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ABSTRACT

Tropical depression (TD)-type waves are the dominant mode of synoptic-scale fluctuations over the

western North Pacific. By applying spatiotemporal filters to the observed OLR data and the NCEP–DOE

AMIP-II reanalysis data for 1979–2013, this study reveals the characteristics and energetics of con-

vectively coupled TD-type waves under the effects of different circulation patterns in association with

vertical wind shear. Results exhibit that different ambient sheared flows significantly affect the vertical

structure of westward-propagating TD-type waves, with a lower-tropospheric mode in an easterly sheared

background and an upper-tropospheric mode in a westerly sheared background. Energetic diagnoses

demonstrate that when the disturbance is trapped in the lower (upper) level by easterly (westerly) shear,

the horizontal mean flow in the lower (upper) level favors wave growth by converting energy from the

shear of the zonal mean flow (from the convergence of the meridional mean flow). During the penetration

of a westward-propagating synoptic-scale disturbance from a westerly sheared flow into an easterly

sheared flow, the upper-level disturbance decays, and the lower-level disturbance intensifies. Meanwhile,

the upper-level kinetic energy is transferred downward, but the effect induces the wave growth only

confined to the midlevels. Consequently, the low-level growth of the westward-propagating upper-level

synoptic-scale disturbance is mainly attributed to the barotropic conversion of horizontal mean flow in the

lower troposphere.

1. Introduction

Tropical depression (TD)-type waves, which are some-

times called easterly waves, are the dominant mode of the

synoptic-scale perturbations that prevail over the western

North Pacific during the boreal summer. The initiation of

TD-type waves may be attributed to instability of the

summertime mean flow (Li 2006), extratropical forcing

in the upper troposphere with southward and downward

wave activity (Tam and Li 2006), Rossby energy disper-

sion from a mature tropical cyclone (Ge et al. 2008;

Krouse et al. 2008; Chen and Tam 2012), or the transition

from equatorial mixed Rossby–gravity (MRG) waves

(Takayabu and Nitta 1993; Dickinson and Molinari

2002; Aiyyer andMolinari 2003). These TD-type waves

significantly affect the weather and climate: for example,

precipitation (Schreck et al. 2011, 2012), convection
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activity (Xu et al. 2014; Park et al. 2015), and tropical

cyclones (Frank and Roundy 2006; Fu et al. 2007; Chen

and Chou 2014) over the western North Pacific and the

East Asian seacoast.

The three-dimensional structure of typical TD-type

waves over the western North Pacific has been known

for decades. Previous observational studies have identified

these synoptic-scale waves based on their typical horizon-

tal characteristics: that is, northwest–southeast-oriented

wave trains with alternating cyclonic and anticyclonic

disturbances, with a wavelength of approximately

2500km and a period of 3–8 days (Reed and Recker

1971; Wallace 1971; Lau and Lau 1990; Takayabu and

Nitta 1993). One important feature of these TD-type

waves is the coincidence between deep convection and

vortex circulation (Takayabu and Nitta 1993; Dickinson

andMolinari 2002). This feature implies that circulation

and convective diabatic heating are strongly coupled.

These waves propagate northwestward over the western

North Pacific, and the direction and speed are sensitive

to the summertime mean flow. Numerical studies sug-

gest that these synoptic-scale waves move more pole-

ward during El Niño years (Chen 2012). Additionally,

westward-propagating tropical waves can be deceler-

ated through a Doppler shift effect (Han and Khouider

2010; Wu et al. 2015a). Furthermore, there is also a

horizontal deformation effect on the equatorial waves

by the basic state. Webster and Chang (1988) proposed

that the zonally convergent basic flow could contract the

horizontal scale of transient eddies in the wave accumu-

lation zone. In the presence of a meridionally sheared

zonal flow, the wave structure becomes meridionally

asymmetric, and its axis tilts eastward with increasing

latitude (Nitta andYanai 1969; Lipps 1970; Xie andWang

1996; Wu et al. 2015b). The eastward tilt of the wave axis

is also an indicator of energy transition from basic flow to

eddies through barotropic instability.

Vertically, the maximum wind perturbations near the

upper and lower troposphere exhibit a TD-type dis-

turbance, and a remarkable warm core forms a warm-

temperature anomaly at intermediate levels and cold

anomalies above and below the core (Reed and

Recker 1971; Nitta and Takayabu 1985; Lau and Lau

1990). By using sounding data over the tropical west-

ern North Pacific, Reed and Recker (1971) examined

the composite structure and properties of 18 TD-type

disturbances. Interestingly, they found that the vertical

structure of a TD-type disturbance systematically evolves

with longitude such that the wave axis tilts eastward with

height near the central Pacific and gradually tilts west-

ward while traversing westward. They attributed this to

the zonal change in the basic vertical wind shear. Addi-

tionally, they found that the relative position between

low-level disturbances and coupled convective precipi-

tation also changes in a systematic fashion across the

western Pacific. These features are generally consis-

tent with the modeling and theoretical study byHolton

(1971). The systematic variation in the vertical struc-

ture of the TD-type disturbances with longitude has

also been observed in other studies. Wallace (1971)

found that the low-level convergence maximum of a

disturbance rises to higher levels as the waves propa-

gate westward. Tam and Li (2006) revealed that the

perturbation maxima of tropical summertime TD-type

waves occurred near 200hPa east of 1508E but occurred

in the middle and lower troposphere west of 1508E. Serra
et al. (2008) examined the horizontal and vertical struc-

ture of TD-type waves in the eastern-central Pacific,

and they also found systematic variations in these

waves similar to the findings of Reed and Recker

(1971). However, most of these studies examined the

vertical structures of TD-type waves at different lon-

gitudes, whereas few studies have focused on the wave

structures under different sheared environments over

the western North Pacific, which could provide better

understanding of the role of vertically sheared ambient

flow in regulating the synoptic-scale waves.

As mentioned above, the structure of TD-type waves

is affected by the vertical shear of the zonal mean flow.

Webster and Chang (1998) suggested the importance of

easterly wind shear in trapping Rossby wave energy in

the lower troposphere and noted that easterly shear

inhibits vertical propagation while westerly shear en-

hances it. From numerical experiments, Li (2006) dem-

onstrated that an easterly (westerly) shear may result in

faster (slower) growth of eddies in the lower tropo-

sphere and a more poleward (equatorward) shift. How

does vertical wind shear affect waves in different levels?

Using a two-layer equatorial b-plane model, Wang and

Xie (1996) proposed a coupling effect of vertical wind

shear, in which constant vertical wind shear modulates

the phase difference between the barotropic and baro-

clinic components of a Rossby wave, thereby trapping

the perturbation in the lower (upper) troposphere in

easterly (westerly) sheared environments. Furthermore,

Xie and Wang (1996) suggested that moderate wind

shear destroys wave stability by generating stronger

Ekman pumping–induced heating and meridional heat

flux, which feeds the mean available potential energy to

eddies. In addition, Molinari et al. (2007) indicated that

easterly vertical shear would trap an equatorial Rossby

(ER) wave packet in the lower troposphere because of

the coupling effect. Yang et al. (2003) proposed that

nonzero ambient flow has a Doppler shift effect on

westward-propagating MRG waves, and whether the

wave propagates in the upper or lower troposphere
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could be explained by the Doppler shift of the mean

flow. Moreover, they suggested that the lower-level

(upper-level) MRG waves are more likely to be found

in the western hemisphere (eastern hemisphere), where

westerly (easterly) shear prevails as a result of the

Doppler shift effect. Nevertheless, Ge et al. (2007) noted

that the coupling effect of the vertical wind shear plays a

more dominant role than Doppler shift in regulating

wave structure after a preliminary numerical study on the

role of vertical wind shear on the synoptic-scale Rossby

waves, which are excited by a mature tropical cyclone.

Vertical wind shear varies with longitude during the

summer over the western North Pacific so that easterly

shear appears in the west and westerly shear appears in

the east. Consequently, when tropical disturbances

propagate westward from the eastern Pacific, they usually

encounter easterly sheared ambient flow. Therefore,

upper-level disturbances are weakened, and lower-level

disturbances are strengthened because the easterly shear

tends to trap waves in the lower troposphere. The upper-

tropospheric disturbances can be reasonably assumed to

propagate directly downward, thereby intensifying the

lower-tropospheric disturbance. Tam and Li (2006) in-

dicated the possible downward propagation of wave ac-

tivity near 1508E, which is the longitude where the zonal

wind shear between 200 and 850hPa changes its sign.

Zhou and Wang (2007) also proposed probable down-

ward development in an unusual case when an upper-

level MRG wave moved across the date line, where the

prevailing vertical wind shear changed its sign. Serra et al.

(2008) found downward energy propagation for a TD-

type wave train from the middle to lower troposphere

near the central equatorial Pacific. Other studies have

also documented this downward propagation of upper-

tropospheric disturbances near the central-westernNorth

Pacific (Liebmann and Hendon 1990; Dunkerton and

Baldwin 1995; Wu et al. 2015a).

However, lower-level convergence and upper-level

divergence would be created near the intersection of the

easterly and westerly vertical shears. In addition to the

trapping effect of the easterly shear, the low-level con-

vergence would enhance low-level synoptic-scale waves

by allowing wave energy to accumulate in the equatorial

convergence zone (Webster and Chang 1988; Holland

1995; Sobel and Bretherton 1999; Kuo et al. 2001) or to

grow from the barotropic energy conversion because of

the convergence and shear of the zonal mean flow

(Maloney and Hartmann 2001; Wu et al. 2012; Feng

et al. 2014). Therefore, the relative contributions of the

direct downward transition of kinetic energy and the

kinetic energy generation from the horizontal mean flow

remain vague when an upper-level disturbance enters an

easterly sheared environment from a westerly sheared

environment. Two hypotheses have been proposed for

the role of this direct downward transition: 1) the

downward propagation of kinetic energy directly en-

hances the low-level disturbance with comparable

contribution to the low-level energy generation by the

mean flow; and 2) the downward propagation only in-

duces an enclosed low-level circulation, and further

intensification should be attributed to other factors.

Quantitative calculations should be conducted to de-

termine the importance of downward transitions near

critical longitudes.

This study aims to reveal the observational character-

istics of TD-type waves affected by different sheared

environments during the boreal summer over the western

North Pacific and to investigate the physical mechanisms

of wave growth and decay in complicated ambient flows

associated with vertical wind shear. The rest of this paper

is organized as follows: section 2 describes the datasets

used in this study, section 3 reveals the observed char-

acteristics of TD-type waves in different sheared back-

ground flows, section 4 contains a discussion of the

physical mechanisms based on an energetic diagnosis,

and section 5 presents conclusions and discussion.

2. Data and methodology

In this study, daily atmospheric fields on a global grid

are obtained from the National Centers for Environ-

mental Prediction–Department of Energy (NCEP–DOE)

AMIP-II reanalysis (Kanamitsu et al. 2002; NCEP/

NWS/NOAA/DOC 2000) for June–November 1979–

2013 and for the active seasons of tropical wave activity

(Frank and Roundy 2006; Huang and Huang 2011). The

data have a spatial resolution of 2.58 3 2.58, with 17

pressure levels. Outgoing longwave radiation (OLR)

data from the Advanced Very High Resolution Radi-

ometer sensors (Liebmann and Smith 1996; NOAA/

OAR/ESRL/PSD 1996) are obtained from the National

Oceanic and Atmospheric Administration to provide

deep convective information.

Thewavenumber–frequency filteringmethod (Wheeler

and Kiladis 1999; Schreck et al. 2011) is used to extract

signals of TD-type waves from the original fields. The

filter is first applied using OLR to determine the most

prominent mode of westward-propagating synoptic-

scale waves over the western North Pacific. Figure 1a

shows the resulting wavenumber–frequency spectra,

including all wave bands, in the Northern Hemisphere

from June to November for the 35 years. The filter

captures the major peaks of each wave band, including

the ER,MRG, Kelvin, and TD-type waves. Because ER

waves possess a longer period and wavelength, the most

prominent westward-propagating synoptic-scale waves
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are the MRG and TD-type waves. The wave bands of

the MRG and TD-type waves are distinguishable by

their dominant wavelengths and frequencies because

TD-type waves have a relatively larger zonal wave-

number and higher frequencies than MRG waves. The

separation of TD-type waves from MRG waves shows

that the two wave types impact different regions in the

western North Pacific. As shown in Fig. 2a, the OLR

varies widely within the TDband throughoutmost of the

tropical western North Pacific, with maxima appearing

near 138N, 1408E. In contrast, the OLR variance in the

MRG waves is weaker than that in the TD-type waves

and occurs mostly at lower latitudes, with the maxima

near the central equatorial Pacific (not shown). This

implies that MRG waves are constrained near the equa-

tor and occurred primarily farther east. In other words,

MRG waves rarely propagate to the off-equatorial

western Pacific. This might be attributed to the zonal

standing of the precipitation associated with tropo-

sphericMRGwaves, as discussed in Kiladis et al. (2016).

This proves that TD-type waves are the dominant

synoptic-scale mode over the tropical western North

Pacific during the boreal summer. Consequently,

TD-type waves are selected as the typical mode for this

study. The wavenumber–frequency band of a TD-type

wave is determined over a period of 2.5–6 days, with

negative zonal wavenumbers ranging from 28 to 218,

which capture themainpeaks of high-frequency synoptic-

scale fluctuations, as shown by the red rectangle in Fig. 1.

Thereafter, the wavenumber–frequency filter is used for

all atmospheric fields to regress the three-dimensional

structure of TD-type waves. Next, a lagged-regression

analysis is used to reveal the evolution of a TD-type

disturbance propagating westward from the westward

sheared environment to the easterly sheared environ-

ment. In addition, a two-tailed Student’s t test is used to

estimate the statistical significance of the regressed fields,

among which the degrees of freedom are reduced from

the joint autocorrelation between the predictor and pre-

dictand following Livezey and Chen (1983). Finally, an

eddy kinetic energy (EKE) budget equation, which is

described in section 4, is derived to investigate the phys-

ical processes that govern wave growth/decay under dif-

ferent backgrounds.

It should be noted that the variance in the TD-band

OLR is much larger than the variance in theMRG-band

OLR in composition (not shown). The main reason is

because the filter band for TD-type waves covers more

bandwidth than that for MRG waves. Another possible

reason is that the signals of tropical cyclones (TCs)

embedded in the TD-band waves are not removed be-

fore filtering. However, previous studies have suggested

that the variance of the TD-band waves is larger than

that of the MRG band, even when the signals of trop-

ical cyclones are removed (Schreck et al. 2011, 2012).

Moreover, a TC-removing algorithm is tested in the

FIG. 2. (a) Climatology of the standard deviation of the TD-band

OLR (shaded;Wm22) and the vertical wind shear between 200 and

850 hPa (contours; m s21). The heavy black line denotes zero

values for the vertical wind shear, and the dashed lines denote the

negative values for the vertical wind shear. The red dashed rect-

angle denotes the critical region selected for calculating the wind

shear index. The red dots denote the regression points.

(b) Frequency histogram of the wind shear index.

FIG. 1. Wavenumber–frequency spectrum of the OLR over the

Northern Hemisphere from June to November 1979–2013. The

filter band for TD-type waves is indicated by the red dashed

rectangle.
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present research but makes little impact on the prop-

agation and structure characteristics of the tropical

waves, as stated by Xu et al. (2013). As a result, no

TC-removing method is applied in this study.

3. Observed features

a. Vertically sheared background and wave activity

First, because vertical wind shear is closely related to

horizontal mean flow, it is necessary to define typical

circulation patterns associated with vertical wind shear

during the boreal summer over the western North Pa-

cific. Generally, zonal vertical wind shear is defined as

the difference between zonal wind in the upper and

lower pressure levels as follows:

S5U
200

2U
850

, (1)

where U200 and U850 denote the zonal wind at 200 and

850hPa, respectively. Regions with S. 0 feature westerly

shear, and regions with S , 0 feature easterly shear. The

climatology of vertical wind shear during boreal summer is

illustrated in Fig. 2a, which shows a northwest–southeast

orientation. The zero line of the vertical wind shear ex-

tends southeastward from the South China Sea to the

equatorial central Pacific and separates the western North

Pacific into two areas based on the sign of the vertical wind

shear. Easterly shear occurs in the southwestern part of the

Pacific Ocean, and westerly shear occurs in the north-

eastern part of the Pacific Ocean. Furthermore, Fig. 2a

shows that the TD-band waves are active near the weak

easterly sheared region.

By considering the wave activity and the distribution

of vertical wind shear, an index representing the envi-

ronmental conditions of vertical wind shear is defined as

follows:

I
s
5

1

J

1

I
�
J

j51
�
I

i51

S
i,j

�
i5 1; 2, . . . , I

j5 1; 2, . . . , J

�
. (2)

In Eq. (2), Si,j is the vertical wind shear at a certain grid

point (i, j) inside the region of 68–208N, 1248–1648E (the

region outlined by red dashes), and an overbar denotes

the monthly mean. Therefore, the index Is expresses

the monthly and regionally averaged zonal wind shear

between 200 and 850 hPa. No standardization is applied

to the index because the vertical wind shear traps waves

at the upper or lower levels as a result of the sign of the

vertical wind shear, rather than the sign of the vertical

shear anomaly. Thus, the monthly averaged circulation

corresponding to the vertical wind shear is considered a

background condition that varies slowly and affects

tropical TD-type waves.

The statistical distribution of Is during each June–

November from 1979 to 2013 is shown in Fig. 2b. The

results show an approximately normal distribution. The

Is indices for most months are between 27 and 7ms21.

To acquire a sufficient number of representative

samples for further study, cases with Is values less

than 25m s21 and greater than 15m s21 are assigned

to easterly shear and westerly shear, respectively.

Consequently, 39 months are selected in the easterly

shear category, and 37 months are selected in the west-

erly shear category, accounting for 18.6% and 17.6% of

the total samples, respectively. In addition, cases with Is
indices between 21 and 11m s21 are also selected and

represent 31 months (14.8%). As discussed below, these

cases show a transition pattern in which the easterly

shear gradually changes to westerly shear with in-

creasing longitude. Therefore, this category is called the

shear transition. Additional analyses suggest the re-

maining cases, with Is indices between 25 and 21m s21

or11 and15ms21, also show transition patterns but at

different critical longitude (not shown). As Table 1

shows, the easterly sheared cases mostly occur in July

to October; the westerly sheared cases mostly occur in

June, July, October, and November; and the transition

cases occur throughout the entire period. This implies a

potential influence of the seasonal cycle on the following

results. Although the current composite method cannot

exclude the impact of the seasonal cycle on wave char-

acteristics, the major results can be tested by applying

the same composition for each month, thereby reducing

the impact of the seasonal cycle. This test shows that the

major results of the separate-month test are generally

consistent with those for the entire period (not shown).

This demonstrates that the major findings in our man-

uscript are robust, even though the impact of the sea-

sonal cycle is included in the composition.

Figure 3 shows the composite patterns of the vertical

wind shear, the 850-hPa horizontal wind, and the stan-

dard deviation of the TD-band-filtered OLR. In the

easterly shear category, the negative value of the vertical

wind shear dominates the tropical western North Pacific

(Fig. 3a). The maximum standard deviation of the

TD-band-filtered OLR occurs near 148N, 1358E, and
the wave activity is mostly affected by the easterly

sheared environment. In the westerly shear category,

the western North Pacific is governed by positive verti-

cal wind shear, and the region with active TD-type

waves is located near the moderate wind shear

between 25 and 15ms21 (Fig. 3b). In the shear tran-

sition pattern, the Is index in the critical region is near

zero, and the composite results (Fig. 3b) are similar to

the climatology results (Fig. 2a). The shear transition

pattern consists of two equally split sections, with
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westerly shear in the northeast and easterly shear in the

southwest. Thus, the shear transition category is used

to study the evolution of the TD-type waves propa-

gating from the westerly sheared environment to the

easterly sheared environment. As shown in Figs. 3a and

3b, the spatial span and perturbation intensity in the

westerly shear are smaller and weaker than the span

and intensity in the easterly shear.

b. Three-dimensional structure

1) HORIZONTAL STRUCTURE

To reveal the three-dimensional characteristics of the

TD-type waves under different vertically sheared large-

scale flows, atmospheric variables are regressed based

on the time series of the TD-band-filtered OLR at 158N,

1408E (the red dot shown in Fig. 2a). Additional ex-

aminations based on other regression points (e.g., the

variance maxima of the TD-band OLR and the central

point of the critical region) show that the results are not

sensitive to the selection of the regression point.

The horizontal patterns of the TD-type wave at

200 and 850 hPa are shown in Fig. 4. Affected by

easterly sheared environment, the TD-type wave is

characterized by alternating convergent–divergent–

convergent perturbations in the upper troposphere

(Fig. 4a), a well-organized northwest–southeast

wave train in the lower troposphere (Fig. 4c), and

coupled suppressed–enhanced–suppressed convec-

tions patterns. Notably, the upper-level perturbations

feature neither enclosed circulations nor rotated wind

fields with well-organized structure. Thus, they should

be regarded as convergent–divergent–convergent per-

turbations other than a Rossby wave train. These di-

vergent (convergent) centers coincide with enhanced

(suppressed) convections. Comparatively, in the west-

erly sheared background, the most distinctive feature

is the well-organized upper-tropospheric wave train with

alternating anticyclonic–cyclonic–anticyclonic distur-

bances (Fig. 4b). However, the low-level disturbances are

relatively weaker in the westerly sheared background

than in the easterly sheared background (Fig. 4d).

Moreover, the upper-level disturbances are located

nearly 108 northwest of their low-level counterparts.

Consequently, the upper-level cyclonic (anticyclonic)

disturbances lead enhanced (suppressed) convections

by approximately one-quarter of a wavelength, and the

low-level vortices approximately coincide with the con-

vections. Furthermore, the low-level disturbances can be

traced back to the ocean near 1608E, regardless of their
background flows. However, the upper-tropospheric

waves in the westerly sheared flows can be traced back

to the eastern Pacific (Fig. 4b), and no wave train is ob-

served in the upper troposphere near the central Pacific

under the easterly sheared flow.

FIG. 3. Horizontal wind at 850 hPa (vectors), the standard de-

viation of the TD-band OLR (shaded; Wm22), and the vertical

wind shear between 200 and 850 hPa (contours; m s21) in (a) the

easterly sheared, (b) the westerly sheared, and (c) the shear tran-

sition categories. The heavy black line denotes the zero values for

the vertical wind shear, and the dashed lines denote negative values

for the vertical wind shear. The red dashed rectangle denotes the

critical region selected for calculating the wind shear index.

TABLE 1. Monthly distribution of selected cases.

Total Jun Jul Aug Sep Oct Nov

Easterly shear 39 0 5 19 11 4 0

Westerly shear 37 11 2 0 0 4 20

Shear transition 31 6 10 3 4 7 1
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2) VERTICAL STRUCTURE

As shown in Fig. 4, the upper-tropospheric waves

differ under different sheared environments. Detailed

vertical structures obtained by averaging the latitude

belt from 108 to 208N are shown in Fig. 5. Figures 5a

and 5c show the vertical structures of the meridional

wind, relative vorticity, temperature, and vertical

pressure velocity associated with the TD-type waves

under easterly sheared ambient flow. The regressed

relative vorticity and meridional wind show nearly

equivalent barotropic structureswith a slight westward tilt.

Fluctuations are generally observed in the lower and

middle troposphere, with a maximum at approximately

400–500hPa, as shown in Fig. 5a. Regarding the tem-

perature anomaly and vertical pressure velocity, both

maxima occur in the middle-upper troposphere, as

shown in Fig. 5c.Warm anomalies correspond to upward

motion, and cold anomalies correspond to downward

motion. Nonnegligible cold anomalies are found above

and below the midlevel warm core in a TD-type dis-

turbance near 1408E, which has been documented by

many observational studies (e.g., Chang et al. 1970; Tam

and Li 2006). Interestingly, a clear eastward tilt with

height is present in the vertical pressure velocity.

Consequently, the maximum temperature and vertical

velocity are not perfectlymatched. As shown in Fig. 5c, a

phase difference of approximately one-eighth occurs

between the vertical velocity and the temperature

anomaly at 300 hPa. A lead–lag analysis also reveals

this phase difference (not shown). Additionally, be-

cause of the complex structure of the upper-level per-

turbations (Fig. 4a), vertical slices along other latitudes

(e.g., along 88–108N or 208–228N) are also produced.

The major features are similar to those averaged between

108 and 208N (Figs. 5a,c): for example, a westward-tilted

vertical structure,maximummeridionalwind near 500hPa,

less-organized upper-level structure, and eastward-tilted

vertical motion.

The vertical structure of the TD-type wave is discrim-

inative in the westerly sheared environment. Figure 5b

shows upper-tropospheric fluctuations with a maximum

at 200hPa. The meridional wind and relative vorticity

both show a vertical structure with a remarkable west-

ward tilt extending from the sea surface layer to the tro-

popause. To the east of 1508E, the disturbances are

confined in the upper troposphere, and the low-level

perturbations are weak. However, to the west of 1508E,
lower-troposphere disturbances have slightly larger am-

plitude. Nevertheless, the upper-level disturbance can

FIG. 4. Regressed OLR (shaded; Wm22) and horizontal wind (vectors) at (a) 200 hPa in the easterly sheared

category, (b) 200 hPa in thewesterly sheared category, (c) 850 hPa in the easterly sheared category, and (d) 850 hPa in

the westerly sheared category. The regression is based on the filtered OLR at 158N, 1408E. Only fields exceeding the

95% confidence level are shown.
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still be identified near 1208E based on its prominent

vorticity perturbation at 200 hPa. Unlike the tilted

structures of the relative vorticity and meridional wind,

the vertical pressure velocity is less tilted, as shown in

Fig. 5d. The maximum vertical velocity appears near

250 hPa, which indicates an in-phase relationship with

the temperature maxima. The upward motions are well

matched with warm perturbations, and the downward

motions are well matched with cold anomalies.

Upward motion inside a warm region implies a con-

version from eddy available potential energy (EAPE) to

EKE. The wave structures in the easterly shear and

westerly shear both support this energy conversion. This

suggests that the conversion from EAPE to EKE is an

important energy source for the Pacific TD-type waves,

which supports the findings of previous studies (Tai and

Ogura 1987; Lau and Lau 1992; Serra et al. 2008).

However, comparing Figs. 5c and 5d, the upwardmotion

in the easterly sheared environment is weaker than that

in the westerly sheared environment. Moreover, the

phase difference between vertical velocity and temper-

ature in themiddle troposphere induced by the eastward

tilt of vertical velocity is also an important factor af-

fecting wave energy conversion. This will be discussed in

detail in section 4. On the other hand, in the easterly

sheared environment, the structure of these waves

indicates a positive feedback between deep convection

and synoptic-scale waves, which falls under the ‘‘moisture

mode’’ concept (Mapes 2000; Sobel et al. 2001; Raymond

and Fuchs 2007) or the ‘‘wave CISK’’ framework

(Hayashi 1970; Lindzen 1974; Davies 1979). Both of these

two frameworks suggest that the upwardmotion possess a

phase tilt with height with respect to the propagation

direction, thus forming a phase difference between the

upward motion and the diabatic heating if a positive

feedback exists between convective heating and circula-

tion (Bolton 1980; Zhang and Geller 1994; Raymond and

Fuchs 2007). As Fig. 5c shows, the eastward tilt in the

vertical velocity induces a phase lag with the convection

(maximum convection is centered at 1408E as well as the

regression point) in the easterly shear. This means that

the convection and circulation are more tightly coupled

in the easterly sheared environment and favor wave

growth through wave–convection feedback. However, in

westerly shear, the vertical motions are straight upward

or downward. Thus, this positive feedback between

convection and circulation may not exist for the waves in

the westerly sheared environment.

The vertical structure of the synoptic-scale distur-

bances below 250hPa in the easterly sheared environ-

ments is similar to that of the TD-type waves reported in

previous studies (Reed and Recker 1971; Takayabu

FIG. 5. Longitude–height plot of the regressedmeridional wind (shaded;m s21) and the relative vorticity (contours;

1026 s21) averaged between 108 and 208N in the (a) easterly sheared and (b) westerly sheared categories and the

longitude–height plot of the regressed vertical pressure velocity (contours; Pa s21) and temperature (shaded; 101 K)

in the (c) easterly sheared and (d) westerly sheared categories. The regression is based on filtered OLR at

158N, 1408E.
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and Nitta 1993; Serra et al. 2008). However, the upper-

level structure is somewhat obscure in the present

composition. Previous studies suggested the TD-type

disturbance possesses an upper-level counterpart with

secondary maxima near 200hPa. Figure 4a indicates that

upper-level disturbance is less rotated. We suspect that

this is due to the extreme easterly sheared cases selected

in the composition; thus, strong deep convection may

induce upper-level perturbations in association with the

inertial-gravity wave (Lane et al. 2001). Tam and Li

(2006) showed that temperature anomalies mainly oc-

cur in the upper and lower troposphere. However,

current results suggest that the temperature anomalies

of a TD-type wave are observed near 250 or 300 hPa, as

suggested by Lau and Lau (1990), regardless of the

circulation background.

c. Wave evolution while traversing westerly and
easterly sheared environments

The above results indicate that synoptic-scale waves

are sensitive to the local vertical shear over the western

North Pacific. Because the climatological vertical wind

shear always spreads northwest–southeast over the

western North Pacific (Fig. 3c), a westward-propagating

wave will move from the westerly sheared environment

to the easterly sheared environment. Thus, the system-

atic changes in a TD-type disturbance crossing the crit-

ical longitude dividing the easterly and westerly sheared

areas are investigated using a lagged-regressionmethod.

When westward-moving disturbances cross the criti-

cal longitude (approximately 1408E) they are affected by
easterly sheared basic flow. Otherwise, the westward-

moving disturbances are influenced by the westerly

sheared background. Figure 6 shows the evolution of

synoptic-scale disturbance with the maximum in the up-

per troposphere penetrating an easterly sheared envi-

ronment from a westerly sheared background. Three

days before day 0, a well-organized low-level wave train

exists in a northwest–southeast orientation (Fig. 6a). The

cyclonic disturbance near 88N, 1558E (marked as A)

shows that the wind fields exhibit a slight eastward tilt

with increasing latitude. This implies that the wave is

barotropically unstable and will develop by extracting

kinetic energy from the basic state. The low-level dis-

turbance is coupled with enhanced convective activity

(marked as C) in the northeastern quadrant of cycloneA.

Meanwhile, an east–west-oriented wave train with larger

wind perturbations emerges at 200hPa (Fig. 6b). Because

of the vertical structure of the westward tilt with height

under the westerly sheared basic flows, a phase difference

between the convection C and the upper-level vortex B is

approximately in quadrature. Thus, the upper-level dis-

turbance B is located approximately 500km northwest of

the low-level disturbance A. While the disturbance

propagates westward, the low-level disturbance gradually

becomes more intense and shifts slightly poleward on

day 0 (Fig. 6c). Consequently, the convection and circu-

lation become closer and have nearly coinciding phases.

Meanwhile, the upper-level disturbance B moves to

nearly 1308E without significant intensification (Fig. 6d).

The regression results show a slight equatorward shift in

the upper-level disturbance B, rather than poleward mi-

gration. Consequently, the lower-level disturbance be-

comes more vertically coupled with its upper-level

anticyclonic counterpart following B. Three days later (a

lag of 13 days), the low-level disturbance A further de-

velops, migrates northwestward, and tilts more eastward

with latitude (Fig. 6e). In the upper troposphere, the

disturbance has already dissipated; thus, no notable or-

ganized vortex can be identified over the SouthChina Sea

(Fig. 6f). Simultaneously, the low-level vortex center A

lags behind the OLR anomaly C by a phase difference of

approximately one-eighth.

The results suggest there are systematic relativemotions

between low-level disturbances and convections. The en-

hanced convection lags behind the accompanying low-

level cyclonic disturbance by approximately one-eighth

of a wavelength near 1608E but leads the low-level dis-

turbance by approximately one-eighth of a wavelength to

the west of 1408E. This is similar to the composition results

for the easterly and westerly cases (Figs. 4c,d). This sug-

gests that the relative positions of convections and circu-

lations are closely related to the vertical wind shear.

Previous studies have also found that the precipitation

shifts from slightly east of the low-level disturbance in the

central Pacific to west of the low-level disturbance farther

west (Reed andRecker 1971; Tam and Li 2006; Serra et al.

2008). The current results are consistent with the theo-

retical study by Holton (1971).

Figure 7 shows the systematic evolution of the vertical

structure of a westward-propagating upper-tropospheric

disturbance. The lower-tropospheric disturbance A and

upper-tropospheric disturbance B are also identified in

Fig. 6. Three days before day 0, the disturbance shows a

representative upper-level fluctuating mode, while the

lower-level perturbations are relatively weak (Fig. 7a).

The upper- and lower-level disturbances both show a

westward-tilted structure, which implies that develop-

ments have occurred in both levels. As will be revealed

later, this development is attributed to upper- and

lower-level troughs. Meanwhile, corresponding upward

motion (marked as D) is observed near 1588E, with
some eastward tilting with height (Fig. 7b). The mid-

level warming (marked as C) appears approximately

108 east of the anomalous upward motion (D). On

day 0, the maximum meridional wind surrounding the
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low-level vortex A significantly increases from approx-

imately 0.2m s21 (Fig. 7a) to more than 0.6m s21

(Fig. 7c) near 850 hPa. Additionally, the relative vorti-

city also increases. Nevertheless, the upper-level vortex

B becomes straight vertical and slightly weaker than

three days before day 0. The vertical pressure velocity

(D) andmidtropospheric temperature (C) anomaly both

become more intense and nearly in-phase with the

low-level vortex (Fig. 7d). The upward motion of warm

air and downward motion of cold air implies the con-

version from EAPE to EKE. As the disturbance moves

farther westward, the upper-level vortex rapidly dis-

sipates, and the low-level vortex becomes stronger. Then

a low-level disturbance further develops with amaximum

at 850hPa and a secondarymaximumat 500hPa (Fig. 7e).

This disturbance is vertically coupled with an upper-level

perturbation with the opposite phase. However, the

upper-level structure above 250hPa becomes eastward

tilted, and its maximum is outside of the troposphere.

Later, the midtropospheric warming (C) leads the up-

ward motion (D) by nearly one-eighth of a wavelength

after 13 lag days (Fig. 7f). This implies that the distur-

bance is conditionally unstable and can develop through

the convection–circulation feedback, as discussed above.

The evolution of the horizontal and vertical structures

in a wave disturbance in the transition case can be sim-

ilarly represented by the typical characteristics from the

westerly sheared environment to the easterly sheared

FIG. 6. Regressed OLR (shaded; Wm22) and horizontal wind (vectors) in the shear transition category at

850 hPa on lag days (a)23, (c) 0, and (e)13 and at 200 hPa on lag days (b)23, (d) 0, and (f)13. The regression is

based on the filteredOLR at 158N, 1408E. Only fields exceeding the 95% confidence level are shown. Themarkings

A, B, and C denote the vortex center at 850 hPa, the vortex center at 200 hPa, and the convection center,

respectively.
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environment. The only difference is that the vertical

velocity is straight vertical in the composition for west-

erly cases but is eastward tilted throughout the entire

period in this lead–lag regression. Some inconsistencies

exist in the vertical structure of the vertical velocity of a

TD-type disturbance among the different observational

studies. For example, Takayabu and Nitta (1993) showed

that the vertical velocity is less tilted in their compositions,

and they suggested that the wave-CISKmechanism is not

the significant mechanism for TD-type waves. However,

Tam and Li (2006) showed that the vertical motion of

TD-type waves is slightly eastward tilted in the western

North Pacific; thus, it exhibits a phase difference between

the vertical motion and relative vorticity (in their Fig. 8a).

More investigation is needed on this issue.

The horizontal wind and EKE, which is defined as

K0 5 1/2(u02 1 y02), are averaged inside a 108 3 108 box
centered at the disturbance center (following A in

Figs. 6a,c,e) at 850 hPa. Thus, a time–height diagram

can be used to investigate the EKE change while the

disturbance intrudes into an easterly sheared back-

ground from a westerly sheared background, as

shown in Fig. 8. The development in the upper tro-

posphere begins on lag day 25 and reaches its max-

imum on lag day 21. Meanwhile, the vertical wind

shear becomes negative, which indicates that the dis-

turbance has already penetrated the easterly sheared

flows at lag day 21 (Fig. 8c). Simultaneously, the me-

ridional wind and EKE both show downward transitions

from the upper troposphere to the middle troposphere

FIG. 7. Longitude–height plot of the regressed meridional wind (shaded; m s21) and relative vorticity (contours;

1026 s21) averaged between 108 and 208N on lag days (a) 23, (c) 0, and (e)13, and the longitude–height plot of the

regressed vertical pressure velocity (contours; Pa s21) and temperature (shaded; 101 K) on lag days (b)23, (d) 0, and

(f)13 in the shear transition category. The regression is based on the filtered OLR at 158N, 1408E. The markings A,

B, C, and D denote the vortex center at 850 hPa, the vortex center at 200 hPa, the temperature perturbation, and the

vertical velocity perturbation, respectively.
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(Fig. 8a), as suggested in previous studies (Tam and Li

2006; Serra et al. 2008). After day 0, the upper-level dis-

turbance weakens significantly. Nevertheless, while the

upper-level EKE begins to transition downward at ap-

proximately day 0, the zonal wind component and EKE

independently increase in the middle and lower tropo-

sphere (Fig. 8b). However, the meridional wind does not

show such changes (Fig. 8a). The different signals be-

tween the zonal and horizontal wind components can also

be found in the results of Dunkerton and Baldwin (1995,

in their Fig. 7), despite their focus on the MRG waves

over the central-eastern Pacific. Consequently, the

downward transport of momentum and kinetic energy

occurs as the upper-level disturbance penetrates the

easterly sheared background from the westerly sheared

background. However, different processes are likely re-

sponsible for the developments in the middle and lower

troposphere, respectively.

It should be noted that Serra et al. (2008) illus-

trated upward phase propagation and downward

energy dispersion of westward-propagating TD-type

waves in their lead–lag compositions at Majuro

(7.18N, 171.48E; see their Fig. 11b). By using the

bandwidth of the filter similar to Serra et al. (2008),

this downward energy propagation can be well re-

produced over the central Pacific despite some dif-

ferences in detail. However, the signal of downward

energy dispersion is not found over the western

North Pacific, even though a broader filter band is

applied (not shown). Thus, the current downward

transition might not be explained by the vertical

propagation of TD-type waves. To investigate the

mechanisms of the middle and lower developments

and the role of the vertical transport of EKE, quan-

titative calculations and discussions are conducted in

the next section.

4. Possible mechanisms

In general, TD-type waves are westward-propagating

Rossby waves over the tropical ocean. These waves can

be destabilized by large-scale basic flows with horizontal

shear or vertical shear (Holton 2004). In theory, a

westward-propagating TD-type wave is strengthened

near regimes with horizontally sheared basic flows

where the absolute vorticity of the basic flow is at a

minimum or a maximum through barotropic instability

(Boyd 1978a,b). On the other hand, a moderate vertical

wind shear is favorable for destabilizing a Rossby wave

through baroclinic instability, which favors the trans-

formation of mean available potential energy (MAPE)

to EAPE (Xie and Wang 1996). In this section, an en-

ergetic diagnosis is adopted to investigate the physical

mechanisms of the effects of vertical wind shear on

TD-type waves.

a. Source of eddy kinetic energy

Despite the potential for some inconsistencies in the

energy budget calculations associated with the use of

different reanalysis datasets, energetic diagnoses have

beenwidely used to investigate the dynamic processes of

wave growth and decay (Lau and Lau 1992; Chen and

Huang 2009; Wu et al. 2014, 2015b). In this section, an

EKE budget equation is derived following the work of

Lau and Lau (1992) and Chen and Sui (2010). The EKE

tendency in a three-dimensional atmosphere can be

written as follows:

FIG. 8. Time–height plot of the (a) EKE (contours; m2 s22) and

meridional wind (shaded; m s21), (b) EKE (contours; m2 s22) and

zonal wind (shaded; m s21), and (c) vertical wind shear (m s21)

averaged for the 108 3 108 rectangle with the center at the

vortex center at 850 hPa. The horizontal coordinates are the

lag days.

4594 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 73



›K0

›t
52V 0

h � (V 0 � =)V
h basic

2
R

P
v0T 0 2V 0 � =F0

2 (V
h basic

� =
h
K0 1V 0

h � =h
K0)

2

 
v
basic

›K0

›z
1v0›K

0

›z

!
1D . (3)

In Eq. (3), K0 represents the horizontal EKE, the over-

bars denote time-averaged values, the subscript h in-

dicates horizontal components, the subscript ‘‘basic’’

indicates the basic field averaged for different cases,

and a prime symbol indicates the regressed fields ob-

tained by projecting the data onto the TD-filtered OLR

in section 3. The other symbols follow conventional

definitions. The first term on the right-hand side is the

barotropic conversion term, which represents the effects

of horizontal mean flow on eddy fluctuations by con-

verting time-mean kinetic energy (MKE) to EKE. The

second term represents the conversion of energy from

EAPE to EKE. The third term is the effect of the local

convergence of eddy geopotential flux. The fourth term

is the horizontal transport, and the fifth term is the

vertical transport. The last term is the dissipation term,

which is affected by friction and other subgrid-scale ef-

fects. The first two terms are the sources or sinks for

EKE growth and decay, terms three, four, and five de-

scribe the redistribution of EKE, and the last term is

another sink for EKE.

The sources of EKE that affect growth and de-

cay are investigated in this section. Figure 9 shows a

longitudinal–height plot of the first two terms in Eq. (3)

along the axis of the wave trains averaged from lag day25

to lag day15. As shown in Fig. 9a, in an easterly sheared

basic flow, EKE growth occurs near 850hPa, spreading

from 1158 to 1508E. Above 500hPa, a negative value in-

dicates that upper-level disturbances are weakened by the

horizontal mean flow. Thus, the horizontal mean flow as-

sociatedwith the easterly sheared background favors wave

growth in the lower troposphere, which is generally con-

sistent with the observed structure of the EKE distribu-

tion. However, in the westerly sheared basic flow (Fig. 9c),

EKE growth and decay are both found in the upper tro-

posphere near 200hPa, with positive values found east of

1408E and negative values found west of 1408E. Consid-
ering that the disturbances move westward, this result is

also consistent with the observed EKE. Because the cir-

culation background for shear transition cases could be

considered a combination of westerly sheared basic flow in

the northeast and easterly sheared basic flow in the

southwest, the EKE distributions and the EKE tendencies

exhibit interesting features. Figure 9e shows upper-level

growth east of 1408E, which is consistent with the upper-

tropospheric EKE maxima, and lower-level growth west

of 1408E, which is consistent with the lower-tropospheric

EKE maxima. Thus, while an easterly (westerly) shear

confines the disturbance to the lower (upper) troposphere,

the wave growth induced by horizontal mean flow also

occurs in the lower (upper) troposphere.

Conversion from EAPE to EKE is ascribed to the up-

ward motion of warm air and downward motion of cold

air, as the second term of Eq. (3) indicates. As shown in

Figs. 9b, 9d, and 9f, the value of EKE converted from

EAPE is several times larger than the barotropic conver-

sions, indicating that the conversion from EAPE to

EKE is more important than barotropic conversions for

TD-type waves. In the easterly shear, the transition from

EAPE to EKE is slightly smaller than in the other two

basic flows. As shown in Eq. (3), the conversion from

EAPE to EKE is inversely proportional to the pro-

duction of transient vertical pressure velocity and tem-

perature anomalies. Smaller transition rates fromEAPE

to EKE in the easterly shear could be ascribed to the

smaller vertical velocity and the critical phase difference

between the vertical velocity and temperature anomaly

at the intermediate level (Fig. 5c), which leads to the

extraction of less EKE from EAPE. As in Serra et al.

(2008), the conversion from EAPE to EKE occurs near

the middle to upper troposphere, roughly from 400 to

150 hPa, regardless of the circulation background. This

is due to the physical limitations on the vertical distri-

butions of temperature and v. Regardless, the current

composition suggests that the transition from EAPE to

EKE is less correlated with the EKE distribution and is

less responsible for EKE growth in the upper or lower

troposphere.

b. Barotropic energy conversions

As mentioned above, the barotropic conversion is the

critical source of kinetic energy responsible for wave

growth at different levels in association with different

sheared environments. Thus, the barotropic energy

conversion is further examined to investigate how the

horizontal mean flow affects the wave growth.

Barotropic energy conversions can be explained by

the shear and convergence of the horizontal mean flow.

The expansion of the barotropic energy conversion term

in Eq. (3) can be written as follows:

›K0
baro

›t
52u0y0

›u

›y
2 u0y0

›y

›x
2 u02 ›u

›x
2 y02

›y

›y
. (4)

In Eq. (4), the four terms on the right side represent the

conversion of kinetic energy fromMKE toEKE through

the meridional shear of the zonal basic flow, the zonal

shear of the meridional basic flow, the zonal conver-

gence of the zonal basic flow, and the meridional
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convergence of the meridional basic flow. These terms

are calculated at each pressure level by averaging values

in the rectangular area of 108–208N, 1208–1608E. As

shown in Table 2, the results suggest that the main

source for EKE growth at 850 hPa in the easterly sheared

environment is 2u0y0›u/›y. In addition, the term

2u02›u/›x provides a second contribution. This term is

consistent with the common understanding that the cy-

clonic shear (›u/›y, 0) and convergence (›u/›x, 0) of

zonal basic flow favor wave growth. However, as in the

westerly sheared cases, the term 2y02›y/›y is responsible

for the development of the upper-level wave, while the

terms 2u0y0›u/›y and 2u02›u/›x are both negative. In

shear transition basic flow, the upper-level meridional

TABLE 2. Each barotropic conversion term (1026 m2 s23) averaged over the western North Pacific (108–208N, 1208–1608E).

Level (hPa) ›K0/›t 2u0y0›u/›y 2u0y0›y/›x 2u02›u/›x 2y02›y/›y

Easterly shear 200 20.78 20.37 0.03 20.28 20.16

850 1.91 1.91 20.05 0.34 20.28

Westerly shear 200 0.74 21.82 0.03 20.53 3.07

850 0.06 0.40 0.04 0.14 20.50

Shear transition 200 2.07 0.43 0.08 20.71 2.28

850 1.22 1.43 0.05 0.41 20.67

FIG. 9. EKE growth rate transitioning from time-mean kinetic energy (shaded; 1026 m2 s23) in the (a) easterly

sheared, (c) westerly sheared, and (e) shear transition categories, and the EKE growth rate transitioning from eddy

available potential energy (shaded; 1026 m2 s23) in the (b) easterly sheared, (d) westerly sheared, and (f) shear

transition categories averaged between 108 and 208N from lag day 25 to 15. Contours denote EKE (m2 s22).
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convergence 2y02›y/›y and the lower-level zonal wind

shear 2u0y0›u/›y induce the growth of transient eddies

in the upper and lower troposphere, respectively.

Barotropic energy conversion is closely related to hori-

zontal mean flow; thus, the different sheared circulation

patterns and corresponding energy conversions are exam-

ined simultaneously, as shown in Fig. 10. The low-level

pattern associated with the easterly sheared cases shows a

typical circulation with a strong monsoon trough extending

toapproximately 1508E(Fig. 10a).Affectedby the favorable

meridional shear of the zonal mean flow, the positive EKE

tendency appears as an elongated belt in the vicinity of the

monsoon trough. Consequently, lower-tropospheric tran-

sient eddies quickly intensify over these regions. However,

as shown in Fig. 10c, low-level circulation results in strong

easterlies near the equator in the westerly sheared en-

vironment, which is similar to the circulation that occurs

during transition periods between the East Asian sum-

mer and winter monsoons. The positive EKE tendency

forms an east–west-oriented narrow belt to the south of

128N, and the negative EKE tendency appears near the

South China Sea. Because of the slower conversion rate

of EKE, the lower-level disturbances grow slowly rela-

tive to those in the easterly sheared flow. Moreover,

in the shear transition category, a monsoon trough is

located over the western North Pacific (Fig. 10e) and

consists of relatively weaker southwesterlies and stron-

ger trade easterlies than in the easterly shear.

In the upper troposphere, all three cases show a high

ridgewith anticyclonic flow extending eastward from the

East Asian continent, the tropical upper-tropospheric

trough (TUTT), and divergent northeast flows near low-

latitude areas (Figs. 10b,d,f). In the easterly shear, no

upper-tropospheric growth occurs, even in the vicinity of

the TUTT (Fig. 10b). This is attributed to the fact that

easterly shear at lower latitudes traps Rossby waves in

the lower-troposphere; thus, the upper-level counterparts

are weaker and less organized. However, in westerly

sheared cases, the high ridge is found farther south, with

stronger westerlies to the north. The TUTT strengthens

and extends westward to 1508E. Because of the south-

westward shift of the TUTT, favorable meridional con-

vergence of the basic flow can intrude farther west, which

favors the growth of transient eddies (Fig. 10d) and fur-

ther westward propagation of upper-level disturbances

(Fig. 4b).

As suggested above, the shear transition cases consist

of a combination of easterly and westerly sheared am-

bient flows, and the EKE growth caused by horizontal

basic flow shows combination features as well. In the

shear transition, the lower-level features are similar to

those in the easterly shear cases, in that a strong mon-

soon trough exists and favors EKE growth in the lower

levels; and upper-level features are similar to those in

westerly shear cases, in that a strong TUTT exists and

favors EKE growth in the upper levels (Fig. 10f). These

results are generally consistent with those of Wu et al.

(2015b). Because the easterly shear traps waves in the

lower troposphere and the westerly shear traps waves in

the upper troposphere, the role of horizontal mean flow

on synoptic-scale waves through barotropic conversions

is in phase with the effect of vertical wind shear.

c. Change in eddy kinetic energy with westward
propagation

The abovementioned results provide a general un-

derstanding of the EKE budget that affects TD-type

waves in different sheared background flows. This sec-

tion discusses the mechanisms for low-level growth

when a TD-type disturbance penetrates an easterly

sheared basic flow from a westerly sheared basic flow.

In Eq. (3), the third, fourth, and fifth terms represent

the redistribution of EKE. The third term, 2V 0 � =F0 5
2V 0

h � =hF
0 2v0›F0/›z, and the vertical component (the

second term on the right side) are almost offset by the

conversion from EAPE to EKE. The fourth term in

Eq. (3) is the horizontal transport of EKE, and the fifth

term is the direct vertical transport of EKE. When

considering the EKE budget for a certain pressure level

(e.g., 850 hPa), vertical transport is an additional source

for EKE growth. Vertical transport is represented by the

sum of the transport by basic flow and eddy fluctuation.

In this calculation, basic flow transport dominates.

Regarding the shear transition cases, disturbances are

identified by tracing the vortex center at each level

regressed from lag day 25 to lag day 15. Daily EKE

changes are acquired at 850, 500, and 200 hPa, respec-

tively, by averaging the EKE in a 108 3 108 rectangle
around the vortex. As shown in Fig. 11a, the EKE at

200 hPa grows before lag day 23 and then rapidly de-

cays. However, the EKEs at 500 and 850 hPa grow

gradually before lag day 11 and lag day 13, respec-

tively. The change in vertical wind shear is also plotted

in Fig. 11a for reference.

The barotropic conversion and vertical transport

terms in Eq. (3) are also calculated and shown in

Figs. 11b–d for each level. In Fig. 11b, the barotropic

energy conversion at 200 hPa is large before lag day23,

which strengthens the upper-level disturbances. Then,

after lag day 22, this term becomes negative, which

weakens the upper-level disturbances. Meanwhile,

the vertical transport is much smaller, and the sign of the

vertical transport is generally opposite the sign of the

barotropic conversion term. After lag day 0, these two

terms are small. Thus, the conversion from MKE to

EKE controls the growth and decay of EKE in the
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upper troposphere. At 500 hPa, as shown in Fig. 11c, the

barotropic energy conversion term is positive before lag

day 0. Then the vertical transport is approximately half

of the barotropic conversion term, which implies that

the conversion from MKE to EKE and the direct ver-

tical transport are both important for midlevel devel-

opment before penetrating the easterly sheared flow.

The downward transport occurs before lag day 0, when

the vertical wind shear changes from positive (westerly

shear) to negative (easterly shear), as shown in Fig. 11c.

The maximum downward transition is found at lag

day 22, when the magnitude of vertical shear is at a

minimum. This implies that the downward transition is

controlled by the change in vertical wind shear. At

850 hPa, the barotropic energy conversion is responsible

for EKE growth, and the contributions of vertical direct

transport are negligible, as shown in Fig. 11d. The

maximum growth rate according to barotropic energy

conversion occurs at lag day 11 and is followed by a

gradual decrease of the growth rate at 850 hPa.

The variation in the barotropic conversion is generally

consistent with the change in the EKE at each pressure

level. This demonstrates that the EKEgrowth/decay of a

TD-type disturbance is mainly attributed to the energy

conversion from the horizontal basic flow at each pres-

sure level as the disturbance penetrates into the easterly

sheared basic flow from the westerly sheared basic flow.

The direct transport of EKE in the vertical direction

mainly occurs at intermediate levels and is also impor-

tant for midlevel EKE growth. As shown in Fig. 8, this

FIG. 10. Horizontal mean flow (vectors), EKE growth rate transitioning from the time-mean kinetic energy

(shaded; 1026 m2 s23) and ›u/›y (black contours; 1026 s21) at 850 hPa in the (a) easterly sheared, (c) westerly sheared,

and (e) shear transition categories and at 200 hPa in the (b) easterly sheared, (d) westerly sheared, and (f) shear

transition categories, except for ›y/›y (black contour; 1026 s21), averaged from lag day25 to15. The heavy red line

denotes the zero value of vertical wind shear.
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vertical direct transport can be dominated by direct

downward transport. The results also suggest that the

direct downward transition is controlled by the changes in

the vertical wind shear. However, this direct downward

transport is negligible for upper- or lower-tropospheric

wave growth. It should be noted that the upper-level

disturbance becomes weaker following lag day 23,

which is different from the results shown in Fig. 8. This

FIG. 11. (a) EKE (m2 s22) variations at 850 (solid blue), 500 (dashed red), and 200 hPa

(dashed purple) and vertical wind shear (solid orange; m s21) from lag day 25 to 15 . Var-

iations in the barotropic conversion term (solid blue; 1026 m2 s23) and vertical transport term

(dashed red; 1026 m2 s23) from lag day 25 to 15 at (b) 200, (c) 500, and (d) 850 hPa. The

results are averaged for the 108 3 108 rectangle around the center of the vortex at each

pressure level.
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difference occurs because the vortices are traced at

upper and lower levels in this section, respectively, and

are traced only at the lower level in Fig. 8.

5. Conclusions and discussion

This study presents a statistical analysis of the

characteristics and energetics of TD-type waves un-

der different vertically sheared background flows over

the western North Pacific from June to November,

1979–2013, based on the reanalysis of NCEP–DOE

AMIP-II andOLR data. The observations indicate that

there are significant differences in the horizontal and

vertical structures of synoptic-scale waves between

different circulation patterns associated with vertical

wind shear. In easterly sheared environments, the

synoptic-scale waves propagate in the lower tropo-

sphere with a slightly westward tilt, and the vertical

velocity has an eastward tilt with height. This structure

suggests a positive feedback between the deep con-

vection and low-level circulation in the ‘‘moisture

mode’’ or ‘‘wave CISK’’ frameworks. This positive

feedback induces enhanced boundary convergence and

latent heat release by deep convection, thus leading to

wave development in the lower troposphere. However,

in westerly sheared environments, the wave propagates

in the upper troposphere with a significant westward

tilt, but the vertical motion is less vertically tilted. The

wave-CISK mechanism is not the significant mecha-

nism for these disturbances in the westerly sheared

environment.

Next, an EKE budget diagnosis is conducted to in-

vestigate the physical mechanisms in the different

cases. The results show that the conversion between

MKE and EKE is responsible for the lower-level de-

velopment in the easterly sheared environment and for

the upper-level development in the westerly sheared

environment. Further analyses indicate that the lower-

level conversion occurs through the shear and the

convergence of the zonal mean flow associated with the

monsoon trough and that the upper-level conversion

occurs through the convergence of the meridional

mean flow associated with the TUTT. These conse-

quences are consistent with the effect of vertical wind

shear. When the disturbances are trapped in the lower

level by easterly (westerly) shear, the horizontal mean

flow also favors wave growth in the lower (upper) level.

On the other hand, the transition from EAPE to EKE

is several times larger than from MKE to EKE. This

suggests that the conversion from EAPE to EKE is the

major energy source driving these TD-type waves over

the western North Pacific. But this conversion only

occurs near the middle to upper troposphere, which is

less related to wave growth in either the upper tropo-

sphere or lower troposphere. In other words, the con-

version from EAPE to EKE is less responsible for the

wave growth and decay.Moreover, the conversion rate in

the easterly sheared environment is smaller than that in

the westerly sheared environment. This finding could be

attributed to the weaker vertical motion and the phase

difference between the temperature and vertical velocity

anomalies resulting from the eastward tilt of vertical ve-

locity in the easterly sheared background. This implies

that the transition fromEAPE toEKE ismore important

for the synoptic-scale waves in the westerly shear.

The current study also examines the evolution of

a TD-type disturbance propagating from a westerly

sheared environment to an easterly sheared environ-

ment. While the synoptic-scale disturbance crosses the

critical longitude that divides the easterly shear from

the westerly shear, the upper-level disturbance rapidly

becomes weaker because of an unfavorable horizontal

mean flow. Meanwhile, the lower-level disturbance

quickly becomes stronger through the conversion

from MKE to EKE. Observational and energetic an-

alyses both indicate that the direct downward trans-

port of the upper-tropospheric EKE occurs when the

wave crosses the critical longitude. However, quanti-

tative calculations suggest that downward transport is

important only at intermediate levels and is negligible

in the lower troposphere. Consequently, barotropic

energy conversion is the most important kinetic en-

ergy source responsible for wave growth in the lower

troposphere when the disturbance penetrates easterly

sheared flows. The processes explaining this result are

summarized as follows: When a synoptic-scale distur-

bance appears near the central Pacific, the westerly

shear traps the disturbance in the upper troposphere,

and the TUTT feeds MKE to the eddies, which favors

upper-level growth. With westward propagation and

penetration of the easterly sheared flow, the upper-

level kinetic energy travels downward to the in-

termediate troposphere, which affects the midlevel

wave growth. Meanwhile, the vertical structure of the

lower-tropospheric disturbance is modified by easterly

shear, and favorable zonal wind shear of the lower-

tropospheric monsoon trough destabilizes the low-level

disturbance by feedingMKE toEKE. Thus, the low-level

TD-type disturbances strengthen through the barotropic

energy conversion and the positive feedback between

low-level circulation and deep convection.

This study suggests that vertical wind shear and

low-level zonal wind shear are responsible for the

lower-level growth of a westward-propagating wave

when the upper-level disturbance penetrates the easterly

sheared environment over the western North Pacific. The
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quantitative calculations suggest that the downward

transition does not intensify the low-level vortex di-

rectly. The role of the downward energy transition may

be to induce an enclosed low-level vortex with enough

intensification. Then further development of the vortex

is attributed to the low-level horizontal mean flow

and the convection–circulation feedback. Tam and Li

(2006) also suggested that the downward wave activity

is found near 400–700 hPa, which is consistent with the

present results. Zhou and Wang (2007) also made a

similar speculation when they studied a transition

case from an upper-level MRG wave to a lower-level

TD-type wave. Thus, the current study supports the

findings by Tam and Li (2006) that low-level TD-type

waves originate from upper-tropospheric disturbances

over the western North Pacific.

However, some issues remain regarding the roles of

vertically sheared ambient flow in westward-propagating

waves. For example, the horizontal and vertical struc-

tures of a TD-type disturbance in the lower tropo-

sphere are similar to previous observational studies

(e.g., Reed and Recker 1971; Lau and Lau 1990;

Takayabu and Nitta 1993). However, the upper-

tropospheric structure in the easterly shear is quite

different. This requires further investigation. Addi-

tionally, the low-level EKE growth even appears inside

the westerly sheared environment, despite the ten-

dency of the westerly shear to trap waves in the upper

troposphere, as shown in Fig. 10c. Although the vertical

wind shear is substantially controlled by the horizontal

flow between the upper and lower levels, low-level

convergence can also be large when the sign of the

vertical wind shear is positive. In this case, can the low-

level disturbance develop and even become a tropical

cyclone under westerly shear after several days? What

is the role of coupled convection? Takayabu and Nitta

(1993) suggested wave-CISK was not associated with

TD-type waves because the tilting with height of ver-

tical velocity was not observed. However, the current

study reveals that the vertical velocity is clearly east-

ward tilted with height in easterly sheared environ-

ments and transitional environments, which supports

the existence of a positive feedback between diabatic

effects and circulation for these disturbances. Fur-

thermore, Serra et al. (2008) suggested that TD-type

waves feature downward energy dispersion while

propagating westward near the central Pacific. How-

ever, the present study cannot find a significant signal

associated with the vertical propagation of group ve-

locity over the western North Pacific. More studies

should be conducted on these issues to provide further

understanding of the effects of vertically sheared back-

ground flow on tropical waves.
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