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Abstract The space-time structure of the daily atmo-
spheric variability in the South American monsoon system
has been studied using multichannel singular spectrum
analysis of daily outgoing longwave radiation. The three
leading eigenmodes are found to have low-frequency vari-
ability while four other modes form higher frequency
oscillations. The first mode has the same time variability as
that of El Nino-Southern Oscillation (ENSO) and exhibits
strong correlation with the Pacific sea surface temperature
(SST). The second mode varies on a decadal time scale with
significant correlation with the Atlantic SST suggesting
an association with the Atlantic multidecadal oscillation
(AMO). The third mode also has decadal variability but
shows an association with the SST of the Pacific decadal
oscillation (PDO). The fourth and fifth modes describe an
oscillation that has a period of about 165 days and is asso-
ciated with the North Atlantic oscillation (NAO). The sixth
and seventh modes describe an intraseasonal oscillation with
a period of 52 days which shows strong relation with the
Madden-Julian oscillation. There exists an important dif-
ference in the variability of convection between Amazon
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River Basin (ARB) and central-east South America (CESA).
Both regions have similar variations due to ENSO though
with higher magnitude in ARB. The AMO-related mode has
almost identical variations in the two regions, whereas the
PDO-related mode has opposite variations. The intersea-
sonal NAO-related mode also has variations of opposite sign
with comparable magnitudes in the two regions. The intra-
seasonal variability over the CESA is robust while it is very
weak over the ARB region. The relative contributions from
the low-frequency modes mainly determine the interannual
variability of the seasonal mean monsoon although the in-
terseasonal oscillation may contribute in a subtle way during
certain years. The intraseasonal variability does not seem to
influence the interannual variability in either region.

Keywords South American monsoon - ENSO -
Atlantic multidecadal oscillation -
Intraseasonal oscillation-MJO - NAO

1 Introduction

The South American monsoon system (SAMS) has been
shown to have some similarities with the South Asian
summer monsoon (Zhou and Lau 1998; Vera et al. 2006),
although the SAMS is weaker in strength and can be
identified with the seasonal reversal of low level winds
only after the annual mean is removed. The SAMS circu-
lation responds to the strong diabatic heating released in
the monsoonal precipitation (Lenters and Cook 1997)
which has a distinct annual cycle in certain parts of the
continent (Vera et al. 2006). For example, the Bolivian
high (an upper level feature) and the Gran Chaco low
(a low level feature) are shifted as the season progresses
(Zhou and Lau 1998; Grimm et al. 2005).
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The austral summer season rainfall in the Amazon Basin
is known to be associated with the El Nifio-Southern
Oscillation (ENSO) variations (Kousky et al. 1984;
Aceitunuo 1988; Ropelewski and Halpert 1987; Marengo 1992,
1995; Marengo and Hastenrath 1993; Rao et al. 1996; Fu
et al. 2001). The warm (cold) phase of ENSO in the eastern
Pacific Ocean coincides with reduced (increased) rainfall in
this region. During an El Nifio, anomalous ascending
motion over the eastern Pacific Ocean under the influence of
warm sea surface temperature (SST) is thought to induce
anomalous subsidence east of the Andes resulting in below
average precipitation in the northern Amazon Basin
(Marengo and Hastenrath 1993). However, several studies
also suggest that the interannual variance over the Amazon
Basin is not completely explained by ENSO (Marengo and
Hastenrath 1993; Rao et al. 1996; Dettinger et al. 2000).
Rao et al. (1996) showed that increased rainfall over
the Amazon Basin is also associated with an increase of
moisture transport from the Atlantic Ocean.

On the other hand, the interannual variability of pre-
cipitation over southeast Brazil is found to be less influ-
enced by ENSO (Liebmann et al. 2001; Carvalho et al.
2002a; Grimm 2003, 2004). Grimm (2003, 2004) indi-
cated that the influence of ENSO over southeast Brazil is
sub-seasonal in nature, attributing it to the competition
between the remote ENSO forcing and regional processes
that cause abrupt change in the rainfall from 1 month to
the other. However, a recent study by Krishnamurthy and
Misra (2010) has shown that the interannual variation of
the rainfall in the central-east part of the continent
(60°W—40°W, 20°S-5°S) is significantly influenced by
ENSO variations. Furthermore, it was shown that this
ENSO influence is seasonally persistent and not subsea-
sonal in its variability. In a related coupled modeling
study, Misra (2008a) showed that the ENSO teleconnec-
tion over the Amazon (southeast Brazil) is sensitive
(insensitive) to air-sea coupling. In fact, this sensitivity of
rainfall variability to air-sea interaction is a feature that is
shared by other monsoon systems of the globe (Misra
2008b). The importance of air-sea interaction on the
interannual variability of rainfall over southeast Brazil and
northern Argentina seems to be more significant in the
Atlantic Ocean (Robertson and Mechoso 2000; Doyle and
Barros 2002; Robertson et al. 2003; Chaves and Nobre
2004).

The southeast Brazil region is also known for its intra-
seasonal variability (Nogués-Paegle and Mo 1997; Liebmann
et al. 1999; Jones and Carvalho 2002). Nogués-Paegle and
Mo (1997) showed alternating wet and dry conditions
occurring at intraseasonal scales in the South Atlantic
Convergence Zone (SACZ) and over the subtropical plains
of South America. These see-saw patterns in outgoing
longwave radiation (OLR) were identified as a regional
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component of a larger oscillatory pattern that is linked to
the 30-60 day oscillation in the tropics. In the observa-
tional study of Liebmann et al. (1999), it is clearly indi-
cated that the OLR fluctuations with periods less than
90 days show maximum variance over the SACZ region
and over southeast Brazil during December-February. They
further indicate that a local minimum in intraseasonal
variance exists over the southern Amazon Basin where the
mean convection is at a maximum. Carvalho et al. (2002b),
Jones and Carvalho (2002) also showed reversal of
850 hPa zonal winds at intraseasonal scales over southeast
Brazil that was associated with simultaneous changes in
precipitation variability.

The above discussion points to a need to investigate the
relative roles of low-frequency variability and subseasonal
variability of the SAMS. It is also necessary to understand
the influences of both the Pacific and Atlantic Oceans as far
as the low-frequency variability is concerned. An under-
standing of the relative roles played by the variations at
different time scales has important implication on the long-
term prediction of the monsoon. The optimism for long-
term prediction stems from a hypothesis of Charney and
Shukla (1981) according to which the tropical climate
variability is mainly determined by slowly varying com-
ponents such as SST, soil moisture and snow cover. Sup-
port for this hypothesis was provided by Krishnamurthy
and Shukla (2007, 2008) who analyzed daily rainfall and
convection over the South Asian monsoon region and
showed the existence of seasonally persisting signals along
with intraseasonal oscillations of different periods. The
seasonally persisting components were shown to be related
to the SSTs of ENSO and Indian Ocean dipole (I0OD) mode
(Krishnamurthy and Kirtman 2009). The interannual vari-
ability of the seasonal mean rainfall is mainly determined
by the relative contributions from the ENSO and IOD
related signals. However, the oscillations are important in
the subseasonal variability and may contribute in a small
way to the seasonal mean during certain years when the
influence of SST is weak.

The purpose of this study is to perform a similar analysis
of the SAMS in order to identify the components of vari-
ability on different time scales, to obtain their space—time
structures and to determine their relative roles in the
intraseasonal and interannual variability of the atmosphere
over South America. More specifically, the objective of
this study is to provide observational evidence for the
relative roles of slowly varying components that are related
to SST variability and high-frequency components that
vary on intraseasonal time scale. The relation to the SSTs
of both the Pacific and Atlantic Oceans will be investi-
gated. The relative contributions of these various compo-
nents in determining the interannual variability of the
seasonal mean monsoon will be analyzed. The regional
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variations of the influence of components of different time
scales will also be examined by separately analyzing the
variability over the Amazon Basin and the central-east part
of South America. The objectives of this study are
achieved by performing multichannel singular spectrum
analysis (MSSA) of daily observed OLR anomalies over
South America and the adjoining oceanic region. This
method allows the decomposition of the total variability
into nonlinear oscillations, persisting signals and trends and
to study their space—time structures on a daily time scale
basis. This study may be considered as an expansion of our
earlier work (Krishnamurthy and Misra 2010), which pri-
marily dwelled on the ENSO-forced variability over cen-
tral-east South America. This paper examines the
variations over central-east South America and the Ama-
zon River Basin at decadal and intraseasonal time scales
also. This study also includes the forcing from the Atlantic
SST variation and provides a comparison with the ENSO-
forced variability.

In Sect. 2, the data and method of analysis are described.
The climatologies of OLR and precipitation are discussed
in Sect. 3. The results of the MSSA of daily OLR
anomalies are given in Sect. 4. Section 5 discusses the
low-frequency modes while Sect. 6 describes the higher
frequency modes. A final discussion of the results is given
in Sect. 7.

2 Data and method of analysis

The analysis of daily variability in this study uses observed
outgoing longwave radiation which represents deep con-
vection. Daily mean values of OLR for the period
1979-2007 on 2.5° longitude x 2.5° latitude grid were
obtained from the National Oceanic and Atmospheric
Administration (NOAA, Liebmann and Smith 1996). The
data prior to 1979 were not used because of discontinuity in
1978 caused by satellite problems. The one-degree daily
precipitation data set developed by the Global Precipitation
Climatology Project (GPCP, Huffman et al. 2001) has also
been used for the period 1997-2007. To study the relation
with SST, the newly developed optimally interpolated SST
(OISST Version 2) data set (Reynolds et al. 2007) from
NOAA was obtained for the period 1982-2007. The daily
values of SST are available on 0.25° x 0.25° grid. The
dynamical fields which are analyzed include daily mean
horizontal winds at 850 and 200 hPa and mean sea level
pressure (MSLP) for the period 1979-2007 extracted from
the National Centers for Environmental Prediction (NCEP)
Reanalysis-2 dataset (Kanamitsu et al. 2002). The daily
climatology was computed as the mean for each calendar
day, and was subtracted from the total field to obtain the
daily anomalies.

The main method of analysis extracts the space—time
structure of the atmospheric variability by performing
multi-channel singular spectrum analysis of the daily OLR
anomalies over the South American monsoon region. The
MSSA is applied to obtain oscillatory and persistent modes
by following the mathematical formulation described by
Ghil et al. (2002). This method has been used in studies on
Indian monsoon to understand the intreaseasonal oscilla-
tions and low-frequency persistent signals (Krishnamurthy
and Shukla 2007, 2008). For data specified at L grid points
and N discrete times, the MSSA is applied to O to M — 1
lagged copies of the data which results in LM eigenvalues
and LM eigenvectors. Each eigenvalue provides the vari-
ance explained by the corresponding eigenmode. The
eigenvectors, each containing a sequence of M maps on
L grid points, are the space-time empirical orthogonal
functions (ST-EOF). Each eigenmode also has a space—
time principal component (ST-PC) of time length
N — M + 1. The original data can be expressed as the sum
of all the reconstructed components (RCs) formed from the
corresponding ST-EOFs and ST-PCs. Each RC, corre-
sponding to a particular eigenmode, is a time series of
maps with the same grid and same time length as the ori-
ginal time series. The RCs are considered as filtered data
obtained by data-adaptive method.

3 Climatology

The mean climate over South America is shown as annual
climatological mean OLR for the period 1979-2007 in
Fig. 1a. Most of the northern part (north of 20°S), which
includes part of the Amazon River basin, is covered with
OLR less than 220 W m™? indicating strong convection.
The northwest region consists of a large area with maxi-
mum convective activity. Over much of the southern part
(40°S-20°S) of the continent and the eastern part of Brazil,
the mean OLR is in the range 230-260 W m 2. The
equatorial eastern Pacific and Atlantic Oceans are regions
of less convective activity with OLR ranging from 250 to
270 W m~2. However, the South Atlantic Convergence
Zone (SACZ) shows moderate convective activity. An
examination of the climatological mean OLR for the
December-January-February-March (DJFM) season (figure
not shown) showed a pattern similar to that of the annual
mean (Fig. 1a) but with more intense convection
(190-225 W m™?) in the northern part of the continent and
slightly higher values of OLR elsewhere including the
oceanic regions.

The standard deviation of daily OLR anomalies for all
days of the period 1979-2007 is plotted in Fig. 1b which
shows values in the range of 25-40 W m ™2 over most of
the continent and in the oceanic region of SACZ. The
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standard deviation is uniform with slightly lower value in
the northern part of the continent compared to the region
south of 15°S. The regions of least convective activity in
the Pacific and Atlantic Oceans (Fig. 1a) also have the
lowest daily variability (Fig. 1b). The daily standard
deviation of OLR was also examined for just the DJFM
season (figure not shown) and found to be quite similar to
the all season variability shown in Fig. 1b but with values
higher by 5-10 W m 2.

In order to study the difference in the convection
between the northern and central parts of South America,
the region (70°W-50°W, 5°S-5°N), referred to as the
Amazon River Basin (ARB), and the region (60°W—40°W,
20°S—-10°S), referred to as the central-east South America
(CESA), are selected. The CESA region in this study is
slightly different from that defined by Krishnamurthy and
Misra (2010) so that the two regions are of same size and
not overlapping. The area averages of any variable over
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these two regions will be called the ARB index and CESA
index. The annual cycles of daily ARB and CESA indexes
of OLR and their daily standard deviations are shown in
Fig. lc, d, respectively. For more support, the annual
cycles of precipitation using GPCP data for the period
1998-2007 are also shown. The annual cycle of CESA
index is more robust with a well-defined dry season with no
precipitation (280 W m~> OLR) during June-July-August-
September (JJAS) and a well-defined wet season with
6-9 mm day ' precipitation (200-220 W m~* OLR) dur-
ing DJFM (Fig. 1c). On the other hand, the annual cycle of
ARB index does not reveal well-defined wet and dry sea-
sons corresponding to the austral summer and winter sea-
sons, respectively. The ARB index is in the range of
4-11 mm day~' precipitation (210-240 W m~> OLR)
with maximum during April-June and minimum during
September—November. Although the ARB and CESA
indexes are close during DJFM, they differ by
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6-9 mm day ' in precipitation (200-220 W m~~ in OLR)
during May—-September.

The standard deviation of the CESA index also has a
stronger annual cycle compared to the ARB index
(Fig. 1d), and both reveal the same seasonal characteristics
as those of the daily mean (Fig. 1c). The standard deviation
of the CESA reaches up to 4 mm day ™' in precipitation
(25 W m~? in OLR) whereas the standard deviation of the
ARB index has a maximum of 6 mm day ' in precipitation
(20 W m™? in OLR). Generally, the variability of con-
vection is higher in the CESA region than in the ARB
region although not in the precipitation.

4 MSSA of daily OLR anomalies

The space—time structure of the variability of convection
over the South American monsoon region was obtained by
applying MSSA to daily OLR anomalies in (110°W-0°,
50°S-20°N) region for all the days of the period
1979-2007. A lag window of 121 days at 1 day interval
was used. The eigenmodes obtained from MSSA are
arranged in descending order of the variance explained.
The first seven eigenmodes are found to consist of three
non-oscillatory modes with low-frequency variability and
two pairs of oscillatory modes of different periods. These
seven modes describe important features of the South
American monsoon system varying from intraseasonal to
decadal time scales, while the rest of the modes are in time
scales of higher frequency. Therefore, this paper will dis-
cuss only the first seven eigenmodes. The variance
explained ranges from 0.9% for the first mode to 0.3% for
the seventh mode. These values are small because of the
fact that the MSSA has been applied to raw daily anomalies
without pre-filtering in order to obtain space—time modes in
a data-adaptive manner. The important point to note is that
these are the leading modes while the other modes have
even less variance and progressively become indistin-
guishable from noise. The same seven modes were also
obtained when the MSSA procedure was repeated with 5
and 15-day running means of daily OLR anomalies but
now with 2.0, 4.4% for the first mode and 0.7, 1.2% for the
seventh mode, respectively. The MSSA eigenmodes of raw
anomalies are used in further discussion.

Since the length of the lag window is 121 days, each
MSSA mode consists of an ST-EOF which is a sequence of
121 lagged maps and an ST-PC whose time length is equal
to the number of days in the period 1979-2007 minus
120 days. The ST-EOF and ST-PC are used to construct the
space—time RC of each eigenmode (see Ghil et al. 2002).
The RCs are on the same spatial grid and have the same
time length and sequence as the original data. An exami-
nation of the ST-EOF, ST-PC and RC of each eigenmode,

following the criteria specified by Ghil et al. (2002), the
eigenmodes 1, 2 and 3 were found to be non-oscillatory at
low-frequency time scales and modes (6, 7) to be an
oscillatory pair with 52-day period. The modes (4, 5)
showed all indications of being an oscillation but with a
period longer than the length of the lag window. Therefore,
a second MSSA was performed on just the RC of mode
(4, 5) with a longer lag window to extract an oscillatory pair
with a period of 165 days. The RC of an oscillation is the
sum of the RCs of the individual modes of the pair. The RCs
of eigenmodes 1, 2, 3, (4, 5) and (6, 7) will be denoted as
RCI1, RC2, RC3, RC45 and RC67, respectively.

The spatial structure and temporal variation of an RC
can be described in a compact manner by performing a
spatial EOF analysis of the RC. Since the RCs are coherent
modes, the first EOF (EOF1) explains a very high variance
(usually above 95%) of the corresponding RC (and not of
the total anomaly). The EOF1s of the RCs are shown in
Fig. 2 and the corresponding first PCs (PCls) in Fig. 3.
These PCs have the same time length as that of the RCs
and hence of the total anomaly, and should not be confused
with the ST-PCs of MSSA. The power spectra of the PCs
of Fig. 3 are plotted in Fig. 4.

The EOF1 of RC1 (Fig. 2a) shows an east—west struc-
ture above 20°S with anomalies of one sign over the con-
tinent and equatorial Atlantic Ocean and anomalies of
opposite sign over the Pacific Ocean. A north—south
structure of opposite anomalies is also seen with the sign
changing at 20°S. This structure varies on a daily basis
according to the PC1 of RCI1 shown in Fig. 3a. The vari-
ability of the PC is seen to be mainly interannual without
the presence of high-frequency fluctuations. The power
spectrum of RC1 (Fig. 4a) is broad-band with a well
defined peak at about 45 months which is about the same
as that of ENSO. In fact, the variation of PC1 of RC1 is
similar to the ENSO variation with warm events of
1982-1983, 1987-1988 and 1997-1998 prominently cap-
tured (Fig. 3a). This first MSSA mode is the same as that
described by Krishnamurthy and Misra (2010). This study
will later discuss further properties of this mode.

While the variability of the first MSSA eigenmode is
interannual, the second and third eigenmodes seem to
display variation on even longer time scale. For the second
mode, the EOF1 of RC2 in Fig. 2b shows anomalies of
same sign over the entire continent with maximum values
along the elevated region in the southwest. Although the
anomalies over the eastern Pacific and Southern Atlantic
Oceans are uniformly the weakest, it is important to note
that the anomalies over the continent extend over to
northern Atlantic Ocean and West Africa. The signal is
thus not restricted to land areas only. The PC1 of RC2
(Fig. 3b) indicates variability on decadal time scale with
small amplitude interannual variability superimposed. The
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power spectrum of RC2 shown in Fig. 4a is mainly red
confirming that the variability is mostly in low-frequency
range which is beyond the ENSO band. The EOF1 of RC3
in Fig. 2¢ shows that the third mode has stronger anomalies
of one sign over the northwest part of the continent which
extends into the Pacific and Atlantic Oceans while opposite
sign anomalies over the continent to the south of 10°S,
southern Pacific Ocean and much of Atlantic Ocean south
of the equator (except for 25°S-35°S). The PC1 of RC3
(Fig. 3c) also seems to have low-frequency variability
which is confirmed by its spectrum (Fig. 4a) which is
somewhat red in nature without any peaks.

The spatial structure of the oscillatory pair of eigen-
modes (4, 5), as shown by EOF1 of RC45 in Fig. 2d,
consists of strong anomalies of one sign over the eastern
part of South America and SACZ and weaker anomalies of
opposite sign to the south and north. The time variability of
PC1 of RC45 (Fig. 3d) shows a nonlinear oscillation whose
amplitude, phase and frequency are modulated. From
Fig. 4b, the power spectrum of RC 45 reveals a peak at
165-day period. Because of its time scale, the (4, 5) mode
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will be referred as interseasonal oscillation, hereafter. The
second oscillatory pair (6, 7) also has a tilted structure with
strong anomalies over the SACZ and extending north-
westward onto the Pacific Ocean, as seen from EOF1 of
RC67 in Fig. 2e. From PC1 of RC67 in Fig. 3e, this mode
is also found to be a nonlinear oscillation but with higher
frequency. The power spectrum of RC67 (Fig. 4b) shows
that this oscillation has a peak in the intraseasonal time
scale at 52 days, similar to Madden-Julian Oscillation
MJO).

5 Low-frequency modes
5.1 Relation with ENSO and decadal oscillations

The association of the first three low-frequency modes with
ENSO and decadal phenomena such as the Pacific Decadal
Oscillation (PDO) and Atlantic Multidecadal Oscillation
(AMO) was investigated. For this purpose, the correlations
between the PC1 (in Fig. 3a—c) of the three RCs with daily
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anomalies of SST (from OISST?2) for the period 1982-2007
were computed. Additionally, in order to find the relation
with the atmospheric circulation, daily zonal wind
(u) anomalies at 850 hPa (from Reanalysis-2) were
regressed on PC1 of the RCs.

The point correlation of RC1 with SST, shown in
Fig. 5a, clearly reveals the ENSO signature with strong
positive correlation in the eastern and central equatorial
Pacific Ocean which is surrounded by the familiar
horseshoe pattern of negative correlation. These correla-
tions are even stronger in the Pacific Ocean for the
DIJFM season, as shown by Krishnamurthy and Misra
(2010). The regression of the zonal wind field at 850 hPa
on RCI1 shown in Fig. 5b is consistent with the SST
correlation. In the eastern and central equatorial Pacific
Ocean, the wind anomalies are westerlies, the effect of
which will be to weaken the trade winds and the Walker
circulation.

The point correlation of RC2 with SST is shown in
Fig. Sc. Significant correlations (reaching up to 0.4) appear
in the North Atlantic Ocean, similar to the correlation of

1990 1995 2000 2005

the AMO index with the SST anomalies obtained by
Knight et al. (2005). The fact that the Atlantic correlation
shown in Fig. 5c was obtained by daily correlation with
unsmoothed signal (PC of RC2 in Fig. 3b) is noteworthy.
The regression of the 850 hPa zonal wind (Fig. 5d) indi-
cates westerly anomalies from equator to 40°N and eas-
terlies in the northern part of the Atlantic Ocean. These
relations and the low-frequency temporal variability of
RC2 suggest that the second mode is possibly associated
with the AMO.

For the third mode, the point correlation of RC3 with
SST (Fig. 5e) shows an ENSO-like structure in the Pacific
Ocean. However, the correlations, while significant, have
moderate values, and the region of maximum correlation is
located in the central Pacific Ocean rather than in the
eastern Pacific like in the case of RC1. The correlation of
same sign extends along the west coast of United States.
Corresponding to the warm anomalies in the central Pacific
Ocean (Fig. 5e), the regressed 850 hPa zonal wind field in
Fig. 5f has strong westerlies. These SST and wind patterns
are quite similar to those related to the PDO (Mantua et al.
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Fig. 4 Power spectra of PC1 (shown in Fig. 3) of a RC1 (red), RC2
(green), RC3 (blue), and b RC45 (red) and RC67 (green). The scale
of the x-axis is in months for (a) and days for (b)

1997). Again, considering that these are daily correlations
and regressions obtained from unsmoothed RC, the result is
remarkable. These results and the low-frequency temporal
variability of RC3 suggest that the third mode may be
associated with the PDO.

5.2 Regional variation

It was noted in Sect. 3 that there are differences in the
seasonal climatological mean and annual cycles of daily
mean of OLR and precipitation between ARB and CESA
regions. Whether such differences also exist in the daily
variability is now discussed. The daily values of ARB and
CESA indexes of RC1, RC2 and RC3 are shown as time
series in Fig. 6 for the period 1979-2007. Figure 6a shows
that both ARB and CESA indexes capture the ENSO vari-
ability. However, although they are in phase with each
other, the amplitude of the ARB index is higher, especially
during strong El Nifio events.

In the case of RC2, both ARB and CESA indexes have
almost identical values all the time (Fig. 6b). This is
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consistent with the EOF of RC2 (Fig. 2b) which has
uniform spatial structure over most of the continent. The
ARB and CESA indexes of RC3, however, vary with
opposite phases with almost equal amplitude. The differ-
ent behaviors of the three modes have important regional
implication on the interannual and decadal variability of
the South American monsoon. Since the RCs are simply
added to get the combined variability, the ARB and
CESA region could behave differently depending on how
the amplitudes and phases of the RCs add up. This point
is further examined by considering the seasonal means of
the RCs.

In Fig. 7, the interannual variability of the DJFM sea-
sonal means of the RCs are compared by plotting the ARB
and CESA indexes. The variability of the ARB index of
RC1 follows that of ENSO with major El Nifio
(1982-1983, 1986-1987, 1991-1992 and 1997-1998) and
La Nifa (1984-1985, 1988-1989, 1998-1999 and
1999-2000) events being dominant (Fig. 7a). The CESA
index of RC1 also has similar ENSO variability but with
reduced values (Fig. 7b), generally about one-third the
value of ARB index. Interestingly, the 1994-1995 and
2002-2003 El Nifio events did not have much effect on
ARB and CESA regions. Both ARB and CESA indexes of
RC2, which was suggested to be associated with AMO,
have almost identical values with intense convection
occurring during 19801981, 1991-1994, 1998-2001. For
RC3, which seems to be related to PDO, the ARB and
CESA indexes vary with opposite signs but with compa-
rable magnitudes.

The three leading MSSA modes play a dominant role
in determining the interannual variability of the seasonal
mean convection or rainfall. During a particular year, the
relative values of RC1, RC2 and RC3 determine the
seasonal mean convection. From the earlier discussion of
Fig. 7a, b, it is clear that the relative contributions of the
three modes could be different for ARB and CESA index
in a particular year. In order to examine the combined
variability, the ARB and CESA indexes were computed
for the sum of RC1, RC2 and RC3 (RC123 hereafter).
The DJFM seasonal means of the two indexes of RC123
are shown in Fig. 7c. The variability of the ARB index is
still predominantly determined by ENSO. However, RC2
is the major factor in certain years such as 1992-1993 and
1998-1999 and RC3 is important in years such as 1988,
1991 and 2005. For the CESA index, the relative values
of the three modes appear to be more crucial because of
the smaller magnitude of the ENSO mode (RC1) and the
opposite sign of the PDO mode (RC3). Although the
CESA index still captures the effect of ENSO during
1982, 1984, 1986 and 1997 similar to the ARB index, the
ENSO effect is counteracted by other modes in 1988 and
1991 (Fig. 7c¢).
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6 Interseasonal and intraseasonal oscillations

The space—time structures of the oscillatory modes at
interseasonal and intraseasonal time scales are further
discussed in this section. Their association with known
phenomena such as the North Atlantic Oscillation (NAO)
and MJO is also established.

6.1 Space-time structure and propagation

The amplitude A(f) and phase angle 6(¢) of each of these
nonlinear oscillations are determined from the respective
RC following the method suggested by Moron et al.
(1998). This method has been used in the study of the
Indian monsoon by Krishnamurthy and Shukla (2007,
2008). During each cycle of the oscillation, the phase angle
0(¢) varies from O to 27. The space-time structure of the
oscillation can be best summarized by constructing com-
posites of the RC based on the phase of the oscillation. A
complete phase cycle (0, 2r) is divided into eight equal
intervals of length n/4. By averaging the RC of the oscil-
lation in each phase interval for the entire period, eight
phase composites of RC are obtained.

For the interseasonal oscillatory mode (4, 5) with a
spectral peak centered at 165 days (as discussed in Sect. 4),
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the composites of RC45 for eight phase intervals in an
oscillatory cycle were constructed. The phase composites
of RC45, presented in Fig. 8a, represent the average
oscillatory cycle during 1979-2007. The period of the
average oscillation in Fig. 8a is 165 days, although indi-
vidual oscillatory cycles, being nonlinear, may have peri-
ods greater than or less than 165 days. This variation in the
period is reflected in the broadness of the power spectrum
of RC45 shown in Fig. 4b. The first four composites are
almost exactly the same as the last four with opposite sign.
In the second half of the cycle, convective anomalies
develop over the SACZ region at about 20°S (phase 5),
intensify and move northeastward (phases 6-7) and weaken
(phase 8). At the same time, positive anomalies exist in
northern region and equatorial Atlantic Ocean. Moreover,
another positive anomaly center develops off the South
Atlantic coast (around 30°S) which extends northward and
replaces the receding negative anomalies. The same
sequence but with suppressed convection (positive ano-
malies) in the SACZ region occurs in phases 1-4. The
propagation features of the oscillation are found by
examining the Hovmoller diagrams of RC45. Using the
phase of the oscillation as time coordinate, the longitude-
phase cross section of RC45 composite averaged over
(20°S-15°S) is shown in Fig. 9a. The oscillation exhibits
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eastward propagation limited to 60°W-20°W. The latitude-
phase cross-section of RC45 averaged over (60°W-50°W)
shows northward propagation between 30°S and 20°N
(Fig. 9b).

For the intraseasonal oscillatory mode (6, 7), the phase
composites of RC67 in eight phase intervals are plotted in
Fig. 8b. The average period of this oscillation is 52 days.
In the second half of the cycle in Fig. 8b, moderate con-
vection anomalies appear around 20S in phase 5, intensify
and expand in the peak phases 6 and 7. During these
phases, the convection zone is aligned along the SACZ and
is accompanied by similar anomalies extending into the
Pacific beyond the northwest part of the continent. The
convection moves to the northeast and diminishes in
intensity in phase 8. A similar sequence with positive
anomalies occurs in phases 1-4. The magnitude of the
anomalies in the intraseasonal oscillation (Fig. 8b) is larger
than that in the interseasonal oscillation (Fig. 8a). In the
longitude-phase cross section of RC67 composite (Fig. 9c¢),
the evidence for eastward propagation is weak. However,
the latitude-phase cross section of RC67 in Fig. 9d shows a
clear northward propagation between 30°S and equator.

6.2 Relation with NAO and MJO

Both the interseasonal and intraseasonal oscillations do not
have any significant relation with the SST. The point cor-
relation of PC1 of RC45 (the PC shown in Fig. 3d) with the
daily SST anomalies of 1982-2007 is shown in Fig. 10a.
The correlation is very weak, with maximum values of
about —0.2 and 0.2 appearing in the oceanic regions
adjoining the continent. Similar point correlation of PC1 of
RC67 shows almost no correlation with the SST (Fig. 10b).
It is important to note that the lack of correlation is spe-
cifically for the two oscillations on daily time scale. The
relation between the Atlantic SST and the precipitation in
the subtropical region, discussed by Doyle and Barros
(2002), is based on the interannual variability of the total
precipitation anomalies and not on the daily variability of
intraseasonal and interseasonal oscillations. However,
possible associations of the interseasonal oscillation with
the NAO and the intraseasonal oscillation with the MJO are
explored in this section.

The relation between the interseasonal oscillation and
other atmospheric variables was analyzed by constructing
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Fig. 10 Simultaneous point correlation of daily PCl (shown in
Fig. 3d, e) of a RC45 and b RC67 with daily SST anomalies during
1982-2007

the phase composites of mean sea level pressure (MSLP)
and zonal wind u at several vertical levels based on the
phases of RC45. These composites were computed in
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brevity, the composites of only the peak phases 2, 3, 6, and
7 are shown in Fig. 11a for MSLP and in Fig. 11b for u at
1000 hPa. The convective activities in phases 6 and 7
(Fig. 8a) are associated with low pressure between 40°N
and 60°N in the North Atlantic and high pressure to the
north of 60°N (Fig. 11a). Corresponding to these pressure
systems, the composites of the zonal wind at 1,000 hPa
have easterlies in the northern part and westerlies in the
southern part of the North Atlantic (Fig. 11b). An exami-
nation of the composites of horizontal wind vectors
(figure not shown) revealed anticyclonic circulation in the
north and cyclonic circulation to the south. The same
pressure and wind patterns with opposite sign are associ-
ated with suppressed convection in phases 2 and 3. These
variations in pressure and lower level wind in the North
Atlantic are quite similar to the variability and structure of
the NAO.

The association of the intraseasonal oscillation with the
MJO is explored by constructing phase composites of total
OLR anomalies and zonal wind at 200 hPa, corresponding
to the phase composites of RC67 in Fig. 8b. The com-
posites of the total OLR anomalies for first half of the
oscillatory cycle (phases 1-4) are shown in Fig. 12a. When
the positive OLR anomalies develop over the southern part
of the South American continent and over near Central
America in phase 1, strong convection anomalies exist in
the equatorial Indian Ocean and extend over the African
continent. In phases 2 and 3, while the positive OLR
anomalies become stronger over the SACZ and propagate
to cover the African continent, the convection zone in the
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Fig. 11 Phase composites of
daily a MSLP anomalies and
b zonal wind (U) anomalies
corresponding to four phase
intervals (2, 3, 6 and 7) of the
RC45 oscillatory mode during
1979-2007. Units are in hPa for
MSLP and m s~ for U. The
phase interval number is given
at the rop right corner of each
panel
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Indian Ocean moves eastward into equatorial West Pacific
Ocean. This convection center propagates further east in
the Pacific Ocean and becomes weaker in phase 4 when the
positive anomalies (suppressed convection) over the South
American continent diminishes but moves eastward into
the western Indian Ocean. This sequence is repeated with
anomalies of opposite sign in phases 5-8 (figure not
shown). Thus, there is a clear relation between the intra-
seasonal oscillation in the South American region and the
MJO in the OLR composites.

Further support for this relation with the MJO is pro-
vided by similar phase composites of the zonal wind u at
200 hPa, as shown in Fig. 12b. In all the four phases shown
in Fig. 12b, the convection center (Fig. 12a) is accompa-
nied by easterlies to the west and westerlies to the east,
indicating divergence at the top of the convection zone.
The magnitude of the zonal wind also matches the intensity
of the convection. It is noticeable that the westerlies in
phases 3 and 4 flow over a large region extending from the
East Pacific Ocean to the east coast of Africa and covering
the entire northern part of the South American continent.
The sequence in Fig. 12b is repeated in phases 5-8 with
zonal wind anomalies in opposite directions (figure not
shown). Similar composites of the zonal wind at a lower
level were also examined (figure not shown). At the lower
level, the convection zone is accompanied by westerlies to
the west and easterlies to the east, indicating inflow and

0

40W 0

[¢

convergence into the convection center. These oscillatory
patterns of convection and circulation anomalies basically
describe the MJO cycle.

6.3 Regional variation

To find the regional variation of the two oscillations, the
ARB and CESA indexes of RC45 (interseaseasonal) and
RC67 (intraseasonal) are examined. For a better depiction
of the daily variability, the time series of the two indexes
are shown for a 10-year period covering 1981-1990 in
Fig. 13. The amplitudes of ARB and CESA indexes of
RC45 are comparable in the case of the interseasonal
oscillation (Fig. 13a). However, the ARB index has
slightly lower value and is almost 180° out of phase with
the CESA index. In the case of the intraseasonal oscilla-
tion, the amplitude of the ARB index of RC67 is extremely
small while the CESA index has considerable amplitude
with pronounced modulation (Fig. 13b). Generally, the
CESA index is more intense during the austral summer.

The DJFM seasonal mean of the ARB index is plotted in
Fig. 14a for RC45 and RC67 showing that it is almost
negligible for both the oscillations. In the case of CESA
index, the DJFM seasonal mean of RC67 (intraseasonal) is
almost negligible whereas the seasonal mean of RC45
(interseasonal) has small amplitude interannual variability
(Fig. 14b).
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The relative contributions of the two oscillations to the
seasonal mean are examined by adding all the RCs from
mode 1-7 (RC1+...4+RC7) and computing the DJFM
seasonal means of ARB and CESA indexes, as shown in
Fig. 14c. Comparing with the seasonal means of RC123 in
Fig. 7c, it is clear that the oscillatory modes do not con-
tribute to the ARB index. However, the CESA index can be
influenced by the interseasonal oscillation (RC45) to a
small extent, as in the case of 1982, 1986, 1987 and 2005.
Therefore, it suggests that the predictability of the seasonal
mean rainfall is not affected by the intraseasonal
variability.
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7 Discussion

The observed daily OLR data were analyzed to determine
the space—time structure of the daily atmospheric vari-
ability in the South American monsoon system. The main
results indicate that three leading modes of daily variability
are related to interannual and decadal phenomena such as
ENSO, AMO and PDO. Additionally, there are two non-
linear oscillatory modes with periods in the interseasonal
and intraseasonal time scales and indicate association with
NAO and MJO, respectively. With the methodology
adopted in this study, it was possible to obtain the daily
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variations of modes that have variability ranging from
intraseasonal to decadal time scales. The association of the
leading modes of SAMS in convection with various phe-
nomena was established by examining the relation with
daily anomalies of circulation fields and SST. It was also
shown that the variability in two different regions (ARB
and CESA) is similar for certain modes while there are
differences in the magnitude and phase for the other
modes.

The leading mode of daily variability has a broad
spectral peak centered at about 4 years. The spatial struc-
ture of this mode consists of OLR anomalies of one sign
over the northern part of the South American continent and
the equatorial Atlantic Ocean and anomalies of opposite
sign in the eastern Pacific Ocean and the southern part of
the continent. This structure varies coherently according to
the ENSO variability. The high correlation of this con-
vection pattern with the Pacific SST and lower level winds
provides strong support to its relation with the ENSO. The
magnitude of this ENSO mode is found to be much higher
in the ARB region than in the CESA region.

There are two modes (second and third MSSA modes) in
the daily convection which reveal variability on decadal

time scale. The relation with the daily SST and wind
anomalies suggests that one of these patterns has a possible
association with the AMO. The convection pattern of this
mode consists of anomalies of same sign over the entire
continent, extending well into the northern Atlantic Ocean.
The amplitude of variability is almost the same in both
ARB and CESA regions. Since the Atlantic Ocean has
several modes of decadal variability, more evidence is
needed to firmly establish the relation between the con-
vection mode found in this study and the AMO. The other
decadal mode of convection has anomalies of one sign over
the northern part of the continent, eastern Pacific and
northern Atlantic while anomalies of opposite sign exist in
the southern part. The evidence for the association of this
mode with the PDO is quite clear in the correlation pattern
with the daily SST and in the regression pattern with the
low level wind. For this mode, however, the variations in
the ARB and CESA regions are opposite to each other with
comparable magnitude.

Two nonlinear oscillations found in this study have
periods of 165 days (interseasonal) and 52 days (intrasea-
sonal) with broad-band spectra. Both the oscillations have
similar spatial patterns in the SACZ region but different
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patterns in the northern part and show northeastward
propagation. The correlation with the daily SST is negli-
gible for the two oscillations. However, the relations with
the MSLP and horizontal winds provide evidence that the
interseasonal oscillation is associated with the NAO. The
evidence provided by the relations with other atmospheric
fields suggests that the intraseasonal oscillation is part of
the MJO. In the daily variability of the two oscillations,
there are considerable differences between the ARB and
CESA regions. In the interseasonal oscillation, the ampli-
tudes in the ARB and CESA regions are comparable
although the CESA region generally has higher values. The
phase of this oscillation differs by almost 180° between
the two regions. For the intraseasonal oscillation, however,
the amplitude in the ARB region is almost negligible while
it is quite high in the CESA region with pronounced
seasonal modulation.

Despite the strong influences of ENSO and other SST
related variability of the Pacific and Atlantic Oceans, the
interannual variations in the SAMS can sometimes be
subtle and also show quite different behavior in the ARB
and CESA regions. The relative roles of the three low-
frequency modes are important in determining the seasonal
mean convection or precipitation during most years. The
influence of ENSO can be either enhanced or reduced by
the AMO or the PDO mode. For example, the influence of
ENSO was enhanced in 1982 and 1997 while it was
reduced (or counteracted) in 1991 for the ARB region.
However, the ENSO influence in 1982 for the CESA region
was counteracted by the AMO mode. During certain years,
it is one of the decadal modes, rather than ENSO, that is
important in determining the seasonal mean, such as during
1998 and 1999. Although the contribution of the intersea-
sonal oscillation to the seasonal mean is small, it can matter
in some years for the CESA region. For example, the
ENSO influence in 1982 was further reduced by the
interseasonal oscillation in the CESA region. The intrasea-
sonal oscillation, on the other hand, does not seem to play a
significant role in determining the seasonal mean monsoon.
Still, because of its coherent nature and its regular time
variability, the intraseasonal oscillation provides hope for
better prediction on subseasonal time scale. The unified
approach of this study in obtaining modes of longer time
scales with strong relation to SST has provided strong
support to Charney-Shukla hypothesis in the South
American monsoon system also. A major implication of
these results is that there is hope for long-term prediction of
seasonal mean monsoon in the South American region.
However, it is important to further understand the relative
roles the Pacific and Atlantic Oceans.
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