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Abstract The simulation of the climate over South Amer-
ica by a coupled ocean—atmosphere model with embedded
cloud resolving model is studied on different time scales.
The mean climate and the variability over South America
as simulated by the superparameterized Community Cli-
mate System Model version 3 (SP-CCSM) are compared
with those in the observation and in the control simulation
of the CCSM3 (CT-CCSM) which employs conventional
scheme of convection parameterization. The CT-CCSM is
able to simulate only the longer period seasonal oscilla-
tion (SO) while the SP-CCSM is successful in simulating
both the SO and the intraseasonal oscillation (ISO). The
spatial structure and the propagation of the oscillations are
better in the SP-CCSM. Both models are able to simulate
the observed low-frequency modes of variability related to
El Nifio-Southern oscillation (ENSO) and Pacific decadal
oscillation (PDO). While the ENSO mode in the CT-CCSM
has more regular variability with a biennial time scale, the
SP-CCSM simulates the ENSO mode with more irregu-
lar variability and time scale closer to the observation.
The spatial structure, the relation with the Pacific and the
regional variations of the observed PDO mode are better
simulated by the SP-CCSM than the CT-CCSM.
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1 Introduction

The climate over South America displays certain charac-
teristics of monsoon systems which respond to seasonal
development of land—ocean thermal contrast. The South
American climate exhibits seasonal changes in precipi-
tation, reversal of anomalous low-level winds and upper
level anticyclone (Zhou and Lau 1998; Nogués-Paegle
et al. 2002; Vera et al. 2006; Marengo et al. 2012). The
austral seasonal convective heating over the Amazon
and central Brazil induces Bolivian High and Nord-
este Low in the circulation while the low-level easter-
lies from the Atlantic Ocean are steered by the Andes to
the Chaco Low (Lenters and Cook 1997; Zhou and Lau
1998; Grimm et al. 2005). The precipitation and cloudi-
ness from the Amazon to southeast Brazil extend into the
Atlantic Ocean to form the South Atlantic Convergence
Zone (SACZ).

The South American climate reveals strong variability
on intraseasonal, interannual and interdecadal time scales
(Nogués-Paegle et al. 2002; Vera et al. 2006; Marengo et al.
2012). The intraseasonal variability over South America
involves a dipole pattern of wet and dry conditions alter-
nating over the SACZ and the subtropical plains (Nogués-
Paegle and Mo 1997; Liebmann et al. 1999; Carvalho et al.
2002a, b; Jones and Carvalho 2002). This pattern was
shown to be an intraseasonal oscillation propagating north-
eastward (Krishnamurthy and Misra 2011), and a relation
with the Madden—Julian oscillation (MJO; e.g., Madden
and Julian 1994) was also indicated (Carvalho et al. 2004,
Liebmann et al. 2004; Krishnamurthy and Misra 2011).
In the same region, another propagating oscillation with a
dipole pattern and a period of about 5.5 months exists and
shows teleconnection with the North Atlantic oscillation
(NAO) (Krishnamurthy and Misra 2011).
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On the interannual time scale, the El Nifio-Southern
oscillation (ENSO) has significant impact on the variabil-
ity of rainfall during austral spring and summer seasons
in the Amazon Basin (Kousky et al. 1984; Aceituno 1988;
Ropelewski and Halpert 1987; Marengo 1992, 1995; Rao
et al. 1996; Fu et al. 2001) and other regions (Silva and
Ambrizzi 2006; Silva et al. 2009). During an El Nifio (La
Nifia) year, the rainfall over the Amazon Basin is reduced
(increased). Some studies have suggested that ENSO’s
influence on precipitation in southeast Brazil is subseasonal
rather than on interannual time scale (Liebmann et al. 2001;
Carvalho et al. 2002a). On the other hand, recent studies
by Krishnamurthy and Misra (2010, 2011) have shown
that ENSO is associated with seasonally persisting signal
in central-east South America which varies on interan-
nual time scale. The precipitation over South America also
shows interdecadal variability associated with the Atlantic
multidecadal oscillation (AMO) and the Pacific decadal
oscillation (PDO) which can modulate the interannual vari-
ability of seasonal mean precipitation (Krishnamurthy and
Misra 2011; Silva et al. 2011).

The prediction and simulation of the mean and variabil-
ity of South American climate by models have met with
varying degrees of success (Vera et al. 2006; Marengo et al.
2012). While some large-scale fields may be better simu-
lated, the prediction of precipitation on seasonal to inter-
annual time scales has been rather difficult. In an analysis
of the simulation of the precipitation by coupled model
intercomparison project phase 3 (CMIP3), Bombardi and
Carvalho (2009) found that most models exhibited poor
simulation of precipitation over the Amazon and north-
eastern Brazil although certain aspects of the annual cycle
over central and eastern Brazil were better simulated. The
importance of air-sea interaction in the ENSO telecon-
nection over the Amazon and, in general, over the global
monsoon regions has been pointed out by Misra (2008a, b)
in coupled model studies. Models also have considerable
problem in properly simulating the MJO (Lin et al. 2006).
Another important physical process that determines the
variability over South America is convection. Most models
treat convection and cloud formation through parameteriza-
tion which leads to large systematic errors in climate simu-
lations (Randall et al. 2007; Guilyardi et al. 2009). Explicit
representation of the physical processes is still not possible
because of the insufficient horizontal resolution of the pre-
sent coupled models.

A multi-scale modeling framework (MMF) has offered a
solution to explicitly treat convection by embedding high-
resolution cloud resolving model (CRM) in a coarse-grid
general circulation model (GCM) of large-scale circulation
(Grabowski 2001; Khairoutdinov and Randall 2001). The
embedding of CRM is also referred to as super-parame-
terization (SP) of small-scale processes. In a recent study,
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Stan et al. (2010) embedded two-dimensional CRMs in the
Community Climate System Model (CCSM) of National
Center for Atmosphere Research (NCAR) and demon-
strated improved simulation of phenomena such as ENSO
and MJO when compared to CCSM with conventional
parameterization of convection. The superparameterized
CCSM (SP-CCSM) indicated the necessity of coupled
models as well as realistic convection parameterizations.
The simulations of intraseasonal oscillations, interannual
variability and propagation of equatorial waves in the South
Asian monsoon region by SP-CCSM are shown to be better
than those by either the CCSM with conventional param-
eterization or the super-parameterized atmospheric GCM
(DeMott et al. 2011, 2013; Krishnamurthy et al. 2013).

The objective of this study is to investigate the ability of
SP-CCSM to realistically simulate the mean conditions and
variability on different time scales in the South American
region. Specifically, the simulation of the observed intrase-
asonal and interseasonal oscillations, interannual and inter-
decadal modes in the South American climate (Krishna-
murthy and Misra 2010, 2011) by the SP-CCSM will be
examined. The impact of using CRMs is assessed by com-
paring the simulations of SP-CCSM and CCSM with con-
vectional parameterization.

In Sect. 2, the observed data, model simulations and the
methodology are described. Section 3 discusses the mean
monsoon and the different modes of variability. The intra-
seasonal and interseasonal oscillations are described in
Sect. 4 while low-frequency modes are discussed in Sect. 5.
Summary and conclusions are provided in Sect. 6.

2 Models, data and method of analysis
2.1 Models and data

The coupled model used in this study is the NCAR CCSM
version 3 (Collins et al. 2006) which has Community Atmos-
pheric Model version 3 (CAM3) with T42 horizontal resolu-
tion as the atmospheric component while the ocean compo-
nent is the low-resolution (3.6° in longitude and varying in
latitude) Parallel Ocean Program (POP) model. The CCSM
uses the conventional parameterization of deep convection
by Zhang and McFarlane (1995). The two-dimensional CRM
used for SP and its embedding in CAM are described by
Khairoutdinov and Randall (2001, 2003), and the incorpora-
tion of SP in CCSM was carried out by Stan et al. (2010). The
domain of the CRM is aligned in the East—West direction, and
the horizontal resolution is 4 km. The present study has ana-
lyzed a 20-year long simulation by SP-CCSM and compared
with a similar control simulation by CCSM (CT-CCSM)
using conventional parameterization. For this purpose, daily
mean values of outgoing longwave radiation (OLR), 850 hPa
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horizontal wind, sea surface temperature (SST) and mean sea
level pressure (MSLP) have been analyzed.

The observed daily mean OLR data used in this study were
obtained from the National Oceanic and Atmospheric Admin-
istration (NOAA; Liebmann and Smith 1996) on 2.5° x 2.5°
grid for the period 1984-2003. Daily means of zonal wind
u, meridional wind v and MSLP from the ERA-Interim rea-
nalysis of the European Centre for Medium Range Forecasts
(Dee et al. 2011) on T255 horizontal grid for 1984-2003
were used. From the Optimally Interpolated SST version
2 (OISST2) dataset developed by NOAA (Reynolds et al.
2007), daily averages of SST on 0.25° x 0.25° grid were
obtained for the period 1984-2003. Daily climatology has
been removed from the daily means to obtain daily anomalies
for all the observed and model data. For convenience, in the
rest of the paper, observations refer to all the data products
(including reanalysis) used for the model evaluations.

2.2 Method of analysis

The space-time modes of South American climate are
obtained by applying the multichannel singular spectrum
analysis (MSSA) which is a data-adaptive method that can
extract nonlinear oscillations, persistent modes and trends
from the time series of spatial data (Ghil et al. 2002). Although
MSSA is equivalent to the extended empirical orthogonal
function analysis, it has undergone more refinement in non-
linear dynamical systems theory, and differs in the choice of
key parameters such as the width of the lag window and in
the interpretation of the results (Ghil et al. 2002). In MSSA,
a given time series X(7) at L grid points (channels), where
time t = 1, 2, 3... N, is augmented with M lagged copies of
the time series to construct a grand lag-covariance matrix C.
When C is diagonalized, the result consists of LM eigenval-
ues and LM eigenvectors which are the space—time empirical
orthogonal functions (ST-EOFs). The corresponding space—
time principal components (ST-PCs) are obtained by project-
ing the original time series on the ST-EOFs. The reconstructed
component (RC) of a particular eigenmode is constructed by
combining the corresponding ST-EOF and ST-PC (see Ghil
et al. 2002, for the formula). The RCs have the same time and
space dimensions and the phase of the original time series. A
pair of eigenmodes having nearly equal eigenvalues and peri-
ods with their ST-EOFs and ST-PCs in quadrature is identified
as an oscillation (Plaut and Vautard 1994).

3 Mean climate and modes of variability

3.1 Mean and standard deviation

Before discussing the modes of variability over South
America, a brief description of the mean climate and
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Fig. 1 DJFM seasonal climatological mean of OLR in a observation,
b CT-CCSM and ¢ SP-CCSM. Standard deviation of daily mean OLR
for DJEM season in d observation, € CT-CCSM and f SP-CCSM.
Units are in W m™>

standard deviation is provided. The spatial structures of
December—March (DJFM) seasonal climatological means
of OLR, 850 hPa horizontal wind and SST in the model
simulations are compared with observations. Similar com-
parison is also made for the standard deviations of daily
anomalies of the three fields for the DJFM season. The
climatology and standard deviation in the observation are
computed for the period 1984-2003 while 20-year simu-
lations are used in the case of the models. The observed
mean OLR (Fig. la) indicates strong convection over a
large area north of 20°S, which includes the Amazon River
Basin, while moderate convection is seen over the south-
ern part of the continent and SPCZ and weaker convective
activity over the equatorial Pacific and Atlantic oceans.
The observed spatial structure of the mean OLR is reason-
ably well simulated by both CT-CCSM (Fig. 1b) and SP-
CCSM (Fig. 1c). However, there are some regional defi-
ciencies such as higher OLR values (lesser convection) in
the oceanic regions, eastern Brazil and in the core monsoon
region. While the simulation of the strong convection in
the northern part of the continent is better in CT-CCSM
compared to SP-CCSM, the mean OLR over the oceanic
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Fig.2 DJFM seasonal climatological mean of 850 hPa horizontal
wind (streamlines) in a observation, b CT-CCSM and ¢ SP-CCSM.
Standard deviation of daily mean 850 hPa zonal wind for DJFM

season in d observation, € CT-CCSM and f SP-CCSM. Units are in

m 57l

regions is better simulated by SP-CCSM. The DJFM cli-
matological mean of 850 hPa horizontal wind in observa-
tion (Fig. 2a) is well simulated by both CT-CCSM (Fig. 2b)
and SP-CCSM (Fig. 2c) which capture the northeasterly
flow from the Atlantic in the equatorial region, anticyclonic
flows in the subtropical Pacific and Atlantic oceans, and the
westerly flow in the south. However, both models are defi-
cient in reproducing the observed low-level jet east of the
Andes, perhaps because of low horizontal resolution in the
boundary conditions. The observed DJFM climatological
mean SST (Fig. 3a) is reasonably well simulated by CT-
CCSM (Fig. 3b) and SP-CCSM (Fig. 3c). However, lesser
meridional extent of warm SST in the West Pacific and
colder SST along equatorial eastern coast of the continent
are seen in both models.

The standard deviation of daily OLR for DJFM season
in the observation (Fig. 1d) is in the range of 25-40 W m 2
over most of the continent with a maximum in the SACZ
while there are regions of minimum in the Pacific and
Atlantic oceans. The SP-CCSM (Fig. 1f) has simulated the
structure and magnitude of the standard deviation close
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to the observation except for slightly higher values in the
oceanic regions of minima whereas the CT-CCSM simula-
tion (Fig. le) has higher values over most of the domain.
The standard deviation of daily zonal wind at 850 hPa for
DJFM in the observation is nearly uniform (2-4 W m~2) in
the tropics except for lower values along the west coast and
increases southward (Fig. 2d). Both CT-CCSM (Fig. 2e)
and SP-CCSM (Fig. 2f) show slightly higher values in the
tropics but fail to capture the lower values along west coast
and the Andes as in case of the climatological mean of the
horizontal wind. The SP-CCSM is closer to the observa-
tion than CT-CCSM in the southern region. The standard
deviation of daily SST for DJFM is about 0.2-0.6 °C over
most of the Atlantic in the observation (Fig. 3d) while it is
slightly lower in both CT-CCSM (Fig. 3e) and SP-CCSM
(Fig. 3f). The observed ENSO signature in the Pacific
(Fig. 3d) is also simulated by both CT-CCSM and SP-
CCSM (Fig. 3e, f) but with some slight differences. The
region of maximum SST anomaly (>1 °C) along the equa-
tor is extended in zonal and meridional directions in CT-
CCSM whereas it is somewhat closer to the observed struc-
ture in SP-CCSM. Both models show slightly less activity
away from the equator.

3.2 MSSA modes

The space—time modes of convection over South America
were obtained by applying MSSA on daily OLR anoma-
lies in the (110°W-0°, 50°S—-20°N) domain. This analysis
was performed separately for observation and simulations
of CT-CCSM and SP-CCSM. In order to extract the oscil-
lation of longer period also, the MSSA was applied on the
anomalies of all the days of the data period using a lag win-
dow of 241 days at 1 day interval. In each case, the ST-
EOFs and ST-PCs of the MSSA eigenmodes were exam-
ined to identify the persistent and oscillatory modes. A pair
of eigenmodes with nearly equal eigenvalues and in quad-
rature forms an oscillation (Plaut and Vautard 1994). The
RCs were constructed for the persisting modes and oscilla-
tions following the method by Gill et al. (2002).

In the observed OLR, the first three MSSA eigenmodes
were found to be persistent modes while two oscillatory
pairs emerged from the next four eigenmodes, similar to
the eigenmodes obtained by Krishnamurthy and Misra
(2011). The variance explained by these modes ranges
from 0.9 to 0.3 % of the total variance. These small values
are typical of MSSA eigenmodes of raw daily anomalies
without applying any pre-filter. Consistent with the study
by Krishnamurthy and Misra (2011), the three persisting
modes are related to ENSO, AMO and PDO, and the two
oscillatory pairs have broad-band spectra with peaks cen-
tered at 165 and 52 days. To use distinct abbreviations, the
longer period oscillation will be referred to as seasonal
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Fig. 3 DJFM seasonal cli-
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oscillation (SO) while the shorter period oscillation will
be called as intraseasonal oscillation (ISO). The SO is the
same as the interseasonal oscillation related to NAO in the
study by Krishnamurthy and Misra (2011) and the ISO is
associated with the MJO.

An examination of the MSSA eigenmodes of CT-CCSM
and SP-CCSM showed the presence of persisting modes
related to ENSO and PDO in both the models. However,
the persisting mode associated with AMO was not found in
either model. While the SP-CCSM revealed the existence
of both SO and ISO, the CT-CCSM showed the presence
of SO only. The variance explained by each mode in the
models is very close to the variance of the corresponding
mode in the observation. In the next two sections, the oscil-
lations and the persisting modes found in CT-CCSM and
SP-CCSM will be compared with the corresponding modes
in the observation. The analysis will examine whether the
SP-CCSM is better than CT-CCSM in simulating the vari-
ous modes.

4 Oscillatory modes

In this section, the oscillatory modes obtained from the
MSSA of daily OLR anomalies in the observation and
model simulations are described. For further examination,
a spatial EOF analysis of the RC of each oscillation was
performed. Almost all the variance of each RC is explained
by its first two spatial EOFs (S-EOFs), and the first two

spatial PCs (S-PCs) are in quadrature. The power spectra
of the first S-PC (S-PC1) of the RCs of SO and ISO in the
observation, shown in Fig. 4a, are broad-band with peaks at
165 and 56 days, respectively. The CT-CCSM simulation
reveals only SO, and the power spectrum of the S-PC1 of
its RC shows a peak at 138 days (Fig. 4b), lower than the
observed period. The SP-CCSM is able to simulate both
SO and ISO. The power spectrum (Fig. 4c) of the S-PC1 of
the RC of SO in SP-CCSM has a peak at 203 days which
is higher than the observed period while the ISO shows a
spectral peak at 46 days which is slightly lower than the
observed period.

To study the space—time evolution of each oscillation,
the amplitude A(#) and phase 6(f) of the oscillation at time
t are determined from the S-PC1 of the RC following the
method suggested by Moron et al. (1998). The composites
of RC or any other field based on the phases of the oscil-
lation provide the space-time evolution. The phase com-
posites are constructed by averaging the RC in eight equal
intervals of 6(7) between 0 and 2x for the entire period of
the analysis.

4.1 SO

The evolution of the SO is shown by the phase compos-
ites of the OLR RC in Fig. 5 for the first half cycle of the
oscillation in observation, CT-CCSM and SP-CCSM.
The average period of a complete cycle of SO is 165, 138
and 203 days in observation, CT-CCSM and SP-CCSM,
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Fig. 4 Power spectra (in units of day™') of the S-PC1 of the RCs of
SO (red) and ISO (green) in a observation, b CT-CCSM and ¢ SP-
CCSM

respectively. In the observation (Fig. 5a), anomalies of
convection appear over the SACZ region in phase 1. The
convective anomalies become more intense and propa-
gate northeastward in phases 2-3 and eventually dimin-
ish in phase 4. Areas of suppressed convection are seen in
the northern region during phases 1-3. The same sequence
occurs during phases 5-8 with anomalies of opposite sign
(figure not shown).

The phase composites in CT-CCSM (Fig. 5b) show that
convective anomalies, which develop around 20°S in phase
1, intensify and cover almost the entire northern part of the
continent in phases 2-3. These anomalies extend farther
south over the ocean in SACZ than in the observation. The
convective anomalies are still stronger and cover a larger
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region in phase 4. The northeastern movement is slower in
CT-CCSM compared to the observation. Stronger positive
anomalies representing suppressed convection exist over
the equatorial Atlantic in phases 1-3, unlike in the observa-
tion. The SP-CCSM also reveals northeastward propagat-
ing convective anomalies in the phase composites (Fig. 5c).
In phases 1-2, the convective anomalies are somewhat sim-
ilar to those in the observation but less intense in phase 3.
The northeastward movement is more obvious in phase 4
than in CT-CCSM. The positive anomalies in the northern
part of continent and the equatorial Atlantic are compara-
ble to those in the observation. The SP-CCSM, however,
shows stronger than observed positive anomalies in a small
region of the equatorial Pacific and a spurious convective
band of precipitation across South America from SACZ to
the equatorial Pacific.

A possible association between SO and NAO in the
observation was suggested by Krishnamurthy and Misra
(2011). To test whether a similar relation is also exhibited
by the model simulations, the phase composites of MSLP
and 1,000 hPa zonal wind u corresponding to SO were
examined. For brevity, the phase composites are shown in
Fig. 6 only for the peak phase of SO (phase 3). The MSLP
composite in SP-CCSM (Fig. 6b) shows low pressure
in the region 40°N-60°N and high pressure to the north
of 60°N associated with the convective anomalies of SO.
The 1,000 hPa zonal wind composite associated with this
pressure pattern in SP-CCSM has easterlies in the south-
ern part and westerlies in the northern part of the region
(Fig. 6d). Both the MSLP and zonal wind composites have
good correspondence with the observed structure shown by
Krishnamurthy and Misra (2011; Fig. 11). The MSLP com-
posite in CT-CCSM, however, is less intense and is shifted
southward by about 20° (Fig. 6a). The associated compos-
ite of 1,000 hPa zonal wind in CT-CCSM (Fig. 6¢) shows
weaker anomalies of opposite sign compared to the com-
posites of SP-CCSM and observation.

4.2 ISO

As discussed earlier, the ISO is simulated by SP-CCSM
while the CT-CCSM is not able to resolve this oscillation.
The space—time structure of ISO in the observation and SP-
CCSM is studied by the phase composites of the respective
RC of the ISO. The phase composites of the RCs shown
in Fig. 7 depict the first half cycle of the ISO in the obser-
vation and SP-CCSM. The average period of one complete
cycle of ISO in SP-CCSM is 46 days, which is slightly less
than the observed period of 52 days.

In the observation (Fig. 7a), phase 1 shows convec-
tive anomalies around 20°S aligned along the SACZ and
also in the equatorial Pacific. These anomalies intensify
and expand toward the northwest region of the continent
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in phases 2 and 3. The convective anomalies form a large
tilted band from the equatorial Pacific to the oceanic region
of SACZ and propagate northeastward. In phase 4, the
convective activity weakens and moves further northeast-
ward. In phases 2—4, the positive anomalies from the pre-
vious cycle move further north in the equatorial Atlantic
and northern part of the continent. During phases 1-4, new
suppressed convection anomalies develop in the southern
part of the continent and move northeastward. These posi-
tive anomalies go through the same sequence in phases 5—8
(figure not shown), similar to phases 1-4 but with anoma-
lies of opposite sign.

The phase composites of the RC of ISO in SP-CCSM
(Fig. 7b) have reasonably good resemblance to the observed
cycle (Fig. 7a). The spatial structure and the northeastward
propagation of the convective anomalies are captured by the
SP-CCSM. However, in all the four phases, the convective
anomalies are weaker in SP-CCSM compared to observa-
tion. The convective anomalies extend from the equatorial
Pacific to the SACZ region during phases 2-3, at a slower
speed than in observations. The positive anomalies from
the previous cycle are stronger over the equatorial Atlan-
tic and continue to move northeastward instead of north-
ward as in the observation. As shown by Krishnamurthy
and Misra (2011), the time variability of the ISO consists
of stronger amplitudes during austral summer and weaker
amplitudes during austral winter (see their Fig. 3e). The
SP-CCSM model also captures the seasonal variation of

the amplitude of the ISO (figure not shown). Observational
evidence provided by Krishnamurthy and Misra (2011)
suggested that the ISO is associated with the MJO. The
SP-CCSM was shown to better simulate the MJO and its
propagation by Stan et al. (2010). Whether the SP-CCSM
also captures the ISO-MJO relation is tested by examining
the ISO phase composites of the total OLR anomalies in
the tropical region. As shown in Fig. 8, the first half cycle
of the phase composites of the OLR anomalies reveals con-
vective anomalies propagating eastward from the Maritime
Continent to the equatorial central Pacific in phases 1-4.
In association, the propagation of the ISO over the South
American continent and the Atlantic is also evident in the
total OLR anomalies (Fig. 8), similar to the propagation of
the RC of the ISO (Fig. 7b). Thus, the SP-CCSM is also
able to relate the ISO with the propagation of the MJO in
the model.

5 Low-frequency modes

The low-frequency modes, which were obtained as sea-
sonally persisting modes in the MSSA, are discussed in
this section. As described in Sect. 3.2, the low-frequency
modes in the observation correspond to the modes found
by Krishnamurthy and Misra (2011) and related to ENSO,
AMO and PDO. The MSSA of CT-CCSM and SP-CCSM
simulations revealed low-frequency modes related to
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Fig. 6 Phase composites of daily MSLP anomalies in a CT-CCSM
and b SP-CCSM and phase composites of 1,000 hPa zonal wind
anomalies in ¢ CT-CCSM and d SP-CCSM for the peak phase inter-
val 3 in SO. Units are in hPa for MSLP and m s~ for the zonal wind

ENSO and PDO but not the AMO mode. The rest of this
section will discuss the ENSO and PDO modes in the
models and compare with the corresponding modes in the
observation.

5.1 ENSO and PDO modes

The low-frequency modes in the model simulations and
observation were identified by performing spatial EOF anal-
ysis of the RCs of the MSSA eigenmodes. Since these are
coherent modes, the first EOF of the RC explains almost all
of the variance of the RC. The power spectrum of the S-PC1
of the RC in each case is plotted in Fig. 9. In the observation,
the ENSO mode shows a broad-band spectrum with a peak
at 48 months while the PDO mode shows a red spectrum in
the time period of the analysis because of its longer period
(Fig. 9a). The spectra of the CT-SSCM simulation (Fig. 9b)
reveal a broad-band spectrum with a peak at 26 months for
the ENSO mode and a red spectrum for the PDO mode. In the
SP-CCSM (Fig. 9c), the ENSO mode has a broad-band spec-
trum with a peak at 36 months while the PDO mode shows a
red spectrum. Although the period of the ENSO mode in both
CT-CCSM and SP-CCSM is lower than the observed period,
the SP-CCSM is closer. In both model simulations, the period
of the ENSO mode over South America is consistent with the
period of the ENSO mode in SST (Stan et al. 2010) and in the
South Asian monsoon (Krishnamurthy et al. 2013).

The spatial structure of the ENSO mode over South
America is provided by the S-EOF1 of the correspond-
ing RC. The ENSO mode in the observation (Fig. 10a)
has an east-west dipole structure with negative (posi-
tive) anomalies over the equatorial Pacific and positive

Fig. 7 Phase composites of (a)
the OLR RC:s for four phase 15N = Tl Z
intervals of an average cycle of = "'_\‘ h}\z_ ; ‘Q
ISO in a observation and b SP- EQ1 . ¢ ey & ? ,
CCSM. The phase number is 1581 B \‘\xﬁ )
given at the fop right corner of 30sd i} RO /J'-‘ :
each panel. Units are in W m™2 : A :
4551 e N _®_
90w 90W 60W 30w 90W 60W 30w
(b)
1IN =5, E E : 3 S T
EQ{ & { R (. nfin : ;3\7;
. i & y i / ’
1551 : R : : \w RO
3051 : 14 ; N e
asShel o P — P
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Fig. 8 Phase composites of total OLR anomalies for a half cycle of
ISO in SP-CCSM. The phase number is given at the top right corner
of each panel. Units are in W m ™2

(negative) anomalies over the northern part of the continent
and the equatorial Atlantic. A north—south dipole struc-
ture separated at 20°S is also evident predominantly over
the continent. The structure of the observed ENSO mode
is fairly well captured by both CT-CCSM (Fig. 10b) and
SP-CCSM (Fig. 10c) although with some differences. In
the CT-CCSM, the anomalies over the Pacific are weaker
while they are stronger over the equatorial Atlantic. The
anomalies in the north—south dipole over the continent are
slightly weaker in SP-CCSM whereas the anomalies over
the equatorial Pacific and Atlantic oceans are better simu-
lated. Overall, the spatial structure of the ENSO mode is
better simulated in SP-CCSM than in CT-CCSM.

The spatial structure of the PDO mode is also shown in
Fig. 10 by plotting the S-EOF1 of the corresponding RC.
In the observation, the PDO mode consists of anomalies of
one sign over much of the continent south of 10°S, south
Pacific and much of the Atlantic south of the equator while
anomalies of opposite sign exist over the northern continent
and equatorial Pacific and Atlantic oceans (Fig. 10d). The
PDO mode in the CT-CCSM (Fig. 10e) displays anomalies
of same sign over most of the continent which extend into
the equatorial Pacific with higher magnitude and anoma-
lies of opposite sign appearing mainly in the subtropical
Pacific. The PDO mode in the SP-CCSM (Fig. 10f) has bet-
ter correspondence with the observed structure (Fig. 10d).
The SP-CCSM captures the negative anomalies in the
southern part although it does not extend up to 10°S over
the eastern part of the continent. The positive anomalies

(a) Observation
40
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201
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4IB 214 1'2 6
Period (Months)
(b) CT—CCSM

30

201

Power

4I8 2I4 112 6
Period (Months)
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301
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20

4I8 2I4 112 6
Period (Months)

Fig. 9 Power spectra (month™") of the S-PC1 of the RCs of ENSO
mode (red) and PDO mode (green) in a observation, b CT-CCSM and
¢ SP-CCSM

cover the northern part of the continent but extend strongly
over the equatorial Pacific.

5.2 Relation with SST

The discussion of the low-frequency modes so far has
revealed that the SP-CCSM shows better representation
of the ENSO and PDO modes compared to CT-CCSM
although both the models have the same oceanic compo-
nent. The introduction of superparameterization seems to
have influenced the ocean—atmosphere interaction in the
coupled model. The relation between the low-frequency
atmospheric modes and SST is studied by computing the
simultaneous point correlation of S-PC1 of the RC of each
mode with the daily SST anomalies.
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Fig. 10 Spatial EOF1 of the RC of ENSO mode in a observation, b
CT-CCSM and ¢ SP-CCSM. Spatial EOF1 of the RC of PDO mode
in d observation, e CT-CCSM and f SP-CCSM. The Spatial EOF
analys;s was performed on the daily values of the RCs. Units are in
Wm™

The correlation of the ENSO mode with the SST in the
observation (Fig. 11a) clearly shows the ENSO signature
with strong positive correlation in the equatorial eastern
and central Pacific surrounded by the horseshoe-shaped
moderate negative correlation in the Pacific and weaker
positive correlation in the Indian Ocean. In the model cor-
relation of the ENSO, the SP-CCSM (11c) seems to capture
the observed structure better than the CT-CCSM (Fig. 11b).
In the CT-CCSM, stronger positive correlation extends too
far to the west in a narrower belt along the equator. The
positive correlation in the SP-CCSM is comparable to the
observed structure in the equatorial Pacific although weaker
correlation extends further west. The negative correlation in
the Pacific and the positive correlation in the Indian ocean
are also better captured by the SP-CCSM.

For the PDO mode in the observation, the correlation
with the SST shows negative correlation in a large region
of the northern Pacific accompanied by positive correla-
tion along the west coast of North America and central
Pacific, consistent with the SST pattern associated with the
PDO (Mantua et al. 1997). The correlation pattern of the
PDO mode in the CT-CCSM (Fig. 11e) consists of positive
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correlations over almost the entire domain except for small
regions of negative correlation in the North Pacific and the
Atlantic and has little correspondence with he observed
structure. The correlation of the PDO mode in the SP-
CCSM (Fig. 10f) shows fairly good correspondence with
the observed structure in all the ocean basins. However,
there are some differences in the detailed structure of the
correlation pattern in the northern Pacific.

5.3 Interannual variability

Based on observations and model experiments, Charney
and Shukla (1981) hypothesized that the interannual vari-
ability of the tropical climate is mainly determined by the
slowly varying boundary conditions such as SST, soil
moisture and snow cover. This hypothesis was supported
by studies on the South Asian monsoon (Krishnamurthy
and Shukla 2007, 2008) which further showed that high-
frequency variability such as the intraseasonal oscillations
do not contribute significantly to the interannual variability
of the seasonal mean monsoon. Krishnamurthy and Misra
(2011) demonstrated that the SST-related atmospheric
modes mainly determine the interannual variability over
South America also. In this section, the ability of the CT-
CCSM and SP-CCSM in determining the interannual vari-
ability in the South American climate through the ENSO
and PDO modes is discussed.

The interannual variability over South America also
shows regional variations (Krishnamurthy and Misra 2011).
To show the regional difference, domains in the Amazon
River Basin (ARB) and central-east South America (CESA)
are considered, following Krishnamurthy and Misra (2011).
The ARB and CESA domains are (70°W-50°W, 5°S-5°N)
and (60°W—-40°W, 20°S-10°S), respectively. The area aver-
ages over these domains will be referred to as ARB and
CESA indices. The ARB and CESA indices are plotted in
Fig. 12 by computing the area averages of the daily RCs of
the ENSO and PDO modes in observation, CT-CCSM and
SP-CCSM. Although all the time series plotted in Fig. 12
are daily values, the ENSO and PDO modes clearly reveal
low-frequency variability.

The ARB and CESA indices of the ENSO mode
in the observation (Fig. 12a) have captured the major
ENSO events. Although both ARB and CESA indices
are in phase, the ARB index has higher values during the
ENSO events, indicating stronger influence of the Pacific
over the northern part of the continent. In the CT-CCSM
(Fig. 12b), the variability of the ARB and CESA indices
of the ENSO mode is more regular and biennial, consist-
ent with the power spectrum shown earlier (Fig. 9b). The
ARB and CESA indices are also almost out of phase. The
ARB and CESA indices of the ENSO mode in SP-CCSM
(Fig. 12¢) have more chaotic variation with longer time
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Fig. 11 Simultaneous point
correlation of daily S-PC1 of
ENSO mode with daily SST
anomalies in a observation, b
CT-CCSM and ¢ SP-CCSM.
Simultaneous point correla-
tion of daily S-PC1 of PDO
mode with daily SST anomalies
in d observation, e CT-CCSM
and f SP-CCSM. The PCs cor-
respond to the EOFs shown in
Fig. 10

Fig. 12 Daily time series of
ARB index (red) and CESA
index (green) of RC of ENSO
mode in a observation, b CT-
CCSM and ¢ SP-CCSM. Daily
time series of ARB index (red)
and CESA index (green) of RC
of PDO mode in d observation,
e CT-CCSM and f SP-CCSM.
Note that the scale of y-axis in f
is different from d and e

scale, comparable to the observed variability. The ARB and
CESA indices in SP-CCSM vary in-phase although their
magnitudes are almost equal. The peaks corresponding to
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ENSO events occur during the austral summer season in
the observation. A closer examination has revealed that
SP-CCSM also has ENSO peaks occurring during austral
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summer, as in observation, while the CT-CCSM shows
peaks occurring earlier than the austral summer. Thus, the
SP-CCSM shows better simulation of the observed inter-
annual variability and regional variation of the ENSO
mode compared to CT-CCSM. Stan et al. (2010) noted
that ENSO by itself is better simulated in SP-CCSM3 and
attributed the improvement in the period and irregularity of
ENSO to the better representation of cloud-scale processes
in the atmospheric model, which in turn may provide
proper ocean—atmosphere interaction in the ENSO region.
Further, the improved simulation of the MJO may also be
partially responsible for the better ENSO simulation. The
atmospheric ENSO mode over South America may be con-
sidered as the response to the better simulation of ENSO
mode over the Pacific.

In the PDO mode of the observation, the ARB and
CESA indices vary with opposite phase but with almost
equal magnitude (Fig. 12d). The PDO mode can modulate
the interannual variability due to ENSO. In the CT-CCSM,
the ARB and CESA indices of the PDO mode (Fig. 12e)
are varying in-phase with almost equal amplitude, reflect-
ing the spatial pattern of this mode (Fig. 10e). The varia-
tions of ARB and CESA indices of the PDO mode in the
SP-CCSM resemble those of the observation with out-of-
phase relation between the indices. The magnitude of the
PDO mode in SP-CCSM, however, is about half of the
observed magnitude.

6 Summary and discussion

In this study, the simulation of the climate over South
America by a coupled ocean—atmosphere model which
includes embedded cloud resolving models was examined.
In particular, the NCAR CCSM model was used to test the
ability of the superparameterized version to simulate the
observed seasonal and intraseasonal oscillations and the
low-frequency modes in the South American climate. A
comparison with the simulation by the CCSM with con-
ventional parameterization of convection was carried out to
test whether the explicit treatment of convection and cloud
processes in SP-CCSM improves the simulation of convec-
tion and also large-scale processes over South America.
The main results indicate that SP-CCSM is better than CT-
CCSM in simulating the leading seasonal and intraseasonal
oscillations and the ENSO and PDO modes.

The analysis of the observation and model simulations
followed the same approach of Krishnamurthy and Misra
(2011) to extract different modes of variability of the South
American climate. For this purpose, the data-adaptive method
of MSSA was employed on raw anomalies without requiring
pre-filtering or any assumptions about the time scales of the
extracted modes. The CT-CCSM was able to simulate only
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the seasonal oscillation while the SP-CCSM was successful
in simulating both the seasonal and intraseasonal oscillations.
Although both models showed some disagreement with the
observation in the period of the SO, the spatial structure and
the northeastward propagation of the SO were better simu-
lated by the SP-CCSM compared to CT-CCSM. The relation
between SO and NAO was also better captured by the SP-
CCSM. The ISO was simulated only by the SP-CCSM with
a period closer to that of observation. The spatial structure
and the northeastward propagation of the ISO and its associa-
tion with the MJO were reasonably well simulated by the SP-
CCSM when compared to observation.

Both CT-CCSM and SP-CCSM were able to simu-
late two leading observed low-frequency modes. The two
models were successful in simulating the ENSO and PDO
modes but with differences. However, either model was
unable to resolve the AMO mode found in the observation
by Krishnamurthy and Misra (2011). While the CT-CCSM
generated more regular variability at biennial time scale in
the ENSO mode, the SP-CCSM was able to simulate more
irregular variability of the ENSO mode with a time scale
closer to that in the observation. The spatial structure, rela-
tion with the Pacific SST and the regional variation were
also better simulated in the SP-CCSM than in CT-CCSM.
The spatial structure of the PDO mode in the SP-CCSM
was closer to the observed pattern while the PDO mode
in the CT-CCSM showed considerable difference. The
observed relation between the PDO mode and the Pacific
SST was well captured by the SP-CCSM whereas the CT-
CCSM showed completely different pattern. The interan-
nual variability of the PDO mode in SP-CCSM showed the
observed phase relation between ARB and CESA while the
CT-CCSM showed in-phase relation. However, the magni-
tude of the PDO mode was lower in the SP-CCSM com-
pared to observation.

This study has provided further support to the impor-
tance of realistic cloud parameterization and the neces-
sity of coupled models. The better performance of the
SP-CCSM over South America adds to the success of the
superparameterization that was also seen in the simulation
of the South Asian monsoon (Krishnamurthy et al. 2013).
Some of the shortcomings in the simulation of the oscilla-
tions by the SP-CCSM, such as the difference in the period
and spatial structure, need further investigation. In the low-
frequency modes, the absence of the AMO mode and the
lower magnitude of the PDO mode require further study.
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