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Two Extratropical Pathways to Forcing Tropical Convective Disturbances

YUAN-MING CHENG,® STEFAN TULICH,” GEORGE N. KILADIS,* AND JULIANA DIAS?

8 NOAA/Physical Sciences Laboratory, Boulder, Colorado
° CIRES, University of Colorado and NOAA/Physical Sciences Laboratory, Boulder, Colorado

(Manuscript received 22 March 2021, in final form 9 June 2022)

ABSTRACT: Observational evidence of two extratropical pathways to forcing tropical convective disturbances is docu-
mented through a statistical analysis of satellite-derived OLR and ERAS5 reanalysis. The forcing mechanism and the resulting
disturbances are found to strongly depend on the structure of the background zonal wind. Although Rossby wave propaga-
tion is prohibited in easterlies, modeling studies have shown that extratropical forcing can still excite equatorial waves
through resonance between the tropics and extratropics. Here this “remote” forcing pathway is investigated for the first time
in the context of convectively coupled Kelvin waves over the tropical Pacific during northern summer. The extratropical forc-
ing is manifested by eddy momentum flux convergence that arises when extratropical eddies propagate into the subtropics
and encounter their critical line. This nonlinear forcing has similar wavenumbers and frequencies with Kelvin waves and ex-
cites them by projecting onto their meridional eigenstructure in zonal wind, as a form of resonance. This resonance is also evi-
denced by a momentum budget analysis, which reveals the nonlinear forcing term is essential for maintenance of the waves,
while the remaining linear terms are essential for propagation. In contrast, the “local” pathway of extratropical forcing entails
the presence of a westerly duct during northern winter that permits Rossby waves to propagate into the equatorial east
Pacific, while precluding any sort of resonance with Kelvin waves due to Doppler shifting effects. The intruding disturbances
primarily excite tropical “cloud plumes” through quasigeostrophic forcing, while maintaining their extratropical nature.
This study demonstrates the multiple roles of the extratropics in forcing in tropical circulations and illuminates how tropical—
extratropical interactions and extratropical basic states can provide be a source of predictability at the S2S time scale.

SIGNIFICANCE STATEMENT: This study seeks to understand how circulations in the midlatitudes excite the
weather systems in the tropics. Results show that the mechanisms, as well as the types of tropical weather systems ex-
cited, are strongly dependent on the mean large-scale wind structure. In particular, when the large-scale wind blows
from east to west, a special type of eastward-moving tropical weather system, the Kelvin wave, is excited owing to its
resonance with remote eastward-moving weather systems in the extratropics. On the contrary, when the average wind
blows from west to east, midlatitude systems are observed to intrude into the lower latitudes and directly force tropical
convection, the cloud plumes, while maintaining their extratropical nature. These results speak to how the midlatitudes
can excite distinct types of tropical weather systems under different climatological wind regimes. Understanding these
tropical weather systems and their interactions with the midlatitudes may ultimately help to improve predictions of
weather beyond 2 weeks.
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1. Introduction Ying and Zhang 2017; Dias et al. 2018; Judt 2020; Dias et al.
2021). While it is now established that many of these distur-
bances can indeed be forced by extratropical Rossby waves
(e.g., Zangyvil and Yanai 1980; Yanai and Lu 1983; Liebmann
and Hartmann 1984; Magana and Yanai 1995; Hoskins and
Yang 2000; Yang and Hoskins 2013, 2016; Sakaeda and
Roundy 2014, 2015, 2016; Yang et al. 2018; Cheng et al. 2019;
Mayta et al. 2021; Kiladis 1998, hereafter K98; Straub and
Kiladis 2003a, hereafter SK03; Huaman et al. 2020, hereafter
HSK20; Tulich and Kiladis 2021, hereafter TK21), the precise
mechanisms of this forcing have yet to be fully established. In
this study, observational evidence is presented for two differ-
ent extratropical forcing pathways to convective disturbances
over the tropical Pacific, whose relative contributions are
strongly dependent on the meridional structure of the back-
ground zonal flow.

Extratropical Rossby waves have long been recognized as a
potential source of energy for driving tropical circulations

Corresponding author: Yuan-Ming Cheng, yuan-ming.cheng@ (e.g., Charney 1969; Mak 1969; Webster and Holton 1982;
noaa.gov Zangvil and Yanai 1980). The propagation of such waves is

Tropical convection is often organized into synoptic-scale
disturbances moving parallel to the equator that can be
tracked for days or even weeks. These moist wavelike distur-
bances, which occur at higher frequencies than the Madden—
Julian oscillation (MJO), include convectively coupled Kelvin
waves (hereafter simply Kelvin waves), equatorial Rossby,
mixed Rossby-gravity, inertio-gravity, and easterly waves.
Together they explain a substantial fraction of rainfall vari-
ability in the tropics (Kiladis et al. 2009) and their passage can
lead to severe weather, including extreme precipitation
(Baranowski et al. 2020; Latos et al. 2021) and tropical cyclo-
genesis (Ventrice et al. 2012). They are also of interest owing
to their potential to act as sources of subseasonal predictabil-
ity that can ultimately extend from the tropics to extratropics,
via Rossby wave teleconnections (e.g., Stan et al. 2017;
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well understood on the basis of linear theory, which states
that Rossby waves always travel westward relative to the
mean flow in which they are embedded. As a consequence,
eastward-moving Rossby waves at low latitudes must be ad-
vected by background westerlies, and can only propagate into
low latitudes within regions of mean westerly flow (Charney
1969; Yang and Hoskins 1996). Thus many early studies fo-
cused on how the extratropics influence tropical circulations
in regions of mean equatorial westerlies (e.g., K98; Tomas
and Webster 1994). Upper-level westerlies are well developed
over the east Pacific and Atlantic in the boreal cool seasons
and these “westerly ducts” allow extratropical Rossby waves
to intrude into the deep tropics. These transient eddies are
crucial to the zonal momentum balance over the east Pacific
(K98; Kiladis et al. 1994; Sakaeda and Roundy 2014).

Extratropical intrusions in a westerly duct have been well
documented [Kiladis and Weickmann (1992), see sections 3
and Sa therein for more details; also see Knippertz (2007) for
a review]. They are often associated with anticyclonic wave
breaking near the exit region of the subtropical jet (Thorncroft
et al. 1993; Shapiro et al. 2001). Consistent with their equator-
ward propagation, these transient circulations are positively
tilted in a southwest-northeast manner in the Northern Hemi-
sphere such that they transport westerly momentum poleward
and disperse energy equatorward. Their positive potential vor-
ticity anomalies lower the vertical stability and increase convec-
tive available potential energy. The associated quasigeostrophic
(QG) forcing drives vertical motion in the subtropics and
the ITCZ (K98; HSK20; Funatsu and Waugh 2008). The QG-
forced cloudiness at the leading edge of the upper-level trough
typically organizes into southwest—northeast-elongated “cloud
plumes” that have been associated with the formation of
atmospheric rivers (Bao et al. 2006; Ralph et al. 2011; Ryoo et al.
2013). Equatorial Rossby waves are also reported to form in
the lower levels west of the convective region, which is likely a
consequence of the excited convection (Kiladis and Wheeler
1995; Kiladis 1998; Matthews and Kiladis 2000). However, de-
spite being coupled with convection in the tropics, the forced
eastward-moving circulations retain much of their extratropical
character (K98; HSK20).

Although linear theory predicts that an easterly basic state
should prevent Rossby waves from moving into the lower lati-
tudes due to critical lines, a handful of modeling and observa-
tional studies have in fact found equatorial waves remotely
triggered by extratropical disturbances in regions of tropical
easterlies (e.g., SK03; TK21; Kiladis et al. 2016; Yang and
Hoskins 2013; Yang et al. 2018). In a dry barotropic frame-
work, Zhang and Webster (1992) and Zhang (1993) demon-
strated that the equatorial response to an imposed
zonally moving mass source in the extratropics is strongly
dependent on the frequency and translation speed of the forc-
ing, as well as the direction of the background zonal wind.
The largest Kelvin wave response was indeed found in equa-
torial easterlies rather than westerlies. Hoskins and Yang
(2000), using a primitive equation model, investigated the
equatorial response to imposed transient vorticity forcing in
the midlatitudes under realistic basic states. They also found
the largest amplitude of Kelvin waves in tropical mean
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easterlies for an eastward-moving forcing. Both Zhang (1993)
and Hoskins and Yang (2000) concluded that this remote
excitation is attributable to the close resonance between the
Doppler-shifted frequency of forcing and the eigenfrequency of
the equatorial modes. Using a global model with superparame-
terized physics, a recent study by TK21 showed how the extra-
tropics can energetically excite and maintain Kelvin waves
through momentum flux forcing associated with critical line ef-
fects. This energetic maintenance was seen to arise through an
in-phase relationship between the momentum-flux forcing and
Kelvin wave zonal wind anomalies, in accordance with the idea
of wave resonance. In an observational study, SK03 showed
that, despite the presence of mean easterlies, the initiation and
activity of convectively coupled Kelvin waves appear to be asso-
ciated with Rossby waves and their momentum flux from the
Southern Hemisphere.

The goal of this study is to elucidate the mechanisms through
which extratropical eddies excite convective disturbances in the
tropics and clarify how these mechanisms depend on the merid-
ional structures of the background zonal flow. Specifically, we
use satellite observations and reanalysis data to compare and
contrast the remote extratropical forcing of Kelvin waves docu-
mented in SKO3, versus the local (intrusion-type) forcing of
eastward-moving cloud plumes reported in K98 and HSK20.
Given that the extratropical momentum flux appears to be rele-
vant in both cases (SK03; TK21; K98; HSK20), primary atten-
tion is given to this quantity, which is analyzed in several
different ways. The data and methods are described in section 2.
Section 3 compares the climatological background states and
wave activity associated with these two types of tropical distur-
bances. Section 4 investigates the remote pathway while section 5
examines the local mechanism. A summary and discussion of the
results are provided in section 6.

2. Data and methods
a. Data

We used twice-daily satellite-derived outgoing longwave ra-
diation (OLR; Liebmann and Smith 1996) from 1979 through
2019, along with the GPM IMERG (Global Precipitation Mis-
sion Integrated Multi-Satellite Retrievals) precipitation prod-
uct (Huffman et al. 2020) available from 2001 through 2019.
We also utilized the dynamical and thermodynamical fields
from ERAS (Hersbach et al. 2020) for the same period as
OLR. Virtually identical results can be reproduced using
ERA-Interim (Dee et al. 2011) and TRMM 3B42 (Huffman
et al. 2007). Since the wave structures of interest have spatial
scales in the synoptic to planetary range, all datasets were in-
terpolated to a 2.5° grid for computation.

b. Empirical orthogonal function analysis

Empirical orthogonal function (EOF) analysis was used to
extract tropical wave structures. EOFs were calculated
through a covariance matrix approach using filtered OLR.
We chose an eastward (excluding wave 0) 2-20-day filter that
includes a broad spectrum of cloudiness signals, including
Kelvin waves. Two separate EOF calculations were used for
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FIG. 1. (top) Climatological mean OLR (colors) and variance of eastward 2-20-day filtered OLR (contours) in
(a) JJA and (b) DJF. (bottom) Climatological zonal wind (colors) and eastward 2-20-day filtered horizontal E vectors

(vectors) and heat flux (v T”; contours) at 200 hPa for (c) JJA and (d) DJF. OLR is shaded in W m ™2
m~*. Zonal wind is shaded in m s~
lined by green contours. A reference for E vectors of 70 m* s~
with zero lines omitted. The red and blue boxes delineate the domains for Kelvin wave

is contoured every 150 W? m ™~ starting from 250 W?

contoured every 4 K m s~
and cloud plume EOF.

the two types of tropical waves under consideration. The
“Kelvin wave EOF” was calculated over the west-central Pacific
(15°S-20°N, 120°E-140°W; see Fig. 1a) for June-August (JJA).
For the cloud plumes, the “cloud plume EOF” was calculated
over the east Pacific (15°S-20°N, 180°-80°W; Fig. 1b) for
December-February (DJF). Circulations associated with the
EQF patterns were obtained by projecting the raw reanalysis
data of each grid point onto the time series of the principal com-
ponent (PC), scaling to one standard deviation of the PC. A
Student’s ¢ test was used to assess the statistical significance
once the number of degrees of freedom was estimated through
autocorrelation of both time series (Livezey and Chen 1983).

¢. Momentum flux forcing

While equatorward-moving extratropical Rossby waves re-
sult in a poleward flux of westerly momentum and equator-
ward dispersion of energy, it is the convergence of the eddy
momentum flux that acts as a driver of local changes in the
momentum field (Randel and Held 1991; TK21). Therefore,
we focus on the eddy momentum flux convergence/divergence
and work with the eddy zonal momentum equation in pres-
sure coordinates:

o’ , u ,ou 8u u’ _ouw o
=-u—=—v—- —u - -
ot ox ay 8p ox ay ap
9
+ fu' d)) + F, 1)

where 1 and v are zonal and meridional winds, w is vertical pres-
sure velocity, f is the Coriolis parameter, and ¢ is geopotential.
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The bars denote the seasonal average, and primes temporal
anomalies about this average; F denotes the eddy momentum
convergence, which is regarded here as a “forcing” and is
given by

ouw'u ou’ / ou’ /
F=— u'u T u'v + uaw , (2)
ax ay ap

where F > 0 corresponds to westerly forcing and vice versa.
On the right hand side of Eq. (1), all terms with the exception
of F are linear source terms that collectively represent the ef-
fects of advection, the Coriolis force, and the zonal pressure
gradient force.

Note that in the framework of wave-mean flow interac-
tions, variables are partitioned into mean and eddy compo-
nents. The forcing of the seasonal mean zonal wind is
therefore given by the mean of the momentum flux forcing
(i.e., F; e.g., Hoskins et al. 1983; Randel and Held 1991). Be-
cause the focus here, however, is on the eddy driving of tran-
sient disturbances (i.e., Kelvin waves), we look to the eddy
momentum equation [Eq. (1)] where the relevant forcing is
F’. A limitation of this approach is that the two cases pre-
sented here involve Rossby waves encountering critical lines,
as well the process of Rossby wave breaking, so the linear
framework may not fully account for the full range of nonlin-
ear interactions. Nonetheless, our analysis will highlight the
significance of the nonlinear processes in forcing tropical
circulations.

The corresponding zonal eddy kinetic energy (EKE) equa-
tion is derived by multiplying Eq. (1) by «’ to obtain
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ag’
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This equation states that the covariance between u’ and
terms on the right-hand side acts as a source of EKE. An in-
phase relationship between u’ and its forcing is expected for
any sort of resonantly forced mode of oscillation.

d. E vectors

The propagation of Rossby wave energy can be described
by E vectors (Hoskins et al. 1983), defined as
v

E = ‘U’2 _ u/Z’ -uv, f() 129 , (4)
P

where fj is the Coriolis parameter and © , = 90/dp represents
the mean vertical static stability. The primes denote eastward
2-20-day filtering and the bars represent an average over the
season. Under the QG approximation, the E vectors approxi-
mately point in the direction of the Rossby wave group veloc-
ity and energy propagation. The E vector convergence
corresponds to the eddy forcing to weaken westerly mean
flow. While the QG assumptions involved to derive E vectors
are not completely valid in regions of wave breaking such as
over the east Pacific, they nonetheless provide a qualitative
guidance on Rossby energy propagation.

e. Dispersion relationship of barotropic Rossby waves

The dispersion relationship for linear barotropic Rossby
waves can be described as (e.g., Hoskins and Karoly 1981)

Buk

kv )

®=Uy,
where o is frequency, # is the zonal mean wind, 3 is the me-
ridional gradient of absolute vorticity, and k and [/ are the
zonal and meridional wavenumbers, respectively. The sub-
script M denotes a Mercator projection on a sphere, which is
a well-accepted approximation for simplifying the analysis
(e.g., TK21; Hoskins and Karoly 1981; Karoly 1983). Equation
(5) was used to calculate dispersion relationship in Figs. 2c
and 2d for various values of /, where u,, and ;, were esti-
mated using the climatological zonal wind at 300 hPa aver-
aged across the latitude band and longitude range of the
domain.

f- Spectral and cross-spectrum analysis

Spectral analysis was used to decompose the zonally prop-
agating disturbances into wavenumber and frequency space
(Wheeler and Kiladis 1999). Cross-spectrum analysis was
used to determine the statistical relationship between two
different variables, as a function of zonal wavenumber and
frequency (Hendon and Wheeler 2008). The analysis was
performed for JJA and DJF and over the two sectors of
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interest: west-central Pacific (120°E-140°W) and east Pacific
(180°-80°W) using a zonal windowing approach (Dias and
Kiladis 2014). Note that the signal in the low wavenumber
cannot be explicitly resolved due to the zonal windowing
and needs to be interpreted with caution. Two-dimensional
Fourier transforms were calculated for each season, after
the seasonal cycle (defined as the first three harmonics of
the annual cycle) was removed. A 10% tapering was used
at the ends of the time series and zonal boundaries. The
real part of the cross-spectrum is the cospectrum, which
shows the positive (in phase) and negative (out of phase)
contributions to the total covariance.

g. Latitude—phase speed diagram

To characterize the transient eddy forcing, regional mo-
mentum flux spectra were calculated as a function of latitude
and zonal phase speed, following the approach of Randel and
Held (1991). Applying the chain rule to the definition of F,
the forcing was first calculated in flux form via cross-spectral
analysis, followed by interpolation from frequency to zonal
phase speed using a method designed to ensure conserva-
tion of the spectral covariance [see Randel and Held (1991)
for details].

h. Meridional projection

Previous studies have used various decomposition methods
to study equatorial waves (Knippertz et al. 2022). One com-
mon technique is to spectrally decompose the data in terms of
zonal wavenumber and frequency, as in Wheeler and Kiladis
(1999). However, because the solutions to the linear shallow
water equations on an equatorial 8 plane have parabolic cyl-
inder functions as their meridional basis, several studies have
further decomposed structures in the meridional direction
(e.g., Gill 1980; Yang et al. 2003; Gehne and Kleeman 2012;
Haertel 2021; TK21).

Following TK21, we adopted a meridional projection using
the first parabolic cylindrical function. This structure function
is a Gaussian centered at the equator that describes the me-
ridional structure of theoretical Kelvin waves. Meridionally
projected zonal wind (u,) and momentum flux forcing (F},)
are defined as

1 72
up(z, A) = 7—TJ , u(t, 2, p)exp

— 7/

&l o

b \2

)
where u and F have dimensions of time, longitude, and lati-
tude. The trapping scale ¢ is taken as 9° on the basis of
a multivariate EOF analysis (see the appendix). Previous
studies have reported a wide range of ¢, from 5° to 14° (e.g.,
Takayabu 1994; Kiladis and Wheeler 1995; Wheeler and
Kiladis 1999; Yang et al. 2003; Gehne and Kleeman 2012)
using various methods and variables for different equatorial
waves. Here the multivariate EOF analysis using variables
with strong Kelvin wave signal—OLR and zonal divergent

/2

Fp(t, )= 11_7J E(t, 2, p)exp do, 7)

—/2
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FIG. 2. Wavenumber—frequency power spectrum over (
(top) The symmetric component of OLR power summed
20°-15°S in (c) and 15°-20°N in (d). Contours denote the

a),(c) 120°E-140°W in JJA and (b),(d) 180°-80°W in DJF.
over 15°S-15°N. (bottom) Vorticity spectra summed over
ratio between the raw power and a smoothed background

following Wheeler and Kiladis (1999). Color shadings are the raw power for reference. In the top panel, dispersion
curves for Kelvin and equatorial Rossby waves are overlaid for equivalent depth of 8, 25, and 90 m. In the bottom

panel, dispersion curves of Rossby waves are drawn for / =

0, 5, and infinity, calculated with climatological mean zonal

wind at 300 hPa in each domain using Eq. (5). Green stars repeated in each panel mark the peak wavenumber and

frequency of Kelvin waves (wavenumber 5 and period of

6.5 days) and the corresponding phase speed (¢ = w/k) in

(a) while cyan asterisks indicate prominent spectral peaks and their phase speeds.

wind—is able to extract the dominant meridional structure,
which is suitable for determining ¢, for Kelvin waves in this
region and season. The results are qualitatively similar with a
trapping scale of 6°-10°.

Unlike TK?21, the projection here does not involve any distinc-
tion between tropical versus extratropical components, since the
amplitude and forcing of the Kelvin-mode eigenstructure depends

Brought to you by NOAA Centra

on the full (tropical-to-extratropical) projection. Results delineat-
ing the extratropical versus tropical components in the case of
Kelvin waves were found to be similar to those obtained in TK21
(not shown).

Using the above basis function projection makes estimat-
ing the equatorial mode response to the extratropical forc-
ing mathematically consistent with the linearized shallow
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water equations on an equatorial B plane. However, the
projection is only a meridional decomposition and other
waves can also contribute to the same Gaussian distribution.
Further information such as wavenumber, frequency, and
wave structure is needed to determine whether a Kelvin
wave disturbance is actually present.

3. Climatological basic states and wave characteristics

This section describes the climatological background states
and underlying wave characteristics relevant to the two extra-
tropically forced disturbances in the tropics: Kelvin waves in
prevailing easterlies across the Pacific during JJA and eastward-
moving tropical cloud plumes over the east Pacific within the
westerly duct during DJF. The relationship between the back-
ground wind and resonance will also be investigated as an extra-
tropical forcing pathway.

a. Climatological basic states

Figure 1 shows the climatological OLR from satellites and
dynamical fields from ERAS in JJA and DJF, 1979-2019. The
climatological OLR in colors indicates that the strongest
mean convection occurs during northern summer across the
Asian and North American monsoon regions over land, while
the weakest convection occurs over the central-east Pacific
(Fig. 1a). Synoptic variability of convection is depicted in
contours as the variance of eastward-propagating, 2-20-day
filtered OLR, to represent the broad spectrum of eastward-
moving disturbances over the equatorial Pacific (see also
Fig. 2). High convective activity is seen across the Pacific with
maximum variance occurring just east of the date line along
the axis of the ITCZ between 5° and 10°N. This region also
exhibits the highest Kelvin wave activity in this season (e.g.,
SKO03; Roundy and Frank 2004; Huang and Huang 2011).
While Kelvin waves are modulated by climatological mean
conditions along the ITCZ, such as sea surface temperature
and low-level moisture, the fact that the Kelvin wave activ-
ity peaks in a region where mean convection activity is rela-
tively weak suggests that other factors, such as extratropical
forcing, are more important for determining their activity
(SK03).

Collocated with the convectively active regions are mean
upper-level equatorial easterlies, whose boundaries approxi-
mately outline the mean ITCZ (green shading and contours
in Fig. 1c). The extratropics is dominated by a strong subtropi-
cal jet centered at 30°S, with the jet core extending from the
Indian Ocean to the east Pacific. High Rossby wave activity
stretches along the jet and extends into the subtropics (not
shown; see Fig. 1 of SK03). The E vectors describe the propa-
gation of Rossby wave energy under the QG approximation
(see section 2d). Figure 1c shows the horizontal component
of the E vectors in vectors with the vertical component ap-
proximated by heat flux (v/7") in contours. On the equator-
ward side of the subtropical jet, the Rossby waves disperse
their energy northeastward over Australia toward the
tropics, as implied by the northeast-pointing vectors. The
positive heat flux around 25°S and 105°E-180° indicates a
downward Rossby wave propagation, but the associated
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forcing is weak in comparison to that of the horizontal com-
ponent of E vectors (not shown). The convergence of E
vectors between 15° and 20°S, as implied by decreasing
magnitude with latitude, indicates that the net effect of the
eddies is to create wave drag and slow down the mean sub-
tropical westerlies, while strengthening the adjacent easter-
lies. In addition to this net effect on the mean flow,
however, results in section 3 will show how such eddy forc-
ing also acts to excite transient Kelvin wave disturbances.

The large-scale environment observed during northern win-
ter (Figs. 1b,d) over the east Pacific is quite different from
that over the broader Pacific during northern summer. A re-
gion of seasonal mean high clouds (in colors) extends pole-
ward into the subtropics over the east Pacific. The high
clouds are collocated with high variance in eastward-moving
OLR signals in contours. Despite the meridionally broad re-
gion of high clouds, the ITCZ, where deep convection oc-
curs, is confined to a narrow band between the equator and
roughly 10°N (see Fig. 3 of HSK20), indicative of the fact
that the locally low mean OLR over the east Pacific and
high OLR variance primarily represent upper-level clouds
with weak precipitation.

The low-latitude westerlies over the east Pacific provide a
pathway for extratropical Rossby waves to propagate directly
into the equatorial region and potentially through to the
Southern Hemisphere (Kiladis and Weickmann 1992; Tomas
and Webster 1994; Matthews and Kiladis 2000). Following the
waveguide, baroclinic waves generated within the storm track
propagate along the Asian—Pacific jet until they reach the exit
region, where some break anticyclonically, resulting in disper-
sion into the lower latitudes [see Fig. 4 of Matthews and
Kiladis (1999a)]. The southeast-pointing E vectors over the
subtropical Pacific reflect this equatorward propagation of en-
ergy. The countergradient negative heat flux is indicative of
downward energy propagation (contours in Fig. 1d), although
the forcing due to the divergence of this flux is relatively small
as in the JJA case (not shown). The convergence of horizontal
E vectors in the subtropics implies a deceleration of the mean
westerlies by the eddies.

b. Wave characteristics

To compare the spectral properties of disturbances in the
tropics versus extratropics in both seasons, the wavenumber—
frequency spectrum of OLR and vorticity is shown in Fig. 2.
In JJA, the former is calculated between 15°S and 15°N while
the latter between 15° and 20°S, in the longitude range of
120°E-140°W. For the vorticity spectrum, the dispersion rela-
tionship for linear barotropic Rossby waves is calculated and
overlain as described in section 2e.

The familiar signals of Kelvin waves are readily apparent in
the OLR spectrum of Fig. 2a, with the strongest signals occur-
ring at eastward-moving zonal wavenumbers 5 and periods of
the range 6-8 days, corresponding to propagation speeds of
around 15 m s~ . The vorticity spectrum (Fig. 2c) shows that
rotational eddies in the subtropics are predominantly east-
ward-propagating as well, with dispersion broadly matching
the theoretical curves for linear barotropic Rossby waves.
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FIG. 3. Latitude—phase speed diagram of eddy momentum flux convergence F = — (duw/u’/dx + duw'v//dy + ou’ o’/dp)
over (a) 120°E-140°W in JJA and (b) 180°-80°W in DJF. The momentum flux forcing (10~ m s™2) is averaged across
wavenumbers 1-10. The green line denotes the seasonal mean zonal wind, and the stippling denotes *1 daily standard de-

viation of each sector.

Peak signals occur between zonal wavenumber 5-10 at peri-
ods less than 10 days, and shift to lower zonal wavenumbers
at lower frequencies. The synoptic-scale signals represent the
imprint of equatorward propagating extratropical disturban-
ces (Randel and Held 1991), while the dominance of power at
lower wavenumbers can be partly attributed to the fact that
long waves are more effective at penetrating into the tropics
due to their slower phase speeds (Straus and Lindzen 2000).
Substantial power overlaps those of the Kelvin wave signals
in the OLR spectrum. This overlap implies that extratropical
disturbances can potentially excite Kelvin wave disturbances,
provided the extratropical forcing projects onto the meridio-
nal Kelvin-mode eigenstructure (Zhang 1993; Hoskins and
Yang 2000).

When equatorward-propagating eddies approach their criti-
cal line, the momentum flux convergence and divergence acts
as a transient forcing of the zonal wind (Randel and Held
1991). Figure 3a characterizes the latitudinal distribution of
momentum flux forcing (F) as a function of zonal phase
speed. We average across zonal wavenumbers 1-10 to empha-
size the forcing relevant to planetary and synoptic-scale dis-
turbances in the tropics (cf. Figs. 2a,c). Linear theory
predicts that the peak power should align with the critical
line, but the maximum forcing is actually shifted about
5°-10° poleward of the critical line, similar to the findings of
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Randel and Held (1991). Because the speed of the back-
ground zonal wind generally decreases toward the equator,
faster eddies tend to encounter their critical lines at higher
latitudes. In the Southern Hemisphere, the forcing peaks at
between 5 and 10 m s~ %, but spans a wide range of phase
speeds, including the average phase speed of Kelvin waves
at 15-20 m s~ !, in agreement with the vorticity spectrum in
Fig. 2c. This contrasts with the picture in Fig. 3b for the east
Pacific, as we discuss next.

Figures 2b and 2d display the OLR and vorticity spectra
for the east Pacific in DJF in the longitudes of 180°-80°W.
The OLR spectrum shows a relatively broad lobe of en-
hanced power at eastward-moving zonal wavenumbers in
the synoptic range, with signals peaking at overall higher

TABLE 1. Estimated steering flow (i) and phase speed of the
forcing for resonance ¢y in JJA and DJF. The %, is estimated by
averaging 5°N-5°S zonal wind across 120°E-140°W for JJA and
180°-80°W for DJF at 300 hPa. The intrinsic phase speed of
Kelvin waves (c) is estimated to be 20.8 m s~ for both seasons.
See text for more details.

ﬁs Cr
JJA -5.8 20.8
DIJF 6.8 27.6
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FIG. 4. Anomalous OLR (colors; W m™2), 200-hPa streamfunction (black contours), wind vec-
tors (vectors), and GPM IMERG precipitation (magenta contours) regressed onto PC1 of the
Kelvin wave EOF during JJA from day —9 through 0. Streamfunction is contoured every
6 X 10° m? s~ ! in black with zero lines omitted. GPM IMERG precipitation is contoured every
0.05 mm h™! in magenta with zero lines omitted. A reference wind vector of 1 m's™ ! is shown in
the bottom-right corner. Only fields that are statistically significant at the 95% interval are shown.

frequencies and zonal wavenumbers than in the correspond-
ing JJA case (Fig. 2a). While the OLR signals appear to
align with the Kelvin wave dispersion line, their associated
dynamical structures are found be extratropical in nature
(as shown later in Fig. 14; see also HSK20). The subtropical
vorticity spectrum is dominated once again by eastward-
moving signals with dispersion matching that of linear
Rossby waves. The signals in this case, however, are shifted
toward slightly higher zonal wavenumbers and somewhat
slower phase speeds, presumably due to the weaker back-
ground zonal flow speed in their corresponding sectors
(10 m s™! during DJF vs 17 m s~ ! during JJA).

Figure 3b shows the momentum flux convergence over the
east Pacific. As in the JJA case, the shape of the forcing
approximately follows the zonal mean wind, consistent with
eddies encountering their critical lines and depositing their
zonal momentum flux. However, the westerly duct in this case
allows the eddy forcing to extend into the equatorial region

for phase speeds less than roughly 10 m s~ .
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¢. Resonance and the background zonal wind

Although Kelvin waves are often seen over the east Pacific
during El Nino winters, this occurs under the anomalous condi-
tions of higher than normal sea surface temperatures over that
region, when upper tropospheric easterlies are dominant and
the basic state is more like that over the warm pool (Wang et al.
2013; Yang and Hoskins 2013; Das and Pan 2016). Otherwise,
under normal or La Nina conditions, tropical cloud plumes are
the overwhelmingly dominant disturbances (section 5). This ob-
servation may come as a surprise, given that the spectrum of ex-
tratropical eddy forcing in the DJF case is not all that different
from what is apparent in the JJA case, where Kelvin waves are
the norm (cf. Figs. 3a,b). While several different factors could
be responsible for the dearth of Kelvin waves over the east Pa-
cific during DJF (including the presence of westerly mean verti-
cal shear in the ITCZ; Guo et al. 2014; Wang and Chen 2016),
here it is hypothesized that a key reason is due to the properties
of the background state being generally unsuitable for wave res-
onance between the tropics and extratropics.
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FIG. 5. Anomalous 350-hPa o (colors; 1072 Pa's™ '), Q vectors (vectors), and their divergence
(black contours) regressed onto PC1 of the Kelvin wave EOF during JJA for day —5. The Q
vector divergence is contoured every 1.5 X 1077 Pa~' s~ with negative values (convergence)
dashed and zero lines omitted. A reference Q vector of 5 X 107> m Pa~! s is shown in the
bottom-right corner. For reference, the anomalous OLR at =3 K is also overlaid in blue and red con-
tours. Fields plotted are statistically significant at the 95% interval except for Q vector divergence, in
which stippling shows significance at the 90% interval to highlight a coherent pattern as the calcula-

tion involves the product of vorticity and temperature gradients. Both fields are noisy by nature.

As laid out in the work of Zhang (1993) and Hoskins and
Yang (2000), wave resonance requires the frequency of the
extratropical eddy forcing to be close to that of the Doppler-
shifted Kelvin wave. Assuming that the zonal scales of the
wave and forcing remain roughly invariant during their life cy-
cle, the phase speed of the forcing must then be close to that
of the Doppler-shifted Kelvin wave speed, that is,

¢ =g+ ey, ®)
where ¢/ is the phase speed of the forcing, %, is the steering
flow, and ¢, is the intrinsic Kelvin wave speed. To estimate
the intrinsic phase speed of Kelvin waves, an assumption is
needed concerning the vertical level of the steering flow.
Here, we appeal to observations and simulations, both of
which point to this level as residing in the tropical upper tro-
posphere at around 300 hPa (Dias and Kiladis 2014; Tulich
and Kiladis 2021). The implied value of % in the JJA case is
thus estimated to be around —6 m s~ ' (average across
5°N-5°S, 120°E-140°W). Based on the peak Kelvin wave sig-
nal in the OLR spectra of roughly 15 m s~ (Fig. 2a), the in-
trinsic phase speed of Kelvin waves ck is then estimated to be
around 21 m s~! (Table 1). This implied value of c is close to
that inferred by TK21 on the basis of their idealized simula-
tions of Kelvin waves under different imposed background
flow regimes (see their Fig. 16).

The steering flow in the DJF case is estimated to be around
7 m s~ '. The required value of ¢ is thus even faster than
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during JJA at roughly 28 m s~ . The fact that eddy forcing at
this eastward-moving phase speed is generally negligible in
the subtropics over the east Pacific during DJF (as evidenced
in Fig. 3b) is presumably the main reason why relatively slow-
moving tropical cloud plumes, as opposed to faster Kelvin
waves, are observed to be the dominant response to such forc-
ing in this case. More concrete evidence to support this idea is
presented in the next two sections, which deals with the forc-
ing pathways of Kelvin waves and eastward-moving tropical
cloud plumes, respectively.

4. Remote pathway: Kelvin waves

This section investigates how the extratropics excite Kelvin
waves. We first look at QG forcing and then momentum flux
forcing in regression analysis. We then turn to the spectral
space to highlight that momentum flux forcing indeed can res-
onate with Kelvin waves with similar wavenumber and fre-
quency. Last we conduct a momentum budget to highlight the
contribution from the momentum flux forcing.

a. Extratropical Rossby waves

Figure 4 displays the first EOF of eastward 2-20-day fil-
tered OLR (colors) in JJA, and the associated circulation
(vectors and black contours), and precipitation (magenta
lines). While the higher EOFs can also include signals from
smaller-scale Kelvin waves (Roundy 2015), we focus on the
first two EOFs that explain the most variance. The first two



6596 JOURNAL OF CLIMATE VOLUME 35

Kelvin waves

60E 90E 120E 150E 180 150W 120W 90w 60W
[ [ 1 I [
-16 -12 -8 -4 4 8 12 16

Blue: uwnd (solid); u, (dashed)
v

60E

90E 120E 150E 180 150W 120W 90w 60W

FI1G. 6. (a) Map of anomalous 200-hPa momentum flux forcing (F; colors), wind (vectors), and
streamfunction (black contours) and (b) line graph of 200-hPa F (red), zonal wind (u; blue), and
meridionally projected momentum flux forcing (F); red dashed) and zonal wind (u,; blue
dashed) regressed onto PC1 of the Kelvin wave EOF during JJA for day —5. In (a), F is shaded
in 107% m? s~>. Streamfunction is contoured every 6 X 10° m? s~ in black with zero lines omit-
ted. Fields shown are statistically significant at the 95% interval except for momentum flux forc-
ing, in which stippling shows statistical significance at the 90% interval to highlight coherent
patterns as the field is intrinsically noisy due to the gradient of eddy covariance. For reference,
the mean zonal wind of JJA is plotted in gray contours at 20 m s~ ! interval. The anomalous
OLR at 3 K is also overlaid in blue and red lines. In (b) u and u,, are scaled by a factor of 20

and 120 while F and F, by 10° and 3 X 107 for plotting purposes.

EOFs explain 5.7% and 5.5% variance of the band, and form
a quadrature pair, with their PCs correlated at 0.78 for a
2-day lag, implying an eastward-propagating disturbance with
a period of around 8 days. Figure 4 closely resembles Fig. 2 of
SKO03, which was calculated using a one-point regression
against more restrictive Kelvin-wave-filtered OLR. This close
resemblance confirms that our less restrictive EOF analysis is
able to isolate the same Kelvin waves as studied in SK03.

Figure 4 shows that a globally circumnavigating wave train,
stretching from South America to east of Australia in the ex-
tratropics, precedes the peak convection of Kelvin waves by
9 days. The positively tilted eddies around Australia transport
westerly momentum poleward and disperse energy equator-
ward, as seen by connecting the circulation centers. This equa-
torward dispersion is consistent with the mean Rossby wave
behavior in the region (E vectors in Fig. 1). The Kelvin wave’s
convection and circulation anomalies are well established by
day —5 (Fig. 4b) and reach peak intensity over the central Pa-
cific on day O (Fig. 4c). As pointed out in SKO03, the fact that
the extratropical wave packet appears prior to and upstream
(i.e., to the west) of the Kelvin wave strongly suggests that the
former excites the latter. However, the precise mechanism of
this initiation has yet to be delineated.
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QG forcing is arguably the most straightforward pathway
in which extratropical Rossby waves can affect tropical cloud
and precipitation processes (e.g., Funatsu and Waugh 2008;
Fischer et al. 2017). The temperature and vorticity advection
of Rossby waves leads to the dynamical forcing of vertical mo-
tion to maintain thermal wind balance. Such forcing can be ef-
fectively diagnosed using Q vectors (Hoskins et al. 1978).
While Q vector diagnostics are only meaningful in regions
where QG balance is valid, Kiladis et al. (2006) demonstrated
their qualitative utility in the tropics for off-equatorial
Rossby-type disturbances. Following their formulation, Q
vectors are calculated by replacing the total wind with the ro-
tational wind. Figure 5 shows the anomalous Q vectors (vec-
tors), their convergence (contours) as well as vertical motion
at 350 hPa (colors), close to where upward motion peaks in
the subtropics. Convergence of Q vectors corresponds to forc-
ing of upward motion and vice versa. In the tropics, upward
motion matches high cloud tops, indicative of deep convec-
tion. Poleward of 20°S, there is a clear correspondence be-
tween the dynamical QG forcing and the vertical motion. The
upward motion centered at 150°E over northeastern Australia,
for example, matches well with Q vector convergence. This
region is in the northwesterly flow of a trough (Fig. 4b)
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where there is strong vorticity and temperature advection
(not shown). The QG forcing, however, stays removed from
the equatorial convective envelope of the Kelvin wave, indi-
cating that such extratropical forcing has a minimal direct
impact on this type of tropical disturbance. This result is
perhaps not surprising, since the background easterlies pre-
vent extratropical Rossby waves from propagating into the
tropics.

b. Momentum flux forcing

Previous studies have looked at momentum flux to infer en-
ergy transport into the tropics by Rossby waves (e.g., K98;
SK03; HSK20; Yang and Hoskins 2013; Yang et al. 2018; E
vectors in Fig. 1). Zangvil and Yanai (1980) attempted to use
momentum flux and the mean zonal wind profile to deduce
the extratropical contribution to equatorial EKE through bar-
otropic conversions, but found no clear signal for Kelvin
waves due to equatorial easterlies and critical line absorption.
Here we hypothesize that it is the momentum flux conver-
gence/divergence F due to critical line effects that acts as forc-
ing, which projects onto the meridional structure of Kelvin
waves and drives their circulations. Figure 6 shows the spatial
pattern of the anomalous momentum flux forcing (colors) as-
sociated with the Kelvin wave at day —5. When the transient
eddies move equatorward near Australia, they encounter crit-
ical lines. Linear theory breaks down near the critical line and
a thorough nonlinear analysis is required to understand the
wave behavior. Here we apply a simple dispersion relation-
ship to conceptually understand how waves may behave when
approaching the critical line. Since zonal phase speed is given
as ¢ = wlk, which is i, — [B,,/(k* + )], solving Eq. (5) for /*
gives

= - K. 9)

As a wave approaches its critical line in the subtropics,
it,, — c gets increasingly small and P increasingly large. The
meridional wavelength shrinks rapidly, and the waves are ab-
sorbed by the mean flow, depositing their momentum as a
forcing to drive transient circulations. Consistent with this
narrative, Fig. 6 shows that the waves become highly tilted
and their meridional scale shrinks. These circulations are ac-
companied by strong momentum flux forcing at subtropical
latitudes. This extratropical forcing and circulation (Fig. 4) ap-
pear days before the OLR signal.

Following TK21, we adopt the meridional projection ap-
proach (section 2h) to estimate the remote eddy momentum
flux forcing of Kelvin-mode circulations. The projection con-
veys how strongly the forcing projects onto the Kelvin mode’s
meridional eigenstructure. Because this structure decays ex-
ponentially with distance from the equator, the efficacy of the
projection will have a strong dependence on the meridional
distribution of F, arguing against the use of simple meridional
averaging. To illustrate, Fig. 6b compares the 30°-15°S aver-
age (solid) and meridionally projected (dashed) zonal wind
and momentum flux forcing. Overall the two methods show
similar patterns for the zonal wind but more discrepancy for

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 07/19/23 06:04 PM UTC

CHENG ET AL.

6597

Kelvin waves

>
|
-
!
. (=
4 S
r)
[

Lag (day)

12 ‘
60°E  90°E 180° 150°W 120°W 90°W 60°W 30°W O°W
| . 1 ——

-48 40 32 24 16 -8 8 16 24 32 40 48

120°E  150°E

FIG. 7. Hovmoller diagram of anomalous meridionally projected
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omitted. Negative values are dashed. Momentum flux forcing has a
unit of 107® m~% s~>. Only statistically significant u,, at the 95% in-
terval is plotted. Stippling shows F), statistically significant at the
90% interval.

the momentum flux forcing, due to the projection’s greater
emphasis on forcing perturbations at the lower latitudes.
Figure 7 shows the Hovmoller of meridionally projected
zonal wind u, (contours) and momentum flux forcing F,
(colors). The two fields evolve coherently with one another
across the western and central Pacific, where Rossby-type ed-
dies display the strongest equatorward propagation and en-
ergy transport (Figs. 4 and 6). Figure 7 shows that F),
comprises both large- and small-scale signals, with the latter
displaying intermittent strengthening and weakening. The
larger-scale signals move eastward at roughly 16 m s, simi-
lar to the Kelvin wave signals in u,. This close correspondence
suggests the relevant extratropical forcing for Kelvin waves
has relatively large zonal scales, which correspond to small
meridional wavelengths (or large values /) as implied by the
vorticity spectrum in Fig. 2c. The momentum flux forcing can
be traced back around 90°E on day —12 before the develop-
ment of u, (Fig. 7). Once the Kelvin wave is established on
day —8, F, becomes nearly in phase with u,. This in-phase
relationship suggests the momentum flux forcing acts to ex-
cite and maintain Kelvin wave zonal wind anomalies
through generation of EKE [Eq. (3)], as expected for a res-
onantly forced mode of oscillation. This apparent reso-
nance, however, falls apart as signals in u, become weaker
and more diffuse east of 150°W over the Western Hemi-
sphere, where F, propagation also becomes more erratic,
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presumably due to extratropical eddies encountering the
exit region of the subtropical jet (Fig. 1a).

Figure 8 shows the longitude-height cross section of u,
(contours) and F,, (colors) for the Kelvin wave on day —S5.
The zonal wind tilts westward with height throughout the tro-
posphere and eastward in the stratosphere, with maxima in
the upper and lower troposphere as reported in previous stud-
ies (e.g., Straub and Kiladis 2002; Kiladis et al. 2009). The fa-
miliar Kelvin wave structure indicates that the meridional
projection of zonal wind indeed is able to isolate Kelvin wave
signal over the Pacific during this time of the year. The mo-
mentum flux forcing peaks between 150 and 200 hPa where
equatorward propagation of Rossby waves is most prominent
(Hoskins et al. 1983). The forcing is collocated with the stron-
gest zonal winds of the Kelvin wave. This nearly in-phase rela-
tionship indicates that the momentum flux forcing is most
effective in generating EKE in the upper troposphere.

c. Cospectrum between F, and u,

We have shown that the momentum flux forcing projects
onto the Kelvin wave meridional structure and that they have
similar phase speeds (Fig. 7). To provide further evidence of
resonance due to their similar frequencies, we examine the co-
spectrum between u,, and F),, which conveys their covariance in
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the wavenumber—frequency domain. Conceptually, positive co-
variance between F,, and u,, represents the generation of EKE
in Fourier space, without any filtering or compositing such as in
Figs. 7 and 8. Figure 9 shows EKE generation peaks near the
Kelvin wave dispersion line, consistent with the spectral peak in
OLR (Fig. 2a) and the zonal scale and period of Kelvin waves
isolated in the EOF analysis (Fig. 4). This result supports the
notion that the Kelvin waves are energetically maintained
by the momentum flux forcing. While the extratropical dis-
turbances span a relatively broad range of zonal wavenum-
bers and frequencies (Fig. 2¢), it is the forcing with similar
spatial and temporal scales that project onto the meridional
structure of the Kelvin mode that leads to its excitation and
maintenance.

It is worth further clarifying how we interpret the phase rela-
tionship between u,, and F,. When one variable leads the other
by a quarter of a phase, it is tempting to interpret the former as
the “cause” for the latter due to its earlier appearance in time.
However, since the covariance of the two is zero due to their
quadrature relationship, the leading variable cannot contribute
to the energy generation [Eq. (3)]. Rather, it acts to propagate
and develop the lagging variable (Sakaeda and Roundy 2014;
Matthews 2021). For resonance to occur, the two must be at
least partially in phase such that the forcing can cause
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FIG. 9. Cospectrum of meridionally projected momentum flux
convergence (F,) and zonal wind (u,,) at 200 hPa over 120°E-140°W
in JJA. Spectral power has a unit of 10~ m? s~2. A positive cospec-
trum indicates an in-phase relationship between the two variables
while a negative one denotes an out-of-phase relationship.

amplification. This is indeed what is seen in the cospectrum
where F, and u, are in phase, and therefore F,, amplifies and
maintains u,. This distinction between propagation and amplifi-
cation will be further investigated in the next section.
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d. Comparison with linear terms

While the above results provide strong evidence that the forc-
ing term F contributes to both the triggering and maintenance
of Kelvin waves over the Pacific, a related question concerns
the role of other source terms on the right-hand side of Eq. (1).
To address this question, a full momentum budget analysis was
performed by calculating each of the terms in Eq. (1) and then
grouping together the linear source terms (denoted L) as the
counterpart to the nonlinear term F. The resulting budget
quantities (including the residual R) were then cast in the
Kelvin-projected composite framework of Fig. 7, using the
same regression approach as described previously. Finally, to
assess the relative contributions of L, versus F, toward pro-
moting the eastward propagation and maintenance of fluctua-
tions in u,, the following bulk quantities were calculated:

’
(aup)x,
at )P
Sp =, 4
(8up)(dup)
at )\ ot
’ /
]
m 71
e

where x,, corresponds to an individual meridionally projected
term in the budget, primes denote regressed anomalies, and
“||-|I” denotes integration over time (from days —8 to +4) and
longitude (120°E-140°W). Because S, depends on the product
of x’ and Su;/at, it provides a bulk measure of the contribu-

P

tion of x;, to the eastward propagation of fluctuations in uj,.

Conversely, the dependence of S, on the product of x), and
u,, means that it provides a bulk measure of the contribution
of x;, to the maintenance of u), (i.., EKE). The motivation for
this approach comes from previous studies that have used it to
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FIG. 10. Fractional contribution of each term to the (a) propagation (S,) and (b) maintenance (S,,) of the zonal
wind perturbations u,, for Kelvin waves in JJA. Terms plotted in each panel are, from left to right, the tendency of uj,
linear source terms combined L/, nonlinear momentum flux forcing F[’,, and the residual R;. Both terms are dimen-
sionless, with §,,, expressed in 10~°. See text of Fig. 10 for details.
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look at how various processes contribute to the propagation
and maintenance of the MJO in terms of moisture and/or moist
static energy (e.g., Andersen and Kuang 2012; Ren et al. 2021).

Figure 10 shows S, and S, for the time tendency of u;, lin-
ear terms combined L[’,, nonlinear momentum flux forcing F/,
and the residual R},. The results shown here are not sensitive
to the time and longitude where the integration is calculated.
By definition, S, is 1 for the zonal wind tendency. The residual
for propagation is less than 0.03, indicating the budget closes
reasonably well. The blue bars in Fig. 10 show that while lin-
ear processes (L) contribute significantly to the propagation
of the Kelvin wave’s zonal wind anomalies (as might be ex-
pected on the basis of linear wave theory), they also act to
damp these anomalies. In contrast, the nonlinear forcing F,
(red bars) is shown to be essential for wave maintenance,
while also providing a modest contribution to propagation.
The interpretation is thus that the wave is indeed a linear
mode of the tropical atmosphere that is resonantly forced by
the extratropics. One caveat is that the residual R}, provides a
substantial negative contribution to wave maintenance, which
may be partly attributed to the effects of dissipation not ex-
plicitly accounted for in the budget analysis.

e. Discussion

To summarize, the mechanism of resonance in which extra-
tropical Rossby waves excite tropical circulation in equatorial
easterlies is understood as follows: the extratropical forcing is
manifested as momentum flux forcing F, due to Rossby waves
encountering mean equatorial easterlies and their critical lines.
This remote forcing acts on the poleward flank of Kelvin wave’s
meridional eigenstructure, which is estimated using meridional
projected F, and u,. The F, and u,, share similar zonal wave-
numbers, frequencies, and phase speeds, in accordance with the
idea of wave resonance. Generation of Kelvin wave EKE is evi-
denced by the positive covariance between F), and u,. The di-
vergence and convergence of the zonal wind, in turn, help to
drive the convective signals of the Kelvin wave.

The circulation and forcing mechanism outlined above is
broadly similar to the simulation results from TK21. The forcing
F drives zonal wind perturbations as well as EKE. At the same
time, tropical convection can also act as a source of Rossby
wave energy in the subtropics (e.g., Sardeshmukh and Hoskins
1988), so the forcing F may involve more than just the effects of
“external” eddies impinging on the tropics from higher lati-
tudes. In Fig. 4, for example, the subtropical gyre moving along
20°S east of the date line appears to be partly driven by the
Kelvin wave’s convective outflow. This issue was addressed in
TK21 using a mechanism denial experiment. In particular, they
conducted a simulation where the effects of extratropical eddies
were actively suppressed. In that case, the Kelvin wave activity
and EKE were seen to be significantly reduced at zonal wave-
numbers 3-5 (see their Figs. 14 and 15). Taken together with
the observational analysis here, these results demonstrate how
extratropical Rossby waves can act to drive moist Kelvin waves
through momentum flux forcing and resonance under suitable
background flow conditions (i.e., a relatively strong subtropical
jet, together with modest easterlies at the equator).
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FIG. 11. As in Fig. 6, but for the cloud plumes. Anomalous OLR
(colors; W m™?), 200-hPa streamfunction (black contours), wind
vectors (vectors), and GPM IMERG precipitation (magenta con-
tours) regressed onto PC1 of the cloud plume EOF during DJF for
days (a) —6, (b) —3, and (c) 0. Streamfunction is contoured every
6 X 10° m*s~" in black with zero lines omitted. GMP-IMERG pre-
cipitation is contoured every 0.05 mm h™! in magenta with zero
lines omitted. A reference wind vector of 1 m s~ is shown in the
bottom-right corner. Only fields that are statistically significant at
the 95% interval are shown.

5. Local pathway: Eastward-moving tropical
cloud plumes

a. Extratropical Rossby waves

We now turn to the local pathway where the mean basic
state allows extratropical Rossby waves to intrude into the
tropics through westerly ducts. Figure 11 shows the first EOF
of eastward 2-20-day filtered OLR and the associated
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+3 W m™ 2 s also overlaid. Fields are drawn only when they are statistically significant at the 95% in-
terval except for the Q vector convergence where stippling indicates the 90% level.

circulations. The EOF depicts alternating cloud patterns ex-
tending from the tropics to the subtropics (Fig. 11c). The first
two EOFs describe similar southwest-northeast oriented pat-
terns and the two together explain over 15% of the variance.
Their associated PCs are correlated at 0.7 at a 1-day lag and
the two EOFs constitute an eastward-propagating pair with a
period of 4 days.

Figure 11 depicts the typical evolution of the tropical cloud
plume. Cloudiness develops in the southwesterly flow ahead
of the trough, although most of the cloudiness is nonprecipi-
tating with the exception of a narrow strip along the ITCZ
(magenta lines in Fig. 11). The positively tilted circulations in-
dicate poleward westerly momentum transport and equator-
ward energy propagation. Although these disturbances are
often characterized by anticyclonic wave breaking due to their
large amplitude (Shapiro et al. 2001; Funatsu and Waugh
2008; Ryoo et al. 2013), their energy dispersion as well as
wave propagation can be largely explained by linear Rossby
wave theory (K98; Matthews and Kiladis 1999a,b). These
eastward-propagating circulations and cloud features are also
referred to as “extratropical intrusion” or “potential vorticity
streamers” in the literature (e.g., K98; HSK20; Mcguirk et al.
1987; Iskenderian 1995; Tomas and Webster 1994; Knippertz
2005; Frohlich et al. 2013).

Rossby waves in a westerly duct are typically accompanied
by strong temperature and vorticity advection (K98), which
contribute to QG forcing. Figure 12 shows the anomalous Q
vectors and their divergence at 350 hPa, near the level of maxi-
mum vertical motion. Regions of Q vector convergence match
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where there is upward motion and high cloud tops. The strong
correspondence indicates that dynamical forcing is responsible
for the upward motion and cloudiness in the region. An exami-
nation of the latitude-height cross section of the Q vector diver-
gence (Fig. 13) reveals that the QG forcing is limited to levels
above 500 hPa and poleward of 10°N. The low-level trade winds
create an “easterly dome” and a critical level in the midtropo-
sphere, which prevents the Rossby waves from further propa-
gating equatorward and downward (Tomas and Webster 1994).
Although the extratropical waves are confined to the upper lev-
els where the westerly duct resides, their associated forcing is
still able to destabilize the column and trigger convection within
the ITCZ (K98; Funatsu and Waugh 2008).

The eastward-moving cloud plume maintains an extratropi-
cal vertical structure distinct from observed moist Kelvin
waves. The meridionally projected zonal wind u,, is shown in
Fig. 14 (see also Fig. 9 of HSK20). The u,, tilts westward with
height below 600 hPa and eastward above. The eastward tilt is
associated with heat transport and can be explained by kine-
matics in geostrophically balanced circulations (e.g., James
1994):

1 od/
v ==
8 ox’
T,:H%7
(¥4

where ¢ denotes geopotential, fis the Coriolis parameter, R is
the gas constant, T is temperature, z = — HIn(p/p,) is pseudo-
height, H is scale height, and p is pressure. Assume ¢’ has a
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FIG. 13. Latitude-height cross section of anomalous Q vector divergence (black contours) and
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gray. Only fields that are statistically significant at the 95% interval are shown.

sinusoidal solution of the form ¢’ = A sin(kx + mz) where A
is the amplitude of the wave and k and m the zonal and verti-
cal wavenumbers, with positive k and m representing east-
ward- and upward-propagating disturbances. The heat flux is
expressed as ? oc km. Since the net heat transport by these
disturbances is equatorward (negative; dashed lines in Fig. 1d)
the vertical wavenumber of these eastward propagating waves
(k > 0) is also negative. The phase lines therefore tilt eastward
with height, inconsistent with a Kelvin wave structure (cf. Fig. 8).
This vertical structure reflects the fact that Rossby waves main-
tain their baroclinic characteristics. This result also highlights the
fact that the projection is only a meridional decomposition and
does not necessarily guarantee that a Kelvin wave is active. Fur-
ther information pertaining to the zonal and vertical structures
of the disturbance, including the phasing between the wind and
mass fields, is also needed to make this determination.

b. Momentum flux forcing

The cloud plumes are typically associated with anticyclonic
wave breaking. Therefore, despite their occurrence in the
westerly duct, they have substantial nonlinear momentum flux
forcing in the mid-to-upper troposphere (colors in Fig. 14).
Figure 15 shows signals in F, and u, moving in tandem at
roughly 8 m s™!, much slower than typical Kelvin waves at
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15-20 m s~ !, which again is inconsistent with the existence of
Kelvin waves in this region during DJF. The forcing leads the
zonal wind by roughly a quarter wave cycle, as opposed to be-
ing in phase with one another in Kelvin waves (Fig. 7). The
implication is that nonlinear processes also contribute to the
driving of cloud-plume convection, through forcing of diver-
gent upper-level zonal wind anomalies. The crucial role of
this forcing, as compared to the linear source term L,, is
made clear in Fig. 16. As conveyed by the integral quantities
S, and S,,,, Fig. 16 shows how F, is essential for fostering both
the propagation and maintenance of eastward-moving signals
in u,. The fact that L, provides only a nominal contribution
to propagation is quite different from what was found in the
Kelvin wave case (Fig. 10), where L, was by far the leading
contributor. Thus, rather than being a linear mode of the
tropics, it appears that tropical cloud plumes should be re-
garded as a mode of variability that is entirely forced by the
extratropics.

6. Summary and discussion

The extratropical forcing of tropical circulations was inves-
tigated for the period 1979-2019 using satellite-derived OLR
and ERAS reanalysis data in the context of two distinct types
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FIG. 14. Asin Fig. 8, but for the cloud plumes. Zonal-height cross section of anomalous merid-

ionally projected zonal wind (u,; contours) and momentum flux forcing (F,; colors) regressed
onto PC1 of the cloud plume EOF during DJF for day 0. Meridionally projected OLR (OLR,,)
and GPM IMERG precipitation (precip,) are also plotted at the top panel. Note that u,, is con-
toured every 2 X 107> m s~ ! with zero lines thickened and negative values dashed; F), is shaded
in107"ms % OLR, (W m~2) and precip, (mm h™!) are multiplied by a factor of —1 and 80 re-
spectively for plotting purposes. Only statistically significant u, at the 95% interval is plotted.
Statistically significant OLR,, and precip, at the 95% interval is thickened. Stippling shows F,

statistically significant at the 90% interval.

of tropical disturbances: convectively coupled Kelvin waves
(Kelvin waves) over the west-central Pacific during JJA and
eastward-moving cloud plumes over the east Pacific during
DIJF. As illustrated by the schematic in Fig. 17, the dominant
forcing pathway in the two cases was found to be quite differ-
ent, owing to differences in the meridional structure of the
background zonal flow.

In the JJA case, the presence of equatorial mean easter-
lies prevents the intrusion of extratropical eddies, such that
their associated quasigeostrophic (QG) forcing of upward
motion remains far removed from the tropics and thus can-
not explain the observed excitation of Kelvin waves (Figs. 4
and 5). Rather, the excitation occurs via “resonance” be-
tween the tropical and extratropical circulations, as pro-
posed in previous modeling studies. We demonstrated that
in this “remote” pathway, the extratropical forcing is mani-
fested as eddy momentum flux forcing (F), due to equator-
ward-propagating Rossby waves encountering a critical line
in the subtropical upper troposphere (Figs. 3 and 6). This re-
mote eddy forcing acts on the poleward flanks of the Kelvin
wave’s meridional eigenstructure, as evidenced by meridio-
nal projection of anomalies in the forcing and zonal wind.
The forcing F, and attendant Kelvin waves (u,) share simi-
lar wavenumber, frequency, and phase speeds, consistent
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with the idea of wave resonance between the tropics and
extratropics (Figs. 7 and 9). The in-phase relationship, or
positive covariance between the two variables, indicates
generation of EKE [Eq. (3)], as expected from a resonantly
forced disturbances with growing amplitude (Figs. 7-9). The
nonlinear F), is the leading contributor to the maintenance
and amplification of Kelvin waves (Fig. 10). The increase in
zonal EKE is thought to favor upper-level divergence and
enhance convective activity. Meanwhile, propagation of the
disturbance is driven mainly by linear terms due to the lin-
ear dynamics of an equatorial mode, but those linear pro-
cesses also act to damp the disturbance via destruction of
EKE (Fig. 10).

In contrast, in the DJF case, a westerly duct allows extra-
tropical Rossby waves to intrude into the tropics where they
then act to excite eastward-moving cloud plumes (Fig. 11)
through local QG forcing (Figs. 12 and 13), as well as nonlin-
ear momentum flux forcing due to wave breaking
(Figs. 3, 14, and 15). The entirely forced nature of these dis-
turbances (as opposed to being resonant linear modes of the
tropics) is evidenced by the fact that linear dynamics plays vir-
tually no role in the propagation or maintenance of their me-
ridionally projected zonal wind anomalies (Fig. 16), unlike
what is true for Kelvin waves during JJA.
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FIG. 15. As in Fig. 7, but for the cloud plumes. Hovmoéller dia-
gram of anomalous meridionally projected zonal wind (u,; con-
tours) and momentum flux forcing (F,, colors) at 200 hPa regressed
onto PC1 of the cloud plume EOF during DJF. The u,, is contoured
every 3 X 1072 m s~ ! with zero lines omitted; negative values are
dashed; F), is shaded in 107 m s~ 2. Only statistically significant u,
at the 95% interval is plotted. Stippling shows statistically signifi-
cant forcing F,, at the 90% interval.

The phenomenon whereby midlatitude forcing affects trop-
ical circulations in equatorial easterlies has long been under-
stood on the basis of modeling studies as a resonant
interaction between the tropics and extratropics. The current
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study documented the nature of this interaction in the real
world, which entails Rossby waves encountering a critical line
that results in the excitation of equatorial wave modes, via
momentum flux forcing acting on their poleward flanks. This re-
mote forcing pathway, which was documented herein for the
first time using observations, is consistent with the simulation
results in TK21, whose set of experiments further established
the critical dependence of such forcing on the meridional struc-
ture of the background zonal flow. While other factors may also
be involved, this mean flow dependence is presumably at the
heart of the explanation for why Kelvin waves are generally in-
active in the DJF case, since the speed of the remote eddy forc-
ing there is generally too slow to resonantly excite Kelvin
waves, as evidenced in Figs. 2 and 3 and discussed in section 3c.

While it is beyond the scope of current study, it appears that
the eddy momentum flux forcing may generally be more effec-
tive than the mass and heat flux forcing of QG dynamics in ex-
citing equatorial waves [see also the dry modeling study of
Hoskins and Yang (2000)]. The reason is that the QG forcing
appears to mainly drive vertical motion locally at the extratropi-
cal Rossby wave scale, as opposed to resonantly projecting onto
any sort of equatorial eigenstructure. Of course, equatorial
waves can also arise from other “external” forcing mechanisms
outside of the tropics such as the passage of cold air outbreaks
and pressure surges (Chang and Lau 1980; Compo et al. 1999;
Liebmann et al. 2009), as well as internal mechanisms within
the tropics, such as stratiform instability and wind-induced sur-
face heat exchange (Straub and Kiladis 2003b). Further investi-
gation is needed to evaluate the efficiency of these various
mechanisms and forcing pathways.

The eddy momentum flux forcing could also be important
for the excitation and maintenance of intraseasonal variability
(Fig. 9). This potential pathway is consistent with previous
studies (e.g., Ray and Zhang 2010; Sakaeda and Roundy 2014,
2015, 2016; Adames et al. 2014) but demands further
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FIG. 16. As in Fig. 10, but for the cloud plumes. Fractional contribution of each term to the (a) propagation (S,)
and (b) maintenance (S,,) of the zonal wind perturbations u,, for the cloud plumes in DJF. Terms plotted in each
panel are, from left to right, the tendency of u,,, linear source terms combined Lj,, nonlinear momentum flux forcing
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FIG. 17. A schematic summarizing the two extratropical pathways to forcing tropical convec-
tion investigated in this study. The cartoon clouds denote regions where tropical convection is
excited. In the easterly region, Rossby waves encounter the critical line, generate momentum
flux forcing (F), and excite Kelvin waves through resonance. On the contrary, Rossby waves in-
trude into the tropics in the westerly duct and trigger cloud plumes, mainly by quasigeostrophic

(QG) forcing. See text in section 6 for more details.

investigation, since both local and external mechanisms may
be relevant, due to different basic states across basins. In addi-
tion, tropical variability, particularly over the east Pacific, is
sensitive to the subtropical jet and storm tracks modulated by
the MJO and the ENSO (Matthews and Kiladis 1999a,b;
Straub and Kiladis 2003a; Shapiro et al. 2001; Ryoo et al.
2013). The warm phase of ENSO, for example, may favor the
resonant forcing of Kelvin waves in the east Pacific due to the
extension of the subtropical jet and weakening of the westerly
duct, which can be investigated using the diagnostics devel-
oped here. Further studies on the variability of equatorial
waves in relation to tropical-extratropical interactions are
warranted, since the problem is known to have an important
bearing on the challenge of subseasonal to seasonal prediction
(Stan et al. 2017; Dias et al. 2018).
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APPENDIX

Determination of Trapping Scale

The trapping scale ¢y is a parameter that determines the
meridional scale of the equatorial wave (section 2h). Fol-
lowing TK21, we adopted an empirical method based on a
multivariate EOF to determine this scale. We used OLR
and the zonal component of the divergent wind at 200 hPa
in JJA to represent convectively coupled Kelvin waves.
Both OLR and zonal divergent wind show a significant
spectral peak along Kelvin dispersion and the coherence
between the two is over 0.45 (not shown). We then filtered
both variables to retain the Kelvin wave band using stan-
dard wavenumber—frequency method (Wheeler and
Kiladis 1999). After filtering, each field was normalized by
its standard deviation within the domain to ensure equal
contribution to the variance of the combined matrix (Wheeler
and Hendon 2004). The zonal boundaries of the domain were
120°E~140°W, consistent with the Kelvin wave EOF, and the
meridional bounds are 15°S-15°N.

To extract the meridional structure of Kelvin waves, a matrix
is formulated as a spatial domain over latitude with sampling
domain of time and longitude. The resultant EOFs have a lati-
tudinal structure between 15°S and 15°N and their PCs mea-
sure the amplitude of this structure at each time and longitude.
We can then represent the meridional structure of Kelvin
waves by regressing raw data against the PCs to reconstruct a
meridional profile of Kelvin waves from pole to pole. Note
that this meridional multivariate EOF is different from the
EOF analysis in section 2b where the structure domain is
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FIG. Al. Regressed OLR and 200-hPa zonal divergent wind
structure associated with a multivariate EOF of Kelvin-filtered
OLR and 200-hPa zonal wind. The EOF is calculated using data
from 15°S-15°N, 120°E-140°W in JJA. The dashed lines are para-
bolic cylinder functions with a trapping scale of 9° (black).

latitude and longitude and the sampling domain is time. Those
EOFs describe structures on a map with PCs measuring ampli-
tude of those patterns at each time.

Figure A1l shows the regressed meridional structure of
Kelvin waves in OLR (blue) and zonal divergent wind
(black). The leading EOF structure explains 39.9% of the
total variance. The OLR peaks off the equator, as expected
from the mean position of the ITCZ during this time of the
year. The zonal divergent wind, on the contrary, is nearly
centered at the equator, consistent with the theoretical
Kelvin wave structure. It is not, however, symmetric about
the equator. The “shoulder” south of 15°S is due to the ex-
tratropical storm tracks. In fact, our tests using less restric-
tive filters and winds, such as an eastward filter and total
zonal wind, demonstrate an even more pronounced shoul-
der in the Southern Hemisphere (not shown). This indicates
that part of the zonal wind variance in the equatorial region
is linked to the extratropical disturbances.
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