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ABSTRACT

Current theoretical studies have a debate on whether the Madden-Julian oscillation (MJO) has a zero or
westward group velocity. A recent analysis of the observed Hovmoller diagram of MJO signals suggested that
the MJO has a significant westward group velocity. Here it is shown that the observed MJO has a negligibly
small group velocity, which is manifested in two aspects. First, on the wavenumber—frequency spectra diagram
the precipitation spectra indicate quasi independence of the MJO frequency on wavenumber, suggesting a
nearly vanishing group velocity. Second, on the Hovmoller diagram of the regressed intraseasonal daily
precipitation, the MJO group velocity is defined by the propagation of the wave envelopes of the precipitation
and is shown to be negligibly small for the eastward propagating signals. The causes of the discrepancy
between this study and the recent study mentioned above are the calculating method and the data filtering
process. The group velocity in the recent study is calculated by the propagation of local convection extrema,
which does not necessarily indicate the propagation of the wave envelopes. More importantly, the westward
propagation of the local convection extrema is an artifact of the data filtering. The Hovmoller diagram in the
recent study was constructed by using only the eastward propagating wavenumber-1-5 signals. This trunca-
tion of data onto the planetary scales of the eastward wavenumber domain fails to resolve the Maritime
Continent “barrier effect,” causing significant artificial westward propagation of local convection extrema.
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1. Introduction

The Madden—Julian oscillation (MJO) (Madden and
Julian 1971, 1972) is a low-frequency (30-90 days),
convectively coupled planetary-scale system that prop-
agates slowly eastward with a speed of about 3-6ms ™"
from the Indian Ocean (I0) to the western Pacific (WP)
(Knutson et al. 1986; Zhang and Ling 2017). The MJO is
the dominant component of the tropical intraseasonal
variability and the eastward propagation of the MJO is
manifested in both the dynamic and the convective fields
(Zhang 2005), such as 850-hPa zonal wind and pre-
cipitation. The MJO has a distinctive dispersion relation
that differs from other theoretical equatorial waves on the
wavenumber—frequency spectra diagram (Wheeler and
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Kiladis 1999; Hendon and Wheeler 2008). Analogous to
the linear equatorial wave theory, we can define the phase
propagation velocity and the group velocity for the MJO.
The phase velocity of the MJO indicates the phase prop-
agation of the MJO, while the group velocity of the MJO
indicates the energy dispersion of the MJO. Since the MJO
plays a crucial role in bridging weather and climate (Zhang
2013), it is important to understand both its phase propa-
gation and energy dispersion features.

Although the eastward phase propagation of the MJO
and the associated mechanisms have been extensively
studied, the dispersion relation of the MJO and the as-
sociated group velocity feature have been less empha-
sized. Previously, the observational evidences indicated
that the MJO’s frequency is quasi constant with respect
to wavenumber on the wavenumber—frequency spectra
diagram (Salby et al. 1994; Wheeler and Kiladis 1999;
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Roundy and Frank 2004; Hendon and Wheeler 2008;
Jiang et al. 2015), implying a vanishing group velocity for
the MJO. This quasi-constant frequency feature was also
considered to be a target for theoretical modeling of the
MJO (Majda and Stechmann 2009), and this peculiar
dispersion feature has been reproduced in some linear
theoretical models (Majda and Stechmann 2009; Liu and
Wang 2012, 2017a,b). Recently, on the other hand,
Adames and Kim (2016, hereafter AK16) showed that
the MJO is a dispersive convectively coupled moisture
wave, which has a significant westward group velocity.
They showed that the westward group velocity has a
magnitude of about 40% as large as its phase speed. Their
results contrast with previous view that the MJO has a
near-zero group velocity.

The major observational support of AK16’s argu-
ment is the Hovmoller diagram of the MJO propagation.
The authors decomposed the data into eastward and
westward propagating wave signals, and they showed a
westward propagation of the local convection extrema
(the maximum or minimum convection centers on the
Hovmoller diagram) for the filtered eastward propa-
gating wavenumber-1-5 signals. They then calculated
the group velocity of the MJO in terms of this propa-
gation of local extrema and concluded that the MJO
has a significant westward group velocity. However, in
reality, the group velocity is represented by the propa-
gation of wave envelopes. The locations of local con-
vection extrema do not necessarily indicate the locations
of maximum wave envelopes. Thus, it is questionable
whether the propagation of local extrema is equivalent
to the propagation of wave envelopes and whether the
MJO has a westward group velocity. Another issue is
that the Hovmoller diagram for the total intraseasonal
convective signals (including both the eastward and
the westward propagating wave signals) shows non-
propagation of local convection extrema in many other
studies (e.g., Jiang et al. 2015; Chen and Wang 2017; Liu
and Wang 2017b; Wang et al. 2017; Wang and Lee 2017).
Thus, it is also questionable whether the westward
propagation of local convection extrema is caused by the
data filtering process.

Understanding whether the MJO has a westward group
velocity has important implications for intraseasonal
weather prediction. Analogous to midlatitude Rossby
waves, if the MJO has a westward group velocity, then the
energy of the MJO will disperse “upstream” (relative to
the direction of its phase propagation). That is, the de-
velopment of the MJO over the WP region will affect the
MIJO initiation over the 1O region. In this study, we re-
examine the observed group velocity and dispersion re-
lation of the MJO to see whether the MJO has a westward
group velocity. The data and methodology are described
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in section 2. The observed dispersion relation and prop-
agation features of the MJO are shown in section 3.
Different methods have been used to estimate the group
velocity of the MJO. In section 4, the causes of the dis-
crepancy in calculating the MJO group velocity are in-
vestigated. The conclusions and a discussion are given in
section 5.

2. Data and methodology

The datasets used in this study include the high hori-
zontal resolution (0.25° X 0.25°) eight times daily pre-
cipitation rate (mmh~') and the daily accumulated
precipitation (mm) from the 3B42, version 7, product of
the Tropical Rainfall Measuring Mission (TRMM-3B42)
(Huffman et al. 2007), based on the period of record from
1998 to 2016. To eliminate small-scale noises and reduce
computation time, the high horizontal resolution TRMM
dataset is interpolated into lower horizontal resolution
(1° X 1°). In this study, we focus on the northern winter
from November to April (NDJFMA).

The methods used in this study include the wavenumber—
frequency spectra analysis, the data filtering, and the
wave envelope calculation. To reveal the dispersion re-
lation of MJO convection signals, the wavenumber—
frequency spectra of the eight times daily precipitation
rate are calculated by using the method of Wheeler and
Kiladis (1999). First, the seasonal cycle has been re-
moved. Then for each year, we use a 182-day (which
covers NDJFMA) nonoverlapping window to calculate
the power spectra. The method of Hayashi (1971) is used
to resolve the power spectra into progressive (eastward)
and retrogressive (westward) wave components. To
get smooth spectra, a 1-2-1 filter has been applied to
the calculated raw spectra on the frequency dimension.
Using the unsmoothed raw spectra will lead to the same
conclusions.

To produce the Hovmoller diagram for the MJO
propagation, the data filtering is applied to the daily
precipitation data. The data filtering processes include
temporal filtering and wavenumber filtering. To ex-
tract intraseasonal signals, a 20-100-day Lanczos filter
(Duchon 1979) is applied to the daily accumulated
precipitation data. To further decompose the intra-
seasonal signals on the Hovmoller diagram into east-
ward and westward propagating wave signals, a 2D
Fourier analysis is applied to the longitude and time
dimensions.

To study the group velocity of the MJO, the wave
envelopes of the MJO convection are calculated by us-
ing the method provided by Hayashi (1982). Following
Hayashi (1982), the wave packets with wavenumber
band Ak can be expressed as
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W, (x,t) = Re X, W ()™ = Re ar(x, )™, (1)
Ak

where a and ¢ are envelope and phase of the wave
packets. The envelope a can be expressed as

a= ‘ % W, (0)e™| = (2 + %), (2)

where ¢ and s are the real and imaginary parts of the
complex Fourier series and are defined as

c(x,t) = %{: [C,(2) cos(kx) + S, (¢) sin(kx)] 3)

and

s(x,)=Y, [-C,(t)sin(kx) + S, (¢) cos(kx)], (4)

Ak

where Ci(¢) and Sy (¢) are the cosine and sine coefficients.

Figure 1 shows an example of the wave packets of
MJO convection signals and their associated wave en-
velopes. The black solid curves indicate the carrier wave
packets, while the blue dashed curves indicate the as-
sociated wave envelopes, which are smooth curves out-
lining the amplitudes of the oscillating wave packets.
The black dashed line illustrates the longitude variations
of the carrier wave crest with time, which indicates the
phase propagation of the carrier wave packets; the black
solid line illustrates the longitude variations of the
maximum wave envelope with time, which indicates the
propagation of the wave envelopes. As illustrated in
Fig. 1, the wave crests propagate eastward systematically
(phase propagation; dashed line), while the wave enve-
lopes almost do not propagate with time (energy dis-
persion; solid line).

3. Observed dispersion relation and group velocity
of the MJO

To study the general dispersion features of the MJO, the
wavenumber—frequency power spectra of the symmetric
component of the eight times daily precipitation rate
during the northern winter (NDJFMA) are shown in
Fig. 2. It shows the raw power spectra summed over 10°S—
10°N. As shown in Fig. 2, the MJO convection signals
concentrate on the planetary scales (wavenumbers 1-5) of
the eastward propagating wavenumber domain. The blue
circles mark the locations of the centroid frequency in the
MJO band (30-90 days) for eastward wavenumbers 1-5.
The centroid frequency for each wavenumber is calcu-

lated as f, = [ fS(f) df/ [ f df , where . is the cen-

1/9d
troid frequency, fis the frequency, and § is the spectrum.
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wave packets and wave envelopes
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F1G. 1. Tllustration of wave packets and the associated wave
envelopes: the time-lagged evolution of wave packets (black solid
curves) and their corresponding wave envelopes (blue dashed
curves). The wave packets are obtained by first regressing the
intraseasonal daily precipitation anomalies against themselves
averaged over the equatorial eastern Indian Ocean (10°S-10°N,
75°-100°E). The regression is performed with lags from —50 days
to +50 days with 1-day interval. Then the lag-regressed signals are
further filtered into the eastward propagating wavenumber-1-5
signals. The wave envelopes are then calculated by using Eq. (2).
The solid line illustrates the propagation of wave envelope and the
dashed line illustrates the propagation of the wave crest.

The thick solid line is a linear least squares fit of the
centroid frequencies. This least squares fit line shows
the approximate dispersion relation of the MJO,
which indicates that the MJO has a quasi-constant
frequency with respect to wavenumber. This is consistent
with previous studies (Salby et al. 1994; Wheeler and
Kiladis 1999; Roundy and Frank 2004; Hendon and
Wheeler 2008; Jiang et al. 2015). The group velocity es-
timated from the linear least squares fit line shows a
vanishing group speed (C, = dw/dk ~0 ms ™ '). In sum-
mary, the wavenumber—frequency spectra analysis in-
dicates that the MJO has a quasi-constant frequency
and a consequent near-zero group velocity.

The propagation features of the MJO can be further
examined by the Hovmoller diagram. Figure 3 shows the
Hovmoller diagram of the daily precipitation anomalies
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FIG. 2. Wavenumber—frequency power spectra of the symmetric component of the TRMM
eight times daily precipitation rate, plotted as the raw spectra power summed over 10°S—10°N.
The logarithm (base 10) has been applied to the spectra for plotting. The blue circles mark the
centroid frequencies in the intraseasonal band for wavenumbers 1-5. The black solid line,
which shows the approximate dispersion relation of the MJO, is the linear least squares fit of the

centroid frequencies.

(mm; shadings) over the tropics (10°S—-10°N) based on
the lag regression of the intraseasonal daily accumulated
precipitation against themselves averaged over the 10
(10°S-10°N, 75°-100°E), the Maritime Continent (MC;
10°S-10°N, 110°-135°E), and the WP (10°S-10°N, 135°-
160°E). It is shown by Fig. 3 that the precipitation
anomalies propagate eastward systematically in all three
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panels. This reflects the propagation features of the
MIJO. The results here show consensus with previous
studies (Jiang et al. 2015; Chen and Wang 2017, Wang
and Lee 2017). The MJO convection starts from the 10
and dissipates near the date line, as shown in all panels
of Fig. 3. It also shows that the MJO convection sig-
nal is weakened as it approaches the MC region. This
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FI1G. 3. Longitude-time evolution of the intraseasonal daily precipitation anomalies (mm; shadings) over the tropics (10°S-10°N) by lag
regression (with 1-day interval) of intraseasonal daily precipitation anomalies against themselves averaged over (a) the equatorial Indian
Ocean (10°S-10°N, 75°~100°E), (b) the equatorial Maritime Continent (10°S-10°N, 110°-135°E), and (c) the equatorial western Pacific
(10°S-10°N, 135°~160°E). Only those above the 90% confidence level are shaded.
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weakening of MJO signal over the MC is due to the so-
called MC barrier effect (Rui and Wang 1990; Zhang
and Ling 2017). This MC barrier effect is manifested in
all three panels of Fig. 3.

Physically, the group velocity represents the propa-
gation speed of wave envelopes. To examine the prop-
agation of the MJO wave envelopes and to compare it
with the wavenumber—frequency spectra diagram, we
first decompose the MJO convection signals in Fig. 3
into eastward and westward propagating wave sig-
nals by using a 2D Fourier analysis. The color shad-
ings in the upper panels of Fig. 4 show the total eastward
propagating wave signals corresponding to Fig. 3.
The associated wave envelopes are then calculated by
using Eq. (2). The contours in Fig. 4 depict the corre-
sponding longitude—time evolution of the wave enve-
lopes. To depict the propagation speed of the wave
envelope, we calculate the centroid longitude of the
wave envelope at each time step from day —30 to day
30. The centroid longitude of the wave envelope over
the Indo-Pacific sector (45°E-180°) is calculated as
Xe = iig XA(x) dx/f}é% xdx, where x. is the centroid
longitude, x is the longitude, and A(x) is the wave en-
velope. The black solid lines in Fig. 4 show the linear
least squares fit of the centroid longitudes. It shows that
the wave envelopes of MJO signals exhibit a nearly
nonpropagating feature. If we define the group velocity
C, as the propagation speed of the centroid longitude of
the wave envelope, then the calculated C, is eastward
and on the order of +0.2ms ™!, which is negligibly small
compared to the phase speeds [C,~O(+4)ms™!,
shown in Fig. 4]. Since the MJO signals concentrate on
planetary scales, the lower panels of Fig. 4 further show
the filtered eastward propagating wavenumber-1-5 sig-
nals. It shows that the group velocities for the eastward
propagating wavenumber-1-5 signals are basically
identical to those of the total eastward propagating wave
signals. In summary, Fig. 4 indicates that the MJO has a
negligible small group velocity, which is roughly con-
sistent with the result of the wavenumber—frequency
spectra analysis (Fig. 2).

4. The causes of the discrepancy in calculating the
group velocity

The group velocities of the MJO are found to be
negligibly small in Figs. 2 and 4, which contrasts with the
results of AK16. The authors of AK16 calculated the
group velocity in terms of the propagation of local
convection extrema on the Hovmoller diagram. This
method stems from the original purpose of the Hovmoller
diagram (Persson 2017) that sought to understand the
dispersion features of the midlatitude Rossby waves. As
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shown in the lower panels of Fig. 4, the local convection
extrema (marked by red crosses) show significant west-
ward propagations. Let us define C, as the propagation
speed of the local convection extrema. The calculated
C, for the eastward propagating wavenumber-1-5 sig-
nals is westward and has the order of —2.5ms !, which
is consistent with AKI16. Since C, has the order
of +0.2ms ™!, it shows that the two methods produce
quite different results for the eastward propagating
wavenumber-1-5 signals.

One of the reasons why the two methods produce such
different results is that the propagation of local wave
extrema does not necessarily indicate the propagation of
wave envelopes. As illustrated in Fig. 1, the maximum
wave envelope does not necessarily coincide with the
phase extremum of the carrier wave packets. Thus, the
propagation of local wave extrema is not equivalent to
the propagation of wave envelopes. As illustrated in
lower panels of Fig. 4, the wave envelopes of the MJO
convection almost do not propagate (black solid lines)
while the local convection extrema propagate westward
(brown solid lines). Given the fact that the calculated C,
values by the wave envelopes show consensus with the
value estimated by the wavenumber—frequency spectra
diagram, and that the group velocity is interpreted as the
propagation speed of wave envelopes, it indicates that
using C, to estimate the group velocity of the MJO is
more robust and reasonable than using C,.

Another reason why the two methods produce such
different results is related to the data filtering process.
As shown in Figs. 3a—c, there is no obvious westward
propagation of the local convection extrema in the total
intraseasonal signals. For example, the local convection
extrema in Fig. 3a over the IO and the WP stay in the IO
and the WP, which indicates stationary propagations
of the local convection extrema. The same is true for
Figs. 3b and 3c. Thus, this raises a question: is the
westward propagation of the local extrema an artifact of
the data filtering process?

To answer this question, Fig. 5 compares the total
intraseasonal signals [first column (identical to Fig. 3)],
the total intraseasonal eastward propagating wave sig-
nals (second column), the intraseasonal eastward prop-
agating wavenumber-1-5 signals (third column), and the
total (eastward + westward) intraseasonal wavenumber-
1-5 signals (fourth column). Compared to the total sig-
nals (first column), the MC barrier effect in the total
eastward propagating wave signals (second column) is
less significant. This is because the MC barrier effect
can spread the MJO signals into strong eastward prop-
agating wave signals and weak westward propagating
wave signals (Zhang and Hendon 1997). Without the
westward propagating wave signals, the weakening of
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FIG. 4. The filtering of the MJO signals on Fig. 3 into (a)—(c) the total intraseasonal eastward propagating signals (mm; shadings) and
(d)—(f) the intraseasonal eastward propagating wavenumber-1-5 signals (mm; shadings). The contours show the corresponding wave
envelopes. The contour interval is 0.2 mm. The black dashed lines are the least squares fit of the precipitation maxima. The black solid lines
are the least squares fit of the centroid longitudes of the wave envelopes. The brown solid lines in (d)—(f) are the least squares fit of the local
extrema marked by the red crosses. The phase speed C,, the group velocity C,, and the propagation speed of the local extrema C,
are given.

120E 180

the MJO convection signals over the MC region is less propagating wave signals. When the total eastward
significant. However, the MC barrier effect is still pre- propagating signals are further truncated at wavenumbers
sented and there is no obvious westward propagation of ~ 1-5 (third column), the local extrema show significant
the local convection extrema in the total eastward westward propagation. Comparing the second and third
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FI1G. 5. Comparison of the MJO propagation features among different filtered MJO signals: (a),(e),(i) the total intraseasonal signals; (b),
(),(j) the total intraseasonal eastward propagating wave signals; (c),(g),(k) the intraseasonal eastward propagating wavenumber-1-5
signals; and (d),(h),(1) the total (eastward + westward) intraseasonal wavenumber-1-5 signals. The first column is identical to Fig. 3. The
second to fourth columns are obtained by applying different filters to the first column.
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columns indicates that the further truncation of the
eastward propagating wave signals onto the planetary
scales leads to the failure in resolving the MC barrier
effect, which is reflected in the shifts of locations of the
local convection extrema. These shifts of the local ex-
trema cause artificial westward propagation of the local
extrema. When the westward wavenumber-1-5 signals
are included (fourth column), the MC barrier effect can
be represented and there are no obvious westward
propagations of the local convection extrema. Thus, it
indicates that the westward propagation of local con-
vection extrema is caused by the truncation of the MJO
signals onto the planetary scales of the eastward prop-
agating wavenumber domain. This truncation causes
failure in representing the MC barrier effect, which is
reflected in the shifts of the local convection extrema
and a consequent significant westward propagation of
the local convection extrema.

5. Conclusions

Using the TRMM precipitation datasets, it is shown
that the MJO has a negligibly small group velocity dur-
ing the northern winter (NDJFMA), which is supported
by the quasi-constant frequency on the wavenumber—
frequency spectra diagram and the nearly nonpropagating
MJO wave envelopes on the regressed Hovmoller dia-
gram. Using other datasets (e.g., daily outgoing long-
wave radiation data) or analyzing all-season range of the
dataset will reveal the same conclusions (not shown
here). The result of this study thus supports the idea that
dw/dk ~ 0 should be considered as a target for the vali-
dation of MJO theories, as proposed by Majda and
Stechmann (2009).

The discrepancy between the recent study (AK16)
and our study is caused by the calculating method and
the data filtering process. By definition, the group ve-
locity is determined by the propagation of wave enve-
lopes. However, the group velocity in AKI16 is
calculated by the propagation of the local convection
extrema on the Hovmoller diagram, which does not
necessarily indicate the propagation of the wave enve-
lopes. More importantly, the Hovmoller diagram in
AK16 was constructed by using only the eastward
propagating zonal wavenumber-1-5 signals. The so-
called MC barrier effect causes weak MJO convection
amplitudes over the MC and strong amplitudes over the
10 and the WP. When the MJO signals are truncated at
the eastward propagating wavenumber-1-5 domain,
they cannot represent this MC barrier effect. This causes
the shifts of locations of the local convection extrema,
which leads to significant westward propagation of the
local convection extrema. When the total intraseasonal

JOURNAL OF CLIMATE

VOLUME 31

signals, or the total intraseasonal eastward propagating
wave signals, or the total (eastward + westward) intra-
seasonal wavenumber-1-5 signals are used, the MC
barrier effect can be represented and there are no ob-
vious westward propagations of the local convection
extrema. This indicates that the westward propagation
of the local convection extrema is an artifact of the data
filtering.

In the present study, we have shown that the MJO
has a near-zero group velocity. However, the causes of
this near-zero group velocity are complex. There are
some linear theoretical models that can produce this
near-zero group velocity (Majda and Stechmann 2009;
Liu and Wang 2012, 2017a,b), while there are other
models that produce westward group velocity (Adames
and Kim 2016; Fuchs and Raymond 2017). Such di-
vergent results are potentially due to the different sim-
plifications made and different physical processes and
parameterizations adopted in these models. Since the
interaction among equatorial waves, convection, and
moisture is important for the MJO and the MJO is
regulated by the underlying SST distribution (Wang
et al. 2016), the physical mechanism of the MJO dis-
persion relation is much more complicated than the
theoretical dry tropical waves. Even for those linear
models that capture, to some extent, the observed MJO
dispersion relation, the underlying mechanisms are still
unclear. Meanwhile, understanding the cause of the
MJO dispersion relation and the associated near-zero
group velocity may improve our understanding of the
MJO propagation. Thus, more theoretical work is
needed to find out the cause of near-zero group velocity
for the MJO.
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