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1. INTRODUCTION

Decadal / interdecadal climate variations and
their impacts around the globe have drawn increasing
attention during the last decade and motivated several
observational studies (e.g., Cayan et al. 1998; Power et
al. 1999; Barlow et al., 2001; Chelliah and Bell 2004;
Meinke et al. 2005; Knight et al. 2006; Folland et al.
2008). Climate variations in this time frame are crucial
because they control water availability, affect
ecosystems, influence farming practices, and modulate
higher-frequency variability and extreme events such as
floods and drought. Knowledge about this kind of
variability is of high importance to medium-long range
water resources management, particularly in planning
hydropower generation. Even the determination of the
probable maximum flood used as a design criterion for
dams should take into account interdecadal variations.
Besides, these low-frequency natural climate variations
need to be well characterized and understood, in order
to achieve more reliable detection of anthropogenic
climate change.

interdecadal variability of precipitation have
been reported in some regions of South America (e.g.,
Lucero and Rodriguez 2001; Grimm and Canestraro
2003; Vargas et al. 2002; Kayano and Andreoli 2004),
but no comprehensive analysis has been carried out
aiming to characterize continental-scale interdecadal
oscillations and their connection with global-scale
oceanic and atmospheric oscillations.

The austral summer monsoon season is the
rainy season in most of South America, including the
most populated regions, the drainage basins for the
reservoirs of the largest hydroelectric power plants, and
regions with the most intensive agricultural use. It is our
objective to characterize the first modes of interdecadal
variability of the monsoon rainfall and their relationship
with variability of global sea surface temperature (SST),
and assess their impact on the frequency of extreme
precipitation events.

2. DATA AND METHODS
2.1 Data

An extensive set of precipitation data from
more than 10,000 stations in South America has been
verified for the period 1950-2000 and monthly totals are
gridded to 2.5°. To obtain better coverage in northern
South America, also a gridded set provided by
Liebmann and Allured (2005) was used in that region.
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The final precipitation series are obtained for a
2.5°X 2.5 °grid of 176 points over South America, from
the average of the station data within circles of radius
1,25 2 degrees, whose centers are separated by 2.5 °.
SST data are provided by the HadISST1 set on a 1°
grid. (Rayner et al. 2003).

The station precipitation data were submitted to
exhaustive verification procedures. They are intended to
detect missing data recorded as zeros, improbably
large values, periods with exactly the same values
recorded for two stations far away from each
other, and even complete change in the
precipitation regime of a station due to inclusion of
data from a different station. Once these problems
were detected in some stations, computer codes were
developed to detect them. The main problem is the
record of missing data as zeros, which is especially
difficult to detect in regions with well defined dry season,
in which zero monthly totals are wusual. The
corresponding program needs to include many tests
based on the station climatology, phases of climate
variability, and comparison with data from neighbor
stations.

In grid boxes with less than 10 stations
available to compute the mean series, missing data are
estimated with a procedure based on regression
equations with data from selected neighbor stations.
The estimated value is obtained from the weighted
average of the regressed values, and undergoes a
procedure that provides the continuity between the
estimated data and the previous and following month.
The weights attributed to the regressed values are
based on the correlation coefficients between the station
data and the data of the selected neighbor stations. The
selection of neighbor stations follows criteria of
proximity, minimum period of data and significant
correlation with the data of the station under focus. The
estimation of missing data was only carried out for
stations in northern and central-western Brazil, because
there was no need to do it in other regions.

After the average series are calculated for the
grid points, some missing values are still estimated from
the 8 neighbor grid points, following criteria that assure
the best spatial coverage with minimum uncertainty.
Grid boxes whose number of stations contributing to the
average is too different in different periods are verified
with respect to inhomogeneities and corrected. Also a
visual inspection of the grid point series is carried out in
order to detect unusual values.

2.1 Methods
Rainfall totals for each month, each season

and each year are submitted to a 9-point gaussian filter
that retains oscillations with periods equal or greater



than 8 years. The filtered data (monthly seasonal and
annual) are submitted to principal component analysis
(PCA), to determine the modes of variability. In some
cases, rotation of a certain number of modes was
carried out in order to isolate the variability most
important in a certain region and that might have the
some underlying influence. Here the focus is on spring
and summer, within the monsoon season.

The connection between the main modes of
precipitation interdecadal variability and SST variability
was assessed in two ways. First, each of the main PC
series is correlated with the SST data, at each grid point
of the HadISST1 data set. As non-independent filtered
precipitation data are used in the PCA, the significance
of the correlations is assessed using a Monte-Carlo
approach. The second way consists in computing the
principal components of filtered SST data over the globe
and then correlating the main PC series with the
precipitation series for each grid point over South
America.

The existence of significant decadal /
interdecadal oscillations in the South American
precipitation fields is also verified through spectral
analysis of the unfiltered data, using the Blackman-
Tuckey method as well as wavelet transform. The
results are fairly consistent, although the first method
discloses a larger number of significant oscillations.

The impact of interdecadal variability on the
frequency of extreme precipitation events is assessed
by two ways: using correlation to show relationships
between the corresponding PC and the frequency of
extreme events, and assessing differences between the
frequency of extreme events in years of positive (or
negative) phases of the interdecadal modes and neutral
years. Neutral years are here defined as those with -0,7
standard deviation < PC < +0.7 standard deviation,
while positive (negative) phases are above ( below) this
highest (lowest) limit. Extreme precipitation events have
3-day average precipitation above the 90th percentile.

3. RESULTS
3.1 Modes of rainfall interdecadal variability

The first mode for spring shows a dipole
pattern between central-east and southeast South
America, with stronger components over the central-
east region (Fig. 1). There are extensive tropicall
subtropical SST anomalies associated with this mode in
both the Atlantic and Pacific oceans, with opposite signs
in the North and South Atlantic. In South Atlantic there is
a small region off Southeast Brazil, in the South Atlantic
Convergence Zone (SACZ) with SST anomaly opposite
to that predominant in this oceanic basin. This anomaly
is due to the more or less abundant solar radiation
reaching the surface through enhanced or reduced
cloudiness (and therefore, precipitation) in the SACZ.
The SST anomalies associated with the first spring
mode resemble some aspects of the SST patterns
associated with the PDO/IPO (Pacific Decadal
Oscillation or Interdecadal Pacific Oscillation) and AMO
(Atlantic Multidecadal Oscillation). The series of both

these oscillations are significantly correlated with the PC
series of that mode.

The first summer mode (Fig. 2, top) also
displays a dipolar pattern, similar to that of the first
spring mode, but the polarity between central-east and
southeast South America anomalies is reversed with
respect to spring, for these modes show significant
positive correlation (Table 1). The sign of the anomalies
persists from spring to summer in other regions, such as
northern South America and central Argentina. The
second summer mode (Fig. 2, bottom) also presents
anomalies of opposite signs in central-east and
southeast South America, but it is characterized by
strongest anomalies in central-northeast Argentina, with
the same sign as those in southern Brazil, while in the
first mode the anomalies in northeast Argentina are
weak. Besides, the anomalies in the second summer
mode have opposite signs in central-east and central-
west Brazil.

There are less extensive areas of significant
correlation of SST with the first summer PC (Fig. 2, top)
than with the first spring PC (Fig. 1), but the main
regions of significant correlation are similar in the
central-eastern Pacific and tropical Atlantic oceans. Also
there is significant relationship of this mode with the
PDO and the AMO, as happens to the first spring mode.
The correlation patterns between SST and the second
summer mode (Fig. 2, bottom) also show some
common aspects with the correlation patterns exhibited
by the first spring mode (with opposite sign, since the
correlation between PC1 in spring and PC2 in summer
is negative, Table 1). However, in this case, the
common patterns are more concentrated in the central-
western Pacific and in the extratropics of the Atlantic
and Indian oceans, in the Southern Hemisphere, where
the strength of the correlation is stronger in summer.
The second summer mode is correlated neither with the
PDO nor with the AMO.

Rotated modes tend to focus on the anomalies
that are more relevant in certain regions and that have
common underlying mechanisms. Fig. 3 (top) shows
that the first rotated spring mode, although similar to the
corresponding first non-rotated mode (Fig. 1), is more
focused on the anomalies in central-east South
America. The associated SST anomalies are restricted
to smaller areas. In the Pacific Ocean, they are
concentrated around the equator, where they enlarge
(or reduce) the spatial domain of the equatorial
anomalies caused by ENSO, and also in the subtropics
(with opposite sign), where they strengthen (or weaken)
the meridional SST gradient and, therefore, the westerly
winds at upper levels. In the Atlantic Ocean, they are
more concentrated in the subtropics of the North
Atlantic, where they are associated with the AMO.
Similar comments apply to first summer rotated mode
(Fig. 3, bottom). The results described above are
confirmed by the modes for November and January.

3.2 Relationships between spring and summer

The first spring mode exhibits significant
positive correlation with the first summer mode and



negative correlation with the second summer mode
(Table 1), which means that the precipitation anomalies
of the first summer mode may evolve towards the
anomalies of the positive phase of the first summer
mode or the negative phase of the second summer
mode. In both cases, there is a reversal of anomalies in
central-east and southeast South America from spring
to summer, inverting the polarity of the dipolar pattern.
However, in most of the other regions, such as northern
South America, the sign of the anomalies persists.

The prevailing tendency to reversal of strong
anomalies in central-east South America from spring to
summer is confirmed by the first spring and summer
rotated modes (Fig. 3), whose PCs are highly correlated
(Table 1). This tendency is also observed in interannual
time scales (Grimm and Zilli 2008), being probably due
to processes of surface-atmosphere interactions caused
by precipitation anomalies over this region in spring,
according to Grimm et al. (2007). The reversal of
anomalies seems to undergo interdecadal modulation,
which produces spring anomalies more or less
adequate to trigger the processes that lead to reversal
in summer.

TABLE 1. Correlation coefficients (and respective levels
of significance in brackets) between PCs for spring and
summer and for November and January (NR=non-
rotated modes; R=rotated modes).

SUMMER (NR)
Modes 1 2
SPRING 1 0,55 (0,04) | -0,77 (0,00)
(NR)
SPRING 1R~ SUMMER 1R : 0,89 (0,00)

3.3 Spectral analysis of precipitation

Spectral analysis shows significant
interdecadal oscillations of summer precipitation in the
regions indicated by the first two modes, in central-east
Brazil and northeast Argentina, with periods from 10 to
50 years (Figures not shown).

3.4 Modes of SST interdecadal variability and
frequency of extreme events

The PCA of SST discloses modes with
anomaly patterns similar to the correlation patterns
between SST and the PCs of the precipitation.
Furthermore, the correlation of the SST PCs with the
gridded rainfall series in South America reproduces the
main characteristics of the anomaly rainfall patterns of
those modes. For example, Fig. 4 shows the second
rotated mode of summer SST variability, which
reproduces the main features of the correlation patterns
between SST and the first rotated PC for summer, with
opposite sign (Fig. 3, bottom). The correlation patterns
between the PC of this SST mode with rainfall
reproduces well the first rotated summer precipitation
mode (Fig. 3, bottom).

The correlation of the principal components of
SST interdecadal variability with the frequency of
extreme rainfall events over the continent, discloses the
regions in which the interdecadal oscillations influence
most the occurrence of extreme events. For example,
the second rotated mode of SST interdecadal variability
(Fig. 4) impacts very significantly on the frequency of
extreme events in central-east South America,
consistently with its impact on the seasonal rainfall.

4. CONCLUSIONS

The first modes of precipitation interdecadal
variability in South America in spring and summer
exhibit dipole-like pattern with centers in central-east
and southeast South America. This dipole tends to have
opposite polarity in spring and summer. The SST
anomalies associated with these modes tend to persist
from spring through summer, except in the SACZ
region. These anomalies are mainly distributed in the
Pacific and Atlantic oceans.

Both analyses, one based on the interdecadal
modes of precipitation variability in South America e the
other one based on the interdecadal modes of global
SST variability, show very consistent results. The
modes of SST interdecadal variability are associated not
only with significant seasonal rainfall variability, but also
with significant variations in the frequency of extreme
events in populated regions, such as central-east and
southeast South America.
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Fig. 1. First mode of spring precipitation: factor
loadings, factor scores, and correlation with SST

(significance better than 0.05 is coloured).

Fig. 2. Same as Fig. 1 for first and second modes of
summer precipitation.
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Fig. 4. Second rotated mode of summer SST: factor
loadings, factor scores and correlation with summer
rainfall in South America. Correlations significant to a
level better than 0.05 are coloured.

Fig. 3. Same as Fig. 1, for the first spring and summer
rotated modes.

Fig. 5. Correlation coefficients between the 2" PC of
summer SST variability and the frequency of extreme
summer rainfall events. Colors: level of significance.




