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Abstract

The Radon and Hilbert transform and their applications to convectively

coupled waves (CCWs) are reviewed. The Hilbert Transform is used to com-

pute the wave envelope, whereas the Radon transform is used to estimate the

phase and group velocities of CCWs. Together, they provide an objective

method to understand CCW propagation. Results reveal phase speeds and

group velocities for fast waves (mixed Rossby-gravity, westward and eastward

inertio-gravity, and Kelvin) that are consistent with previous studies and with

Matsuno's equatorial wave dispersion curves. However, slowly-propagating

tropical depression-like systems and equatorial Rossby waves exhibit wave

envelopes that propagate faster than the individual wave crests, which is not

predicted by dry shallow water theory.
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1 | INTRODUCTION

The phase velocity of any wave indicates its phase propa-
gation, whereas the group velocity indicates the energy
dispersion of the wave. Physically, the group velocity rep-
resents the propagation speed of wave envelopes. As con-
vectively coupled waves (CCWs) play a crucial role in
bridging weather and climate (e.g., Kiladis et al., 2009), it
is important to understand both their phase propagation
and energy dispersion features.

The Radon transform (RT) is a mathematical tech-
nique that is commonly used for image reconstruction
and analysis. It was first introduced by Radon (1917) and
has since found many applications in various fields
including atmospheric sciences. In this field, the RT has
been used to calculate the phase speed of oceanic and
atmospheric waves. One of the earliest applications of the
RT in atmospheric science was in the study of gravity

waves by Lindzen and Holton (1968). They used the RT
to analyze the phase propagation of atmospheric waves
by projecting the wave field onto a series of lines at differ-
ent angles. By measuring the slope of the resulting pro-
jections, they were able to estimate the phase speed of
the waves. Since then, the RT has been used in several
studies to estimate the phase speed of CCWs (Mayta &
Adames, 2021; Mayta et al., 2021; Yang et al., 2007b). In
a study by Yang et al. (2007b), the RT was used to investi-
gate the horizontal phase speed of convectively coupled
waves. They found that the RT was able to provide accu-
rate estimates of the phase speed even in complex wave
fields.

On the other hand, few studies have sought to esti-
mate the group velocity of tropical disturbances. Early
studies by Wheeler et al. (2000) estimated the group
velocity of CCWs by examining time-longitude diagrams.
In Adames and Kim (2016), the authors calculated the
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group velocity of the Madden-Julian Oscillation (MJO) in
terms of the propagation of the local extrema in the indi-
vidual wave crests. Later on, Chen and Wang (2018) cal-
culated the wave envelope of the observed MJO-related
precipitation anomalies by obtaining the absolute value
of the Fourier transform coefficients, as documented by
Hayashi (1982).

An alternative way to calculate the wave envelope is
through the application of the Hilbert transform
(Liu, 2012), a mathematical tool used to calculate the
analytic signal associated with a given signal. In atmo-
spheric science, this method has been extensively used to
extract key characteristics of mid-latitude transients. For
instance, Zimin et al. (2003) pioneered the utilization of
the Hilbert transform in the context of mid-latitude
Rossby waves. By isolating the analytical signal, the
authors were able to identify the distinct properties of
Rossby wave packets, such as their amplitude, phase, and
spatial–temporal evolution. Subsequent studies
(e.g., Souders et al. (2014); Wolf and Wirth (2017);
Schoon and Zülicke (2018); among others) further
improved the accuracy of Rossby wave packet calcula-
tions. In Mayta and Adames (2021), the authors used the
Hilbert transform to calculate the wave envelope of two-
day waves and understand their coupling to Amazon
squall lines (see their fig. 1).

Although the Radon and Hilbert transforms each
have distinct advantages in extracting relevant features
and analyzing wave propagation patterns, they have not
been utilized together to calculate group velocity. The
Hilbert transform is a computationally simple tool for
wave envelope estimation, while the Radon transform
objectively calculates wave propagation. Together, they
can provide an objective estimate of phase and group
velocities. Thus, the goal of this study is to provide a suc-
cinct discussion of the two transforms and showcase their
usefulness in studying atmospheric waves. The structure
of this paper is as follows: In Section 2, we discuss the
data and theoretical basis of the Radon and Hilbert trans-
forms. In Section 3, we examine the methods applied to
all convectively coupled waves over the Indo-Pacific
warm pool well-documented in Wheeler et al. (2000) and
Kiladis et al. (2009). A concluding discussion is offered in
Section 4.

2 | DATA AND METHODOLOGY

2.1 | CLAUS brightness temperature

Satellite-observed brightness temperature (Tb) data is
used as a proxy for tropical convection. The data
is obtained from the Cloud Archive User System

(CLAUS) satellite data (Hodges et al., 2000), which has
eight-times-daily global fields of Tb from July 1983 to
June 2009 and extended through 2018 using the Merged
IR dataset from NOAA (see Sakaeda et al. (2020) for
more detail). In this study, we use CLAUS data at 4 times
daily temporal resolution and 0.5� � 0.5� horizontal reso-
lution. Tb CLAUS data extends from January 1984
through December 2018.

2.2 | Wave-type filtering of CLAUS Tb

To isolate the signal of CCWs, we used filters based on
the Fourier space–time decomposition following the
method proposed by Wheeler and Kiladis (1999) and
using the same frequency-wavenumber boxes documen-
ted in Kiladis et al. (2009). This is accomplished in the
wave number-frequency domain by retaining only those
spectral coefficients within a specific range corresponding
to the spectral peaks associated with a given mode. We
also incorporated filters for a specified range of equiva-
lent depth, as indicated in Table 1, for the mixed Rossby-
gravity waves (MRGs), eastward inertio-gravity wave
(EIG), and westward inertio-gravity wave (WIG). This
consideration ensures a clear separation of MRG and EIG
signals within the antisymmetric component, as previ-
ously outlined by Kiladis et al. (2016). Furthermore, we
aim to prevent the mixing of MRG and TD-type signals
within the westward propagation domain. MRG waves
typically have lower frequencies and have longer zonal
wavelengths compared to TD-type. In the case of lower-
frequency disturbances, such as Kelvin and equatorial
Rossby waves, we do not account for equivalent depth, as
these waves encompass a broader range of equivalent
depths (Kiladis et al., 2009; Takayabu, 1994; Yang
et al., 2007a). The filter settings for the period, the wave-
number k, and the equivalent depth he are detailed in
Table 1.

2.3 | Hilbert transform: Calculation of
the wave envelope

To study the energy dispersion of the CCWs, the wave
envelope E λ, tð Þ is calculated by using the Hilbert trans-
form. This method produces similar results to those
obtained following Hayashi's (1982) method, but is argu-
ably more computationally simple. Given a longitude and
time-dependent field f λ, tð Þ, the wave envelope is
obtained via the following formula:

E λ, tð Þ¼j f λ, tð Þþ ief λ, tð Þ j , ð1Þ
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where:

ef λ, tð Þ¼ 1
π

Z ∞

�∞

f λ0, tð Þ
λ� λ0

dλ0 ð2Þ

is the Hilbert transform in space of f . While the real part
of Equation (1) is the original time series of the wave, the
imaginary is a copy of the original input time series with
each of its Fourier components shifted in phase by 90�.
This is why the Hilbert transform is often referred to as a
90� phase shifter. Considering that longitude varies
between 0 and π (Figure 1), we compute the fast Fourier
transform (FFT) of the series and keep the complex coef-
ficient, which is much more efficient numerically. Once
the wave envelope E λ, tð Þ is computed (represented by
the contours in the schematic depiction of Figure 1), we
used its time series to calculate the group velocity apply-
ing the Radon transform detailed in the next section.

2.4 | Radon transform: Calculation of
the phase speed (cp) and group velocity (cg)

The Radon transform is employed in this study to calculate
phase speed and group velocity given a time-longitude dia-
gram. To better understand this technique, a schematic
depiction of the Radon transform is shown in Figure 1. The
Radon transform is applied to f for phase speed and to E
for group velocity. For the sake of simplicity, the deriva-
tion is shown only for the phase speed. Thus, f λ, tð Þ is the
integral of f along the line L oriented at angle θ, with a
range of angles from 0� to 180�. Thus, the Radon trans-
form is defined as a projection of f λ, tð Þ on L as follows:

p s,θð Þ¼
Z
u
f λ, tð Þdu, ð3Þ

where u is the direction orthogonal to L, and s is the
coordinate on L. Therefore, for a given θ, the Radon
transform is a function of the line coordinate s. Rewriting
Equation (3) above in terms of coordinates λ and t,

p λ0,θð Þ¼
Z
t0
f λð , tÞ

���� λ¼ λ0 cosθ� t0 sinθ
t¼ λ0 sinθþ t0 cosθ

� �dt0 ð4Þ

when the lines are perpendicular to the alignment of
crests and troughs of the wave (top of Figure 1), the

TABLE 1 Convectively coupled

waves with their corresponding

characteristics.

Acronym Wave Period (days) k he

WIG Westward inertio-gravity 1.25–3.5 �15 to �1 12–90

EIG Eastward inertio-gravity 1–6 0–15 12–50

MRG Mixed Rossby-gravity 2.5–10 �10 to �1 8–90

KW Kelvin wave 2.5–20 1–15 –

TD Tropical depression 2–10 �20 to �5 –

ER Equatorial Rossby wave 10–90 �20 to 0 –

Note: The filter settings for the period, wavenumber k, and the equivalent depth he in meters used to extract
the wave signal (see Kiladis et al. (2009) and Kiladis et al. (2016) for more details).

FIGURE 1 Schematic depicting how the Radon transform is

applied to estimate MRG phase speed and group velocity in CLAUS

Tb. (top) Hovmoller diagram projects onto a plane that has an

angle θ with the x-axis. The units for time and longitudes are days

and degrees, respectively. (bottom) Density distribution of the sum-

of-squares of the Radon transform as a function of projection (θ).

The dominant direction with the maximum value equals 1 is

marked by a gray dashed line (phase speed) and red dashed line

(group velocity). The light red and gray shading represents the

uncertainty at a 95% probability of the occurrence of maximum

variance.
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projection will give the number of image pixels along
their projection lines. The zeros of the original and
rotated coordinates are where E and f have the maxi-
mum amplitude. Therefore the angle (θp and θg) perpen-
dicular to that projection gives the direction of
propagation of the wave and its dispersion energy in the
time-longitude diagram and thus the phase speed and
group velocity, respectively. It is worth noting that the
magnitude and direction of wave propagation are associ-
ated with the maximum variance, which is represented
by the dashed lines at the bottom of Figure 1. Further-
more, uncertainty can be incorporated by taking into
account a 95% probability of the occurrence of maximum
variance, which is represented by the shadings in the
schematic figure.

Finally, the phase speed and group velocity is com-
puted by using the value of θ, in which

R
p2 s,θð Þds is a

maximum (θmax ) as follows,

cp,g ¼ 2πacosϕ
360 ∘ tan θmax p,g

� �Δx
Δt

, ð5Þ

where a is the earth's radius and 2πacosϕ
360 ∘ is the length of

the unit degree at latitude ϕ. For instance, when the lati-
tude average ranges from 2.5� S to 2.5� N (WIG), gives a
value of ϕ¼ 0 ∘ . Δx and Δt are the temporal and spatial
( ∘ ) resolutions of the data grid, respectively.

3 | PHASE SPEED AND THE
GROUP VELOCITY OF CCWs

Figure 2 gives an example of the application of the com-
bined Hilbert and Radon transforms for MRG and EIG
waves. For both waves, we used the base point (7.5� N,
177.5� E), and Tb is averaged for the same latitudes

(2.5�–12.5� N) as in Wheeler et al. (2000). To allow com-
parison with was found in previous studies (e.g., Wheeler
et al. (2000); Kiladis et al. (2009)).

Figure 2a shows the longitude–time diagram of Tb of
westward-propagating wave signals corresponding to the
MRG wave. The contours depict the corresponding
longitude–time evolution of the wave envelope. Regres-
sions were computed in a 2.5�–12.5� N range and lag days
�10 to +10. To depict the propagation speed of the wave
envelope, we applied the RT to the longitude–time dia-
gram of the envelope, as shown in the schematic depic-
tion in Figure 1. The MRG wave moves westward over
the Western Pacific at a phase speed of cp ≈ 29:2 m s�1.
This phase speed is obtained from θmax p = 95.0� using
Equation (5). An examination of the propagation of the
MRG wave envelope yields a value of θmax g = 73.5�,
which results in an eastward group velocity of cg ≈ 8:6 m
s�1. These results are somewhat different when a line
from a longitude–time diagram is used to calculate cp
and cg (see fig. 12a in Wheeler et al. (2000)). In addition,
the phase speed for the MRG waves is slightly different
compared to other regions (e.g., Western Hemisphere),
where the wave propagates slower (Mayta &
Adames, 2023). The propagation features of the MRG
vary depending on the basic state, shape, and intensity of
the vertical heating profile, as well as the spatial location
of the convective heating with respect to the wave
dynamical fields (e.g., Yang et al. (2007b)).

The propagation features of the EIG wave are shown
in Figure 2b. Compared to MRG waves, EIG waves have
a slightly faster phase speed. The RT applied to this dis-
turbance over the western Pacific yields a value of θmax p

= 82.2�, which results in an eastward phase speed of
cp ≈ 30:5 m s�1. A similar phase speed was also documen-
ted in Wheeler et al. (2000) over the same domain (see
their fig. 16) and Mayta and Adames (2023) over the

FIGURE 2 Longitude–time

diagram of Tb anomalies

(shading) associated with the Tb

variation of (a) Mixed Rossby-

Gravity waves (MRG) and

(b) Eastward Inertial-Gravity

waves (EIG) at the base point

7.5� N, 177.5� E. Black contours

show the longitude–time

evolution of the wave envelope.

Tb is averaged for the latitudes

of 2.5�–12.5� N. The phase speed
(cp, dashed) and group velocity

(cg, solid) lines are also shown.
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Western Hemisphere. However, as illustrated in
Figure 2b, the propagation of the EIG wave envelope is
in the same direction as the propagation of the wave.
When RT is applied to the envelope yields θmax g = 77.3�,
which results in an eastward group velocity of cg ≈ 11:3 m
s�1. It is worth noting that the cg is twice as fast as that
found by Wheeler et al. (2000).

The remaining CCWs: Kelvin waves, westward iner-
tial gravity, tropical depression-type (i.e., Easterly
Waves), and equatorial Rossby waves were widely docu-
mented in previous studies (e.g., Kiladis et al., 2006;
Kiladis et al., 2009; Mayta & Adames, 2023; Mayta
et al., 2021; Mayta et al., 2022; Wheeler et al., 2000; Yang
et al., 2007b; and references therein). Table 2 summarizes
the propagation properties of these remaining CCWs. To
explore WIG waves, we considered the base point at 0�,
155� E, and Tb is averaged for the latitudes 2.5� S–2.5� N.
Over this region, the wave and its corresponding enve-
lope propagate westward over time with θmax p = 95.0�

and θmax g = 109.2� giving a cp ≈ 29:3 m s�1 and cg ≈ 7:4 m
s�1, respectively. Previous studies also documented simi-
lar phase speeds for WIG waves over Indo-Pacific region
(e.g., Yu et al., 2018). For Kelvin waves, we consider the
base point at 0�, 90� E, and Tb is averaged for the lati-
tudes 5� S–5� N. The wave, as in other regions, has an
eastward phase speed ranging from 15 to 20m s�1. By
using the referred base point and latitudinal average, we
found a value of θmax p= 79.7� and cp ≈ 14:2 m s�1

(Table 2). This is in agreement with previous studies, that
show that over the Indian Ocean Kelvin waves propagate
slower than in other regions (Mayta et al., 2021;
Roundy, 2008; Yang et al., 2007b). As theory suggests,
one characteristic feature of the Kelvin wave is that it is
non-dispersive, that is, the phase velocity of the wave
is equal to the group velocity of the wave energy
(Matsuno, 1966). We can see that the wave envelope
propagates in the same direction and with almost the
same magnitude θmax g = 80.3� and cg ¼ 15:1 m s�1.

Slowly-propagating disturbances, such as TD-type
waves and equatorial Rossby waves, have complex propa-
gation features (Adames, 2022; Ahmed, 2021; Sobel
et al., 2001; Yang et al., 2007b). These features will
depend, for instance, on whether the wave is propagating
over land or over the ocean, even if it moves over warmer
SST or cooler SST conditions (Kiladis et al., 2006; Mayta &
Adames, 2023; Vargas Martes et al., 2023). The propaga-
tion features of TD-type disturbances over the entire oce-
anic tropics have recently been documented in Mayta
and Adames Corraliza (2023). They found that TD-type
waves move westward at phase speeds ranging from 6 to
8 m s�1. African easterly waves, which exist over land,
have a phase speed of approximately 10m s�1 (Kiladis
et al., 2006; Vargas Martes et al., 2023). Here, we used the
same base point as in Mayta and Adames Corraliza (2024)
over the eastern Pacific (10� N, 100� W) to calculate cp
and cg of the TD-type wave. For the referred domain, we
found a value of θmax p = 115� that yields a cp ≈ 7:2 m s�1

(Table 2). The wave envelope of TD-like waves propagate
in the same direction as the crests but slightly faster
(θmax g = 106.3� and cg ≈ 10:5 m s�1; Figure 3a). The
Rossby waves propagation features are showed in
Figure 3b. The RT applied to this wave results in θmax p

= 121.3� that yields a cp ≈ 4:2 m s�1 (Table 2). Similar
phase speeds were also found in Wheeler et al. (2000),
even outside the warm pool Indo-Pacific region (Mayta &
Adames Corraliza, 2004; Mayta et al., 2022). The wave
envelope, as can be seen as contours in Figure 3b, propa-
gates westward at about cg ≈ 7:1 m s�1. As occurs in TD-
like waves, the results show that cg ≥ cp ≈ 7:1 m s�1. This
implies that the wave envelope propagates almost twice
as fast as the wave signal, a feature that has not been pre-
viously documented.

We also included uncertainty in the calculation of cp
and cg (Table 2). It is important to note that the group
velocity can vary significantly (e.g., � 6.3 for MRG
waves). As depicted in the schematic Figure 1, the RT

TABLE 2 Characteristics of convectively coupled waves.

Wave Base point Lat average θmax p [
�] cp [m s�1] θmax g [

�] cg [m s�1]

WIG 0�, 155� E 2.5� S–2.5� N 95.0 �29.3 ± 2.0 109.2 �7.4 ± 5.0

EIG 7.5� N, 177.5� E 2.5� N–12.5� N 82.2 30.5 ± 2.9 77.3 11.3 ± 2.0

MRG 7.5� N, 177.5� E 2.5� N–12.5� N 95.0 �29.2 ± 3.5 73.5 8.6 ± 6.3

KW 0�, 90� E 5� S–5� N 79.7 14.2 ± 0.8 80.3 15.1 ± 1.1

TD 10� N, 100� E 5� N–15� N 115 �7.4 ± 0.8 106.3 �10.5 ± 2.0

ER 10� S, 150� E 12.5� S–2.5� S 121.3 �4.2 ± 0.7 109.8 �7.1 ± 3.7

Note: For most CCWs, the base point corresponds to the same as in Wheeler et al. (2000) to allow comparison. The phase speed and group velocity are
calculated for the longitude where the wave exhibits significant values. The phase speed (cp) and group velocity (cg) are calculated for the maximum value of
the distribution of the sum-of-squares of the RT θmax p and θmax g , respectively.
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approach uses a single envelope to estimate the right
θmax g for the group velocity, explaining the wide varia-
tions. The opposite occurs with the phase speed. At a 95%
probability, there is a narrow variation in θmax p (gray
shaded region in Figure 1), indicating a closely clustered
distribution around the maximum variance (e.g., � 0.7
for ER waves). While calculating cg can be seen as a limi-
tation of this approach, it remains the most accurate
method for calculating propagation features.

4 | SUMMARY AND
CONCLUSIONS

This study reviews the calculation of phase speed and
group velocity of Convectively Coupled Waves (CCWs).
We applied the combined Hilbert and Radon transforms
to analyze the wave propagation characteristics. To allow
comparison with previous methods, which have been
widely documented in previous studies, we used the same
basis points and domains documented in Wheeler
et al. (2000).

For mixed Rossby-gravity waves (MRG), we found a
westward phase speed of �29.2m s�1 and an eastward
group velocity of �8.6m s�1 (Figure 2a). The phase speed
of MRG waves, however, can varies depending on the
region (e.g., Mayta & Adames, 2023; Yang et al., 2007b).
The propagation features of eastward inertio-gravity
waves (EIG) are also examined, revealing a slightly faster
phase speed of �30.5m s�1 and an eastward group veloc-
ity of �11.3m s�1 (Figure 2b).

WIG waves exhibit a westward phase speed of
�29.3m s�1 and a westward group velocity of �7.4m
s�1. Similar propagation features were also found in
Wheeler et al. (2000), even in other regions such as the
Amazon Basin (Mayta & Adames, 2021). Kelvin waves

have an eastward phase speed ranging from 15 to 20m
s�1, and the wave envelope propagates in the same direc-
tion and with the same magnitude of the phase speed
(i.e., as a non-dispersive wave). Overall, Kelvin, MRG,
and WIG waves exhibit phase speeds and group velocities
that are consistent with shallow-water dry theory with
“reduced” equivalent depths that account for convective
coupling (Kiladis et al., 2009).

It is well known that midlatitude Rossby waves
exhibit j cg j > j cp j, a result that can be readily obtained
from the Rossby wave dispersion relation under the pres-
ence of mean westerly winds (Chang (1993); Grimm and
Dias (1995); Fragkoulidis and Wirth (2020); among
others). In the tropics, the mean winds are usually east-
erlies. Using dry theory, one would obtain j cg j < j cp j
in equatorial Rossby waves (see Appendix for a detailed
derivation of cg). Equatorial Rossby waves exhibit a west-
ward phase speed of �4.2m s�1 and a group velocity of
7.1m s�1. Thus, j cg j > j cp j in equatorial Rossby waves
(see Figure 3) and therefore do not follow dry theory
(Figure 3).

Similarly, TD-type waves showed a westward phase
speed of �7.2m s�1, in agreement with recent works that
found a phase speed ranging from 6 to 8m s�1 (Mayta &
Adames Corraliza, 2024). Their group velocity is 10.5m
s�1. Thus, j cg j > j cp in these waves as well. TD-type
waves do not exist in Matsuno's theory, but are some-
times thought of as a type of Rossby wave (see chapter
9 in Riehl (1954)), in which case the same arguments of
the equatorial Rossby wave would apply. Hence, dry the-
ory is unable to explain the propagation characteristics of
neither equatorial Rossby or TD-type waves. These
results highlight the limitations of dry theory when
applied to these waves. Moisture mode theory
(Adames, 2022; Adames & Maloney, 2021; Mayta &
Adames Corraliza, 2024; Mayta et al., 2022; Sobel

FIGURE 3 As in Figure 2,

but associated with the Tb

variation of (a) tropical

depression (TD) and

(b) equatorial Rossby waves

(ER). The base point for TD is

10� N, 100� W and ER 10� S,
150� E. Tb is averaged for the

latitudes of 5�–12.5� N and

12.5�–2.5� S for TD and ER,

respectively.
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et al., 2001) may be a more reasonable starting point to
understand the propagation features of these waves.

AUTHOR CONTRIBUTIONS
Víctor C. Mayta: Study conception and design; analysis
and interpretation of results; and manuscript prepara-
tion. Angel Adames-Corraliza: Conceptualization;
investigation; supervision; writing – review and editing.
Qiao-Jun Lin: Formal analysis; methodology.

ACKNOWLEDGEMENTS
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Ángel F. Adames Corraliza https://orcid.org/0000-0003-
3822-5347
Qiao-Jun Lin https://orcid.org/0000-0003-4539-2688

REFERENCES
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The role of water vapor and temperature in the thermodynam-
ics of tropical Northeast Pacific and African easterly waves.
Journal of the Atmospheric Sciences, 80, 2305–2322.

Wheeler, M. & Kiladis, G. (1999) Convectively-coupled equatorial
waves: analysis of clouds in the wavenumber-frequency
domain. Journal of the Atmospheric Sciences, 56, 374–399.

Wheeler, M.C., Kiladis, G.N. & Webster, P.J. (2000) Largescale
dynamical fields associated with convectively coupled equato-
rial waves. Journal of the Atmospheric Sciences, 57, 613–640.

Wolf, G. & Wirth, V. (2017) Diagnosing the horizontal propagation
of Rossby wave packets along the midlatitude waveguide.
Monthly Weather Review, 145, 3247–3264.

Yang, G.-Y., Hoskins, B. & Slingo, J. (2007a) Convectively coupled
equatorial waves. Part I: horizontal and vertical structures.
Journal of the Atmospheric Sciences, 64, 3406–3423.

Yang, G.-Y., Hoskins, B. & Slingo, J. (2007b) Convectively coupled
equatorial waves. Part II: propagation characteristics. Journal of
the Atmospheric Sciences, 64, 3424–3437.

Yu, H., Johnson, R.H., Ciesielski, P.E. & Kuo, H.-C. (2018) Observa-
tion of quasi-2-day convective disturbances in the equatorial
Indian ocean during dynamo. Journal of the Atmospheric Sci-
ences, 75, 2867–2888.

Zimin, A.V., Szunyogh, I., Patil, D.J., Hunt, B.R. & Ott, E. (2003)
Extracting envelopes of Ross by wave packets. Monthly Weather
Review, 131, 1011–1017.

How to cite this article: Mayta, V. C., Adames
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APPENDIX

DRY ROSSBY WAVE DISPERSION
We begin with Matsuno's dispersion for equatorial Rossby
waves, with the inclusion of a constant zonal flow:

ω¼ uk� βk

k2þ 2nþ1ð ÞR�2
d|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

l2d

: ðA:1Þ

From the dispersion relationship shown in Equation
(A.1), the phase speed of the equatorial Rossby waves can
be written as follows:

cp ¼u� β

k2þ l2d
: ðA:2Þ

If u is westward, it follows that cp will always be negative
and the wave propagates at a speed that is slightly faster
than the zonal mean flow.

The group velocity (cg � ∂ω=∂k) describes the move-
ment of the wave envelope shown in Figures 1 and 3:

cg ¼ ∂

∂k
uk� βk

k2þ l2d

 !
¼u�β l2d�k2

� �
k2þ l2d
� �2 : ðA:3Þ

Using Equation (A.2) we can write the group velocity in
terms of the phase speed:

cg ¼ cpþ β

k2þ l2d
�β l2d�k2
� �
k2þ l2d
� �2 : ðA:4Þ

If we combine the last two terms on the right-hand side
we arrive at the following relation:

cg ¼ cp|{z}
west

þ 2β

k2þ l2d
� �2|fflfflfflfflfflffl{zfflfflfflfflfflffl}

east

: ðA:5Þ

Hence, since the two terms in Equation (A.5) are of oppo-
site signs, it follows that cg should be smaller than cp.
This result is inconsistent with the observations shown in
Figure 3, which shows that cg is faster than cp.
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