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Key Points:
e Convectively coupled Kelvin waves (KWs) are maintained primarily by the internal
thermodynamic feedback in all regions and seasons.

e The internal thermodynamic feedback is the most dominant over the warmest ocean, with
the weakest mean westerly aloft.

e The observed relative importance of the two maintenance processes serves as a reference

for evaluating KWs in numerical simulations.
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Abstract

Previous studies suggest that convectively coupled Kelvin waves (KWs) are likely
maintained by two distinct processes: (1) the internal thermodynamic feedback between KW
diabatic heating and temperature and (2) the external momentum forcing from the midlatitude
Rossby waves exerting on KW zonal wind. This study quantifies the relative importance of the
two processes on KW maintenance by comparing the growth rates of eddy available potential
energy (EAPE) and eddy kinetic energy (EKE) within KWs using satellite and reanalysis data.
Results show KWs are maintained primarily by the internal thermodynamic feedback in all
regions and seasons, especially over the Indian Ocean, where the mean state sea surface
temperature is the highest, and the upper tropospheric westerly is the weakest. Overall, the
observed relative importance of the two maintenance processes can serve as a reference for

numerical simulations of KWs.

Plain Language Summary

Convectively coupled Kelvin waves (KWs) generate regions of enhanced and suppressed
thunderstorms that move eastward along the equator. These waves occur periodically with a 5-6-
day timescale with particular zonal wind and temperature structures. KWs persist primarily
because of certain mechanisms that enhance and sustain them. These mechanisms can be
summarized into two distinct processes: (1) the positive feedback between KW temperature and
diabatic heating from the cloud processes or (2) the zonal momentum forcing, which originates
from the midlatitudes remotely amplifies the zonal wind of KWs. By quantifying the relative
importance of the two maintenance processes, we found that the first mechanism is the most

dominant across the entire tropics.

1 Introduction

Convectively coupled Kelvin waves (KWs) contribute significantly to tropical
precipitation variability in subseasonal timescales. Given the frequent occurrence of observed
KWs, some mechanisms must exist to amplify and maintain KWs to overcome frictional
dissipation. Such maintenance mechanisms of KWs are not fully understood, despite the
potential influence of KWs on subseasonal forecasts (e.g., Dias et al. 2023) and the tropical

rainfall extremes (e.g., Cheng et al. 2023).
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Previous observational and modeling studies have proposed two primary maintenance
mechanisms of KWs. The first mechanism emphasizes that KWs are internally driven by the
thermodynamic feedback between diabatic heating and temperature of the KWs, which generates
eddy available potential energy (EAPE) within KWs (e.g., Lindzen 1974; Mapes 2000; Straub
and Kiladis 2003a; Khouider and Majda 2006; Raymond and Fuchs 2007; Kuang 2008; Chien
and Kim 2023). These studies hypothesize that the positive internal thermodynamic feedback
occurs within either the first or second baroclinic mode structure, highlighting the importance of
deep convection and stratiform processes in maintaining KWs, respectively.

Meanwhile, other studies found that KWs could be externally forced by the momentum
forcing originating from the midlatitude Rossby waves, which generate eddy kinetic energy
(EKE) within KWs (e.g., Hoskins and Yang 2000; Straub and Kiladis 2003b; Tulich and Kiladis
2021; Cheng et al. 2022). As the midlatitude Rossby waves approach the critical latitude in the
subtropics (i.e., where the mean westerly wind equals the wave propagation speed), their
meridional wavelength shrinks to the minimal, and the waves break. This Rossby wave breaking
around the critical latitude exerts momentum on the environment, acting as a transient
momentum forcing (Randel and Held 1991). Such momentum forcing remotely amplifies the
zonal wind anomalies of KWs.

Despite these insights, the interplay and relative importance of these internal and external
mechanisms are not fully understood. As far as we know, Tulich and Kiladis (2021) was the first
study that compared the internal and external mechanisms quantitatively. Both the external
forcing mechanism and the internal mechanism play significant roles in KW maintenance in their
aquaplanet simulations. More recently, Chien and Kim (2024a) quantified the role of the two
processes in another set of aquaplanet simulations performed with a different climate model by
prescribing sea surface temperature (SST) forcings that mimic the current, a warmer (+4K), and
colder (-4K) climates. They concluded that KWs are primarily maintained by the internal
thermodynamic feedback in all simulations. While the above discussions on KW maintenance
are based on aquaplanet simulations, no studies have specifically quantified the relative
importance of the two mechanisms in observations to the best of our knowledge. Because the
momentum flux convergence in the aquaplanet simulations is found to be underestimated
compared to observations (Chien and Kim 2024), the relative importance of the two maintenance

mechanisms in observations may differ from that in the aquaplanet simulations.
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The relative importance of the two mechanisms in observations could be a function of
region and season, given the pronounced regionality and seasonality in KW characteristics
(Roundy and Frank 2004; Yasunaga 2011; Wang and Chen 2016; Chien and Kim 2023; Horng
and Yu 2024) and midlatitude Rossby wave activities (Straub and Kiladis 2003b; Huaman et al.
2020; Cheng et al. 2022). For example, Horng and Yu (2024) demonstrated that KWs in the
Indian and Pacific basins differ in the relative magnitude of the horizontal advection of moist
static energy and the column process. Chien and Kim (2023) found that the internal
thermodynamic feedback positively correlates with the underlying SST over the Indo-Pacific
warm pool with substantial seasonality. Cheng et al. (2022) showed that KWs in the central
Pacific in boreal summer are affected by midlatitude Rossby wave trains from the Southern
hemisphere. While past research focused on specific regions and seasons, a systematic overview
of the two maintenance mechanisms of KWs across regions and seasons is needed.

This study uses a reanalysis product and satellite observations to quantify the relative
importance of the internal and external mechanisms in maintaining KWs in all seasons and
regions. The relative importance is quantified by calculating the growth rates of KW eddy
available potential energy (EAPE) and eddy kinetic energy (EKE), following Chien and Kim
(2024a).

2 Data and Methods

2.1 Data

This study uses two primary datasets: (1) field variables including temperature, zonal
wind, meridional wind, vertical velocity, and geopotential obtained from the ERAS reanalysis
(Herbach et al. 2020) at 27 vertical levels from 1000 to 100 hPa and (2) the satellite-observed
cloud brightness temperature data same as in Dias et al. (2017). The cloud brightness
temperature data is calibrated, combining datasets from the Cloud Archive User Service
(CLAUS) (Hodges et al., 2000) and the globally merged infrared radiation (Janowiak et al.,
2001). Additionally, ERAS precipitation is used to characterize the convective activities of KWs
and to ensure consistency with diabatic heating. ERAS variables and cloud brightness
temperature are regridded onto 2.5-degree resolution and trimmed to 16 years from 1998 to

2013, with a 3-hourly temporal resolution.
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We also analyze climatological SST from the HadISST dataset (Rayner et al. 2003) and
zonal wind from ERAS because they modulate the internal thermodynamic feedback and
external momentum forcing (e.g., Straub and Kiladis 2003b; Tulich and Kiladis 2021; Cheng et
al. 2022; Chien and Kim 2023),. The mean state zonal wind is calculated from 10-20°N/S over
the winter hemisphere for JJA and DJF (i.e., southern hemisphere for JJA, northern hemisphere
for DJF) and both hemispheres for MAM and SON. The choice of the averaging hemisphere is
justified (Text S1).

2.2 KW composite

The KW composite characterizes each field associated with the KW’s convective
lifecycle (i.e., suppressed to enhanced convection). The composite method is adapted from
Nakamura and Takayabu (2022), summarized as follows (more details in Text S2): The phase of
KW convection is determined by the space-time-filtered cloud brightness temperature anomalies,
retaining anomalies within the canonical spectral band of KWs (i.e., 2.5-20 days, wavenumber 1-
14, and equivalent depth 8-90m, following Wheeler and Kiladis 1999). The KW phase ranges
from —m to . The phases —m/2 and /2 correspond to the most active and suppressed phases
of KWs, respectively.

Based on the location of the maximum KW convective variability averaged between
10°S-10°N, the KW composite is constructed separately for four domains in the tropics (Fig Sla-
b): Africa (345-55°E, AFR), Indian Ocean (55-130°E, 10), Western and Central Pacific (130-
250°E, WP-CP), and Eastern Pacific and Atlantic Ocean (250-340°E, EP-ATL). For each region,
the KW composite is also constructed separately for four seasons: December-February (DJF),
March-May (MAM), June-August (JJA), and September-November (SON).

Figure S2a shows the number of active KW snapshots used for the KW. Among all
seasons, more KWs occur in MAM in most regions (WP-CP, EP-ATL, and AFR), and fewer
KWs occur in JJA in EP-ATL and AFR. Similarly, the KW amplitude of cloud brightness
temperature and precipitation is higher during MAM in all regions (Fig. S2b-c). While the KW
amplitude of cloud brightness temperature presents little regionality (Fig. S2b), the KW
amplitude of precipitation is substantially weaker in AFR than in the other regions (Fig. S2c).
We suspect the relatively weak KW precipitation variability in AFR is likely because the
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convective systems there tend to produce more non-precipitating anvil clouds than those in the

other tropical regions (e.g., Cetrone and Houze 2009; 2011).

2.3 EAPE and EKE growth rates

The growth rates of EAPE and EKE are quantified to better understand KW convective
characteristics. The generation of EAPE and EKE within KWs was first quantified and compared
in aquaplanet simulations in Tulich and Kilaids (2021). Later, Chien and Kim (2024a) revised
their method and focused on the EAPE (EKE) generation normalized by the total EAPE (EKE)
(a.k.a, the growth rate of EAPE or EKE). The EAPE and EKE growth rates serve as a proxy for
the growth rates of KWs. Specifically, since the thermodynamic (temperature) and kinematic
(zonal wind) fields both exist within KWs, the EAPE and EKE growth rates estimate how fast
the thermodynamic and kinematic fields of KWs would grow individually via the internal
thermodynamic feedback and external momentum forcing, respectively. Following Chien and
Kim (2024a), the EAPE growth rates are calculated based on KW composite diabatic heating (Q)

and temperature (T) anomalies separately for the first and second baroclinic vertical modes:

_ Qukw X T gw

O-EAPE,: == — l == 101‘ 2, (1)
0.5 X T, jw

where i represents each vertical mode, the subscript KW represents KW composite field
variables. Diabatic heating is obtained from the residual of the temperature budget (Yanai 1973).
The EKE growth rates are calculated based on KW composite momentum flux convergence (F)

and zonal wind (U) anomalies for the two baroclinic modes:

Fogw X U gw

— i = 1lor?2. (2
0.5 X U, g”

OEKE; =
The momentum flux convergence is obtained from the momentum budget following
Cheng et al. (2022). The residual of the momentum budget is negligible in ERAS reanalysis
(Text S6). The relative importance of the internal and external processes in maintaining KWs is
quantified by the relative magnitude of EAPE and EKE growth rates.
While Chien and Kim (2024) used the empirical orthogonal function (EOF) approach to

obtain the first and second baroclinic structures (details in Text S3), this study takes the
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analytical approach that was developed by Fulton and Schubert (1985) and adapted in Haertel
(2020). We briefly described the method here (more details can be found in Tulich et al. 2007
and Haertel et al. 2008). The analytical vertical model decomposition represents solutions to
linear equations of motion for a compressible atmosphere in hydrostatic balance as a
superposition of modes, each of which is isomorphic to a solution of shallow water equations for
a particular equivalent depth. With rigid lid boundary conditions on vertical velocity at the
bottom and top of the troposphere, we obtain eigenfunctions that represent vertical structures and
the corresponding eigenvalues that represent the theoretical phase speeds for each structure.
Practically, we use the vertical profile of the basic state temperature to obtain the first and second
baroclinic modes for wind as the eigenfunctions. The first (second) baroclinic mode for
temperature is derived from the corresponding first (second) baroclinic mode of zonal wind
under the hydrostatic balance approximation. Our first and second baroclinic mode structures are
similar to previous studies (e.g., Trenberth 2000; Haertel and Kiladis 2004; Tulich et al. 2007;
Haertel 2020). Note that we also diagnosed the EAPE and EKE growth rates based on empirical
vertical mode decomposition, following Chien and Kim (2024). Results are qualitatively similar

(details in Text S9).
3 Results

3.1 The geographical and seasonal characteristics of KWs

To explore the geographical and seasonal variation of KW convection (Fig. S1, S2),
Figure 1a shows the amplitude of the KW composite diabatic heating (shading) and momentum
flux convergence (blue contour), determined by the average of the maximum and the minimum
of each field over the entire KW lifecycle. The amplitude of KW diabatic heating generally
follows the mean SST (Fig. 1p), with distinct major peaks in IO, WP, and ATL. Two weaker
peaks of KW diabatic heating occur near 240°E and 30°E, where the nearby SST is low (Fig. 1p).
In the upper troposphere, the momentum flux convergence collocates with a robust mean
westerly (Fig. 1a, grey contour). The momentum flux convergence is nearly zero in 10, while it
is more evident in WP-CP to the east of the dateline (180°E), the Eastern Pacific, and over the
Eastern Atlantic and Africa (near 0°E). Overall, the KW diabatic heating is strongest in IO and

weakest in AFR (Fig. 1b), consistent with KW precipitation (Fig. S2¢), while the momentum
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flux convergence is strongest in WP-CP and EP-ATL, and weakest in 10 (Fig. 1c). We speculate
that weak KWs near 240°E and 30°E are likely enhanced by the momentum flux convergence
aloft despite low SST.

Among all seasons, KW diabatic heating and precipitation are strongest during MAM in
most regions (Fig. 1g, Fig. S2¢), associated with the higher and more zonally uniform SSTs (Fig.
Ip). Conversely, the season of maximum momentum flux convergence varies regionally, with a
peak during JJA in EP-ATL (Fig. 11) and MAM in WP-CP (Fig. 11). Despite the regionality and
seasonality, Figure 1 confirms that both internal thermodynamic feedback and external forcing

may affect KW maintenance.

3.2 KW EAPE and EKE growth rates

To investigate the relative roles of the two maintenance mechanisms, Figure 2 shows the
global KW composite structures. The global KW composite diabatic heating and temperature
anomalies (Fig. 2a) display a westward-tilted feature and show robust evolution with increasing
KW phase, from suppressed convection, congestus, deep convection, to stratiform processes,
consistent with the canonical KW structure (e.g., Kiladis et al. 2009). The first baroclinic warm
(cool) anomalies overlap more with the negative (positive) diabatic heating, contributing to the
negative EAPE growth rate of the first baroclinic mode (-3.28/day) (Fig. 2¢). Figure 2d shows
that the first baroclinic mode EAPE growth is generally negative for all regions and seasons,
with some magnitude differences (Text S4), associated with the corresponding magnitudes of
KW diabatic heating (Fig. S3-7). The first baroclinic mode EAPE growth negatively correlates
with KW amplitude in precipitation (Text S5).

Conversely, the second baroclinic mode heating and temperature are positively correlated
in the global KW composite (Fig. 2g), contributing to the positive EAPE growth rate of the
second baroclinic mode (5.31/day). The second baroclinic mode EAPE growth rate is also
positive in all seasons and across the entire tropics (Fig. 2h), with some variations in the
magnitude (Text S4). The second baroclinic mode EAPE growth rate positively correlates with
KW amplitude in cloud brightness temperature (Text S5), likely because the cloud brightness
temperature within KWs is affected mainly by the second mode of diabatic heating. Overall, the

negative first-baroclinic-mode EAPE growth rate and the positive second-baroclinic-mode EAPE
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growth rate in all regions and seasons are consistent with previous results from reanalyses (Chien
and Kim 2023) and aquaplanet simulations (Chien and Kim 2024a).

The global KW composite momentum flux convergence anomalies (Fig. 2b, shading) are
most substantial in the upper troposphere, where the KW zonal wind anomalies peak (Fig. 2b,
contours), suggesting that the momentum flux convergence would likely amplify zonal wind
(e.g., Tulich and Kiladis 2021; Cheng et al. 2022; Chien and Kim 2024a). This positive
correlation between zonal wind and momentum flux convergence exists in both the first
baroclinic component (Fig. 2e) and the second baroclinic component (Fig. 2i), leading to positive
EKE growth rates of the first (0.50/day) and second (0.42/day) modes. Figures 2f and 2j show
that the EKE growth rates of both modes are positive in nearly all seasons and regions, except
that the first baroclinic mode EKE growth is negative in the 10 in JJA.

The EKE growth rates of the first (Fig. 2f) and second (Fig. 2j) modes show similar
regionality and seasonality. Among all regions, 1O has the weakest EKE growth rate for both
modes, consistent with the weaker momentum flux convergence in 10 (Fig. 1a&c). Among all
seasons, the EKE growth rate in EP-ATL is most substantial during JJA, consistent with the
stronger momentum flux convergence (Fig. 11, 2f). Similarly, the EKE growth of the second
baroclinic mode in WP-CP is fastest during MAM due to stronger momentum flux convergence
of the second baroclinic mode (Fig. S5f). The KW amplitude poorly correlates with EKE growth
rates for the two baroclinic modes (Text S5), suggesting that external feedback may not
dominate the maintenance of KWs.

Overall, compared to the magnitude of the EAPE growth (Fig. 2d&h), the EKE growth
rates for both modes are lower (Fig. 2f&j). For the first baroclinic mode KW, the damping of
EAPE is very strong compared to the small EKE growth (Fig. 2d&f). This suggests that if the
dynamics of the first baroclinic mode KW dominates, KWs are externally driven but strongly
damped. However, for the second baroclinic mode KW, the EAPE and EKE generation are
positive, but the magnitude of EAPE growth is much larger than that of EKE (Fig. 2h&j). This
suggests that if the dynamics of the second baroclinic mode KW dominates, KWs are generated
from internal thermodynamic feedback and amplified by external forcing. Although the first and
second baroclinic modes both exist in the observed KWs, since KWs occur recursively, we
conjecture that they are more likely a growing mode instead of a damped mode. That is, the

maintenance of KWs is likely explained by the EAPE and EKE generation associated with the
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second baroclinic mode. Therefore, we quantify the relative importance of internal feedback and
external forcing for amplifying KWs by comparing the second baroclinic mode's EAPE and EKE
growth rates. Note that Text S8 explains the prominent first baroclinic signal of the KWs despite
strong damping.

The second-baroclinic-mode EAPE growth rate (5.31 day!) is at least one order of
magnitude larger than the second-baroclinic-mode EKE growth rate (0.42 day™!) globally. For
each region and season, the magnitude of the EAPE growth rates of the second baroclinic mode
(Fig. 2h) is also higher than that of the EKE growth rate (Fig. 2j). While some seasonal and
regional variations exist, the internal thermodynamic feedback is the dominant mechanism that
maintains KWs in most seasons and basins (Fig. 2).

Our results slightly differ from those of Tulich and Kiladis (2021). In their aquaplanet
simulations, the EKE production within KWs is comparable to EAPE production when vertically
integrated (their Fig. 7a). While they showed the amount of EKE and EAPE production [W m™],
we showed their growth rates [s7!], to focus on the rate of time changes instead of the absolute
magnitude (Egs. 1 and 2). However, our EAPE and EKE production terms without normalization
show qualitatively similar results (Fig. S10). Another possible reason for the discrepancy
between our results and theirs is that the position and strength of the upper tropospheric westerly

jet differ, caused by different surface boundary conditions (aquaplanet vs. full geography).

3.3 Environmental modulation of KW EAPE and EKE growth rates

Figure 3a quantifies the relative importance of internal feedback and external forcing
using the ratio of EKE and EAPE growth rates associated with the second baroclinic mode. The
ratio of EKE growth to EAPE growth (the EKE-to-EAPE ratio hereafter) ranges from 2% to
38%, depending on the regions and seasons. Among all regions, the annual EKE-to-EAPE ratio
is the lowest in the Indian Ocean (2.6%) and higher in AFR (14.2%), EP-ATL (12.7%), and WP-
CP (7.9%). Seasonally, the EKE-to-EAPE ratio is largest during JJA in EP-ATL (38.5%). The
regionality and seasonality of the EKE-to-EAPE ratio are mainly determined by the EKE growth
rate (Fig. 2j). Note that we also diagnosed the EAPE and EKE growth rates based on empirical
vertical mode decomposition following Chien and Kim (2024). Results are qualitatively similar,
except that external momentum forcing is slightly less important in EP-ATL in JJA (details in

Text S9).

10
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The EKE-to-EAPE ratio negatively correlates with the mean state SST (Fig. 3b) and
positively correlates with the mean state upper tropospheric zonal wind at 200 hPa (U200) (Fig.
3¢); similar results are found between 100 and 300 hPa. IO has the smallest EKE-to-EAPE ratio
with the highest SST and the weakest upper-level westerly (orange symbols). Conversely, the
largest EKE-to-EAPE ratio occurs in EP-ATL and AFR, with stronger upper-level westerly and
lower SST (blue and magenta symbols). In WP-CP, the EKE-to-EAPE ratio is slightly lower
than that in EP-ATL and AFR, which may be associated with moderate SST (green symbols).

In summary, while KW convective characteristics display distinct peaks in IO, WP-CP,
EP-ATL, and AFR (Fig. S1-2), the partition of the internal feedback and external forcing varies
as KWs travel globally, depending on the mean SST and U200 locally.

4 Conclusions

This study examined the relative importance of internal thermodynamic feedback and
external momentum forcing in maintaining KWs, quantified by the EAPE and EKE growth rates
associated with the two baroclinic modes. Results showed that KWs are maintained primarily by
the internal thermodynamic feedback in most seasons and basins: the internal thermodynamic
feedback amplifies KWs at least four times faster than the external momentum forcing does. Our
results support the hypothesis posited by Straub and Kiladis (2003b) that KWs can grow
spontaneously without the persistence of extratropical forcing.

Although the internal thermodynamic feedback dominates in the first order, the relative
importance of the two maintenance processes varies considerably with regions and seasons. The
internal thermodynamic feedback is the most important in the Indian Ocean, where the warmest
sea surface temperature favors strong convection and enhances the feedback. Meanwhile, the
weakest upper tropospheric mean westerly limits midlatitude waves approaching the tropics. As
KWs travel eastward over the Eastern Pacific, Atlantic Ocean, and Africa, the mean westerly
aloft strengthens, which enhances the amplification of KWs due to stronger external momentum
forcing. The extratropical effect on African KWs has been relatively less emphasized in previous
literature, which focused on the midlatitude influence over the Atlantic and Pacific oceans (e.g.,
Straub and Kiladis 2003b; Liebmann et al. 2009; Mayta et al. 2021; Cheng et al. 2022).
Regarding seasonality, the external forcing in the Eastern Pacific, the Atlantic Ocean, and Africa

is relatively more important during JJA.

11
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Overall, this study provides an observational baseline on the relative importance of the
two maintenance processes for KWs, which can be compared with KWs in model simulations.
As many global climate models struggle to represent KW amplitude realistically (e.g., Lin et al.
2006), quantifying the relative contribution of the internal feedback and external forcing to KW
maintenance in climate models would provide valuable insights. Meanwhile, diverse
representations of KWs are found in convectively-resolved and parameterized simulations,
especially in the KW diabatic heating and the moisture-precipitation relationship (e.g., Weber et
al. 2021; Rios-Berrios et al. 2023; Lee et al. 2025). As more and more global and near-global
cloud-resolving simulations are available nowadays (e.g., Stevens et al. 2019), it is worthwhile to
compare the internal thermodynamic feedback within KWs in simulations with resolved or
parameterized convection.

Regarding future projection of KWs, using aquaplanet simulations under zonally
symmetric SST with uniform surface cooling and warming, Chien and Kim (2024a) found that
KWs weaken with warming due to the weakening of internal thermodynamic feedback, while the
external feedback plays a minimal role. Oppositely, based on the sixth version of coupled model
intercomparison project (CMIP6) simulations, Bartana et al. (2022) found that KWs strengthen
with warming. They hypothesized that the projected increase in the intensity of KWs could be
due to the changes in extratropical influence. The discrepancies in the future projection of KW
characteristics and their mechanisms found in the recent studies warrant an in-depth analysis of
the future changes of internal thermodynamic feedback and external momentum forcing under
more realistic (e.g., zonally asymmetric) SST boundary conditions.

It is worth noting that our analysis focuses on the indirect effect of the extratropical
forcing on KWs, rather than the direct effect of extratropical forcing on ‘eastward-propagating
disturbance’ mentioned in previous studies (e.g., Cheng et al. 2022; Huaman et al. 2020;
Knippertz 2007). Those ‘eastward-propagating disturbances’ have similar dispersion
relationships with the KWs, while their dynamical structures resemble the extratropical cloud
plumes. Our study shows consistent dynamical structures as the canonical KWs, suggesting the
extratropical cloud plumes do not dominate our results (Text S7 for more details). Additionally,
our study focuses on the nonlinear effect of extratropical forcing on KWs based on the resonance
between momentum flux convergence and zonal wind anomalies. We do not explicitly account
for the linear effect of KW-forced subtropical gyre that feedback to the KW itself, mentioned in

12
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previous studies (e.g., Roundy 2008; Tulich and Kiladis 2021; Matthews et al. 2021; Barpanda et
al. 2023; Holube et al. 2024). Future research can quantify this linear effect and compare it with

the nonlinear effect in this study.
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Figure 1. (a) The amplitude of diabatic heating (shading) and momentum flux convergence
anomalies (blue contour) within KWs and the mean state zonal wind (grey contour) in all
months. Zonal wind is only shown for the upper troposphere (< 500 hPa). (b) The amplitude of
diabatic heating anomalies within KWs averaged over each region: Africa (purple), Indian Ocean
(orange), Western and Central Pacific (green), Eastern Pacific, and Atlantic Ocean (light blue).

(c) Similar to b, but showing the amplitude of momentum flux convergence averaged over each
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region. (d-f) Same as a-c, but in DJF. (g-i) Same as a-c, but in MAM. (j-1) Same as a-c, but in
JJA. (m-0) Same as a-c, but in SON. (p) The mean state sea surface temperature averaged over

10°S-10°N.
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Figure 2. (a) Total KW vertical structure of diabatic heating and temperature anomalies. (b)

Total KW vertical structure of momentum flux convergence and zonal wind anomalies. The total

fields are decomposed into the first (c, e) and second (g, 1) baroclinic mode components. (d) The

first baroclinic mode EAPE growth rate for each region and season. (e) The first baroclinic mode

EKE growth rate for each region and season. (h) The second baroclinic mode EAPE growth rate

for each region and season. (j) The second baroclinic mode EKE growth rate for each region and

s€ason.
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Figure 3. (a) The relative importance of EKE to EAPE growth for the second baroclinic mode
for each region and season. (b) The ratio of the second baroclinic mode EKE to EAPE growth
rate and the mean state sea surface temperature (SST), (c) The ratio of the second baroclinic
mode EKE to EAPE growth rate and zonal wind at 200 hPa (U200). The linear regression lines
are indicated in black. The triangles pointing downward represent DJF, leftward represent MAM,

upward represent JJA, and rightward represent SON. The annual mean is shown in crosses.
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Text S1. Justification for the choice of mean state variables and the pre-processing of
the upper tropospheric zonal wind

The climatological sea surface temperature and zonal wind in the upper
troposphere are the main mean state variables analyzed in this study. The two variables
are chosen based on previous studies, which found that internal thermodynamic
feedback is stronger when sea surface temperature (SST) is high (e.g., Chien and Kim
2023) and that the stronger external feedback collocates with strong westerly in the
upper troposphere (e.g., Cheng et al. 2022).

The upper tropospheric zonal wind of the mean state is averaged over 10-20°N/S
over the winter hemisphere for JUA and DJF (i.e., southern hemisphere for JJA, northern
hemisphere for DJF), and both hemispheres for MAM and SON. The choice of winter
hemisphere for JJA and DJF is supported by previous studies which showed that KWs in
boreal summer in the Central Pacific are related to the midlatitude wave trains from the
southern hemisphere (e.g., Straub and Kiladis 2003b; Cheng et al. 2022), while KWs in
eastern Pacific in DJF are associated with the midlatitude wave trains from the northern
hemisphere (e.g., Huaman et al. 2020; Cheng et al. 2022). Note that the collocation of
momentum flux convergence and the upper tropospheric westerly is less obvious if
averaging over both hemispheres (not shown).



Text S2. KW composite method

The anomalies of all variables are calculated by first removing the annual mean, the
first three harmonics of the annual cycle, and the 30-day low-pass filtered variability and
then projecting the resulting anomalies onto the KW meridional structure (the meridional
structure that maximizes at the equator and decays exponentially with latitude). For
temperature, diabatic heating, and zonal wind, we ensure only the signals within 10°S to
10°N are projected, whereas for the momentum flux convergence, to emphasize the
source from the midlatitude waves, we exclude the signals within 10°S to 10°N. The
meridionally projected anomalies are composited based on the KW convective phase
obtained from the KW-space-time-filtered cloud brightness temperature. The KW-space-
time filtering retains signals within the KW band (Wheeler and Kiladis 1999),
corresponding to zonal wavenumber 1-14, period 2.5-20 days, and equivalent depth 8-
90 m. Note that the method above closely follows previous studies (Tulich and Kiladis
2021; Cheng et al. 2022; Chien and Kim 2024a).

The KW composite is done by averaging over thousands of the 3-hourly snapshots
with active KWs (i.e., KW convective signal greater than one standard deviation). The
number of active KW snapshots for each region and season is shown in Fig. S2a. We
also do the KW composite for each longitude with a window of 10 degrees of longitude
centered around each longitude to further investigate the longitudinal structure of KWs
(Fig. 1). Amplitudes of each KW composite field used in Fig. 1 for each pressure level
are obtained by the average between the magnitude of the maximum and minimum
values of the KW composite fields.



Text S3. Obtain the first and second baroclinic modes using empirical approach

The first and second baroclinic modes for diabatic heating and temperature are
obtained from the empirical orthogonal functional (EOF) analysis of diabatic heating
anomalies for supplementary materials. The vertical structure of the first baroclinic mode
diabatic heating and temperature shows a single sign across the whole troposphere with
a maximum in the midtroposphere, while the second baroclinic mode shows a dipole
structure with peaks in the upper and lower troposphere (e.g., Haertel and Kiladis 2004;
Tulich et al. 2007).

To ensure dynamical consistency between the vertical modes of diabatic heating
and zonal wind, the first and second baroclinic modes for zonal wind and momentum flux
convergence are obtained from the vertical derivation of the vertical structure of the
pressure vertical velocity (omega), where the vertical structure of omega is derived from
the EOF of diabatic heating normalized by static stability under the strict weak
temperature gradient approximation (Charney 1963). The first baroclinic mode wind
structure shows a dipole across the whole troposphere. In contrast, the second
baroclinic mode wind structure exhibits three layers of positive and negative anomalies
across the troposphere, consistent with the corresponding circulation of the diabatic
heating structure (e.g., Trenberth et al. 2000; Tulich et al. 2007). Ten passes of a 1-2-1
filter are applied to the two vertical modes of diabatic heating (temperature) and zonal
wind (momentum flux convergence) for smoothness. Note that more details of this
method can be found in Chien and Kim (2024).



Text S4. The geographical and seasonal variation of EAPE and EKE growth rates

The first baroclinic mode EAPE appears to experience the strongest damping in 10
and the weakest damping in AFR in DJF and MAM, associated with the strongest and
weakest diabatic heating in 10 and AFR, respectively (Fig. 1b, S3b). In terms of
seasonality, the first baroclinic mode EAPE damping is strongest in MAM in most
regions (10, WP-CP, and AFR).

Among all regions, the second baroclinic mode EAPE growth rate shows a stronger
growth in 10, WP-CP, and EP-ATL (Fig. S3c). In comparison, slightly weaker growth is
observed in AFR (Fig. S3c). In terms of the seasonality, as with the EAPE growth of the
first baroclinic mode, the magnitude of the second baroclinic mode EAPE growth rate is
largest during MAM in most regions (10, EP-ATL, and AFR), due to stronger diabatic
heating (Fig. 1h, S4c, S6¢, S7c). The second baroclinic mode EAPE growth is weaker
during JJA in AFR due to weaker diabatic heating (Fig. 1k, Fig. S6c).

On the other hand, the seasonality of the EKE growth rate for the second baroclinic
mode in AFR is small, consistent with the small seasonality of the amplitude of
momentum flux convergence (Fig. 1f, i, |, 0). However, a slightly weaker growth of the
second baroclinic mode EKE occurs in JJA (Fig. 2j, Fig. S6f).



Text S5. Correlation between KW amplitude and the EAPE and EKE growth rates

The first baroclinic mode EAPE growth negatively correlates with KW amplitude,
especially KW amplitude in precipitation (Fig. S8d). The first baroclinic mode EKE
growth rate has little correlation with KW amplitude in cloud brightness temperature and
precipitation (Fig. S8b, e). The KW amplitude in precipitation and cloud brightness
temperature correlate positively (Fig. S8c). On the other hand, the second baroclinic
mode EAPE growth is positively correlated with KW amplitude in cloud brightness
temperature and precipitation (Fig. S9a, d). The EKE growth rate of the second
baroclinic mode also has nearly zero correlation with KW amplitude in cloud brightness
temperature and precipitation (Fig. S9b, e). Because the correlation between KW
amplitude and EKE growth is small, the correlation between KW amplitude and the EKE-
to-EAPE ratio is also small, mostly determined by the opposite sign of the correlation
between the EAPE growth rate and KW amplitude. These suggest that the EAPE growth
within the second baroclinic mode is likely the most dominant mechanism for maintaining
KWs.



Text S6. Momentum budget residual analysis

We diagnosed the residual term in the momentum budget in ERAS reanalysis following
Cheng et al. (2022). The method is summarized below:

-

ou p
Residual = 5 F — Linear_terms,
L . __ou . ou _ou  _ou _au’+ . 09~
inear_terms = u ox v 3y w o v 3y 7 p fv %

Some manipulation of the equations above yields

16u/2
2 0t

=u (Linear_terms)+u F +u (Residual).

We then project the linear terms, F ", residual, and u’ on Kelvin-mode meridional
structure. Then, we composite each meridionally projected term with respect to KW
phase. Afterwards, we calculated the projection of each KW composite term to the KW
composite U’ to obtain the contribution of each term to KW maintenance (similar to Fig.
10b in Cheng et al. 2022). The contribution of each term to KW maintenance is
calculated as follows:

S
where x, corresponds to each meridionally projected KW composite term from the

momentum budget, including linear terms, F’, and residual. “|| ||"denotes the average
over the entire KW lifecycle.

Sm = - —
”up Up

Figure S11 shows the contribution of each term in the momentum budget to KW
maintenance in each region for all seasons. We found that the residual in the momentum
budget is negligible in most regions, except that in the Indian Ocean, the contribution of
residual is comparable to other terms.



Text S7. Extratropical cloud plumes vs. KWs

The extratropical cloud plumes identified by Cheng et al. (2022) and Huaman et al.
(2020), which show different dynamical structures to convectively coupled Kelvin waves
(KWs), are restricted to a specific domain over the Eastern Pacific Ocean (180-280°E,
15°S-20°N). Figure 12 by Cheng et al. (2022) showed that the Q vector mainly occurs
north of 10°N in boreal winter in East Pac and that the cloud signals of extratropical
cloud plumes almost exclusively occur poleward of 10°N. However, KWs analyzed in our
study are restricted to those with cloud signals within 10°S-10°N and with larger
amplitude near the equator (given that we apply Kelvin-wave-meridional projection to all
fields). Furthermore, the zonal extent of where the extratropical cloud plumes are
identified in Cheng et al. (2022) (180-280°E) is mostly covered by our Western and
Central Pacific domain (130-250°E) and partially covered by our Eastern Pacific and
Atlantic Ocean (250-345°E). Since our zonal and meridional extent of the domain is
different from the domain of the extratropical cloud plumes found in Cheng et al. (2022)
and Huaman et al. (2020), the extratropical cloud plumes are unlikely to dominate the
KW composite results in our study. Instead, our analysis is dominated by the real KW
signal.

With our regional definition, our KW composite results show dynamical structures that
are consistent with the canonical understanding of convectively coupled Kelvin waves in
previous studies (e.g., Kiladis et al. 2009) and different from extratropical cloud plumes.
A few KW characteristics we find different from extratropical cloud plumes are as follows
(we will show our results from Western and Central Pacific, Eastern Pacific, and Atlantic
for demonstration, but a similar conclusion can be drawn for all regions and seasons in
our study):

1. The KW composite zonal wind anomalies in the upper and lower troposphere are
in opposite signs and westward-tilted, suggesting the existence of the first and
second baroclinic modes (Fig. S12, left). This differs from the extratropical cloud
plumes that show strong upper-level zonal wind but weak lower-level zonal wind,
and the zonal wind anomalies are eastward-tilted in the vertical (Fig. S12, right).

2. The KW composite momentum flux convergence F and zonal wind anomalies u
are positively correlated in the upper troposphere in our analysis (Fig. S12, left).
On the other hand, F and u in quadrature for extratropical cloud plumes in Cheng
et al. (2022) (Fig. S12, right).

The above argument is also valid for EP-ATL and AFR over boreal winter and spring in
our analysis (Fig. S4, S6). Therefore, our analysis is also not affected significantly by the
extratropical cloud plumes mentioned in Knippertz (2007).



Text S8. Why is the first baroclinic mode KW prominent, given a strong damping effect?

Our results suggest that the first-mode signal is an overall damped mode that
can be excited by external forcing. Given that the first mode is a damped mode,
one reason that the first-mode signal is prominent within KWs is likely because it
is a response of the second baroclinic mode dynamics, instead of being
responsible for the energy generation of the KWs. For example, in simple models
of KWs, such as those in Kuang (2008) and Mapes (2000), the first baroclinic
mode is a response to the changes in the second baroclinic mode temperature
anomalies. Changes in the second baroclinic mode temperature anomalies either
reduce convective inhibition or perturb the quasi-equilibrium states of the lower
troposphere, thereby triggering deep convection (first baroclinic heating). The
first baroclinic mode temperature anomalies respond to the first baroclinic mode
heating, but with a significant lag (damping effect). In other words, although the
first baroclinic mode heating damps the first baroclinic mode temperature
anomalies, the EAPE generation from the second baroclinic mode heating and
temperature anomalies triggers the first baroclinic mode anomalies, and thus, the
first-mode signal is still prominent.



Text S9. EAPE and EKE growth rates from the empirical orthogonal function
approach following Chien and Kim (2024) vs. the analytical approach from Fulton
and Schubert (1985)

Although we take the analytical approach for vertical mode decomposition in the
main results, we also conducted the analyses in this paper using the empirical
orthogonal function (EOF) approach from Chien and Kim (2024) and found the
main results qualitatively similar.

The vertical mode decomposition from Fulton and Schubert compared to EOF is
shown in Fig. S13. The analytical approach takes the mean state temperature
(Fig. S13a) as the only input to obtain vertical modes of the kinematic fields (i.e.,
zonal wind and momentum flux convergence) (Fig. S13b, dashed line) and the
thermodynamic fields (i.e., temperature and diabatic heating) (Fig. S13c, dashed
line) with rigid lid boundary conditions at 175 hPa and 1000 hPa. The first
baroclinic modes are shown in red, and the second baroclinic modes are shown
in blue. Dashed red and blue lines in Fig. S13 show the first and second
baroclinic structures used in the main figures of the paper, which are obtained
from the analytical approach. The structures from the EOF analysis (solid lines)
and the analytical approach (dashed lines) show qualitatively similar structures,
although the nodal point and the maximum of each mode are slightly shifted.

We do not expect the empirical and analytical approaches to yield identical
vertical structures because the two approaches are based on different
assumptions. The empirical approach finds the dominant structures that explain
the largest variance of the diabatic heating anomalies, which directly reflect the
dominant cloud processes and their associated wind circulations. The analytical
approach finds the vertical structures of the horizontal wind anomalies under
hydrostatic balance, with a no-penetrating upper boundary condition, using just a
1-D basic state temperature profile. Since the horizontal wind structure can be
linked with the structure of vertical velocity, previous studies also found that the
analytical vertical modes can be associated with cloud processes (e.g., Haertel et
al. 2008). These suggest that the empirical and analytical approaches emphasize
different aspects. However, we find that the analytical approach is more suitable
for our paper because the sum of the first and second baroclinic modes from the
analytical approach captures the gross vertical structures of KWs better (Fig.
S14b, d). That is, significantly smaller residual in the KW composite temperature,
as well as the KW composite zonal wind and momentum flux convergence (Fig.
S14c, f). The small residual is similar to the 2-day wave diagnostic in Haertel et
al. (2008) (their Fig. 6e).

The KW composite vertical structures of diabatic heating, temperature, zonal
wind, and momentum flux convergence are also decomposed into the first and
second baroclinic modes based on the analytical approach from Fulton and
Schubert (1985) (Fig. 2). Figure 2 shows qualitatively similar results to the results
from empirical approach (Fig. S15). In particular, the first baroclinic EAPE growth

10



rate is negative, and the second baroclinic EAPE growth rate is positive in all
regions and seasons. The second mode EAPE growth rate is higher in Fig. 2
than in Fig. S15. However, the relative magnitude in different basins and seasons
remains similar between Fig. 2 and Fig. S15.

For the KW composite momentum flux convergence and zonal wind, results from
the analytical approach in Fig. 2 and results from the empirical approach in Fig.
S15 are also qualitatively similar, except that the regional EKE growth rate of the
second mode in EP-ATL in JJA is slightly higher than that in Fig. 2.

The relative importance of the EAPE and EKE growth rates of the second
baroclinic mode based on the analytical approach is shown in the updated Fig. 3.
The results are qualitatively similar to the empirical results (Fig. S16). In an
annual average sense (crosses in Fig. 3), the internal thermodynamic feedback
plays a more important role in all basins (e.g., less than 20% in Fig. 3 and Fig.
S16). The regionality of EAPE to EKE growth is also similar, regardless of the
decomposition methods used. The Indian Ocean shows the lowest EKE to EAPE
ratio, and the EP-ATL shows the highest EKE to EAPE ratio in JJA, although the
magnitude is slightly higher in EP-ATL in JJA in Fig. 3 than in Fig. S16. These
suggest that the main finding of this paper (the internal thermodynamic feedback
is more important in all basins and seasons) holds regardless of the methods for
vertical mode decomposition.
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Figure S4. Similar to Fig. S3, but for four seasons in EP-ATL.
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Figure S5. Similar to Fig. S3, but for four seasons in WP-CP.
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Figure S6. Similar to Fig. S3, but for four seasons in AFR.
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Figure S13. (a) Mean state temperature profile, (b) vertical modes of F and U, and (c)
vertical modes of Q and T. Solid lines represent vertical modes form empirical approach
in this study (solid line) and dashed lines represent analytical approach following Fulton
and Schubert (1985) and Haertel et al. (2020). Red (blue) lines represent the first
(second) baroclinic modes.
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Fulton and Schubert ‘ EOF

(a) Qtot, Ttot

(b) Q1+Q2, T1+T2
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Figure S14. KW composite (a-c) diabatic heating (shading) and temperature
(contour) anomalies of the (a) total, (b) first and second baroclinic modes, and (c)
residual. KW composite (d-f) momentum flux convergence (shading) and zonal
wind (contour) anomalies of the (d) total, (e) first and second baroclinic modes,
and (f) residual. Left panels represent the analytical vertical mode decomposition
(main results), and right panels show the empirical vertical mode decomposition
(supplementary).
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2, but decompose vertical modes empirically following Chien
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Figure S$16. Similar to Fig. 3, but decompose vertical modes empirically following Chien

and Kim (2024).
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