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Abstract

The intensities of high-frequency (HF) variability with period less than 90 days at different phases of El Nifio events were
investigated through observational data analysis. A large asymmetry in the HF variability intensity between the developing
phase and decaying phase (i.e., pre-peak stage versus post-peak stage) of eastern Pacific (EP) El Nifio is revealed, while the
amplitude and spatial pattern of the sea surface temperature anomaly during these two stages are almost same. The diagnosis
shows that the asymmetry is significant not only on intraseasonal time scale (20-90 days) but also on synoptic time scale
(Iess than 20 days). The anatomy analysis further unveils that the asymmetric synoptic variability between the two episodes
arises from the asymmetric intensities of the equatorial Rossby and mixed Rossby gravity (MRG) waves. We suggest that
the stronger vertical easterly wind shear in the pre-peak stage than that in the post-peak stage plays a vital role in causing
the stronger synoptic equatorial Rossby and MRG waves in the pre-peak stage. Meanwhile, the drier atmosphere and more
descending motion in the post-peak stage contribute to the weakened intraseasonal and synoptic variabilities in that stage.
The aforementioned weakened easterly wind shear, drier atmosphere and more descending motion in the post-peak stage can
be traced back to the occurrence of the anomalous anticyclone circulation over the western North Pacific since the decaying
phase of El Niflo. The essential role of large-scale environmental conditions in modulating the HF variability during the two
episodes is further confirmed by modeling experiments.
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The El Nifio-southern oscillation (ENSO) is one of the
primary and fundamental low-frequency modes on earth,
with a period of 2-8 years in interannual scales. ENSO, as a
strong coupled system between atmosphere and ocean (e.g.,
Lau 1981; Philander et al. 1984; Anderson et al. 1985; Cane
and Zebiak 1985; Neelin 1991; Guilyardi et al. 2009; Su
et al. 2018; Chen et al. 2019a, b, Park et al. 2019), alternates
between warm (E1 Nifio) and cold (La Nina) sea surface
temperature (SST) condition. It has enormous influences on
natural system in large scale, not only confined in ocean
system but also other processes in atmosphere system. For
example, in ocean system, equatorial wind anomalies asso-
ciated with ENSO’s anomalous SST cause oceanic Kelvin
waves along the west coast of the Americas (Clarke et al.
1994). In atmosphere system, the anomalous vorticity at
upper level due to ENSO drives the atmospheric Rossby
waves in large scales propagate to extra tropic (Trenberth
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et al. 1998), associated with the generation of Pacific-North-
American pattern (Horel et al. 1981).

Recent studies have gradually recognized that in relative
to the interannual variability of ENSO-related signals, the
high-frequency (HF, with periods less than 90 days) vari-
ability of surface zonal wind in the western-central equato-
rial Pacific play a vital role in triggering and maintaining
the ENSO events (Sui and Lau 1992; Sui et al. 1997, 1999;
Kessler and Kleeman 2000; Boulanger et al. 2004; Hong
and Li 2009; Hong et al. 2010; Rong et al. 2011; Li and
Ren 2012; Chiodi et al. 2014; Chen et al. 2016a, b, 2017;
Wang et al. 2015, 2018, 2019). The HF variability of surface
zonal wind generally contains two major components: the
synoptic time scale wind and the intraseasonal time scale
wind. The former is usually composed by the so-called
westerly wind bursts (hereafter WWBs) or westerly wind
events (WWE). It is a short-lived anomalous westerly wind
with large magnitude over tropical Pacific (Harrison and
Vecchi 1997; Seiki and Takayabu 2007a, b), which could
impact the onset and development of El Nifio. On one hand,
WWBs cause eastward downwelling Kelvin wave by deep-
ening equatorial thermocline, thus leading to warming SST
signals (McPhaden et al. 1988; McPhaden 1999); on the
other hand, they generate strong eastward surface currents
which make the warm pool extend eastward (Picaut et al.
1997). WWBs exert great influence on El Nifio irregular-
ity and diversity by the two ways (Lengaigne et al. 2004;
Hu et al. 2014; Lian et al. 2014; Fedorov et al. 2015; Chen
et al. 2015, 2016a, 2017; Hayashi and Watanabe 2017).
For example, Chen et al. (2015) conducted the numerical
experiments superposed the WWB-like perturbation into an
ocean—atmosphere coupled model with a regular oscillation
of SST anomalies in central-eastern Pacific, and found that
it directly leads to the increase of both strong warm events
in eastern Pacific and weak warm events near dateline. The
later canonical high-frequency wind disturbance is usually
related to MJO, which is the dominant component of intra-
seasonal variability in tropical atmosphere with planetary
zonal scale (Madden and Julian 1971, 1972). It has eastward
zonally oriented convective disturbance and the major cir-
culation anomalies are in zonal wind. More and more stud-
ies have documented that MJO shows considerable impacts
on ENSO variability. Like WWBs, MJO could also excite
downwelling Kelvin wave (Kessler et al. 1995; Hendon et al.
1998), and thus could induce and modulate ENSO through
two processes mentioned above (Kessler and Kleeman 2000;
Zhang and Gottschalck 2002). Although these previous stud-
ies (e.g., Kessler and Kleeman 2000; Zhang and Gottschalck
2002; Puy et al. 2016) suggested that both WWB and MJO
can set up favorable conditions for the development of the
El Nifio-related sea surface temperature anomaly (SSTA);
Chiodi et al. (2014) argued that it is WWB, rather than MJO,
that plays the essential role in impacting El Nifio-related
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SSTA. These debates were comprehensively studied by Feng
and Lian (2018), who pointed out that the difference in the
relationship between WWBs and MJO shown in previous
works is primarily due to the ambiguous definition of the
two phenomena, especially of the WWBs. When WWBs
and MJO are defined in a clear and reasonable way, they
found that although MJO favors the genesis of WWBs, it
is not the main driver of WWBs. They also suggested that
only the WWB plays a vital role in influencing El Nifio-
related SSTA, whereas the MJO events that occurred with-
out WWB events play a minor role in influencing El Nifio-
related SSTA.

Despite of the aforementioned debate, the origin and gen-
esis of WWBs received more and more attention recently
(Chiodi et al. 2014; Puy et al. 2016; Chen et al. 2016c; Feng
and Lian 2018; Lian et al. 2018a, b; Fu and Tziperman
2019). WWBs were regarded as the stochastic noise in the
atmosphere which is independent of ENSO variability for a
long time, partly due to the large gap between time scales
of WWBs and ENSO. During the past two decades, people
gradually recognized that the “stochastic noise” of the HF
surface wind disturbance (e.g., the WWB) is state-depend-
ent and can be largely modulated by interannual variabil-
ity of SST through conducting the observational analysis
and numerical experiments (Yu et al. 2003; Eisenman et al.
2005; Kug et al. 2009b; Gushchina and Dewitte 2012). For
instance, the observation evidences show that the WWBs
tend to occur more frequently when warm pool extends (Yu
et al. 2003), and the frequency of WWBs has a close rela-
tionship with the variation of SSTA in Nifio3-region (Seiki
and Takayabu 2007a, b). Kug et al. (2008) even found that
WWBs tend to be more active during warm ENSO events
than cold events. Using a hybrid coupled model, Gebbie
et al. (2007) found that the parameterized locations of
WWRBs vary with the edge of warm pool, which further leads
to coupled feedbacks between SST and WWBs. Likewise,
the intraseasonal disturbances associated with MJO are also
influenced by interannual variation of SST in many ways.
Some theories suggested that SST is a critical factor affect-
ing the propagation speed and period of MJO activities (Lau
and Shen 1988; Davey 1989). During ENSO warm events,
the warm pool extends eastward, so does the MJO activities
(Anyamba and Weare 1995; Hendon et al. 1999). Some stud-
ies further found that different ENSO phases-related SST
anomalies have different effects on MJO activities, e.g., the
intensity of MJO tends to be more active before the peak of
ENSO warm events and weaker after the peak of cold events
(Zhang and Gottschalck 2002; Lau 2005).

From above all, both WWBs and MJO are affected by
large-scale SST field a lot. However, few studies have paid
attention to the contrasting modulation effects between the
development stage and decaying stage of El Nifio event. It is
not clear whether or not the SST during different life stages
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of El Nifio events would play different roles in modulat-
ing the HF variability of surface wind, and if the answer is
yes, what is the mechanism responsible for the distinctive
effects? Motivated by these questions, in the following we
will firstly show that the HF wind variabilities are distinc-
tively different between the two stages, even the SST anoma-
lies are quite similar with each other. Then we would inves-
tigate the potential factors for the contrasting performance
and conduct numerical experiments to test our hypotheses.

The remainder of this paper is organized as below. In
Sect. 2, the data and model we used in this study are briefly
described. In Sects. 3 and 4, the variations of high-frequency
variabilities are shown. The potential factors impacting on
intensity’s difference are analyzed in Sect. 5. And in Sect. 6,
the favorable factors for the growth of high-frequency vari-
abilities are examined. A summary and discussion are given
in the final section.

2 Data and methodology

The observation datasets and reanalyses used in this study
include: (1) the monthly SST data with 2° X 2° resolution
from global sea surface temperature is obtained from National
Oceanic and Atmospheric Administration (NOAA) extended
reconstructed sea surface temperature (ERSST) v3b (Smith
et al. 2008); (2) the daily advanced very high-resolution radi-
ometer (AVHRR) Outgoing Longwave Radiation (OLR)
data from the NOAA polar orbiting satellite (Liebmann and
Smith 1996) with a 2.5° grid; (3) the daily wind data with a
1.5° horizontal resolution covering the period of 1979-2016

Distribution of standard deviation (OLR&zonal wind)
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Fig.1 Distribution of standard deviation of high-frequency
(0-90 days) OLR (W m~2, shaded) and zonal wind (m s~', contour).
The black dash lines mark the region in western equatorial Pacific
researched

derived from the global atmospheric Interim European Centre
for Medium-Range Weather Forecast (ECMWF) Re-Analysis
(ERA-Interim; Dee et al. 2011).

Most of intraseasonal and synoptic disturbances assemble
in western equatorial Pacific. Figure 1 shows the climatologi-
cal distribution of standard deviation of OLR and zonal wind
at 1000 hPa over western equatorial Pacific. The maximum of
OLR and zonal wind’s deviation both assemble in the region
enclosed by black lines. To the east of date line, the standard
deviation of OLR and zonal wind quickly diminish, which is
consistent with the results reported by previous studies. In this
study, we will mainly concentrate on the high-frequency vari-
ability of surface zonal wind in the western equatorial Pacific
region 5° S—5° N, 130° E-180°; hereafter WEP). Note that
same results can be found if the zonal wind at 850 hPa is uti-
lized to represent surface zonal wind variability.

To investigate the role of El Nifio in modulating the atmos-
pheric HF variability, we selected the El Nifio events during
1979-2016 to conduct the composite analysis, based on the
three-months running mean Nino3.4 index from 1979 to 2016.
As we know, in the recent decades, the warming center of El
Nifio events tends to occur in central Pacific more frequently,
compared to the canonical warming position that located in the
eastern Pacific. On basis of spatial distribution of SST warm-
ing center, various terminations were employed for this new
type of El Nifio events, including the dateline El Nifio, cen-
tral Pacific El Nifio, El Nifio modoki, and warm pool El Nifio
(Larkin and Harrison 2005; Ashok et al. 2007; Kao and Yu
2009; Kug et al. 2009a). Hereafter, we used the termination of
central Pacific (CP) El Nifio instead of the aforementioned sev-
eral terminations. As different warming patterns have different
influences on the atmosphere and ocean system (Feng et al.
2016, 2017; Weng et al. 2007; Chen et al. 2018), the impacts of
different types of El Nifio on the high-frequency variability in
the atmosphere will be discussed in separate. According to the
classification proposed by Kao and Yu (2009) and Yu and Kim
(2013), Table 1 lists the types of El Nifios events from 1979
to 2016, including three conventional eastern Pacific (EP) El
Nifio and other non-EP types of El Nifios (CP type and Mixed
type events). It is worth mentioning that the special prolonged
El Niflo event during 1986—-1988, due to its successive life
period and the unique evolution of SSTA, was not discussed
in this study. It is interesting to note that both the EP and other
non-EP types of El Nifios have the warmest SSTA signals in
or nearby December, however, the performance of the atmos-
pheric high-frequency variability are distinctive between the

Table 1 Identification of El Nifio events since the 1980s, based on the classification method proposed by Kao and Yu (2009) and Yu and Kim

(2013)
EP El Nifios 1982-1983, 1997-1998, 2015-2016
Other El Nifios 1987-1988, 1991-1992, 1994-1995, 2002-2003, 2004-2005, 2009-2010 (CP type); 1986—1987, 2006—-2007 (mixed type)
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stage prior to the peak phase (pre-peak phase) and the stage
after the peak phase (post-peak phase), which will be investi-
gated in details in this study.

In this study, we employed a linear anomaly atmospheric
general circulation model (AGCM) to examine the influence
of background conditions on the intensity of high-frequency
disturbances. This model derived from GFDL global spec-
trum dry AGCM (Held and Suarez 1994) and was devel-
oped by Tim Li in other researches (Wang et al. 2003; Jiang
and Li 2005; Li 2006). In this global spectrum model, five
sigma (o = p/p,) levels with an interval of 0.2 are used as
its vertical coordinate (a top level at ¢ = 0, and a bottom
level at o = 1). The basic equations in the model include
momentum, temperature, and logarithm of surface pressure
equations together with a diagnostic equation for the verti-
cal velocity. The horizontal resolution in this study is T42.
The same biharmonic diffusion is applied to momentum and
temperature equations with a diffusion rate of 0.1 day~!. In
the experiments, the AGCM is run on an “aquaplanet” earth,
in which the topography is ignored, and the SST distribution
is distinguishable in the meridional direction but uniform
in the zonal direction. To mimic the planetary boundary
layer, Rayleigh friction is applied to the momentum equa-
tions, with the damping rate of 1 day™! at the lowest model
level, o = 0.9, linearly decaying to 0.1 day~! at the level of
o = 0.7. Newtonian cooling with an e-folding time scale of
10 days is applied to the temperature equations at all model
levels. To focus on tropical perturbations, a strong damping
rate of 1 day~! is applied in the perturbation momentum and
temperature equations over regions with latitude beyond 40°
S and 40° N.

3 Variation of high-frequency’s intensity
during typical El Nifo

Following the strategy designed by Hendon et al. (2007),
we employed a HF activity index to quantify the intensity of
HF variability. Firstly, we calculated the time series of daily
zonal wind anomaly at 1000 hPa (U’) at each grid point,
and then obtained the high-frequency component (less than
90 days) of zonal wind anomaly (Ul ¢q4) With the Lanczos
high-pass filter (Duchon 1979). Then the standard deviation
of U'l gq4 is computed over a certain 90 day running period
to represent the HF variability in the particular period, and
the value averaged over WEP can be defined as the index
describing the intensity of HF activity over WEP. Figure 2a
shows the composite result of the evolution of the high-
frequency index (HFI) of U’l gy averaged over WEP (black
solid line) and the Nifio3.4 index (red solid line) during the
El Nifio events. The Nifio3.4 index appears to be symmetric
with respect to the peak phase of El Nifio events—Novem-
ber(0)December(0)January(+1) [i.e., ND[O]J(+1)], that
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Fig.2 Variations of HFI calculated by high-frequency zonal wind
at 1000 hPa in western equatorial Pacific for a the composite of HFI
during El Nifos (black solid) and climatological state (black dash).
The corresponding composite results from b the non-EP El Nifio
group and ¢ EP El Nifio group. The scale interval for HFI is shown in
left-hand Y-axis (unit: m s!). The red line (unit: K; scale interval is
shown in right-hand Y-axis) denotes the variation of Nifio3.4 index in
each group

is, the magnitude of SSTA during the pre-peak phase and
post-peak phase is comparable. However, the evolution of
the intensity of HF wind disturbances shows a significant
asymmetry feature between the pre-peak phase stage and
the post-peak phase stage. In particular, the SSTA averaged
over Nifio3.4 region is approximately one degree during
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both September—October (0) of the developing stage (here-
after SO(0)) or February—March (+1) of the decay stage
(hereafter FM(+1)), while the HF zonal wind variability is
more active during SO(0) than that during FM(+1), which
is significant at 90% confidence level. However, from the
perspective of long-term climatological mean (see the black
dashed line), the HF variability of zonal wind disturbance
in WEP is weaker during the El Nifio developing stage than
that during the El Nifio decay stage. The distinction between
the composite El Nifio results and the climatological mean
indicates that the interannual SST anomaly (SSTA) plays
a critical role in rectifying the HF variability of surface
zonal wind. Then we further check the performance of the
HF variability during the two types of El Nifio events in
separate. During the evolution of other types of El Nifios
(Fig. 2b), both the Nifio3.4 indices and the intensity of high-
frequency’s disturbances are comparable between SO(0) and
FM(+1). In contrast, during the evolution of EP El Nifios
(Fig. 2c), the Nifio3.4 index is comparable during the two
stages before and after the peak phase, while the intensity
of the HF disturbances is pronouncedly stronger during the
pre-peak stage than that during the post-peak stage. This
raises a question that what causes the difference in the HF
surface wind disturbances between the developing stage and
the decay stage of EP El Nifio events.

To refine the origin of the difference in HF surface zonal
wind variability between SO(0) and FM(+1) of EP El Nifio
events, we further decomposed the HF surface zonal wind
variability into two different timescale components. Using
the Lanczos bandpass filter (Duchon 1979), we also obtained
the strength of the intraseasonal surface zonal wind vari-
ability with period between 20 and 90 days (see the middle
bars in Fig. 3) and synoptic variability with periods less
than 20 days (right bars in Fig. 3). As shown in Fig. 3, the
differences in both the intraseasonal (20-90 days) and syn-
optic (<20 days) timescales contribute to the difference in
HF surface wind variability between SO(0) and FM(+1).
Here the whiskers in Fig. 3 presented the spread across the
cases (which is measured by a standard deviation among the
cases). As clearly indicated by the whiskers, the strength
of both the intraseasonal zonal wind variability and synop-
tic zonal wind variability is significantly stronger in SO (0)
than that in FM (+1). From the perspective of the difference
between SO(0) and FM(+1) (see the grey bars), the contrast-
ing HFI between pre-peak stage and post-peak stage arises
from the difference in both intraseasonal component and
synoptic component. Note that the activities in intraseasonal
and synoptic scales are actually complicated, and the clas-
sification we adopted here is a rough method just consider-
ing time periods. In the following analyses, we will further
present more details about characteristics on structures of
intraseasonal and synoptic disturbances in these two stages,
i.e., SO(0) and FM(+1).

HFI
40
. mEm SO(0)
20 ] 0 FM(+1)
T C— SO(0)-FM(+1)
20 —
E h
0.0 T T T

0-90d 20-90d 0-20d

Fig.3 HFI of high-frequency zonal wind at 1000 hPa in SO(0) (red
bars) and in FM(+1) (blue bars) during EP EI Nifio, for three time-
scales (high-frequency, 0-90 days; intraseasonal, 20-90 days; synop-
tic, 0-20 days). The whiskers indicate the standard deviations among
cases

According to some previous researches (Yu et al. 2003;
Batstone and Hendon 2005), SST is one of the factors that
influence the intensity of high-frequency disturbances. Then
it is worth noting that during EP El Nifios, the Nifio3.4 indi-
ces in SO (0) and FM (+1) are approximate, associated
with similar background SST in these two periods (shown
in Fig. 9c, d). However, apparent decrease of high-frequency
intensity only can be seen in EP El Nifios. It indicates that
something else influences the alternation of high-frequency
zonal wind in western equatorial Pacific apart from the
SST’s effect. Therefore, the possible factors which get rise
to the intensity’s differences of high-frequency disturbances
between SO (0) and FM (+1) during EP El Nifos, are dis-
cussed in Sect. 6.

4 Spatial-temporal features of the HF
variability in intraseasonal and synoptic
scales

From the aspect of observations, the intraseasonal activities,
such as MJO, normally are more active in boreal winter than
in boreal summer. However, from the results of averaged
HFTI in intraseasonal scale, intraseasonal disturbance may
be much stronger in SO(0) than in FM(+1). Here the evolu-
tions of intraseasonal disturbances in these two periods will
be shown as follows.

In this section, we will mainly show the spatial and
temporal features of the HF zonal variability in both intra-
seasonal and synoptic scales. From the distribution of the
standard deviation of intraseasonal zonal wind at 850 hPa
(figure not shown), the box over (5° S-5° N, 150° E-170°
E) in the WEP region exhibits the maximum standard
deviation in both SO(0) and FM (+1), we hence utilized
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the time series of the intraseasonal zonal wind anomaly
at 850 hPa averaged over the reference box (5° S-5° N
150° E-170° E) as an index to conduct the lead-lag regres-
sion analysis. Figure 4 shows the lead-lag regression maps
of the OLR anomaly field and the wind anomaly field at
850 hPa against the index of the intraseasonal zonal wind
anomaly at 850 hPa averaged over the reference box. For
the pre-peak stage, the evolution maps of intraseasonal
OLR anomaly and wind anomaly at 850 hPa from day
— 15 (lag — 15d) to day 15 (lagl5d) relative to the peak
of westerly anomaly at day O (lagOd) are presented in the
left column of Fig. 4. At day 0, the intraseasonal activ-
ity is characterized by a strong westerly wind along the
equator, associated with the convective center locating to
the center of westerly zonal wind and a pair of cyclonic

wind anomalies with respect to the equator. Such structure
fits the classical MJO structure that many previous stud-
ies have demonstrated. The evolution maps show that the
convective center of this type of intraseasonal variability
exhibits a northward propagation feature. The time-lati-
tude diagram in Fig. 5 displays the slice of OLR anomaly
averaged from 130° E to 180°, which further confirms
that the convective signals (the shading with blue color)
exhibit an obvious northward propagation feature. This
northward propagation feature is similar to boreal sum-
mer intraseasonal oscillation (BSISO), the intraseasonal
mode in boreal summer (Sikka et al. 1980; Wang and Rui
1990; Jiang et al. 2004). It may result from that this kind of
intraseasonal variability during SO(0) seems to be similar
to the intraseasonal variability during boreal summer, and
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wind at 850 hPa averaged in (5° S—5° N, 150 °E-170° E) on OLR
(W m2, shaded) and wind field (m s~', vectors) at 850 hPa during EP
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El Nifos. The black boxes highlight the WEP region. The left column
shows the evolution in SO(0), with a 5 days interval, while the right
column shows that in FM(+1)
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Fig.5 Time-latitude diagram representing evolutions of OLR in
Fig. 4, averaged from 130° E to 180°

its northward propagation feature during SO(0) is closer
to BSISO than classical MJO, accordingly.

The right column of Fig. 4 displays the regression maps
of the intraseasonal signals in FM(+1) during EP El Nifios.
The main structure of the intraseasonal variability activity
can be seen at lag0d in FM(+1). It is noted that the center of
westerly zonal wind anomaly and OLR anomaly is located
to the south of the equator. Such southward shift may result
from the seasonal cycle (Harrison and Vecchi 1999; Vec-
chi 2006; McGregor et al. 2012). The climatological wind
speed south of the equator seasonally weakens during
boreal winter and early spring, which leads to anomalous
Ekman pumping at the boundary layer and a reduced surface
momentum damping. This allows the southward shift of the
anomalous zonal wind and convection. More details could
be seen in McGregor et al. (2012). The lead-lag regression
maps further show that the intraseasonal activity in FM(+1)
also exhibits a significant eastward propagation feature, that
is, the center of convection shifting from 135° E at day — 15
to 175 °E at day 5. The standard deviation of the zonal wind
anomaly at 850 hPa and OLR anomaly averaged in the WEP
region during the SO(0) stage as presented in the left col-
umn is, respectively, 4.39 m s~'and 0.43 W m~2, while the
counterparts during the FM(+1) stage as presented in right
column is, respectively, 2.66 m s~!'and 0.29 W m~2. Based
on both the magnitudes of the intraseasonal OLR anomaly
and zonal wind anomaly between the two stages, it is obvi-
ous that the intraseasonal variability in SO(0) is significantly
stronger than that in FM(+1) during the EP El Nifios.

As we know, the equatorial waves with synoptic scale
(0-20 days) have their respective kinds of spatial-temporal

structures, thus the differences of the intensity of differ-
ent equatorial waves between SO(0) and FM(+1) may be
various. Here the different atmospheric equatorial waves’
components were obtained following Wheeler and Kiladis
(1999). Based on the wavenumber-frequency spectrum of
the zonal wind around the equator, five components of syn-
optic disturbances are filtered, including eastward internal-
gravity wave, westward internal-gravity wave, equatorial
Rossby wave, Kelvin wave and MRG. The HFI of anomalous
zonal wind and OLR for these five components during SO(0)
and FM(+1) and the difference between these two stages
are shown in Fig. 6. As seen from Fig. 6c, the difference in
the HF zonal wind variability with synoptic scale between
SO(0) and FM(+1) primarily arises from the differences in
the equatorial Rossby wave and MRG components, while the
difference in the Kelvin wave component makes a negative
contribution and the differences in the eastward internal-
gravity and westward internal-gravity waves make negligi-
ble contributions. Also seen from Fig. 6d, the difference in
the HF OLR anomaly with the synoptic time scale between
SO(0) and FM(+1) is mainly attributed to the differences
in the equatorial Rossby wave and MRG components. The
results based on the perspective of the OLR anomaly con-
firm that these two types of Rossby waves (say, equatorial
Rossby wave and MRG) are stronger in SO(0) than those in
FM(+1) during EP El Nifios. This indicates that the differ-
ences in the intensities of equatorial Rossby wave and MRG
between SO(0) and FM(+1) are the main contributors to the
fact that the intensity of zonal wind variability at synoptic
time scale is stronger in pre-peak stage than that in post-
peak stage.

Next, we investigate the difference in the spatial-temporal
characteristics of equatorial Rossby wave and MRG between
these two episodes. In order to demonstrate the evolution
features of equatorial waves, the method proposed by Wal-
iser et al. (2009) to calculate the Real-time Multivariate
MIJO (RMM) index is adopted here. Specifically, we firstly
applied multivariate empirical orthogonal function (MEOF)
analysis to the OLR and wind anomalies at 850 hPa associ-
ated with equatorial Rossby wave component in SO(0) in
WEP region. Then we obtained the first and second EOF
eigenvectors, which accounted for 21.2 and 20.7% of the
total variance, respectively. As the variance of th first and
second EOF eigenvectors are close to each other and the
their spatial patterns exhibit the consecutive evolution fea-
ture (not shown), it is hence suggested that the eigenvalues
of these two modes (RMM, and RMM,) could represent both
the amplitudes and propagation feature of equatorial Rossby
wave, analogous to that used in previous MJO studies. Like-

wise, an index describing the amplitudes, 1/ RMM f + RMM;,

is calculated; then each peak whose amplitude is larger than
one standard deviation of the index is defined as lagOd. The
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Fig.6 The HFI of the a anomalous zonal wind and b OLR averaged
in the WEP region from the five synoptic equatorial waves (eastward
internal gravity wave, EIG; westward internal gravity wave, WIG;

corresponding composite OLR and wind anomalies at
850 hPa associated with the equatorial Rossby wave compo-
nent from day — 3 to day 3 during SO(0) are displayed in the
left column of Fig. 7. At day O (i.e., lag0d), the westerly
wind anomalies exist in the WEP region, with a pair of
cyclonic wind anomalies centered at 20 °N and 5 °S. The
convective region (i.e., the OLR disturbance clustering)
appears to the north of the equator, locating to the northeast
of the westerly wind anomaly. As seen in the spatial patterns
in day — 3 and day 3, the OLR and wind anomalies exhibit
a westward propagation feature, which confirms the features
of the equatorial Rossby wave structure. As displayed in the
right column of Fig. 7, the composite equatorial Rossby
wave component in FM(+1) exhibits similar features to that
in SO(0). For instance, the composite maps at different lead-
lag days also indicate an obvious westward propagation fea-
ture. The difference in the spatial structure of equatorial
Rossby wave between SO(0) and FM(+1) mainly lies in that
the twin cyclones are not clear with respect to the equator at
lag0d, whereas significant cyclonic circulation and convec-
tive region exist to the south of the equator.

The major difference in the equatorial Rossby wave
between SO(0) and FM(+1) lies in their different intensities.

@ Springer

equatorial Rossby wave, ER; Kelvin wave, Kelvin; Mixed Rossby
gravity wave, MRG) in SO (0) and FM (+1) during EP El Nifios. ¢, d
same as a, b but for their difference between these two stages

In particular, the standard deviation of zonal wind in the
WEP region in SO(0) is about 0.23 m s~!; while the counter-
part in FM(+1) is about 0.12 m s~!, which reaches only half
of that in SO(0). This suggests that the equatorial Rossby
wave is more active in SO(0) than that in FM(+1) during
EP El Nifio, which partly contributes to the difference in the
intensity of HF zonal wind variability.

We further adopted the method used above to further
analyze the difference in the MRG component between the
two episodes. The first two eigenvectors account for 12.9
and 12.5% of total variance in SO(0), and the counterparts
are 11.1 and 11.0% in FM(+1). Although the percentages
of the variance are less than those for the equatorial Rossby
wave, the characteristic of MRG could still be seen clearly
in eigenvectors’ maps. The left column of Fig. 8 displays the
composite OLR anomaly and wind anomaly filed at 850 hPa
associated with MRG component from day — 2 and day 2
in SO (0). At day O (i.e., lag0d), an obvious clockwise cir-
culation centered near the equator exists to the east of the
WEP region, and the associated convection region exists
to the northwest of the cyclonic circulation. As shown in
the composite maps at different lag days, the cross-equator
circulation and the convective region indicate a westward
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Fig.7 Composite maps of equatorial Rossby wave in western-central
tropical Pacific, with wind field in 850 hPa (m s~!, vectors) and OLR
(W m™2, shaded) in SO(0) and FM(+1) during EP El Nifios. The

propagation feature, which is consistent with the characteris-
tics of MRG. The right column of Fig. 8 displays the spatial
and temporal evolution of the MRG component in FM(+1).
The feature of MRG is still obvious, although the OLR
anomaly and wind anomaly fields exhibit weaker and the
corresponding circulation shifts further south compared to
that in SO(0). As seen from the lead-lag maps, the temporal
evolution of the convection and wind anomalies also show
a modest westward propagation feature. Unlike the theo-
retical structure which obviously shows an anti-symmetric
cross-equatorial flow (Matsuno 1966), the MRG component
here exhibited slightly slant, so that the cross-equatorial flow
contains zonal wind anomaly component. When comparing
the composite results between SO(0) and FM(+1), the inten-
sity of the MRG component is stronger in SO(0) than that
in FM (+1) during EP El Nifio, which also make a positive
contribution to the difference in the intensity of HF zonal
wind variability between the two episodes.

In this section, we have shown the spatial-temporal struc-
tures of the intraseasonal and synoptic zonal wind variabili-
ties in SO(0) and FM(+1) during EP EI Nifios. As compo-
nents of the synoptic variability, the equatorial Rossby wave
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locations of a pair of cyclones are marked by “C” during the evolu-
tion in SO(0). The black boxes denote the WEP region

and MRG appear to be indeed larger in SO(0) than those in
FM(+1), although the background SST in these two periods
is similar.

5 Causes for the different HF variabilities
between SO(0) and FM(+1)

In this section, we will investigate the causes for the dif-
ferences in the intensity of high-frequency disturbances
between SO(0) and FM(+1), especially for the EP EI Nifio
cases.

Previous study (e.g. Wang et al. 1996) has documented
that the vertical wind shear has great influences on the
growth of synoptic disturbances, i.e., for the equatorial
Rossby wave and MRG. We first examined the vertical
wind shear (here is defined as the difference between zonal
wind at 200 hPa and 850 hPa) in SO(0) and FM(+1). As the
climatological state of the wind vertical shear in SO and
FM is close to each other (about — 4 ms™!, not shown), we
further examined whether there is a significant difference in
the vertical wind shear at the interannual time scale (because

@ Springer
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Fig.8 Composite maps of MRG in western-central tropical Pacific,
with wind field in 850 hPa (m s~!, vectors) and OLR (W m™2,
shaded) in SO(0) and FM(+1) during EP El Nifos. The centers of

the interannual time scale can also be regarded as the back-
ground state for the synoptic variance). Figure 9a, b show
the distribution of vertical shear over the equatorial Pacific
in SO(0) and FM(+1). It is found that in the stage of SO(0),
easterly wind shear mainly dominates from the dateline to
the WEP region; in contrast, the easterly wind shear seems
to shift eastward, and the vertical shear exhibits nearly zero
in the WEP region in the stage of FM(+1). As seen from the
difference map (Fig. 9¢), there is a pronounced easterly wind
shear in the WEP region during SO(0) compared to that
in FM(+1). Figure 10 further shows the vertical profiles of
the interannual anomaly of zonal wind averaged over WEP
region in SO(0) and FM(+1). Clearly, the composite zonal
wind anomaly (see red curve in Fig. 10) exhibits a great
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anti-cyclones (cyclones) are marked by “AC” (“C”) during SO(0)
(FM(+1)). The black boxes denote the WEP region

easterly wind shear in SO(0) (Fig. 10a), while the vertical
shear is marginal in FM(+1). The profiles of the anomalous
zonal wind derived from the three EP El Nifios (see black
curves in Fig. 10) further confirm that a greater easterly
wind shear in SO(0) than that in FM(+1) holds for each case
analyzed in this study. In particular, the anomalous easterly
wind shear in SO(0) (about — 10 m s™') is more than three
times as large as that in FM(+1) (about — 3 m s™!). Such
significant difference in the vertical wind shear may play a
role in determining the contrasting intensities of synoptic
variability of zonal wind, which will be further verified by
an ideal numerical experiment in next section.

To further investigate the physical factors responsible
for the different vertical wind shear between SO(0) and
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Fig.9 Distributions of the vertical wind shear in a SO(0) and b in
FM(+1) during EP El Nifios, as well as c¢ their difference (SO(0)
minus FM(+1)). The black boxes denote the WEP region

FM(+1), we further present the specific spatial patterns of
the wind anomaly fields at the upper-level and low-level in
the two episodes. The composite maps of the anomalous
winds at 200 and 850 hPa are presented by the vectors in
Fig. 11. In SO(0), the anomalous westerly winds in the low-
level are dominant in the WEP region (Fig. 11c); however,

the easterly wind anomaly appears in the majority of the
WEP region, and some weak westerly anomaly only appears
near the east edge of WEP (Fig. 11d). Matching well with
the wind anomaly fields in low-level, easterly wind anomaly
appears in the upper-level over the entire WEP region in
SO(0); however, easterly wind anomaly exists only in the
east part of WEP region and westerly wind anomaly exists in
the west part of WEP region in FM (41) in the upper level.
Such contrasting configuration of zonal wind anomalies in
the upper-level and low-level between SO(0) and FM(+1)
generates different vertical wind shear in the two episodes,
as presented by the vertical profiles in Fig. 10.

In contrast, the spatial pattern of the SSTA in SO(0) bears
a close resemblance to that in FM(+1) (see the shading in
Fig. 11c, d). In SO(0), strong positive SST anomalies exist
in the eastern equatorial Pacific, flanked by a horseshoe
shape of negative SSTA anomalies in the western Pacific
(Fig. 11c). As shown in Fig. 11d, a similar spatial pattern
of SST is found in FM(+1). As mentioned previously, the
magnitude of SSTA in the eastern equatorial Pacific and
even the west—east gradient of SSTA at the equator in SO(0)
and FM(+1) is close to each other. The different zonal wind
anomalies in the upper-level and low-level between SO(0)
and FM(+1) primarily arises from the different response
of anomalous low-level wind to the similar SSTA forc-
ing between pre-peak episode and post-peak episode of El
Nifio. In the post-peak episode, it is noted that an anomalous
anticyclone in the western North Pacific (marked by “AC”)
should be responsible for the difference in low-level zonal
wind anomaly. The anomaly circulation in the south edge of
the anomalous anticyclone leads to the easterly anomaly in
most of the WEP region. As documented by previous stud-
ies (Wang et al. 2002; Wu et al. 2017a, b), an anomalous
anticyclone in the western North Pacific (marked by “AC”)
anticyclone only appears since the El Nifio decay year’s win-
ter and can maintain to the ensuing summer. This causes the
different responses of low-level wind anomaly to the similar
SSTA forcing between pre-peak episode and post-peak epi-
sode, leading to the different vertical easterly wind shear in
WEP region in the two episodes.

To investigate the causes for the difference of the intra-
seasonal variability between pre-peak episode and post-
peak episode, we examined whether there is difference in
the background states between the two episodes. Firstly, we
checked the climatological mean states of the vertical veloc-
ity at 500 hPa (hereafter ws,) and the specific humidity at
700 hPa. It is found that the difference in the climatological
mean o5, and the moisture between the long-term Septem-
ber—October mean and long-term February—March mean is
negligible (not shown). Thus, we further examined that, in
terms of the interannual time scale, whether there is signifi-
cant difference in the w5, and specific humidity anomalies.
As shown in Fig. 12, the difference in the anomalous specific
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humidity in low-level (see the contour) indicates that the
moisture condition exhibits drier in FM(+1) than that in
SO(0). Moreover, the difference in the anomalous vertical
motion (see the shading) indicates there is more descending
motion in FM(+1) compared to that in SO(0). As a result,
the relatively dry condition and the relatively descending
motion dominate in WEP region in FM(+1) compared to
that in SO(0). This leads to a relatively unfavorable environ-
mental condition for the intraseasonal perturbation’s growth
and development in FM(41), and thus the intraseasonal vari-
ability in post-peak stage (i.e., FM(+1)) becomes weakened
than that for the corresponding pre-peak stage (i.e., SO(0))
of EP El Nifio events.

Omega&specific humidity FM(+1)—SO(0)
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Fig. 12 The differences of vertical velocity (Pa s, shade) and spe-
cific humidity (g g‘l, contour) anomalies (FM(+1) minus SO(0)) dur-
ing EP El Nifios. The black box denotes the WEP region

The differences in the interannual anomaly fields of ®500
and low-level moisture between the two episodes are also
associated with the different response of the atmospheric
circulation in the western North Pacific. Particularly, an
anomalous anticyclone circulation in low-level occurs over
the western North Pacific (WNPAC) in the post-peak stage
while being absent in the pre-peak stage, even though the
SSTA exhibits same magnitude and spatial pattern in SO(0)
and FM(+1). The southern part of WNPAC induces anom-
alous divergence in low-level and anomalous descending
motion in FM(+1) than that in SO(0), and thus the moisture
in low-level is less in FM(+1) compared to SO(0). Con-
sequently, the vertical motion and moisture conditions in
FM(+1) is relatively unfavorable for the intraseasonal vari-
ability’s development compared to that in SO(0), leading
to the weaker intraseasonal variability in FM(+1) than that
in SO(0).

Additionally, the conditions of the atmospheric stability
may also play a role in influencing the intensity of high-fre-
quency variabilities. Figure 13 displays the composited vertical
profiles of the differences of two thermodynamic variables
between SO(0) and FM(+1), averaged in region researched,
with blue shades representing the standard deviation of each
level. Figure 13a displays the vertical profile of the difference
of the troposphere temperature anomaly averaged over WEP.
In the low-level of troposphere (below 850 hPa), the differ-
ence of the temperature anomaly between SO(0) and FM(+1)
is negligible. In contrast, the difference of the temperature
anomaly above 850 hPa is negative, which indicates that high-
level atmosphere is colder in SO(0) than that in FM(+1). The
larger lapse rate of temperature anomaly in SO(0) than that in
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Fig. 13 Vertical profiles of the difference [SO(0) minus FM(+1)) of a temperature and b relative humidity averaged in the WEP region during
EP El Niflos. The blue shading represents the standard deviation among the EP El Nifio cases
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FM(+1) indicates a more unstable environment for atmosphere
exists in SO(0) from the aspect of static instability. Figure 13b
shows the same vertical profiles but for relative humidity. It is
found that the moisture difference is slightly negative below
850 hPa but positive above 850 hPa. This suggests that the
air in high-level troposphere in SO(0) is moister than that in
FM(+1), indicating the atmosphere in SO(0) is more unsta-
ble than that in FM(+1). From the perspective of the tem-
perature anomaly and moisture anomaly, the environment of
troposphere in SO(0) is more unstable that in FM(+1), which
may make the high-frequency variabilities to be easier to grow
and develop in SO(0) than that in FM(+1). The contribution
of atmospheric stability to the perturbation’s growth will be
further examined by an ideal numerical experiment in next
section.

In this section, we found that the difference in synoptic
variability between SO(0) and FM(+1) is primarily attrib-
uted to the difference in vertical wind shear. The stronger
vertical easterly wind shear in SO(0) than that in FM(+1)
plays an important role in causing the stronger synoptic
equatorial Rossby wave and MRG, which contributes to the
stronger synoptic variability in WEP region in SO(0). On
the other hand, the weakened intraseasonal variability in
FM(+1) compared to that in SO(0) results from the drier
atmosphere and more dominant atmospheric descending
motion over the WEP region in FM(+1) than that in SO(0).
The weakened easterly wind shear, drier atmosphere and
more descending motion in FM(+1) in the WEP region are
due to the occurrence of the WNPAC during the post-peak
phase of El Nifio. Anomalous easterly wind exists along the
south edge of such anomalous anticyclone, leading to the
weaker vertical easterly wind shear in FM(+1) than that in
SO(0). The southern part of WNPAC induces anomalous
divergence in the low-level atmosphere and anomalous
descending motion in WEP in FM(+1) than that in SO(0),
and hence less moisture in FM(+1) compared to SO(0).
Consequently, the environmental fields in FM(+1) are less
favorable for both the synoptic and intraseasonal variabili-
ties to grow in FM(+1) than that in SO(+1). Besides, the
atmospheric instability may also play a role in influencing
the intensity of high-frequency disturbances. From the per-
spective of the vertical profiles of anomalous temperature
and relative humidity, the atmosphere exhibits more unstable
in SO(0) than that in FM (+1), and hence the more unsta-
ble atmosphere is more favorable for the HF variabilities’
growth and development in SO(0) than that in FM(+1).

6 Numerical experiments
To verify the effects of vertical wind shears and atmos-

phere instability on high-frequency variability’s intensity,
the anomaly AGCM experiments were carried out. First,
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we examined the effects of vertical wind shears of mean
zonal flow on the growth of equatorial initial perturbation.
In the control run, the atmosphere is static. As analyzed in
Sect. 4, the asymmetrical intensity of synoptic variability
between SO(0) and FM(+1) is mainly contributed by equato-
rial Rossby wave and MRG. Thus, two different initial per-
turbations are prescribed with the structures roughly similar
to these two types of equatorial waves (hereafter ER-like
and MRG-like perturbations). Figure 14 shows the horizon-
tal vorticity structures of the two types of initial perturba-
tions. These perturbations are prescribed in the low-level
troposphere (at ¢ = 0.7). Compared to the control run, three
sensitivity experiments are conducted with different vertical
zonal wind shears. In these three sensitivity experiments,
both meridional and vertical velocity vanish and only the
basic zonal wind keeps a thermal wind balance with tem-
perature. In the first sensitivity experiment, an easterly wind
shear of — 14 m/s with a linear vertical profile (i.e., — 7,
—3.5,0,3.5,7m/sforc =0.1,0.3,0.5, 0.7, 0.9) is set (here-
after 14ES run). In the second experiment, a westerly wind
shear of 14 m/s is applied (hereafter 14WS run). In the third
experiment, the vertical wind shear is — 7 m/s (hereafter 7ES
run). Perturbation kinetic energy vertically integrated for
the whole atmosphere column averaged around the tropical
region (30° S—30° N) is used here to represent the intensity
of perturbations.

Figure 15a shows the evolutions of perturbation kinetic
energy in these four experiments with the ER-like initial
perturbation. In all of these three sensitivity experiments
with vertical wind shears (colored lines), perturbations grow
faster than control run (black line). It is clear that the pertur-
bation grows fastest in 14ES run (blue line), which is much
larger than that derived from 14WS run (brown line), even
though both of them have the same magnitude of vertical
shear. In 7ES run (red line), in which the vertical wind shear
is half of that in 14ES run, the growth rate is much smaller
than that in 14ES, but is very close to that of 14WS. Similar
results could be seen in experiments using MRG-like initial
perturbation, as shown in Fig. 15b. This series of experi-
ments indicates that the easterly wind shear is more favora-
ble for the tropical perturbation growth than the westerly
wind shear, and the larger easterly wind shear corresponds
to the larger growth rate of perturbation.

To examine the influence of atmosphere instability on the
growth of equatorial perturbation, another sets of experi-
ments were conducted. In the first experiment, the atmos-
phere is static and the temperature vertical profile is equal
to that of FM(+1) in EP El Nifios (hereafter FM run). In
the second experiment, the temperature vertical profile is
equal to that of SO(0) in EP El Nifio (hereafter SO1 run).
The third experiment (hereafter SO2 run) is same as SO1
run, except that the difference of the temperature profile is
double (i.e., the temperature profile for the third experiment
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Fig. 14 The horizontal patterns of vorticity of the two initial perturbations, whose structures are roughly similar to a the equatorial Rossby wave

and b MRG

is the summation of that for FM run and the additional part
equal to that twice as much as the difference between SO1
run and FM run. Figure 16a displays the evolution of the
perturbation kinetic energy in experiments with ER-like ini-
tial perturbation. The perturbation growth rate in SO1 run
is larger than that in FM run. With the doubled difference of
temperature profile, the difference of the perturbation growth
rate between SO2 run and FM run is nearly twice as much
as that between SO1 run and FM run. This indicates that a
more unstable atmosphere plays a role in contributing to

the faster perturbation growth rate and the stronger intensity
of the synoptic perturbation. Figure 16b shows the similar
results in experiments with MRG-like initial perturbation.
However, the impact of temperature profiles’ changes on the
perturbation’s growth rate seems weaker than that of vertical
wind shear, when comparing the variation of the perturba-
tion kinetic energy shown in Figs. 15 and 16.

These two groups of experiments confirm that both
changes of vertical wind shears and temperature profiles
could influence the growth of perturbation, and the vertical
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Fig. 15 Evolutions of the perturbation kinetic energy in the two
sets of sensitivity experiments using a equatorial Rossby wave and
b MRG as the initial perturbation respectively. In particular, differ-
ent vertical wind shears have been prescribed: control run (no ver-
tical shear, black line), 14ES run (easterly wind shear that equals to
14 m s~', blue line), 14WS run (westerly wind shear that equal to
— 14 m s™!, brown line) and 7ES run (easterly wind shear that equals
to7ms~! red line)

wind shear plays a more important role on enhancement
of HF variabilities over the tropical region. Recalling the
observational distribution of vertical shear in Sect. 5, the
easterly wind shear in SO(0) is much pronounced com-
pared to that in FM(+1) over the WEP. Combining the
observational evidence and the numerical experiment
results, it is argued here that the greater easterly wind
shear and more unstable atmosphere in SO(0) than those
in FM (+1) causes the stronger HF zonal wind variability
in SO(0) over the WEP region.
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Fig. 16 Evolutions of the perturbation kinetic energy in the sensitiv-
ity experiments using a equatorial Rossby wave and b MRG as the
initial perturbation respectively. Here the different temperature pro-
files are prescribed in these experiments: FM run (red solid), SO1 run
(blue solid), and SO2 run (blue dash)

7 Summary and discussion

Previous studies have pointed out that the HF zonal wind
variability in the WEP region with period less than 90 days
plays a vital role in affecting the interannual SSTA variabil-
ity; and the HF zonal wind variability, in turn, is modulated
by the change of SST in the equatorial Pacific. The present
study found a large asymmetry in the intensity of the HF
zonal wind variability between the pre-peak stage and post-
peak stage of El Nifio, although the magnitude of the SSTA
in the eastern equatorial Pacific and the overall SSTA pattern
in the tropical region during the two stages are almost the
same. This leads to analyses on the specific components that
contribute to the difference of the HF variability between the
pre-peak stage and post-peak stage and then on investigation
of the physical causes at work.
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We decomposed the HF zonal wind variability into
two different time scales—the intraseasonal variability
(20-90 days) and synoptic variability (<20 days). The
results show that the differences of the zonal wind variabil-
ity in these two time scales make positive contributions to
the asymmetric intensity of HF zonal wind variability. Based
on the lead-lag regression analysis, we then showed the spa-
tial-temporal structures of the intraseasonal variability. We
found that the zonal wind and OLR anomalies in the intra-
seasonal time scale in SO(0) are indeed stronger than those
in FM(+41). According to the Wheeler-Kiladis space—time
spectral analysis, we then revealed that different intensities
of the synoptic disturbances between SO(0) and FM(+1)
primarily arises from the contrasting intensities of MRG
and equatorial Rossby wave components between SO(0)
and FM(+1). Imitating the method used to calculate RMM
index in MJO studies, we also presented the spatial-tempo-
ral structures of the wind and OLR anomalies of MRG and
equatorial Rossby wave components, both of which exhibit
the classic features of Rossby waves. The corresponding
zonal wind and OLR fields of both MRG and equatorial
Rossby waves further confirmed that both of them exhibit
stronger intensities in SO(0) than in FM (+1).

Our analysis suggests that the difference in synoptic
variability of zonal wind disturbances between SO(0)
and FM(+1) is primarily attributed to the difference in
vertical wind shear. The stronger vertical easterly wind
shear in SO(0) than in FM(+41) plays a vital role in causing
the stronger synoptic equatorial Rossby wave and MRG,
which contributes to the stronger synoptic variability in
the WEP region in SO(0). On the other hand, the weak-
ened intraseasonal variability in FM(+1) compared to that
in SO(0) is due to the drier atmosphere and more dominant
atmospheric descending motion over the WEP region in
FM(+1) than that in SO(0). The different vertical easterly
wind shear, atmospheric moisture condition and vertical
motion in the WEP region can be traced back to the differ-
ent responses of atmospheric circulation to SSTA between
SO(0) and FM(+1). During the post-peak phase of El
Nifio, an anomalous anticyclone in the low-level occurs
in the western North Pacific, namely, WNPAC. Accord-
ingly, an anomalous easterly wind exists along the south
edge of such anomalous anticyclone, leading to weaker
vertical easterly wind shear in FM(+1) than in SO(0). The
southern part of the WNPAC induces anomalous diver-
gence in the low level and anomalous descending motion
in the WEP in FM(+1) than in SO(0), and hence there
is less moisture in FM(+1) than in SO(0). Consequently,
these environmental fields in FM(+1) are less favorable
for both synoptic and intraseasonal variabilities to grow in
FM(+1) than in SO(+1). Besides, the atmosphere exhib-
its more unstable in SO(0) than in FM (+1). The more
unstable atmosphere is more favorable for the growth and

development of HF disturbances, which also contributes
to the stronger HF variability in SO(0) than in FM(+1).

We carried out several sets of sensitivity experiments
to verify the effects of vertical wind shear and atmosphere
instability on the synoptic variability, with the aid of an
AGCM. Our experiment results show that the vertical wind
shear plays a vital role in influencing the growth rate and
development of the synoptic disturbance, and the atmos-
pheric instability plays a secondary role. Specifically, the
easterly wind shear is much favorable for the enhance-
ment of the synoptic variability, that is, a larger easterly
wind shear corresponds to a larger growth rate of HF
perturbation. An unstable atmospheric environment can
make the perturbation grow faster as well, but the impact
of temperature profile is weak compared to the vertical
wind shear’s effect. It is worth noting that the SSTA does
not play a direct role in determining the intensity of HF
variability over the WEP during the evolution of El Nifio
events, which is largely determined by the environmental
fields. However, these environmental fields such as vertical
wind shear, moisture condition and vertical motion, are
modulated by the SSTA forcing, indicating indirect but
non negligible effects of the SSTA.
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