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Abstract
A new version of the Community Atmospheric Model, CAM5.1, is used to quantify the
impacts of tropical instability waves (TIWs)-induced sea surface temperature (SSTTIW)
forcing on the atmosphere over the central-eastern tropical Pacific. Two CAM5.1-based
simulations are performed, a control run in which monthly mean climatological SST
(SSTclim) field is prescribed as a surface boundary condition, and a perturbation run in
which daily varying SSTTIW field explicitly extracted from satellite data is superimposed onto
the SSTclim field to force the CAM5.1. It is illustrated that the additionally imposed SSTTIW
forcing acts to have a significant effect on TIW-scale variability and mean atmospheric
circulation structure over the central-eastern tropical Pacific.
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1. Introduction

Multi-scale processes exist over the central-eastern
tropical Pacific which are responsible for the compli-
cated circulation structure and variability in the atmo-
sphere and ocean. Tropical instability waves (TIWs)
are intraseasonal, small-scale signals that are promi-
nent in the region, whose effects on the regional
climate have been recognized for a long time (e.g.
Bryden and Brady, 1989; Wallace et al., 1989; Kessler
et al., 1998). On the atmospheric side, many previ-
ous studies have investigated ways in which TIW-
induced sea surface temperature (SSTTIW) variations
can cause atmospheric covariability in the surface
wind. Two independent mechanisms have been pro-
posed: a pressure gradient mechanism (Lindzen and
Nigam, 1987) and a vertical momentum-mixing mech-
anism (Hayes et al., 1989; Wallace et al., 1989). On
the oceanic side, several studies have demonstrated
that TIWs can affect the oceanic mean state of momen-
tum balance (Weisberg, 1984) and equatorial ocean
heat budget (e.g. Hansen and Paul, 1984; Bryden
and Brady, 1989; Baturin and Niiler, 1997; Jochum
and Murtugudde, 2006; Zhang, 2014). In the coupled
ocean–atmosphere context within the tropical Pacific,
it has been illustrated that TIWs can modulate El Niño-
Southern Oscillation (ENSO) in a systematic way
(An, 2008; Zhang and Busalacchi, 2008; Imada et al.,
2012). More recently, TIWs have been of an intensive
research interest not only in their own scientific merits,

but also in their modulating effects on large-scale cli-
mate processes. Indeed, substantial progress has been
made in remote sensing and high-resolution modeling,
leading to significant advances in physical understand-
ing and modeling of TIW-scale feedback effects in the
tropical Pacific (e.g. Chelton and Xie, 2010).

For example, several previous modeling studies
have suggested a negative feedback induced by TIWs
(Seo et al., 2007; Imada et al., 2012; Zhang et al.,
2013). In a coupled ocean–atmosphere system, the
atmospheric boundary layer (ABL) almost simulta-
neously responds to the presence of TIWs and as
a feedback it returns its signal to the oceanic sur-
face, which interacts in an opposite way with ocean
surface fields (currents and temperature) that affect
the oceanic dynamical and thermo-dynamical features
(Polito et al., 2001; Pezzi et al., 2004; Seo et al.,
2007). The involved ocean–atmosphere coupling leads
to a negative feedback at TIW scales. The TIW-
induced impacts on ocean mean state (through surface
wind forcing) or on small-scale atmospheric pertur-
bations (through SST forcing) have been fully dis-
cussed in many previous studies. However, the related
impacts on the large-scale state or climatology in the
atmosphere have not been clearly identified so far. In
addition, current climate models still suffer from sub-
stantial discrepancies over the tropical Pacific, partly
arising from uncertainty in the representations of com-
putationally unresolved scales, such as TIWs in the
central-eastern regions. Indeed, some model biases are
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still pronounced in atmospheric modeling over the
tropical Pacific, including the large-scale atmospheric
circulation structure (e.g. wind curl and divergence
fields). Understanding the roles played by TIWs in
tropical model biases remains an active research inter-
est.

Using high-resolution satellite observations, for
instance, Chelton et al. (2001) identified TIW-induced
coherent co-varying patterns in the ocean and atmo-
sphere over the central-eastern tropical Pacific. Also,
Chelton (2005) analyzed the effects induced by dif-
ferently specified SST boundary conditions in a
high-resolution European Center for Medium-Range
Weather Forecasts (ECMWF) atmospheric general cir-
culation model (AGCM) with T511 (about 0.352◦).
When high-resolution SST data from satellite (e.g.
daily in time and 0.25◦ in the horizontal) were speci-
fied as the model’s SST boundary conditions, substan-
tial differences emerge in the simulated atmospheric
fields over the central-eastern tropical Pacific com-
pared with a low-resolution SST case (e.g. weekly
in time and 1◦ in the horizontal). In particular, as
the SST resolution increases, TIWs become highly
visible signals that stand out pronouncedly over the
central-eastern tropical Pacific (e.g. Roberts et al.,
2009). As the effects on the atmospheric simulations
result from the use of the TIW-resolving SST field,
they can be naturally attributed to TIW-scale SST
forcing. However, the high resolution SST data pre-
scribed directly from satellite include variability at
various space-time scales. In addition to TIW sig-
nals that are dominantly seen in the central-eastern
equatorial Pacific, other intraseasonal forcing signals
also exist over the western tropical Pacific in asso-
ciation with westerly wind bursts and the Madden
Julian Oscillations (MJOs). As such, the resultant dif-
ferences between the AGCM-based simulations forced
by the high and low resolution SST boundary condi-
tions can not be ascribed unambiguously to TIW-scale
SST forcing effects. Also, some necessary changes are
made in model parameters and parameterizations when
using high and low resolution SST data for the AGCM
boundary conditions, making it difficult to attribute the
effects exclusively to direct SST forcing at TIW scales.
Clearly, one single simulation and diagnostic analysis
alone are not sufficient to reveal TIW-induced SST
forcing role in modulating the atmospheric circulation;
dedicated modeling experiments are needed to isolate
TIW-scale SST forcing effects in a clean way.

Very recently, a new version of the National
Center for Atmospheric Research (NCAR) AGCM
was released, denoted as CAM5.1; it has been
available for use in the scientific community, which is
expected to have a variety of applications for climate
modeling and analyses. Model assessments have
been made for large-scale climatological simulations
in the tropical Pacific (see online at http://www.
cesm.ucar.edu/models/cesm1.0/cam/). For example,
some model biases are still evident with this latest
version. One obvious source can be related with the

fact that TIW-scale SST forcing is lacking when cli-
matological monthly-mean SST fields are used as the
underlying boundary conditions for the atmosphere.

Given the significant roles played by TIWs in the
regional climate, this article is devoted to evaluating
the performance of the Community Atmosphere Model
(CAM5.1), with a focus on the effects of TIW-
scale SST forcing on the atmosphere in the tropical
Pacific. The CAM5.1-based simulations are performed
in such a way that TIW SST effects can be isolated
explicitly and examined cleanly as follows. First, the
SSTTIW part is explicitly extracted from satellite data;
then, its forcing effects on atmospheric modeling can
be taken into account. Sensitivity experiments with
the SSTTIW forcing explicitly included or not are
compared with each other to reveal the effects. Specific
questions will be addressed further. Can this new
CAM5.1 adequately depict atmospheric responses to
TIW-scale SST forcing? To what benefit can be gained
to atmospheric modeling when TIW-scale SST forcing
effect is directly included? To what extent can the
biases in the atmospheric mean state simulation be
unambiguously attributed to TIW-scale SST forcing
effects?

2. Descriptions of satellite-based
observations, the CAM5.1 and experiments

Satellite-based data are utilized for TIW-related anal-
yses and modeling studies, including high-resolution
SST field from the Tropical Rain Measuring Mis-
sion (TRMM) satellite’s microwave imager (TMI; e.g.
Wentz et al., 2000; Chelton et al., 2001) and sea sur-
face vector wind stress field from the SeaWinds Scat-
terometer on the QuikSCAT satellite (e.g. Chelton
et al., 2001; Milliff and Morzel., 2001). These origi-
nally available satellite measurements have horizontal
resolution of 0.25◦ × 0.25◦, with temporal sampling of
four times a day.

For the TIW-related atmospheric modeling, we
use the latest version of the CAM5.1, which is
an atmospheric component of the Community Earth
System Model (CESM1.0). The CAM5.1 adopted in
this work is set to have a relatively high horizontal
resolution of 0.625◦ in longitude and 0.47◦ in latitude,
with 26 levels in the vertical. Outputs from a long-term
integration using the CESM1.0 are available online at:
http://www.cesm.ucar.edu/models/cesm1.0/cam; these
coupled products also provide initial conditions for
the atmospheric component (the CAM5.1) used in this
article to investigate TIW-scale SST forcing effects.

Data analyses and model-observation comparisons
are performed on the same AGCM horizontal grid
(0.625◦ × 0.47◦); in time, daily-mean fields are ana-
lyzed. To extract TIW-scale signals, a zonally high-
pass filtering is performed exactly the same way both
for satellite and model data by removing a 12◦ moving
average in the zonal direction (e.g. Hashizume et al.,
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(a) (b) (c)

(d) (e) (f)

Figure 1. Longitude-time sections along 1◦N during year 1999 for the (a) SSTTIW field and (d) derived crosswind component
of the SST gradient from the TMI satellite, and the total wind stress curl fields (b) observed from QuikSCAT satellite and (c)
simulated from CAM5 with the SSTTIW forcing; (e) and (f) are, respectively the same as in (b) and (c), but for the corresponding
TIW-scale fields. The contour interval is 0.5 ◦C in (a), and 0.4 N m−2 per 104 km in (b) and (c), and 0.3 ◦C per 100 km in (d), (e)
and (f).

2001). An example is shown in Figure 1(a) to illus-
trate the extracted daily SSTTIW field from satellite
data for year 1999. As seen, TIWs are highly vis-
ible signals over the central-eastern tropical Pacific:
the TIW-scale SST perturbations exhibit strong sea-
sonal fluctuations, with the magnitude being as large
as 2–3 ◦C when daily-mean fields are analyzed.

In an atmosphere-only modeling context, its exter-
nally specified SST forcing field can be separated into
climatological SST (SSTclim) and TIW-scale (SSTTIW)
parts, written as SST = SSTclim + SSTTIW. Two runs
are performed using the CAM5.1. In a control run
(referred as the SSTclim run), monthly-mean SSTclim

data are specified as a boundary condition for the

AGCM (e.g. Hurrell et al., 2008), in which TIW-
scale SST forcing effects are completely lacking. As
seen from its long-term climatological integration and
assessment online at the site given above, the CAM5.1
simulation exhibits some obvious biases. To reveal
what benefit can be gained by directly including TIW-
scale SST forcing effect, a perturbation run (referred
as the SSTTIW run) is conducted as follows. First, the
daily SSTTIW field is explicitly extracted from the TMI
SST data using the zonally high-pass filtering, written
as SSTTIW = SST − SST12◦ , in which SST is a daily
field from satellite data, and SST12◦ is its zonally 12◦

running mean field. Then, the derived SSTTIW fields
are added onto the SSTclim field to force the AGCM.
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As the only differences between these two runs are in
the specification of the SSTTIW forcing, its effects on
the atmosphere can thus be isolated in a clean way. In
this article, the SSTTIW forcing part is derived from
year 1999, and is applied only to the central-eastern
tropical Pacific (to the east of the date line and equa-
torward of 10◦) where TIWs are mostly active; outside
this region, the SSTTIW forcing is set to be zero. Note
that the year 1999, arbitrarily selected, was a strong
La Niña year in which TIW activity became larger in
the tropical Pacific. As SSTclim and SSTTIW are used,
interannual variability of SST is not taken into account
in the SSTTIW run.

Taking initial conditions from a long-term integra-
tion performed using the CESM1.0, the CAM5.1 is
integrated for 5 years by our own, forced by prescribed
SSTclim field (Hurrell et al., 2008). Then, two addi-
tional experiments are conducted for one more year,
one with the SSTTIW forcing included, and another
not. Satellite observations are used to validate the
model simulations, with comparisons made between
these two runs to quantify the effects. As illustrated
by Chelton et al. (2001), the SSTTIW-forced response
signals in the atmosphere can be clearly represented
by wind stress derivative curl and divergence fields;
accordingly, our analyses below will be focused on
these fields. Also note that while the amplitude of wind
stress response field at TIW scale is only about 10%
of its full field, that of wind stress curl and divergence
fields at TIW scale can be as large as their full fields.

3. Results

Compared with satellite data, atmospheric fields sim-
ulated from the SSTclim run exhibit some obvious
discrepancies over the central-eastern tropical Pacific.
For example, the AGCM simulation tends to have
daily variability that is weak. As shown in Table I, the
standard deviation (SD) of daily wind stress curl and
divergence fields (relative to their temporal mean val-
ues) estimated from the SSTclim run is only 70–80%
of that from satellite data. This is expected because the
AGCM in the SSTclim run is only forced by monthly-
mean SSTclim field.

When the SSTTIW forcing is explicitly included as
part of the SST boundary condition, the AGCM pro-
duces daily fluctuations in the atmospheric fields that
are enhanced significantly. Figure 1(c) and (f) present
an example for the simulated total and TIW-scale wind
stress curl fields; the corresponding observed ones
from the QuikSCAT satellite are shown in Figure 1(b)
and (e) for year 1999 (note that the SSTTIW forcing
field is derived from this year). Associated with the
TIW-scale SST perturbations (Figure 1(a)) and cross-
wind components of the SST gradients (Figure 1(d)),
coherent atmospheric responses are seen prominently
over the TIW active regions in the central-eastern
tropical Pacific, which were previously analyzed by
Chelton et al. (2001), and Zhang and Busalacchi

Table I. Standard deviation (SD) of the wind stress curl
and divergence fields calculated in the region (0◦ –4◦N,
160◦W–110◦W) during the cold season from August to
December. The analyses are separately performed for their
full fields and TIW-scale parts, with the latter being extracted
using a zonally high-pass filtering (by removing a 12◦ moving
average in the zonal direction). The results are given in the
table for observations estimated from satellite data and for the
CAM5 simulated with climatological SST forcing (denoted as
CAM5 with SSTclim forcing) and with additional TIW-scale SST
forcing (denoted as CAM5 with SSTTIW forcing), respectively.
The unit is N m−2 per 104 km for the wind stress curl and
divergence fields.

Curl Divergence

Full fields Observations 1.01 1.45
CAM5 with SSTTIW forcing 1.15 1.47
CAM5 with SSTclim forcing 0.80 1.06

TIW-scale parts Observations 0.85 1.04
CAM5 with SSTTIW forcing 0.91 1.22

(2009). Similar to the satellite observations, the
responded curl fields in the SSTTIW run exhibit west-
ward propagation which is pronounced mostly along
the northern flank of the eastern cold tongue; these
signals are completely missing in the SSTclim run
(figures not shown). Thus, the explicit inclusion of the
SSTTIW forcing effects leads to improved simulations
in the SSTTIW run, with significantly enhanced daily
variability in the atmosphere. Note that the total curl
fields illustrated in the SSTTIW run (Figure 1(c)) some-
times are out of phase with those observed in 1999
(Figure 1(b)), but the phase relationships between the
TIW-scale curl fields exhibit more coherent with each
other (Figure 1(e) and (f)), which directly responds
to the SSTTIW forcing as indicated in the crosswind
components of the SST gradients (Figure 1(d)).

The effects are further quantified in Figure 2(a),
illustrating the histograms of total wind stress curl
fields calculated using daily-mean outputs, which are
made over the region (0◦ –2◦N, 140◦W–100◦W) dur-
ing August to December (the area and period chosen
correspond to large TIW activity in the tropical
Pacific). The satellite analyses indicate that the curl
field exhibits a pronounced asymmetric distribution
over the equatorial Pacific (figures for daily-mean
fields not shown, but see the horizontal distributions
of monthly-mean wind stress curl fields shown later
in Figure 5). For example, the number of positive curl
values is systematically greater than that of negative
ones (thus being skewed to the positive side); this fea-
ture mostly reflects the existence of a distinguished
positive curl band over the central-eastern equatorial
Pacific in fall and winter (e.g. Kessler et al., 2003;
see Figure 5 later). Compared with satellite data (the
black line in Figure 2(a)), the two AGCM simulations
(the red and green lines in Figure 2(a)) exhibit obvi-
ous discrepancies, but substantial differences between
them are also evident. For example, in the SSTclim
run (the red line in Figure 2(a)), the magnitude of
the curl field is underestimated significantly, a clear
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(a)

(b)

Figure 2. The histograms of total wind stress curl fields calculated using (a) daily and (b) monthly mean values over the region
(0◦ –2◦N, 140◦W–100◦W) during August to December. The probability is estimated by counting the spatial grid points for the
satellite observations (the black lines with open circles) and for the AGCM simulations with SSTclim forcing (the red lines with
open squares) and SSTTIW forcing (the green lines with full circles), respectively.

indication that the positive curl band simulated in
the 0◦ –2◦N region is way too weak. Also, the dis-
tribution of positive and negative values is asym-
metric (the red line in Figure 2(a) skews positively),
with the mode of the histogram being shifted slightly
to the negative side. The explicitly included SSTTIW
forcing in the SSTTIW run leads to an improved sim-
ulation of the curl field, with enhanced magnitude
significantly. As a result, the range and number of
the positive and negative curl values simulated in the
SSTTIW run are in much better agreements with those
estimated from satellite data. For example, the number
of the positive curl values increases in the 1.25–2.5
range (in unit of N m−2 per 104 km here and below
throughout this article), being almost doubled relative
to that in the SSTclim run. Also, the number of the neg-
ative curl values increases substantially in the ranges
of −0.75 and −2.0.

To highlight TIW-scale signals in the atmosphere,
the zonally high-pass filtering is applied to daily
atmospheric fields simulated from the SSTTIW
run. It is seen that the TIW-scale perturbations in
the atmosphere are almost instantly induced over
the central-eastern equatorial Pacific, with banded
positive and negative patterns propagating west-
ward coherently (Figure 1(c)). As the TIW-scale
perturbations are not seen in the SSTclim run, they
represent a direct response to the prescribed daily-
varying SSTTIW forcing. Figure 3(a) illustrates the
histograms of TIW-scale wind stress curl fields
calculated using daily-mean outputs. The SSTTIW
run is seen to depict TIW-scale responses very
well (also see Table I). In addition, these derived
TIW-scale curl and divergence fields exhibit coherent
relationships with the downwind and crosswind
components of the SST gradient (e.g. Figure 1(d)).

 2014 Royal Meteorological Society Atmos. Sci. Let. (2014)



R.-H. Zhang et al.

C A M 5

(b)
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Figure 3. TIW-scale perturbations estimated using daily-mean fields over the region (5◦S–5◦N, 150◦W–95◦W) during the cold
season (August to December): (a) The histograms for the wind stress curl, and (b) the coupling represented by the binned
scatterplots of the relationships between the zonal-high-pass filtered wind stress curl and the crosswind component of the SST
gradient. The probability is estimated by counting the spatial grid points in (a) for satellite observation (the black line with open
circles) and for the SSTTIW run (the green line with full circles), and in (b) for satellite observation from QuikSCAT and TMI (the
black dot line) and for the SSTTIW run (the red dot line), respectively. In (b), the y-axis unit is N m−2 per 104 km and the x-axis
unit is ◦C per 100 km.

Following Chelton et al. (2001), Figure 3(b) exhibits
the TIW-induced coupling between the ocean and
atmosphere, as represented by the binned scatterplots
of the relationships between TIW-scale wind stress
curl and the crosswind components of the SST
gradient. A good depiction of TIW-scale coupling
is clearly evident in the SSTTIW run. Interestingly,
when forced by explicitly prescribed SSTTIW field,
the CAM5.1 tends to overestimate TIW-scale wind
responses and the related coupling over the central-
eastern equatorial Pacific, as compared with the
corresponding satellite observations. One reason for

this is the fact that the negative feedback induced
by atmospheric winds onto TIWs in the ocean (e.g.
Seo et al., 2007) is ignored in the AGCM-only
experiments.

Next, monthly-mean fields are taken to illustrate
the extent to which the large-scale climatological
mean circulation structure can also be affected by the
SSTTIW forcing; examples are exhibited in Figure 4
for the seasonal cycle of the total wind stress curl
fields and in Figure 5 for the horizontal distributions
of observed and simulated total wind stress curl fields
in December. The striking result here is that the impact
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(a) (b)

Figure 4. Seasonal cycles of the total wind stress curl fields along 1◦N, analyzed and plotted using monthly-mean data in CAM5
simulations with (a) SSTclim forcing only and with (b) the SSTTIW forcing additionally taken into account. The contour interval is
0.1 N m−2 per 104 km.

of TIWs on atmospheric mean field is not small rel-
ative to the effects of longer-scale (e.g. interannual)
anomalies. For instance, significant differences emerge
in the two CAM5 simulations. The SSTTIW effects
on the atmosphere are particularly large during TIW
active periods in fall and winter, consistent with the
seasonality of TIWs. The magnitude of the positive
curl band in 0◦ –2◦N and of the negative curl band
in 2◦S–4◦S are substantially enhanced in the SSTTIW
run (comparing Figure 5(b) with Figure 5(c)). Quan-
titatively, as averaged in August to December over
the region (0◦ –2◦N, 140◦W–100◦W), the wind stress
curl value is 0.31 for the satellite observation; it is
0.08 for the SSTclim run and 0.15 for the SSTTIW run,
respectively. Thus, the simulated positive curl magni-
tude in the SSTTIW run is almost doubled relative to
the SSTclim run. Looking at a single month (Figure 5),
the December-mean wind stress curl value is 0.56 for
the satellite observation, and it is −0.02 for the SSTclim
run and 0.15 for the SSTTIW run, respectively. Thus,
the direct SSTTIW forcing leads to a change even in
the sign of the wind stress curl.

Figure 2(b) further illustrates the corresponding his-
tograms calculated using monthly mean fields. In the
SSTTIW run, the positive curl band is depicted more
realistically. For example, the number of the posi-
tive curl values in the 0.5–1.0 range is almost dou-
bled in the SSTTIW run relative to the SSTclim run.
Note that the prescribed daily SSTTIW forcing field

is nearly zero when averaged monthly or longer,
but its inclusion in the SSTTIW run acts to pro-
duce a significantly nonzero effect on the monthly-
mean curl field (e.g. the population mean of the
green line in Figure 2(b) is obviously positive). This
indicates that small-scale, high-frequency SSTTIW
forcing acts to have a rectified effect on the monthly-
mean climatological atmospheric circulation patterns
over the central-eastern equatorial Pacific. As the
induced differences in the magnitude and structure of
the wind curl fields are seen to be sufficiently large
between the SSTclim and SSTTIW runs (Figure 5), it
is expected that they will affect the ocean circulation
in a significant way (e.g. Kessler et al., 2003).

The effects are further summarized in Table I to
quantitatively illustrate the extent to which daily atmo-
spheric variability is enhanced over the central-eastern
equatorial Pacific when SSTTIW forcing is explic-
itly included. Clearly, the explicitly added SSTTIW
forcing exerts a substantial influence on the atmo-
spheric mean fields and variability over the central-
eastern equatorial Pacific; some biases seen in the
SSTclim run can be directly related to the lacking of
TIW-scale SST forcing effects on the atmosphere.

4. Concluding remarks

This article aims to assess the performance of the
newly released high-resolution CAM5.1, with an
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(a)

(b)

(c)

Figure 5. Horizontal distributions of the total wind stress curl fields in December, (a) observed from QuikSCAT satellite, and
simulated from CAM5 with (b) the SSTclim forcing only and (c) the SSTTIW forcing explicitly taken into account, respectively. The
contour interval is 0.2 N m−2 per 104 km.

emphasis on atmospheric responses to TIW-scale
SST (SSTTIW) forcing over the central-eastern trop-
ical Pacific where TIWs are most active. On the
basis of cleanly designed AGCM simulations and
comparisons with satellite data, it is illustrated that
TIW-scale SST forcing can exert a significant influ-
ence not only on TIW-scale variability, but also on the
large-scale mean atmospheric circulation in the region.
In particular, the SSTTIW forcing is demonstrated to
have a rectified effect on large-scale mean circula-
tion structure (e.g. the wind stress curl and diver-
gence fields). Thus, the SSTTIW forcing effects need
to be adequately taken into account in atmospheric

modeling. Consistent with the previous analysis made
by Chelton (2005), the TIW-scale SST forcing effects
on the atmosphere can be clearly related with some
model biases seen over the central-eastern tropical
Pacific. One interesting finding from this modeling
study is that the CAM5.1 tends to overestimate TIW-
scale wind variability and related air–sea coupling.

In this article, an AGCM is used to examine the
atmospheric response to TIW SST forcing in which
air–sea interactions are neglected at TIW scales. These
AGCM-only experiments performed shed some light
on atmospheric effects involved with TIW-scale SST
forcing, but physical processes responsible for how
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the TIW-induced small disturbances of SSTs can
influence the large-scale mean atmospheric circulation
have not been addressed and some related specific
questions remain unanswered. For example, nonlinear
process is necessary for TIW-scale disturbances to
impact on the monthly-mean atmospheric fields. But
as shown in Figure 3(a), TIW-scale wind stress curl
response is almost symmetric; so, the TIW-scale
wind stress curl itself is not the reason for multi-
scale interactions between monthly-mean fields and
TIW-scale fields. Then, what are the other sources
or processes that can give rise to the nonlinearity?
In addition, various feedbacks and interactions are
involved with TIWs through the atmosphere and
the ocean at TIW and large scales. For example,
TIW-induced SST disturbances act to directly modify
atmospheric mean state (Figure 5), which can then
exert a further influence on the ocean state and
coupled ocean–atmosphere variability at large scales.
These complicated processes need to be examined in
a fully coupled ocean–atmosphere modeling context
using the CESM1.0. Clearly, the identified effects
from these CAM5.1-only experiments will stimulate
further modeling efforts for reducing tropical biases,
benefiting to ocean and coupled ocean–atmosphere
simulations with the CESM1.0.
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