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ABSTRACT

Insights by Professor Michio Yanai on tropical waves, which have been vital ingredients for progress in
tropical meteorology over the last half-century, are recollected. This study revisits various aspects of research on
tropical waves over the last five decades to examine, in Yanai’s words, “‘the nature of ‘A-scale’ tropical wave
disturbances and the interaction of the waves and the ‘B-scale’ phenomena (cloud clusters),” the fundamental
problem posed by Yanai at the design phase of the GARP Atlantic Tropical Experiment (GATE) in 1971. The
various contributions of Michio Yanai to the current understanding of the dynamics of the tropical atmosphere
are briefly reviewed to show how his work has led to several current theories in this field.

1. Introduction

Professor Michio Yanai, who referred to himself as a
“meteorological freak” since he was a junior high school
student, started his career as a scientist with a study of
the genesis of Typhoon Doris from an easterly wave. He
recalled that Professor Jule Charney was in attendance
during his first presentation about typhoon formation
during the First International Symposium on Numerical
Weather Prediction in Tokyo, held in 1960. Motivated
by the fact that numerical simulations of tropical cy-
clones were having great difficulty in achieving storm
genesis, including those efforts by Charney’s Massa-
chusetts Institute of Technology (MIT) group, Michio
was determined to pursue the observational and theo-
retical bases for the formation of storms from preexist-
ing equatorial disturbances. This particular problem
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had a huge impact on his development as a tropical
meteorologist and stimulated his interest in tropical
waves, which became a long-lasting focus of his scientific
career. After obtaining his Ph.D. on the study of
typhoon formation at the University of Tokyo in 1960,
Michio was invited to be a research scientist in the
Typhoon Research Division in the Meteorological
Research Institute at the Japan Meteorological Agency
(JMA). His stay at JMA was short, however, since in the
following year, Professor Herbert Riehl at Colorado
State University invited Michio to become a post-
doctoral researcher for 2 years in 1962-64. Of course,
Professor Riehl was the leading expert on easterly waves
at the time, so this experience undoubtedly further
motivated Michio’s interests in the study of tropical
waves. In 1965, Michio was invited back to the Univer-
sity of Tokyo as associate professor in the Faculty of
Science, where he and his student, Taketo Maruyama,

Publisher’s Note: This chapter was revised on 5 December 2016
to correct a slight error in the title of this volume as presented in the
references.
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FIG. 3-1. The scales of tropospheric motions in the tropics, taken from the February 1970
GARP technical report. Adopted from Sikdar and Suomi (1971).

documented the existence of mixed Rossby—gravity
waves, also called Yanai-Maruyama (YM) waves (see
section 3). At that time, the University of Tokyo was
strongly affected by student riots, which prompted
Michio to accept an invitation by Professor Yale Mintz
to join the Department of Meteorology faculty at the
University of California, Los Angeles (UCLA), in 1969,
where he remained for the rest of his career.

Just 2 years after he moved to UCLA, Michio con-
tributed ““A review of recent studies of tropical meteo-
rology relevant to the planning of GATE”’(Yanai 1971a)
to the International Council for Science (ICSU)-World
Meteorological Organization (WMO) Joint Organizing
Committee (JOC) for Global Atmospheric Research
Program (GARP) where he was appointed as a member
of a study group on tropical disturbances. He stated
that his primary interests on this subject were “‘on the
A-scale tropical wave disturbances and the interaction of
the waves and the B-scale phenomena (cloud clusters).”
(Yanai 1971a) During seminars and as part of his tropical
meteorology class, Michio often used a schematic such as
the one in Fig. 3-1 for representing the multiscale inter-
action between tropical waves and cumulus ensembles.
The nature of the interaction between the cloud scale and
the large scale remained a primary focus of Michio’s in-
terest throughout the rest of his career.

It was remarkably prescient that at the design stage of
the GARP Atlantic Tropical Experiment (GATE),
Michio selected the word “‘cloud cluster” to refer to a
grouping of cumulonimbus, as a key ingredient of
tropical waves for scale interactions. One of the major
advances of GATE was its field observations that con-
tributed to the understanding of the structure and ag-
gregation of mesoscale systems over the eastern tropical
Atlantic (Gamache and Houze 1985; Zipser 1977;
Houze and Betts 1981). Another major contribution
from Michio’s work during GATE was the analysis of

the mass flux of convection associated with African
easterly waves (AEWs). Utilizing the apparent heat
source J; and moisture sink O, and a spectral cloud
model, Michio and his students (Yanai 1961a, 1971b;
Yanai et al. 1973, 1976; Nitta 1977) diagnosed convective
mass flux from the soundings (Tao et al. 2016, chapter 2).
It was shown that the vertical profiles of convective mass
flux in the Atlantic differed from that over the Marshall
Islands of the west-central Pacific, with a layered struc-
ture of divergence in the middle troposphere in GATE
not found in the Marshall Island data. While maximum
upward motion is found near 700hPa in GATE and a
secondary maximum is found in the upper troposphere,
the only peak found in the western Pacific was at around
400hPa (Nitta 1977; Yanai and Johnson 1993). Michio’s
former graduate student Nitta (1978) further studied the
GATE Phase III data to establish the relationships be-
tween the structure of the large-scale wave disturbances
and cloud height, a key relationship affecting the in-
teraction between the cloud scale and the synoptic scale.
The scale interaction between clouds and waves occupied
Michio’s attention for his entire career. In this article, we will
revisit Professor Yanai’s contributions to the study of trop-
ical waves and their relationship with tropical convection.

2. Easterly waves and tropical storm genesis

As remarked upon, during the 1960s Michio was
heavily involved in both observational and theoretical
work related to tropical waves. As his early interests
were in typhoons, he was well aware that easterly waves
were known to be precursors to tropical storm formation
(Riehl 1948; Palmer 1952). As part of his doctoral thesis,
Michio studied in detail the 1958 transition of an easterly
wave into Typhoon Doris by analyzing Marshall Island
special observation data (Yanai 1961a), describing three
stages of tropical storm development. He then proceeded
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FIG. 3-2. (left) The schematic horizontal view of an easterly wave. Dotted lines are isovels. The latitudinal distribution of mean zonal
wind at the 850-hPa level is shown in the right-hand side of the figure. Adopted from Yanai (1961b). (right) A schematic for formation of
a tropical storm within a wave pouch. The dashed contours represent the streamlines in the ground-based frame of reference, which
usually have an inverted-V pattern. The solid streamlines delineate the wave pouch as viewed in the frame of reference moving at the same
speed with the wave. The pouch can protect the mesoscale vortices inside from the hostile environment, such as dry air associated with the
Saharan air layer. Deep convection (gray shading) is sustained within the pouch. Owing to convergent flow, the pouch may have an
opening that allows the influx of environmental air and vorticity. The easterly jet (Jet), the critical latitude (CL), and the wave trough axis
(Trough) are also indicated in the schematic. The intersection of the critical latitude and the trough axis pinpoints the pouch center as the
preferred location for tropical cyclogenesis. Adopted from Wang et al. (2010).

to lay out the dynamical basis for such development
(Yanai 1961a,b). While this problem is still being
worked on today (see Fovell et al. 2016), Michio’s ideas
on the subject were truly visionary since they clearly
spelled out the conditions for the instability of a wave
within a moist easterly current and also laid the foun-
dation for the study of the coupling of convection with
the large-scale wave field.

In Yanai (1961b, p. 285), Michio first considered the
concept, which he attributed to Priestley (1959), of free
versus forced convection, with free convection due to
buoyancy and forced convection “where the motion is
otherwise imposed” by large-scale dynamics, even in a
stably stratified atmosphere. The expressions for Q; and
0, were also first presented in Yanai (1961a). Michio
pointed out that the scale of condensational heating ini-
tially favored within an easterly wave was much smaller
than that of the wave and incipient typhoon themselves but
that this heating ultimately must be responsible for the
generation of a warm-core protovortex within the initially
cold-core easterly wave. This then enabled the rapid
deepening of the system (Yanai 1963, 1964). He also re-
marked in Yanai (1961b, p. 303) that “‘the banana-shaped
storm region associated with an easterly wave appears to
be cut off from the main easterly jet” (see Fig. 3-2), per-
haps the first hint of the easterly wave “pouch” concept
where developing mesoscale vortices are protected from
the external hostile environment, allowing development
(Dunkerton et al. 2009; Wang et al. 2010).

Throughout the 1960s, Michio was thinking not only
about the genesis of tropical storms but also about the
genesis of the other equatorial disturbances that were

becoming more evident in observational data. Nitta and
Yanai (1969) suggested that the disturbances observed in
rainfall in the Marshall Islands (9.00°N, 168.00°E) region
were due to the barotropic instability of the easterly
zonal current found in the vicinity of the ITCZ. This
conclusion found support in later work (e.g., Ferreira
and Schubert 1997; Wang and Magnusdottir 2005), while
other hypotheses include the roles of baroclinicity aided
by convectively generated potential vorticity and/or in-
ertial instability either of the pure kind or along isen-
tropes, concepts that have still recently been pursued as
explanations for easterly wave generation (e.g., Tomas
and Webster 1997; Toma and Webster 2010). Michio’s
earliest work thus provided a solid foundation for the
idea of large-scale hydrodynamic instability within the
ITCZ and provided inspiration for much of the research
on equatorial waves and tropical storm development
over the following decades to the present.

3. Yanai-Maruyama waves

In the mid-1960s, Michio and his graduate student
Taketo Maruyama set out on a search for observational
evidence of equatorial disturbances in the central
equatorial Pacific using the Marshall Islands data. In
this study, they “indeed found interesting facts’ cor-
responding to eddy disturbances in the lower strato-
spheric winds (Yanai and Maruyama 1966, p. 291).
What they found were roughly 5-day-period meridional
wind oscillations in the lower stratosphere corre-
sponding to waves traveling westward at around
23ms” ! with a wavelength of 10000 km or so (Fig. 3-3).
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Over the next several years, Michio along with his stu-
dents Maruyama, Tsuyoshi Nitta, Masato Murakami,
and Yoshikazu Hayashi published a classic series of
papers documenting these YM waves in observations
and theoretically.

It is interesting to note that Yanai and Maruyama’s
(Yanai and Maruyama 1966; Maruyama and Yanai
1967; Maruyama 1967, 1968) initial work was partly
motivated by the search for an explanation for the
stratospheric quasi-biennial oscillation (QBO), which
had been recently discovered by Ebdon (1960) and
Reed et al. (1961). It was theorized that the regular
downward-propagating signal of alternating westerly and
easterly winds of the QBO should be due to momentum
flux convergence produced by equatorial waves (Reed
1962; Tucker 1968). Yanai and Maruyama (1966, p. 291)
were also motivated by the fact that ““one still lacks ob-
servational evidence of large-scale eddies in the tropical
stratosphere.” While YM waves were presumed to pro-
vide part of the necessary acceleration, it is now known
that a broad spectrum of forcing must be involved ranging
from equatorial waves (Lindzen and Matsuno 1968;
Lindzen and Holton 1968; Holton and Lindzen 1972),
including intermediate inertia-gravity waves (Dunkerton
1997; Kawatani et al. 2009) and high-frequency gravity
waves [see Baldwin et al. (2001) for a review].

At the same time, during the early 1960s, theoretical
studies had suggested the existence of a broad class of
trapped waves along the equator in addition to off-
equatorial easterly waves (Yoshida 1959; Rosenthal
1960, 1965; Bretherton 1964). It was very fortunate that
Michio was working ‘“elbow to elbow” with Taroh
Matsuno at the University of Tokyo, who was de-
veloping the linear theory of the behavior of shallow-
water waves on an equatorial beta plane for his Ph.D.
work. Matsuno’s (1966) theory predicted the existence
of several types of equatorially trapped waves, including
those now called Kelvin and equatorial Rossby (ER)
waves, along with a family of inertio-gravity (IG) and
mixed Rossby—gravity (MRG) waves.

Although Michio was acknowledged by Matsuno in
his 1966 paper, they apparently did not initially realize
that the YM waves provided the first observational
confirmation of Matsuno’s theory. Quite soon after-
ward, though, Maruyama (1967, p. 405) examined the
observations further and declared that the waves they
were observing were indeed ‘“‘of the mixed character-
istics of the Rossby-type wave and the westward
moving inertio-gravity wave’’ isolated by Rosenthal
and Matsuno theoretically. This discovery was cer-
tainly a beautiful example of where theory and obser-
vations worked hand in hand to make rapid advances
in a field.
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FI1G. 3-4. Latitude-time sections of winds at 6, 16, and 18 km in the vicinity of the Line Islands during the period 19 to 27 Jun. The odd and
even numerals denote the centers of anticlockwise and clockwise eddies, respectively. Adopted from Yanai and Hayashi (1969).

Further work in the 1960s concentrated on isolating
the horizontal structure of YM waves, and their vertical
structure, through spectral analysis case studies of data
from a wider array of radiosonde sites (Yanai et al.
1968; Yanai and Hayashi 1969; Wallace and Chang
1969; Yanai and Murakami 1970a,b). These studies
confirmed that YM waves consisted of eddies with geo-
potential perturbations centered along the equator
with signals being strongest in the upper troposphere
(Fig. 3-4). However, coherent signals of the YM waves
also appeared to be present near the surface (Fig. 3-5;
see section 5). It is notable that in all of these papers
there is ongoing speculation that while one energy
source for the waves is likely to be latent heating,
“there is another possibility of searching for the energy
source of the equatorial disturbances in the interaction
with higher-latitude disturbances. The low coherence
between the equatorial disturbances and those in
the subtropics does not necessarily reject a possible
impulsive excitation of the equatorial atmosphere
by disturbances extending from the subtropics” (Yanai
et al. 1968, p. 321). This idea was given further justification

by the two-level model study of Mak (1969), who
found a potentially large excitation of YM and ER
waves through a realistic lateral forcing at 30°N and
30°S. As we shall see below, the idea of lateral forcing
does seem to be quite relevant for a variety of equatorial
disturbances.

4. Theoretical developments on equatorial waves

Along with YM waves, observational evidence for
other modes predicted by Matsuno’s theory was accu-
mulating quickly by 1970. Wallace and Kousky (1968)
documented zonal wind fluctuations in the lower
stratosphere using radiosonde data that they identified
as Kelvin waves. Yanai et al. (1968), Yanai and Hayashi
(1969), and Yanai and Murakami (1970a,b) expanded
the spectral analysis approach to a wider range of fre-
quencies and included zonal wind fluctuations and made
use of the theoretical expectation that, in a resting basic
state, Matsuno modes should have either symmetric or
antisymmetric structures about the equator, a common
practice today.
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As summarized by Wallace (1971), there had been
much work done up to this point utilizing spectral ap-
proaches developed by Yanai and collaborators. These
papers verified many of the predictions of the extensions
and applications to Matsuno’s theory that were being
rapidly developed at that exciting time. For example,
Yanai and Murakami (1970b) attempted to account for
the scale of the waves using dry, linear theory estab-
lished by Lindzen (1967) for an isothermal atmosphere,
with good results for the YM waves but rather mixed
results for Kelvin and ER waves because of the small
sample size and low horizontal resolution. Their esti-
mate of an equivalent depth of 41 m, based on the ver-
tical wavelengths for YM waves, was very close to later
estimates using satellite cloudiness data (Takayabu
1994a; Wheeler and Kiladis 1999). This is a relatively
small value given the observed stratification of the
tropical atmosphere (Lindzen 1967; Holton 1970);
however, this discrepancy was not commented upon
immediately. At around the same time, Hayashi (1971)
had incorporated for the effect of heating within YM
waves using a conditional instability of the second kind
(CISK) formulation for the effect of convective heat-
ing, which gave reasonable values for an equivalent
depth and for the horizontal scaling of the waves. This
pioneering work of Michio’s student, along with that of
Yamasaki (1969), ultimately led to the formulation of
so-called wave-CISK (see Lindzen 1974). It turns out

7 days. Adopted from Yanai et al. (1968).

that the mechanisms that result in such scaling of con-
vectively coupled waves, which undoubtedly arise
through the interaction between the convective scale
and the large scale, have remained a topic of active
research since the 1960s (Neelin and Held 1987) [see
discussions in Takayabu (1994a), Wheeler and Kiladis
(1999), Kiladis et al. (2009), and Raymond et al.
(2009)].

Another result that came out of the pioneering studies
of Michio and his collaborators was the evidence that
observed equatorial waves exhibited strong tilts in the
vertical. A westward tilt with height in the upper tro-
posphere and lower stratosphere was well established
for YM waves, and a careful analysis by Yanai et al.
(1968) and Nitta (1970a) indicated an eastward tilt
within the lower troposphere. Michio pointed out that
these tilts suggest that the waves “are excited at the
upper tropospheric levels and their wave energy prop-
agates both upward and downward from the excitation
levels” (Yanai and Murakami 1970b, p. 345). This was
further evidence that, once excited, latent heating within
tropical convection was an important energy source for
the growth and maintenance of the waves. Michio was
particularly impressed with the results of Nitta (1972),
who calculated cross spectra in the vertical between O
and the generation of eddy available potential energy
(EAPE), finding strong coherence between them at
periods near 5 (from YM waves) and 12.5 days (Kelvin
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waves). Michio commented on the implications for the
role of convection: “It is very interesting that the two
diagrams are nearly identical, that is, at all frequency
ranges the EAPE is generated by diabatic heating and is
immediately converted into the EKE [eddy kinetic en-
ergy|” (Yanai 1971a, p. 10).

In another prescient statement, Yanai and Murakami
(1970a) saw the need for more detailed space-time
spectral analysis techniques, which were then in fact
being developed by Michio’s student Yoshikazu
Hayashi (Hayashi 1971). They realized that when enough
data became available ‘“‘to establish a physical in-
terpretation of the time series data, we have to analyze
the spectral estimates into different wave modes in a
manner similar to the analysis of atmospheric tides”
(Yanai and Murakami 1970a, p. 196) as was done, for
example, by Longuet-Higgins (1968). This statement
foresaw the matching of theoretical dispersion proper-
ties of equatorial waves to space—time characteristics of
observed fields.

5. Convection and equatorial waves

At around 1970, the motivation to study equatorial
waves was further reinforced by some initial work using
satellite data. Michio was struck by the work of Chang
(1970), who showed an association between tropical
wave disturbances and cloud cluster activity (Fig. 3-6).
Shortly thereafter, Tanaka and Ryuguji (1971, 1973),
Murakami and Ho (1972a,b), and Wallace and Chang
(1972), among others, found strong evidence for equa-
torial wave activity in satellite cloudiness, using some of
the first available observations from the TIROS-1 sat-
ellite. The importance of easterly waves for determining
the organization of precipitation within the tropics was
already long recognized, and Michio and others saw the
potential for other equatorial modes to also impact
rainfall. The important advance that satellite data of-
fered made it even more relevant to establish the nature
of the convective coupling to wave dynamics at low
latitudes.

Michio’s efforts to understand the relationships be-
tween wave and convective activity within the theoret-
ical framework of Matsuno’s theory were aided by the
arrival of his first Ph.D. student at UCLA, Abraham
Zangyvil. Zangvil and Yanai (1980, 1981) analyzed the
space—time spectra of dynamical and brightness tem-
perature fields using one of the first gridded analysis
fields of the tropics produced by Krishnamurti (1971)
and a gridded satellite brightness temperature product
obtained from NCAR. The use of a grid instead of spotty
radiosonde data made it possible to decompose the
fields into wavenumber—frequency space, and they
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found clear evidence of cloudiness variations coupled to
YM, Kelvin, and ER waves and strong coherence be-
tween cloudiness and their dynamical fields. Another
outgrowth of the work with Zangvil was further evi-
dence confirming the previous findings of Nitta and
others, for the equatorward flux of wave energy of zonal
wavenumbers 3-6, matching the scale of YM waves
(Fig. 3-7).

The early evidence gathered by Yanai and collabo-
rators on equatorial waves provided inspiration for
much of the tropical research in the late 1980s and 1990s.
An eastward-propagating mode responsible for the
large-scale organization of cloud clusters, called super
cloud clusters (SCC) by Nakazawa (1988), was later
determined to be coupled with tropospheric Kelvin
wave disturbances by Takayabu and Murakami (1991)
and Takayabu et al. (1999). Liebmann and Hendon
(1990) and Hendon and Liebmann (1991) also demon-
strated the coupling of tropospheric YM waves and
cloudiness utilizing gridded ECMWF wind analyses and
outgoing longwave radiation (OLR) data and confirmed
the tilted vertical structures and scales of the waves that
were isolated in the more limited early observations
of Yanai.

Further study revealed a rich variety in YM waves
ranging from those coupled to convection to the free
waves of the upper troposphere and lower stratosphere.
Dunkerton (1991) analyzed radiosonde data from a
large set of equatorial stations and found that lower-
stratospheric YM waves at 70hPa tended to appear
episodically as localized wave packets and were char-
acterized by a broad range of phase speeds. Similar
results were obtained by Randel (1992) but for longer-
period (6-10 day) upper-tropospheric YM waves over
the eastern Pacific/South America sectors, which were
uncoupled to convection and determined to be quite
distinct from those over the west Pacific warm pool.
Randel (1992) also found strong evidence for extra-
tropical forcing of the wave activity, with wave activity
coincident with meridional momentum fluxes from the
Southern Hemisphere subtropics. Dunkerton (1993)
and Dunkerton and Baldwin (1995) documented the
detailed vertical structure of YM and easterly waves in
station as well as gridded OLR and ECMWF analyses.
Apart from the lower-stratospheric waves, these studies
again inferred a broad range of scales associated with
tropospheric YM waves, with at least two types of waves
of identified. One of these appeared to be uncoupled to
convection and more prevalent in the upper tropo-
sphere, as were the YM waves studied by Randel (1992),
while the other appeared to be more convectively cou-
pled and had maximum amplitude in the lower
troposphere.
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150°W). Adopted from Chang (1970).

As more complete gridded satellite and dynamical
analyses were quickly becoming available in the 1980s,
the work of Zangvil and Yanai (1980, 1981) helped to lay
the groundwork for the application of Hayashi’s (1971)

space—time spectral techniques to gridded satellite and
meteorological analyses based on satellite and rawin-
sonde data. Yanai and Lu (1983) documented the exis-
tence of Kelvin, YM, and ER waves in the equatorial
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FIG. 3-7. Latitude—frequency section of the meridional flux of wave energy multiplied by frequency
(positive northward) for s = 3-6 (m’s ™). Adopted from Zangvil and Yanai (1980).

upper troposphere and related their variability to vari-
ations in the equatorward flux of wave energy through
the subtropics (see section 6). Takayabu (1994a) plotted
the space-time spectral power of satellite brightness
temperature in a wavenumber—frequency diagram av-
eraged over latitude, in addition to the more commonly
used wavenumber-latitude diagram for a given wave-
number range. These spectra were then directly com-
parable to dispersion relationships derived by Matsuno,
and a wide variety of equatorial waves were revealed
including Kelvin, YM, ER, easterly waves [tropical de-
pression (TD) type], and various species of inertio-
gravity waves (Fig. 3-8). It was also confirmed that the
equivalent depth of these waves indeed corresponded to
relatively shallow values of around 15-30m. A similar
application was taken to look specifically at westward
inertio-gravity (WIG) waves (Takayabu 1994b). These
studies created the impetus for further application of
space—time spectral approaches and enabled the de-
velopment of objective techniques to filter for con-
vectively coupled equatorial waves (CCEWSs) (Fig. 3-9;
Wheeler and Kiladis 1999). The motivation for much of
the more recent work on convectively coupled equato-
rial waves (Yang et al. 2007; Kiladis et al. 2009; Chen
and Tam 2012) and the MJO (see Maloney and Zhang
2016) can indeed be traced back to Michio’s long
standing interest in the relationship between convection

and the large-scale flow field and to the analysis tech-
niques developed over the years as a result of his huge
influence.

6. Extratropical forcing of equatorial waves

Based on a scale analysis, Charney (1963) was among
the first to hypothesize that a large portion of the
equatorial circulation could be forced by extratropical
circulations. Charney (1969) then went on to reason
that, in the presence of a realistic zonal-mean basic state,
extratropical waves might be prevented from penetrat-
ing into the tropics through the existence of a critical
line, where the zonal phase speed of an equatorward-
propagating disturbance matched the background zonal
wind speed (see also Charney and Drazin 1961). It was
further argued that, in the absence of convection, such
disturbances would be difficult to couple in the vertical
once they reached lower latitudes. Charney cited
Michio’s spectral analysis of Pacific meridional wind
(Yanai et al. 1968), which found distinctly different time
scales between the lower and upper equatorial tropo-
sphere, as evidence of the relatively weak coupling in the
vertical of dry tropical motions.

However, Nitta (1970a,b, 1972) demonstrated a lat-
eral flux of wave energy into the tropics from the ex-
tratropics in the upper troposphere, and later theoretical
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FIG. 3-8. Wavenumber—frequency distribution of space-time power spectral density along the equatorial latitude
of (a) 0.5°N-0.5°S and (b) 6.5°-7.5°N. Spectral values are averaged for the entire period from 1981 to 1989, except for
1984. Contours are plotted for 5.3, 7.9, 10.5, 15.7, 21.0, 42.0, 63.0, 84.0, and 105.0 X 102 K?s m. Doppler shifted
dispersion curves of equatorial waves for n = —1, 0, and 1 modes and n = 2 inertio-gravity wave mode are super-
imposed. (Long dashed line indicates Kelvin wave, solid line is MRG, short dashed line is n = 1,2 IGW, and dashed-
dotted line is # = 1 Rossby wave.) Adopted from Takayabu (1994a).

and modeling work provided evidence that lateral and Holton 1982; Itoh and Ghil 1988; Zhang and
forcing from the extratropics should be possible, and Webster 1992). These regions, termed westerly ducts,
indeed prevalent, in regions of sufficiently broad-scale present no critical line to the equatorward propagation
upper-level westerly flow at low latitudes (e.g., Webster  of quasi-stationary Rossby wave energy (Webster and
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Adopted from Wheeler and Kiladis (1999).

Holton 1982). For example, Fig. 3-10 shows the pertur-
bation zonal wind generated in a shallow-water model
by a forcing situated at 20°N poleward of a westerly duct,
with a clear cross-equatorial response.

During the 1980s and 1990s, Michio’s group further
documented the importance of lateral forcing as a trig-
gering mechanism for equatorially trapped waves.
Zangvil and Yanai (1980) and Yanai and Lu (1983)
showed the general patterns of tropical-extratropical
interactions that result in Rossby, YM, and Kelvin
waves forced by wave energy flux at equatorial latitudes
(Fig. 3-7). In various analyses (Zangvil and Yanai 1980;
Yanai and Lu 1983; Magaifia and Yanai 1995), the wave
energy flux of long waves (s = 3—-6) at 200 mb exhibited a
dominance of equatorward concentration in the 4-6-day-
period range. Numerous theoretical and modeling
studies followed up on the idea that this wave energy
could trigger equatorial waves (e.g.,Webster and Chang
1988; Itoh and Ghil 1988; Zhang and Webster 1992;
Horinouchi et al. 2000).

The importance of lateral forcing led Magafia and
Yanai (1991) to explore the possible role of the MJO on
the meridional convergence of wave energy flux into the
tropics (see Krishnamurti et al. 2016). They showed how
the 30-60-day oscillations in tropical convection over
the western Pacific may influence the subtropical circu-
lation over a range of longitudes, which in turn could
lead to the formation of the westerly duct even during

the Northern Hemisphere summer months. Utilizing
ECMWEF analysis data, Magafia and Yanai (1995)
documented how a midlatitude Rossby wave train can
penetrate deeply into the tropics and project onto YM
waves, especially in the western Hemisphere within a
sufficiently wide equatorial westerly duct or even when
the mean easterlies are weak (~2ms ') (Fig. 3-11).
Other evidence for lateral forcing of equatorial mo-
tions has become quite abundant over the past three
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FIG. 3-11. Linear regression between the bandpass-filtered
anomalies of v at the reference point x and bandpass-filtered u, v,
and OLR anomalies at all points. Dark (light) shaded regions
correspond to negative (positive) OLR anomalies. Contour in-
tervals for OLR anomalies: 4 Wm™2 Only wind vectors with
magnitudes larger than 0.8 ms ™! are plotted. For periods of active
MRGs. Adopted from Magana and Yanai (1995).

decades in synoptic-scale studies. For example, Kiladis
and Weickmann (1992) demonstrated that extratropical
Rossby wave energy propagating equatorward within
the westerly duct of the eastern Pacific was responsible
for convective activity within the ITCZ. Tomas and
Webster (1994) showed that such disturbances could
efficiently cross the equator at upper levels but are
hindered at low levels by the critical line of the so-called
easterly dome due to the trade winds. Similar equator-
ward wave propagation is also seen in the Atlantic sec-
tor, where equatorial westerlies are also present during
northern winter. The interaction of this wave activity
with the ITCZ is now well established [see the review by
Knippertz (2007)].

There is also observational evidence that ER waves
can be triggered by extratropical waves penetrating
into low latitudes (Yanai and Lu 1983; Kiladis and
Wheeler 1995; Kiladis 1998). More recently, Straub
and Kiladis (2003) and Liebmann et al. (2009) present
evidence of laterally forced equatorial Kelvin waves.
For example, in Fig. 3-12, a convectively coupled
Kelvin wave signal originating over the west Pacific
warm pool is preceded by an extratropical Rossby
wave train originating many days earlier over South
America and propagating through the southern Indian
Ocean storm track. It is especially notable that this
wave train is very similar to the one associated with
YM waves in Fig. 3-11. These events frequently occur
even in the presence of a critical line, and it has been
hypothesized that the high-latitude forcing can project
directly onto the equatorial wave, yielding an equa-
torial response in either easterly or westerly low-
latitude flow (e.g., Hoskins and Yang 2000). Thus,
the early insightful observations of Michio and his
collaborators, such as Nitta, that indicated excitation
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of equatorial modes by lateral forcing have since been
verified since by many studies, highlighting the im-
portant role of this source of equatorial wave vari-
ability, as was suspected early on by Michio.

7. Revisiting the classical easterly and equatorial
waves

In preceding sections, we have reviewed the work on
tropical waves where Michio had tremendous contri-
butions. Various studies over the years have revealed
that there are different mechanisms responsible for
generating or maintaining tropical waves. Off-equatorial
3-5-day gyres traveling along the Atlantic ITCZ may be
considered to be classical easterly waves, as these were
the first to be described in detail using the Caribbean
rawinsonde and surface network (Riehl 1945). Later, at-
mospheric wave disturbances very similar to Caribbean
easterly waves were found in the central to western
equatorial Pacific, utilizing the radiosonde network
around the Marshall Islands (Palmer 1952). In Palmer
(1952), these disturbances were called equatorial waves,
since those waves were found closer to the equator, al-
though their characteristics were described as very similar
to easterly waves. In the 1960s, the distinction between
equatorial waves and easterly waves was generally not
very clear (e.g., Nitta and Yanai 1969), mainly because of
the similarity of their periodicity and their coexistence as
will be described later. However, Michio was careful
about the distinction between them in papers (e.g., Yanai
et al. 1968). In this section, we revisit these classical
easterly waves and their relationship to equatorial waves,
and YM waves in particular, through accumulated studies
on tropical wave disturbances.

One of the first ideas for the generation mechanism
was due to Palmer (1951), who speculated that easterly
waves could be maintained through the horizontal shear
within an easterly current. Later, Michio pursued the
possibility of the generation of easterly waves in the
Marshall Island region from barotropic instability (Nitta
and Yanai 1969), based on a careful application of the
finite differencing approximation (Yanai and Nitta
1968), and showed that the meridional structure of
easterly flow in this region could become barotropically
unstable, providing one potential source for easterly
wave generation with observed spatial scales and
propagation speeds.

At the time of GATE, similar arguments were put
forth to account for the origin and maintenance of
AEWs. Burpee (1972) argued that the African easterly
jet satisfied the Charney-Stern condition for barotropic
instability (Charney and Stern 1962). Based on the
GATE analyses, a consensus was established that
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AEWs were dynamically maintained with barotropic
and baroclinic conversions from the lower-tropospheric
easterly jet (e.g., Norquist et al. 1977; Reed et al. 1977).
However, it appears that linear instability is not neces-
sarily supported by realistic observed basic states over

Africa once reasonable damping is assumed (see Hall
et al. 2006), pointing to a role by moist processes in
the triggering of AEWs (Thorncroft et al. 2008) as well
as their maintenance (e.g., Hsiech and Cook 2008;
Cornforth et al. 2009; Berry and Thorncroft 2012).
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On the other hand, tropical waves observed over the
Marshall Islands, around 150°-175°E, were shown to be
maintained primarily by deep convection (Nitta 1972),
consistent with the view that there is less horizontal and
vertical shear over the western to central Pacific than
over Africa. Similarly for the convectively coupled
equatorial waves, convective heating in organized con-
vective systems, which consists of deep convection and
deep stratiform clouds, is considered the major player in
the maintenance of these disturbances.’

Differences in the structure of easterly waves from the
eastern Pacific to the western Pacific had long been
recognized starting with Reed and Recker (1971), who
showed the structure change of easterly waves from the
central Pacific at Majuro to the western Pacific at Koror
and Truk. In the central Pacific, the disturbances have
more eastward-tilted structure than in the western Pa-
cific, where the disturbances are more erect, as noted by
Dunkerton (1993; see also Serra et al. 2008).

In addition to the vertical structure, early studies with
station data (e.g., Nitta 1970a,b; Yanai and Murakami
1970a,b; Wallace 1971) suggested the existence of two
kinds of westward-propagating waves. Nitta (1970a)
showed that while longer (~8000km) waves dominate
over the central Pacific, shorter (~4000km) waves
dominate over the western Pacific. Liebmann and
Hendon’s (1990) work visually indicated that former
wave disturbance had a YM (MRG) wave structure and
was coupled with convection. Takayabu and Nitta
(1993) identified the TD-type disturbances that corre-
sponded more with easterly waves and dominated in the
western Pacific, distinct from the MRG wave in the
central Pacific, although they indicated some cases that
the former disturbance was transformed from the latter.
One of the conclusions that emerged from Dunkerton
and Baldwin (1995) was that some MRG waves in
the central to western Pacific appear to transition

' More recently, the role of a third type of cloud, shallow/
congestus, has been emphasized (Johnson et al. 1999). Usually,
these clouds are assumed to play a primary role in moistening the
lower troposphere above the boundary layer ahead of convectively
coupled disturbances, although there is some dispute on this point
(Hohenegger and Stevens 2013). Kiladis et al. (2005) and Mapes
et al. (2006) remarked on the fact that a wide variety of cloud
systems with different scales have similar life cycles, consisting of a
progression of shallow/congestus, deep, and stratiform clouds as
they pass by (e.g., Zipser 1969; Takayabu et al. 1996; Straub and
Kiladis 2003; Lin and Johnson 1996). Frenkel et al. (2012) showed
that realistic structures of various cloud systems are well simulated
by stochastic cloud models, including the effects of the three cloud
types, as demonstrated by Majda and Khouider (2002) and
Khouider and Majda (2006) (see Fovell et al. 2016; Zhang and
Song 2016).
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from Serra et al. (2008).

continuously into the TD-type disturbances. This result
corroborated earlier work by Dunkerton (1993) from
rawinsonde data alone, that showed evidence of a con-
tinuous transition from a tilted to a first baroclinic mode
vertical structure of disturbances.

The relative occurrence of MRG waves and TD-type
disturbances depends on the background zonal wind
structure over the tropical Pacific with MRG waves fa-
vored in low-level easterlies and TDs favored in west-
erlies. Takayabu and Nitta (1993) found such an
interannual variation associated with ENSO. Recalling
that there are at least some inconsistencies in earlier
studies for the naming of the 3-5-day disturbances over
the Marshall Island region (e.g., Palmer 1952 versus
Nitta and Yanai 1969), some of these discrepancies may
have their origin due to this interannual variability.

Studies of easterly waves in the eastern Pacific ITCZ
are more prevalent in more recent years, which was
partly due to the lack of a rawinsonde station network in
this region. In agreement with classical studies dating at
least to 1970, Serra et al. (2008, 2010) showed that some
easterly waves originating in the Atlantic propagate
across Costa Rica and Panama to the eastern Pacific
(Fig. 3-13), although they are not the primary origin of
Pacific disturbances. In the eastern Pacific at around
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80°-95°W, they show that barotropic conversion has
similar magnitudes in the lower troposphere as the
contribution from convection.

The eastern Pacific ITCZ region is characterized by
more prevalent contributions by shallow convection to
the heating profile when compared to the western Pacific
warm pool region, as illuminated by recent studies.
Zhang et al. (2004) indicated the existence of a shallow
meridional circulation in the eastern Pacific at around 2—
4-km altitude, utilizing dropsonde soundings obtained in
the Eastern Pacific Investigation of Climate Processes in
the Coupled Ocean-Atmosphere System (EPIC) pro-
gram. Kubar et al. (2007) showed a larger ratio of
midlevel-topped clouds in the eastern Pacific compared to
the western or central Pacific. Back and Bretherton
(2009a,b) emphasized the significance of a shallow mode
of convection in the eastern Pacific ITCZ region, accom-
panying convergence in the boundary layer associated
with strong SST gradients associated with the so-called
cold tongue in the equatorial eastern Pacific. Shallow
heating may also be enhancing the low-level convergence
through convection—circulation coupling (Wu 2003).

An analysis of TRMM precipitation features (PFs),
which are contiguous rain areas defined by the TRMM
PR data and are provided by the University of Utah
group (e.g., Nesbitt et al. 2006), described significant
differences of convective systems between the western
Pacific (WPAC) warm pool and over the eastern Pacific
(EPAC) ITCZ (Yokoyama and Takayabu 2012a,b).
Over the WPAC warm pool, tall and deep structures are
prominent. On the other hand, over the EPAC ITCZ,
small and shallow features rich in cumulus congestus and
highly organized features with moderate heights are
dominant, collocated with regions of shallow conver-
gence associated with large meridional SST gradients.

The significant contributions of shallow convection ob-
served in temporally averaged states over the eastern
Pacific ITCZ are related to transient atmospheric distur-
bances. Serra and Houze (2002) analyzed the observa-
tional data obtained during the Tropical East Pacific
Process Studies (TEPPS). Their time-height plots of
sounding data indicate that premoistening below the 0°C
level precedes the precipitation events associated with 3—
6-day wave disturbances. Roundy and Frank (2004)
showed an interesting snapshot of easterly wave distur-
bances over the central to eastern equatorial Pacific, with a
map of TD-type band-filtered precipitable water (PW) ,
OLR, and 850-hPa winds on 7 December 1992. In the
map, disturbances are clearly detected in precipitable
water signals and associated with an MRG wavelike cir-
culation over the equator.

Utilizing NOAA OLR data, total precipitable water
data derived from SSM/I, surface winds from the
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Small and large cloud-shaped figures are depicted as congestus and
well-organized systems, respectively. Adopted from Yokoyama
and Takayabu (2012b).

QuikSCAT,25-yr Japanese reanalysis, and TRMM latent
heating data during the boreal autumn, Yokoyama and
Takayabu (2012b) statistically obtained the coupled
structure of the ITCZ disturbances over the eastern Pa-
cific centered around 130°W, as summarized in Fig. 3-14.
It consists of vortices tilted from SW to NE along the
ITCZ latitude, and larger-scale MRG wave disturbances,
over the equator. At both these latitudes, westward-
propagating 3-6-day disturbances were observed, but
the phase speeds and wavelengths of the vertical and
MRG wavelike disturbances suggest they have separate
origins. Two-tiered convergence—divergence profiles are
observed with these coupled disturbances. In the western
part of the disturbances, deep convection is suppressed
and shallow convection is observed. Much deeper con-
vergence up to 700 hPa is observed in the eastern part,
associated with southerly inflow of the MRG waves. This
helps to allow deep convection in the rear of the vortex
disturbance at the ITCZ and enhances the coupled wave
disturbances. When these two components become cou-
pled, they tend to propagate westward together over a
period of several days.

Recent studies have revealed that tropical deep con-
vection is more correlated with free-tropospheric hu-
midity rather than buoyancy instability of the shallower
boundary layer parcels represented by CAPE (e.g.,
Sherwood 1999; Bretherton et al. 2004; Takemi et al.
2004; Neggers et al. 2007; Takayabu et al. 2010). The
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above-mentioned coupled structure of the ITCZ dis-
turbances show that shallow convection associated with
one disturbance is aided by the deep convergence of a
large-scale disturbance, which helps to prepare the en-
vironment of the moist free troposphere for deep con-
vection to develop.

To summarize, it is suggested that dynamic instability
and barotropic conversion in the shallow boundary layer
generate and maintain the shallow vortex disturbances
in the eastern Pacific ITCZ, which are coupled to con-
gestus heating. When conditions allow, associated with
the arrival of energy from larger-scale MRG waves,
deeper convergence in the lower troposphere allows
deep convection in a certain phase of the shallow vortex.

The coupling of shallower and deeper disturbances in
the eastern Pacific ITCZ is consistent with previous
descriptions of these disturbance structures. While dis-
turbances in the west Pacific have erect structures with a
single maximum of vertical velocity in the upper tro-
posphere, AEWs (Thompson et al. 1979; Kiladis et al.
2006) and wave disturbances in the eastern Pacific (Tai
and Ogura 1987; Serra et al. 2008; Yokoyama and
Takayabu 2012b) are associated with double maxima of
vertical velocity in the lower and upper troposphere.
With both AEW and classical eastern Pacific easterly
waves, there are indications of lower-level barotropic
instability triggering the disturbance, which is coupled
with shallow convection, especially in the eastern Pacific
cases. Then further coupling with deep convection en-
hances the disturbances with deep convective heating.

From the very early stage of the YM wave studies,
Michio was interested in the relationship between
upper-level YM waves and the lower-level easterly
waves. As was already shown in Fig. 3-5, Yanai et al.
(1968) showed a coexistence of long distance propaga-
tion of large-scale YM waves from the upper tropo-
sphere to lower stratosphere and short distance
correlation of wave disturbances in the lower tropo-
sphere at around 1.5km, at a very similar period range
around 4 days. Although Michio did not explicitly ex-
press that the latter lower-tropospheric coherent dis-
turbances was a part of YM or MRG waves, he
suggested that these spectral peaks may correspond to
the passage of equatorial waves of the type discussed by
Palmer (1952), considering that the latitudes of stations
showing these peaks are close to the equator. From
Fig. 3-5, the zonal scale of these lower-tropospheric
wave disturbances is estimated at wavenumber 4, which
is distinct from the smaller-scale easterly waves. Utiliz-
ing results from recent studies (Roundy and Frank 2004;
Yokoyama and Takayabu 2012b), we can now revisit the
equatorial waves described by Palmer (1952), which
should correspond to the lower-tropospheric MRG
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waves, and distinguish these from the easterly waves
over the ITCZ. They can be consistently understood as
two disturbances with separate origins, which are cou-
pled and amplified through an enhancement of deep
convection over a limited longitudinal range of the
eastern Pacific ITCZ. Given the limited data availability
available to them, we can certainly appreciate the mar-
velous insights of early tropical meteorologists in as-
signing two separate names, easterly waves and
equatorial waves, to these disturbances in the early days
of the 1950s and 1960s.

Professor Yanai, in his review for the design of GATE,
emphasized the importance of understanding multiscale
interaction in tropical waves and coupled tropical con-
vection: “Finally, I emphasize that the B-scale network
must be meshed within a good A-scale network. Only by
doing so, will we be able to associate a particular type of
convective heating with a particular type of wave distur-
bance” (Yanai 1971a, p. 29). Successive studies have
shown abundant variations in tropical waves, and the
selection of waves has been related to the large-scale basic
state. One of the facts initially emphasized by Michio, that
the scale of tropical convection was much smaller com-
pared to that of tropical waves, has ultimately led to
recent field projects such as the Pre-Depression Investi-
gation of Cloud-Systems in the Tropics (PREDICT) ex-
periment (Montgomery et al. 2012). PREDICT was
designed to understand which waves are apt to develop
into the tropical cyclones and which are not, in terms of
convective effects on the pregenesis disturbances, the
very problem studied by Michio in the early 1960s in his
papers on the genesis of Typhoon Doris. Another recent
field project, Dynamics of the MJO (DYNAMO)/
Cooperative Indian Ocean Experiment on Intraseasonal
Variability in Year 2011 (CINDY) (e.g., Zhang et al.
2013; Yoneyama et al. 2013), is designed to examine the
role of mesoscale to synoptic-scale interactions in the
genesis and maintenance of the planetary-scale MJO
(see Krishnamurti et al. 2016). Thus, Michio’s insightful
views have ultimately played a pivotal role in motivating
much recent observational, theoretical, and modeling
research aimed at unraveling the workings of multiscale
interactions within the tropical atmosphere.
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