is also 

a favorable region for cyclogenesis; 

6) The centenary reanalyses indicate a predominance of negative (positive) 

trend in the cyclones frequency in mid (higher) latitudes, in agreement with 

climate change studies; 

7) The east coast of South America has three cyclogenetic regions, where the 

south/southeastern coast of Brazil (RG1) and the south/southeast of Argentina 
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(RG3) regions have a higher cyclones frequency in summer, and the southern 

coast of Brazil and Uruguay (RG2) region has a higher cyclones frequency in 

winter; 

8) In RG1, the NCEP reanalyses and ERA20C  show a positive trend in the 

frequency of cyclones, while ERA5 and ERAI show a negative trend; in RG2, in 

general, there is a positive trend in the cyclones frequency in the summer 

(winter); in RG3, the reanalyses indicate negative trends both in summer and 

winter. 

9) No correlation was found between the annual series of cyclone frequency 

anomalies and PDO, while there is a negative correlation with AMO. 

Finally, besides not being possible to state which is the most realistic 

reanalysis due to the lack of a database from only observations to validate 

them, most of the climatological features of the cyclones in the different 

reanalyses are in agreement, which provides reliability for understanding 

cyclones in the SH. 
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