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ABSTRACT

In this study, the rectification process of high-frequency (HF) zonal-wind variability on the low-frequency
(LF) zonal wind is investigated through an idealized experiment using an atmospheric general circulation
model (AGCM). Through an idealized AGCM experiment with a fixed SST boundary forcing, it is shown that
there is positive (negative) correlation between HF (2-90-day period) zonal-wind variance and LF (3-month
average) zonal wind where the HF zonal-wind variance is positively (negatively) skewed because the stronger
HF westerly (easterly) wind events than HF easterly (westerly) wind events induce a residual westerly
(easterly), and it results in an additional rectified LF westerly (easterly) anomaly. This means that, over
regions with positively skewed HF zonal winds, LF westerly anomalies are generated due to the residuals of
the HF zonal winds. It implies that the LF zonal wind can be generated through internal processes of the
atmosphere without external forcing and the interaction between LF and HF is not a one-way process from

LF to HF but, rather, a two-way interaction process.

1. Introduction

Since the report that the strongest activity of westerly
wind events (WWEs) preceded the largest El Nifio during
1997-98, numerous studies have suggested the importance
of interaction between interannual variability, such as
El Nifo, and shorter time-scale atmospheric variability,
such as the Madden—Julian oscillation (MJO) and WWEs
(McPhaden 1999; Moore and Kleeman 1999; Kessler and
Kleeman 2000; Vecchi and Harrison 2000; Zhang and
Gottschalck 2002; Yu et al. 2003; Kirtman et al. 2005; Wu
and Kirtman 2006). Some of these studies noted that the
enhanced MJO and WWEs preceded the peak of El Nifio
by a few months in addition to its simultaneous correlation
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at the El Nifo peak season (Harrison and Schopf 1984;
McPhaden et al. 1992, 1998; Fink and Speth 1997; Harrison
and Vecchi 1997; McPhaden 1999; Zhang and Gottschalck
2002; Lengaigne et al. 2002; Hendon et al. 2007; Kug et al.
2008a, 2009¢,b).

For the strong relationship of WWEs with ENSO,
several studies have pointed out that background sea
surface temperatures (SSTs) associated with developing
ENSO events can modulate the high-frequency (HF) at-
mospheric variability, suggesting that HF atmospheric
variability may be partially deterministic in character
(Batstone and Hendon 2005; Eisenman et al. 2005; Vecchi
et al. 2006). In addition to the impact of the underlying
SST, Sooraj et al. (2009) showed that low-level conver-
gence and horizontal wind shear as well as vertical wind
shear is important for modulating the HF wind variability;
the HF variability shows maximum increase over the east-
ern part of the low-frequency (LF) westerly forcing. These
findings are consistent with Seiki and Takayabu (2007a,b),
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who showed that WWESs tended to occur frequently un-
der LF environmental westerlies by analyzing the eddy
kinetic energy (EKE) budget. This HF atmospheric var-
iability, which depends on a slowly varying LF state, is
often denoted as ‘‘state dependent” or ‘“‘multiplicative”
noise (Blaauboer et al. 1982; Timmermann and Lohmann
2000; Jin et al. 2007; Kug et al. 2008a).

Meanwhile, many studies have argued that HF at-
mospheric variability can trigger and/or amplify ENSO
(Kessler and Kleeman 2000; Shinoda and Hendon 2002;
Lengaigne et al. 2004; Eisenman et al. 2005; Perez et al.
2005; Zavala-Garay et al. 2005; Gebbie et al. 2007; Jin et al.
2007). Among them, some assumed the HF variability as
an additive noise; therefore, modulation of HF activity can
modulate interannual frequencies through nonlinear re-
sponses of oceanic processes. In this view, HF atmospheric
variability is a random process, independent of the slowly
varying large-scale features such as SST. For example,
Kessler and Kleeman (2000) argued that nonlinear re-
sponses of evaporation, equatorial zonal currents, and
vertical advection to a linear HF atmospheric forcing can
induce the rectified warming related to El Nifio. Han et al.
(2004) mentioned that the major nonlinear processes that
determine rectified surface currents are an asymmetric
response of the mixed-layer depth to zonal winds, upwell-
ing, and entrainment of subsurface water into the surface
layer. Similarly, LF shoaling of the mixed layer depth ap-
pears to be associated with the basic nonlinear aspect of the
mixed layer—that a given positive heat flux anomaly into
the ocean, resulting in ocean heating, is typically more ef-
fective at shoaling the mixed layer depth than a negative
anomaly is at deepening it (Kraus and Turner 1967; Waliser
et al. 2003).

Expanding on these early works, recent studies have
argued that the interaction between ENSO and the HF
atmospheric variability, which modulates not only ENSO
instability but also ENSO asymmetry, can be modeled as
a state-dependent or multiplicative noise forcing. For in-
stance, Jin et al. (2007) demonstrated in a conceptual
framework that state-dependent or multiplicative noise
forcing enhances ENSO instability and its ensemble spread
and thus generates ENSO asymmetry. In addition, Gebbie
et al. (2007) found that the modulation of WWEs by SST
strongly affected the characteristics of ENSO in a hybrid
coupled model. In particular, coupled feedbacks between
SST and WWESs may be sufficient to transform the system
from a damped regime to one with self-sustained oscilla-
tions.

In addition, the asymmetry of a HF anomaly can lead
to the rectification of HF variance in a LF anomaly.
Until now, this is only shown and argued mainly for
decadal variability over the Pacific caused by asymmetry
of the ENSO (Timmermann et al. 2003; Jin et al. 2003;
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Rodgers et al. 2004; An et al. 2005; An et al. 2008). For
example, An et al. (2005) showed that decadal changes in
the skewness and variance of model-simulated ENSO
SST and nonlinear dynamical heating, which lead to
ENSO asymmetry, are highly correlated with the decadal
variation in tropical SST. Similarly, this mechanism can be
applied to the interaction between HF zonal-wind vari-
ability and LF zonal winds because easterly wind events
(EWESs) are rarely observed relative to WWEs, possibly
due to nonlinear precipitation processes (Kug et al. 2010c).
This may change the LF zonal-wind anomaly of the at-
mospheric circulation by its residual components (Zavala-
Garay et al. 2005). In this case, HF zonal-wind variability
can directly affect ENSO by altering LF zonal winds. This
process is called the “rectification process.”

Despite this intuitive speculation, so far the rectifi-
cation feedback of HF zonal-wind variability has not
been investigated extensively. Therefore, in this study
the impact of HF zonal-wind variability on the gener-
ation of LF zonal winds is investigated using an atmo-
spheric general circulation model (AGCM). Following
the terminology of Kug et al. (2010c), the generation
process of residual LF zonal wind by HF zonal-wind
variance is defined as the rectification process in this
study.

The paper is organized as follows. In section 2, we de-
scribe the AGCM used in this study, datasets used, and
the experimental design. In section 3, rectification of
HF zonal-wind variability in the LF zonal winds is ex-
plained. A summary and discussion are included in
section 4.

2. Model, experimental design, and data
a. Model

The model used in this study is the Seoul National
University AGCM (SNU AGCM). It is a global spectral
model at T42 resolution with 20 vertical sigma levels.
The deep convection scheme is a simplified version of the
relaxed Arakawa-Schubert scheme (SAS) (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 nonprecipitating shal-
low convection scheme (Tiedtke 1983) is also implemented
in the model for the midtropospheric moist convection.
The boundary layer scheme is a nonlocal diffusion scheme
based on Holtslag and Boville (1993), while the land surface
model is from Bonan (1996). Atmospheric radiation is pa-
rameterized by a two-stream k distribution scheme as in
Nakajima et al. (1995). In addition, in this study the cumulus
momentum transport (CMT) parameterization suggested
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by Wu and Yanai (1994) is implemented. Other details of
the model physics are described in Lee et al. (2001, 2003)
and Kim et al. (2008). Model performance on the climate
simulation is referred to in Kug et al. (2008b).

b. Data

The daily- and monthly-mean winds are obtained from
the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis (Kalnay et al. 1996). SSTs are from the
NOAA Extended Reconstructed Sea Surface Tempera-
ture (ERSST) (Smith and Reynolds 2003). For the ob-
served rainfall we use the 1979-2004 monthly mean data
from the Climate Prediction Center Merged Analysis of
Precipitation (CMAP) (Xie and Arkin 1997). In addition,
daily mean precipitation from 1979 to 2005 is obtained
from the Global Precipitation Climatology Project (GPCP)
(Huffman et al. 2001).

¢. Experimental design

In this study, we focus on the winter season of December—
February (DJF) and use a prescribed SST as a boundary
condition, averaged for the DJF season, and perpetual
solar irradiance, at the equinox, with a solar constant of
1365 W m ™2, for the distribution of insolation at the top
of the atmosphere. Note that seasonality of the AGCM
simulation is mostly dependent on the SST forcing, not
the irradiance, because the irradiance is transmitted
through the atmosphere and then directly absorbed by
the ocean. It means the impact of the irradiance is can be
ignored over the ocean when the SST forcing is fixed,
even though it can cause a different equilibrium state
over land due to air-land coupling.

One may ask why we focused on the DJF season since
the westerly wind burst related to the ENSO peaks sev-
eral months prior to the DJF season (Hendon et al. 2007;
Kug et al. 2008a). Since these studies focused on the re-
lation between ENSO SST anomalies and HF zonal-wind
variance, we selected the DJF season because the re-
lationship between the LF zonal wind and HF zonal-wind
variance over the tropical Pacific is most clear during this
season. According to Kug et al. (2009c), the relation be-
tween LF wind and HF wind variance is strongest over
the central Pacific during the ENSO peak phase, while
the relation is a bit weaker during the ENSO developing
phase. Kug et al. also showed that, in the experiments with
SNU AGCM, the LF-HF relationship is well simulated
during ENSO peak phase, while during ENSO developing
phase the model has a problem in simulating the observed
relationship. In addition, the HF zonal-wind variance over
the equatorial region and Southern Hemisphere is also
strongest during the DJF season (not shown), which pos-
sibly leads to a strong rectification process. This perpetual
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experiment is advantageous for investigating internally
generated atmospheric variability because the SST forcing
is fixed in time. If SST forcing is varying in time, it would
generate SST-forced LF wind variability and become
confused with LF winds generated by atmospheric in-
ternal processes. This may prevent clear separation of
internally generated LF wind from SST-forced LF wind.

In this study, we performed two sets of AGCM sim-
ulations: one with climatological SST and the other with
El Nifio SST. The AGCM simulation whose SST bound-
ary condition is the climatological SST (El Nifio SST) is
denoted as CLiSST (EISST). The SST forcing of CLiSST is
obtained from the DJF climatology averaged from 1981 to
2008 of ERSST. The SST boundary condition of the
EISST run is obtained from the composite for El Nino
events during the DJF season as follows. We select five
El Nifo events whose magnitude of the Nifio-3.4 index
during DJF is largest, which include events from the DJF
season of 1982/83, 1986/87, 1991/92, 1994/95, and 1997/98,
and positive SST anomalies over the Pacific (15°S-15°N,
120°E-90°W) are added to the climatological SST of the
CIiSST run to obtain SST forcing for the EISST run.
Each AGCM simulation is integrated for 30 years. Re-
cently, several studies reported that there are two types
of El Nifio events, whose spatial patterns are consider-
ably different (Ashok et al. 2007; Kao and Yu 2009; Kug
et al. 2009a). In addition to the spatial pattern, their
dynamics and teleconnections are somewhat different
(Weng et al. 2007; Kug et al. 2010b,a; Kug and Ham
2011). It is possible that the rectification feedback of HF
wind variability can be dependent on the type of El Nifo.
For simplicity, however, we did not consider two types of
El Nifio by selecting El Nifio events based on the single
Nifio-3.4 SST because our main focus is on the atmo-
spheric internal process independent of the external SST
forcings.

To define the HF zonal wind, a 2-90-day Lanczos
bandpass filter (using 45 weights, Duchon 1979) is applied
to the daily-mean zonal-wind anomalies at 850 hPa. Note
that the period 2-90 days (or similar to this period) is used
because the MJO variability, having the longest time
scale among all equatorial waves, has 30-90-day periods.
This criterion with 90 days is also used in several studies
to retain the HF components (Kug et al. 2009¢; Kim et al.
2009). To check the realism of simulated convectively
coupled waves over the tropics, we followed the method
of Wheeler and Kiladis (1999). Figure 1 shows symmetric
and antisymmetric raw spectra of precipitation and zonal
wind at 850 hPa divided by the background spectra in
observations and the CliSST run. Dispersion curves are
obtained using the theoretical signal of Kelvin, equatorial
Rossby (ER), and westward inertia—gravity (WIG) waves
in the symmetric spectra of the mixed Rossby—gravity



15 JuLy 2012

HAM ET AL.

5091

a) NCEP_SYM b) CliSST _SYM
0.33{ = : _/ -3 0.33 -3
0.30 50 0.30
= )
0.271 : 0.27
: -4 -4
o 0.24] 5 0.24-
S 021 ’ 0.21 E)
~r B E 1 5 1 o
> : FS -5 =
% 0.18 0.181 3
> ' ] 14
0.151 ! 0.15
g : 7 7 &
Lo 0121 : 0.121
0.09 456 : 10 g.00 450 10
IS & 15 25 15
0.06 : [0 00642 25
0.03 1 p 30 0.03- 30
i - 80 o 80
-10-8 -6 -4 -2 0 2 4 6 8 10 -10-8 -6 -4-20 2 4 6 8 10
ZONAL WAVENUMBER ZONAL WAVENUMBER
c) NCEP_ASY d) CIiSST_ASY
T RS] 1
0.331 /%?5/ 3 0.33 ¥ D/ - - I3
50 25 ) 12 50 25 12
,(A n=0 EIG 0.301 i n=0 EIG
p 0.27 1 i
L4 ' -4
3 4 0.24- ﬁ
< : 0.21 g
> : LS 5 z
2 i 0.18 S
=] ! | =}
3 [, 015 . §
& : 0.12
! (19 .09 0
i 15 .06 15
5 MJO - 20 - 20
0.031 & - 30 0.034 30
N Fadueepes 1.1 S o~ ¥.)|
-10-8 -6 -4-2 0 2 4 6 8 10 -10-8 -6 -4 -2 0 2 4 6 8 10
ZONAL WAVENUMBER ZONAL WAVENUMBER
( I I
1 1.2 1.4 1.6 1.8 >

FIG. 1. Space-time spectrum of the daily-mean zonal wind at 850 hPa (shading) and precipitation (contours)

divided by the background spectrum in the (left) observations and (right) CliSST run. The top (bottom) panels are of
symmetric (antisymmetric) component. Superimposed are the dispersion curves of the meridional mode odd-
numbered equatorial waves for equivalent depths 12, 25, and 50 m. Note that the GPCP output from 1979 to 2005 is

used as observational precipitation.

(MRG) and eastward intertia—gravity (EIG) waves in the
antisymmetric spectra. Note that the waves with period
shorter than 90 days are shown to investigate the HF
components in the observations and model simulation.
In the power spectrum of the low-level zonal wind, the
eastward-propagating MJO component, whose period is
between 30 and 90 days, and the eastward-propagating
Kelvin wave component are clearly shown in both the
observations and model simulation. However, the signal

of the eastward-propagating MJO is weaker in the model
simulation than observed (Lin et al. 2006). In addition,
there is a spectral peak at westward wavenumbers 1-8
with period 3-10 days, known as the Rossby-Haurwitz
wave, that is detected in both the observations and
model simulation (Hendon and Wheeler 2008). The
power spectrum of precipitation in the observations
shows a similar spectral peak to that in zonal wind ex-
cept for the westward-propagating equatorial Rossby
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wave. This equatorial Rossby wave signal is not well
simulated in the CliSST run.

The low frequency modulation of the HF zonal-wind
variance is defined by calculating the averaged variance
of the HF wind for three months (e.g., four outputs per
year). For example, the first season is a 3-month aver-
aged value from the first to third month. Similarly, the
second season is a 3-month average from the fourth to
sixth month. Hereafter, the variance of the high-pass
filtered zonal-wind anomaly averaged for three months
is denoted as the ““HF zonal-wind variance.” Similarly,
the 3-month averaged zonal wind is defined as the “LF
zonal wind.”

3. Results

Prior to examining model results, we first show some
observational features of the LF fields and HF zonal-
wind variability during El Nifio events. Figure 2 shows
SST, zonal wind at 850 hPa, precipitation anomalies,
and anomalous HF zonal-wind variance during boreal
winter (December—February) of the selected El Nifio
events. Note that five El Nifio events, which include1982—
83, 1986-87, 1991-92, 1994-95, and 1997-98, are selected
for the El Nifio composite as done for obtaining the
prescribed SST for the EISST run. The anomalous HF
zonal-wind variance is calculated by subtracting the av-
eraged variance of DJF HF zonal wind during the se-
lected EI Nifo years from that during the DJF seasons of
all years from 1979 to 2005. As is well known, the positive
SST anomaly of the eastern equatorial Pacific associated
with El Nifo events is often accompanied by an overlying
westerly wind and positive precipitation anomalies. In
addition, the enhanced HF zonal-wind variance is seen
east of 180° where the LF zonal-wind anomaly is strong.
On the other hand, weaker HF zonal-wind variance is
observed between 150°E and 180°.

These results are consistent with several studies on
modulation of HF zonal-wind variability during El Nifio
(Kessler et al. 1995; Lau and Lau 1992; Hendon et al.
2007; Kug et al. 2009¢; Sooraj et al. 2009). For example,
Hendon et al. (2007) and Kug et al. (2009¢) showed that
the HF zonal-wind variance is enhanced (reduced) over
the central (western) Pacific during the El Nifio peak
phase. They also concluded that an eastward extension
of the warm pool and enhanced LF westerlies can ac-
company the eastward expansion of strong MJO activity
and WWE:s during the El Nifio mature phase. In addition,
Seiki and Takayabu (2007b) suggested a mechanism of
WWE development by performing a budget analysis using
an EKE equation. They found that the strength of WWEs
was dominated generally by the barotropic energy con-
version terms, which are related to the zonal convergence
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FIG. 2. Observed DJF (a) SST, (b) precipitation, (c) 850-hPa
zonal wind, and (d) high frequency 850-hPa zonal-wind variance
anomalies during El Nino. Note that five El Nifio events, including
the 1982/83, 1986/87, 1991/92, 1994/95, and 1997/98 events, are the
same as those for obtaining prescribed SST for the EISST run.
A 2-90-day Lanczos bandpass filter (using 45 weights) is applied to
the daily mean zonal-wind anomalies at the 850-hPa level; then the
DJF HF wind variability, averaged over the El Nifio events, is
subtracted from that averaged over the DJF season of the whole
year to obtain the anomalous seasonal-mean HF wind variability
related to El Nifo.

of the LF zonal wind and meridional shear of the LF zonal
wind. The dominance of EKE generation by these terms
was consistent with barotropic wave accumulation by the
mean flow, as has been noted in several studies (Holland
1995; Webster and Chang 1988; Sobel and Bretherton
1999). Their results are consistent with Sooraj et al. (2009),
who show that enhanced HF zonal-wind variability is
closely related to the LF horizontal wind shear as well as
vertical wind shear.

To check whether our AGCM can simulate realistic
state-dependent HF zonal-wind variability, the same anal-
ysis is applied using two AGCM simulations, namely, the
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CIiSST run and the EISST run. Figure 3 shows the differ-
ence of 30-yr averaged SST, precipitation, and 850-hPa
zonal wind between the two simulations, EISST run
minus CliSST run. To the first order the overall difference
features are similar to those observed. For example, the
simulated central Pacific precipitation and zonal-wind
anomalies during El Nifio have a similar location and
spatial structure to the observations. However, the posi-
tive precipitation anomalies in the model simulation are
narrower, shifted to the west, and more meridionally
symmetric about the equator than the observations.
Further, the model produces unrealistic negative pre-
cipitation anomalies in the Northern Hemisphere. The
South Pacific convergence zone (SPCZ) related pre-
cipitation anomalies are not simulated by the AGCM. In
addition, the maximum location of the low-level zonal-
wind anomalies in the AGCM simulation is somewhat
shifted southwestward than that of the observations.

The spatial pattern of simulated difference of the HF
zonal-wind variance between the EISST and CLiSST
runs, representing the anomalous HF zonal-wind vari-
ance during El Nifio events, is similar to that of the
observations to a large extent. Figure 4 shows the dif-
ference of 30-yr averaged HF zonal-wind variance in the
two runs, EISST minus CliSST, and ime series of the total
HF zonal-wind variance in the EISST run over the central
Pacific (15°S-15°N, 160°E~120°W). The enhanced (weaker)
HF zonal-wind variance appears east (west) of the date
line, which is the east (west) part of the LF 850-hPa
zonal-wind maximum (Fig. 3c).

As Sooraj et al. (2009) pointed out, the anomalous
low-level LF westerly provides a favorable condition for
strong HF zonal-wind variability due to LF easterly ver-
tical shear and horizontal wind convergence. In particular,
they showed that HF zonal-wind variance is further en-
hanced in the eastern part of the LF westerlies, as Seiki and
Takayabu (2007a) argued. In this regard, our simulated
HF zonal-wind variability is quite similar to the observed
(Fig. 2d), even though the model simulates a southward-
shifted anomalous dipole structure of the HF wind vari-
ance with a positive maximum at 15°S. This implies that
this AGCM has the ability to simulate state-dependent HF
zonal-wind variability during the selected El Nifio events.

Interestingly, the magnitude of HF zonal-wind var-
iance varies significantly in time with fixed boundary con-
ditions. It means that the HF zonal-wind variability can
be internally modulated via atmospheric processes re-
gardless of the SST boundary condition. It will be quite
interesting to examine how the modulation of HF zonal-
wind variability is linked to the LF atmospheric state. To
investigate the LF atmospheric fields related to internal
modulation of the HF zonal-wind variance, a compos-
ite analysis based on the box-averaged (15°S-15°N,
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F1G. 3. The difference of 30-yr averaged (a) SST (K), (b) pre-
cipitation (mm day '), and (c) 850-hPa zonal-wind anomalies
(m s~ 1) between the EISST and CliSST runs.

160°E-120°W) HF zonal-wind variance, as shown in
Fig. 4b, is performed. Among 120 samples (4 seasons X 30
years), events for the strong (weak) HF zonal-wind
variance are selected when the box-averaged anomalous
HF zonal-wind variance is stronger (weaker) than its
standard deviation.

Figure 5 shows the anomalous HF zonal-wind variance,
LF zonal wind at 850 hPa, and precipitation anomalies
during the strong HF zonal-wind variance period in the
EISST run. Note that the anomaly in Fig. 5 is defined by
the deviation from 30-yr averaged climatology in the
EISST run. Hereafter, analyses using model output are
only shown, and some of observational evidence about the
key argument in this paper will be discussed in section 4.

As expected, the positive anomaly of HF zonal-wind
variance occurs over the equatorial central Pacific. This
positive maximum of the anomalous HF zonal-wind
variance is slightly shifted to the south of the equator.
Similar to the spatial pattern of anomalous HF zonal-
wind variance, there is an anomalous low-level LF
westerly over the equatorial central Pacific with a slight
shift to the south. In addition, the strong HF zonal-wind
variance is slightly shifted to the east compared to that of
the LF zonal-wind anomalies, consistent with Seiki and
Takayabu (2007a) and Sooraj et al. (2009). On the other
hand, it is interesting that the precipitation anomaly for
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FIG. 4. Simulation results of the (a) high frequency 850-hPa zonal-wind variance with DJF
El Nifo SST anomalies and (b) box-averaged (15°S-15°N, 160°E-120°W) HF variance in the
EISST run. Upper (lower) dotted line in (b) denotes the criterion for strong (weak) HF zonal-

wind variance period.

the period with strong HF zonal-wind variance is nega-
tive over the equatorial central Pacific, which is quite
different from the El Nifio responses shown in Figs. 2
and 3. If the LF westerly anomalies are induced by a
precipitation anomaly, there should be a positive pre-
cipitation anomaly over the LF westerly anomalies be-
cause of the in-phase relation between positive convection
LF westerly anomalies over the tropics on interannual
time scales (Clarke 1994). However, the composites in
Fig. 5 show opposite signs of precipitation and LF zonal-
wind anomalies over the south-central Pacific, implying
that the anomalous LF westerlies are not generated from
the equatorial precipitation anomalies.

On one hand, the atmospheric heating (i.e., pre-
cipitation anomaly) induces the LF winds; on the other
hand, LF winds can induce precipitation—meaning that
the anomalous LF westerlies can induce negative equa-
torial precipitation anomalies because equatorial west-
erlies induce low-level divergence due to frictional Ekman
pumping (Holton 2004). The LF wind anomaly over the
central Pacific has a maximum around 5°S, 160°W. It
generates a positive vorticity anomaly between 5°S and
0° and negative vorticity anomaly below that latitude. The
secondary circulation due to the positive vorticity over the
Southern Hemisphere induces descending motion (brown

dots in Fig. 5b), accompanied by the negative precipitation
anomaly. On the other, the secondary circulation due to
the negative vorticity generates ascending motion over the
Southern Hemisphere (green dots in Fig. 5b). this is con-
sistent with the dipole pattern of precipitation anomalies,
which shows negative (positive) values at 5°S (10°S) over
the central Pacific. Note that the upward secondary cir-
culation is not well matched to the precipitation anomaly
over the Northern Hemisphere, possibly due to the rela-
tively weak climatological precipitation over the Northern
Hemisphere during DJF. This implies that precipitation
anomalies are actually in response to the LF winds. If this
process works, then we should ask what leads to the LF
westerly anomalies, which are not directly in response to
precipitation-induced diabatic heating.

We suggest here that the strong HF variance can con-
tribute to LF westerlies because the HF zonal wind is
positively skewed and westerly events are stronger and
more frequent than easterly events; therefore, the long-
term mean for sequential HF events can generate the
westerly residual. Once LF westerlies are induced, they
can enhance HF zonal-wind variability further because
the LF zonal wind provides a favorable condition for
stronger HF zonal-wind variability, leading to intensified
LF westerlies. Such two-way interaction between the HF
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FIG. 5. (a) HF wind variance, (b) LF 850-hPa zonal wind, and (c)
precipitation anomalies in the strong HF activity period composite
in the EISST run. LF is defined as 3-month averaged anomaly
values. Note that the definition of anomaly in this figure is the
difference of seasonal-mean values from the 30-yr averaged cli-
matology in the EISST run. The green dots in (b) denote Ekman
pumping derived by 850-hPa winds [i.e., f~!(dv/ox — du/dy)]. The
dark (light) shading are related to the secondary downward (up-
ward) motion. For simplicity, we ignore the latitudinal variation of f.

zonal-wind variability and LF winds may produce strong
internal variability as seen in Fig. 4b.

Figure 6 shows the anomalous HF zonal-wind vari-
ance, LF zonal wind at 850 hPa, and precipitation
anomalies during the weak HF zonal-wind variance pe-
riod. Even though the strong and weak absolute magni-
tudes of the HF zonal-wind variance are not equal, their
overall spatial structures along with those of the LF
zonal-wind anomalies are quite similar. For instance,
there is a negative anomaly of HF zonal-wind variance
over the equatorial central Pacific and the LF zonal-wind
anomaly is easterly with a maximum over the equatorial
central Pacific. Opposite to the strong HF zonal-wind
variance composite, the precipitation anomaly over the
equatorial region is positive and cannot lead the negative
LF zonal-wind anomaly. This indicates that the secondary
circulation in controlling internal HF zonal-wind vari-
ability and LF zonal wind works similarly for both strong
and weak HF zonal-wind variance periods.

Until now, we have shown that, during strong (weak)
HF zonal-wind variance periods over the equatorial

FIG. 6. As in Fig. 5 but in the weak HF activity period composite
in the EISST run. The black (gray) dots in (b) are related to the
secondary downward (upward) motion.

central Pacific, a LF westerly (easterly) anomaly exists
over that region. This supports a positive relationship
between the LF zonal wind and HF zonal-wind variance
over the equatorial central Pacific. To investigate fur-
ther the relationship between the LF zonal wind and HF
zonal-wind variance, Fig. 7 shows the correlation co-
efficients between the 850-hPa LF zonal-wind anomaly
and anomalous 850-hPa HF zonal-wind variance. In
Figs. 7a and 7b, the values with 95% confidence level
using a two-tailed Student’s ¢ test are shaded. Note that
the correlation coefficients represent the relationship
for internal variability regardless of the SST condition.
Consistent with previous results, the positive correlation
coefficient over the equatorial central Pacific is signifi-
cant in the EISST run. Similarly, the positive correlation
between the LF zonal wind and HF zonal-wind variance
is large over the equatorial central-eastern Pacific and
northwestern-central Pacific in the CliSST run. In ad-
dition to the equatorial central Pacific, high positive cor-
relation is seen over the off-equatorial southeastern Pacific
around 120°W and over the northwestern Pacific near
150°E. On the other hand, there are negative correlation
coefficients of about —0.3 over the off-equatorial south-
western Pacific and far-eastern Pacific.

The overall correlation pattern in the CliSST run is
similar to that of the EISST run; however, the positive
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F1G. 7. (a),(b) Correlation coefficients between the LF 850-hPa
zonal-wind anomaly and HF wind variance at 850 hPa in both
experiments: values at the 95% confidence level shaded. (c) Dif-
ference between the EISST and CliSST run.

correlation over the off-equatorial southern Pacific is
extended to the west. Therefore, the negative correla-
tion over the off-equatorial southwestern Pacific is not
as large as that in the EISST run. The difference map
between the correlation in the EISST run and that in the
CIiSST run shows a negative correlation difference over
the south- and north-central Pacific around 170°E. The
positive correlation difference over the central Pacific is
also shown. We will discuss in more detail what causes
these differences in spatial pattern between the two ex-
periments.

Based on the high correlation between the LF zonal-
wind anomaly and anomalous HF zonal-wind variance,
one can argue that the significant correlation between
the LF zonal-wind anomaly and anomalous HF zonal-
wind variance is robust because of the role of the LF
zonal wind on HF zonal-wind variability, as already men-
tioned in several studies (Kug et al. 2009¢; Sooraj et al.
2009). However, if the anomalous HF zonal-wind variance
is solely generated by the LF zonal-wind anomaly, the
negative correlation over the far-eastern and off-equatorial
southwestern Pacific is hard to explain. Note that the
anomalous LF westerly (easterly) only enhances (reduces)
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HF zonal-wind variance; therefore, the negative re-
lationship between the LF zonal wind and HF zonal-
wind variance can be led by the rectification process of
HF zonal-wind events on the LF zonal wind.

As suggested earlier, an asymmetric HF zonal wind
can contribute to the LF zonal wind by the rectification
process. For example, wherever a westerly phase of the
HF zonal wind is more dominant than the easterly phase
of HF zonal wind (e.g., positively skewed HF zonal
wind), enhanced HF zonal-wind variance leads to gen-
eration of a rectified LF westerly. Similarly, we can ex-
pect that the enhanced HF zonal-wind variance may
lead to anomalous LF easterlies if anomalous HF zonal
wind is negatively skewed. Therefore, it is worthwhile to
investigate whether the correlation between HF zonal-
wind variance and the LF zonal wind is associated with
the skewness of anomalous HF zonal wind.

To investigate the asymmetry of anomalous HF zonal
wind, skewness is introduced (Trenberth 1997; Burgers
and Stephenson 1999; Hannachi et al. 2003; Jin et al. 2003;
An and Jin 2004; An et al. 2005). The moment coefficient
of skewness is defined by the normalized third statistical
moment as follows:

s
skewness =
32’
m,)

where m is the kth moment,
N (X» _\k
m, = y L 7

k i=1 N

in which x; is the ith data of HF wind anomaly, X is the
mean of HF wind, and N is the number of samples (30 yr X
365 days = 10 950 samples).

Figure 8 shows the climatological (i.e., 30 yr aver-
aged) skewness of the anomalous HF zonal wind in both
simulations. In these simulations, overall climatological
skewness is positive over the Pacific region, indicating
more frequent strong anomalous HF westerly events.
This is consistent with the observations (not shown). In
addition, this figure is consistent with Fig. 6 of Philip and
van Oldenborgh (2009), even though positive skewness
is more confined to the western Pacific in their study. In
the EISST run, positive skewness is over the central Pa-
cific, off-equatorial central-eastern Pacific around 120°W,
and northwestern Pacific. In contrast, there is weak neg-
ative skewness over the far-eastern Pacific. The overall
pattern of climatological skewness in the CliSST run is
similar to that in the EISST run; however, positive skew-
ness over the off-equatorial southern Pacific is extended
to the west compared to that in the EISST run. Therefore,
there is negative skewness difference between the EISST
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FIG. 8. (a),(b) Climatological skewness of high-pass-filtered
850-hPa zonal winds in both experiments. (c) Difference between
the EISST and CIiSST runs.

run and CliSST run around 170°E; whereas there is a pos-
itive skewness difference over the central Pacific around
10°S, 150°W.

Surprisingly, it is found that the spatial pattern of
climatological skewness of anomalous HF zonal wind
exhibits a similarity to that of the correlation map be-
tween the LF zonal-wind anomaly and anomalous HF
zonal-wind variance, as shown in Fig. 7. Over the posi-
tive skewness regions of anomalous HF zonal wind (e.g.,
the central Pacific), enhanced HF zonal-wind variance
induces an additional residual LF westerly; therefore,
there is positive correlation between HF zonal-wind
variance and the LF zonal wind. On the other hand, over
the negative skewness regions, like the far-eastern Pacific,
enhanced HF zonal-wind variance induces an additional
LF easterly; therefore, it leads to a negative correlation
between HF zonal-wind variance and LF zonal wind. In
addition, the difference in the correlation map between
the LF zonal-wind anomaly and anomalous HF zonal-
wind variance between the two runs is also clearly re-
flected in the difference of climatological skewness of
anomalous HF zonal wind. For example, the westward
extension of positive anomaly of climatological HF zonal-
wind skewness over the off-equatorial southwestern Pa-
cific in the CliSST run is well matched to that of the
correlation between anomalous HF zonal-wind variance
and LF zonal-wind anomaly. Therefore, it is possible that

HAM ET AL.

5097

the rectification process due to the asymmetry of HF
zonal-wind events can generate additional LF zonal wind.

To investigate the similarity of spatial patterns be-
tween the correlation map (between the LF zonal-wind
anomaly and anomalous HF zonal-wind variance, Fig. 7)
and climatological skewness of HF zonal-wind variance
(Fig. 8), the scatter diagram between the correlation and
climatological HF zonal-wind skewness over the equa-
torial Pacific region (10°S-10°N, 120°E-90°W) is shown
in Fig. 9. As mentioned earlier, there is a clear linear
relationship between the two. The pattern correlation
coefficients between the two maps are 0.87 (0.92) in the
EISST (CIiSST) run. It means that the correlation be-
tween the LF zonal-wind anomaly and anomalous HF
zonal-wind variance strongly depends on the skewness
of HF zonal wind because the positive anomaly of HF
zonal-wind variance generates positive (negative) re-
siduals of LF zonal wind under positive (negative) HF
zonal-wind skewness.

If only a one-way process from the LF zonal wind to
HF zonal-wind variance is robust (e.g., LF zonal-wind
modulates HF zonal-wind variance; therefore, fluctua-
tions of HF zonal-wind variance are solely from that of
LF zonal wind), the correlation coefficients between the
LF zonal-wind anomaly and anomalous HF zonal-wind
variance would be independent of skewness of the HF
zonal wind. For example, if the fluctuation of HF zonal-
wind variance is a result of that of LF zonal wind, HF
zonal-wind variance would be enhanced (weakened) by
LF westerlies (easterly) regardless of the sign of the HF
zonal-wind skewness. This means, if the one-way pro-
cess from LF zonal wind to HF zonal-wind variance is
dominant, the correlation between the LF zonal-wind
anomaly and anomalous HF zonal-wind variance would
be positive even over the negative skewness region.
Therefore, negative correlation coefficients clearly mean
that there is an upscaling feedback process that the re-
sidual of HF zonal-wind variability induces the LF zonal
wind.

To further confirm that the asymmetry of anomalous
HF zonal wind leads to the residual LF zonal wind, Fig. 10a
shows the probability distribution functions (PDFs) of
total daily-mean zonal wind at 850 hPa over the central
Pacific (15°S-15°N, 160°E-120°W) in the EISST run.
Consistent with the definition, the PDF for strong (weak)
HF zonal-wind variance period is broader (narrower)
than PDFs in other cases. As the PDF is broader, the
largest peak probability is reduced for the strong HF
zonal-wind variance period. For example, the peak of the
PDF for a normal HF zonal-wind variance period is about
0.04; however, it is reduced to less than 0.035 for a strong
HF zonal-wind variance period. Instead, there is a signifi-
cant increase of the PDF for extreme values, especially
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FIG. 9. (a),(b) Scatter diagram of the climatological skewness of high-pass filtered 850-hPa zonal wind vs corre-
lation coefficients between LF 850-hPa zonal wind anomaly and HF wind variance at 850 hPa over equatorial Pacific

regions (10°S-10°N, 120°E-90°W) in both experiments.

for high extreme values because of the positive asym-
metry of HF zonal wind.

In addition, it is interesting that the value with maxi-
mum PDF is relatively high in the strong HF zonal-wind
variance period compared to that in the weak HF zonal-
wind variance period. This might be due to the LF westerly
zonal wind increasing the HF zonal-wind variance (Kug
et al. 2009c), which emphasizes the role of the LF zonal
wind on HF zonal-wind variance. Or, this might be due to
the additional LF zonal wind generated by the rectification
of the asymmetric HF zonal wind. This mean shift of the
PDF affects the probability of HF westerly/easterly events.

(a) PDF of Total U850

(b) PDF: Median Value Subtracted

Because we are focusing on the rectification process, we
try to exclude the impact of the LF zonal wind on HF
wind events by removing the median value of the PDF
for each case. The median value is used because recti-
fication of the HF wind on LF wind is already reflected in
the mean value.

Figure 10b shows the PDF of the daily-mean zonal wind
after subtracting the median value. In addition, Fig. 10c
shows the probability of anomalous HF westerly/easterly
events for weak, normal, and strong HF zonal-wind
variance periods. Note that the anomalous HF westerly
and easterly events are defined when the median-shifted

(¢) Probability of AWEs & AEEs

0.06 0.06 0.3
£ STRONG AEEs AWEs STRONG
3 NORMAL | NORMAL
4 WEAK WEAK
@
o 0.04
N
2
£
S
=z

0.02

0
-12 -9 -6 -3 0 3 -6 -3 0 3 6
AEEs AWEs

Total U850 (m/s)

Anomalous U850 (m/s)

FI1G. 10. PDF of (a) daily total zonal winds at 850 hPa over the central Pacific (15°S-15°N, 160°E-120°W) and (b) with the median value
subtracted. (c) Probability of AEWs and AEEs for weak, normal, and strong HF activity periods in the EISST run.
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daily-mean 850-hPa zonal wind in Fig. 10b is greater and
smaller than 1 (—1) standard deviation, respectively. For
simplicity, the anomalous HF westerly and easterly events
are referred to as anomalous westerly events (AWEs) and
anomalous easterly events (AEEs). This definition does
not consider the duration of wind events, which is some-
what different from the conventional way that wind events
are chosen such as when the wind values remain above the
criteria for several days. However, most selected AWE:s (or
AEES) persist at least several days (not shown); therefore,
the major conclusion will not be not changed even though
the definition of wind events is slightly different.

Because the PDF in Fig. 10b becomes broader for the
strong HF zonal-wind variance period than that for the
weak HF zonal-wind variance period, the probability for
both AWESs and AEEs is increased. Between the AWEs
and AEEs, the increase of AWEs is excessive because of
the positive asymmetric nature of HF zonal wind. For
example, the difference between the probability of
AWE:s from that of AEE:s is 0.07 in the weak HF zonal-
wind variance period, while it is increased to 0.11 in the
strong HF zonal-wind variance period. This means that
the increase of HF zonal-wind variance increases AWEs
more than AEEs; therefore, the mean (or LF) zonal
wind for the strong zonal-wind variance period is also
increased.

4. Summary and discussion

In this study, the process of HF zonal-wind variability
rectification of the LF zonal wind is investigated using
the two idealized AGCM experiments. Because observed
and simulated HF wind anomalies are positively skewed,
enhanced HF zonal-wind variance generates an addi-
tional residual LF westerly anomaly. This conclusion is
supported by the result that high positive correlation
coefficients between HF zonal-wind variance and the LF
zonal wind are only found over the positive HF zonal-
wind skewness region, while there is negative correlation
over the negative HF zonal-wind skewness region. For
example, if the HF westerly anomaly is much stronger
than the HF easterly anomaly, the enhanced HF zonal-
wind variance can produce a residual westerly anomaly;
however, if the magnitude of HF westerly anomalies is
the same as that of HF easterly anomalies (i.e., weak or
negative skewness of anomalous HF zonal wind), there
would be no (or negligible) residual LF zonal wind.

One may wonder how robust this rectified process is in
the observations. To investigate this, the authors applied
a similar analysis to the observational data and concluded
that a similar rectified process is at work in the observations
to some extent. For example, the scatter diagram between
HF and LF correlation and climatological skewness of HF
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zonal wind is linear in the equatorial Pacific (10°S-10°N,
120°E-90°W), and the correlation coefficient between
them is 0.54 at the 99% significance level. For example,
negative climatological skewness is not shown over the
regions of negative correlation. This lower correlation in
observations compared to the simulation may be due to
the LF zonal wind generated by time-varying SST in the
observations; therefore, generation of the LF zonal wind
due to SST forcing is confounded with that due to the
rectification process (i.e., HF-LF interaction within the
atmospheric system).

Rectification of HF zonal wind also might lead to
eastward propagation of LF zonal-wind anomalies be-
cause the HF zonal-wind variance is enhanced over the
eastern part of LF zonal wind (Seiki and Takayabu 2007a;
Sooraj et al. 2009). Once LF westerlies are generated,
they leads to stronger HF zonal-wind variance, especially
over the eastern part of the LF westerly wind. Then, en-
hanced HF zonal-wind variance reinforces the LF west-
erly due to the positive asymmetry of the HF zonal wind
only over the eastern part of the LF westerly; therefore,
the center of LF westerlies is moved to the east. Then, the
reinforced LF westerly generates enhanced HF zonal-
wind variance over the eastern part of the LF westerly.

Even though the current experimental design is easy
to exclude the impact of SST-forced LF winds, it has
drawbacks because the seasonal dependency of the HF-
LF relationship cannot be considered. According to pre-
vious studies (Hendon et al. 2007; Gushchina and Dewitte
2011), interaction between ENSO and MJO is also robust
during boreal spring; however, the HF-LF relation is
strongest during boreal winter, possibly due to the increase
of synoptic-scale wind variability (Sokolikhina et al. 2006).
In addition, there is the possibility that the degree of the
HF-LF relationship can be different when the SST forcing
is changed to the boreal spring season. Therefore, it will be
quite interesting to examine the seasonal dependency of
rectification feedback on the HF-LF wind interaction. The
simple model experimental design, presented here, will be
also quite useful for further study.
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