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ABSTRACT

The origin of the summertime synoptic wave train in the western North Pacific is investigated with a
multilevel, nonlinear baroclinic model. A realistic three-dimensional summer mean state is specified and
eigenvectors are calculated by introducing small perturbation initially to the model. Numerical experiments
indicate that the origin of the synoptic wave train may arise from instability of the summer mean flow in the
presence of a convection–frictional convergence (CFC) feedback. In the lack of the CFC feedback, the
summer mean flow supports only a least damped mode, characterized by a northwest–southeast-oriented
wave train pattern with a zonal wavelength of 2500 km. In the presence of both the realistic summer mean
flow and the CFC feedback, the model reproduces a fast growing mode, whose structure and propagation
characters are similar to the observed.

Sensitivity experiments with different initial perturbation patterns indicate that the model solution is not
sensitive to initial conditions. Further sensitivity experiments reveal that the basic-state vertical shear may
affect the growth rate and propagation character of the wave train. An easterly shear may lead to a faster
growth and northwestward phase propagation, whereas a westerly shear may favor a slower growth and
southeastward phase propagation.

1. Introduction

Two salient features of boreal summer tropical atmo-
spheric circulation over the western North Pacific
(WNP) are 1) a large-scale intertropical convergence
zone (ITCZ)–monsoon trough pattern with active
tropical cyclone (TC) activity and 2) the frequent reoc-
currence of synoptic-scale wave trains oriented in the
northwest–southeast direction (Lau and Lau 1990). Al-
though previous studies have recognized a possible con-
nection between the two phenomena (e.g., Chang et al.
1996), the physical mechanisms associated with the ori-
gin of the synoptic wave trains and their role in initiating
tropical cyclogenesis have not been fully understood.

Lau and Lau (1990) first identified the northwest–
southeast oriented synoptic-scale wave trains based on
the analysis of low-level vorticity and meridional wind

fields. The wave train extends toward the southeast
with a wavelike pattern that consists of alternating re-
gions of cyclonic and anticyclonic circulations propa-
gating northwestward along the confluence zone of the
mean summer flow and extending from the equatorial
western Pacific to Southeast Asia, with some excep-
tions reaching the Indian subcontinent. The wave trains
have a typical wavelength of 2500–3000 km and a time
scale of 6–10 days.

Processes that trigger the synoptic-scale wave train
include the barotropic instability of the tropical easterly
flow (Nitta and Yanai 1969), Rossby wave energy dis-
persion of a preexisting mature TC (Holland 1995; Li et
al. 2003; Li and Fu 2006; Li et al. 2006), an equatorial-
to-off-equatorial transition of mixed Rossby–gravity
(MRG) waves (Takayabu and Nitta 1993; Liebmann
and Hendon 1990; Dickinson and Molinari 2002), and
scale contraction and energy accumulation of easterly
waves (Tai and Ogura 1987; Kuo et al. 2001; Tam and
Li 2006). Using a linear shallow-water model, Aiyyer
and Molinari (2003, hereafter AM03) simulated the
evolution of equatorial MRG waves in an idealized
background state similar to the active phase of the
Madden–Julian oscillation (MJO). Their numerical re-
sult suggests that the asymmetry in the background
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flow may favor the transfer of an equatorial perturba-
tion to off-equatorial disturbances.

The numerical study by AM03 implies that the per-
turbation energy for the growth of the off-equatorial
disturbances comes from the specified mean flow, as
the model does not include a perturbation heating feed-
back. This seems different from the observational
analysis by Lau and Lau (1992), who pointed out that
the major energy source for the wave train growth
comes from latent heating in the middle troposphere.
In this study, we intend to examine the origin of the
tropical synoptic wave train in a multilevel baroclinic
model that specifies a realistic 3D summer mean flow.
We are particularly interested in investigating whether
the observed summer mean flow alone, without involv-
ing of the convection–circulation feedback, is able to
lead to the growth of tropical disturbances. Our nu-
merical experiments demonstrate that, while the mean
flow (particularly its vertical shear) is essential to de-
termine the wave train structure and propagation char-
acters, the convection–circulation feedback is crucial to
lead to the unstable growth.

The outline of the paper is as follows. In section 2 we
briefly describe the model. In section 3 we present re-
sults from cases with and without the convective heat-
ing feedback. In sections 4 and 5 we examine the sen-
sitivity of the model solution to initial conditions and to
idealized vertical shear conditions. A conclusion and
discussion are given in the final section.

2. The model

A modified version of the Princeton dynamic-core
atmospheric general circulation model (AGCM) is em-
ployed for this study. The major difference between the
current model and its original version (Held and Suarez
1994) lies in that the current model is linearized by a
specified 3D basic state (e.g., the summer mean basic
state) so that one may examine the evolution of a speci-
fied initial perturbation under an idealized or realistic
mean basic state. The nonlinear baroclinic model is es-
sentially the same as that of Ting and Yu (1998), and
the perturbation equations retain full nonlinearity (see
the appendix for the detailed derivation of the model
and the treatment of circulation-dependent perturba-
tion heating). Using this model, Wang et al. (2003) ex-
amined an equatorially asymmetric atmospheric re-
sponse to a symmetric forcing, and Jiang and Li (2005)
studied the reinitiation of MJO convection in the west-
ern Indian Ocean in boreal summer.

The global spectral model uses sigma, (� � p/ps), as
its vertical coordinate. There are five evenly distributed
sigma levels with an interval of 0.2: a top level at � � 0

and a bottom level at � � 1. The horizontal resolution
of T42 is adopted in this study. The basic equations in
the model include momentum, temperature, and loga-
rithm of surface pressure equations together with a di-
agnostic equation for the vertical velocity.

A biharmonic diffusion is applied to the momentum
and temperature equations. Rayleigh friction is applied
to the momentum equations, with the damping rate of
1 day�1 taken in the lowest model level (� � 0.9) to
mimic the planetary boundary layer (PBL) linearly de-
caying to 0.1 day�1 at the level of � � 0.7. Newtonian
cooling with an e-folding time scale of 10 days is applied
to the temperature equation at all model levels.

Since our focus is on tropical perturbations, a strong
damping of 1 day�1 is applied in the perturbation mo-
mentum and temperature equations over higher lati-
tude regions (beyond 40°N and 40°S). A realistic sum-
mer (June–August: JJA) mean state of u, �, T, Ps is
prescribed as the basic state, taken from the long-time
mean of the National Centers for Environmental Pre-
diction–National Center for Atmospheric Research
(NCEP–NCAR) reanalysis (by linearly interpolating
the original standard pressure level data to the model
sigma levels).

3. Roles of the summer mean flow and the
convection–circulation feedback

To test the hypothesis that the synoptic-scale wave
train in the WNP results from the instability of the
summer mean flow in the presence of the convection–
frictional convergence feedback,1 we take a numerical
approach by examining how an initial perturbation
evolves with time under a realistic 3D summer-mean
basic state. For a control experiment, the initial pertur-
bation has a zonal wavenumber-2 structure. Figure 1
shows the horizontal pattern of this initial perturbation.
The initial vorticity perturbation has a weak amplitude
(in an order of 10�8 s�1), and is confined in the lower
troposphere (at � � 0.7).

Figure 2 shows the time evolution of the maximum
perturbation kinetic energy (defined as a maximum
value at each time step) and the amplitude of geopo-
tential height fields at � � 0.7. In the presence of both
the summer mean flow and the CFC feedback, the

1 The CFC feedback represents a two-way interaction between
free atmospheric circulation/convective heating and boundary
layer flows as illustrated by Wang and Li (1993, 1994). On one
hand, boundary layer moisture convergences impact the convec-
tive heating in the midtroposphere; on the other hand, the heating
induces change of the free atmospheric circulation, which further
impacts the boundary layer flows.
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model captures the growth of the most unstable mode.
At day 5, the maximum perturbation wind speed
reaches 2.5 m s�1. The growth rate of the unstable
mode may be estimated based on the time series of the
model wind, and the result shows that the growth rate
is about 1.5 day�1.

The fastest growing mode in the model has a typical
observed synoptic-scale wave train structure in the
WNP (see Fig. 3). The wave train, oriented in the north-
west–southeast direction, has alternative cyclonic and
anticyclonic circulation regions and a zonal wavelength
of 2500 km. The preferred geographic location for the
perturbation growth appears in the WNP, primarily due
to high mean SST and surface moisture content in the
region. This is because, given the same perturbation
vorticity, these background surface conditions would
lead to the strongest CFC feedback.

The unstable mode, with an eastward-tilting vertical
structure, propagates northwestward at a phase speed
of about 10° day�1 (Fig. 4). Compared to the observed
propagation speed of 5–8 m s�1 (Lau and Lau 1990),
the model phase speed is a little faster. Various factors
may contribute to the northwestward phase propaga-
tion. First, the beta effect may lead to a westward ten-
dency of perturbation vorticity. Second, under the CFC
feedback scenario, a northward shift of cyclonic vortic-
ity (and associated Ekman pumping and boundary
layer convergence) relative to a convection center,
caused by barotropic and baroclinic mode coupling un-
der an easterly shear (Wang and Xie 1996; Jiang et al.
2004), may lead to a northward propagation tendency.

Third, the mean flow steering/advection may provide
an additional northwestward propagation tendency.

Why does the most unstable mode prefer the synop-
tic-scale wavelength? To examine the possible role of
the summer mean flow on the characteristic length
scale selection, we conduct a sensitivity experiment by
removing the CFC feedback (i.e., neglecting the per-
turbation heating by setting � � 0). The model is inte-

FIG. 2. Evolution of maximum perturbation kinetic energy
(dashed line, unit is m2 s�2) and geopotential height (solid line,
unit is m) at � � 0.7 in the presence of both summer mean flow
and CFC feedback.

FIG. 1. Horizontal pattern of an initial vorticity perturbation (contour interval is 0.5 � 10�8 s�1) in
the control experiment.
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grated for 25 days. The same initial perturbation as in
the control experiment is used. Figure 5 shows the evo-
lution of the maximum perturbation kinetic energy in
this case. In the absence of the CFC feedback, the per-
turbation does not grow; rather it decays. This indicates
that the climatological summer mean flow alone (with-
out involving of the convective feedback) is unable to
destabilize tropical perturbations. Thus, the summer
mean flow only supports a weakly damped mode in the
Tropics. This differs fundamentally from midlatitude
baroclinic instability waves, which gain energy directly
from the mean westerly jet. The numerical result is
consistent with the previous observational study by Lau
and Lau (1992), who pointed out that the primary heat
source for the synoptic wave train is the latent heating
associated with penetrated convection.

It is noted from Fig. 5 that the maximum kinetic
energy experiences an oscillatory decay with two peaks
appearing at day 4 and day 10, respectively; so does the
maximum perturbation geopotential height (figure not
shown). This implies that the mean flow may play a role

in accumulating perturbation energy, possibly through
wave flux convergences in a confluent flow zone (Kuo
et al. 2001).

Even though the climatological summer mean flow
alone is unable to lead to the perturbation growth, it
does play a role in determining the preferred length
scale, wave train structure, and propagation character-
istics. Figure 6 illustrates the meridional wind structure
of the least damped mode in the model. A northwest–
southeast oriented wave train pattern emerges. The
wave train has alternative cyclonic and anticyclonic cir-
culation regions with a wavelength of about 2500 km.

The weakly damped mode propagates toward the

FIG. 3. Horizontal patterns of the most unstable mode at day 5:
(a) normalized meridional wind field and (b) normalized geopo-
tential height field at � � 0.7 (contour interval is 0.2).

FIG. 4. (a) Vertical structure of the normalized geopotential
height field at day 5 and (b) time–longitude section of the nor-
malized geopotential height field from day 3 to day 5 along 10°N.
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west and northwest. Figure 7 illustrates the longitude–
time section of the meridional wind along 10°N. The
propagation speed is about 2.5° day�1, which is some-
what slower than the observed and that derived from
the control experiment.

4. Sensitivity to initial conditions

To examine the sensitivity of the model solution to
initial perturbations, we conducted the following two
sensitivity experiments under the realistic summer
mean flow and the CFC feedback. In the first experi-
ment the initial perturbation has a much shorter hori-
zontal wavelength but with the same amplitude in
vorticity. In the second experiment a westward-propa-
gating equatorial mixed Rossby–gravity wave is speci-
fied, based on the analytical solution of Matsuno
(1966). The MRG wave is characterized by cross-equa-
torial flows, and initially its wind amplitude is set to be
0.1 m s�1. Figure 8 shows the horizontal patterns of the
two initial perturbations.

The numerical results indicate that the final structure
of the unstable mode is not sensitive to the initial con-
ditions. In both cases the model reproduces the most
unstable modes that have similar synoptic wave train
structures in the WNP (Fig. 9). This supports the hy-
pothesis that the summertime synoptic wave train in the
WNP is a result of instability of the summer mean flow
in the presence of the CFC feedback. Any type of per-
turbation under such a background condition may grow
and develop into the wave train pattern. Note that in
reality this background condition (especially the sur-
face moisture condition) may vary on intraseasonal and
interannual time scales and, as a result, the synoptic
wave train development may be subject to subseasonal
and long-term variabilities.

5. Sensitivity to the vertical shear

In this section, we further examine the effect of the
vertical shear of the mean zonal flow on the growth and
propagation characters of the synoptic wave train. To

FIG. 6. Normalized (divided by its maximum amplitude)
meridional wind pattern of the least damped mode at day 25.

FIG. 5. Time evolution of maximum perturbation kinetic energy
(unit is m2 s�2) at � � 0.7 in the lack of CFC feedback. A clima-
tological summer mean flow is specified as the model basic state.

FIG. 7. Time–longitude section of the normalized meridional
wind field of the least damped mode at 10°N from day 23 to
day 25.
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isolate the vertical shear effect, we conducted a set of
idealized numerical experiments in which the zonal ba-
sic flow is a function of height only and does not change
with the zonal and meridional directions. In this ideal-
ized setting, both the basic-state meridional wind and
vertical motion vanish, and a thermal wind balance
holds for the basic-state zonal wind and temperature
(or geopotential height) fields. The surface moisture
and SST conditions, however, are kept the same as in
the control experiment (i.e., the climatological summer
mean values) in order to generate the localized growth
of perturbation patterns over the WNP.

Three sets of vertical shear experiments were con-
ducted. In the first experiment, an easterly shear of �15
m s�1 (hereafter the vertical shear is defined as a half of
the upper- and lower-tropospheric zonal wind differ-
ence) with a linear vertical profile (i.e., �15, �7.5, 0,
7.5, 15 m s�1 for � � 0.1, 0.3, 0.5, 0.7, 0.9, respectively)

was specified. In the second experiment, a westerly
shear of 15 m s�1 with the same linear vertical profile
was applied. In the third experiment, the vertical shear
was set to be zero (i.e., a resting environment). In all
three cases the same initial perturbation as in the con-
trol experiment (i.e., Fig. 1) was specified.

Figure 10 shows the evolution of maximum pertur-
bation kinetic energy in the three cases. A remarkable
asymmetry appears in the perturbation growth. The
easterly shear is mostly favorable for the perturbation
growth in the WNP, whereas the westerly shear leads to
a weaker growth rate. This is consistent with the Rossby
wave amplification theory proposed by Wang and Xie
(1996), as the low-level circulation is crucial for con-
trolling Ekman pumping and PBL moisture conver-
gence. The zero vertical shear, on the other hand, leads
to no growth even though the CFC feedback is consid-
ered. This points out the importance of the vertical

FIG. 8. Two initial perturbation vorticity fields specified in the sensitivity experiments: (a) a zonal
wavenumber-9 perturbation and (b) a westward-propagating equatorial mixed Rossby–gravity wave
(contour interval is 0.5 � 10�8 s�1).
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shear in setting up the preferred spatial structure for an
efficient convection–circulation feedback.

In addition to the remarkable difference in growth
rate, the vertical shear of the mean flow also signifi-
cantly impacts the wave train propagation character.
Figure 11 shows two snapshots (within a 6-h interval) of
the geopotential height fields at low level (� � 0.7) in
the easterly and westerly shear cases. While the easterly
shear leads to northwestward propagation of the wave
train (Fig. 11a), in contrast the westerly shear leads to
southeastward phase propagation (Fig. 11b). In the lat-
ter case the perturbation is confined more to the equa-
torial region.

6. Conclusions and discussion

The origin of the summertime synoptic wave train in
the western North Pacific is investigated by means of a
multilevel baroclinic model in which a realistic 3D sum-
mer mean basic state is specified. To mimic the convec-

tion–circulation feedback, a simple convective heating
scheme was applied in which the perturbation convec-
tive heating is proportional to the PBL moisture con-
vergence. A vertical heating profile with maximum am-
plitude in the middle (or upper) troposphere is speci-
fied, and the heating coefficient depends greatly on the
summer mean surface moisture content and SST. By
introducing a small perturbation initially, we examine
how the perturbation evolves with time under the speci-
fied summer mean flow, in the presence or absence of
the CFC feedback. The numerical experiments indicate
that the origin of the synoptic wave train arises from
both the dynamic effect of the 3D summer mean flow
and the thermodynamic effect of the convective heating
feedback. Lacking either one of the two factors would
lead to no growth for the perturbation.

The numerical experiments indicate that the clima-
tological summer mean flow alone is unable to excite
baroclinic or barotropic instability to lead to the growth
of the tropical perturbations. However, the mean flow
determine a preferred length scale for perturbations. In
the absence of the CFC feedback, the model repro-
duces a least damped mode, which has a northwest–
southeast oriented wave train pattern and a typical
zonal wavelength of 2500 km. The wave train propa-
gates northwestward at a speed of 2.5° day�1, which is
slower than the observed phase speed.

In the presence of both the 3D summer mean flow
and the CFC feedback, the model captures a fast grow-
ing mode whose horizontal pattern is similar to the ob-
served synoptic wave train in the WNP. The unstable

FIG. 9. The normalized meridional wind patterns of the most
unstable mode at day 5 calculated from the two initial conditions
shown in Fig. 8 in the presence of the 3D summer mean flow and
the CFC feedback.

FIG. 10. Evolution of maximum perturbation kinetic energy
(unit is m2 s�2) at � � 0.7 under a constant easterly shear (solid
line), westerly shear (dashed line), and zero shear (dotted line).

MARCH 2006 L I 1099



mode has an eastward tilting vertical profile, propagat-
ing northwestward at a phase speed close to the ob-
served.

Why is the western North Pacific the most favorable
region for the rapid development of the synoptic wave
train in boreal summer? The following two factors may
be crucial. First, the warm SST pool and the great water
vapor content may lead to a significantly large amount
of moist static energy and, thus, conditionally unstable
stratification in the region (Li and Wang 1994). Second,

the monsoon confluent flow and easterly vertical shear
may lead to local energy accumulation (Kuo et al. 2001)
and Rossby wave amplification (Wang and Xie 1996) in
the lower troposphere. To examine the effect of the two
factors, two idealized numerical experiments have been
conducted. In the first, 3D summer mean basic flows,
along with winter mean SST and surface moisture fields
(for the purpose of convective heating calculation
only), are specified. In the second, 3D winter mean
basic flows along with summer mean SST and surface

FIG. 11. Two snapshots (at a 6-h interval) of normalized geopotential height fields at � � 0.7
around day 5 under constant (top) easterly shear and (bottom) westerly shear. In both panels,
the height field with color contours appears 6 h prior to that with black contours.
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moisture conditions are specified. It turns out that in
both cases there is no unstable development of synoptic
wave trains in the WNP. The experiments above point
out the importance of both the dynamic and thermo-
dynamic factors in determining the preferred region of
the rapid development of the synoptic wave distur-
bances.

The sensitivity experiments with two different initial
perturbations, one with a shorter zonal wavelength and
the other with an equatorial mixed Rossby–gravity
wave structure, indicate that the model solution is not
sensitive to the initial conditions. In these simulations, a
similar northwest–southeast oriented synoptic wave
train develops in the WNP.

Our sensitivity experiments suggest that the vertical
shear of the basic flow may have a profound impact on
the growth and propagation characters of the synoptic
wave train. Given the same surface (moisture and SST)
conditions, an easterly shear favors a much faster
growth than a westerly shear or zero shear. Whereas
the easterly shear leads to northwestward phase propa-
gation, the westerly shear leads to southeastward phase
propagation.

In this study with the aid of the numerical experi-
ments we demonstrated the role of the summer mean
flow and the CFC feedback in generating the synoptic
wave train in the WNP. Keep in mind that in the cur-
rent model a simple heating scheme is used and the
surface moisture is fixed from its climatological sea-
sonal mean value. A further study with more sophisti-
cated convective heating schemes and an interactive
moisture field is needed to validate/compare the results
presented here. Another issue is how to interpret the
dynamic impact of the vertical shear on tropical wave
propagation. Currently a theoretical investigation of
the role of the basic-state vertical shear in determining
tropical wave instability and propagation characters in
a 2.5-layer dynamic framework is in progress and re-
sults will be reported elsewhere.
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APPENDIX

A Multilevel Baroclinic Model

The primitive atmospheric governing equations in a
vertical sigma coordinate may be written as

�v
�t

� ��� � RTS0�PS � Gm, �A1	

�T

�t
�

�TS0

�
�̇D � �TS0
D� � GT , �A2	

�PS

�t
� �
D� � GC , �A3	

where PS � ln(ps) represents a nature logarithm func-
tion of surface pressure, TS0 � 250 K is a reference
atmospheric temperature, �̇ � �̇D � �̇A represents ver-
tical velocity in the sigma (� � p/ps) coordinate, �̇D �
��

0 (D � 
D�) d�, �̇A � ��
0 (v � 
v�) · PS d�, and angle

brackets denote a vertical average from surface to the
top of atmosphere. Here Gm, GT, and GC are nonlinear
terms representing slow (comparing to gravity wave
speed) advective adjustment and atmospheric diabatic
processes, which have the following forms:

Gm � ��� � f 	k � v � �̇
�v
��

� �E � R�T � TS0	�PS ,

GT � �v · �T � �̇
�T

��
� Q � ��T � TS0	
D�

�
��T � TS0	

�
�̇ �

�TS0

�
�̇A,

GC � �
v� · �PS.

Assume that the basic-state variables satisfy the gov-
erning equations above, which implies that the effect of
atmospheric transients on the seasonal mean basic state
is negligible in the Tropics. By subtracting the basic-
state equations from the total equations, one may de-
rive the perturbation governing equations:

�v�

�t
� ���� � RTS0�P�S � G�m, �A4	

�T�

�t
�

�TS0

�
�̇�D � �TS0
D�� � G�T , �A5	

�P�S
�t

� �
D�� � G�C , �A6	

where G�m � Gm(a � a�) � Gm(a), G�T � GT(a � a�) �
GT(a), G�C � GC(a � a�) � GC(a), vector a represents
model-dependent (both prognostic and diagnostic)
variables, and a variable with a prim represents a per-
turbation field and a variable with an overbar denotes
the basic-state field.

To represent the interactive nature of the circulation
and convection, a simple convective heating scheme is
applied in the model (following Kuo 1974; Wang and Li
1993, 1994) in which the perturbation convective heat-
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ing is primarily determined by the boundary layer mois-
ture convergence, that is,

Q� � ��	� · �qsv�L	f��	, �A7	

where qs denotes the summer mean basic-state specific
humidity at the surface, v�L represents the lowest-level
(PBL) perturbation wind field, � is a heating coefficient
representing the strength of the convection–frictional
convergence feedback, � is a SST-dependent switch-on
heating coefficient (Wang and Li 1993), and � � 1 when
SST � 29.5°C, � � 0 when SST � 26.5°C, and � � (SST
� 26.5)/3 when 26.5°C � SST � 29.5°C, and f(�) rep-
resents the vertical profile of the heating and has a
maximum value of a unit in the middle (or upper) tro-
posphere.

For the current study, the heating coefficient, �, is set
as such that a PBL convergence of 10�5 s�1 corresponds
to a heating rate of 1°C day�1. This specified heating
rate is in a reasonable range compared to the observed
climatological monthly mean value over the ITCZ. Two
vertical heating profiles have been tested. In one case
the maximum heating is located at � � 0.5. In the other
case the maximum heating resides at � � 0.3. It turns
out that the model solution is not sensitive to the two
heating profiles.
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