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Key Points: 13 

• Convectively coupled Kelvin waves (KWs) are maintained primarily by the internal 14 
thermodynamic feedback in all regions and seasons. 15 

• The internal thermodynamic feedback is the most dominant over the warmest ocean, with 16 
the weakest mean westerly aloft. 17 

• The observed relative importance of the two maintenance processes serves as a reference 18 

for evaluating KWs in numerical simulations.  19 

   20 
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Abstract 21 

Previous studies suggest that convectively coupled Kelvin waves (KWs) are likely 22 

maintained by two distinct processes: (1) the internal thermodynamic feedback between KW 23 

diabatic heating and temperature and (2) the external momentum forcing from the midlatitude 24 

Rossby waves exerting on KW zonal wind. This study quantifies the relative importance of the 25 

two processes on KW maintenance by comparing the growth rates of eddy available potential 26 

energy (EAPE) and eddy kinetic energy (EKE) within KWs using satellite and reanalysis data. 27 

Results show KWs are maintained primarily by the internal thermodynamic feedback in all 28 

regions and seasons, especially over the Indian Ocean, where the mean state sea surface 29 

temperature is the highest, and the upper tropospheric westerly is the weakest. Overall, the 30 

observed relative importance of the two maintenance processes can serve as a reference for 31 

numerical simulations of KWs.  32 

Plain Language Summary 33 

 Convectively coupled Kelvin waves (KWs) generate regions of enhanced and suppressed 34 

thunderstorms that move eastward along the equator. These waves occur periodically with a 5-6-35 

day timescale with particular zonal wind and temperature structures. KWs persist primarily 36 

because of certain mechanisms that enhance and sustain them. These mechanisms can be 37 

summarized into two distinct processes: (1) the positive feedback between KW temperature and 38 

diabatic heating from the cloud processes or (2) the zonal momentum forcing, which originates 39 

from the midlatitudes remotely amplifies the zonal wind of KWs. By quantifying the relative 40 

importance of the two maintenance processes, we found that the first mechanism is the most 41 

dominant across the entire tropics.   42 

1 Introduction 43 

Convectively coupled Kelvin waves (KWs) contribute significantly to tropical 44 

precipitation variability in subseasonal timescales. Given the frequent occurrence of observed 45 

KWs, some mechanisms must exist to amplify and maintain KWs to overcome frictional 46 

dissipation. Such maintenance mechanisms of KWs are not fully understood, despite the 47 

potential influence of KWs on subseasonal forecasts (e.g., Dias et al. 2023) and the tropical 48 

rainfall extremes (e.g., Cheng et al. 2023).  49 
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Previous observational and modeling studies have proposed two primary maintenance 50 

mechanisms of KWs. The first mechanism emphasizes that KWs are internally driven by the 51 

thermodynamic feedback between diabatic heating and temperature of the KWs, which generates 52 

eddy available potential energy (EAPE) within KWs (e.g., Lindzen 1974; Mapes 2000; Straub 53 

and Kiladis 2003a; Khouider and Majda 2006; Raymond and Fuchs 2007; Kuang 2008; Chien 54 

and Kim 2023). These studies hypothesize that the positive internal thermodynamic feedback 55 

occurs within either the first or second baroclinic mode structure, highlighting the importance of 56 

deep convection and stratiform processes in maintaining KWs, respectively.  57 

Meanwhile, other studies found that KWs could be externally forced by the momentum 58 

forcing originating from the midlatitude Rossby waves, which generate eddy kinetic energy 59 

(EKE) within KWs (e.g., Hoskins and Yang 2000; Straub and Kiladis 2003b; Tulich and Kiladis 60 

2021; Cheng et al. 2022). As the midlatitude Rossby waves approach the critical latitude in the 61 

subtropics (i.e., where the mean westerly wind equals the wave propagation speed), their 62 

meridional wavelength shrinks to the minimal, and the waves break. This Rossby wave breaking 63 

around the critical latitude exerts momentum on the environment, acting as a transient 64 

momentum forcing (Randel and Held 1991). Such momentum forcing remotely amplifies the 65 

zonal wind anomalies of KWs. 66 

Despite these insights, the interplay and relative importance of these internal and external 67 

mechanisms are not fully understood. As far as we know, Tulich and Kiladis (2021) was the first 68 

study that compared the internal and external mechanisms quantitatively. Both the external 69 

forcing mechanism and the internal mechanism play significant roles in KW maintenance in their 70 

aquaplanet simulations. More recently, Chien and Kim (2024a) quantified the role of the two 71 

processes in another set of aquaplanet simulations performed with a different climate model by 72 

prescribing sea surface temperature (SST) forcings that mimic the current, a warmer (+4K), and 73 

colder (-4K) climates. They concluded that KWs are primarily maintained by the internal 74 

thermodynamic feedback in all simulations. While the above discussions on KW maintenance 75 

are based on aquaplanet simulations, no studies have specifically quantified the relative 76 

importance of the two mechanisms in observations to the best of our knowledge. Because the 77 

momentum flux convergence in the aquaplanet simulations is found to be underestimated 78 

compared to observations (Chien and Kim 2024), the relative importance of the two maintenance 79 

mechanisms in observations may differ from that in the aquaplanet simulations.  80 
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The relative importance of the two mechanisms in observations could be a function of 81 

region and season, given the pronounced regionality and seasonality in KW characteristics 82 

(Roundy and Frank 2004; Yasunaga 2011; Wang and Chen 2016; Chien and Kim 2023; Horng 83 

and Yu 2024) and midlatitude Rossby wave activities (Straub and Kiladis 2003b; Huaman et al. 84 

2020; Cheng et al. 2022). For example, Horng and Yu (2024) demonstrated that KWs in the 85 

Indian and Pacific basins differ in the relative magnitude of the horizontal advection of moist 86 

static energy and the column process. Chien and Kim (2023) found that the internal 87 

thermodynamic feedback positively correlates with the underlying SST over the Indo-Pacific 88 

warm pool with substantial seasonality. Cheng et al. (2022) showed that KWs in the central 89 

Pacific in boreal summer are affected by midlatitude Rossby wave trains from the Southern 90 

hemisphere. While past research focused on specific regions and seasons, a systematic overview 91 

of the two maintenance mechanisms of KWs across regions and seasons is needed. 92 

This study uses a reanalysis product and satellite observations to quantify the relative 93 

importance of the internal and external mechanisms in maintaining KWs in all seasons and 94 

regions. The relative importance is quantified by calculating the growth rates of KW eddy 95 

available potential energy (EAPE) and eddy kinetic energy (EKE), following Chien and Kim 96 

(2024a).  97 

2 Data and Methods 98 

2.1 Data 99 

This study uses two primary datasets: (1) field variables including temperature, zonal 100 

wind, meridional wind, vertical velocity, and geopotential obtained from the ERA5 reanalysis 101 

(Herbach et al. 2020) at 27 vertical levels from 1000 to 100 hPa and (2) the satellite-observed 102 

cloud brightness temperature data same as in Dias et al. (2017). The cloud brightness 103 

temperature data is calibrated, combining datasets from the Cloud Archive User Service 104 

(CLAUS) (Hodges et al., 2000) and the globally merged infrared radiation (Janowiak et al., 105 

2001). Additionally, ERA5 precipitation is used to characterize the convective activities of KWs 106 

and to ensure consistency with diabatic heating. ERA5 variables and cloud brightness 107 

temperature are regridded onto 2.5-degree resolution and trimmed to 16 years from 1998 to 108 

2013, with a 3-hourly temporal resolution.  109 
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We also analyze climatological SST from the HadISST dataset (Rayner et al. 2003) and 110 

zonal wind from ERA5 because they modulate the internal thermodynamic feedback and 111 

external momentum forcing (e.g., Straub and Kiladis 2003b; Tulich and Kiladis 2021; Cheng et 112 

al. 2022; Chien and Kim 2023),. The mean state zonal wind is calculated from 10-20˚N/S over 113 

the winter hemisphere for JJA and DJF (i.e., southern hemisphere for JJA, northern hemisphere 114 

for DJF) and both hemispheres for MAM and SON. The choice of the averaging hemisphere is 115 

justified (Text S1).   116 

2.2 KW composite 117 

The KW composite characterizes each field associated with the KW’s convective 118 

lifecycle (i.e., suppressed to enhanced convection). The composite method is adapted from 119 

Nakamura and Takayabu (2022), summarized as follows (more details in Text S2): The phase of 120 

KW convection is determined by the space-time-filtered cloud brightness temperature anomalies, 121 

retaining anomalies within the canonical spectral band of KWs (i.e., 2.5-20 days, wavenumber 1-122 

14, and equivalent depth 8-90m, following Wheeler and Kiladis 1999). The KW phase ranges 123 

from −" to ". The phases −"/2 and "/2 correspond to the most active and suppressed phases 124 

of KWs, respectively.   125 

Based on the location of the maximum KW convective variability averaged between 126 

10˚S-10˚N, the KW composite is constructed separately for four domains in the tropics (Fig S1a-127 

b): Africa (345-55˚E, AFR), Indian Ocean (55-130˚E, IO), Western and Central Pacific (130-128 

250˚E, WP-CP), and Eastern Pacific and Atlantic Ocean (250-340˚E, EP-ATL). For each region, 129 

the KW composite is also constructed separately for four seasons: December-February (DJF), 130 

March-May (MAM), June-August (JJA), and September-November (SON).  131 

Figure S2a shows the number of active KW snapshots used for the KW. Among all 132 

seasons, more KWs occur in MAM in most regions (WP-CP, EP-ATL, and AFR), and fewer 133 

KWs occur in JJA in EP-ATL and AFR. Similarly, the KW amplitude of cloud brightness 134 

temperature and precipitation is higher during MAM in all regions (Fig. S2b-c). While the KW 135 

amplitude of cloud brightness temperature presents little regionality (Fig. S2b), the KW 136 

amplitude of precipitation is substantially weaker in AFR than in the other regions (Fig. S2c). 137 

We suspect the relatively weak KW precipitation variability in AFR is likely because the 138 
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convective systems there tend to produce more non-precipitating anvil clouds than those in the 139 

other tropical regions (e.g., Cetrone and Houze 2009; 2011).    140 

2.3 EAPE and EKE growth rates 141 

The growth rates of EAPE and EKE are quantified to better understand KW convective 142 

characteristics. The generation of EAPE and EKE within KWs was first quantified and compared 143 

in aquaplanet simulations in Tulich and Kilaids (2021). Later, Chien and Kim (2024a) revised 144 

their method and focused on the EAPE (EKE) generation normalized by the total EAPE (EKE) 145 

(a.k.a, the growth rate of EAPE or EKE). The EAPE and EKE growth rates serve as a proxy for 146 

the growth rates of KWs. Specifically, since the thermodynamic (temperature) and kinematic 147 

(zonal wind) fields both exist within KWs, the EAPE and EKE growth rates estimate how fast 148 

the thermodynamic and kinematic fields of KWs would grow individually via the internal 149 

thermodynamic feedback and external momentum forcing, respectively. Following Chien and 150 

Kim (2024a), the EAPE growth rates are calculated based on KW composite diabatic heating (Q) 151 

and temperature (T) anomalies separately for the first and second baroclinic vertical modes: 152 

 

%!"#!! 	= 	
($,&' × *$,&'+++++++++++++++++
0.5 × *$,()*+++++++ , 0	 = 	1	23	2, (1) 

 

where i represents each vertical mode, the subscript KW represents KW composite field 153 

variables. Diabatic heating is obtained from the residual of the temperature budget (Yanai 1973). 154 

The EKE growth rates are calculated based on KW composite momentum flux convergence (F) 155 

and zonal wind (U) anomalies for the two baroclinic modes: 156 

 

%!&!! =
4$,&' × 5$,&'+++++++++++++++++
0.5 × 5$,&'*++++++++ , 0	 = 	1	23	2. (2) 

 

The momentum flux convergence is obtained from the momentum budget following 157 

Cheng et al. (2022). The residual of the momentum budget is negligible in ERA5 reanalysis 158 

(Text S6). The relative importance of the internal and external processes in maintaining KWs is 159 

quantified by the relative magnitude of EAPE and EKE growth rates.  160 

While Chien and Kim (2024) used the empirical orthogonal function (EOF) approach to 161 

obtain the first and second baroclinic structures (details in Text S3), this study takes the 162 
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analytical approach that was developed by Fulton and Schubert (1985) and adapted in Haertel 163 

(2020). We briefly described the method here (more details can be found in Tulich et al. 2007 164 

and Haertel et al. 2008). The analytical vertical model decomposition represents solutions to 165 

linear equations of motion for a compressible atmosphere in hydrostatic balance as a 166 

superposition of modes, each of which is isomorphic to a solution of shallow water equations for 167 

a particular equivalent depth. With rigid lid boundary conditions on vertical velocity at the 168 

bottom and top of the troposphere, we obtain eigenfunctions that represent vertical structures and 169 

the corresponding eigenvalues that represent the theoretical phase speeds for each structure. 170 

Practically, we use the vertical profile of the basic state temperature to obtain the first and second 171 

baroclinic modes for wind as the eigenfunctions. The first (second) baroclinic mode for 172 

temperature is derived from the corresponding first (second) baroclinic mode of zonal wind 173 

under the hydrostatic balance approximation. Our first and second baroclinic mode structures are 174 

similar to previous studies (e.g., Trenberth 2000; Haertel and Kiladis 2004; Tulich et al. 2007; 175 

Haertel 2020). Note that we also diagnosed the EAPE and EKE growth rates based on empirical 176 

vertical mode decomposition, following Chien and Kim (2024). Results are qualitatively similar 177 

(details in Text S9).  178 

3 Results 179 

3.1 The geographical and seasonal characteristics of KWs 180 

To explore the geographical and seasonal variation of KW convection (Fig. S1, S2), 181 

Figure 1a shows the amplitude of the KW composite diabatic heating (shading) and momentum 182 

flux convergence (blue contour), determined by the average of the maximum and the minimum 183 

of each field over the entire KW lifecycle. The amplitude of KW diabatic heating generally 184 

follows the mean SST (Fig. 1p), with distinct major peaks in IO, WP, and ATL. Two weaker 185 

peaks of KW diabatic heating occur near 240˚E and 30˚E, where the nearby SST is low (Fig. 1p). 186 

In the upper troposphere, the momentum flux convergence collocates with a robust mean 187 

westerly (Fig. 1a, grey contour). The momentum flux convergence is nearly zero in IO, while it 188 

is more evident in WP-CP to the east of the dateline (180˚E), the Eastern Pacific, and over the 189 

Eastern Atlantic and Africa (near 0˚E). Overall, the KW diabatic heating is strongest in IO and 190 

weakest in AFR (Fig. 1b), consistent with KW precipitation (Fig. S2c), while the momentum 191 
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flux convergence is strongest in WP-CP and EP-ATL, and weakest in IO (Fig. 1c). We speculate 192 

that weak KWs near 240˚E and 30˚E are likely enhanced by the momentum flux convergence 193 

aloft despite low SST. 194 

Among all seasons, KW diabatic heating and precipitation are strongest during MAM in 195 

most regions (Fig. 1g, Fig. S2c), associated with the higher and more zonally uniform SSTs (Fig. 196 

1p). Conversely, the season of maximum momentum flux convergence varies regionally, with a 197 

peak during JJA in EP-ATL (Fig. 1l) and MAM in WP-CP (Fig. 1i). Despite the regionality and 198 

seasonality, Figure 1 confirms that both internal thermodynamic feedback and external forcing 199 

may affect KW maintenance. 200 

3.2 KW EAPE and EKE growth rates 201 

To investigate the relative roles of the two maintenance mechanisms, Figure 2 shows the 202 

global KW composite structures. The global KW composite diabatic heating and temperature 203 

anomalies (Fig. 2a) display a westward-tilted feature and show robust evolution with increasing 204 

KW phase, from suppressed convection, congestus, deep convection, to stratiform processes, 205 

consistent with the canonical KW structure (e.g., Kiladis et al. 2009). The first baroclinic warm 206 

(cool) anomalies overlap more with the negative (positive) diabatic heating, contributing to the 207 

negative EAPE growth rate of the first baroclinic mode (-3.28/day) (Fig. 2c). Figure 2d shows 208 

that the first baroclinic mode EAPE growth is generally negative for all regions and seasons, 209 

with some magnitude differences (Text S4), associated with the corresponding magnitudes of 210 

KW diabatic heating (Fig. S3-7). The first baroclinic mode EAPE growth negatively correlates 211 

with KW amplitude in precipitation (Text S5). 212 

Conversely, the second baroclinic mode heating and temperature are positively correlated 213 

in the global KW composite (Fig. 2g), contributing to the positive EAPE growth rate of the 214 

second baroclinic mode (5.31/day). The second baroclinic mode EAPE growth rate is also 215 

positive in all seasons and across the entire tropics (Fig. 2h), with some variations in the 216 

magnitude (Text S4). The second baroclinic mode EAPE growth rate positively correlates with 217 

KW amplitude in cloud brightness temperature (Text S5), likely because the cloud brightness 218 

temperature within KWs is affected mainly by the second mode of diabatic heating. Overall, the 219 

negative first-baroclinic-mode EAPE growth rate and the positive second-baroclinic-mode EAPE 220 
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growth rate in all regions and seasons are consistent with previous results from reanalyses (Chien 221 

and Kim 2023) and aquaplanet simulations (Chien and Kim 2024a). 222 

The global KW composite momentum flux convergence anomalies (Fig. 2b, shading) are 223 

most substantial in the upper troposphere, where the KW zonal wind anomalies peak (Fig. 2b, 224 

contours), suggesting that the momentum flux convergence would likely amplify zonal wind 225 

(e.g., Tulich and Kiladis 2021; Cheng et al. 2022; Chien and Kim 2024a). This positive 226 

correlation between zonal wind and momentum flux convergence exists in both the first 227 

baroclinic component (Fig. 2e) and the second baroclinic component (Fig. 2i), leading to positive 228 

EKE growth rates of the first (0.50/day) and second (0.42/day) modes. Figures 2f and 2j show 229 

that the EKE growth rates of both modes are positive in nearly all seasons and regions, except 230 

that the first baroclinic mode EKE growth is negative in the IO in JJA. 231 

The EKE growth rates of the first (Fig. 2f) and second (Fig. 2j) modes show similar 232 

regionality and seasonality. Among all regions, IO has the weakest EKE growth rate for both 233 

modes, consistent with the weaker momentum flux convergence in IO (Fig. 1a&c). Among all 234 

seasons, the EKE growth rate in EP-ATL is most substantial during JJA, consistent with the 235 

stronger momentum flux convergence (Fig. 1l, 2f). Similarly, the EKE growth of the second 236 

baroclinic mode in WP-CP is fastest during MAM due to stronger momentum flux convergence 237 

of the second baroclinic mode (Fig. S5f). The KW amplitude poorly correlates with EKE growth 238 

rates for the two baroclinic modes (Text S5), suggesting that external feedback may not 239 

dominate the maintenance of KWs.  240 

Overall, compared to the magnitude of the EAPE growth (Fig. 2d&h), the EKE growth 241 

rates for both modes are lower (Fig. 2f&j). For the first baroclinic mode KW, the damping of 242 

EAPE is very strong compared to the small EKE growth (Fig. 2d&f). This suggests that if the 243 

dynamics of the first baroclinic mode KW dominates, KWs are externally driven but strongly 244 

damped. However, for the second baroclinic mode KW, the EAPE and EKE generation are 245 

positive, but the magnitude of EAPE growth is much larger than that of EKE (Fig. 2h&j). This 246 

suggests that if the dynamics of the second baroclinic mode KW dominates, KWs are generated 247 

from internal thermodynamic feedback and amplified by external forcing. Although the first and 248 

second baroclinic modes both exist in the observed KWs, since KWs occur recursively, we 249 

conjecture that they are more likely a growing mode instead of a damped mode. That is, the 250 

maintenance of KWs is likely explained by the EAPE and EKE generation associated with the 251 
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second baroclinic mode. Therefore, we quantify the relative importance of internal feedback and 252 

external forcing for amplifying KWs by comparing the second baroclinic mode's EAPE and EKE 253 

growth rates. Note that Text S8 explains the prominent first baroclinic signal of the KWs despite 254 

strong damping. 255 

The second-baroclinic-mode EAPE growth rate (5.31 day-1) is at least one order of 256 

magnitude larger than the second-baroclinic-mode EKE growth rate (0.42 day-1) globally. For 257 

each region and season, the magnitude of the EAPE growth rates of the second baroclinic mode 258 

(Fig. 2h) is also higher than that of the EKE growth rate (Fig. 2j). While some seasonal and 259 

regional variations exist, the internal thermodynamic feedback is the dominant mechanism that 260 

maintains KWs in most seasons and basins (Fig. 2).  261 

Our results slightly differ from those of Tulich and Kiladis (2021). In their aquaplanet 262 

simulations, the EKE production within KWs is comparable to EAPE production when vertically 263 

integrated (their Fig. 7a). While they showed the amount of EKE and EAPE production [W m-2 ], 264 

we showed their growth rates [s-1], to focus on the rate of time changes instead of the absolute 265 

magnitude (Eqs. 1 and 2). However, our EAPE and EKE production terms without normalization 266 

show qualitatively similar results (Fig. S10). Another possible reason for the discrepancy 267 

between our results and theirs is that the position and strength of the upper tropospheric westerly 268 

jet differ, caused by different surface boundary conditions (aquaplanet vs. full geography).  269 

3.3 Environmental modulation of KW EAPE and EKE growth rates 270 

Figure 3a quantifies the relative importance of internal feedback and external forcing 271 

using the ratio of EKE and EAPE growth rates associated with the second baroclinic mode. The 272 

ratio of EKE growth to EAPE growth (the EKE-to-EAPE ratio hereafter) ranges from 2% to 273 

38%, depending on the regions and seasons. Among all regions, the annual EKE-to-EAPE ratio 274 

is the lowest in the Indian Ocean (2.6%) and higher in AFR (14.2%), EP-ATL (12.7%), and WP-275 

CP (7.9%). Seasonally, the EKE-to-EAPE ratio is largest during JJA in EP-ATL (38.5%). The 276 

regionality and seasonality of the EKE-to-EAPE ratio are mainly determined by the EKE growth 277 

rate (Fig. 2j). Note that we also diagnosed the EAPE and EKE growth rates based on empirical 278 

vertical mode decomposition following Chien and Kim (2024). Results are qualitatively similar, 279 

except that external momentum forcing is slightly less important in EP-ATL in JJA (details in 280 

Text S9).   281 
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The EKE-to-EAPE ratio negatively correlates with the mean state SST (Fig. 3b) and 282 

positively correlates with the mean state upper tropospheric zonal wind at 200 hPa (U200) (Fig. 283 

3c); similar results are found between 100 and 300 hPa. IO has the smallest EKE-to-EAPE ratio 284 

with the highest SST and the weakest upper-level westerly (orange symbols). Conversely, the 285 

largest EKE-to-EAPE ratio occurs in EP-ATL and AFR, with stronger upper-level westerly and 286 

lower SST (blue and magenta symbols). In WP-CP, the EKE-to-EAPE ratio is slightly lower 287 

than that in EP-ATL and AFR, which may be associated with moderate SST (green symbols).  288 

In summary, while KW convective characteristics display distinct peaks in IO, WP-CP, 289 

EP-ATL, and AFR (Fig. S1-2), the partition of the internal feedback and external forcing varies 290 

as KWs travel globally, depending on the mean SST and U200 locally.  291 

4 Conclusions 292 

This study examined the relative importance of internal thermodynamic feedback and 293 

external momentum forcing in maintaining KWs, quantified by the EAPE and EKE growth rates 294 

associated with the two baroclinic modes. Results showed that KWs are maintained primarily by 295 

the internal thermodynamic feedback in most seasons and basins: the internal thermodynamic 296 

feedback amplifies KWs at least four times faster than the external momentum forcing does. Our 297 

results support the hypothesis posited by Straub and Kiladis (2003b) that KWs can grow 298 

spontaneously without the persistence of extratropical forcing. 299 

Although the internal thermodynamic feedback dominates in the first order, the relative 300 

importance of the two maintenance processes varies considerably with regions and seasons. The 301 

internal thermodynamic feedback is the most important in the Indian Ocean, where the warmest 302 

sea surface temperature favors strong convection and enhances the feedback. Meanwhile, the 303 

weakest upper tropospheric mean westerly limits midlatitude waves approaching the tropics. As 304 

KWs travel eastward over the Eastern Pacific, Atlantic Ocean, and Africa, the mean westerly 305 

aloft strengthens, which enhances the amplification of KWs due to stronger external momentum 306 

forcing. The extratropical effect on African KWs has been relatively less emphasized in previous 307 

literature, which focused on the midlatitude influence over the Atlantic and Pacific oceans (e.g., 308 

Straub and Kiladis 2003b; Liebmann et al. 2009; Mayta et al. 2021; Cheng et al. 2022). 309 

Regarding seasonality, the external forcing in the Eastern Pacific, the Atlantic Ocean, and Africa 310 

is relatively more important during JJA.  311 



manuscript submitted to Geophysical Research Letters 

12 

 

Overall, this study provides an observational baseline on the relative importance of the 312 

two maintenance processes for KWs, which can be compared with KWs in model simulations. 313 

As many global climate models struggle to represent KW amplitude realistically (e.g., Lin et al. 314 

2006), quantifying the relative contribution of the internal feedback and external forcing to KW 315 

maintenance in climate models would provide valuable insights. Meanwhile, diverse 316 

representations of KWs are found in convectively-resolved and parameterized simulations, 317 

especially in the KW diabatic heating and the moisture-precipitation relationship (e.g., Weber et 318 

al. 2021; Rios-Berrios et al. 2023; Lee et al. 2025). As more and more global and near-global 319 

cloud-resolving simulations are available nowadays (e.g., Stevens et al. 2019), it is worthwhile to 320 

compare the internal thermodynamic feedback within KWs in simulations with resolved or 321 

parameterized convection.  322 

Regarding future projection of KWs, using aquaplanet simulations under zonally 323 

symmetric SST with uniform surface cooling and warming, Chien and Kim (2024a) found that 324 

KWs weaken with warming due to the weakening of internal thermodynamic feedback, while the 325 

external feedback plays a minimal role. Oppositely, based on the sixth version of coupled model 326 

intercomparison project (CMIP6) simulations, Bartana et al. (2022) found that KWs strengthen 327 

with warming. They hypothesized that the projected increase in the intensity of KWs could be 328 

due to the changes in extratropical influence. The discrepancies in the future projection of KW 329 

characteristics and their mechanisms found in the recent studies warrant an in-depth analysis of 330 

the future changes of internal thermodynamic feedback and external momentum forcing under 331 

more realistic (e.g., zonally asymmetric) SST boundary conditions.  332 

It is worth noting that our analysis focuses on the indirect effect of the extratropical 333 

forcing on KWs, rather than the direct effect of extratropical forcing on ‘eastward-propagating 334 

disturbance’ mentioned in previous studies (e.g., Cheng et al. 2022; Huaman et al. 2020; 335 

Knippertz 2007). Those ‘eastward-propagating disturbances’ have similar dispersion 336 

relationships with the KWs, while their dynamical structures resemble the extratropical cloud 337 

plumes. Our study shows consistent dynamical structures as the canonical KWs, suggesting the 338 

extratropical cloud plumes do not dominate our results (Text S7 for more details). Additionally, 339 

our study focuses on the nonlinear effect of extratropical forcing on KWs based on the resonance 340 

between momentum flux convergence and zonal wind anomalies. We do not explicitly account 341 

for the linear effect of KW-forced subtropical gyre that feedback to the KW itself, mentioned in 342 
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previous studies (e.g., Roundy 2008; Tulich and Kiladis 2021; Matthews et al. 2021; Barpanda et 343 

al. 2023; Holube et al. 2024). Future research can quantify this linear effect and compare it with 344 

the nonlinear effect in this study. 345 
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 558 

Figures 559 

 560 
Figure 1. (a) The amplitude of diabatic heating (shading) and momentum flux convergence 561 

anomalies (blue contour) within KWs and the mean state zonal wind (grey contour) in all 562 

months. Zonal wind is only shown for the upper troposphere (< 500 hPa). (b) The amplitude of 563 

diabatic heating anomalies within KWs averaged over each region: Africa (purple), Indian Ocean 564 

(orange), Western and Central Pacific (green), Eastern Pacific, and Atlantic Ocean (light blue). 565 

(c) Similar to b, but showing the amplitude of momentum flux convergence averaged over each 566 
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region. (d-f) Same as a-c, but in DJF. (g-i) Same as a-c, but in MAM. (j-l) Same as a-c, but in 567 

JJA. (m-o) Same as a-c, but in SON. (p) The mean state sea surface temperature averaged over 568 

10˚S-10˚N. 569 

  570 
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 571 

 572 
Figure 2. (a) Total KW vertical structure of diabatic heating and temperature anomalies. (b) 573 

Total KW vertical structure of momentum flux convergence and zonal wind anomalies. The total 574 

fields are decomposed into the first (c, e) and second (g, i) baroclinic mode components. (d) The 575 

first baroclinic mode EAPE growth rate for each region and season. (e) The first baroclinic mode 576 

EKE growth rate for each region and season. (h) The second baroclinic mode EAPE growth rate 577 

for each region and season. (j) The second baroclinic mode EKE growth rate for each region and 578 

season.  579 

  580 
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 581 
Figure 3. (a) The relative importance of EKE to EAPE growth for the second baroclinic mode 582 

for each region and season. (b) The ratio of the second baroclinic mode EKE to EAPE growth 583 

rate and the mean state sea surface temperature (SST), (c) The ratio of the second baroclinic 584 

mode EKE to EAPE growth rate and zonal wind at 200 hPa (U200). The linear regression lines 585 

are indicated in black. The triangles pointing downward represent DJF, leftward represent MAM, 586 

upward represent JJA, and rightward represent SON. The annual mean is shown in crosses.  587 

 588 

 589 
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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 JJA 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).  
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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.  
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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). 
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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 IO 
and the weakest damping in AFR in DJF and MAM, associated with the strongest and 
weakest diabatic heating in IO and AFR, respectively (Fig. 1b, S3b). In terms of 
seasonality, the first baroclinic mode EAPE damping is strongest in MAM in most 
regions (IO, WP-CP, and AFR). 
 

Among all regions, the second baroclinic mode EAPE growth rate shows a stronger 
growth in IO, 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 (IO, EP-ATL, and AFR), due to stronger diabatic 
heating (Fig. 1h, S4c, S6c, 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, l, o). However, a slightly weaker growth of the 
second baroclinic mode EKE occurs in JJA (Fig. 2j, Fig. S6f). 
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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.   
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Text S6. Momentum budget residual analysis 

We diagnosed the residual term in the momentum budget in ERA5 reanalysis following 
Cheng et al. (2022). The method is summarized below: 
 

!"#$%&'( = *&′
*+ − -′ − .$/"'0_+"02#, 

 

.$/"'0_+"02# = &′*&4
*5 − 6′

*&4
*7 − 8′

*&4
*9 − 6̅

*&′
*7 − 8; *&

′

*9 + =6′− *>′*5 . 
 
Some manipulation of the equations above yields 
 

1
2
*&′!

*+ = &′(.$/"'0_+"02#) + &′-′ + &′(!"#$%&'(). 
 
We then project the linear terms, -′, 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: 
 

D2 = E&"′5"′E
E&"′&"′E

, 
 
where 5" 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.  
 
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.  
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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). 
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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.  
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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 
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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 S1. The KW cloud brightness temperature standard deviation in (a) meridional 
average between 10˚S and 10˚N and (b) horizontal map. Colored horizontal lines in (a) 
and (b) indicate regional separation used in Fig. 1-3 and Fig. S2-9. 
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Figure S2. KW statistics for each region and season. (a) Number of snapshots with 
active KWs, (b) KW amplitude on cloud brightness temperature, and (c) KW amplitude 
on precipitation. Amplitude is defined as the average of the maximum and minimum 
signal.  
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Figure S3. (a-c) Regional KW composite vertical structure of the diabatic heating 
(shading) and temperature (contour) anomalies: (a) the total, (b) the first baroclinic 
component, and (c) the second baroclinic component. (d-f) Regional KW composite 
vertical structure of the momentum flux convergence (shading) and zonal wind (contour) 
anomalies: (d) the total, (e) the first baroclinic component, and (f) the second baroclinic 
component.  
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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 S7. Similar to Fig. S3, but for four seasons in IO. 
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Figure S8. Correlation coefficient between KW amplitude and the EAPE and EKE 
growth rates of the first baroclinic mode. 
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Figure S9. Correlation coefficient between KW amplitude and the EAPE and EKE 
growth rates of the second baroclinic mode. 
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Figure S10. The vertical integration of EAPE (red) and EKE (blue) generation within 
KWs for each longitude. The energy generation is not normalized.  
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Figure S11. Contribution of each term in the momentum budget to KW maintenance for 
each region in all seasons. 
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Figure S12. (left) KW composite vertical structure of momentum flux convergence in 
WP-CP in annual mean from our study (shading) and zonal wind (contour) anomalies in 
our study. (right) The composite vertical structure of extratropical cloud plumes in Cheng 
et al. (2022). 
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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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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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Figure S15. Similar to Fig. 2, but decompose vertical modes empirically following Chien 
and Kim (2024). 
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Figure S16. Similar to Fig. 3, but decompose vertical modes empirically following Chien 
and Kim (2024). 
 

 

 


