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ABSTRACT

The daily outgoing longwave radiation (OLR) field in boreal summer shows significant power spectrum peaks on
quasi-biweekly (10-20-day) and intraseasonal (20—80-day) timescales over the Indo—western Pacific warm pool, es-
pecially over the South China Sea and Bay of Bengal. The quasi-biweekly oscillation (QBWO) originates from off-
equatorial western North Pacific, and is characterized by a northwest—southeast oriented wave train pattern, propagat-
ing northwestward. The intraseasonal oscillation (ISO), on the other hand, originates from the equatorial Indian
Ocean and propagates eastward and northward.

Why the equatorial mode possesses a 20—80-day periodicity while the off-equatorial mode favors a 10-20-day peri-
odicity is investigated through idealized numerical experiments with a 2.5-layer atmospheric model. In the off-equat-
orial region, the model simulates, under a realistic three-dimensional summer mean flow, the most unstable mode that
has a wave train pattern with a typical zonal wavelength of 6000 km and a period of 10-20 days, propagating north-
westward. This is in contrast to the equatorial region, where a Madden—Julian oscillation (MJO) like mode with a
planetary (wavenumber-1) zonal scale and a period ranging from 20 to 80 days is simulated. Sensitivity experiments
with different initial conditions indicate that the QBWO is an intrinsic mode of the atmosphere in boreal summer in
the off-equatorial Indo—western Pacific region under the summer mean state, while the MJO is the most unstable
mode in the equatorial region.

Key words: quasi-biweekly oscillation (QBWO), intraseasonal oscillation (ISO), Madden—Julian oscillation (MJO),
scale selection

Citation: Zhang, Y., T. Li, J. Y. Gao, et al., 2020: Origins of quasi-biweekly and intraseasonal oscillations over the
South China Sea and Bay of Bengal and scale selection of unstable equatorial and off-equatorial modes. J.
Meteor. Res., 34(1), 137149, doi: 10.1007/s13351-020-9109-7.

view on this subject). Xie et al. (1963) discovered a

The Asian monsoon exhibits distinctive quasi-bi-
weekly (10-20-day) and intraseasonal (20-80-day) oscil-
lations in boreal summer (Murakami, 1980; Lau et al.,
1988; Wang and Rui, 1990; Li et al., 2015; Xu et al.,
2017; see Li and Wang, 2005; Li and Hsu, 2018 for a re-

40-50-day oscillation in zonal wind over the Indo—west-
ern Pacific sector (Li et al., 2018; Xie et al., 2018). Lau
et al. (1988) found 40- and 20-day oscillations respect-
ively in the rainfall field over East Asia and suggested
that the former was associated with the Madden—Julian
oscillation (Madden and Julian, 1971, 1972; hereafter
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MIJO) while the latter was affected by local processes.
Chen et al. (2000) found power spectrum peaks at 30—60
and 12-24 days respectively in summer low-level zonal
wind, equivalent black body temperature, and outgoing
longwave radiation (OLR) fields over the South China
Sea (SCS) and the Meiyu or Baiu front. Teng and Wang
(2003) found dominant westward propagating signals on
the quasi-biweekly timescale over the off-equatorial re-
gion and eastward propagating signals with around 50-
day periodicity at the equator.

While many previous observational analyses revealed
the marked oscillations on quasi-biweekly and intra-
seasonal timescales over the monsoon regions, the phys-
ical origins of the oscillations are unclear. In particular,
for the quasi-biweekly oscillation (QBWO), although
previous studies have illustrated their structure and pro-
pagation features (e.g., Hsu and Weng, 2001), dynamic-
ally what determines the preferred temporal and spatial
scales is unclear. In contrast to an equatorially symmet-
ric pattern in boreal spring (Wen et al., 2010), the QBWO
shows a distinctive equatorially asymmetric structure in
boreal summer. Goswami and Mathew (1994) suggested
that the boreal summer QBWO is an intrinsic atmosphe-
ric mode excited by the evaporation—wind feedback in
the presence of the monsoon westerly. In their theoreti-
cal study, however, an artificial time lag between convec-
tion and heating was required, in order to obtain an oscil-
latory solution. Chatterjee and Goswami (2004) pro-
posed that the QBWO is an unstable n = 1 Rossby wave
driven by the convective feedback in the presence of the
equatorially asymmetric background mean flow.

The objective of the current study is to examine the
origins of the QBWO and intraseasonal oscillation (ISO)
of precipitation over the SCS and the Bay of Bengal
(BoB), and to reveal the mechanism for spatial and tem-
poral scale selection of the QBWO and ISO modes in the
off-equatorial and equatorial regions, respectively. For
the first objective, a diagnosis of observational data will
be carried out. For the second objective, an intermediate
atmospheric model will be applied for analysis in both
the equatorial and off-equatorial regions.

The remaining part of this paper is organized as fol-
lows. In Section 2, the data and method are first intro-
duced. This is followed by an observational data analysis
of origins of the QBWO and ISO over the SCS and BoB
in Section 3. In Section 4, we conduct a theoretical in-
vestigation of scale selection of the QBWO (ISO) mode
in the off-equatorial (equatorial) region with an interme-
diate atmospheric model. Finally, conclusions and dis-
cussion are given in Section 5.
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2. Data, method, and model

The primary observational data used in the current
study include the NCEP/DOE (Department of Energy)
Reanalysis II (Kanamitsu et al., 2002) and daily OLR
product. Both datasets have a horizontal resolution of
2.5° x 2.5°. The analysis focuses on extended summer
season (i.e., from May to October) for the period of
1979-2001.

A lagged correlation analysis is employed, with a ref-
erence box over the SCS (10°-20°N, 110°-120°E) and
BoB (10°-20°N, 85°-95°E) respectively, to derive the
structure and evolution features of the QBWO and ISO
modes. Propagation vectors are calculated at each grid
point based on the maximum lagged correlation coeffi-
cient in the surrounding region within a short time win-
dow (which is 2 days for the QBWO mode and 5 days
for the ISO mode).

In addition to the lagged correlation analysis, a multi-
variate empirical orthogonal function (EOF) analysis is
performed onto the bandpass filtered 850-hPa wind and
vorticity fields over the Asian monsoon domain (10°S—
30°N, 50°E—180°). Based on the leading EOF modes, a
composite analysis is further applied to the 850-hPa wind
and vorticity fields to reveal the spatial structure and
evolution characteristics of the two modes.

A 2.5-layer atmospheric model (Li and Wang, 1994;
Wang and Li, 1994; Wang and Xie, 1997; Jiang et al.,
2004) is used to investigate the most unstable mode in
the off-equatorial region in boreal summer. This model
consists of two-level free atmosphere and a well-mixed
planetary boundary layer (PBL). This model is essen-
tially the same as that used previously in studying the
planetary zonal scale selection of the equatorial mode at
the equator (Li and Zhou, 2009; Li, 2014). The model
has a horizontal resolution of 5° longitudes by 2° latit-
udes and covers the domain of 40°S—40°N, 0°-360°.

The governing equations are linearized based on either
an idealized or realistic background mean state. The per-
turbation condensational heating in the middle tropo-
sphere (Q/,) depends on both the vertically integrated
mean and anomalous moisture convergences,

01 = 610m —620m, (1)
where Qy, represents the total heating,
bL. , o , o
Om = A—p[—(wm +0m) X (g2 = q1) — (W¢ + De) X (Ge — §2)],
2

and Oy, represents the heating due to the basic-state cir-
culation,
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= bL.

Om = A_[_@m(ED_C—h)_&)e(‘_]e_Z]Z)L 3)
P

and §; and 6, are SST-dependent heating switch-on coef-
ficients (Wang and Li, 1994; Li, 2006),

01(62) =
1, if SST > 29.5,and Q(Qm) > 0
(SST—26.5)/3, if 26.5 < SST < 29.5,and Q(Op) > 0 .
0, if SST < 26.5,0r Om(Om) <0

“4)
In Egs. (2) and (3), Ap (= 400 hPa) is the mean depth
between the upper and lower free-atmosphere levels, and
g1, 42, and ge represent mean specific humidity at the up-
per level, lower level, and in the boundary layer, respect-
ively. The basic-state humidity fields are the function of
specific humidity at the surface, and decay exponentially
with height (Wang, 1988). Variables w}, and )/ denote
vertical velocities in the middle troposphere and at the
top of PBL respectively, while @, and @. denote sum-
mer mean vertical velocities at the middle level and the
top of PBL respectively. In addition, » (= 0.9) is a frac-
tion parameter measuring the efficiency of precipitation,
and L. is the latent heat of condensation per unit mass.
Although simple, this model contains essential dynam-
ics and physics for tropical low-frequency motion (Wang
and Li, 1994). The specified basic-state fields include
geopotential height, wind, sea surface temperature (SST),
and surface specific humidity derived from the NCEP/
DOE Reanalysis II. By integrating the model forward,
one may examine the temporal evolution of initial per-
turbation under the specified background mean state and
structure and evolution characteristics of the most un-
stable mode simulated by the model.

3. Origins of the QBWO and ISO modes

We first reveal strong convective activity centers over
the Asian monsoon domain. Figure 1a shows the stand-
ard deviation of the daily OLR field during May—Octo-
ber. As one can see, there are two major activity centers,
with one over the SCS/western North Pacific (WNP) and
the other over the BoB. The maximum value of the OLR
standard deviation in the two regions exceeds 45 W m 2.

The power spectrum analysis of the OLR anomaly av-
eraged over the SCS (10°-20°N, 110°-120°E) reveals
two dominant peaks on the quasi-biweekly (10-20-day)
and intraseasonal (20—80-day) periods respectively (Fig.
1b). This result is consistent with many previous studies
over the different tropical regions (e.g., Lau et al., 1988;
Chen et al.,, 2000). The similar two power spectrum
peaks are also seen over the BoB (10°-20°N, 85°-95°E)
(figure omitted).
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Fig. 1. (a) Standard deviation of boreal summer (May—October) daily
OLR field during 1979-2001, with shadings representing values greater
than 35 W m™2. (b) Power spectrum of the OLR anomaly averaged
over 10°-20°N, 110°-120°E, with the circle denoting the ISO band
and the oval the QBWO band, and the solid line representing the lower
bound of the 95% confidence interval.

To reveal the relative strength of the QBWO and ISO
modes, a specially designed sharp bandpass filter (Chris-
tiano and Fitzgerald, 2003; also see Li et al., 2006) was
applied to the daily OLR anomaly field, to separate the
10-20-day and 20-80-day modes. Figure 2 illustrates the
standard deviations and the propagation vectors of the
10-20-day and 20-80-day filtered OLR fields. Note that
strong OLR variabilities appear over both the SCS and
BoB regions for both the QBWO and ISO modes. For ex-
ample, the standard deviation of the OLR anomaly ex-
ceeds 20 W m 2 for the QBWO mode and 24 W m? for
the ISO mode over the SCS. In general, the variabilities
of the two modes are comparable and each accounts for
approximately 50% of the total low-frequency variability.

Given the strong OLR variabilities over the SCS and
BoB regions on both timescales, one may wonder what
the origins of these variabilities are. Figure 2 shows that
for the ISO mode, there is pronounced northward pro-
pagation of convection over the tropical Indian Ocean,
SCS, and western Pacific, while the QBWO mode is
dominated by westward or northwestward propagation.

A lagged correlation analysis with reference to the
SCS box was performed and the results (Fig. 3) show
that for the QBWO mode, convective signals originate in
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Fig. 2. Standard deviation (shading; W m?) and propagation vectors
of the (a) 10-20-day and (b) 20-80-day filtered OLR fields.

the off-equatorial western Pacific and propagate west-
ward into the SCS region. This is in contrast to the I[SO
mode in which convective signals originate from the
equatorial Indian Ocean, propagate eastward along the
equatorial Indian Ocean, and bifurcate toward the north
after passing Sumatra. Such a feature is consistent with
that found by Jiang et al. (2004) and Jiang and Li (2005).

A similar correlation analysis was carried out with ref-
erence to the BoB box (Fig. 4). Again, for the 10-20-day
oscillation, the convective signal originates from the
tropical western Pacific. For the 20-80-day mode, the
major convective center moves eastward along the equat-
orial Indian Ocean, and then shifts northward after ap-
proaching the western coast of Sumatra.

Another way to show the dominant structure and pro-
pagation characteristics of the QBWO mode is through
an EOF analysis. Before conducting EOF analysis, a
10-20-day bandpass filtering was applied to the original
reanalysis fields. Then we calculated lagged correlation
between principal components (PCs) of the first two
leading EOF modes, and found that they have a signific-
ant maximum correlation at a 90-degree phase lag, sug-
gesting that they represent the same physical mode.

Figure 5 illustrates the evolution of the 850-hPa wind
and vorticity fields associated with the QBWO mode
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from day 0 to 3 based on the EOF analysis above. Here
day O corresponds to the time when maximum vorticity
appears at 10°N, 140°E. A northwest—southeast oriented
wave train pattern, with a total horizontal wavelength of
about 4000 km, appears over the WNP. The correspond-
ing zonal wavelength is about 6000 km. The wave train
propagates northwestward, similar to the convective an-
omaly shown in the left panels of Fig. 3.

The result above points out the different origins of the
10-20- and 20-80-day oscillations over the SCS and
BoB. The convective signals associated with the QBWO
mode originate from off-equatorial western Pacific,
whereas the convective signals associated with the ISO
mode originate from the equatorial Indian Ocean. An im-
portant science question is why the off-equatorial mode
favors a 10-20-day period while the equatorial mode
prefers a 20—-80-day period.

We hypothesize that such a difference lies on distinct-
ive wave dynamics and circulation patterns between
equatorial and off-equatorial regions. At the equator, be-
cause of vanished Coriolis force, divergent vertical over-
turning circulations and equatorial Kelvin waves domin-
ate. As a result, a planetary zonal scale (i.e., a wave-
length of 36,000 km) is selected. Off the equator, rota-
tional circulations and Rossby waves dominate. As a res-
ult, a wave train pattern with alternated cyclone and anti-
cyclone structure is excited. The off-equatorial wave
train has a typical zonal wavelength of about 6000 km
(Fig. 5). Given that the ratio of phase speed of Rossby
wave versus Kelvin wave is about one-third (Matsuno,
1966), and ratio of the zonal wavelength of the off-equat-
orial mode versus that of the equatorial mode is about
one-sixth, the time period that an equatorial perturbation
takes to travel over one wavelength is about two times as
large as that of an off-equatorial perturbation. This ex-
plains why the period of the equatorial mode is longer
than that of the off-equatorial mode.

The discussion above is based on physical argument.
Here the spatial scales for the equatorial and off-equatorial
modes are derived from the observations (e.g., Wang and
Rui, 1990; Hsu and Weng, 2001). In the following, we
intend to demonstrate the spatial and temporal scale se-
lection for the two modes based on a simple atmospheric
model.

4. Temporal and spatial scale selection of off-
equatorial and equatorial modes in a
simple theoretical model

A 2.5-layer atmospheric model was applied in Li and
Zhou (2009) to investigate the scale selection of the
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Fig. 3. Lagged correlation (shading; values: 0.5, 0.7, 0.9) maps of the OLR anomaly fields associated with boreal summer QBWO (left; from
day —7 to day 0) and ISO (right; from day —25 to day 0) modes. The correlation was done based on the reference point over the South China Sea
(SCS) box (10°-20°N, 110°—120°E). It has been normalized by the maximum correlation coefficient in each panel.

equatorial mode. It was found that atmospheric nonlin-
ear heating is crucial for the planetary scale selection of
the equatorial mode. Figure 6 shows simulated zonal
wind anomaly at the equator for an initial wavenumber-5
perturbation case. During the first 10-day integration, the
perturbation remains the initial wavenumber structure, as
it moves eastward along the equator. After an adjust-
ment period, the amplitude of the initial wavenumber-5
perturbation decays rapidly, while a wavenumber-1 per-
turbation emerges and develops. By day 20, the zonal
wind at the equator is dominated by a wavenumber-1

zonal structure.

Numerical experiments with other initial wavenumber
perturbation cases (from wavenumber 1 to 15) show the
essentially same final solution (Li and Zhou, 2009).
Therefore, regardless of what initial perturbations are
given, the nonlinear heating causes a final scale selection
at planetary zonal scale. The horizontal structure of this
most unstable mode shows a Kelvin—Rossby wave
couplet pattern (Li and Wang, 1994; Wang and Li,
1994), which is similar to the observed (see Hendon and
Salby, 1994). The estimated zonal phase speed in the
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Fig. 4. AsinFig. 3 pt for the ref point over the Bay of Bengal (BoB) box (10°~20°N, 85°-95°E
model is about 12 degrees per day, which corresponds to dynamic/thermodynamic damping (1 x 10 s') is ap-

a period of 30 days to circulate around the globe. This
simulated period is well within the intraseasonal range.
The numerical model result above indicates that the
equatorial mode favors the most unstable growth at plan-
etary zonal scale and a preferred period of 20—80 days in
general. Following this approach, we intend to examine
the temporal and spatial scale selection dynamics of the
off-equatorial mode, using the same atmospheric model.
To focus on examining the off-equatorial mode, a strong

plied to the regions north of 30°N and south of 5°N.
Within 5°-30°N, a modest dynamic/thermodynamic
damping coefficient of 2 x 107 s! is applied, which cor-
responds to an e-folding timescale of approximately
5 days.

It is hypothesized that the QBWO is the most unstable
mode under the summer mean flow over the off-equatorial
Indo—western Pacific warm pool. To test this hypothesis,
we design a number of numerical experiments using the
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Fig. 6. Time-longitude section of the equatorial zonal wind in the
lower troposphere from the 2.5-layer model simulation under the non-
linear heating. An initial wavenumber-5 perturbation was introduced.
The contour interval is 5 m s and the shading represents the westerly
wind. From Li and Zhou (2009).

2.5-layer atmospheric model. Our strategy is to intro-
duce a weak vorticity perturbation initially with different
zonal wavenumbers and examine how the perturbation
grows with time and what the structure and propagation

characteristics of the most unstable mode simulated by
the model are.

The observed three-dimensional summer mean fields
are specified as the model basic state. The mean circula-
tion over the monsoon trough region is characterized by
low-level convergence, cyclonic vorticity, ascending mo-
tion, easterly vertical shear, and high mean SST and
moisture content. These dynamic and thermodynamic
conditions favor the growth of tropical disturbances.

The initial perturbations have the form of an off-equat-
orial Rossby wave centered at 16°N, with a zonal
wavenumber ranging from 1 to 20. The initial perturba-
tion stream function (y) has its maximum amplitude at
the central latitude (16°N) and decreases to zero at 6° and
26°N. The perturbation zonal and meridional winds are

o

then derived from the stream function field: u = _(9_y and

0 — . . .
V= ﬁ_w The initial perturbation geopotential height field
X

is given by @ = fy according to the quasi-geostrophic
approximation. Figure 7 shows the initial geopotential
height and wind fields for zonal wavenumber 3 at the
lower free-atmospheric level. A high (low) pressure is
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Fig. 7. Initial perturbation fields of wavenumber-3 geopotential height (contour; m* s ) and wind (vector; m s™') at 850 hPa.

collocated with the anticyclonic (cyclonic) circulation in
the Northern Hemisphere. For other initial perturbations,
only the zonal wavenumber varies while the structure
and amplitude remain the same.

The numerical simulations indicate that regardless of
what initial zonal wavenumbers are given, the structure
and propagation characteristics of the model final solu-
tions are always the same. Figure 8 illustrates the nor-
malized (divided by the maximum amplitude at each time
level) low-level vorticity fields at day 14 for initial zonal
wavenumber 1 (upper panel), 5 (middle panel), and 9
(lower panel) cases. Note that a northwest—southeast ori-
ented wave train is simulated in each experiment. The
wave train has a typical total wavelength of about
4000 km (or a zonal wavelength of approximately 6000
km), consistent with the observational diagnosis (Fig. 5).
The maximum perturbation appears in the region of
strong background easterly shear and high mean SST and
specific humidity.

To illustrate the evolution characteristic of the most
unstable mode, Fig. 9 shows the time sequence of the
normalized vorticity field at day 15 (upper panel), 16
(middle panel), and 17 (lower panel) for initial zonal
wavenumber 5 case. It is seen that the wave train propag-
ates northwestward at a phase speed of approximately 5
degrees per day. The northwestward propagation is ro-
bust for all cases with different initial zonal wavenum-
bers. Another noted feature is the low-frequency growth
of the perturbations—the amplitudes of the vorticity per-
turbation increase from day 15 to day 17 (from 4.5 x 107
s1t05.4x10%s™).

The zonal phase propagation speed may be estimated
based on the time—longitude section of the normalized
vorticity field from day 14 to day 17 (Fig. 10). Our calcu-
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Fig. 8. Simulated low-level vorticity fields at day 14 for initial zonal
wavenumber 1 (upper), 5 (middle), and 9 (lower panel) cases. The vor-
ticity field in each panel has been normalized by its amplitude to
clearly illustrate the horizontal wave train pattern. Red line represents
the total horizontal wavelength and blue line represents the zonal
wavelength.
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Fig. 9. Evolution of the normalized low-level vorticity field at day 15
(upper), 16 (middle), and 17 (lower panel) for the initial zonal
wavenumber 5 case. The maximum amplitudes of the vorticity from
day 15to 17 are 4.5 x 10%s7, 49 x 10°s7!, and 5.4 x 10° 57, re-
spectively.
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Fig. 10. Time-longitude section of the normalized low-level vorti-

city field from day 14 to day 17 for the initial zonal wavenumber 5 case.

lation shows that the westward zonal phase speed is at
the range of 3-6 m s™'. At a fixed location, one may es-
timate the period of the off-equatorial mode based on its
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zonal wavelength and zonal phase speed. For a zonal
wavelength of 6000 km and a zonal phase speed of
3-6 m s, the corresponding period is about 10-20 days.

The dependence of the zonal wavelength and period of
the most unstable mode in the off-equatorial region on
the initial zonal wavenumber is plotted in Fig. 11. It
shows that they are insensitive to the initial wavelength.
The result implies that the QBWO is an intrinsic atmo-
spheric mode in boreal summer over the off-equatorial
Indo—western Pacific warm pool region.

What causes the northwestward propagation of the
wave train? Jiang et al. (2004) and Drbohlav and Wang
(2005) suggested that the basic-state easterly shear con-
tributes to the northward propagation through the genera-
tion of the free-atmospheric barotropic vorticity and PBL
convergence ahead of the convection. Thus, the combina-
tion of the S effect and the vertical shear effect may lead
to the northwestward propagation. Li (2006) demon-
strated that the tropical perturbation grows at a faster rate
under an easterly shear than a westerly shear. Figure 12
shows the spatial phase relationship between the PBL di-
vergence and mid-tropospheric vertical motion. Note that
the PBL convergence (divergence) slightly leads the mid-
tropospheric ascending (descending) motion, consistent
with the observational analysis result (Hsu and Weng,
2001). Such a phase shift favors the northwestward
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Fig. 11. (a) Zonal wavelength (vertical axis) and (b) period of the fi-
nal model solution as a function of initial zonal wavenumber (zonal
axis) ranging from 1 to 20.
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litudes to clearly see their horizontal structures.

propagation because the PBL convergence increases the
low-level moisture and favors the development of a con-
vectively unstable stratification (Hsu and Li, 2012). Such
a phase relation is also found in other simulations with
different initial wavenumbers.

In the control experiments above, the observed sum-
mer mean flow is specified as the model basic state. Is
the summer mean flow crucial in generating the north-
west—southeast oriented QBWO mode? To address this
question, a sensitivity test was conducted by removing
the summer mean flow (i.e., specifying a resting environ-
ment) while keeping the same SST and surface humidity
fields. Figure 13 shows the simulated low-level vorticity
field under the resting environment condition. For all the
zonal wavenumber cases, only one primary vorticity cen-
ter is found, and there is no clear northwest—southeast
oriented wave train pattern. Furthermore, the maximum
vorticity center appears quasi-stationary and there is no
northwestward propagation. Thus, this sensitivity experi-
ment demonstrates the importance of the summer mean
flow in generating the QBWO mode in the off-equatorial
region.

The initial perturbations specified in all the previous
experiments have the form of Rossby waves. To exam-
ine the sensitivity of the model solution to the initial per-
turbation type, we conducted the second set of sensitiv-
ity experiments, in which initial perturbations are spe-
cified in the form of equatorial Kelvin waves, as shown
in Fig. 14. In this case, the maximum amplitude of the
initial perturbation is located at the equator, with high
(low) pressure anomalies being collocated with westerly
(easterly) anomalies.

Despite of this very different initial condition, the
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Fig. 13. Normalized low-level vorticity fields at day 25 for initial

zonal wavenumber 1 (upper), 5 (middle), and 9 (lower panel) cases un-
der a resting environment. Same initial perturbations as in Fig. 7 were
specified.



FEBRUARY 2020 Zhang, Y., T. Li, J. Y. Gao, et al. 147
40N 0.9
< < <> > > > < < < > > > >/ < < < K > > >|< < < <> > > | < < <> > >
< < <> > > > < < < > > > > < < < p > > > |< < < < > > > |< < < <[> > >
30N 7 < < < > > > > < €« < > > > >l < <« < r > > >|< <« < < > > > |< <« <« <| > > >
“Fg > 107 10 7 10T g T A0 T Sf0 10T =10 *1D ]
20N 4 <= — = > > > > e - > > > > e e F > > > € = < > —> > < e <« e > — —
< 2@ > 20 = 9{; > 20 <—;2<Q x < 20 2 O +« | 520
— - Z —Z > | Z —Z A« < —3 Z (<
10N _‘_’/_ﬁ 1 5Q 30 1 AN =30 [ 5 AR ’ \.JQ“_ 36
/ N L o Ladiad] ~ 4L
o J0 0T IR iR
R JNUTIE d i A il
=0 407 =40 T @O oA
= — > = ir < <
s {577 \wanaxeii hilnznnswyain
20 - > 2O 20 | ¢ < 2207 | 26
208 4 = «— ~ > > > > > e e < £ > > > e — < > —> > < €= — e > — —> A
<-_<-1Q > > -10-> > <_<-1Q- 4 *19 > |< <« LO < ’19 > < :1-0-: >1Q >
<« < < > > > » > < <« <« ¥V > > > < €« < < > > > |< < < <|> > >
30S 7 < < < |> > > > >/ < < < ¥ > > >|< < < 4 > > > < < < < > > >
< < < |> > > > > < < < ¥ > > > |< < < < > > > < < < </ > > >
40S T T T T - T T T T
0 40E 80E 120E 160E 160W 120W 30W 40W 0

Fig. 14. Horizontal distribution of an initial wavenumber-5 perturbation that has a form of equatorial Kelvin wave (vector: low-level wind,

m s '; contour: low-level geopotential height, m* s72).

40N
{e]
30N -+ 0.2
0 0 R4 -0.2
0. 0.4
a 54 =08, “ng 0
20N A 707 11, 0.4 0
11> 2 .6
0.4 N ,/// p
—0.4 -0.2
10N - 0.2 - o
0 0.4 <<
0.2 0.2
EQ T T T T T —— T
0 20E  40E 60E 80E 100E 120E 140E 160E 180

Fig. 15. Normalized low-level vorticity field simulated by the model
at day 14, with the initial condition shown in Fig. 14.

model final solution is a northwest—southeast oriented
wave train pattern (Fig. 15), identical to that in the con-
trol experiments. The result again confirms that the
QBWO mode results from the instability of the summer
mean flow in the presence of convection—circulation
feedback. Regardless of what initial condition is, the fi-
nal solution of the unstable mode is always the north-
west—southeast oriented wave train pattern with a zonal
wavelength of about 6000 km and a period of about
10-20 days, propagating northwestward.

5. Conclusions and discussion

The observational analysis of daily OLR field shows
two significant power spectrum peaks at 10-20- and
20-80-day periods over the SCS and BoB. By separating
the two timescale components, we found that the quasi-
biweekly oscillation over both the regions originates
from the off-equatorial western North Pacific, with pro-

nounced northwestward propagation. The origin of the
20—-80-day mode in the BoB and SCS, on the other hand,
is the equatorial Indian Ocean. The convective signals as-
sociated with the 20-80-day mode propagate eastward
and northward over the Indo—Pacific warm pool region.

The observational analysis result above suggests that
the equatorial mode prefers a 20—80-day period, while
the off-equatorial mode prefers a 10-20-day period. The
cause of such a scale selection is further explored
through a simple 2.5-layer linear atmospheric model. The
numerical model experiments show that regardless of
what initial perturbations are given, under the boreal
summer mean flow, the model simulates the most un-
stable mode in the off-equatorial region that is character-
ized by a northwest—southeast oriented wave train pat-
tern with a typical zonal wavelength of about 6000 km,
propagating northwestward. The maximum growth of the
perturbation appears in the region of the strong back-
ground easterly vertical shear and high mean SST/sur-
face moisture. The wave train propagates northwestward
at a phase speed of 3-6 m s™'. For a fixed observer, a
zonal wavelength of 6000 km and a phase speed of 3—
6 m s! correspond to a period of about 10-20 days.

While the focusing region is the equatorial zone, the
model simulates an MJO like disturbance that has a
Kelvin—Rossby wave couplet structure, propagating east-
ward along the equator. The equatorial disturbance has a
preferred wavenumber-1 zonal structure, with a typical
period at the range of 20—80 days.

Thus, the numerical model experiments confirm the
distinctive temporal and spatial scale selections for the
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equatorial and off-equatorial modes. The QBWO is an
intrinsic atmospheric mode over the off-equatorial west-
ern Pacific in the presence of the summer mean flow. Its
structure resembles the form of Rossby waves with a typ-
ical zonal wavelength of 6000 km and a period of 10-20
days. This is distinctive from the MJO-like mode at the
equator that has a dominant planetary zonal scale and a
20-80-day period.

It is worth mentioning that while the current simple
model simulates a preferred northwest—southeast ori-
ented wave train with a horizontal wavelength around
4000 km, a study by Li (2006) using a different model
reproduced a wave train pattern in western North Pacific
that has a typical wavelength of 2500 km. Given the sim-
ilar summer mean state specified, one may wonder what
causes the difference. We speculate that it might be
caused by different treatments of governing equations
and heating parameterization. In Li (2006), a global at-
mospheric general circulation model was used. The model
consists of primitive governing equations with a spec-
trum dynamic core and five vertical levels. The heating
in the model is proportional to perturbation vorticity in
the lower troposphere. In the current model, the govern-
ing equations are simplified in such a way that only the
first baroclinic mode is considered in the free atmos-
phere, and the heating is proportional to boundary layer
and lower tropospheric moisture convergence. The exact
cause of the different solutions between the two models
is unclear at the moment. A further in-depth study is
needed to understand the difference.

It is also worth mentioning that in a linear model like
the one used here, only the most unstable mode can be
seen in the final solution (other modes are too weak to be
detected). This is why in the off-equatorial mode simula-
tions a strong damping is applied in the equatorial zone
and in the midlatitude region. By doing so one may fo-
cus on the structure and evolution characteristics of the
off-equatorial mode. The MJO-like equatorial mode, on
the other hand, can be easily stimulated in a tropical
channel model under either a resting environment or a
realistic summer or winter mean state.
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