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ABSTRACT

Based on the aqua-planet experiments, the wavenumber-frequency characteristics of tropical waves and
their influencing factors in S5T distribution and the convective parameterization scheme are investigated
using the spectral atmospheric general circulation model (SAMIL). Space-time spectral analysis is used to
obtain the variance of convectively coupled tropical waves. In the Control experiment with maximum SST
located at the equator the simulated tropical-wave behaviors are in agreement with those in observations
and theoretical solutions. When the maximum SST is located at 5°N, the symmetric and antisymmetric
waves are much weaker than those in the control experiment, suggesting that tropical wave activities are
very sensitive to the SST distributions. Importantly, the variance maximum of Madden-Julian oscillation
(MJQ) is found to occur around 5°N, which suggests that the development of the MJO depends largely on
the latitude of maximum SST. Furthermore, the seasonal variations of MJO may be mainly caused by the

seasonal variations of the maximum SST.

The experiment results with two different cumulus schemes—the Manabe moist convective adjustment
and Zhang-McFarlane (ZM) convective scheme, were also compared to examine the impacts of convective
parameterization. Weakened variances of each individual tropical wave when the ZM scheme is used suggest
that the ZM scheme is not favorable for the tropical wave activities. However, the wave characteristics are
different when the ZM scheme is used in different models, which may imply that the simulated basic state is
important to the meridional distributions of the waves. The MJO signals suggest that the parameterization
scheme may have great influence on the strength, but have less direct impact on the MJO distribution. The
frequency of the tropical waves may be associated with the moisture control of convection and the large-scale

condensation scheme used in the model.
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1. Introduction

Tropical atmospheric waves are induced mostly by
convective heating in the troposphere, and are re-
lated to the interactions between internal atmospheric
dynamics and external forcing (Lau and Peng,1987);
Yang et al., 2008). With the development of satel-
lite observation, some new phenomena and facts were
found in the tropics such as Madden-Julian oscilla-
tions (MJO; Madden and Julian, 1971, 1994). Mad-
den and Julian (1994) summarized the structure and
propagation of the MJO as well as its possible for-
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mation mechanism. Based on satellite data with high
spatial-temporal resolution, the wave spectra of other
tropical waves with different. frequencies were also ex-
amined (e.g., Wheeler and Kiladig, 1999; Ichikawa and
Yasunari, 2006). Although some theoretical studies
have been made to explain the basic features of these
tropical waves, until now there has been a limited
knowledge of their structure, propagation, and ori-
gin.

An atmospheric general circulation
{(AGCM), or coupled ocean-atmosphere model, is a
useful tool for investigating the processes that deter-
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mine the characteristics of the tropical waves. AGCM
has been widely used in studies of intraseasonal oscil-
lation activities and their impacts, especially the MJO
simulations due to its Importance in the climate sys-
tem (e.g., Swinbank et al., 1988; Liet al., 2006: Dong
et al., 2006). Based on AGCM simulations, not only
the propagation features of the tropical waves associ-
ated with sea surface state, but also the influences of
different physical processes and air-sea Interactions on
these waves, can be recognized (Maloney and Hart-
mann, 2001; Liu et al, 2003). In addition to the
M.JO, other tropical convectively coupled waves, such
as the equatorial Rossby waves and the inertio-gravity
waves, also strongly aflect tropical weather. However,
complex Interactions exist in AGCMs, which make it
difficult to analyze the impact mechanism of tropical
waves. Moreover, uncertalnties are present In sim-
ulated results from different models. To probe the
reasons for the differences in the systematic errors
of each of the models, the Atmospheric Model Inter-
comparison Project {AMIP) has heen implemented
in recent years (Gates, 1992). In an evaluation of 15
AGCMs ag part of the AMIP, Slingo et al. (1996) in-
dicated the typical shortcomings of too-weak Intensity
and too-fast propagation of the intraseasonal oscilla-
tions in the modeling. Recently Lin (2006) evaluated
the tropical intraseasonal variability with 14 coupled
GCMs participating in the Intergovernmental Panel
on Climate Change {(IPCC) Fourth Assessment Re-
port (AR4). Their results showed that AGCMs have
significant problems but display a wide range of skill
in simulating the tropical intraseasonal variability.
In view of the complexity of the spatial and tem-
poral variability of boundary conditions such as the
land/sea distribution, orography, and SST forcing, it
is more difficult to understand their interactions (Neale
and Hosking, 2001a). Simplified models were used to
simulate the mechanism responsible for the frequency
and propagation of tropical waves (e.g., Lau and Peng,
1987; Yang et al., 1990; Raymond, 2001), which can
provide additional suggestions for the improvement of
GCM simulations of tropical intraseasonal variability.
Therefore, some simplified projects were proposed us-
ing idealized GCMs that can bridge the gap between
simple models and full GCMs, such as the intercom-
parison project to compare the dynamical cores of
AGCMs based on a simplified approach proposed by
Held and Suarez (1994). The aqua-planet (AP} ex-
periment project was proposed to test the interaction
of the physical parameterizations in an AGCM with
each other and with the dynamics (Neale and Hoskins,
2001a), in which the full AGCM is retained but the
surface boundary Is drastically simplified as only ocean
without land. For a set of AP experiments designed
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to test how AGCMs respond to different character-
istics of SST forcing, all models are required to use
identical prescribed and very idealized SST distribu-
tions. Based on the comparison of the cutputs from
different AGCMs under controlled conditions, one can
understand the model performances, the reasons for
differences in different models, and the Impacts of dif-
ferent physical parameterizations, etc. Since it rules
out topographic or thermal land-sea contrast effects,
such differences demonstrate the usefulness of AP ex-
periments in emphasizing model differences which are
difficult to identify when complex observed boundary
forcing is included.

Actually, before the AP experiment project was
proposed, similar experiments with AGCMs had been
carried out to study some tropical phenomena in-
volving the MJO, ITCZ, and the Hadley circulation
(Swinbank et al., 1988; Numaguti, 1995). Similar
simulations were also Implemented to investigate the
impacts of the SST anomaly in the Indian Ocean
on the subtropical anticyclone over the western Pa-
cific via two-stage thermal adaptation in the atmo-
sphere (Wu et al., 2002). Hess et al. (1993) performed
a suite of AP experiments Integrated with identical
SS8Ts, but with two different convective parameteri-
zation schemes, and their results showed that two dis-
tinctly different tropical ITCZ regimes occurred purely
in response to the two different schemes used. Lee
et al. (2003) found that simulated tropical intrasea-
sonal oscillations are largely sensitive to convection
scheme, and that schemes in which it is more difficult
to convect tend to produce stronger variability. Frier-
son (2007) studied the dependence of Kelvin waves on
quantities such as the gross moist stability with a zon-
ally symmetric aqua-planet and slab mixed layer ocean
boundary conditions.

The main objective of this study is to explore the
behaviors of tropical wave activities as well as the im-
pacts of different SST distributions and different con-
vective parameterization schemes on these waves by
examining the simulated results in an AGCM. A set of
AP experiments are conducted, because it 1s more use-
ful for interpreting the different response of the model
due to the change of the cumulus scheme, and inves-
tigating the interaction between model dynamics and
physical parameterizations.

The model description and experiment setup in this
study are briefly presented in section 2. The theoret-
ical backgrounds for tropical waves and methodology
for wavenumber-frequency filtering are introduced in
section 3. Analyses of the experiment results are de-
tailed in sections 4, 5 and 6. The conclusions and
discussions are given In section 7.
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2. Model description and experiment setup
2.1 Model description

The model used in this study is a spectral AGCM
(named SAMIL), which is the atmospheric component
of the flexible global ocean-atmosphere-land system
(FGOALS) developed by the State Key Laboratory of
Atmospheric Sciences and Geophysical Fluid Dynam-
ics/Institute of Atmospheric Physics (LLASG/TAP).
Its dynamic framework includes the “standard at-
mosphere subtraction” scheme (Wu et al, 1996) in
which a time independent standard atmosphere is in-
troduced and subtracted to reduce the calculation er-
rors of the pressure gradient force. The resolution of
SAMIL model is flexible, and two optional dynamical
frameworks in g-coordinate and in n-coordinate sys-
tems are designed, while multiple schemes with corre-
sponding physical processes are provided and can be
conveniently selected for comparison studies. In the
present study, the dynamical framework adopted is the
g-coordinate system with 9 vertical layers, and rhom-
boidally truncated at wavenumber 42 in the horizontal
(R42, a roughly 2.8125° lon x1.66” lat Gaussian grid)
(Wang et al., 2004). Also included are a K-distribution
radiation scheme that was originally developed by Shi
(1981) with the diurnal variation (Shao et al., 1998),
and Slingo’s cloud diagnosis scheme (Slingo, 1987) that
depends on relative humidity and vertical velocity.
The convection process is handled with the Manabe
moist adjustment scheme (Manabe et al., 1965). Tur-
bulent fluxes are given by the vertical diffusion scheme
of Louis (1979) based on Monin-Obukov similarity the-
ory. A detailed description of the model can be found
in Zhang et al. (2000) and Wang et al. (2004). The
SAMIL model has succeeded in simulating rainfall pat-
terns over the Tropics and East Asia and their seasonal
changes (Wang et al., 2004), but it is unable to effec-
tively simulate tropical intraseasonal oscillations (Li et

al., 2006) as in other GCMs (Slingo et al., 1996).
2.2  Ewxperiment selup

According to the AP project experiment design,
the boundary conditions are assumed to be zonally
symmetric SST distributions varying in latitude only,
and the form of the SST distributions are specified
by simple smooth geometric functions (Neale and
Hoskins, 2001a). Here, two experiments are first per-
formed to examine the influence of the SST distribu-
tions on tropical convectively coupled waves. One is
called the Control experiment in which the maximum
S8T is located at the equator. The SST variations are
as following.

WANG ET AL

543

3 T T

oF |4 —din? [ = || ¢ —= B

T,(Ap) = { Sm(?ﬂ 3°¥73
0

3 otherwise

(1)

where To(A, ) denotes the SST, A is longitude, and ¢
is latitude.

Another experiment Is referred to as the Control-
5N experiment in which maximum SSTs are set at
5°N with the meridional SST distribution subject to
formula (2). Such a SST distribution is the only differ-
ence from the Control experiment, which can be used
to reflect the seasonal variations in the real world.
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To understand the impacts of other physical pro-
cesses and dynamical framework on the tropical waves,
the results of the Community Atmosphere Model
(NCAR CCSM CAM?2), provided by the aqua-planet
experiment, (APE) Project (hereafter NCAR-Control),
are analyzed in this study, in which the same controlled
conditions are used as in Control experiment.

To compare the influences of different convec-
tive parameterization schemes on tropical waves, the
Zhang-MckFarlane convective scheme (ZM, Zhang and
McFarlane, 1995) of the NCAR CCM3 model is in-
troduced into the SAMIL model. Then a similar ex-
periment is performed with the same SST distribu-
tions used in the Control experiment (hereafter called
Control-ZM). As compared with the Control experi-
ment results, one can realize the influence of convective
parameterization scheme on the tropical waves.

— 542595
30 60 90 120 150 180 210 240 270 300 350 360 390 420 450 480 510
Days

Fig. 1. The time evolution of atmospheric energy budget
(W m™?) in the Control experiment.
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Fig. 2. Theoretical dispersion curves of tropical waves. Thin lines are
the various tropical wave dispersion curves for the different equivalent
depths of 12 m (solid), 25 m (dashed), and 50 m (dotted). Thick boxes
denote the interest regions of wavenumber-frequency domain used to

filter the typical waves including Kelvin, ER, MRG, WIG, EIG, and
MJQ waves (see text for details) for the (a) symmetric and (b) anti-

symmetric components of the simulated precipitation.

The above AP experiments are initialized using
model restarts from the full AGCM Interpolated to
zero crography. In each experiment the model inte-
grates for 18 months, with the first 6 months taken as
the adjustment period. The results from the last 12
months are examined for this study, with analyses of
tropical waves based on 6-hourly precipitation within
the last 360 days.

During the model integration for each of the AP
experiments, besides the SST forcing prescribed, the
insolation is also fixed at March equinoctial conditions
to make the radiation forcings symmetric aboul the
equator. Thus the model run can reach an equilibrium
state quickly. The temporal variations of the simulated
global-mean net energy absorbed by the atmosphere in
the Contrel experiment are shown in Fig. 1. The ad-
justment period of the model run is found within the
initial 60 days. Subsequent small and steady variations
are consistent with the external forcings.

3. Tropical wave theory and wavenumber-
frequency filtering

Convectively coupled tropical waves have been
studied theoretically and observationally for several

decades (e.g., Matsuno, 1966; Lindzen, 1967; Gill,

1980; Wheeler and Kiladis, 1999; Yang et al., 2003).
Theoretically, tropical wave solutions of the shallow
water equations are characterized by four parame-
ters involving meridional mode number n, frequency,
planetary zonal wavenumber, and equivalent depth of
the shallow layer of fluid. Based on the wavenum-
ber and/or frequency, tropical waves can be clas
sified into equatorial Ressby (ER), mixed Rossby-
gravity (MRG), eastward inertio-gravity (EIG), west-
ward inertio-gravity (WIG), and Kelvin waves (Fig.
2). Note that each of these tropical waves is either an-
tisymmetric or symmetric about the equator (Wheeler
and Kiladis, 1999). In practice, various methods have
been developed to identify the structures of tropical
waves from observational data. Yang et al. (2003)
proposed a new methodology to detect wave struc-
tures by projecting upper and lower tropospheric data
onto tropical wave modes. Based on satellite-observed
outgoing longwave radiation (OLR), Wheeler and Ki-
ladis {1999) used a space-time spectral analysis to iso-
late the convective variations contributing to spectral
peaks, which coincide with the equatorial wave disper-
slon curves for various equivalent depths. Their study
suggested that a portion of the space-time variability
of deep tropical cloudiness inferred from OLR could be
described quite well in terms of equatorially trapped
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Fig. 3. Pressure-latitude cross sections of (a) zonal-mean
zonal wind (m s~ ') and (b) zonal-mean potential temper-
ature (K) in the Control experiment.
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Fig. 4. Zonal-mean precipitation (mm d™*) for the Con-
trol (thick line) and Control-5N (thin line) experiments.

wave modes from shallow water theory. As an im-
portant component within tropical waves, the MJO
is also detected in the OLR spectra, although it does
not correspond to any of the theoretical equatorially
trapped wave dispersion curves. These suggest that
such a space-time spectral technique is particularly
useful for identifying the characteristics of tropical
waves (Hayashi, 1982). Therefore, this technique is
used in this research based on the simulated total pre-
cipitation. As stated above, the simulated precipita-
tion rate during the model days 181-540 are used to
perform the space-time spectrum analysis. The pre-
cipitation power is averaged between 10°S and 10°N.
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Following Wheeler and Kiladis (1999}, in this study
the behaviors of some tropical waves are also ex-
plored by filtering in the wavenumber-frequency do-
main. Here the “regions of Interest” waves in the
wavenumber-frequency domain are specified according
to the theoretical dispersion relation, and are shown
in Fig. 2. The wavenumber-frequency filtering of the
simulated precipitation is thus performed by taking
the inverse of the space-time transform processes only
with those Fourier coefficients that are within the spec-
ified “region of interest” waves in the wavenumber-
frequency domain.

4. 'The Control experiment results

4.1 Zonal mean states

Asg the 58T and other external forcings are zon-
ally distributed in the AP experiment, the zonal-mean
states are shown here to see if the results are reason-
able. The simulated zonally-averaged zonal wind and
potential temperature from the Control experiment
are illustrated in Fig. 3. Strong easterlies are present
in the lower tropical troposphere, with the westerly
jet stream in the mid-latitudinal upper troposphere in
each hemisphere (Fig. 3a). Both zonal wind and tem-
perature exhibit a symmetric distribution about the
equator due to symmetric SST and radiation distribu-
tions in the meridional direction. Although the circu-
lation patterns are simpler than those in real atmo-
sphere, the distributions of the simulated circulation
systems are reasonable. Notice that the westerly zone
is confined to a relatively narrow extent, which may re-
sult from reduced or weak stationary eddy transport,
and further due to no land-sea thermal contrast and
topography (Swinbank et al., 1988). Correspondingly,
meridional temperature gradients in the midlatitudes
are larger than those in the real atmosphere (Fig. 3b),
leading to the westerlies being too strong there. In the
tropics the temperature is higher than that in the ac-
tual state, which may be caused by enhanced diabatic
heating. Note that stronger than observed precipita-
tion occurs in the equatorial region (see Fig. 4). Sim-
ilar situations appeared in the simulated results given
by Neale and Hosking (2001b), who used the HadAM3
model to perform the AP experiments.

Figure 4 shows the simulated zonal mean precipi-
tation from the Control and Control-5N experiments.
For the Control results, precipitation maxima occur
around the equator due to maximum SSTs, and the
value is about 20 mm d—1, which is almost twice as
much as that in the real world. The width and strength
of strong precipitation appear to depend largely on the
meridional SST gradient though the maximum SSTs
are the same. In another experiment in which the SST
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frequency domain in the Control experiment for (a) Sym-
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Superimposed are the theorstical dispersion curves for
several equivalent depths of 12 m (solid), 25 m {dashed),
and 50 m (dotted). The wavenumber-frequenscy power
spectrum iz baged on the simulated total precipitation
averaged between 10°8 and 10°N,

gradient iz flattened (not shown), the rainfall at the
equator ig reduced and two peaks occur on the north
and south sides of the equator, representing the double
ITCZ. Additionally, a second maximum of precipita-
tion also existe in the midlatitudes of each hemisphere.
These simulation features are qualitatively similar to
the obaerved climatology of the annual-mean precipi-
tation,

4.2  Wavenumber-frequency characteristics of

tropical waves

Figure 5 displays the power spectrum ratios of
tropical waves to the total power in the wavenumber-
frequency domain for the Control experiment, in which
the theoretical dispersion curves for several equivalent
depths are superimposed for comparigson. The east-
ward propagating Kelvin wave and the WIG are found
to be the dominant symmetric waves (Fig. 5a). Each
of these two waves i consistent with theoretical dis-
persion relation and accounts for a gignificant amount
of wariability, With an eguivalent depth around 25
mm, this iz remarkably similar to the observation (Lin,
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2006). The n = 1 ER wave can be also identified
in Fig. Ba where n ig the meridional mode num-
ber of the wave. The antisymmetric waves mainly
include the MRG and n = 2 ER waves (Fig. 5b)
and these waves are also observed in the real atmo-
sphere (Wheeler and Kiladis, 1999). Although the sim-
ulated MIO is not gignificant for wavenumbers 1-2, it
ig significant for wavenummbers 4-10 (Fig. 5a). Actu-
ally, the wave disturbances with the period of greater
than 20 days simulated by other AP experiments are
also very weak (e.g., Swinbank et al., 1988; Neale and
Hoskins, 2001b). Based on the AMIP studies, Slingo
et al. (1996) also found that several modsls tend to
capture intraseasonal oscillations, and nearly all mod-
els have relatively more power at higher frequenciss
(<30 days) than in observations, but underestimate
the strength of the intraseasonal variability. The above
results indicate such errors may be associated with the
AGCM physical parameterizations. These errors may
also result from the 85T prescribing that the models
are unable to sufficiently deal with the realistic air-sea
interaction processes. In the AP and AMIP experi-
ments, for instance, the 88T distributions are all pre-
scribed, thus the air-sea interaction processes are also
simplified. Using a coupled ocean-atmosphere model,
Waliser et al. (1999) conducted a set of simulating ex-
periments to examine the influence of coupled 38T
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Fig. 6. Zonal-mean variances of simulated precipitation
for various parts of the wavenumber-frequency domain
of interest for the Control experiment. (a) Symmetric
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have been scaled by 107° (kg m™? s_ijz.
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on MJO. In the “coupled” simulation, the model is
coupled to a slab ocean mixed layer that provides prog-
nostic SST anomalies. The results showed that the
simplified air-sea Interactions facilitate a better sim-
ulation with respect to a number of general model
shortcomings associated with the MJO that were doc-
umented by Slingo et al. (1996) in the AMIP study.
Furthermore, the simulated MJO is also stronger and
more realistic as it 1s forced by weekly SST's than by
monthly SSTs (Li et al., 2002).

The tropical wave features are further examined by
filtering in the wavenumber-frequency domain, with
the “regions of Interest” waves of the wavenumber-
frequency domain defined in Fig. 2. The variance
for all scales from planetary to synoptic waves shows
that the maximum variance occur over the equatorial
region, with some main centers at different longitudes
(not shown), which suggests that zonally symmetric
SST and radiation distributions can induce some or-
ganized convective centers. However, since the SST
and other external forcings are zonally distributed,
the geographical domain may have no special mean-
ings. Figure 6 displays the zonal mean distributions of
simulated precipitation variances from the Control ex-
periment for each wavenumber-frequency bands. The
Kelvin wave is the most significant among these waves
(Fig. 6a) with its variance explaining more than 10%
of the variance of all the scale waves in the tropics, and
is more confined to the equator. The WIG wave has
the variance of a slightly smaller magnitude compared
to the Kelvin wave. The variance of MJO is weak and
i1s comparable to that of n = 1 ER wawve, which 1s not
consistent with observational studies (e.g., Wheeler
and Kiladis, 1999) that the MJO is the strongest than
the Kelvin wave, but is consistent with other GCMs
(Slingo et al., 1996). Note that the maximum variance
of the symmetric waves occurs over the equator, while
the maximum variance of antisymmetric components
is away from the equator and also weaker (Fig. 6h).
The n = 2 ER wave 1s the weakest, which explains
the least amount of precipitation variance of all of the
wave modes 1solated In the present study. The MRG
and EIG waves have the similar variance magnitudes,
which is also shown in the observational study that
the MRG varlance should be comparable to those of
the EIG waves (Wheeler and Kiladis, 1999). So, the re-
sults of AP experiment can represent those from AMIP
and compare with the observations.

As done by Wheeler and Kiladis (1999), the prop-
agation features of tropical waves can be identified
based on the time-longitude realizations. Figure 7
shows the time-longitude cross sections of the precip-
itation anomalies averaged between 10°S and 10°N.
The signals of the n = 1 ER waves are found to

WANG ET AL

547

propagate significantly westward with a phase speed of
about 4 m s~ 1, while the Kelvin wave moves eastward
at a quicker speed of around 15 m ¢! and propagates
almost globally. The WIG wave 1s much faster with
a phase speed of about 20 m s and can be seen to
have much more widely varying time and space scales.
Because of a smaller amplitude variance in the MJO
band (Fig. 6), the MJO signal shown here is also weak
with the same amplitude of n = 1 ER wave. Its east-
ward propagation appears to exist with the zonal wave
number around 4.

5. Response to the off-equatorial maximum
SST forcing

Since the influences of land-sea thermal contrast
and orography have been removed in both the Con-
trol and Control-5N experiment, these simulated re-
sults can reflect the tropical atmospheric response to
different characteristics of SST forcing. In the Control-
EN experiment, the maximum rainfall (Fig. 4) moves
away [rom the equator due to off-equatorial maximum
S5Ts, exhibiting a breoader maximum extent than in
the Control experiment. Although the SST maxima
in both experiments are 27°C, the precipitation max-
imum in the Control experiment is stronger than that
in the Control-5N experiment due to the meridional
SST gradient being larger in the former than in the
latter. Precipitation differences between the two ex-
periments can also be noticed in the midlatitudes, es-
pecially in the Northern Hemisphere.

The wave characteristics In the Control-5N exper-
iment are shown in Fig. 8. Because of the northward
shift. of maximum SSTs, the SST forcing is no longer
symmetric about the equator, thus tropical wave be-
haviors are different from those in the Control exper-
iment. Though some waves are still pronounced such
as the eastward Kelvin wave as compared to those in
the Control experiment, the significant regions of both
symmetric and antisymmetric components about the
equator shrink significantly in which dominant waves
are suppressed. However, the depths of significant
waves such as Kelvin are similar and around 25 m,
since the model is the same and the coupling between
dynamics and physics are not changed, which is also
pointed cut by Lin (2006). The spectral signature
of the MJO is not represented here. Previous stud-
les showed that the strongest MJO occurs In winter
and spring, while it is weak in summer (Li and Wang,
1994). Thus the weak MJO may be related to the
northward migration of the warmest SST. But, the
eastward antisymmetric wave is more significant in
the Control-0N experiment than in the Control ex-
periment; its spectral peak has periods of about 20
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days at wavenumbers 1-3 (Fig. 8b), which cannot be
classified as any waves in the shallow water theory, im-
plying that the eastward low-frequency antisymmeiric
waves are more significant in summer than in winter
and spring.

The total variance of all wave modes from plane-
tary to synoptic scales is maximized off the equator
immediately south of 5°N (not shown). As compared
to the Control experiment, the total variance amount
is reduced, indicating a weakened strength of tropical
waves, which is accordant with the power spectrum
distribution (see Fig. 8). The zonal mean variances of
simulated precipitation variances from the Control-5N
experiment for each of different wavenumber-frequency
bands are presented in Fig. 9. It is obvious that all

—1

the waves become weak, while the symmetric ones are
weakened more significantly. Note that the maximum
values of the Kelvin wave, WIG and n = 1 ER wave
are only about one third of those in the Control exper-
iment, and the strength of n =1 ER 1is even compara-
ble to that of EIG. However, the influences of the off-
equatorial maximum SSTs on the meridional distribu-
tions of tropical waves are different for different. waves.
The significantly influenced waves are the Kelvin and
WIG waves, with the active regions of these two waves
becoming wider from about 2° in Control experiment
to 4° in Control-5N experiment. However, the EIG
as well as the MRG waves almost keep the same re-
gion, suggesting that the SST distributions have more
influences on distributions of symmetric waves than
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on those of antisymmetric waves, which ig in agree-
ment with the obgervation that shows little seazonal
variation {Wheeler and Kiladis, 1999). The distribu-
tion of n» = 1 ER ig also not influenced by the SST
variation.

Though the spectral signature of the MIO iz not
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significant (Fig. 8a) and its maximum variance is also
weaakened, the reduction iz quite small compared with
Kelvin and WIG waves. Note that the MIO mag-
nitude iz almost the same as the WIG wave in the
Control-BN experiment, while their difference are quite
large in the Control experiment (Figs. 6aand 9a). Ac-
tually, the significant impact of 38T on MJIO is mani-
fested in terms of the maximum variance location. The
maximum variance of MJIO occurs in the region where
maximum S3Ts are located. Therefore, the seasonal
variations of MJO may be caused by the seasonal vari-
ations of 33T (Li and Wang, 1994; Raymond, 2001).

6. Response to the Zhang-McFarlane convec-
tive scheme

In addition to the impact of the 85T digtributions,
the sirmulated precipitation and corresponding tropi-
cal waves are closely related to the convective param-
eterization used in the model. Hess et al. (1993) had
compared the influences between the Manabe moist
convective adjustmment scheme {(Manabe et al., 1965)
and the Kuo convective parameterization when they
explored the formation mechanism of the ITCZ. Their
studies showed that the precipitation distributions are
vary sensitive to the parameterization scheme, Our
SAMIL model adopts the Manabe moist convective
adjustment scheme (Manabe et al., 1965), while the
NCAR CCSM CAM2 model uses the ZIM mass flux
scheme (Zhang and WMcFarlane, 1995), The ZM scheme
18 baged on a plume ensemble approach in which an en-
semble of convective-scale updrafts and downdrafts is
assumed to exist when the atmosphere is conditionally
ungtable in the lower troposphere, while in the Man-
abe scheme the moist convective condensation takes
place only when the lapse rate tends to become super-
moist-adiabatic and the relative humidity tends to ex-
ceed 100 percent (Manabe et al., 1965). Significant
differences are found in the sirmulated precipitation dis-
tributions between these two models. The precipita-
tion from the SAMIL model is more confined to the
squator (Fig. 4), while the rainfall strength from the
NCAR CCOSM CAM2 model is weaker than that from
the SAMIL model, with two weak peaks on the sides of
the squator (not shown). Moreover, the rainfall max-
ima in the CAM2 exhibit a broader width than in the
SAMIL model. In this study, the ZM scheme is intro-
duced into the SAMIL model to show the impacts of
different convective schemes on the tropical waves in
one model by comparing the differences of the Con-
trol and Control-ZM experiments. As the simulated
basic states in the Control and Control-ZM experi-
ments are very similar (not shown), their differences
may represent the direct impacts of these two con-
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vection schemes. Though the tropical precipitation is
dominated by the convective processes, the convection
can interact with the dynamics and with other physical
processes thatl are also important to simulate the wave
characteristics. To further examine such an impact
of the convective parameterization scheme on tropical
waves, we compare the simulated resulis between the
NCAR-Control and Control-ZM experiments.

Similar to Fig. 5, the power spectrum ratios
of tropical waves to the background power in the
wavenumber-frequency domain for the NCAR-Control
and Control-ZM experiments are shown in Fig. 10.
Several primary waves can be seen from these two ex-
periments such as significant Kelvin and ER waves.
The focus here 1s on their principal differences. For
the Kelvin wave, in the NCAR-Control experiment the
wave equivalent depth 1s above 50 m with a high fre-
quency of above 0.2 cycles per day (cpd), while in the
Control-ZM experiment the equivalent depth is within
12-50 m with a low frequency of below 0.2 cpd and is
gimilar to that in the Control experiment (Fig. 5). Ac-
cording to the study of Frierson (2007), the enhanced,
slower propagating Kelvin waves occur in the cases
with some large-scale precipitation. The large-scale
precipitation in the NCAR-Control experiment in the
tropics ig very weak, while in the Control experiment,
the large-scale precipitation is about one-third of the
total precipitation (not shown). The phase spead is
also associated with the vertical mode of the waves
(Lau and Peng, 1987). Thus the faster Kelvin wave in
the NCAR-Control experiment may be associated with
the large-scale condensation simulations in the model.
Note also that the significant distributions of both
symmetric and antisymmetric waves In the Control-
ZM experiment (Figs. 10c¢ and 10d) are similar to
those in the Control experiment (Fig. 5). The large-
scale condensation scheme Is very sensitive to the mois-
ture, which may be related with the moisture control
of deep convection for simulating the convectively cou-
pled equatorial waves. Therefore, the phase speed of
the tropical waves may be associated with the moisture
control of convection and the large-scale condensation
scheme used in the model. For the MJO signal, in the
NCAR-Control experiment both symmetric and anti-
symmetric components within wavenumbers 4-6 are
significant, while in the Control-ZM experiment the
symmetric component 1s pronounced within wavenum-
bers 2-5, while the antisymmetric component is very
weak. On the other hand, the antisymmetric waves
such as the n = 2 ER wave and MRG are more evident
in the NCAR-Control experiment, which might relate
with the basic state simulation in the model with the
double ITCY. Lee et al. (2003) also showed that the

strength of convection trigger in the model can signifi-
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cantly change the ITCYZ structure, and hence the wave
activities in the tropics from their AP experiment.

For the distribution of total variance (not shown),
the NCAR-Control signals occupy a broad latitudinal
band from 10°S to 10°N with a uniform rainfall dis-
tributing zonally, while the Control-ZM signals con-
centrate on a relatively narrow latitudinal band be-
tween 5°S to 5°N with some main centers of con-
vective varlance. On the other hand, compared to
that of the Control experiment, the total variance of
the Control-ZM experiment is of a smaller magnitude
though their significances are similar. Since the dy-
namic and other physical processes are the same, this
may represent the direct influence of the details of
the convective schemes, such as the convection closure
(Zhang and Mu, 2005) and the relative humidity eri-
terion for convection trigger {Wang and Schlesinger,
1999; Lee et al., 2003; Lin et al., 2008). With a simpli-
fied model Frierson (2007) pointed out that the wave
amplitude decreases dramatically with Increasing re-
laxation time. In the ZM scheme, the relaxation time
is 2 h (Zhang and Mu, 2005), while in the Manabe
adjustment scheme there is no relaxation time. This
may provide one explanation for why the ZM parame-
terization scheme is not conducive to the tropical wave
activities.

Figure 11 displays the zonal mean distributions
of simulated precipitation variances from the NCAR-
Control and Control-ZM experiments for each of dif-
ferent wavenumber-frequency bands. Only dominant
waves are discussed here. Though the waves are signif-
icant compared with the background signals (Fig. 10},
the variances of all waves are weakened in the NCAR-
Control and Control-ZM experiments when compared
with the Control experiment. Other AP experiments
with different models also simulate similar results as in
our study (e.g., Wang and Schlesinger, 1999; Les et al.,
2003). The general conclusion is that the moist convec-
tion adjustment scheme produces the largest intrasea-
sonal variability and the Arakawa-Schubert scheme
(1974) produces the weakest. Since the ZM scheme
here i1s a mass flux scheme Inspired by the convec-
tive parameterization of Arakawa and Schubert, it is
understandable that the wave variances are reduced
when the ZM scheme is used in the NCAR-Control
and Control-ZM experiments. One possible reason
why the ZM convection scheme fails to simulate the
tropical intraseasonal variability and MJO is the use of
convective available potential energy as closure to de-
termine the amount of convection in the atmosphere.
In this scheme, the convection occurs almost at all
times in the tropics, leading to weak temporal vari-
ability. However, the relative humidity threshold for
convection trigger may have larger impact on the in-
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tensity of the simulated MIO signal in precipitation
(Zhang and Mu, 2005; Lin et al., 2008). For the vari-
ance of individual wave, in the Control-ZM experiment
the Kelvin wave signal is the strongest (Fig. 11c), next
iz the n = 1 ER wave, while the MJO signal is com-
parable to that of the n = 1 ER wave, This iz con-
sistent with that in the Control experiment. However,
the WIG becomes the weakest among the symmet-
ric waves while it has the same value with the Kelvin

in the Control experiment, which may imply that the
ZM zcheme is not suitable for the WIG. Further in the
NCAR-Control experiment, the Kelvin wave is still the
strongest wave though the magnitude is significantly
weakened. The next one is the MJO. SBuch a weak-
enad Kelvin wave may be due to the fact that the sig-
nificant wavenumber-frequency domain of the Kelvin
wave iz not included into the defined filtering region
(Fig. 10a). Each wave in the NCAR-Control exper-
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iment has a broader width than in experiments with
the SAMIL model, which may imply that the simu-
lated basic state is important to the meridional distri-
butions of the waves. Though the zonal resolution of
SAMIL is same as that of NCAR CAM2, its merid-
ional resolution is higher. Some studies with rhom-
boidal truncated models (Hayashi and Golder, 1986)
also showed that the model’s resolution may affect the
simulations, though the model resolution may be not
the direct cause for the differences in the waves (Slingo
et al., 1996). This may explain why the waves are con-
fined in the equator in the experiments with SAMIL.
Compared with the Control experiment, the strengths
of both the Kelvin and n = 1 ER waves are weakened,
especially the peaks at the equator. The prominent
characteristic of the MJO in the NCAR-Control is that
the maximum location i1s not at the equator, but off
the equator with two peaks. Note also that though
the MJO magnitude in the Control-ZM experiment is
reduced compared to that in the Control experiment,
the meridional distributions are quite similar, which
suggests that the convection parameterization scheme
as well as the physical processes linking the convec-
tion with large-scale disturbances may have different
Impacts on the strength and distribution of the M.JO.

7. Conclusions

In this study, results from several aqua-planet ex-
periments based on the SAMIL model developed at
LASG/IAP, which are forced with symmetric equinoe-
tial insolation and prescribed idealized-SST distribu-
tion, are analyzed to reveal the influences of SST dis-
tribution and convective parameterization on the trop-
ical wavenumber-frequency characteristics. Based on
the simulated total precipitation, the space-time spec-
tral analysis is applied to isclate dominant modes of
convectively coupled equatorial waves Including the
Kelvin, ER, MRG, EIG and WIG waves, examining
the power spectrum and variance distributions of these
waves. Also examined are the behaviors of the MJO.

The basic simulation of the zonal mean climate
such as precipitation, winds and potential tempera-
ture in the Control experiment shows that both the
distribution and the magnitude resemble those in the
observed climate mainly due to the full physics be-
ing retained, though the underlying basis of the model
i1s simplified and covered only by oceans. The sim-
ulated circulation and precipitation are almost sym-
metric about the equator and distributed evenly in
the zonal direction, which are accordant with zonally
symmetric SSTs and radiative forcings prescribed in
the model. However, since there are no asymmetries
of land and sea distribution, and the eddy transport
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1s very wealk, thus the zonal wind is too strong and
rather confined in latitudinal extend.

Both the symmetric and antisymmetric waves can
be reproduced in the Control experiment, with Kelvin
and n = 1 ER waves being especially prominent, which
are consistent with the observations and theoretical
dispersion curves. The equivalent depth of each wave
is around 25 m, which is also observed in the obser-
vational rainfall data. The meridional distributions
of the simulated precipitation variance in the Control
experiment show that the maximum variance occurs
over the equatorial region. The Kelvin wave 1s the
most significant among these waves, and its variance
can explain mere than 10% of the variance of all the
scales. The varlance of the WIG wave 1s compara-
ble to that of the Kelvin wave. However, the MJO
has the variance of a similar magnitude compared to
the n = 1 ER wave, although the MJO spectrum is
not significant for wavenumbers 1-2, but quite signifi-
cant for wavenumbers 4-10. Actually, other AP exper-
iments and full AGCM with prescribed orography and
observed SST' also produce weak MJO signals. This
illustrates that the simplified AP model can be used
to Investigate the dynamics and physical parameteri-
zatlon In AGCMs and diagnose the complex AGCM
with the theoretical results.

The comparison results of the Control-5N and Con-
trol experiments show that the tropical wave activities
are very sensitive to the SST distribution. The only
difference for these two experiments in the SST distri-
bution is that the maximum moves northward to 5°N
in the Control-5N experiment, which can be used to
mimic the summer situation. Since the SSTs are not
symmetric about the equator, both symmetric and an-
tisymmetric waves in the Control-5N experiment are
much weaker than those in the Control experiment.
The eastward Kelvin wave Is still one of the most sig-
nificant waves, but its variance decreases remarkably
with a broader meridional extent of the variance. A
similar feature occurs in the WIG wave. Although the
MJO variance also weakens, its maximum is compa-
rable to those of the Kelvin and WIG waves in the
Control-5N experiment. Importantly, the MJO maxi-
mum variance also moves to around 5°N. These sug-
gest that the significant Impact of SST on MJO is
manifested in terms of the maximum variance loca-
tion. Therefore, the seasonal variations of MJO may
be at least partly caused by the seasonal varlations of
SST.

Almost all tropical waves in the NCAR-Conirol
and Control-ZM experiments are weakened, suggesting
that the ZM parameterization scheme is not favorable
for the tropical wave activities. The wave variances
in the NCAR-Control experiment occupy a broad lat-
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itudinal band from 10°S to 10°N, while the Control-
ZM signals concentrate on a relatively narrow latitu-
dinal band between 5°S to 5°N, which may imply that
the simulated basic state Is important to the merid-
ional distributions of the waves. The higher frequency
of the Kelvin wave in the NCAR-Control experiment
may be assoclated with convection indirectly, while the
n = 1 ER wave may be more sensitive to the convec-
tion schemes.

In the NCAR-Control experiment, the strength of
the MJO is significantly weakened, with two variance
maxima ofl the equator, which Is significantly different
from the distribution in the Control experiment. How-
ever, in the Control-ZM experiment the MJO signal is
comparable to that of the n = 1 ER wave, and the dis-
tribution is similar to that in the Control experiment,
which suggests that the parameterization scheme may
have less direct impact on the MJO distribution than
the dynamics and other processes such as SST or air-
sea, Interactions. This may be conflicted with other
studies in which the modification of convective scheme
can lead to the Improvement of the MJO simulation
(e.g., Zhang and Mu, 2005; Liu et al., 2005). However,
many other studies also show that the MJO is strongly
tied to the surface frictional convergence (Maloney,
2002), and may also be related to other aspects such as
the low-frequency external coupling and the basic state
gimulation (Ajayamohan and Goswami, 2007). How-
ever, it is implied that the strength and distribution of
the MJO may have different mechanisms, and this is
also an indication of the difficulty to simulate the MJO
properly in the AGCM, and the MJO should receive
more attention because of its Importance in climate
simulation and its role in model performance. In addi-
tion, the results may be model-dependent, and much
analysis needs to be done on the simulations to under-
stand the mechanisms and the feedbacks between the
convection and dynamics.
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