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ABSTRACT: The paper concentrates on the analysis of the interannual variability of wintertime rainfall in the Southern
Andes. Besides the socio-economic relevance of the region, mainly associated with hydroelectric energy production, the
study of the climate variability in that area has not received as much attention as others along the Andes. The results show
that winter rainfall explains the largest percentage of regional total annuals. A principal component analysis (PCA) of the
winter rainfall anomalies showed that the regional year-to-year variability is mostly explained by three leading patterns.
While one of them is significantly associated with both the El Nifio Southern Oscillation (ENSO), and the Southern Annular
Mode (SAM), the other two patterns are significantly related to interannual changes of the sea surface temperature (SST)
anomalies in the tropical Indian Ocean. Specifically, changes in the ocean surface conditions at both tropical basins induce
in the atmospheric circulation the generation of Rossby wave trains that extend along the South Pacific towards South
America, and alter the circulation at the region under study. The relationship between variability in the Indian Ocean and
the Andes climate variability has not been previously addressed. Therefore, this result makes a significant contribution to
the identification of the sources of predictability in South America with relevant consequences for future applications in

seasonal predictions. Copyright © 2009 Royal Meteorological Society
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1. Introduction

The Andes Mountains extend all along the west coast
of South America, which encompasses several important
socio-economic activities for the countries involved.
South of 35°S, the orographic region is of particular
relevance for the economies of Argentina and Chile
because most of the energy resources of both countries
come from the hydroelectric generating centres operating
in the region. It is therefore evident that such energy
production, as well as the regional water availability, is
highly sensitive to the regional climate variability.

In the border between Argentina and Chile two dif-
ferent regimes can be identified. Approximately north
of 38°S, the mountains are above 3000 m and prevent
the access of humidity from the Pacific Ocean eastwards.
South of 38 °S, the mountain height decreases to 1500 m,
which allows the incursion of the moist air from the
Pacific Ocean to the east of the Andes. At these lati-
tudes, westerly mean flow prevails all year around, being
more intense during winter. Owing to the interaction
of the mean flow with the orography, maximum pre-
cipitation takes place in the vicinity of the mountains,
while it decreases eastwards over the Patagonian region.
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In this dry region, the availability of drinking water is
scarce, and generally the rivers starting in the Andes that
flow towards the Atlantic Ocean are the most impor-
tant fresh water sources. In that sense, river runoff in
the region is highly dependent on the actual rainfall and
snow accumulated in the Andes Mountains.

This region of the Andes exhibits an important inter-
annual rainfall variability that has been partially associ-
ated with the El Nifio-Southern Oscillation (ENSO) by
many authors. During negative phases of the Southern
Oscillation Index (SOI), winter precipitation is greater
than normal in central Chile (Aceituno, 1988), which
also has an impact on the rivers flowing towards the
Pacific Ocean (Aceituno and Garreaud, 1995). In addi-
tion, a greater number of blocking events have been
observed over the South Pacific during warm ENSO
events which enhances winter precipitation over the cen-
tral Andes (Rutllant and Fuenzalida, 1991; Montecinos
and Aceituno, 2003). Compagnucci and Vargas (1998)
show that winters that precede a mature phase of El Nifio
(La Nifia) are characterized by larger (smaller) amounts
of snow over the Andes, north of 36°S, which contribute
to increase (decrease) the water volume of the rivers.
On the other hand, positive correlations between the SOI
and precipitation rate anomalies between 45°S and 55°S
have been found by Schneider and Gies (2004). Precip-
itation decreases there by about 15% during strong El
Niflos. Compagnucci and Araneo (2005) detected that the
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interannual variability of river discharges along the Andes
is also influenced by variations in the Pacific Ocean
surface conditions not necessarily associated with ENSO.

The motivation of this paper is to better understand
the interannual variability of wintertime seasonal rainfall
between 37°S and 43°S along the Andes. A specific
objective of this study is to diagnose how the rainfall
anomaly interannual variability in that area is related
to interannual changes of both atmospheric circulation
anomalies in the Southern Hemisphere (SH) and sea
surface temperature (SST) anomalies at the tropical
regions, besides those associated with ENSO. The paper
is organized as follows: Section 2 describes the dataset
and the area of interest. Section 3 presents the rainfall
climatological features in the region, while Section 4
discusses the leading patterns of rainfall interannual
variability and their associated regional and hemispheric
circulation as well as SST anomaly patterns. Section 5
discusses the relevance of the large-scale influence onto
the rainfall variability and Section 6 presents the main
conclusions.

2. Data and methodology

Monthly rainfall data derived from a selected group of
stations from the National Meteorological Service and
the Secretary of Hydrology of Argentina have been used
in this study. The stations are located in the Southern
Andes region between 37°S and 43°S, encompassing
the Argentinean provinces of Neuquen and Rio Negro
(Figure 1). The period of study goes from 1975 to 1997.
The analysis concentrates on the seasonal rainfall, the
seasons being those determined for the SH.

Monthly SST, 500-hPa geopotential heights (GH),
zonal (1) and meridional (v) winds at 700 hPa from
National Center of Environmental Prediction (NCEP)
reanalysis were also used (Kalnay et al. 1996). Monthly
anomalies were determined by removing the climatolog-
ical monthly means. The linear long-term trend was also
removed.

The leading patterns of rainfall variability on seasonal
time scales were obtained through a principal component
analysis (PCA) in the T-mode (Green, 1978). Therefore,
the principal scores (PC) describe the spatial patterns,
while the loadings provide the temporal evolution of
the patterns. The dominant frequencies related with the
variability of the leading patterns were identified through
spectral analyses. Lagged correlation maps between the
loading of the leading patterns and some meteorological
variables were computed in order to improve the physical
interpretation of the leading patterns.

3. Climatology

The main features of the mean annual rainfall cycle are
discussed in this section. Figure 2 shows that the cli-
matological mean rainfall peaks in late autumn and early
winter along the whole region. Although the selected area
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Figure 1. Location of rainfall gauge stations in the study region,
categorized into five sub-regions.

is very small (less than 120000 km?), the presence of the
complex orographic barrier results in large regional inho-
mogeneities in the mean annual cycle. Figure 2 shows
over and near the Andes (A and B) a marked annual
cycle, with a wet season in winter being evident with
larger amounts in the south (B) than in the north (A).
Eastward, much less rainfall characterizes the mean sea-
sonal cycle (C). On the other hand, a super-humid region
is observed within the Andes Mountains (D), due to
local orographic effects, with a maximum in winter that
almost duplicates that observed eastward (Region B).
Such a maximum was previously registered by Hoffman
(1975) who used more than 1700 stations to compile
a detailed climatology of precipitation in South Amer-
ica. Unfortunately, there are no other stations currently
operating in that particular area. Rainfall is scarce to the
southwest (E), and it shows almost no distinctive annual
cycle.

4. Rainfall interannual variability

4.1.

The interannual variability of rainfall anomalies for May,
June and July (MJJ, etc. hereafter) is analysed in this sec-
tion, as it corresponds in general to the rainiest season of

Leading patterns
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Figure 2. Mean rainfall annual cycle in each of the five regions described in Figure 1.

the region. A PCA was applied to MJJ rainfall anomalies
for the period 1975-1997. Four leading patterns were
retained following the Kaiser’s criterion (Kaiser, 1958),
where eigenvalues greater than 1 are considered, and also
the scree test (Cattel, 1966), where a break in the slope of
plotted eigenvalues is used to determine the quantity of
PCs to be analysed. As was discussed in the previous sec-
tion, the presence of such a complex orographic system
promotes the determination of relatively small regions
with significantly different climate variability features.
In agreement, Zheng and Renwick (2003, and references
therein) determine for seasonal prediction purposes six
regions in New Zealand, which has a mountain systems
as complex as is analysed in the present work, but over
a smaller area.

The first two leading patterns (PC1, PC2) explain
26 and 22%, respectively, of the variance, both being
statistically significant. Figure 3 shows that PCI1 has the
strongest influence in the southwest, while PC2 mostly
describes the variability of anomalies of opposite sign
in the central region along the east—west direction. PC3
exhibits the largest amplitudes over a void data region
and therefore is not considered in the study. On the other
hand, the fourth pattern (PC4), although it explains only
8% of the variance, is analysed here, as it depicts the
variability in the northern region.

A spectrum analysis for the loadings of PC1, PC2 and
PC4 is presented in Figure 4 in order to identify the domi-
nant periods of variability. The labelled peaks correspond
to those significant at 95% confidence level of a white
noise test (Conrad and Pollack, 1950). A peak at around
2 years is detected for PC1 and PC2, while a 4.4-year
periodicity is also found in the PC1 spectrum (Figure 4(a)
and (b)). It is speculated that both peaks of variabil-
ity might be related to those observed by other authors
(e.g. Mo, 2000) in the interannual variability of the SST
anomalies over the tropical Indian and Pacific Oceans as
is further discussed in the following sections. PC2 also
exhibits maximum variability at around 20 years. Nev-
ertheless, considering that such a period is similar to
that of the database record, this peak might be associ-
ated with trends or variability on lower frequencies not
fully removed by the filtering technique applied. On the

Copyright © 2009 Royal Meteorological Society

other hand, PC4 exhibits peaks of variability at around 3
and 5.5 years (Figure 4(c)). As described in the next sec-
tions, those peaks might be explained by the fact that PC4
variability is related to ENSO and the Southern Annu-
lar Mode (SAM), which exhibit peaks of variability at
around those two periods (e.g. Mo, 2000).

4.2. Regional analysis

The circulation anomalies associated with the leading
patterns of rainfall anomaly variability are explored
in order to identify the key elements of the regional
circulation that promote or inhibit rainfall anomalies in
the region. Correlation maps were made between the PC
time series and the MJJ seasonal anomalies of 500-hPa
geopotential heights, which describe the regional patterns
of circulation. Similar maps were also made for zonal and
meridional wind anomalies at 700 hPa, indicative of the
low-level flow across the Andes, transporting moisture in
the region.

It is well known that mean moisture transport along
the Southern Andes is related to low-level westerly winds
(e.g. Schwerdtfeger, 1975). Nevertheless, the analysis for
each of the PCs shows that zonal wind anomalies are
embedded in different regional circulation anomaly pat-
terns. Positive winter rainfall anomalies in southwestern
region (PC1) are associated with westerly and southerly
wind anomalies (Figures 5(b) and (c)), which in turn
are promoted by an anticyclonic anomaly centred off
the western coast of South America and a cyclonic
anomaly centre over southern Brazil (Figure 5(a)). On the
other hand, westerly zonal wind anomalies and northerly
meridional wind anomalies at lower levels (Figure 6(b)
and (c)), related to positive phases of PC2, are associated
with a cyclonic anomaly centred in southeastern Pacific,
at around 85°W, 45°S (Figure 6(a)). Compagnucci and
Araneo (2005) showed that positive discharge anomalies
in the rivers of the region are associated with a high fre-
quency of cyclonic systems from the Pacific eastward.
As further discussed in Section 4.3, the regional circula-
tion anomalies seem to be part of a Rossby wave-train
pattern extended between the western South Pacific and
South America, which in turn is forced by changes in the
SST anomalies at the Indian Ocean.

Int. J. Climatol. 30: 643—-657 (2010)
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Figure 3. Leading patterns of MJJ accumulated rainfall anomalies for the period 1975-1997. Negative (positive) contours are dashed (full).
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Positive rainfall anomalies in the northern portion
of the region (PC4) are related with an anticyclonic
anomaly located right over the orography (Figure 7(a)).
It is noticeable that negligible correlation values between
PC4 time series and low-level zonal wind anomalies
are observed (Figure 7(b)), while moderate relationships
are depicted with negative meridional wind anomalies
(Figure 7(c)). This result might suggest that moist air is
transported along the eastern slope of the Andes from the
tropical areas into the region of interest.

4.3. Hemispherical analysis

The section explores the relationship between the large-
scale anomaly patterns in both the atmosphere and oceans
and the rainfall anomaly variability in the region. The

Copyright © 2009 Royal Meteorological Society

are shaded in dark grey, and less than —1 mm are shaded in light grey.

existence of such relationships might provide useful hints
to improve the seasonal predictions.

Lagged correlation maps between PC1 time series and
both SST and 500-hPa geopotential height anomalies
were performed, which are displayed in Figures 8 and
9. Negative correlation values along the tropical band
with extreme values in the Indian Ocean (5°S-20°S;
60°E—-90°E) are detected between FMA SST anomalies
and MJJ PC1 (Figure 8(a)). This pattern persists for
MAM SST anomalies (Figure 8(b)), whereas it weakens
for the corresponding anomalies of AMJ (Figure 8(c))
and MJJ (Figure 8(d)). Evidences of the influence of
Indian Ocean conditions on the climate variability have
been previously documented for other regions in the SH.
Zheng and Frederiksen (2006) demonstrated that SST
conditions in central Indian Ocean in MAM are a good

Int. J. Climatol. 30: 643-657 (2010)
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Figure 4. A spectrum analysis of the loadings of PC1, PC2 and PC4;
the labelled peaks correspond to those significant at 95% confidence
level of a white noise test.

predictor of winter rainfall variability in New Zealand.
Reason (2001) described links between Indian Ocean
SST variability and rainfall in Southern Africa. However,
there are no previous studies showing the links between
the variability of the SST anomalies in tropical Indian
Ocean and that of the climate in extra-tropical South
America.

The correlation map between the 500-hPa geopotential
height anomalies for FMA and the MJJ PC1 (Figure 9(a))
shows a wave train extending from Australia towards
South America. The wave-like pattern is also evident
for the other three analysed lags, MAM (Figure 9(b)),
AMI (Figure 9(c)) and MJJ (Figure 9(d)). The wave-like
pattern resembles that associated with the third leading

Copyright © 2009 Royal Meteorological Society
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pattern of circulation interannual variability in the SH,
known as Pacific South American Pattern 2 (PSA2). Mo
(2000) shows that PSA2 is characterized by a wave train
emanating from the tropical western Pacific polewards,
and it is associated with the tropical Indian Ocean SST
anomalies on quasi-biennial time scales (Mo, 2000).
Figure 9 also shows that the anticyclonic anomaly centred
on the western coast of South America (Figure 5(a)),
described in Section 4.2, is part of the large-scale wave-
train pattern, and during AMIJ it exhibits the largest
correlation magnitude with MJJ PC1.

MIJJ PC2 variability tends to be related to cold SST
anomalies in the Indian Ocean since FMA (Figure 10(a)).
That relationship attains its largest magnitude on MAM
(Figure 10(b)) and weakens in the subsequent seasons
(Figure 10(c) and (d)). Large lagged correlation mag-
nitudes are also observed between MJJ PC2 and SST
anomalies at the extra-tropical South Pacific Ocean. The
analysis of the large-scale circulation variability associ-
ated with PC2 shows for all lags considered a band of
negative correlation values extending along the subtrop-
ical South Pacific (Figure 11). Zonally oriented wave-
like patterns are also discernible at high latitudes. Fur-
thermore, the cyclonic anomaly located off the South
American coast in MJJ (Figures 6(a) and 11(d)) seems
to get its largest relationship with MIJJ rainfall anoma-
lies associated with PC2 during AMJ (Figure 11(c)).
Such an anomaly centre is also present in the lagged
correlation maps for the previous seasons but located
westwards.

The correlation maps between PC4 and lagged SST
anomalies display an ENSO-like pattern (Figure 12).
Negative SST anomalies in the central equatorial Pacific
are related to positive rainfall anomalies in the region of
action for PC4 from FMA to MJJ with largest correlation
magnitudes by MAM and AMJ.

The correlation maps between 500-hPa geopotential
height anomalies and PC4 show an annular-like pattern
at high latitudes similar to that associated with the SAM
(Mo 2000) combined with wave-like patterns at middle
latitudes (Figure 13). Previous work has shown that
both ENSO and SAM might have a combined influence
on the rainfall variability in some regions of the SH.
While Silvestri and Vera (2003) show such influence
on precipitation interannual variability in southeastern
South America, particularly during spring, Zheng and
Frederiksen (2006) show that both signals affect summer
rainfall variability in the New Zealand sector. Moreover,
Reason and Rouault (2005) have shown that wetter (drier)
winters in western South Africa occur during negative
(positive) SAM phase. The results presented here confirm
that such combined influence of ENSO and SAM can
affect also the climate variability in the Southern Andes.

5. Discussion

The previous analysis shows that the rainfall interannual
variability across the Southern Andes is strongly related

Int. J. Climatol. 30: 643—657 (2010)
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Figure 5. Simultaneous seasonal correlation between MJJ rainfall anomalies PC1 and (a) 500-hPa geopotential height, (b) 700 hPa zonal wind
and (c) 700 hPa meridional wind. Values larger than 0.4 correspond to those significant at 95% confidence level.

to the interannual variability of the SST anomalies at
tropical Indian and Pacific Oceans. Specifically, changes
in the ocean surface conditions at both tropical basins
induce in the atmospheric circulation the generation of
Rossby wave trains that extend along the South Pacific
towards South America and alter the circulation at the
region under study.

Copyright © 2009 Royal Meteorological Society

In addition, the leading pattern of circulation variability
in the SH, i.e. the SAM, also seems to have a signifi-
cant correlation with the year-to-year rainfall variability
at the Southern Andes. SAM is associated with intensifi-
cation and weakening of the westerlies mainly forced by
the atmospheric internal variability (e.g. Thompson and
Wallace 2000). Therefore, the relationship between the

Int. J. Climatol. 30: 643—-657 (2010)
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Figure 6. Same as in Figure 5 for MJJ rainfall anomalies PC2.

rainfall variability in Southern Andes and that associated
with ENSO, SAM and the SST anomalies at the Indian
Ocean is further explored here.

The time series of the SST anomalies in the El Nifio-
3.4 region (EN3.4) was considered as the ENSO index.
The SAM index is determined by the time series of

Copyright © 2009 Royal Meteorological Society

the leading pattern from an empirical orthogonal func-
tion (EOF) analysis of monthly mean 700-hPa height
anomalies (Mo, 2000). An index representative of the
SST variability in the tropical Indian Ocean was quan-
tified by the SST anomalies averaged over the region
(5°S-20°S, 60°E-90°E) (SST-10).

Int. J. Climatol. 30: 643—657 (2010)
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Figure 7. Same as in Figure 5 for MJJ rainfall anomalies PC4.

Table I shows the lagged correlations between the time
series of PC1, PC2 and PC4 and the SST-IO, EN3.4 and
SAM. A r-test was used to evaluate the significance of
the correlation values displayed in Table I (Brooks and
Carruthers, 1953). Previously, it was checked for each of
the time series as to whether there were autocorrelations

Copyright © 2009 Royal Meteorological Society

or not, and it was confirmed that neither of them is
significantly auto-correlated.

It is evident that neither of the correlations between
the rainfall variability associated with PC1 and the three
indices are statistically significant. Nevertheless, both the
tropical portions of the Indian and Pacific oceans exhibit

Int. J. Climatol. 30: 643—-657 (2010)
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Figure 8. Lagged seasonal correlation between MJJ rainfall anomalies PC1 and (a) FMA, (b) MAM, (c) AMJ, and (d) MJJ sea surface temperature.
Values larger than 0.4 correspond to those significant at 95% confidence level.

the largest relationship with PC1 in FMA. Moreover, Table I confirms that PC4 is significantly related with
the MJJ time series of PC2 is significantly correlated both ENSO and SAM. While in FMA, SAM shows the
with the SST-IO index in the preceding FMA, while largest correlation with PC4, during the next seasons both
the correlation values for the next seasons subsequently ENSO and SAM show similar correlation values. Accord-
decrease. ingly, Silvestri and Vera (2003) described a combined

Copyright © 2009 Royal Meteorological Society Int. J. Climatol. 30: 643-657 (2010)
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Figure 9. Lagged seasonal correlation between MJJ rainfall anomalies PC1 and (a) FMA, (b) MAM, (c) AMJ and (d) MJJ 500-hPa geopotential
height. Values larger than 0.4 correspond to those significant at 95% confidence level.

Table I. Lagged correlations between the time series of PC1, PC2 and PC4 and the SST-IO, EN3.4 and AAO indexes (as defined
in the text). Bolded (italic) numbers indicate statistically significant values at 90% (95%) confidence level.

SST-IO EN3.4 AAO
FMA MAM AMJ FMA MAM AMJ FMA MAM AMJ
PC1 —0.34 —0.26 -0.13 —0.26 —0.18 —0.09 0.07 0.02 0.12
PC2 —046 -0.24 -0.03 -0.02 0.11 0.18 -0.04 —0.01 0.06
PC4 —0.24 —0.33 —-0.29 —0.37 —0.43 —0.44 051 0.43 0.39

influence of SAM and ENSO on the rainfall variability
over southeastern South America.

6. Conclusions

This paper contributes to a better understanding of the
main features associated with the rainfall interannual
variability in a sector of the Southern Andes. The study
was motivated by the fact that hydroelectric energy

Copyright © 2009 Royal Meteorological Society

production and water availability in the area are highly
sensitive to year-to-year changes in rainfall.

The analysis of the mean seasonal cycle shows that
most of the rainfall occurs during winter, with maximum
annual totals located over the Andes and decreasing
eastwards. Three leading patterns essentially describe the
spatial distribution of the regional rainfall interannual
variability. PC1 and PC2 represent the variability over the
southern and central part of the study region, respectively,

Int. J. Climatol. 30: 643—-657 (2010)
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Figure 10. Same as in Figure 8 for PC2.

and exhibit considerable variability around 2 years. Low-
level westerly anomalies are important in transporting
moisture from the Pacific Ocean into the region. It
was found that such westerly anomalies are promoted
by regional circulation anomalies, which in turn are

Copyright © 2009 Royal Meteorological Society

embedded in a large-scale wave train extending from
Australia to South America. Furthermore, significant
lagged correlations between the SST anomalies over
the tropical Indian Ocean and the rainfall variability in
the Southern Andes have been found. It is speculated

Int. J. Climatol. 30: 643—657 (2010)
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Figure 11. Same as in Figure 9 for PC2.

that such changes in the ocean surface conditions are
responsible for inducing the Rossby wave train that
extend along the South Pacific, between the tropical
Indian Ocean and the region of interest.

In addition, PC4, which describes the rainfall vari-
ability in the northern portion of the region, shows a
combined influence of ENSO and SAM. PC4 exhibits
significant correlations with the SST anomalies in the
central equatorial Pacific and with atmospheric circu-
lation anomaly patterns associated with an annular-like
structure at polar latitudes and a wave-like structure along
the South Pacific.

The fact that changes in the conditions of both trop-
ical Indian and Pacific Ocean significantly lead to the
rainfall anomalies in the Southern Andes for at least
a season provides some scope for seasonal prediction
in the region. Previous works have pointed out the
role of the tropical Indian Ocean conditions in influ-
encing the large-scale circulation variability in the SH

Copyright © 2009 Royal Meteorological Society

(Mo, 2000), and in particular the climate variability
in the New Zealand region (Zheng and Frederiksen,
2006). Nevertheless, the Indian Ocean influence over
the climate variability in extra-tropical South America
and particularly over the Southern Andes regions has
not been addressed yet. Therefore, the influence of the
Indian Ocean conditions on the climate variability in
the Southern Andes found in this work makes a signif-
icant and innovative contribution to the understanding
of the sources of predictability in the region with rel-
evant consequences for future applications on seasonal
predictions.

Finally, it was found that SAM also exhibits link-
ages with the regional climate variability. Nevertheless,
the fact that the SAM variability is dominant not only
on interannual but also intraseasonal time scales and
is essentially induced by the atmospheric internal vari-
ability might limit the skills of the regional seasonal
prediction.

Int. J. Climatol. 30: 643—-657 (2010)
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