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Abstract Recently, there is increasing evidence on the

interaction of atmospheric high-frequency (HF) variability

with climatic low-frequency (LF) variability. In this study,

we examine this relationship of HF variability with large

scale circulation using idealized experiments with an aqua-

planet Atmospheric GCM (with zonally uniform SST), run

in different zonal momentum forcing scenarios. The effect

of large scale circulation changes to the HF variability is

demonstrated here. The HF atmospheric variability is

enhanced over the westerly forced region, through easterly

vertical shear. Our study also manifests that apart from the

vertical wind shear, strong low-level convergence and

horizontal zonal wind shear are also important for

enhancing the HF variance. This is clearly seen in the

eastern part of the forcing, where the HF activity shows

relatively maximum increase, in spite of similar vertical

shear over the forced regions. The possible implications for

multi-scale interaction (e.g. MJO–ENSO interaction) are

also discussed.
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1 Introduction

The westerly wind events (WWEs) have been observed to

occur in association with the onset of most El Nino event

for the past 50 years (Kerr 1999; McPhaden 1999, 2004).

The importance of this interaction between, ENSO and

relatively shorter-timescale atmospheric variability such as

the Madden and Julian Oscillation (MJO) and WWEs, is

recently supported by several theoretical and modeling

studies (Lengaigne et al. 2004; Eisenman et al. 2005; Perez

et al. 2005; Zavala-Garay et al. 2005; Jin et al. 2007;

Gebbie et al. 2007). These studies indicate a two-way

interaction between ENSO-related SST anomaly and HF

atmospheric variability, while other studies (e.g. Kessler

and Kleeman 2000; Gebbie et al. 2007) imply a depen-

dency of high frequency (HF) atmospheric variability or

atmospheric noise (e.g. WWEs) upon slowly varying large-

scale anomalous features such as SST. Moreover, many

studies have suggested that not only ENSO is dependent on

fast HF atmospheric variability, but MJO and WWE

activity gets itself modulated by temperature anomalies in

the central equatorial Pacific (Keen 1982; Luther et al.

1983; Gutzler 1991; Kessler and Kleeman 2000; Vecchi

and Harrison 2000; Yu et al. 2003; Eisenman et al. 2005;

Perez et al. 2005). In particular, recently, Kug et al. (2008a,

b), showed a clear statistical relationship between NINO3.4

SST and activity of HF atmospheric variability. They

demonstrated that the strong activity of HF atmospheric

variability such as synoptic eddy, WWEs, and MJO is

simultaneously found during the ENSO warm phase over
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the central Pacific. Therefore, their statistical results sup-

port the notion that HF atmospheric variability depends on

the state of ENSO. However, so far it is not clear how the

HF atmospheric variability is controlled by the ENSO.

Recent studies, interestingly, suggest an interaction of

HF atmospheric variability with the atmospheric low-fre-

quency (LF) oscillation. Maloney and Hartmann (2001)

have shown that the westerly phase of MJO favors the

growth of small scale, slow moving synoptic eddy distur-

bances. Also, Seiki and Takayabu (2007a, b) showed

recently that WWEs tends to occur frequently under LF

environmental westerlies. They suggested a mechanism for

synoptic-scale eddy development in the generation of

WWEs over the western and central Pacific under LF

environmental westerlies, by analyzing eddy kinetic energy

(EKE) budget. They further argued that the WWEs fre-

quently occur in the westerly phase of MJO as well as in El

Nino phase.

Kug et al. (2008a, b) recently showed a clear statistical

relationship between LF zonal wind variation and activity

of HF atmospheric variation, both in observational and

model-simulated data. It is well known that the ENSO

system largely controls LF wind variability over the tro-

pical Pacific. Therefore, according to them, during El Nino

onset and peak phases, the anomalous westerlies associated

with El Nino, intensify the WWE/MJO interaction over the

western-central Pacific. Also, these LF westerlies give a

favorable condition for strong HF atmospheric variability,

thus indicating both WWE and MJO activity is amplified

under the El Nino related background westerlies. So, they

suggested that the HF atmospheric variability associated

with ENSO (so called state-dependent atmospheric noise)

is rather dependent on the atmospheric LF wind field than

SST.

The arguments and conclusions of above studies were

based mainly on statistical analysis and so are subjected to

the limitation of statistical analysis. It is still unclear how

the HF atmospheric variability is dynamically controlled

by its LF counterpart and experimental modeling may help

us to understand it better. To date, however, any systematic

modeling experiments have not been undertaken to study it.

However, in order to assess the importance of specific

dynamical interactions or feedbacks, it is essential to use

the models with simplified settings and in which some

interactions are either greatly simplified or ignored. Aqua-

planet simulations are one basic tool to study this.

The objective of this study is to investigate the inter-

action between LF zonal wind and HF atmospheric

variability in a global climate model. Here, we will use the

SNU AGCM for examining this interaction. Our approach

relies mainly on the idealized experiments with an aqua-

planet AGCM (with zonally uniform SST) run in different

westerly momentum forcing scenarios.

The organization of this paper is as follows. In Sect. 2,

the data, the model used and model experiment details are

described. Section 3 analyses the relationship of HF

atmospheric variability with large scale circulation in

observation and models. Section 4 gives the results based

on the aqua planet experiments. The summary and dis-

cussion is given in Sect. 5.

2 Models, data and experiments

2.1 Model descriptions

The models used in this study are the Seoul National

University atmospheric GCM (SNU AGCM) and coupled

GCM (SNU CGCM, Kug et al. 2008c). The SNU AGCM is

a global spectral model, with 20 vertical levels in a sigma

coordinate. Horizontal resolution T42 version is used. The

deep convection scheme is a simplified version of the

relaxed Arakawa–Schubert (SAS) scheme (Numaguti et al.

1995). The large-scale condensation scheme consists of a

prognostic microphysics parameterization for total cloud

liquid water (Le Treut and Li 1991) with a diagnostic cloud

fraction parameterization. A non-precipitating shallow

convection scheme (Tiedtke 1983) is also implemented in

the model for mid-tropospheric moist convection. The

boundary layer scheme is a non-local diffusion scheme

based on Holtslag and Boville (1993), while the land sur-

face model is from Bonan (1996). The radiation process is

parameterized by the two-stream k distribution scheme

implemented by Nakajima et al. (1995).

Observational (Stevens 1979) and numerical studies

(Stevens et al. 1977; Stones et al. 1974) indicate that the

CMT is an important mechanism of momentum exchange

in tropical disturbances and also for realistic simulation of

tropical circulation. Hence, in this study, the CMT

parameterization as suggested by Wu and Yanai (1994), is

implemented. The present parameterization of the CMT

was developed based on Eqs. 19 and 20 in Wu and Yanai

(1994). Detailed descriptions of the implemented parame-

terization can be found in Kim et al. (2008).

The CGCM used here was developed at SNU with the

same atmospheric component as the AGCM. The oceanic

component is the MOM2.2 Oceanic GCM developed at the

Geophysical Fluid Dynamics Laboratory (GFDL). The

model is a finite difference treatment of the primitive

equations of motion using the Boussinesq and hydrostatic

approximations in spherical coordinates. The domain of the

model covers most global oceans, and its coastline and

bottom topography are realistic. The zonal resolution is

1.0�. The meridional grid spacing between 8�S and 8�N

is 1/3�, gradually increasing to 3.0� at 30�S and 30�N, and

is fixed at 3.0� in the extratropics. There are 32 vertical
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levels with 23 levels in the upper 450 m. In the CGCM, a

mixed layer model, developed by Noh and Kim (1999) is

embedded in the ocean model to improve the climatologi-

cal vertical structure of the upper ocean.

The ocean model communicates once a day with the

atmospheric model. The two component models exchange

the following data: SST, wind stress, freshwater flux,

longwave and shortwave radiation, and turbulent fluxes of

sensible and latent heat. Although no flux correction is

applied, the model does not exhibit a significant climate

drift in the long-term simulation. In addition, the CGCM

reasonably simulates the climatology of most oceanic and

atmospheric variables (Kug et al. 2008c; Kim et al. 2008).

Moreover, Kug et al. (2008b) has compared the model

simulation of ENSO with HF variability.

The AGCM is integrated from 1979 to 1999 with

observed SST as a boundary condition. The CGCM is

integrated over 50 years.

2.2 Data

The observational data used in this study are SST (monthly

means) and zonal winds (daily and monthly means) for the

period of 1979–1999, the same as that of the AGCM

simulation period. The monthly mean SST data are from

the improved extended reconstructed sea surface tempera-

ture version 2 (ERSST.v2) data set (Smith and Reynolds

2004) created by the National Climate Data Center

(NCDC).

The daily and monthly wind data are taken from the

National Center for Environmental Prediction/National

Center for Atmospheric Research (NCEP/NCAR, Kalnay

et al. 1996). Daily anomalies are obtained after removing

the climatological annual cycle, which is obtained by

averaging all the daily data on the same calendar dates. A

2–90 day band-pass LANCZOS filter (using 45 weights,

Duchon 1979) is applied to the daily zonal wind anomalies

at 925 hPa level, in order to investigate HF atmospheric

variability. We extended the same analysis to the model

generated zonal winds and SST. But in the model, we used

only wind at 850 hPa, being the lowest available level of

atmospheric circulation in the model. Hereafter, the vari-

ability of the filtered wind (both in the model and

observation) is referred to as HF variability for simplicity.

The variance of the filtered wind, SST and zonal wind are

smoothed using a 3 month moving window. Further, they

are interpolated to a coarse resolution of 5 9 5� to focus on

the large scale circulation features.

2.3 Experimental design

As discussed in the introduction it is still unclear how the

atmospheric HF variability is dynamically controlled by LF

wind, though there were some studies based on the statis-

tical analyses (Kug et al. 2008b). So far, there are few

studies for understanding the dynamics behind this inter-

action. So, we here conducted a set of idealized aqua-planet

experiments (Neale and Hoskins 2000), since it is more

useful to interpret the responses of the model to different

momentum forcing. Further, it will enable us to better

understand the interaction between tropical eddy distur-

bances and large scale atmospheric variability.

We performed aqua-planet experiments with the SNU

AGCM. Most of the experimental design follows the

detailed specifications proposed by Neale and Hoskins

(2000). For the distribution of insolation at the top of the

atmosphere, perpetual solar irradiance at equinox condi-

tions with a solar constant of 1,365 W m-2 is used. The sea

surface temperature (SST) was prescribed zonally uniform

and symmetric about the equator and was obtained from

the Southern Hemisphere observed climatology. Zonally

uniform sea ice fraction was also prescribed where the SST

is under the freezing temperature. The model atmosphere

was started from arbitrary state of other aqua planet sim-

ulation, and initial 180-day period out of 3 year simulations

were discarded because of an adjustment period.

In addition to control (EXPctl) simulation, three sensi-

tivity experiments are performed (Table 1). In easterly

shear momentum forcing experiment (EXPemf), we verti-

cally perturbed zonal momentum by adding prescribed

forcing (Fig. 1a) in every time step. The forcing is imposed

in the region of 120E–180E, 5S–5 N. The reason for par-

ticularly selecting this region is explained in Sect. 4. Note

that our conclusion is quite robust to the size of the forcing

domain. In the second one, we did sensitivity experiment

(Fig. 1b) with only low level momentum forcing (EXPlmf)

to examine the relative effects of wind shear and mean

westerly on the simulated HF atmospheric activity. Lastly,

we did one more sensitive experiment by prescribing ver-

tically uniform momentum forcing (EXPumf, Fig. 1c) over

the same region. The last experiment is aimed to focus on

the effect of horizontal shear, by eliminating the vertical

shear in momentum forcing.

The response of HF wind variability to the prescribed

zonal momentum forcing is examined through the above

suite of experiments. In the sensitive simulations, it is

found that the model states (wind and mass field) are

quickly adjusted to the steady momentum forcing (within

15 days) and they show a balanced state. We also, checked

that there is no significant drift of the model state, in spite

of steady momentum forcing. Therefore, this facilitates us

to regulate the LF wind variability through different

momentum forcing scenarios. One advantage of this sim-

plified framework used here is that it can exclude possible

effects from zonal SST gradient and land–sea contrast on

HF and LF wind variability.
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3 Relationship of HF atmospheric variability with large

scale circulation

Kug et al. (2008a), recently, showed that the interannual

variability of the HF atmospheric variance is highly

dependent on the phase of ENSO by showing a lead–lag

correlation between NINO3.4 SST (anomalous SST aver-

aged over 170–120�W, 5�S–5�N) and the equatorial HF

variance. They found a distinct relationship between ENSO

and HF atmospheric variability over the western and cen-

tral Pacific. Kug et al. (2008b) further examined the model

simulations of HF atmospheric variability and its depen-

dency on the El Nino phase. They showed that low-level

wind is a crucial component in HF atmospheric variability.

So they suggested that HF atmospheric variability is more

related to LF zonal wind than to SST. Their results show

that, the El Nino related background westerlies allows

favorable conditions for strong activity of the atmospheric

transient zonal wind anomalies in the equatorial Pacific.

The above lead–lag relation show only remote relations

associated with ENSO, since they used ENSO indices.

However, it will be interesting to examine how the local

SST and circulation affects the HF atmospheric variability.

In order to understand the large scale relationship more

clearly, we analyzed the local correlation pattern (calcu-

lated for every grid point locally) of HF atmospheric

variance with 850 hPa zonal wind anomaly and SST

anomaly, after interpolating each of them to a coarse res-

olution of 5 lon. 9 5 lat. degress.

We begin our analysis by looking at the local correlation

patterns of SSTA with respect to HF variability using

observation. Figure 2a shows the spatial pattern of local

correlation. This shows overall positive correlation over the

tropical oceans except north equatorial Indian Ocean and

the western Pacific. This indicates that the warmer SST is

related to stronger activity of the HF atmospheric vari-

ability, consistent with previous studies. However, the

positive correlation is overall weak and stronger relation is

Table 1 Experimental designs using idealized AGCM

Expt Momentum forcing

EXPemf Vertically perturbed zonal momentum forcing over the region (120E–180E, 5S–5N) shown in Fig. 5b.

The vertical profile of the forcing is as shown in Fig. 1a

EXPlmf Momentum forcing (as shown in Fig. 1b) over the same region, but only at low level

EXPumf Momentum forcing (see Fig. 1c) over the same region but with uniform forcing in all levels

a) b) c)

Fig. 1 Vertical profile of the momentum forcing for (a) EXPemf and (b) EXPlmf and (c) EXPumf simulations. EXPemf, EXPlmf and EXPumf

are as defined in the text
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only found over the central Pacific where ENSO variability

dominates.

We then calculated the local correlation using 850 hPa

zonal wind anomaly, instead of SST (Fig. 2d). Interest-

ingly, correlation coefficients over the whole tropical

domain are enhanced now. In particular, a distinctive

relationship between HF atmospheric variability and

850 hPa zonal winds is found over western and central

Pacific. The correlation coefficients over these regions have

increased significantly to over 0.6, with 99% of confidence

level. It should be noted that the significant correlation is

found not only over the tropical Pacific but also over Indian

Ocean and Atlantic Ocean. For example, over southern

Indian Ocean and north Atlantic, it shows some relation-

ship, with correlation values of 0.4. Hence, on the basis of

observation it is seen that HF atmospheric variability is

more strongly related to large scale zonal wind patterns

than to SST anomalies.

We then tried to see how the present climate model

simulates the above relation. To check this, the same

analysis is applied to the simulation of AGCM and CGCM.

Figure 2b and e shows these correlation patterns for

AGCM. Compared to observation, it shows stronger rela-

tionship between SSTA and HF atmospheric variability

(Fig. 2b), especially over central pacific region and

southern Indian Ocean region. However, when correlated

with zonal wind, it is still consistent with the observation

that the overall correlation pattern is enhanced and

broadened.

Figure 2c and f shows the correlation for the CGCM.

Compared to the AGCM, the CGCM exhibits weaker

correlation of SSTA with respect to HF atmospheric vari-

ability (Fig. 2c). The correlation over the Pacific is slightly

broadened in the simulation as compared to observation

(Fig. 2a). Similar to the observation (Fig. 2d), the CGCM

simulate relatively strong relation of the HF atmospheric

variability with large scale zonal wind (Fig. 2f). In par-

ticular, the correlation over Pacific region has increased

from 0.5 to 0.7, with 99% significance level. Also over the

IO region, the correlation coefficient has increased, even

though it shows a broader correlation pattern than obser-

vation. This is particularly seen over western and central

Pacific region and also in southern Indian Ocean region.

However, over north Atlantic basin, it does not simulate the

observed relationship. In summary, both the AGCM and

CGCM simulate the relatively stronger relation of the HF

atmospheric variability with large scale zonal wind, con-

sistent with the observational relation.

Though, we showed a strong relationship between LF

and HF atmospheric variability, one may doubt about the

above relationship because the zonal wind is also signifi-

cantly related to the SST. To clarify this problem, we

a)

b)

c) f)

e)

d)Fig. 2 Left correlation of HF

atmospheric variance with

respect to SST anomalies from

(a) observation, (b) AGCM and

(c) CGCM simulations. Right
correlation of HF atmospheric

variance except for that with

respect to 850 hPa zonal wind

anomaly from (d) observation,

(e) AGCM and (f) CGCM

simulations. The correlation

coefficients of more than 0.2 are

shaded
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removed the partial influence of SST and zonal wind on the

HF atmospheric variance, respectively. To do this, we

introduce the partial correlation (Cohen and Cohen 1983)

technique. Recently, this method is frequently used in cli-

mate studies, in particular, on the Indian Ocean and ENSO

variability (e.g. Kug and Kang 2006). The partial correla-

tion is calculated by excluding the effects of the SST

anomaly and 850 hPa zonal wind anomaly, respectively.

Figure 3 shows the partial correlation in the observation

and in two model simulations. When the effect of the zonal

wind is linearly removed, the partial correlation between

SST anomaly and HF atmospheric variance shows, inter-

estingly, a weaker correlation both in the observation

(Fig. 3a) as well as in all two simulations (Fig. 3b, c). The

observed correlation over the east of central Pacific, as seen

in Fig. 2a, is disappeared by excluding the effect of zonal

wind. Also in the AGCM simulations (see Fig. 3b), the

correlation has decreased significantly, in particular, over

central Pacific region and also in Indian Ocean region. In

the CGCM (Fig. 3c) the removal of effect of zonal wind is

quite agreement with the observed pattern of almost null

correlation. This is remarkably shown over the whole

Pacific region with no significant correlation.

When the effect of SST anomaly is removed in the

observation, on the other hand, the zonal wind shows a

remarkable stronger relation with the HF atmospheric

variability, especially over the western and central Pacific

region (see Fig. 3d). By removing the effect of SST

anomaly, the significant correlation is found over Indian

and Atlantic Ocean as well, though it is reduced slightly

compared to Fig. 2d. AGCM also shows stronger relation

(Fig. 3e), though the correlation coefficient is reduced

compared to Fig. 2e. However, it still shows higher cor-

relation over north-western Pacific. Similar to observation,

CGCM exhibits some stronger relation (Fig. 3f), but there

is an eastward and southward extension in the correlation

patterns. Also here, the correlation coefficient is slightly

reduced compared to Fig. 2f. In summary, this again

indicates that the HF atmospheric variability is directly

related to LF zonal wind, both in observation as well as in

climates models.

4 Idealized modeling experiments

It is seen from earlier section that statistically HF atmo-

spheric variability is more related to LF wind anomaly than

to large scale SST anomaly. This relation holds more

robust, especially, in western to central Pacific region.

However, statistical analyses have always some limita-

tions. For example, a statistical analysis such as partial

correlation, cannot completely separate out the effect of

a) d)

e)

f)

b)

c)

Fig. 3 Left partial correlation

of HF atmospheric variance

with respect to SST anomalies,

by removing the effect of zonal

wind from (a) observation, (b)

AGCM and (c) CGCM

simulations. Right partial

correlation of HF atmospheric

variance except for that with

respect to 850 hPa zonal wind

anomalies, by removing the

effect of SST from (d)

observation, (e) AGCM and (f)
CGCM simulations. The

correlation coefficients of more

than 0.2 are shaded
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wind and SST from each other. It is just a linear assump-

tion to remove the effect of one variable on the other. So

far, we do not have any other statistical tools and methods

to effectively remove such affects, linearly. So it is difficult

to ascertain the role of LF wind anomaly on HF atmo-

spheric variability, solely based on statistical analysis.

However, idealized model experiments with some sim-

plified frameworks can serve this purpose to some extent.

In our idealized aqua-planet experiments, the effect of

zonal SST gradient is removed by prescribing zonally

uniform SST. We prescribed the westerly momentum

forcing over 120–180E, 5S–5 N, where the relation of HF

atmospheric variability with LF wind is found to hold

robust (Fig. 3d). In this section, we will show analyses

based on the idealized aqua experiments (see Sect. 2a for a

detailed description of these experiments). The results

shown here support our statistical relationships, (shown in

the above section), makes it more robust.

Figure 4a and b shows the time mean vertical structure

of simulated zonal wind field along the equator in the

EXPctl and EXPemf, respectively. The zonal wind distri-

bution in the EXPctl experiment shows lower level

easterlies and upper level westerlies (Fig. 4a). The pre-

scribed momentum forcing fully modifies the whole

vertical structure in the EXPemf (Fig. 4b). In particular,

there is a drastic change in the vertical structure, over the

forced domain (thick line box in Fig. 5b) with westerly

dominating in the lower level. We show further the dif-

ferences of the EXPemf from EXPctl, in Fig. 4c. This

clearly reveals dominant westerlies in the lower levels

(confined mainly below 500 mb level) and enhanced eas-

terlies in the upper levels, indicating easterly vertical shear.

This also shows an upper level (above 500 mb level)

increase in westerly over the far western side of the

forcing.

Figure 5 shows the horizontal distribution (at 850 hPa

level) of time mean of ‘‘LF zonal wind’’ (defined as 90 day

running mean) and ‘‘HF zonal wind’’ (defined as deviation

from this 90 day running mean) variance. Hereafter, ‘‘HF’’

refers to this deviation in this study. Strongest LF wester-

lies manifest in the EXPemf over the forced region. Note

that, stronger HF variance (Fig. 5e) coincides with these

LF westerlies. The response of the large scale forcing to

generate eddies are readily identified from the difference

(EXPemf – EXPctl) in LF zonal wind and HF zonal wind

variance (Fig. 5c, f).

It will be interesting to see the detailed spectrum (space–

time) of this HF variability, since its spatial and temporal

scales are important in effectively modulating a coupled

system. This analysis will also help us to see whether the

spatial and temporal scale of HF variability has changed

significantly with momentum forcing. For effectively

evaluating and characterizing the HF atmospheric

variability, we applied wavenumber–frequency spectral

analyses (Hayashi 1982) to zonal wind at 850 hPa level,

after averaging over all longitudes and along Equator

(10S–10N). See the figure caption for more details. The

difference between EXPemf and EXPctl in power spectra

are shown in Fig. 6. In general, with the momentum forc-

ing, it shows enhanced spectral powers in the 20–90 day

period (eastward propagating component). In particular, it

shows enhanced spectral powers (of 0.01 m2 s-2) at the

wave numbers 1–4 (centered around 30–50 days). Maxi-

mum amplitude (of 0.01–0.02 m2 s-2) is also seen at wave

c)

a)

b)

Fig. 4 Time mean vertical structure of zonal wind field along the

equator for (a) EXPctl, (b) EXPemf and (c) Difference of EXPemf

from EXPctl
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numbers 5–7 (centered around 20–25 days). This leads us

to speculate that the stronger HF (\90 days) atmospheric

variability in EXPemf as compared to EXPctl, has come

mainly from intraseasonal (including MJO) time scale.

How LF wind changes the HF variance patterns so

dramatically? For answering this, we calculated the mean

(in time) vertical shear (as defined in the figure captions),

zonal convergence and meridional shear of LF zonal wind

in both simulations (EXPctl and EXPemf). The differences

(EXPemf - EXPctl) of these are shown in Fig. 7a, b, and

c. HF variance (shaded regions) is also displayed here for

comparison. First, it is to be noted here that the stronger

variance coincides with easterly vertical shear of the LF

zonal wind (Fig. 7a). However, the detail structure of the

HF variance is shifted to the east from the vertical shear

maximum. It is seen that strong generation of HF variance

occurs where the longitudinal zonal wind gradient is strong

(Fig. 7b). It is also seen to coincide with latitudinal gra-

dients (Fig. 7c). Therefore, the generation of strong

variance is related to both zonal and meridional shear of

the basic state and the maximum generation of HF variance

coincides with cyclonic shear of the basic-state LF zonal

wind. Earlier, Maloney and Hartmann (2001) showed using

EKE budget analysis that both zonal and meridional con-

vergence are equally contributing to the western Pacific

tropical cyclone genesis. Further, this is consistent with

barotropic wave accumulation by the mean flow, which

was noted in previous studies (e.g. Holand 1995; Sobel and

Bretherton 1999).

Our results are quite similar to the argument by Seiki

and Takayabu (2007b). According to them the LF envi-

ronmental westerlies centered near the equator provide

strong zonal convergence and meridional shear, resulting in

favorable conditions for synoptic eddy development. So

small scale slow moving eddies are found to grow through

barotropic conversion from the mean flow.

To see this more clearly, we calculated HF variance as a

function of zonal wind vertical shear (see figure captions)

a)

b)

c) f)

e)

d)Fig. 5 Time mean distribution

of LF zonal wind at 850 hPa

(LF is defined as 90 day running

mean) for (a) EXPctl, (b)

EXPemf and (c) difference of

EXPemf from EXPctl. In (d),

(e), (f) same, but for 850 hPa

HF zonal wind (defined as

deviation from the 90 day

running mean) variance
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over the equatorial Pacific Ocean (5S–5N, 120E–90W).

The daily data sets were organized by zonal wind shear

values in to bins of size 0.5 m s-1. We applied this pro-

cedure to both EXPctl and EXPemf simulation for a 90 day

moving window. An average HF variance and zonal wind

vertical shear is calculated for each bin and is shown in

Fig. 8a for EXPemf. HF variance over the Pacific is con-

siderably higher during the easterly vertical shear phase

than the westerly shear. So, the dependence of HF variance

on the low level wind westerly forcing is clearly mani-

fested in EXPemf. Similarly, we obtained HF variance as

a function of zonal wind (at 850 hPa) convergence over

the equatorial Pacific Ocean (5S–5N, 120E–90SW). An

average HF variance and zonal wind convergence is cal-

culated for each bin and is shown in Fig. 8b. It clearly

shows that stronger variance coincides with low level

convergence of westerlies. We found that this tendency is

observed even in EXPctl simulation though the range of the

wind variation is relatively narrow. We applied the same

analysis to observation (HF variance is defined at 850 hPa

level) and it is shown in Fig. 8c and d. It shows similarity

to our sensitivity experiment (EXPemf), with the depen-

dence of stronger variance on the easterly vertical shear

(Fig. 8c) and low level convergence (Fig. 8d), even

though, our experiment simulates a larger variance com-

pared to observational one. In the observation, we obtained

similar results by defining HF variance at 925 hPa level,

but we retained 850 hPa level here mainly to get equiva-

lence with the relatively stronger variance found in the

model; our basic results in characterizing the eddy-large

scale interaction will not have substantial changes with this

HF variance definition.

To show further the impact of the vertical shear more

clearly, we conducted additional sensitivity experiment

(the EXPlmf and see Sect. 2c for details of the experiment)

by imposing only lower part of momentum (see Fig. 1b)

forcing over the same region (as marked in Fig. 6b) to

examine the relative effects of vertical wind shear and

mean westerly on the simulated atmospheric HF activity.

For the EXPemf and EXPlmf, we then calculated the dif-

ferences from the EXPctl in HF zonal wind variance along

the equator and displayed in Fig. 9a. For comparison, we

also showed the differences in zonal wind response and its

vertical shear in Fig. 9b and c. It is clear from the figure

that the difference in the simulated variance is higher in the

EXPemf as compared to the EXPlmf (Fig. 9a). Also, it

shows that over the western part of the forcing, the dif-

ference in simulated HF activity is more robust in EXPemf

Fig. 6 Difference (between EXPemf and EXPctl) in wavenumber–

frequency spectra of 850 hPa zonal wind. Individual spectra were

calculated for each 180 day segment (neighborhood segments share

160 days overlaps), and then averaged over all period of data. Only

the time mean (for the full period) is removed before calculating the

spectra. Units for the spectrum are m2 s-2 per frequency interval per

wave number interval. The bandwidth is 180 per day. Zero lines are

not drawn

a) b) c)

Fig. 7 Time averaged (difference between EXPemf and EXPctl) (a)

vertical, (b) zonal and (c) meridional shear of LF zonal wind. For

comparison, HF variance (shaded region) is also displayed in all

figures. Vertical shear is defined as difference in zonal wind between

200 and 850 hPa level
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as compared to the EXPlmf. This is noticed especially

along 145E, with 35% increase of variance in EXPemf

from the EXPlmf. This shows that based on our experi-

ment, the increase of HF variance is due to the effect of

vertical shear. Again, in EXPemf simulation, especially

near 180E, there is 30% increase in the variance as com-

pared to the EXPlmf. It is to be noted here that variance in

EXPlmf is less compared to EXPemf, even though the

EXPlmf simulates larger low level westerlies (Fig. 9b).

However, the simulations of larger easterly vertical shear in

EXPemf (Fig. 9c) as compared to the EXPlmf, underlie the

importance of the vertical shear in causing the HF activity.

In order to reveal the role of vertical shear more

clearly, we designed another experiment (the EXPumf

and see the Sect. 2c) to focus only on the effect of hor-

izontal shear, thus eliminating vertical shear. This is

shown in Fig. 9a, b and c marked with dotted lines. The

difference in the simulated variance from the EXPctl

shows that the simulated variance is lower in the EXPumf

as compared to both EXPemf and EXPlmf. It further

shows that over the western part of the forcing, the dif-

ference in the simulated HF variance is considerably

reduced as compared to the EXPemf. This is seen par-

ticularly near 145E, where the variance in the EXPumf is

decreased by 60%, as compared to EXPemf. Also, in the

western part of the forcing, the EXPumf simulates rela-

tively larger low level westerlies (Fig. 9b), in contrast to

its relatively lower variance. This indicates that the

absence of the vertical shear in EXPumf simulation is

responsible for its lower variance.

These results clearly manifest that vertical shear is also

an important parameter in enhancing the HF variance.

Regarding this, earlier, Wang and Xie (1996) showed

theoretically that transient atmospheric moist Rossby

waves are strongly excited in the low level, under back-

ground easterly vertical shear. Our results somewhat

coincides with this. But at present, we are not sure whether

horizontal shear or vertical shear is more important in

causing this HF activity. Our results indicate that both

components have a crucial role in intensifying HF atmo-

spheric variability. In terms of relative contribution, further

studies are needed.

5 Summary and discussion

Relationship of HF atmospheric variability with large scale

circulation is studied here. We found that atmospheric HF

a) b)

d)c)

Fig. 8 HF variance as a

function of zonal wind vertical

shear over the equatorial Pacific

Ocean (5S–5N, 120–270E) for

(a) EXPemf and (c) observation.

In (b) and (d) same, but as a

function of zonal wind

convergence at 850 hPa level.

See the caption of Fig. 7 for the

definition of vertical shear.

Units along x-axis and y-axis are

in m s-1 and m2 s-2,

respectively
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variability is more strongly tied to large scale zonal wind

patterns than to SST anomalies, using observation and

climate models (both atmospheric and coupled models). A

distinctive relationship between atmospheric high and low

frequency variability is found over tropical Pacific, espe-

cially over the western and central Pacific. However, these

results are subjected to the limitation of statistical analysis.

In order to understand it better, we conducted aqua planet

AGCM experiments by prescribing zonal momentum

forcing over the selected equatorial region. The response of

the large scale forcing to generate HF activity is clearly

demonstrated in our experiments.

This study shows that the stronger variance coincides

with easterly vertical shear of the LF zonal wind (Fig. 7a).

It also manifests the relative importance of horizontal zonal

wind shear, in enhancing the HF variance. This is clearly

seen in the eastern part of the westerly momentum forcing,

where the HF activity shows relatively maximum value, in

spite of similar vertical shear over the forced regions (see

Fig. 7). The HF energetic atmospheric variability is found

to grow through strong low-level convergence and hori-

zontal shear. As pointed out earlier by Maloney and

Hartmann (2001), our experiment (EXPemf) also reveals

that both zonal and meridional shear is related to the

generation of strong HF activity over the western to central

Pacific regions.

The phase of westerly vertical shear is found to be

characterized by less variance (Fig. 8a). The detailed

impact of the vertical shear on enhancing the HF activity is

also revealed here, through additional sensitive experi-

ments (EXPlmf and EXPumf). This is clearly seen (see

Fig. 9a, c) in the western part of the forcing where HF

activity is found to increase in EXPemf, as compared to

both EXPlmf and EXPumf. The increase in HF variance (in

spite of the reduced horizontal shear here, see Fig. 7) over

this region is due to the effects of vertical zonal wind shear

(see Fig. 9a, c) as described in Sect. 4.

Our results clearly manifest that the vertical and hori-

zontal shear in the zonal wind are important parameters in

enhancing the HF variance. Our results partly coincide with

Wang and Xie (1997) and Xie and Wang (1996).

According to Xie and Wang (1996), a fundamental impact

of the vertical shear on the equatorial Rossby wave is that a

westerly (easterly) vertical shear favors trapping wave

kinetic energy to the upper (lower) troposphere. The

enhancement of HF activity in our experiments may be

partly due to this. However, at this stage, it is difficult to

quantitatively investigate the relative contribution of both

horizontal and vertical shears. Therefore, further studies

are needed again in this direction.

Apart from the above, to some extent, the present study

has an implication on El Nino onset problem. It is still

unclear how El Nino events are triggered during boreal

spring time. Earlier studies have showed the importance of

short-term atmospheric variability (Luther et al. 1983;

McPhaden 1999; Perigaud and Cassou 2000; Curtis et al.

2004; Lengaigne et al. 2004) and anomalous western

Pacific westerlies (Weisberg and Wang 1997; Kug et al.

2005) to the onset of El Nino. In this regard, our study

showed that the two components, HF atmospheric vari-

ability and anomalous westerly wind are closely correlated

to each other, indicating that we can consider both com-

ponents as a same factor. Thus, the anomalous westerlies

with stronger HF atmospheric activity can be good a pre-

cursor for the onset of El Nino.

So far, MJO simulation seems to be a difficult endeavor

for global climate models. A scrutiny of GCMs a decade

ago revealed that their abilities of simulating the MJO were

a)

b)

c)

Fig. 9 The difference of equatorially averaged (a) HF zonal wind

variance, (b) 850 hPa zonal wind (c) vertical shear of zonal wind for

EXPemf (solid line), EXPlmf (dashed line), EXPumf (dotted line)

from EXPctl. See the caption of Fig. 7 for the definition of vertical

shear. Y-axis is in m2 s-2 units
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very limited (Slingo et al.1996; Sperber et al. 1997). The

most common problems in MJO simulation are week

eastward propagating signals, too large phase speed and

unrealistic seasonal cycles. In this regard, recently, Zhang

et al. (2006), has compared simulations of the MJO in four

pairs of coupled and uncoupled global climate models.

Their diagnostics supports the notion that MJO simulation

might be related to its background state in terms of mean

low-level zonal wind (e.g., Inness et al. 2001) and pre-

cipitation (Slingo et al. 1996). Hence, we need better

representation of basic climatological flow in model simu-

lations. Our results further support this notion because we

showed that the MJO activity depend on the LF circulation.

It seems that the current models, to some extent, capture

the overall relation between LF zonal wind and MJO var-

iability, as shown in Figs. 2 and 3. This implies that better

simulation of climatology and LF variability may help us to

improve the MJO simulation skill.
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