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1. INTRODUCTION

Interdecadal variability of precipitation is strong
in South America. Some studies have shown sig -
nificant impacts in particular regions (e.g. Rusticucci
& Penalba 2000, Kayano & Sansigolo 2009, Agos -
ta & Compagnucci 2012), and a comprehensive
 continental-scale analysis (Grimm & Saboia 2015)
has shown the existence of robust continental modes
of interdecadal oscillations describing differences
of around 50% in monthly precipitation between
opposite phases. The significant connection of these
modes with different combinations of large-scale

 climatic indices and sea surface temperature (SST)
anomalies indicates their physical basis.

In this study, as in Grimm & Saboia (2015), inter-
decadal variability refers to periods of 8 yr and
longer. It influences water availability in a persistent
way, thus affecting ecosystems, farming practices,
hydropower generation and distribution. It even
affects models’ skill (Grimm et al. 2006). As the most
dramatic consequences of climate variability stem
from its influence on the frequency and intensity
of extreme precipitation events, it is important to
assess the influence of interdecadal variability in this
regard.
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Since monthly and seasonal precipitation is affected
by the frequency of extreme events, it might be ex -
pected that this frequency would also be modulated
by interdecadal variability, although significant vari-
ations in monthly and seasonal precipitation do not
necessarily imply significant alterations in extreme
event frequency or in daily precipitation frequency
distribution. However, since Ropelewski & Bell
(2008) reported significant shifts of daily rainfall in
South America conditional on the El Niño Southern
Oscillation (ENSO) phase, and Grimm & Tedeschi
(2009) showed that the effect of ENSO is stronger
and more extensive on the frequency of extreme
events than on seasonal or monthly precipitation
totals, it is interesting to extend this assessment to the
interdecadal variability.

Therefore, in this study we aim to clarify the impact
of interdecadal oscillations on the frequency of
extreme precipitation events over the continent, and
determine the influence of these oscillations on the
daily precipitation probability distributions. We seek
answers to these questions: (1) Do opposite phases of
the main interdecadal modes of seasonal precipita-
tion display significant differences in the frequency
of extreme events? (2) Does the interdecadal variabil-
ity of extreme event frequency show similar spatial
and temporal structure as the interdecadal variability
of seasonal precipitation? (3) Does interdecadal vari-
ability alter the daily precipitation frequency distribu -
tion between opposite phases? (4) In this case, which
ranges of daily precipitation are most affected?

The analysis is carried out for the monsoon season
(austral spring, SON, and austral summer, DJF),
since this comprises the rainy season for most of the
continent. Fig. 1 displays the mean atmospheric flow
at lower and upper levels and the mean monthly pre-
cipitation over South America in summer/spring.
More details on circulation and precipitation features
during the monsoon season are available in several
studies (e.g. Grimm & Silva Dias 2011, Marengo et al.
2012).

Besides the study of the relationship between inter-
decadal oscillations, the frequency of extreme events,
and daily precipitation distributions, this study also
extends the analysis of Grimm & Saboia (2015). In
that study, the interdecadal variability of precipita-
tion was analyzed with data for the period 1950−2000.
In the present study, the period is extended to
1950−2009, and the grid points with data are not
exactly the same. These differences offer an opportu-
nity to compare the resulting continental modes from
both studies and evaluate their robustness. Further-
more, anomalous atmospheric and oceanic fields

associated with the first 2 modes of spring and sum-
mer are presented here, while in Grimm & Saboia
(2015) only SST anomalies were shown.

2. DATA AND METHODS

2.1. Data

Observed daily and monthly precipitation data
from more than 10 000 stations in the 60 yr period
1950−2009 are used in this analysis. They come from
the same sources, and passed the same verification
procedures to remove doubtful or spurious data, as
described in Grimm & Saboia (2015). The monthly
data are gridded to 2.5° for the analysis of seasonal
precipitation, and the daily data to 1° for the analysis
of extreme precipitation events, since these events
are generally restricted to smaller areas. To extend a
little the spatial coverage of the seasonal data and to
avoid wasting valuable information, in 10% of the
grid points missing monthly data are estimated using
regression equations with data from neighboring
grid points that present significant correlation with
the data of the grid point under focus (Tabony 1983).
This procedure is applied only to grid points that
have ≥85% of the data, and it is not used for daily
data. The final number of grid points for seasonal
analysis is 177, one more than in Grimm & Saboia
(2015), and their spatial distribution presents some
differences. The spatial coverage of daily data is
smaller than that of monthly data.

SST data are obtained from the HadISST1 data set
(Rayner et al. 2003). These data are gridded to 5.0°.
Atmospheric anomalous fields associated with inter-
decadal oscillations are composed using the NCEP/
NCAR reanalysis data (Kalnay et al. 1996).

2.2. Methods

Seasonal precipitation in the 2.5° grid and numbers
of extreme events in the 1.0° grid are submitted to a
9-point Gaussian filter, whose weights are calculated
to retain oscillations with periods ≥8 yr (Mitchell
et al. 1966). This threshold excludes ENSO-related
and other interannual variability, but includes near-
decadal variability and longer periods.

Since the impact of extreme precipitation events is
enhanced by persistency, they are defined based on
3 d moving averages attributed to the central days.
Gamma distributions are fitted to these values (using
only values >0.1 mm), one distribution for each day
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Fig. 1. Upper panels: stream -
lines at 850 hPa and sea level
pressure (SLP). Middle pan-
els: streamlines at 200 hPa
and outgoing longwave radi-
ation (OLR). Lower panels:
mean monthly precipitation.
Left column: spring; right 

column: summer
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of the year. An extreme event is counted when the
3 d mean percentile is ≥90. Series of the seasonal
average of the monthly numbers of extreme events
are formed for each grid point and each season.

The filtered series of seasonal precipitation and of
numbers of extreme events are submitted to empiri-
cal orthogonal function (EOF) analysis based on the
correlation matrix. Rotation of a certain number of
modes, determined by the Kaiser’s rule (Wilks 2006),
is carried out in order to avoid some drawbacks of the
EOF analysis, and identify intrinsic modes of climate
variability in particular regions, with common under-
lying mechanisms (Richman 1986, Wilks 2006). A
varimax rotation is used, which preserves the ortho -
gonality of the time coefficients (factor scores), with-
out imposing orthogonality on the spatial factor load-
ing maps, as happens with unrotated modes.

The atmospheric and oceanic anomalous condi-
tions associated with opposite phases of each mode
are characterized by the differences between anom-
aly composites in positive and negative phases,
whose significance is assessed with a Student’s t-test.
These phases are defined as years in which the factor
scores of the selected modes are respectively >0.7 
(below –0.7) standard deviation (SD). Although the
anomalous signal is not perfectly linear, the degree
of linearity allows the computation of differences,
reducing the number of figures.

Although the origin or mechanisms of the inter-
decadal precipitation modes are not among the main
objectives, the SST interdecadal variability is as -
sessed, and the first 5 rotated modes are correlated
with the presented precipitation modes. Besides, cor-
relation is computed with some well known climatic
indices: Atlantic multidecadal oscillation (AMO), North
Atlantic oscillation (NAO), interdecadal Pacific os cilla -
tion (IPO), Pacific decadal oscillation (PDO), tropical
South Atlantic (TSA), tropical North Atlantic (TNA),
southern annular mode (SAM), and northern annular
mode (NAM), described in Grimm & Saboia (2015).
Only the main qualitative results of these correlations
are included in this article, as additional information.

In the evaluation of the impact of the interdecadal
modes on extreme event frequency, the first step is
the computation of the difference between anomaly
composites of the extreme event frequencies for posi-
tive and negative phases of the modes. Some regions
with significant changes in the frequency of extreme
events between positive and negative phases are cho-
sen for analysis of possible shifts in frequency distri-
butions and of the relative impact of interdecadal os-
cillations on the different ranges of daily precipitation.
The shifts are tested by applying the Kolmogorov-

Smirnov test (e.g. Wilks 2006) to the histograms of
daily rainfall in both phases to verify whether the
 distributions of daily precipitation are significantly
different for positive and negative phases. This test
uses the maximum absolute difference between the
cumulative distribution curves from 2 samples to test
the null hypothesis that the 2 samples come from
 populations with the same distribution function.

3. RESULTS

3.1. Interdecadal variability modes of precipitation

The first 2 rotated modes are shown for spring and
summer. The correlation of their factor scores with
those in Grimm & Saboia (2015) show that they are
best (and significantly) correlated with the corre-
sponding first 2 modes in that study. The first rotated
EOF (REOF1) for spring (Fig. 2a, 17.5% of the
 variance) is similar to the spring REOF1 of Grimm
& Saboia (2015), displaying dipole-like variability
between central-east and southeast South America.
The second rotated EOF (REOF2) (Fig. 2b, 11.6% of
the variance) is focused on the variability in South
Brazil, especially its western part, where there is a
relative maximum of precipitation in spring (Fig. 1).
This mode is similar to the REOF2 of Grimm & Saboia
(2015), although in that study the highest factor
 loadings extend a little more to the north.

In summer, REOF1 (Fig. 3a, 15.4% of the variance)
displays a dipole-like pattern of variability between
central-east and southeast South America, as the first
spring mode, although the maximum factor loadings
are shifted southward, directly affecting the South
Atlantic Convergence Zone (SACZ), a very popu-
lated region with maximum precipitation in summer
(Fig. 1). Opposite anomalies are also observed be -
tween central-east and northwest South America.
REOF2 (Fig. 3b, 13.3% of the variance) describes the
variability in central/ northwestern Argentina, also
extending to other parts of South America, around
the core-monsoon region, where data are scarce.
This mode undergoes a steep change of phase in the
early 1970s, but has returned to pre-1970 conditions
in the added period of data (2001−2009).

The observed differences with respect to Grimm &
Saboia (2015) can be ascribed to the additional data
used in the present study and some differences in
their distribution, especially in central South America,
which has a slight effect on the similarity between the
summer REOF2s in both studies. Notwithstanding,
the first 5 summer modes determined for this study
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(not all shown) are similar to the first 5 summer modes
of Grimm & Saboia (2015) in the overlapping period
(1950−2000). This reinforces the robustness of those
modes. In addition, the first 2 modes present strong
variability in the added period of data, with their
factor scores exceeding 1 SD in this time interval.

3.2. Atmospheric and oceanic anomalies associated
with the variability modes

Since the main objectives are not focused on the
origins of the precipitation modes, but on their rela-

tionship with extreme events, discussions about ori-
gins or mechanisms are not extensive or meant to be
conclusive. With 60 yr of data, it is still not possible
to attribute each mode to one driver (SST or atmo -
spheric oscillation). Therefore, only the strongest cor-
relations with SST modes or climatic indices are men-
tioned, which does not exclude other influences. The
SST modes are not shown, but the main ones men-
tioned here are similar to modes shown in previous
work: IPO (e.g. Parker et al. 2007, Dong & Dai 2015)
and AMO (e.g. Parker et al. 2007, Ting et al. 2011).

The SST anomalies associated with the spring
REOF1 (Fig. 4a) have characteristics of the IPO SST
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Fig. 2. First 2 spring precipitation rotated empirical orthogonal functions (REOFs): spatial patterns (factor loadings, upper
 panels, with the percentage of the explained variance) and temporal behavior (factor scores, lower panels). The factor loadings
are represented by both isolines (interval 0.2) and colors in each grid box (see color bar). Grid boxes with data but small factor 

loadings are shaded in grey. White regions are void of data. Red (blue) isolines represent positive (negative) values
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mode, such as anomalous SST in the central/eastern
tropical Pacific, with opposite sign in the subtropics,
south and north of the equator. There are, however,
also anomalies that could be ascribed to other SST
oscillations, especially in the Atlantic Ocean, where
the anomalies north and south of the equator are
 predominantly opposite. The spring REOF1 displays
strongest correlation (negative) with the IPO SST

mode and, among the climatic indices, with the PDO
index, which is related to the IPO in the northern
Pacific. As the SST anomalies associated with the
positive phase of the spring REOF1 correspond to the
negative phase of the IPO (Parker et al. 2007), posi-
tive REOF1 factor scores occur generally when the
IPO is negative, such as in the 1960s and 1970s, with
a sharp transition to negative values in the mid
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Fig. 3. First 2 summer precipitation REOFs: spatial patterns (factor loadings, upper panels, with the percentage of the ex-
plained variance) and temporal behavior (factor scores, lower panels). The factor loadings are represented by both isolines
 (interval 0.2) and colors in each grid box (see color bar). Grid boxes with data but small factor loadings are shaded in grey. 

White regions are void of data. Red (blue) isolines represent positive (negative) values.

Fig. 4. Differences between anomaly composites in positive and negative phases of the spring (a–e) REOF1 and (f–j) REOF2,
for: (a,f) SST; (b,g and c,h) velocity potential (VPot) and divergent wind (DivWind) (only significant values), at 850 and 200 hPa;
(d,i) zonally asymmetric streamfunction at 200 hPa; (e,j) monthly number of extreme events (contour interval 0.8), grid boxes
with data, but confidence level less than 0.10, are grey. Colors indicate confidence levels of the differences, with signs 

indicating positive or negative differences. Analyzed regions are marked (rectangles in e,j)



Grimm et al.: Interdecadal variability and extreme events in South America 283



Clim Res 68: 277–294, 2016

1970s, when the IPO turned positive, and another
transition to positive values in the late 1990s to early
2000s, when the IPO turned negative (Fig. 2a).

The associated potential velocity and divergent
wind anomalies at 850 hPa (Fig. 4b) show that cen-
tral-east South America is the main convergence
center, with low level air inflow from North Atlantic,
but also from South Atlantic, enhancing the climato-
logical circulation (Fig. 1). The main divergence cen-
ter is Africa and Middle-East, while a secondary
divergence center is over the cold SST anomalies in
the tropical central Pacific, and a weaker conver-
gence center is over the slightly warmer SST in west-
ern Pacific. At upper levels the divergent circulation
is largely opposite (Fig. 4c). This first mode repre-
sents variability of the monsoon season at its be -
ginning, with enhancement or weakening of the
monsoonal circulation over South America (Fig. 1).
En hancement of low level convergence and convec-
tion over central-east Brazil favors subsidence and
divergence over the southern Paraná/La Plata Basin
(Gandu & Silva Dias 1998), which is coherent with
the positive phase anomalies (Fig. 2a). Besides, zon-
ally asymmetric streamfunction anomalies at 200 hPa
(Fig. 4d) show a wavetrain emanating from the upper
level tropical convergence center in the central
Pacific (Fig. 4c), with an anticyclonic anomaly west of
southern South America, which also favors dry con-
ditions in southeastern South America. Therefore,
remote influence from the central Pacific divergent
flow also acts on rainfall over the southern Paraná/La
Plata Basin.

The strongest SST anomalies in the tropical Pacific
associated with the spring REOF2 (Fig. 4f) are over
the tropical eastern Pacific, shifted southeastward
with respect to those associated with REOF1, and
extending southward along the west coast of South
America. They capture an interdecadal modulation
of ENSO, which explains the rainfall response in this
mode, similar to that connected with ENSO (Grimm
et al. 2000, Grimm 2003, 2004), although shifted to
the north and stronger in the Paraná/La Plata Basin
than in northern South America (Fig. 2b). The differ-
ences between the Pacific SST patterns associated
with REOF1 and REOF2 resemble the differences
between the SST REOFs of Mestas-Nuñez & Enfield
(1999) describing decadal/interdecadal variability in

different parts of the tropical Pacific. Besides the
Pacific, there are SST anomalies in the Indian and
Atlantic oceans. In the Atlantic, the strongest ones
are in the North Atlantic and in the subtropical
southwest South Atlantic, with the same sign as in
the eastern tropical Pacific. The highest correlation
between the spring REOF2 and the first SST modes is
with the AMO mode (negative) but there are con -
tributions of the same magnitude from another SST
mode (with the strongest factor loadings in the tropi-
cal Atlantic, the Indian Ocean and the west Pacific)
which displays a warming trend during the period.
This is probably the reason why the REOF2 factor
scores (Fig. 2b) do not present an opposite sign to the
AMO before the 1970s, when they display predomi-
nantly positive values, although the behavior is con-
sistently opposite to the AMO after 1970. The highest
correlations with climatic indices are with those re -
lated to the Atlantic basin, especially the TNA.

The velocity potential and divergent wind anom-
alies at 850 hPa (Fig. 4g) show that the main diver-
gence center covers the SST anomalies in the eastern
tropical Pacific and North Atlantic. This divergence
center extends towards the cold SST anomalies off
southeastern South America, which is consistent with
the negative precipitation anomalies in the south-
eastern continent, while low level convergence pre-
vails over the northern/northeastern coast of the
 continent, where enhanced precipitation anomalies
dominate (Fig. 2b). The upper level divergent circu-
lation (Fig. 4h) shows anomalous convergence (asso-
ciated with subsidence) extending from eastern trop-
ical Pacific/Central America to the southeast of South
America. The tropical upper level convergence cir-
culation generates a wavetrain that produces an
anomalous pair anticyclone/cyclone over southern
South America at 200 hPa (Fig. 4i), which favors sub-
sidence and dryness over southeastern South America.

The summer REOF1 is associated with SST anom-
alies (Fig. 5a) whose patterns are similar to those con-
nected with the spring REOF1 (Fig. 4a), but with
opposite sign. They have characteristics of the IPO
SST mode, but there are also anomalies in the
Atlantic Ocean, predominantly of opposite signs
north and south of the equator. The highest correla-
tion between this summer precipitation mode and
the first SST modes is with the IPO mode (positive),
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Fig. 5. Differences between anomaly composites in positive and negative phases of the summer (a–e) REOF1 and (f–j) REOF2,
for: (a,f) SST; (b,g and c,h) velocity potential (VPot) and divergent wind (DivWind) (only significant values), at 850 and 200 hPa;
(d,i) zonally asymmetric streamfunction at 200 hPa; (e,j) monthly number of extreme events (contour interval 0.8), grid boxes
with data, but confidence level less than 0.10, are grey. Colors indicate confidence levels of the differences, with signs 

indicating positive or negative differences. Analyzed regions are marked (rectangles in e)
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and among the better known climatic indices, the
strongest correlation is with the IPO index. While the
SST anomalous patterns are similar to those for
spring REOF1 (Fig. 4a), but with opposite sign, the
precipitation anomalies are similar in both modes,
but for some shifts (Figs. 2a & 3a). This means that for
similar large-scale SST anomalies these modes tend
to invert precipitation anomalies from spring to sum-
mer, as shown in Grimm & Saboia (2015). This ten-
dency is even clear from the visual comparison of the
factor scores in Figs. 2a & 3a.

For the opposite SST anomalies for spring and sum-
mer REOF1 (Figs. 4a & 5a), the circulation anomalies
are nearly opposite all over the globe (but for some
shifts in their action centers), but not over South
America and surroundings (e.g. cf. Figs. 4b & 5b).
While for spring REOF1 there is a significant large-
scale center of anomalous velocity potential at 850
hPa over South America (Fig. 4b), for summer REOF1
no large-scale significant anomalous velocity poten-
tial center is present over the continent (Fig. 5b). Fur-
thermore, while for spring REOF1 there is an asso -
ciated upper level wavetrain from central Pacific
towards southern South America (Fig. 4d), no similar
wavetrain is visible in connection with summer
REOF1 (Fig. 5d). However, at low level (not shown), a
strong and significant cyclonic anomaly is located
over the northern Paraná/La Plata Basin, favoring
enhanced precipitation in the SACZ, as in Grimm &
Zilli (2009). The significant divergent wind anom-
alies displayed over South America (Fig. 5b) indicate
divergence from southern Paraná/La Plata Basin,
and convergence over the SACZ (and opposite upper
level divergent circulation, Fig. 5c), coherently with
the precipitation anomalies in the positive phase
(Fig. 3a). The features described above, including the
absence of extratropical teleconnection from central
Pacific towards South America, indicate a possible
local mechanism of surface−atmosphere interactions
to explain the anomalies in summer, triggered by
spring anomalies, and producing inversion of anom-
alies from spring to summer, as suggested by Grimm
et al. (2007). For instance, low spring precipitation in
central-east Brazil leads to low spring soil moisture
and high late spring surface temperature. This
induces topographically enhanced low level anom-
alous convergence and cyclonic circulation over
southeast Brazil that directs moisture flux into cen-
tral-east Brazil, setting up favorable conditions for
excess rainfall in summer. Antecedent wet conditions
in spring lead to opposite anomalies in summer. The
mountains of southeast Brazil seem to have a crucial
role in anchoring this variability and sustaining the

‘dipole-like’ precipitation mode observed over South
America.

The SST anomalies associated with summer
REOF2 (Fig. 5f) display characteristics of the AMO
pattern in its positive phase, and also include anom-
alies in the eastern Pacific, opposite to those
observed in the northern Atlantic. This is consistent
with the highest positive correlation of this mode
with the AMO SST mode and highest correlation
with the AMO index. Furthermore, the factor scores
of this mode (Fig. 3b) are predominantly negative
during the cold phase of the AMO (1970−2000), and
positive during the warm phase (1925−1970) (Parker
et al. 2007), in the analyzed period.

During the positive phase of the summer REOF2,
the warm SST anomalies in the North Atlantic favor
the establishment of a low level divergence center
over central/northern South America (Fig. 5g). The
main low level summer monsoon flow into the conti-
nent comes from the North Atlantic (Fig. 1). Since the
monsoonal circulation is associated with the ocean-
continent temperature gradient, enhanced in sum-
mer, if this gradient is reduced, because of warmer
SST in the North Atlantic, there is less convergence
of low level winds over the continent, resulting in
anomalous divergence at low levels (Fig. 5g) and
anomalous convergence at upper levels (Fig. 5h).
The associated streamfunction anomalies feature a
pair of upper level cyclones (Fig. 5i) over northwest-
ern South America, with a pair of upper level anti -
cyclones over the Atlantic (and low level opposite
 circulation, not shown). The above described circula-
tion features do not favor the monsoon circulation
depicted in Fig. 1, and therefore, are consistent with
a generalized reduction of precipitation over the con-
tinent, including the subtropical regions that receive
moisture from the north (Fig. 3b).

Differences between anomalies of the seasonal
average of the monthly extreme event frequency for
positive and negative phases of the 4 presented
modes display spatial patterns very similar to those of
the respective modes (cf. Figs. 2a,b with Figs. 4e,j
and Figs. 3a,b with Figs. 5e,j). This similarity indi-
cates that the interdecadal oscillations modulate also
the frequency of extreme precipitation events besides
the total precipitation. Some of the regions with sig-
nificant differences in Figs. 4e,j and 5e,j are selected
for further analysis (and marked in these figures).
The difference between the extreme event frequency
in positive and negative phases reaches −3.0 events
per month in Region 1 for spring REOF1 (Fig. 4e),
−3.3 events in Region 1 for spring REOF2 (Fig. 4j),
and 3.8, 3.4, 2.4, respectively, in Regions 1, 2, 3, for

286



Grimm et al.: Interdecadal variability and extreme events in South America

summer REOF1 (Fig. 5e). This indicates the great
impact on the frequency of extreme events in the
SACZ region in summer, over a very populated
region. The largest difference, of 6.0 events, is ob -
served for spring REOF1 over northwestern South
America.

3.3. Relationships between modes of precipitation
and modes of extreme event frequency

REOF analysis is also performed on the series of
extreme event frequency. Similarity between the
modes of precipitation and of extreme event fre-
quency can indicate that the mechanisms of inter-
decadal variability affect particularly strongly the
high precipitation tail of the precipitation distribution
in the regions with highest factor loadings. In other
words, it indicates that a major contribution to the
interdecadal precipitation variability comes from the
enhanced (or reduced) frequency of the most intense
rainfall events or, alternatively, that the interdecadal
variability has a greater relative impact on the fre-
quency of extreme events. The relationship between
seasonal precipitation variability and variability of
the extreme event frequency is not obvious, since it
is possible to have increased/reduced seasonal rain-
fall without a large relative effect on the frequency
of extreme events. Although Figs. 4e,j and 5e,j show
that there is significant change in the frequency
of extreme events between positive and negative
phases of the interdecadal precipitation modes, this
does not necessarily mean that its variability is simi-
lar to the variability of the seasonal precipitation.

However, there is a problem in the comparison
between modes of precipitation and of extreme event
frequency. Since the spatial coverage of daily data is
much poorer than that of monthly/seasonal data dur-
ing the period of analysis, it is not reasonable to
expect great similarity between these modes, even if
the main contribution to the interdecadal variability
of seasonal precipitation stems from extreme events.
Notwithstanding, an exploratory analysis can shed
some light on the contribution of extreme event vari-
ability, at least for modes representing variability in
regions well covered by daily precipitation data, and
complements the other analyses on the relationships
between extreme events and interdecadal variability.

The similarity between modes of precipitation and
of extreme event frequency is objectively measured
by the correlation coefficient between their factor
scores, with significance assessed using an effective
number of members in each sample, since those fac-

tor scores result from filtered data (Dawdy & Matalas
1964). Among the first 5 modes of spring precipita-
tion (spring REOF) and of spring extreme event fre-
quency (spring REOF_ext), there are 2 pairs of modes
correlated with a significance level better than 0.05:
REOF1and REOF2_extr, REOF2 and REOF3_ext.
These modes have strongest factor loadings in re -
gions where both daily and seasonal precipitation
data have reasonable coverage. Among the summer
modes, only REOF4 and REOF3_ext are significantly
correlated to this level (not shown), representing
variability in Northeast Brazil. REOF1 and REOF4_
ext present the second best correlation, but do not
reach the same level of significance. Fig. 6 shows
spring REOF2_ext and REOF3_ext. They are very
similar to spring REOF1 and REOF2 (Fig. 2), respec-
tively, in regions with overlapping data (considering
opposite signs, since the correlation is negative).

The small number of significantly correlated pairs
of modes does not mean that the interdecadal vari-
ability does not affect significantly the frequency of
extreme events, as will be shown by further analysis.
It is important to emphasize that the data sets used
for calculating these 2 types of modes are very differ-
ent, and therefore it is not reasonable to expect many
similar modes. Although no firm conclusions can be
drawn from the comparison of these EOF analyses of
the 2 sets of data, since they have  different coverage,
the results suggest that there are more similarities in
spring than in summer between the modes of sea-
sonal precipitation and extreme event frequency.
This can be ascribed to the fact that in spring remote
influences connected with the interdecadal varia -
bility are more able to influence the  frequency of
extreme events, while in summer local influences seem
to interfere more. For instance, Grimm et al. (2007)
emphasize the importance of surface−atmosphere
interactions in summer associated with soil-moisture
anomalies and topography, and Hirata & Grimm
(2015) point out that extreme events in certain parts
of Southeast Brazil result from the interaction of syn-
optic disturbances with the steep topo graphy rather
than from remote influences.

To further disclose the similarity between spring
REOF1 and REOF2_ext, and spring REOF2 and
REOF3_ext, the atmospheric and oceanic anom-
alies associated with REOF2_ext and REOF3_ext
are shown in Fig. 7, for comparison with those dis-
played in Fig. 4. The anomaly patterns are very
 similar (with opposite signs, since the modes are
negatively cor related). It is worth emphasizing the
stronger SST anomalies in the subtropics of the
 central South Pacific Ocean for REOF2_ext (Fig. 7a)
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with respect to REOF1 (Fig. 4a), and the stronger
corresponding meridional divergent wind anomalies
in the sub tropics at lower levels (cf. Figs. 7b & 4b),
and upper levels (cf. Figs. 7c & 4c). These features
are important for generating the Rossby wavetrains
that influence precipitation anomalies in southeast-
ern South America (Barros & Silvestri 2002, Vera et
al. 2010), and explain the better-defined wavetrain
that reaches southern South America from the
 central Pacific Ocean in the case of REOF2_ext
(cf. Figs. 7d & 4d).

For summer, the composite patterns for correspon-
ding modes of precipitation and extreme event fre-
quency are also similar and stronger for the modes of

extreme event frequency (not shown). These results
indicate that the mechanisms that produce inter-
decadal variability of seasonal rainfall are similar
to those that produce interdecadal variability of
extreme event frequency. This conclusion is also in
line with the results of Figs. 4e,j & 5e,j. However,
it does not indicate that the frequency distribution
of daily precipitation is significantly altered between
opposite phases of interdecadal oscillations. This
issue is covered in the next section. A complemen-
tary analysis confirms that the relative impact of
interdecadal variability is stronger on the high pre-
cipitation tail of the daily precipitation distribution in
the regions with highest factor loadings.
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Fig. 6. First 2 spring REOFs of extreme event frequency: spatial patterns (factor loadings, upper panels, with the percentage of
the explained variance) and temporal behavior (factor scores, lower panels). The factor loadings are represented by both iso-
lines (interval 0.2) and colors in each grid box (see color bar). Grid boxes with data but small factor loadings are shaded in grey



Grimm et al.: Interdecadal variability and extreme events in South America 289

Fig. 7. Differences between anomaly composites in positive and negative phases of the spring (a–d) REOF2_ext and
(f–i) REOF3_ext for: (a,f) SST; (b,g and c,h) velocity potential (VPot) and divergent wind (DivWind) (only significant values), at
850 and 200 hPa; (d,i) zonally asymmetric streamfunction at 200 hPa. Colors indicate confidence levels of the differences, with 

signs indicating positive or negative differences
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3.4. Influence of interdecadal oscillations on the
frequency distribution of daily precipitation

The differences between daily rainfall frequency
distributions during years of positive and negative
phases of interdecadal modes are examined for some
selected regions with high factor loadings, significant
changes in the frequency of extreme events between
these categories of years, and monthly precipitation
>100 mm in spring or summer. These regions are
marked in Figs. 3d,h & 4d, for different modes. It is
worth emphasizing that they are not the only regions
displaying significant changes in the extreme event
frequency, but just a sample. All but one of them are
located in the Paraná/La Plata Basin.

A Kolmogorov-Smirnov test is applied to the daily
precipitation series at each of these regions, for posi-
tive and negative phases of the analyzed modes. It
shows, with significance level better than 0.01, that
in all these regions the daily precipitation in positive
and negative phases of the interdecadal oscillations
pertains to different distributions. This is one indica-
tion that the effect of those oscillations is different on
diverse ranges of daily precipitation.

Gamma and exponential distributions are fitted
to these data, for positive and negative phases of
the analyzed modes. These distributions are chosen
because they are parsimonious (1 or 2 parameters),
have been widely used, and fit reasonably well to the
data, in some cases one better than the other. This
procedure is not intended to find or discuss the best
fitting distribution, but to show that different distri-
bution models reproduce the behavior of observed
data regarding the effect of interdecadal oscillations
on different rainfall ranges.

Observed and theoretical histograms of daily
rainfall are constructed by computing for each cat-
egory of year (positive and negative phases, as
well as  neutral phases) the fraction of the rainy
days with precipitation within each precipitation
range. However, the visual inspection of the histo-
grams for opposite phases or of the differences
between frequencies in opposite phases does not
show clearly the precipitation ranges of highest
relative changes in frequency. Therefore, the most
effective way of showing the relative impact on
different ranges of daily precipitation is to display,
for each precipitation range, the ratio between the
frequency of extreme events in positive or negative
phase, and in the neutral phase. As this ratio can
be very large, its logarithm is shown. A positive
(negative) logarithm means a ratio greater (smaller)
than 1.

This logarithm is shown in Figs. 8 (spring) & 9
(summer), for each selected mode and region, for
observed data and for the fitted theoretical distribu-
tions. In both, it is clear that the influence of the inter-
decadal oscillations is greater for the frequencies in
the extreme ranges of daily rainfall, since the loga-
rithm of the frequency ratio tends to be larger for
higher precipitation events, both for observed data
and for data from theoretical distributions fitted to
the data.

Fig. 8a shows clearly that the frequency of extreme
events is much reduced in southern Brazil/Uruguay
for the positive phase of spring REOF1 (red bars), and
increased for the negative phase of this mode (blue
bars). It is also clear that the effect is of nearly the
same magnitude for positive and negative phases.
Fig. 7b shows a similar effect in the western part of
southern Brazil, also with comparable magnitude for
opposite phases.

For summer REOF1, Fig. 9 shows that Central-East
Brazil, in the northern Paraná/La Plata Basin and
north of it (Region 1, Fig. 9a, and Region 2, Fig. 9b)
presents enhancement of extreme event frequency in
the positive phase (red bars) and reduction in the
negative phase (blue bars). In Region 1 the effect in
the negative phase is stronger than in the positive
phase. Region 2, closer to the climatological axis of
the SACZ, displays more linear behavior, with effects
of similar magnitudes in opposite phases of summer
REOF1. In southern Brazil (Region 3, Fig. 9c) the
effect on the extreme events is stronger in the nega-
tive phase (blue bars), increasing the frequency of
these events.

Although the higher sensitivity in the extreme
tail of the distributions is a common aspect, there
are some differences observed between spring and
 summer. The degree of linearity of the effects on the
frequency of extreme events is higher in spring than
in summer, and the effects in the middle-lower
Paraná/La Plata Basin are stronger in spring than
in summer. Both differences are consistent with the
hypothesis that in summer local effects may be
stronger than the remote influences.

4. SUMMARY AND CONCLUSIONS

The modes of interdecadal precipitation variability
obtained in this study are consistent with the spring
and summer modes disclosed in Grimm & Saboia
(2015) with a different set of precipitation data,
which confirms their robustness. Their connection
with SST anomalies is also fairly similar in both
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 studies. In addition, the relationship between the
first modes of interdecadal variability in spring and
 summer, reported by Grimm & Saboia (2015), is
 confirmed by the obtained modes.

The SST anomalies associated with spring REOF1
have characteristics of the IPO SST mode, and its
strongest correlation is with this SST mode. Although
the spring REOF2 displays its strongest correlation
with the AMO SST mode, it also has a comparable
correlation with another SST mode with strongest
factor loadings in the tropical Atlantic, Indian Ocean
and west Pacific, and the SST anomalies associated
with this SST mode in the eastern tropical Pacific also
capture an interdecadal modulation of ENSO. The
circulation anomalies associated with REOF1 display
a strong center of large-scale divergent wind anom-
alies over South America that can enhance or reduce
the monsoonal circulation at the beginning of the
monsoon season, which is consistent with the fact
that this mode affects most of the monsoon region. In
addition, there is an indication of remote influence

from the central tropical Pacific via Rossby waves. In
the case of REOF2, the main di vergence center is
over the eastern tropical Pacific/ Central America,
extending southeastward over South America. It also
produces a well-defined Rossby wavetrain that influ-
ences precipitation over southern Brazil.

The summer REOF1, as the spring REOF1, is
dipole-like, displaying opposite anomalies in central-
east and southeast South America. They are sig -
nificantly correlated, and tend to reverse polarity
from spring to summer, although the associated SST
anomalies are similar. The summer REOF1 also
 displays its strongest correlation with the IPO SST
mode. Contrary to spring REOF1, the divergent and
rotational anomalies associated with summer REOF1
do not display large-scale relevant patterns over
South America and no tropical−extratropical telecon-
nection from the Pacific towards South America is
evident. This reinforces the hypothesis presented by
Grimm et al. (2007) that precipitation anomalies in
spring over Central-East Brazil generate soil mois-
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Fig. 8. Logarithm of the ratio fpos:fneu, in red bars, and fneg:fneu, in blue bars, for each daily precipitation interval (fpos = fre-
quency in positive phase; fneg = frequency in negative phase; fneu = frequency in neutral phase; fpn: frequency in either pos-
itive or negative phase). When ratio is infinite (no occurrences in neutral phase), the value plotted is 0.75; when ratio is 0 (no
occurrences in positive or negative phases), the value plotted is −0.75; when the ratio is 0:0, the value plotted is 0. For any other
ratios the actual values of the logarithm are plotted. The upper row shows the values for observed daily precipitation, while the
middle and lower rows show the values re spectively for Gamma and exponential distributions fitted to the observed daily data
in each phase. These figures use daily precipitation in (a) Region 1, marked in Fig. 4e for spring REOF1, and in (b) Region 1, 

marked in Fig. 4j for spring REOF2
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Fig. 9. Same as Fig. 8, but with daily precipitation in (a) Re-
gion 1, (b) Region 2 and (c) Region 3, marked in Fig. 5e

for summer REOF1
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ture anomalies able to trigger surface−atmosphere
interactions that produce local circulation anomalies
leading to the inversion of precipitation anomalies in
summer. This effect is observed in interannual scales
and modulated by interdecadal scale. Variability in
this scale can establish favorable conditions in spring
(via spring REOF1) to produce opposite anomalies
in summer.

The summer REOF2 is associated with SST anom-
alies characteristics of the AMO pattern in its positive
phase, also including opposite anomalies in the east-
ern Pacific. It is associated with a strong divergence
center over South America, which can strongly influ-
ence the strength of monsoon circulation at the peak
of the monsoon season. It affects the core monsoon
region and subtropical regions.

Significant changes are seen in the frequency of
extreme precipitation events, especially in regions
with high factor loadings, indicating that the extreme
events also exhibit interdecadal variability. Unfortu-
nately, it is not possible to ascertain if this variability
is similar to that of the seasonal precipitation, since
the monthly and daily precipitation data do not have
the same spatial coverage during the period of analy-
sis. Notwithstanding, the EOF analysis of extreme
event frequency produces similar modes when the
coverage is similar in the regions with the highest
factor loadings, and the composite analysis for these
similar modes shows very similar atmospheric and
oceanic anomaly fields. Therefore, the mechanisms
that produce interdecadal variability of seasonal
rainfall seem to be similar to those that produce inter-
decadal variability of extreme event frequency. This
similarity seems to be greater for spring than for
 summer, which is consistent with the fact that local
mechanisms can be more important than remote
influences in summer.

The Kolmogorov-Smirnov test is applied to the
daily precipitation series for positive and negative
phases of the interdecadal modes in selected regions,
and shows, with very stringent significance levels
(better than 0.01), that the daily precipitation from
opposite phases of interdecadal oscillations, in re -
gions much affected by them, pertains to different
frequency distributions. Further analysis is carried
out, using the ratio between frequencies in each
range of daily precipitation in positive and neutral
phases and in negative and neutral phases. It dis-
closes, with results from observed data and from the-
oretical distributions fitted to these data, that there is
much greater relative effect of the interdecadal oscil-
lations on the extreme ranges of daily rainfall than on
the ranges of moderate and light rainfall. This sensi-

tivity in the extreme rainfall range is not necessarily
associated with total monthly rainfall, which also de -
pends on the probability of having a rainy day. This
can change without significant changes in the proba-
bility density function. Furthermore, an increase in
ex tremes can be approximately balanced by a de -
crease in rainy days in lower precipitation categories.
However, our analysis shows that the decrease in
light rain categories is weak, and that the distribu-
tions are different.

Although the greatest relative impact on the ex -
treme ranges of daily rainfall is an aspect common to
spring and summer, there are some differences
observed between these seasons. In spring the effect
on extreme events seems linear, with opposite effects
of similar magnitudes in the positive and negative
phases of the interdecadal oscillations. In summer,
although the effects are also opposite in opposite
phases, the magnitudes are more frequently differ-
ent. The effects in the middle-lower Paraná/La Plata
Basin are stronger in spring than in summer. Both
differences are consistent with the hypothesis that
in summer local effects are stronger than remote
influences, which can produce non-linearities.

The results suggest the following answers to the
questions proposed in the Introduction. (1) Opposite
phases of the main interdecadal precipitation modes
produce significant differences in the extreme event
frequency. (2) It is not possible to affirm that the vari-
ability modes of precipitation and of extreme event
frequency have similar spatial and temporal struc-
ture, since the spatial coverage of the monthly and
daily data for the analyzed period is different. How-
ever, precipitation modes that have strong factor
loadings in regions with good coverage of daily data
tend to have a similar corresponding mode of ex -
treme event frequency. The correspondence seems
better in spring than in summer. (3) Interdecadal
oscillations produce changes in the frequency distri-
bution of daily precipitation between their opposite
phases, in regions of great factor loadings. (4) The
relative impact on distribution is stronger in heavy
ranges of rainfall than in light and moderate rainfall
ranges. Therefore, knowing or predicting the phase
of interdecadal oscillations would give additional
information on the frequency of extreme events in
certain regions.
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