
INTERNATIONAL JOURNAL OF CLIMATOLOGY
Int. J. Climatol. (2016)
Published online in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/joc.4895

Temperature extremes in the Argentina central region
and their monthly relationship with the mean circulation

and ENSO phases

Matilde Rusticucci,a,b* Mariana Barrucanda,b and Soledad Collazoa,b

a Departamento de Ciencias de la Atmósfera y los Océanos, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires
(DCAO-FCEN-UBA), Argentina

b Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET), Buenos Aires, Argentina

ABSTRACT: The aim of this study is to analyse the interannual variability of monthly climatic indices of extreme daily
temperature in the central-north region of Argentina throughout a year and its relationship with the atmospheric circulation. The
impact of El Niño-Southern Oscillation (ENSO) over different temperature indices throughout the year is specially analysed.
Globally used indices in the 1970–2010 period are utilized for this purpose. The trends of temperature extremes show warming
conditions in several months, especially in October and November. In order to find possible forcings of extreme temperature
in the region at monthly scale, the co-variability with other circulation monthly time series such as changes in the intensity
of Southern Hemisphere semi-permanent anticyclones and the intensity of the subtropical jet were studied. The main finding
was a systematic shift of the South Atlantic anticyclone towards the west over the decades in June and August, which might
hinder the cold advections over the region surveyed. Moreover, the influence of the variation on the intensity of the subtropical
jet over extreme events showed significant positive (negative) correlations between the intensity of the jet and the frequency
of cold (warm) indices in a great number of months. Finally, the influence of the ENSO phases on each of the temperature
extremes analysed was studied. It was found that under El Niño conditions, minimum temperatures are affected quite evenly
throughout the year, fostering the occurrence of warm nights. The impact of the El Niño event on the maximum extreme
temperatures, however, shows seasonal differences. Between July and September warm days conditions are fostered, while
between November and February the opposite (cold days) can be seen. This results in a decrease in the temperature range in
the region surveyed during the summer months under El Niño conditions.
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1. Introduction

Society is affected by extreme meteorological and climate
phenomena. Nature and the gravity of its impacts do not
only depend on their intensity, but also on the exposition
and vulnerability of the society affected by them. Since
its Third Assessment Report (Houghton et al., 2001), the
Intergovernmental Panel on Climate Change (IPCC) indi-
cates that the impact generated by climate change will be
particularly noticeable by extreme events. These changes
are of the utmost importance since they may cause ten-
sion or exceed our present adaptations to climate vari-
ability. According to the IPCC (2012) Special Report on
Managing the Risks of Extreme Events and Disasters to
Advance Climate Change Adaptation (SREX), this prob-
lem is influenced by a wide range of factors, including the
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anthropogenic climate change, natural climate variability
and socio-economic development. Climate change and
variability on several scales alter the frequency, intensity,
spatial extension and duration of extreme meteorological
and climate events and, therefore, their impact as well.

In order to study temperature extreme events, the first
step is to have trustworthy and plentiful data series, with
few missing data, which will make it possible to establish
if there is an actual climate change and/or variability. In
Argentina, Rusticucci and Barrucand (2001) studied the
variability of mean values, standard variations and asym-
metries of maximum and minimum summer and winter
temperatures for a great number of weather stations located
across the country. First, the quality of the data was verified
since they had not been previously used in climate studies
of this type.

Then, Barrucand and Rusticucci (2001) studied the vari-
ability of the frequency of daily extreme warm and cold
events in both summer and winter. Part of this informa-
tion was used in a continental-scale study (Vincent et al.,
2005), where trends of some indices of extreme temper-
atures in South America to the south of the Equator are
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presented. This study did not find consistent changes in the
indices based on the maximum temperature on the con-
tinent, although there were changes in the indices based
on the minimum temperature with increases in the per-
centage of warm nights and decrease in the percentage of
cold nights in the 1960–2000 period. Subsequently, Skansi
et al. (2013) further spread the network of weather stations
analysed across the South American region, showing that
the trends at an annual scale for the 1969–2009 period pro-
vided evidence of warming and wetting across the region.

When applying the theory of extreme values to tempera-
tures, Tencer and Rusticucci (2012) showed that there is a
decrease in the intensity of extreme warm events as well as
an increase in the frequency of their occurrence in the sec-
ond half of the past century. A review of several studies on
the variability of temperature extremes in South America
can be seen in Rusticucci (2012), where it is highlighted
that several of these studies agree in that the most signif-
icant trends occur in the minimum temperature indices,
with positive trends in the occurrence of warm nights and
negative trends in cold nights.

At seasonal scale, Rusticucci and Barrucand (2004) anal-
ysed the trends in the mean, standard deviation, and max-
imum and minimum extreme temperatures in summer and
winter, finding values of negative trends in the number of
cold nights and warm days in summer, while in winter,
no defined pattern was observed. Subsequently, Barrucand
(2008) showed that in winter it is possible to observe a
marked intermonthly variability in the central region of
the country, because the signs of the trends are reversed in
July and August in the 1959–2003 period analysed. There-
fore, it is necessary to study the possible causes of inter-
monthly variability of the trends in temperature extremes
in the central region of Argentina, based on the analysis
of decadal and interannual changes in large-scale atmo-
spheric circulation.

Argentina spans a wide range of latitudes, extending
from the circumpolar high latitude zone of westerly winds
in the south, through a transition zone, to the subtropi-
cal zone of mainly easterly winds in the north (Gosling
et al., 2011). The Andes are the most important mountain
range in the Southern Hemisphere. Consistent with their
impressive length, continuity and height, the Andes sig-
nificantly disrupt the atmospheric circulation, resulting in
a variety of mesoscale and synoptic phenomena, as well
as sharply contrasting climate conditions along the east-
ern and western slopes and adjacent lowlands (Garreaud,
2009). Figure 1 presents a scheme of the low-level atmo-
spheric flow and the major climate features of South Amer-
ica (adapted from Garreaud, 2009).

The South Atlantic anticyclone dominates the low-level
circulation east of the Andes. It reaches greater intensity in
winter than in summer (Prohaska, 1976). The easterly flow
from the equatorial Atlantic Ocean turns south towards
the subtropical region when reaching the proximity of the
Andes, resulting in a predominant meridional component
from the north all year long.

Inside the continent, over the slope extending from
Chaco to Los Andes mountain range, a summer
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Figure 1. Main surface circulation features over South America (adapted
from Garreaud, 2009).

low-pressure system can be observed: the Chaco Low.
Owing to its thermal nature, its development rarely
involves levels >700 hPa. Towards the SW of its core,
another system develops: the Argentine Northwest Low. It
is an intermittent system of thermal-orographic nature that
seems to be an appendix of the Chaco Low. Its intensity
is higher during summer. A detailed description of these
systems can be found in Seluchi and Saulo (2012).

The continental low over the Chaco region drives
northerly flow that usually features a low-level jet (LLJ)
structure with its core at about 1 km a.g.l. and about
200 km east of the Andean foothills (Saulo et al., 2000;
Marengo et al., 2004). The northerly LLJ transports vast
amounts of water vapour from the Amazon Basin into the
subtropical plains of the continent (Garreaud, 2009)

South of 40∘S, low-level westerly flow prevails year
round over the adjacent oceans and the continent. The
region is populated by migratory surface cyclones
and anticyclones, an integral part of the baroclinic
eddies. Synoptic-scale baroclinic eddies migrating along
mid-latitude storm tracks not only influence daily weather
but also play a crucial role in the climate system by
systematically transporting heat, moisture and angular
momentum (Nakamura et al., 2004). The mid-latitude
westerlies extend through the entire troposphere, reaching
a maximum speed (the jet stream) in the upper troposphere
(Garreaud et al., 2009).

Northward intrusions of cold fronts are responsible for
the cooling condition at the studied region, north to 40∘S,
and therefore warming in this region predominates when
the frontal zone remains at higher latitudes. Indeed, the
northward displacement of the fronts is associated with a
similar shift of the subtropical jet, producing the strength-
ening of the flow in the northern edge of the westerly belt
and its weakening in mid-latitudes (Barros et al., 2002).
The opposite occurs when the frontal zone remains within
middle latitudes. Stronger subtropical upper level flows are
accompanied with more frequent and northward intrusions
of cold fronts. This is associated with lower temperatures
over central Argentina.
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Several studies have extensively documented that El
Niño-Southern Oscillation (ENSO) explains a large part
of the interannual variability of the Southern Hemisphere
(Vera et al., 2004). The atmospheric circulation response
to ENSO events over the Southern Hemisphere basically
consists of an equivalent-barotropic wavetrain that extends
southeastward from the central tropical Pacific and it turns
equatorward reaching South America (Karoly, 1989).
This wavetrain has been identified as the Pacific–South
American pattern and is associated with the second
and third leading patterns of the circulation anomaly
interannual variability in the Southern Hemisphere (Mo,
2000).

During El Niño years, over South America, it is possible
to observe a cyclonic anomaly located at the southern
tip of the continent and an anticyclonic anomaly off the
eastern coast, both fostering an enhanced precipitation
over southeastern South America (SESA), as described
by Grimm et al. (2000). It also shows that the impact
on rainfall in summer is much weaker than in spring. In
terms of mean surface temperature, Barros et al. (2002)
found positive anomalies in El Niño phase between 1963
and 1990 only during the austral winter in the SESA
region. Opposite patterns of temperature and precipitation
anomalies are observed during La Niña in South America.

Among the research conducted to study the influence of
this phenomenon on the frequency of extreme tempera-
tures in the country, the work by Rusticucci and Vargas
(2002) can be mentioned. These authors found that dif-
ferent episodes of La Niña compared to Neutral give rise
to more homogeneous effects on the spells of tempera-
ture extremes than do the El Niño phases, especially in
the case of cold events. More recently, Agosta and Barru-
cand (2012) describe the modulation of the ENSO positive
phase on the frequency of warm nights over subtropical
Argentina in the winter months (JJA), finding a positive
association between the high frequency of warm nights and
the anomalous warming of the central equatorial Pacific for
the 1979–2008 period.

Kenyon and Hegerl (2008) analysed the influence of
large-scale modes of climate variability on worldwide
summer and winter temperature extremes. In particu-
lar, over the region studied, they found that under El
Niño conditions, significantly more warm extremes were
observed, mainly minimum temperature extremes during
the extended cold season (May–October).

Arblaster and Alexander (2012) examined the impact
of the ENSO on temperature extremes using HadEX2,
the observed gridded data set of climate extremes indices.
They showed warmer DJF composites of maximum
monthly daily maximum temperatures for warm ENSO
events over central Argentina.

Considering that previous studies on temperature
extremes focused on relative short periods and/or on
annual or seasonal scales, this study enabled further
progress on the analysis of monthly extreme temperature
indices in Argentina, giving special consideration to the
central region, the most populated and economically
relevant. A greater number of stations were incorporated

in the region compared to previous studies and the period
analysed was extended to more recent years.

First, a trend analysis of monthly climatic indices of
extreme temperatures in central Argentina was performed
in order to analyse the interannual variability of such
indices throughout the year. Then, the co-variability with
some time series related with the atmospheric circulation
(such as the intensity of semi-permanent anticyclones, the
LLJ and the subtropical jet) were evaluated in order to
obtain information of possible forcings of extreme tem-
perature in the region at monthly scale. Special attention
was given to the changes occurred on both warm and cold
extremes at different ENSO phases.

Section 2 accounts for the data and methodologies used.
Section 3 shows the trends in indices and analyses decadal
changes in the position of both anticyclones and the sub-
tropical jet stream, and identifies its correlation with the
indices of temperature extremes. There is also an analysis
on the influence of ENSO on the probability of occurrence
of said extremes. Lastly, a summary and conclusions is pre-
sented in Section 4.

2. Data and methodology

Daily minimum and maximum temperatures were used,
which were taken from 33 conventional weather sta-
tions located north of 40∘S in Argentina. These data
were provided by the National Institute of Agricultural
Technology (INTA) on its website (http://siga2.inta.gov.
ar/en/datoshistoricos/ consulted in June 2013), of which
21 were retained since they had <10% of missing data in
the 1970–2010 period (Figure 2). Subsequently, 15 sta-
tions of the National Meteorological Service (SMN) were
incorporated in the central region of the country in order to
get a more comprehensive outlook on the behaviour shown
by temperature extremes in this Argentina region, which
exhibited the greatest intermonthly variability (Barrucand,
2008).

The freely available R-Climdex software was used (at:
http://etccdi.pacificclimate.org/software.shtml) in order to
perform a quality control check of each station. In all cases,
it was verified that the maximum temperature had to be
higher than the minimum temperature. Data with values
far above or below the expected values were also checked.
These were analysed individually, considering the infor-
mation from nearby stations and temperature evolution on
previous and subsequent days.

After analysing the outliers, four extreme temperature
indices were calculated on a monthly basis, following the
guidelines established by international literature on the
subject based on recommendations by the WMO Joint
Commission for Climatology (CCl)/CLIVAR/JCOMM
Expert Team on Climate Change Detection and Indices
(ETCCDI): cold nights (TN10), percentage of days with
minimum temperature below the 10 percentile; warm
nights (TN90), percentage of days with minimum tem-
perature above the 90 percentile; cold days (TX10),
percentage of days with maximum temperature below
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Figure 2. INTA stations used with <10% of missing data (circles) and
SMN stations (crosses) of the central region of the country.

the 10 percentile and warm days (TX90), percentage of
days with maximum temperature above the 90 percentile.
Considering the data available in different periods, the
percentiles used to construct the indices were calculated
with the 1981–2010 base period. The ETCCDI has a man-
date to address the need for the objective measurement
and characterization of climate variability and change by
providing international coordination and helping organiz-
ing collaboration on climate change detection and indices
relevant to climate change detection, and by encouraging
the comparison of modelled data and observations.

As to the statistical distribution of indices of temperature
extremes, Barrucand (2008) shows that although series do
not have a strictly normal distribution, for a significant
level of 10%, due to their characteristics, the distribution
is not ‘too far’ from a normal one, such as its condition
of unimodal distribution and the mean that is close to the
median, among other aspects. Linear trends were calcu-
lated for the 1970–2010 period. Then, these trends were
statistically tested with the hypothesis test for the slopes
(𝛽), which assumes normality, with a significance of 5 and
10% (Hoel, 1971). Trends were also tested by using the
Kendall-tau nonparametric test (Sen, 1968), following the
methodology used in many previous studies on extreme
indices (Vincent et al., 2005; Alexander et al., 2006; and
Haylock et al., 2006, among others), with which it was
possible to obtain similar results to the ones previously
achieved.

In order to analyse the relationship between the indices
of temperature extremes and mean circulation, some
atmospheric variables were studied: sea level pres-
sure, 1000 hPa geopotential height, 925 hPa meridional
wind and zonal wind at 250 hPa. Trying to assure more
robust results, different data sets were used. NCEP/
NCAR R1, NCEP/DOE AMIP II R2, 20CRv2c,
ERA-Interim and JRA-55 reanalysis were considered for
this purpose. Results showed similar values in almost all
calculi, except 20 CRv2c, which present some differences,
but do not yield opposing results. Considering the data

35°S

45°S

25°S

55°S
65°W 45°W75°W 55°W 35°W

Z1
Z3

Z2

Figure 3. Regions on which the different variables were spatially aver-
aged: Z1 (monthly mean anomalies of geopotential height at 1000 hPa);
Z2 (monthly mean zonal wind at 250 hPa); Z3 (monthly mean meridional

wind at 925 hPa).

sets with congruent results, the NCEP1 (http://www.esrl.
noaa.gov/psd/cgi-bin/data/composites/printpage.pl, con-
sulted in June 2014) is used (Supporting information
Figures S1–S17 is provided with some results obtained
with other data sets).

In order to estimate the interannual variability between
the indices of temperature extremes and the intensity of
the semi-permanent South Atlantic anticyclone (AI), the
Spearman’s correlation coefficient (Wilks, 2006) was cal-
culated between both variables and its significance was
tested (Freund et al., 2000). Considering the region with
the maximum variability of the South Atlantic anticy-
clone, the time series of monthly mean geopotential height
anomalies at 1000 hPa (G1000) in the 1971–2010 period
were analysed. For this purpose, a spatial average of
G1000 was calculated for the Z1 region located between
25∘–35∘S and 30∘–45∘W (Figure 3).

Before correlations were calculated, linear trends were
filtered from the monthly series since in non-stationary
series the correlation might be due precisely to trend
patterns, which could give rise to spurious correlations
between series (Arnau Gras, 2001). For that purpose, the
regression straight line adjusted by minimal squares was
deduced from the observations both for the extreme tem-
perature indices and for G1000 in Z1 region.

An analogous procedure was followed with the monthly
mean zonal wind at 250 hPa spatially averaged in the
Z2 region, located between 25∘–35∘S and 50∘–70∘W
(Figure 3). This region was selected to represent the sub-
tropical jet, which is located approximately at 25∘S in win-
ter and 35∘S in summer (Barros et al., 2002).

Finally, in order to assess whether there are differences
in the occurrence frequency of extreme events between
El Niño phase and climatology, monthly frequency dis-
tributions were performed by comparing them. The same
analysis was made for La Niña. To carry out the frequency
distributions, data were considered jointly for all stations
in the central region of the country. In this manner, for each
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month of the year, frequency distributions for the entire
region were calculated for each ENSO phase and for each
of the four extreme indices. Monthly climatology distri-
butions were obtained by using all data sets in the region
without classifying them into ENSO phases.

The extreme indices classification according to ENSO
events was carried out considering the Oceanic Niño Index
(ONI) obtained from the National Oceanic and Atmo-
spheric Administration (NOAA) website. The ONI index
is based on the sea surface temperature anomalies in the
Niño 3.4 region (5∘N–5∘S, 120∘–170∘W), identified by
the acronym ERSST v.4, taking the 1981–2010 period as
a base period. According to the historical standards, to be
classified as an El Niño or La Niña event, the ±0.5 ∘C
thresholds must be surpassed at least for 5 consecutive
months when the 3-month running mean of ERSST.v4
is conducted. This being a 3-month index, its value was
assigned to the intermediate month of the period, and the
ENSO events in the 1971–2010 period surveyed were
taken into account. It was chosen because it is the stan-
dard index that NOAA uses for identifying El Niño and La
Niña events in the tropical Pacific.

The nonparametric Wilcoxon rank sum (Wilcoxon,
1945) was used to test the differences between frequency
distributions, considering as null hypothesis that the
distribution of the temperature extremes during El Niño
(or La Niña) phase is no different from that of clima-
tology. The Wilcoxon rank-sum test is equivalent to the
Mann–Whitney U-test. The Mann–Whitney U-test is a
nonparametric test for equality of population medians of
two independent samples X and Y . The Mann–Whitney
U-test statistic, U, is the number of times y precedes an
x in an ordered arrangement of the elements in the two
independent samples X and Y . It is related to the Wilcoxon
rank-sum statistic (W) by the following expression:

U = W −
nX

(
nX + 1

)

2
(1)

where nX is the size of the sample X. Ec.1 shows that
the Mann–Whitney U statistic is a linear function of the
Wilcoxon rank-sum test statistic. Thus, all the proper-
ties of the two tests are the same. A confidence-interval
procedure based on the Wilcoxon rank-sum test leads to
the same results as the one based on the Mann–Whitney
test (Gibbons and Chakraborti, 2011). If the Wilcoxon
rank-sum statistic obtained by performing the test was
minor or equal to the significance level, established in
0.05, the null hypothesis was rejected.

3. Results and discussions

3.1. Trends in temperature extremes in the 1970–2010
period

For each of the four indices of extreme temperature and
for each month of the year, linear trends were calculated
and tested at a significance of 5 and 10% for the period
1970–2010. In general, significant trend values at 5% vary
between 9.8 and 21.3% of days with extreme temperature
in the 41-year period analysed (Figure 4).

The monthly detail shows that, with respect to the cold
nights (TN10), the months of October and November stand
out with significant negative trends in >50% of stations.
This reflects a decrease in the occurrence of TN10 during
the period analysed. In general, it is possible to observe
negative trends in spring and early summer (from October
through January) and also in March and June; and no
significant trends in winter.

The major changes in the frequency of warm nights,
TN90, can be observed in November, with a large number
of stations exhibiting significant positive trends (>60%).
Table 1 shows the percentage of stations by month with
significant trends and their corresponding signs. In addi-
tion to what was previously observed for TN10, this result
makes it possible to infer that during said month, the
greatest increase in the minimum extreme temperature
was detected. Something similar, although not as marked,
occurs in October, when it is possible to see a decrease in
the number of cold nights over time. It is also possible to
view that from August to November positive trends – not
significant, though – prevail, as is also the case in March.

In regard to cold days, TX10, there are no significant
changes except in the case of more limited regions in the
central-east of the country. Nevertheless, March, June and
October present significant negative trends as in TN10.
These months show the major decrease of cold nights
and days.

The frequency of warm days, TX90, shows that positive
trends prevail throughout the year, especially in August
and November. December appears to behave differently,
with significant negative trends in the central-south region.
In August, stations with significant trends at 5% are mostly
spread along the eastern side of the region studied, while
in November they are located further south and central. If
results obtained for TX10 and TX90 are considered jointly,
it is possible to see an increase in the maximum tempera-
ture in October, November (mainly due to the increase in
the number of warm days) and March (especially due to
the decrease in cold days).

In general, cold extremes show a decreased occurrence
both for minimum and maximum temperatures while
warm extremes show an increased occurrence (especially
the frequency of warm days between August and Novem-
ber). These trends foster warmer conditions in the region.

Owing to the fact that previous studies (Rusticucci and
Barrucand, 2004; Vincent et al., 2005; Skansi et al., 2013)
used different periods to calculate the trend and conducted
an annual or seasonal study of those trends, it is difficult to
compare results because the trend is strongly dependent
on the period over which it is calculated. However, it
was possible to see a decrease in the occurrence of cold
extremes (mainly in the minimum temperature) and an
increase of warm extremes in the region studied, which
turns out to be consistent with the findings from the studies
previously mentioned and by Hartmann et al. (2013) in the
IPCC AR5.

Unlike the results found by Barrucand (2008), a marked
reversion of trend signs was not observed between July
and August. This discrepancy could be due to the different
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Figure 4. Spatial distribution of trends for TN10, TN90, TX10 and TX90; where downward (upward) facing triangles indicate negative (positive)
trends. The smallest triangles are not significant, those who follow in size ( ) are significant at 10% and the biggest are significant at 5% ( ).

Downward (upward) facing triangles at indices TN10 and TX10 indicate warming (cooling) condition and vice versa with TN90 and TX90.

periods used to calculate the trend and, to a lower extent,
to the different base periods used to calculate the indices.

In the case of the INTA weather stations that had longer
series, a sensitivity analysis on the trend was conducted
with two types of computations:

i. Considering extreme indices calculated with per-
centiles obtained with different base periods

ii. Considering extreme indices calculated with per-
centiles obtained with the same base period, but then
computing the trend over different periods (complete
period of data 1959–2010 and 1970–2010 period)

Results showed that the second factor was more impor-
tant than the first, i.e. the period over which the trend of
extreme indices is calculated affects the trend more than
the base period used to calculate the indices.

3.2. Signals in atmospheric circulation

3.2.1. Changes of the mean intensity of semi-permanent
anticyclones

The increase (reduction) of the zonal geopotential gra-
dient between the South Atlantic anticyclone and the
Chaco Low, representative of the north component of the
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low-level flow, is generally related to warm (cold) sur-
face temperature anomalies in central Argentina, espe-
cially in winter (Barros et al., 2002). Taking into account
this impact on mean temperatures, the changes of the inten-
sity of both the semi-permanent South Atlantic and Pacific
anticyclones were analysed, as well as their potential rela-
tionship with the trends of the extreme temperature indices
studied.

Figure 5 shows the decadal averages of sea level pressure
at each month of the year. The dotted line shows the
1004 hPa isobar and solid line shows the 1018 hPa isobar,
except for winter (June–September) when the 1020.5 hPa
isobar was used because anticyclones are more intense at
that time of the year. It is possible to see that from the
1971–1980 decade to the 2001–2010 decade the most
significant shifts occur in the Atlantic, they are systematic
and moving towards the West in June, August and October.

3.2.2. Relationship between the intensity of the South
Atlantic anticyclone, the meridional flow (MF) and
extreme temperature indices

In order to analyse the influence of the semi-permanent
South Atlantic anticyclone and the MF over the region
studied, two indices were developed.

The local intensity of the western flank of the mentioned
anticyclone (AI) was measured by the mean geopotential
height at 1000 hPa (G1000) in the Z1 region (Figure 3).
This area has the major sea level pressure variability
among the months during the studied period as it was
observed in Figure 5.

The MF was analysed through the meridional wind
at 925 hPa in the 28∘–35∘S, 57∘–64∘W region (Z3 in
Figure 3). Significant negative correlations between both
indices were found from March to October. This reflects
that a more intense South Atlantic anticyclone is related
to more intense winds from the north (or less intense
winds from south) for the months mentioned. In fact, the
northerly wind component is related with the geopotential
gradient between the Chaco Low and the South Atlantic
anticyclone, not just only the intensity of the anticyclone.
Following Barros et al. (2002), we estimated a geopo-
tential gradient at 925 hPa as the difference between
geopotential height averaged from 25∘ to 35∘S at 65∘
and 42.5∘W, respectively. Significant high correlations
throughout the year were found when MF at Z3 and the
geopotential gradient were considered, with a mean deter-
mination coefficient (r2) close to 0.6. Even though both
Chaco low and South Atlantic anticyclone contribute to
this gradient, the contribution of both systems is different
throughout the year. In general terms, the contribution of
Chaco low (Anticyclone) is stronger in summer (winter),
and this was reflected in the relations mentioned earlier.

Especial attention was given to June and August, two
of the months with the greatest shift of the South Atlantic
anticyclone to the west among the different decades
(Figure 5). Trends of AI were evaluated by means of the
slope test, which resulted in significant positive trends
at 10% in June and 5% in August. When the MF was
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Figure 5. Decadal average of sea level pressure of NCEP/NCAR Reanalysis1 for each month of the year shown by selected contours: 1004 hPa and
1018 hPa (except for the winter months – June through September – in which the 1020.5 hPa isobar is shown).

analysed, a significant negative trend (7% level in August
and 11% level at June) was found. This behaviour indi-
cates an increase in the northern wind coinciding with a
more intense South Atlantic anticyclone during the period
1970–2010 in June and August. It must be highlighted
that these results only reflect a long-term behaviour of the
indices, and they do not necessarily show an interannual
co-variability.

In order to evaluate the relationship between the inter-
annual variability of monthly temperature extremes and
the intensity of the semi-permanent South Atlantic anti-
cyclone, Spearman’s correlation coefficient between AI
and the extreme temperature indices for each station were
performed. For this purpose, trends were filtered from all
series, as explained in the previous section.

The TN90 extreme temperature index shows the highest
number of months correlated with AI (Figure 6). The fre-
quency of warm nights has significant positive correlations
in a great number of stations in April and May and from

July through November, especially in the central and south
of the region studied. The positive correlation between
both variables indicates that an increase (decrease) in
TN90 is associated with an increase (decrease) in the
1000 hPa geopotential height in the Z1 region at interan-
nual time scale.

Another index exhibiting several months with significant
correlations is TN10, although in this case correlations
are negative. The months of April, May, September and
December show significant negative correlations towards
the east of the region, and in October and November
towards the central-south and southeast of the region
studied, respectively. Besides, February tends to have
an opposite behaviour as it presents some stations with
positive correlations. The negative correlation between
TN10 and the geopotential height indicates that a decrease
(increase) in the occurrence of cold nights is associated
with an increase (decrease) in the geopotential height in
the Z1 region (Figure 7).
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Figure 6. Correlation between the anomaly at 1000 hPa geopotential height with the TN90 index, where and indicate significant negative
correlations at 5 and 10%, respectively, and indicate significant positive correlations at 5 and 10%, respectively, and and represent

non-significant negative and positive correlations, respectively.

The maximum temperature indices show a lower rela-
tionship with AI. Significant correlations between the
index of cold days and the geopotential height anomalies
are scarce. Worth highlighting is the month of Decem-
ber, which shows significant negative correlations mainly
in the eastern region. Lastly, the frequency of warm days
is positively correlated with the geopotential height in
May, August, October and November–the three latter
only in the southeast of the region studied, in a signifi-
cant way.

To conclude, the indices related to cold extremes
(mainly TN10) generally show significant negative corre-
lations with AI whereas those related to warm extremes
show positive correlations. This can be better understood

considering that AI is significantly correlated with the
northern wind at Z3 during autumn, winter and spring, so
warmer conditions are favoured when the South Atlantic
anticyclone is more intense.

Furthermore, the results obtained were compared against
the correlations obtained if the trend had not been fil-
tered in order to see if the months highlighted in Section
3.2.1. had any difference in their correlations due to signif-
icant trends. Correlations between AI and the frequency of
cold nights differ from the previous calculation only in the
month of June, since it can be observed that there are a
higher number of stations with significant correlations if
trends are not previously filtered. In the case of cold days,
it should be pointed out that due to the TX10 significant
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Figure 7. Same as Figure 6 for TN10.

negative trends and the positive trends of geopotential
height in June, spurious significant negative correlations
are obtained in the eastern part of the region studied if the
series are not filtered. August also shows spurious signif-
icant positive correlations towards the west of the region
studied when series are not filtered due to the significant
positive trends of TX90 and geopotential height. It was
concluded that June and August are associated in the long
term with the intensity variability of the South Atlantic
anticyclone, due to the fact that the extreme indices and
G1000 in Z1 show significant trends in these months, and
not at an interannual scale.

3.2.3. Relationship between the subtropical jet stream
intensity and the indices of temperature extremes

According to Bejarán and Barros (2000), to the north of
40∘S, the monthly mean cooling is the result of cold air
breakouts towards the north and warming conditions in
the region predominate when the frontal zone remains at
higher latitudes. On the other hand, the shift of the fronts
towards the north is associated with a similar change in
the subtropical jet stream; i.e. the flow is intensified in the

northern flank of the Westerlies belt and it gets weaker at
mid-latitudes. The opposite takes place when the frontal
zone remains at mid-latitudes.

Müller et al. (2005) analysed the mean atmospheric
circulation associated with generalized frost in central
southern South America. They found an intensification
(weakening) of the subtropical jet over South America
in the case of frosts above (below) average in the region
analysed, in the monthly and seasonal composites. More-
over, they suggested that the intensification of the jet might
be related to an amplification of the pressure gradient in
the region due to the increase in Rossby wave activity.
Finally, they claimed that the weakening of the subtropical
jet around 25∘S favours the occurrence of positive temper-
ature anomalies as this allows a quick passage of frontal
systems to the north of 30∘S and the re-establishment of
the circulation with a northern component over most of
Argentina.

To identify the relationship between the position of sub-
tropical jet and extreme temperature occurrence, the Spear-
man’s correlation coefficient was calculated between the
zonal wind at 250 hPa in the Z2 region and the temperature
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extreme indices. Before correlations were calculated, the
monthly trends of the zonal wind at 250 hPa (u250) were
analysed, and no significant trends at 10% were found.

Significant positive correlations were found between
u250 and cold indices (TN10 and TX10), whereas neg-
ative correlations were found in warm indices (TN90
and TX90). Positive correlations indicate that a decrease
(increase) in the intensity of the zonal wind at 250 hPa
is associated with a reduction (increase) in the frequency
of cold extremes; this result is consistent with the find-
ings reached by Bejarán and Barros (2000) regarding the
monthly mean temperature. u250 gets stronger between
25∘ and 35∘S, due to the northward movement of the
frontal systems that fosters surface cooling. If the zonal
wind intensifies at mid-latitudes, the cold fronts will not
keep moving northward, spurring warmer conditions at the
weather stations analysed in this study. Therefore, it is also
coherent for the correlation between the zonal wind and the
warm indices to be negative.

The frequency of warm days shows significant negative
correlations with u250 in all months in most of the weather
stations analysed, except for July, while November only
shows significant correlations in the east of the region
studied. Throughout the year, the TX90 index shows the
highest number of months with significant correlations
with the u250 (Figure 8) in several stations.

3.2.4. Influence of ENSO on temperature extremes

ENSO is the greatest variability mode in the tropical
Pacific and is responsible for most interannual variability
affecting the climate all over the world. Even considering
the differences between diverse El Niño or La Niña events
(not all events produce the same impact), the literature
shows in general terms warmer (cooler) conditions under
El Niño (La Niña) phases during winter (autumn and
winter) over central Argentina. These characteristics
reflect mean conditions and they cannot be extrapolated
directly to extreme temperature conditions. In a great part
of Central Argentina, for example, very little association
exists between mean seasonal temperature and the occur-
rence of warm or cold days during winter (Rusticucci and
Barrucand, 2004).

In order to analyse the impact of ENSO phases on tem-
perature extreme frequency throughout the year, differ-
ences between the frequency distributions of temperature
extremes (considering all stations as a whole) associated
with each ENSO phase and climatology were tested at a
5% significant level using the methodology mentioned in
Section 2. Results are presented at Table 2 (El Niño vs cli-
matology) and Table 3 (La Niña vs climatology) for the
four indices of extreme temperature. The signs indicate a
significant higher (+) or lower (−) frequency of tempera-
ture extremes during the phase mentioned with respect to
the climatologic expected frequency.

During El Niño years, fewer warm days and more
cold days are expected during late spring (in the case of
warm days) and summer months. With respect to warm
and cold nights, differences are not as clear during this

season, except for December, when warmer conditions
are observed. During winter months (May–September),
the strongest signal can be seen in minimum extremes,
resulting in more frequent warmer nights and less frequent
cold nights.

Almost the opposite occurs during La Niña. Table 3
shows that since November to February, almost all months
present more (fewer) frequent warm days (cold days)
than the climatology. In the same way, Arblaster and
Alexander (2012) showed that, the extreme 1-day annual
maximum temperature is almost 1 or 2 ∘C higher during
La Niña years than El Niño in DJF in our region analysing
1950–1999 events.

December clearly shows high diurnal range during La
Niña, just the opposite to what was observed during El
Niño. On winter months, cooling conditions are favoured
under La Niña phase. This is reflected especially in July
and August, with more frequent cold nights and days.

If we compare the results presented at Table 2 with
respect to those found by Kenyon and Hegerl (2008) over
central Argentina, it is possible to see the agreement in
relation to warm extremes temperatures results: more
warm nights but fewer warm days during the extended
warm season (November–April) are observed under El
Niño phase. However, when cold nights are analysed,
the authors found less cold nights and higher extreme
minimum temperatures for the same period, concurring
with warmer conditions. Nevertheless, a more detailed
analysis over a monthly basis and reflected here on Table 2
shows that the effect over the cold extremes TN10 is not
uniform along all the period November–April, and it is
possible to clearly observe the intra-annual difference in
the responses.

To conclude, it is possible to see that ENSO’s phases
have an impact on the probability of temperature extremes,
fostering or hampering their development. Previous stud-
ies showed that the region considered had a predominance
of warmer mean temperature conditions during El Niño in
the winter months, while in summer, no significant rela-
tionship could be seen. These results are consistent with
the findings of this work, which analyses each temper-
ature extreme separately. In the winter months, both the
minimum and the maximum temperature extremes show a
tendency towards warmer conditions. By late spring and
early summer, however, only the minimum temperature
extremes show this feature, while the maximum tempera-
ture extremes behave contrariwise. This is the reason why
previous studies could not find a significant relationship
between ENSO’s phases and the mean temperature in the
region surveyed. Considering the effect on both tempera-
ture extremes, it is possible to conclude that El Niño fosters
a temperature range decrease in the region during summer
and a warming during winter, i.e there is less intra-annual
variability during warm ENSO phase in the region.

4. Summary and conclusions

The aim of this study is to analyse the interannual
variability of monthly climatic indices of extreme daily
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Figure 8. Correlation between the zonal wind in 250 hPa with the TX90 index, where and indicate significant negative correlations at 5 and
10%, respectively, and indicate significant positive correlations at 5 and 10%, respectively, and and represent non-significant negative and

positive correlations, respectively.

Table 2. Significant differences at 5% (Wilcoxon test) between the frequency distribution of El Niño and climatology events for the
four indices of extreme temperature. Signs indicate a higher or lower (+/−) occurrence of temperature extremes during this phase.
It is shaded in dark (light) grey the months with cooler (warmer) conditions under El Niño phase with respect to the climatology.

TN10 −+ − − −
TN90 ++ − + + + + + +
TX10 +

January February March April May June July August September October November December

+ − − + + − +
TX90 −− − − − + + + − −

temperature in the central-north region of Argentina
throughout a year and its relationship with the atmo-
spheric circulation. The impact of both ENSO phases over
different temperature extreme indices throughout the year
is specially analysed.

The study on monthly trends of series of temperature
extremes in the 1970–2010 period showed a significant

decrease in the frequency of cold nights in October and
November, a significant decrease in the frequency of cold
days in March, June and October, and a significant increase
in the occurrence of warm days in March, August, October
and November. This means that it was possible to observe a
decrease in the frequency of cold extremes and an increase
in the occurrence of warm extremes that encourage warmer
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Table 3. Same as Table 2 except for La Niña.

TN10 ++ + + − + +
TN90 − − − − − −
TX10

January February March April May June July August September October November December

+− + + − −
TX90 ++ − + − + +

conditions in the region studied. This was tested using a
parametric methodology and a nonparametric one, yield-
ing coinciding results.

Then, the variability of large-scale circulation was
studied by analysing the changes in the position of the
semi-permanent anticyclones of the Southern Hemi-
sphere. The results showed a systematic and significant
shift towards the west of the South Atlantic anticyclone
over decades in the months of June and August, together
with an increase in the north component of the wind in
the region studied, measured by the meridional wind at
925 hPa in central Argentina, which could account for the
decrease in cold nights and days in June in the long term
and the increase in warm days in August.

Subsequently, in order to evaluate the interannual
co-variability, correlations between extreme tempera-
ture indices and series of monthly mean anomalies of
geopotential height at 1000 hPa in the region with the
greatest shift towards the west of the Atlantic anticy-
clone were calculated. The findings showed significant
negative correlations with the TN10 index, mainly in
spring and in April and May, while positive correlations
were found with warm extremes, except for summer,
where no significant correlations were found. Therefore,
at an interannual scale, the intensification of the western
part of the anticyclone, which fosters warm air advec-
tion from the north, coincides with a greater frequency
of warm extremes and with a lower frequency of cold
extremes.

Analyses were also made on the variations of the inten-
sity of the subtropical jet stream that affects the latitudinal
progress of cold air associated with the passage of frontal
systems. It was possible to find significant positive (nega-
tive) correlations between the intensity of the jet and cold
(warm) indices in several months. The zonal component
of the wind at 250 hPa between 25∘ and 35∘S intensifies
when cold fronts move towards the north. If this movement
is not so marked towards the north and the fronts remain
at mid-latitudes, then the zonal wind at 250 hPa is weaker.
This intensification fosters the occurrence of extreme cold
events.

Finally, the impact of ENSO phases on temperature
extreme frequency throughout the year was analysed.
Differences between the frequency distributions of tem-
perature extremes in central Argentina associated with
each ENSO phase and climatology were tested at a
5% significant level using the nonparametric Wilcoxon
rank-sum test.

These results show that the impact of the El Niño event
on extreme temperatures in the region has differences by

month, fostering a warming during winter (more warm
nights and days are observed) and cooling condition in
summer (less warm days and more cold days are observed).
December (principally) and January are characterized by a
decrease in the diurnal temperature range.

This decrease in the diurnal and annual range could
be due to the increase in precipitation, associated with
more advection of humid air from the north, related to the
position of the subtropical jet mentioned.

Almost the opposite occurs during La Niña. Since
November–February, almost all months present more
(fewer) frequent warm days (cold days) than the clima-
tology. December exhibits a high diurnal range and winter
months are affected by cooling conditions (more cold days
and nights, especially in July and August).

This more detailed study presents the intra-annual vari-
ability responses of extreme temperatures to changes of the
main relevant circulation features affecting the central area
of Argentina, both the most populated and productive. The
results identifying the impact of ENSO phases, the position
of subtropical and LLJs, will aid in defining predictors of
extreme events on monthly and seasonal scales.
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Supporting information

The following supporting information is available as part
of the online article:
Figure S1. Decadal average of geopotential height at
1000 hPa of NCEP/NCAR Reanalysis1, NCEP/DOE R2,
ERA-Interim, 20CR v2c and JRA-55 for each month of the
year shown by two selected contours: 155 m (dotted lines)
and −20 m (solid line). Except for the winter months (June
through September) in which the 175 m height contour is
shown on a solid line.
Figure S2. Correlation between the anomaly at 1000 hPa
geopotential height with the TN10 index in the 1971–2010
period for three different reanalysis: NCEP/NCAR
Reanalysis1, 20CR v2c and JRA-55, where and
indicate significant negative correlations at 5 and 10%,
respectively, and indicate significant positive corre-
lations at 5 and 10%, respectively, and and represent
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non-significant negative and positive correlations, respec-
tively.
Figure S3. Same as Figure S2 for TN90 index.
Figure S4. Same as Figure S2 for TX10 index.
Figure S5. Same as Figure S2 for TX90 index.
Figure S6. Correlation between the anomaly at 1000 hPa
geopotential height with the TN10 index in the 1979–2010
period for five different reanalysis: NCEP/NCAR Reanal-
ysis1, NCEP-DOE Reanalysis2, ERA-Interim, 20CR v2c
and JRA-55, where and indicate significant negative
correlations at 5 and 10%, respectively, and indicate
significant positive correlations at 5 and 10%, respectively,
and and represent non-significant negative and positive
correlations, respectively.
Figure S7. Same as Figure S6 for TN90 index.
Figure S8. Same as Figure S6 for TX10 index.
Figure S9. Same as Figure S6 for TX90 index.
Figure S10. Correlation between zonal wind at 250 hPa
with the TN10 index in the 1971–2010 period for three
different reanalysis: NCEP/NCAR Reanalysis1, 20CR v2c
and JRA-55, where and indicate significant negative
correlations at 5 and 10%, respectively, and indicate
significant positive correlations at 5 and 10%, respectively,
and and represent non-significant negative and positive
correlations, respectively.
Figure S11. Same as Figure S10 for TN90 index.
Figure S12. Same as Figure S10 for TX10 index.
Figure S13. Same as Figure S10 for TX90 index.
Figure S14. Correlation between zonal wind at 250 hPa in
Z2 region with the TN10 index in the 1979–2010 period
for five different reanalysis: NCEP/NCAR Reanalysis1,
NCEP-DOE Reanalysis2, ERA-Interim, 20CR v2c and
JRA-55, where and indicate significant negative corre-
lations at 5 and 10%, respectively, and indicate signifi-
cant positive correlations at 5 and 10%, respectively, and
and represent non-significant negative and positive cor-
relations, respectively.
Figure S15. Same as Figure S14 for TN90 index.
Figure S16. Same as Figure S14 for TX10 index.
Figure S17. Same as Figure S14 for TX90 index.
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