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America (SESA), centre and south of Chile for winter and 
over SESA and southeastern Brazil for spring and agrees 
with the pattern of the leading mode of precipitation vari-
ability over southern South America.

Keywords  Frontal activity · Precipitation · Atmospheric 
circulation · Interannual variability · Southern Hemisphere

1  Introduction

The main modes of variability of the Southern Hemi-
sphere (SH) atmospheric circulation at the interannual 
timescales have been widely documented in the literature 
(Kidson 1988, 1999; Kiladis and Mo 1998; Mo 2000; 
Trenberth et  al. 2005; among others). The leading mode 
is the Southern Annular Mode (SAM), which consists in 
a height anomaly pattern of wave one over Antarctica and 
height anomalies of opposite sign at midlatitudes. When 
the SAM is in its positive phase (negative anomalies over 
the polar latitudes and positive anomalies over the midlati-
tudes; Thompson and Wallace 2000) the westerlies inten-
sify towards polar latitudes. The second and third modes 
of variability are related with the El Niño-Southern Oscil-
lation (ENSO) phenomenon (hereinafter ENSO-modes). 
These modes are characterized a wave pattern emanating 
from the equatorial Pacific associated with anomalous heat-
ing and propagating towards the southeast, reaching South 
America (SA).

It is widely known that the interannual variability of 
these atmospheric circulation patterns affects the precipita-
tion anomalies over SA. Mo and Nogés Paegle (2001) have 
shown that the first ENSO-mode (in its positive phase: El 
Niño event) impacts on the winter precipitation over SA gen-
erating negative anomalies over Peru and Brazil and positive 
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the variability of the atmospheric circulation and precipi-
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and the relative vorticity at 850 hPa (FI) and is computed 
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seasons the main mode of variability of FI, as depicted by 
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pal component of the leading mode of FI and the two main 
modes of the 500  hPa geopotential height indicate that 
both the ENSO-mode and the SAM modulate the leading 
pattern of FI in winter while during the spring season the 
ENSO-mode controls the FI variability. The variability of 
the FI has a robust influence on the interannual variability 
of precipitation over southern South America and adjacent 
oceans. Over the continent, it was found that the pattern of 
precipitation anomalies associated with the variability of 
the FI depicts significant signals over southeastern South 
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anomalies further to the south. Silvestri and Vera (2003) 
studied the impact of SAM on precipitation over SESA and 
found that during the spring the positive phase of the SAM is 
associated with negative precipitation anomalies. Moreover, 
Grimm (2011) identified the modes of variability of precipi-
tation over South America associated to ENSO variability for 
all seasons: in winter the first mode shows the main signal 
located over SESA, while in spring a dipole pattern between 
SESA and central-east Brazil is evident.

On the other hand, the variability of the atmospheric 
circulation has an influence in the synoptic systems that 
affect mainly subtropical and high latitudes of the SH. Vera 
(2003) studied the interannual and interdecadal variation of 
the storm tracks in the SH and found that the leading mode 
of the storm tracks exhibits a significant variability on the 
interannual timescales, which in turn is associated with 
ENSO. Rao et  al. (2003) found a connection between the 
storm track variability in the SH and the SAM at the inter-
annual timescales: during the positive phase of SAM the 
mid-latitude storm track is intensified. Recently, Rudeva 
and Simmonds (2015) explored the relationship between 
fronts and the main modes of variability of atmospheric 
circulation and found that El Niño reduces the number of 
fronts in the South Pacific in the band 45°S–60°S and inten-
sifies the number of fronts at lower and higher latitudes.

It is extensively known that precipitation is largely associ-
ated with the passage of frontal systems (Bjerknes and Sol-
berg 1922; Browning and Roberts 1994), especially during 
winter. For example, Catto et  al. (2012) found that a large 
proportion of precipitation in the midlatitudes of SH is associ-
ated with fronts; furthermore they found that 90 % of the pre-
cipitation in the storm tracks regions is due to frontal systems.

The studies referred above suggest that the variabil-
ity of the large-scale atmospheric circulation has a strong 
impact on the precipitation anomalies over the SH. In addi-
tion, several studies cited above emphasize, on one hand, 
that the large-scale atmospheric circulation variability has 
an impact on the variability of the synoptic activity and, on 
the other hand, precipitation is largely associated with fron-
tal systems. In fact, recently Blázquez and Solman (2016) 
(hereinafter BS16) have studied how the intraseasonal vari-
ability of the large scale circulation controls the variability 
of the frontal activity that in turn affects the variability of 
precipitation in the vicinity of SA.

Therefore, taking into account the discussion above and 
the results of BS16 one of the objectives of this study is 
on one hand to explore the variability of the frontal activ-
ity at the interannual timescales and on the other hand to 
assess how this variability is conditioned by the variability 
of the atmospheric circulation. The last goal of this paper is 
to explore how the variability of the frontal activity affects 
the precipitation anomalies over SA at the mentioned 
timescales.

This paper is organized as follows: In Sect.  2 the data 
and the methodology used in this study are described. The 
results are presented in Sect. 3 and finally a summary and 
conclusions are described in Sect. 4.

2 � Data and methodology

In this study data from the European Centre Medium Range 
Weather Forecasts (ECMWF), ERA Interim reanalysis 
(Simmons et al. 2007; Dee et al. 2011) with 1.5° resolution; 
and data from National Centers for Environmental Predic-
tion (NCEP), NCEP2 reanalysis (Kanamitsu et  al. 2002) 
with 2.5° resolution for the period 1979–2013 were used.

All calculations were done with the two reanalysis in 
order to compare different datasets and with the objective 
of identifying robust patterns. However, the analysis is 
mainly based on results from the ERA Interim reanalysis 
dataset since it is at higher resolution, and only few results 
using the NCEP2 reanalysis are shown.

To represent the frontal activity and index (FI) defined 
by Solman and Orlanski (2010) as the relative vorticity 
times the local temperature gradient at 850 hPa was used:

The definition of FI attempts to capture frontal systems, 
which are associated with a strong temperature gradient 
and a cyclonic vorticity centre. Therefore, only cyclonic 
relative vorticity values were retained, and the index was 
set to zero otherwise. Including the local temperature gra-
dient avoids capturing cyclonic centres not associated with 
fronts.

Solman and Orlanski (2014) discussed this index in 
depth, comparing the infrared satellite imagery with the 
FI index and they found high consistency between the two 
variables, suggesting that the FI index is a good metric to 
represent fronts. The FI index was previously used in Sol-
man and Orlanski (2010) and in Blázquez and Solman 
(2016) to identify the intraseasonal variability of the frontal 
activity and its connection with the variability of precipita-
tion and the atmospheric circulation over South America. 
In addition, Solman and Orlanski (2014) used the FI index 
to demonstrate that change of precipitation over the last 
40 years over the Southern Hemisphere was largely associ-
ated with the change in the frontal activity.

To calculate this index daily data from the two reanalysis 
datasets were used and then seasonal means of the index were 
computed. To represent the atmospheric circulation, monthly 
values of geopotential height at 500 hPa from the reanalysis 
datasets were used and then averaged seasonally. For precipi-
tation, data comes from the Global Precipitation Climatology 
Project (GPCP) monthly precipitation dataset (Adler et  al. 
2003), with 2.5° resolution for the period 1979–2013.

FI = |∇T850 hPa| × ξ850 hPa
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This study is focused on the austral extended winter 
season defined from May to August (MJJA) and the aus-
tral extended spring season, from September to Decem-
ber (SOND). Seasonal anomalies were computed by sub-
tracting to the raw data the mean climatology for each 
season.

To detect the leading modes of variability of FI in the 
western SH (from 70°S to 15°S and 180°W 0°) the Empiri-
cal Orthogonal Function (EOF) technique was used. The 
reduced domain was chosen following BS16. Rotated 
EOF (REOF) was also calculated for FI to explore the 

orthogonality problem (Hannachi et al. 2007). The leading 
modes found were similar to those found with the unrotated 
EOF technique, suggesting that these modes have a physi-
cal meaning. Therefore, in this study the unrotated modes 
derived from the EOF technique were used.

To evaluate the relationships among FI, geopotential 
height and precipitation anomalies, regressions and corre-
lations were calculated. A Fisher test was implemented to 
evaluate the statistical significance of the correlation coef-
ficients using 35 degrees of freedom and a confidence level 
of 95 %.

Fig. 1   Regression of the front-index anomaly field (in 1e−10* °C m−1 s−1) against the first PC of front-index, for winter. a ERA Interim reanaly-
sis, b NCEP2 reanalysis. Dots mean 95 % confidence level, according to a Fisher test
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3 � Results

3.1 � The main mode of variability of FI and its 
relationship with the variability of the atmospheric 
circulation

One of the main objectives of this paper is to identify the 
main modes of variability of the frontal activity in the SH at 
the interannual timescales. Figure 1 shows the spatial pattern 
of the first mode of variability of FI for the extended winter 
season (represented by the regression between the first PC 
of FI and the anomaly field of FI), as depicted by both ERA 
Interim (Fig.  1a) and NCEP2 (Fig.  1b) reanalysis datasets. 
The first mode explains 19 % of the total variance for the two 

datasets. Comparing Fig. 1a, b, the agreement among them is 
apparent. The correlation coefficient between the principal 
component of the first mode from the ERA Interim and the 
NCEP2 reanalysis datasets is 0.82. This result confirms the 
agreement between reanalyses and suggests that these modes 
correspond to physical patterns. Figure  1 shows centres of 
positive and negative anomalies of FI located in the southern 
part of the domain. This pattern resembles the intraseasonal 
modes of FI described in BS16. The regression between the 
leading PC of FI and the anomalies of the 500 hPa geopoten-
tial heights (not shown) indicates that positive anomalies 
of FI match with negative anomalies of geopotential height 
and viceversa. This result suggests that the negative anomaly 
of FI in the southeastern Pacific Ocean is associated with a 

Fig. 2   Regression of the front-index anomaly field (in 1e−10* °C m−1 s−1) against the first PC of front-index, for spring. a ERA Interim reanaly-
sis, b NCEP2 reanalysis. Dots mean 95 % confidence level, according to a Fisher test
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positive anomaly of geopotential height, which inhibits the 
evolution to the east of frontal systems.

Figure  2 shows the first leading pattern of FI for the 
extended spring season from both the ERA Interim and 
NCEP2 reanalysis datasets. The first mode displayed in 
Fig. 2a explains 15 % of the total variance whereas the first 
mode displayed in Fig. 2b explains 24 %. The correlation 
coefficient between PC1 of the two sets of data is 0.76. As 
in winter, there is a good agreement between the pattern 
from ERA Interim and NCEP2 reanalysis. It can be seen 
from Fig. 2 that the main signal is in the southern part of 
the domain. Compared with winter (Fig.  1), the centres 
of action of the first mode are located further to the south 
in spring. This result is expected, due to the storm tracks’ 

seasonal displacement, which are closely associated with 
frontal activity (Solman and Orlanski 2014).

The next step is to explore which are the modes of varia-
bility of the atmospheric circulation that control the modes 
of variability of the frontal activity. First, an EOF analysis 
was performed to the seasonal anomalies of the 500  hPa 
geopotential height for the two target seasons. The first 
and second modes found were the well-known SAM and 
ENSO modes, respectively (Kidson 1988, 1999; Kiladis 
and Mo 1998; Mo and Nogés Paegle 2001; Grainger et al. 
2011). The regression between the first two PCs of the 
500 hPa geopotential height and the FI anomalies from the 
ERA Interim reanalysis for winter are displayed in Fig. 3. 
When PC1 of 500  hPa geopotential height is positive 

Fig. 3   Regression of the front-index anomaly field (in 1e−10*  °C  m−1  s−1) against first (a) and second (b) PC of the 500  hPa geopotential 
height, for winter from the ERA Interim reanalysis dataset. Dots mean 95 % confidence level, according to a Fisher test
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(corresponding to the negative phase of SAM), positive 
anomalies of the 500  hPa heights located over the south-
eastern Pacific Ocean (not shown) inhibits the development 
of the frontal activity, with negative anomalies of FI, as 
depicted in Fig. 3a. In the case of the ENSO mode, posi-
tive values of PC2 of the 500 hPa geopotential height cor-
responds to El Niño events (not shown) with positive height 
anomalies at the high-latitudes of the eastern Pacific Ocean 
and negative height anomalies at the mid-latitudes (Gar-
reaud and Battisti 1999). Looking at Fig. 3b it is apparent 
that El Niño forces the frontal systems to progress along 
a latitude band between 30°S and 45°S over the eastern 
Pacific Ocean, shifting the fronts towards a northern path. 
This result is in agreement with Rudeva and Simmonds 

(2015) and with Solman and Menéndez (2002). Note also 
the resemblance between the spatial patterns displayed 
in Figs.  1a and 3. Moreover, the correlation coefficients 
between PC1 and PC2 of the 500 hPa geopotential height 
and PC1 of FI are 0.51 and 0.68, respectively, suggesting 
that at the interannual timescales, the variability of the 
frontal activity during the winter season is mainly condi-
tioned by both the SAM and the ENSO modes of variabil-
ity. This behaviour is also found with NCEP2 reanalysis 
(not shown), though with lower correlation coefficients 
between PCs.

Figure  4 displays the regression between PC1 and 
PC2 of the 500  hPa geopotential height and FI anoma-
lies for spring, from the ERA Interim reanalysis dataset. 

Fig. 4   Regression of the front-index anomaly field (in 1e−10*  °C  m−1  s−1) against first (a) and second (b) PC of the 500  hPa geopotential 
height, for spring from the ERA Interim reanalysis dataset. Dots mean 95 % confidence level, according to a Fisher test
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The correlation coefficients between the two leading PCs 
of the 500 hPa geopotential height against the leading PC 
of FI are 0.34 and 0.67, respectively. This indicates that in 
the case of spring, the ENSO variability is the main phe-
nomenon that controls the variability of the frontal activ-
ity. Moreover, the resemblance between Figs.  2a and 4b 
is remarkable. As in winter, this behaviour is also found 
in NCEP2 reanalysis (not shown). The positive regression 
over the southeastern Pacific Ocean that can be seen in 
Fig. 4b corresponds to negative anomalies of FI when PC2 
is negative (El Niño event). This indicates that during the 
positive phase of ENSO the wave train that emanates from 
the equatorial Pacific Ocean impacts on the first mode of 
variability of FI decreasing (increasing) the frontal activity 

at high latitudes (mid-latitudes) of southeastern Pacific 
Ocean.

3.2 � The influence of the FI variability on precipitation

Another important objective of this paper is to analyse the 
impact of the interannual variability of the frontal activ-
ity on the precipitation anomalies. First of all, the inter-
annual variability of precipitation is explored for the two 
seasons. Such variability is shown in Fig.  5 for the west-
ern SH, computed in terms of the variance of the seasonal 
mean precipitation. For both winter (Fig.  5a) and spring 
(Fig. 5b) the largest values of variability (more than 3 mm2/
day2) are located over the southeastern South America 

Fig. 5   Variance of seasonally precipitation from the GPCP dataset (in mm2/day2) for a winter and b spring. Values smaller than 0.25 mm2/day2 
are blanked
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(SESA) and over the mid-latitudes of the Pacific Ocean. 
In particular in winter the values are lower than in spring, 
except in the centre and south of Chile. To explore the 
relationship between the variability of the frontal activity 
and precipitation Fig.  6 displays the regression between 
PC1 of FI (using the ERA Interim reanalysis dataset) and 
precipitation anomalies from GPCP database for winter 
(Fig. 6a) and spring (Fig. 6b). In winter the first mode of 
variability of the frontal activity produces anomalies of 
precipitation over SESA, centre and south of Chile, over 
the mid-latitudes of Pacific and Atlantic Oceans and over 
southeastern Pacific Ocean. Positive (negative) precipita-
tion anomalies are consistent with positive (negative) FI 

anomalies (see Fig.  1a) suggesting that the variability of 
the frontal activity controls the precipitation anomalies at 
the interannual timescales. In spring (Fig. 6b), the frontal 
activity variability causes a pattern of precipitation anoma-
lies over and in the vicinity of the continent with positive 
(negative) rainfall anomalies over regions where the fron-
tal activity is enhanced (inhibited). These results were also 
obtained using NCEP2 reanalysis (not shown). Note that 
the regions where the interannual variability of precipita-
tion is large (Fig.  5) agree with those regions dominated 
by the influence of the frontal activity (Fig. 6), particularly 
SESA, south and centre of Chile, mid-latitudes of Pacific 
and Atlantic Oceans. This indicates that the main mode of 

Fig. 6   Regression of the precipitation anomaly field (in mm/day) 
against the first PC of FI for a winter and b spring. GPCP data-
set was used for precipitation and ERA Interim reanalysis for FI. 

Dots mean 95 % confidence level, according to a Fisher test. Values 
between ± 0.1 mm/day are blanked
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variability of the frontal activity has a high impact on the 
precipitation variability over the western part of HS in both 
winter and spring.

The analysis presented above highlights that the interan-
nual variability of the frontal activity has an impact on the 
precipitation anomalies. However, it is worth evaluating to 
what extent the interannual variability of precipitation is 
controlled by the interannual variability of the frontal activ-
ity. In order to identify the main features of the precipitation 
variability pattern an EOF analysis of the seasonal precipi-
tation anomalies over southern South America was calcu-
lated. Figure 7 shows the leading mode of variability at the 
interannual timescales. In winter (Fig. 7a) the leading mode 
explains a 22 % of the total variance and it is characterized 
by centres of positive anomalies over SESA, the Atlantic 
Ocean and centre of Chile whereas negative anomalies are 
located to the southern part of the domain. In spring the 
first mode of precipitation variability explains 26 % of the 
total variance and shows negative anomalies over SESA, 
the Atlantic Ocean and centre and southern Chile whereas 
positive anomalies are located over the northeast and south-
ern part of the domain. It can be seen that during both 
winter (Fig.  7a) and spring (Fig.  7b) the leading patterns 
of the interannual variability of precipitation are similar to 
those displayed in Fig.  6a, b, respectively. This may sug-
gest that for the two seasons the leading mode of variability 
of precipitation over southern South America is controlled 
by the variability of the frontal activity at the interannual 
timescales. In order to quantify the contribution of the fron-
tal activity variability to the variability of precipitation, 

the correlation coefficient between PC1 of FI (using ERA 
Interim reanalysis) and PC1 of precipitation was calcu-
lated. For winter and spring the coefficient is 0.52 and 0.6, 
respectively (both coefficients being statistically significant 
with a confidence level of 95 %). This result suggests that 
52 % (60 %) of the first mode of precipitation variability 
is associated with the first mode of variability of fronts in 
winter (spring). These results were also obtained using 
NCEP2 reanalysis (not shown), though with lower correla-
tion coefficients.

4 � Summary and conclusions

The variability of the frontal activity and its relationship 
with the circulation and precipitation variability at the 
interannual timescales is studied in this paper. The analy-
sis is performed in austral winter and spring for the period 
1979–2013, using two reanalysis datasets: the ERA Interim 
and the NCEP2. The analysis has three main objectives: (1) 
to identify the main modes of variability of fronts; (2) to 
explore the influence of the circulation variability on the 
frontal activity variability and (3) to identify the impact of 
the frontal activity variability on precipitation.

For winter the leading mode of interannual variability 
of fronts over the western SH depicts centres of positive 
and negative anomalies located especially over the south-
ern part of the domain. In spring, the pattern is similar 
but is located further to the south (following the sea-
sonal displacement of storm-tracks). These patterns were 

Fig. 7   The leading EOF of the precipitation anomaly field from the GPCP dataset for (unitless) a winter and b spring
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detected from the two reanalysis datasets, reinforcing the 
idea that is robust. Positive (negative) anomalies of FI 
match negative (positive) anomalies of the 500 hPa geo-
potential height suggesting that cyclonic (anticyclonic) 
height anomalies favour (inhibit) the frontal activity, as 
expected.

Concerning the second objective, it was shown that both 
the SAM and ENSO-mode influence the leading mode of 
variability of FI for both winter and spring seasons. For the 
ERA-Interim dataset the correlation coefficients for winter 
between the first and the second PCs of the 500 hPa geo-
potential heights (SAM and ENSO-mode, respectively) 
against the PC1 of FI are 0.51 and 0.68, respectively. The 
correlations for spring are 0.34 and 0.67, respectively. 
Clearly, the ENSO phenomenon has more influence in the 
leading mode of fronts in both seasons, although the SAM 
is relevant also in wintertime.

The relationship between the variability of the fron-
tal activity and precipitation was explored by means of a 
regression analysis between the leading mode of variability 
of FI and precipitation. For winter the regression showed a 
pattern of significant anomalies over SESA, centre of Chile 
and the mid-latitudes of the Pacific and Atlantic Oceans 
and anomalies of opposite sign in an area covering south 
of Chile and southeastern Pacific Ocean. In spring, the 
regression displayed precipitation anomalies over SESA 
and anomalies of opposite sign over southeast of Brazil and 
southern of the South American continent. Moreover, the 
areas where precipitation depicts strong interannual vari-
ability agree with areas where the precipitation anomalies 
associated with the variability of frontal activity are large, 
suggesting that the FI variability has a relevant role on the 
precipitation variability. In addition, the pattern of precipi-
tation anomalies associated with the interannual variabil-
ity of the FI agree with the leading mode of variability of 
precipitation over southern South America, reinforcing the 
idea that the interannual variability of FI exerts a dominant 
influence on the precipitation variability. Moreover, it was 
found that 52 (for winter) and 60 % (for spring) of the vari-
ability of precipitation corresponding to the first mode is 
associated with the leading mode of FI.

Summarizing, for both winter and spring, the lead-
ing mode of FI is conditioned by the SAM and ENSO 
variability modes of the large scale circulation and in turn 
the FI mode largely controls the pattern of precipitation 
variability.

Finally, the outcomes obtained in this study are com-
plemented by the results of BS16. The two works analysed 
the role of the frontal activity variability as a link between 
atmospheric circulation variability and precipitation vari-
ability. This study focusing on the analysis at the interan-
nual timescales and BS16 was devoted to the intraseasonal 
timescales.
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