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ABSTRACT: Interactions between waves and the mean-state in the tropics are of fundamental

importance for reliable future projection of tropical waves and their impacts under anthropogenic

climate change. The Madden-Julian Oscillation (MJO) is the dominant source of weather variability

over many parts of the globe on intraseasonal timescales. In this study, we investigate the influence

of mean-state changes on the MJO in three aqua-planet experiments made with the Community

Atmosphere Model version 6 (CAM6) by prescribing sea surface temperature profiles to capture

three different climate states: a current climate-like state, a colder (-4K) state, and a warmer (+4K)

state. We find that the MJO strengthens with surface warming, showing higher spectral power over

the MJO band (20-100 day period, zonal wavenumbers 1-3) in both circulation and convection

fields. Furthermore, MJO-associated precipitation variability increases more strongly than mean-

state precipitation with warming, while the east-west ratio increases by a factor of 3x from -4K

to +4K. Using a moisture budget approach, two key mechanisms were found to result in MJO

strengthening; first, a reduction in the Gross Moist Stability associated with increases in the mean

low-level vertical moisture gradient, and second, a reduced damping associated with meridional

moisture advection resulting from an increase in the mean low-level meridional moisture gradient.

The reduction in GMS is slightly offset, however, by a reduction in the cloud-radiative feedback

parameter with warming. This occurs because the cloud top temperature is nearly invariant with

warming despite a sharp increase in precipitation.
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SIGNIFICANCE STATEMENT: The Madden-Julian Oscillation (MJO) is a global-scale weather26

system in the tropics that affects weather, particularly rainfall, across the planet. The aim of this27

study is to improve our understanding of how the MJO may change with future climate change. To28

do this, we examined model simulations in which the ocean temperature was increased to represent29

the effects of global warming. Our results suggest that MJO-associated rainfall will become more30

variable in the future, meaning that ‘wet’ periods may become wetter and ‘dry’ periods may become31

drier. Given the importance of rainfall to agriculture, droughts, and flooding, confident predictions32

about rainfall in a warmer world are critical for preparatory and adaption work.33

1. Introduction34

First recognized over 50 years ago, the Madden-Julian Oscillation (MJO; Madden and Julian35

1971, 1972) is the preeminent mode of weather variability on intraseasonal timescales in the36

tropics. Uniquely defined by its slow, eastward propagation and planetary scale, the MJO signal37

manifests as alternating periods of enhanced and suppressed tropical convection which are coupled38

to a characteristic ‘swallow-tail’ circulation pattern associated with a Matsuno-Gill response to39

heating anomalies (Gill 1980). These wave-like disturbances propagate coherently eastward across40

the tropics with a phase speed of approximately 5 m s−1 in the Warm Pool region of the Indian41

Ocean and the western Pacific, and a period typically between 20-100 days with the strongest42

amplitudes occurring in the Warm Pool during boreal winter (Nov.-Apr.) season.43

The MJO is a dominant influence on local tropical weather, strongly modulating circulations44

and rainfall patterns in places like Australia (Wheeler et al. 2009; Marshall et al. 2021), Indonesia45

(Hidayat and Kizu 2010), and India (Pai et al. 2011) on intraseasonal timescales in addition to46

modulating tropical Kelvin wave activity in the Indian Ocean (Roundy 2008). Tropical cyclones47

are also influenced by the MJO, with studies revealing the sensitivity of both tropical cyclogenesis48

(Maloney and Hartmann 2000a,b; Emlaw and Kim 2024) and tropical cyclone tracks (Klotzbach49

and Oliver 2015) to MJO phase.50

Through its circulation response, the MJO also has an out-sized influence on extra-tropical51

weather. Studies have found that MJO-associated teleconnections affect weather in North America52

(Vecchi and Bond 2004; Lorenz and Hartmann 2006; Riddle et al. 2013; Henderson et al. 2016;53

Tippett 2018), South America (Alvarez et al. 2016; Grimm 2019; Matus et al. 2025), East Asia (Jia54
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et al. 2011; Seo et al. 2016; Kim et al. 2020), and the polar regions (Kang and Tziperman 2018; Lee55

and Seo 2019). Robust connections have also been shown to exist between the MJO and a variety56

of low-frequency phenomena such as ENSO (Hendon and Salby 1994; Kessler 2001) and the QBO57

(Abhik and Hendon 2019; Sakaeda et al. 2020). Due in part to this myriad of teleconnections, the58

MJO is known to be a leading source of intraseasonal predictability (Waliser et al. 2003; Kim et al.59

2014), further motivating research into its behavior and driving mechanisms.60

One question of continual importance pertains to the relationship between the MJO and anthro-61

pogenic climate change. Several studies have examined changes in MJO behavior between the62

pre-industrial era (circa 1850) and the present in observations, but sparse data from before the63

satellite era (pre-1979) results in large uncertainties. One reconstruction of MJO amplitude based64

on the Real-Time Multivariate MJO (RMM) index of Wheeler and Hendon (2004) suggests that65

MJO amplitude increased by approximately 13% per century between 1905 and 2018 (Oliver and66

Thompson 2011), whereas Tao et al. (2015) found no statistically significant trend in boreal winter67

MJO activity between 1982 and 2009. Given these findings, further research into potential causal68

relationships between warming and MJO activity is required to both reduce current uncertainty69

about changes in observed historical MJO activity and to make confident predictions about future70

changes in MJO activity.71

Using Global Climate Models (GCMs) to simulate future warming scenarios, some consistent72

projections have emerged: in a warmer climate, intraseasonal precipitation and outgoing longwave73

radiation (OLR) variability are both likely to increase (Subramanian et al. 2014; Wolding et al.74

2017; Rushley et al. 2019; Wang et al. 2025), indicative of stronger MJO-associated precipitation75

anomalies. In a suite of CMIP6 simulations conducted under the Shared Socioeconomic Pathway76

(SSP) 585 scenario, Wang et al. (2025) found that the multi-model mean MJO-associated pre-77

cipitation amplitude increased by 17% when comparing the ‘projected future’ state (2065-2100)78

to the ‘historical’ state (1979-2014). However, the models also exhibited significant inter-model79

spread: while the largest single-model increase was nearly 70%, other models showed weak de-80

creases in MJO-precipitation amplitude with warming. Furthermore, several studies have found81

that MJO-associated precipitation amplitude increases scale with increases in background power82

(Rushley et al. 2019) or mean precipitation (Pritchard and Yang 2016), suggesting that changes in83
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MJO-associated precipitation may result not from dynamical changes in MJO behavior but instead84

from changes in the model background state.85

MJO circulation changes also show inter-model spread. Several studies suggested that MJO-86

associated 850-hPa zonal wind variance will increase with warming, though to a lesser extent than87

MJO-associated precipitation anomalies (Subramanian et al. 2014; Rushley et al. 2019; Bui et al.88

2023), while other studies find it may decrease slightly (Arnold et al. 2015; Wolding et al. 2017; Bui89

and Maloney 2018) as mean tropospheric static stability increases. As many MJO teleconnections90

are mediated by MJO-circulation induced Rossby wave trains, changes to MJO circulation strength91

have important implications for future intraseasonal predictability (Wolding et al. 2017).92

Additionally, no consensus exists regarding the mechanisms responsible for potential changes93

to MJO characteristics and behavior with warming. Many GCM studies support the notion that94

moisture advection is critical to MJO strengthening, but some studies emphasize the dominant95

role of meridional advection (Wang et al. 2025) while others highlight that of vertical advection96

(Arnold et al. 2013; Arnold and Randall 2015; Wolding et al. 2017). Carlson and Caballero97

(2016) highlights an alternative mechanism, wherein a transition to super-rotation inhibits eddy98

activity which itself opposes MJO amplification, resulting in strengthening. Yet another study, Liu99

(2013), found Wind-Induced Surface Heat Exchange (WISHE) to be a critical process for MJO100

strengthening.101

Compared with full-geography GCM simulations, aqua-planet configurations are reduced com-102

plexity models that remove factors such as land-sea contrasts, zonal asymmetries, and other103

processes shown to be relevant to MJO dynamics such as atmosphere-ocean coupling (DeMott104

et al. 2015). Though less realistic by construction, such simplifications enable an evaluation of105

the core mechanisms responsible for MJO behavior and its changes in response to external forcing106

such as surface warming. To study surface warming-induced changes in MJO characteristics, for107

example, sea surface temperatures (SSTs) are prescribed as a lower boundary condition, and future108

warmed states are obtained by prescribing higher SSTs compared to present-day climatology.109

Several previous aqua-planet simulations have examined changes to the MJO with warming; using110

the Community Atmosphere Model v2 (CAM2), Liu (2013) found a strengthening of the MJO111

with an increase in SSTs from a control run to a +2K SST state and a +4K SST state, manifesting112

as an increase in intraseasonal precipitation variance. However, changes in 850-hPa zonal wind113
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variance were not spatially uniform, with slight increases over most of the tropics but decreases over114

equatorial Africa and parts of the Pacific and Central America. In a super-parameterized version115

of CAM3.5, Arnold et al. (2013) similarly found a strong increase in intraseasonal precipitation116

variance with surface warming. Using a moist static energy budget approach, they identified117

increases in the moistening associated with vertical advection as the main mechanism driving MJO118

amplification. Using SPCAM3.0 Pritchard and Yang (2016) examined a large number of different119

SST states, ranging from 1°C to 35°C, with globally uniform SST values. Their results highlight120

both the existence of an MJO signal in very cold climates and the enhancement of MJO activity121

with surface temperature warming.122

This study serves as a continuation of these previous aqua-planet studies, seeking to answer123

remaining questions about the mechanisms controlling MJO behavior and the behavior of the MJO124

in both warmer and colder climates.125

Specifically, changes to the MJO as a function of sea surface temperature are examined in CAM6126

aqua-planet simulations performed by Chien and Kim (2024). Three simulations, representing a127

control climatology (CTRL) as well as uniformly cooled (-4K SST) and warmed (+4K SST) states,128

were performed. In that work, a brief description of changes in the mean-state were described and129

changes in Kelvin wave activity with warming were investigated in detail, but no investigation of130

MJO activity was performed.131

In Section 2, a detailed methodology of the simulations and our analysis is presented. Section132

3 presents the results of the simulations, examining changes in both the mean-state and the MJO133

as a function of SST. Additionally, the results of a moisture budget analysis used to understand the134

mechanisms driving MJO changes are discussed. Finally, section 4 presents a summary of those135

results and a conclusion.136

2. Methods137

In this study we use simulations performed with the Community Atmosphere Model (CAM6)138

component of second version of the Community Earth System Model (CESM2; Danabasoglu139

et al. 2020) run in an aqua-planet configuration using the standard ‘QOBS’ zonally-symmetric140

sea surface temperature profile described in Neale and Hoskins (2000). The horizontal grid has a141

resolution of 1.9° latitude by 2.5° longitude and the model employs 32 hybrid-sigma coordinate142
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vertical levels. Each simulation was run for a period of 12 years, with the first two years used as143

a spin-up period and the remaining 10 years used in the analysis. The data were originally output144

at 3-hourly intervals before being re-sampled to daily for the purposes of studying the MJO, and145

were interpolated to pressure levels from the native hybrid-sigma vertical coordinate. Additional146

details about the model configuration can be found in Chien and Kim (2024).147

To investigate the influence of mean-state changes on the MJO, three different SST profiles were148

specified. The control run (CTRL) in which the Neale and Hoskins (2000) profile was used and149

two perturbed runs in which the SST was everywhere decreased/increased by 4K, termed the ‘-4K’150

and ‘+4K’ runs, respectively (Fig. 1). In each experiment the SST profile acts as a proxy for151

global-scale changes in atmospheric temperature.152

Additionally, daily 2.5° longitude and latitude data from the ERA5 dataset are used as a com-153

parison (Hersbach et al. 2020). Mean-state profiles of temperature and specific humidity over154

the tropical oceans (30°S-30°N) are constructed for winter days (Nov.-Apr.) from 1980-2018.155

Observations of precipitation are taken from the Tropical Rainfall Measuring Mission (TRMM)156

for 2001-2014.157

a. Regression Analysis158

In section 3 we show the results of a regression analysis that was performed to examine the159

horizontal and vertical structures of the MJO. First, MJO-filtered precipitation was obtained by160

filtering raw precipitation on intraseasonal timescales (20-100 days) and on MJO spatial scales161

(zonal wavenumbers 1-3), retaining only eastward propagating signals. Six reference timeseries162

were then constructed by spatially averaging the MJO-filtered precipitation over 10°x10° boxes163

centered meridionally on the equator, with each box centered zonally on one of six longitude points164

equally spaced between 0° and 360°. The fields of interest were regressed onto each timeseries,165

yielding six sets of regression coefficients at every latitude, longitude, and pressure level. Each166

set was then shifted in longitude so that its maximum regressed precipitation anomaly occurred167

at 180° and the six sets were averaged together to produce the final regression coefficients. This168

procedure was repeated separately for each of the three experiments. A t-test was performed to169

identify locations with statistically significant regression coefficients.170
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Fig. 1. ‘Qobs’ Sea Surface Temperature Profiles as a function of latitude and experimental setup, in °C.

b. Moisture Budget Analysis171

Many studies have utilized column-integrated moisture or moist static energy (MSE) budgets of172

the MJO to quantify the role that moist processes play in MJO dynamics (Andersen and Kuang173

2012; Sobel et al. 2014; Ren et al. 2021). Here we choose to examine the MJO’s growth by174

constructing a budget for MJO-regressed column-integrated moisture anomalies (Eq. 1):175

𝜕⟨𝑞⟩
𝜕𝑡

= −
〈
𝑢
𝜕𝑞

𝜕𝑥

〉
−
〈
𝜐
𝜕𝑞

𝜕𝑦

〉
−
〈
𝜔
𝜕𝑞

𝜕𝑝

〉
+𝐸 −𝑃, (1)
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where 𝑞 is specific humidity, 𝑢 and 𝜐 are respectively the zonal and meridional wind velocities,176

𝜔 is the vertical velocity in pressure coordinates, 𝐸 represents evaporation and 𝑃 represents177

precipitation. Angle brackets denotes a column-integral from the surface to 100 hPa: ⟨·⟩ =178

1
𝑔

∫ 𝑝𝑠

𝑝0
(·) 𝑑𝑝.179

For each term in Eq. 1, as well as the column-integrated moisture, regression coefficients were180

calculated at each latitude and longitude following the procedure detailed in section 2a. Each181

regressed budget term was then projected onto the regressed column-integrated moisture field,182

horizontally integrated over 15°S-15°N and all longitudes, and normalized by the horizontally-183

integrated column moisture variance:184

𝑀 (𝜑) =
∬

𝐴
[𝜑 · ⟨𝑞⟩] 𝑑𝐴∬
𝐴

[
⟨𝑞⟩2

]
𝑑𝐴

. (2)

The resulting value, termed the ‘contribution’ for that process, gives a measure of that term’s185

relative contribution to the growth or dissipation of the MJO’s moisture anomalies. A ‘positive’186

budget contribution to maintenance means that the net effect of a given physical process is to further187

moisten regions with a positive MJO moisture anomaly or further dry regions with a negative MJO188

moisture anomaly. In so doing, a positive contribution increases the amplitude of MJO-associated189

moisture anomalies, leading to MJO strengthening. Conversely, a ‘negative’ budget contribution190

means that a given process acts to reduce the amplitude of MJO-associated moisture anomalies,191

opposing MJO amplification.192

1) Gross Moist Stability193

In addition to the moisture budget, an analysis of Gross Moist Stability (GMS) was performed.194

Originally defined in Neelin et al. (1987) with other variations defined in subsequent papers195

(Raymond et al. 2009; Andersen and Kuang 2012), the GMS is a measure of the stability of the196

atmosphere to moist convection. GMS has been tied to the growth and propagation of the MJO in197

both simple linear models such as Adames and Kim (2016) and Ahmed (2021) as well as in GCM198

studies (Benedict et al. 2014), suggesting that it is a useful way to diagnose changes to the MJO199

in our simulations. The specific formulation used herein is the vertical component of normalized200

GMS (NGMS), which follows the definition in Inoue and Back (2015),201
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Γ𝜐 =

〈
𝜔 𝜕ℎ

𝜕𝑝

〉〈
𝜔 𝜕𝑠

𝜕𝑝

〉 , (3)

where 𝜔 is the vertical pressure velocity, 𝑠 = 𝑐𝑝 + 𝑔𝑧 is the Dry Static Energy (DSE) and202

ℎ = 𝑠+ 𝐿𝜐𝑞 is the Moist Static Energy (MSE) defined above. The numerator in Eq. 3, which is203

the column-integrated vertical advection of MSE, indicates whether the column is net importing or204

exporting MSE; the denominator is the column-integrated vertical advection of DSE and gives a205

measure of the strength of the circulation within the column, which is strictly positive in ascending206

columns. Thus a positive NGMS, generally associated with top-heavy vertical velocity profiles that207

diverge high MSE air at upper-levels, corresponds to a gross moist stable column that efficiently208

removes MSE anomalies. Conversely, a negative NGMS corresponds to a positive feedback in209

which MSE anomalies in the column induce circulations that result in a net import of MSE and210

growth of MSE anomalies within the column.211

The vertical NGMS was estimated for each experiment as the slope of the linear regression212

between anomalies in column-integrated vertical DSE advection and column-integrated vertical213

MSE advection. Both quantities were computed at each time and latitude–longitude grid point.214

2) Column Process215

One of the key processes relevant to the MJO’s moisture budget is the ‘column process’ (Chikira216

2014), which represents the combined effects of vertical moisture advection and precipitation that217

co-occur within a given column of the atmosphere. Starting from the column-integrated moisture218

budget (Eq. 1), the strength of the column process term can be related to the GMS. To do this,219

the vertical moisture advection term is first rewritten as a function of vertical MSE advection and220

vertical DSE advection:221 〈
𝜔
𝜕𝑞

𝜕𝑝

〉
=

1
𝐿𝜐

(〈
𝜔
𝜕ℎ

𝜕𝑝

〉
−
〈
𝜔
𝜕𝑠

𝜕𝑝

〉)
. (4)

Using the definition of vertical GMS in Eq. 3, this can be expressed as:222 〈
𝜔
𝜕𝑞

𝜕𝑝

〉
=

1
𝐿𝜐

〈
𝜔
𝜕𝑠

𝜕𝑝

〉
(Γ𝜐 −1) . (5)
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Then, substituting this expression into Eq. (1) yields the following:223

𝜕 ⟨𝑞⟩
𝜕𝑡

= − ⟨𝜐 · ∇𝑞⟩ − 1
𝐿𝜐

〈
𝜔
𝜕𝑠

𝜕𝑝

〉
(Γ𝜐 −1) −𝑃+𝐸. (6)

This expression can be further simplified with a few key assumptions (Sobel et al. 2001):224

1. Temperature tendencies and horizontal gradients are small (Weak Temperature Gradient ap-225

proximation),226

2. Sensible heating is small,227

3. Column-integrated radiative heating is proportional to column-integrated convective heating,228

4. Column-integrated convective heating is equivalent to precipitation.229

Applying these assumptions to the column-integrated thermodynamic energy equation results in230

the following relation:231 〈
𝜔
𝜕𝑠

𝜕𝑝

〉
= (1+ 𝑟)𝑃, (7)

where 𝑟 is the cloud-radiative feedback parameter defined in Kim et al. (2015) as 𝑟 ≡ −𝑂𝐿𝑅′/𝑃′.232

This parameter represents how vertical moisture advection can modulate local radiative cooling233

within a column by importing water vapor (a greenhouse gas) and producing high clouds. If234

the radiative heating anomaly induced by the circulation is collocated with positive buoyancy235

anomalies, then the circulation will strengthen and import more moisture in a process known as the236

Cloud-Radiative Feedback. Previous studies have established that the presence of such radiative237

feedbacks are key for the growth and strengthening of the MJO (Kim et al. 2015; Del Genio and238

Chen 2015).239

Collectively, Eq. 7 represents the fact that the dominate thermodynamic balance in the tropical240

atmosphere is that of Weak Temperature Gradient (WTG) balance, where vertical motions in the241

column and their corresponding horizontal circulations work to balance diabatic heating from242

condensation and radiation.243
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Substituting this relation into Eq. 6 then produces an alternative form of the moisture budget244

equation that succinctly captures the contribution of the column process to MJO moistening as a245

function of GMS, the cloud-radiative feedback parameter, and precipitation.246

𝜕 ⟨𝑞⟩
𝜕𝑡

= − ⟨𝜐 · ∇𝑞⟩ − 𝑃 ·Γeff
𝐿𝜐

+𝐸. (8)

Here Γeff ≡ Γ𝜐 (1+ 𝑟) − 𝑟 is known as the effective GMS and accounts for both thermodynamic247

and radiative effects. Given that 𝑃 is positive, the sign of the effective GMS determines whether248

the column process acts to amplify or dampen moisture anomalies.249

3. Results250

a. Changes to the Mean-State in Response to Warming251

Given the desire to understand how warming of the mean-state projects onto changes in the MJO,257

it is critical to examine changes to the mean-state climatology in the different simulations.258

As can be seen in Fig. 2, there are clear changes to the mean state temperature and moisture259

profiles of the tropical atmosphere (30°S-30°N) between the three experiments. The mean-state260

vertical temperature profile shows higher temperatures throughout the column in the warmer261

experiments, with the melting-level rising from around 700 hPa in the -4K simulation to just above262

600 hPa in the CTRL and around 540 hPa in the +4K simulation. The mean-state temperature263

minimum, a proxy for the transition from the troposphere to the stratosphere, also rises slightly264

from 125 hPa in the -4K simulation to 100 hPa in both the CTRL and +4K simulations. Generally,265

the increase in the mean temperature is greater higher in the atmosphere (Fig. 2c), indicating266

a shift towards a higher static stability with higher SSTs. This is a well established result of267

previous climate change studies (Frierson 2006; Chou et al. 2013) and occurs because deep tropical268

convection acts to maintain the vertical profile of the atmosphere to be near that of a moist adiabat269

(Xu and Emanuel 1989). Of the three simulations, the +4K compares most favorably with ERA5270

throughout the depth of the column, although the CTRL simulation begins to match more closely271

near the temperature minimum.272
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Fig. 2. Mean-state vertical profiles of a) Temperature, b) Specific humidity for each of the three experiments

over the tropics (30°S-30°N), along with profiles from ERA5 Reanalysis. Panels c) and d) show the changes in

mean-state temperature and specific humidity, respectively, between the -4K and CTRL simulations and between

the CTRL and +4K simulations. Panels e) and f) show the vertical and meridional gradients of specific humidity

for each of the three experiments as well as ERA5.
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The vertical profile of the mean-state moisture and its vertical gradient also show several inter-273

esting features; in all experiments moisture peaks in the boundary layer and lower troposphere and274

decreases monotonically with height. The ERA5 profile largely falls in-between the CTRL and275
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+4K simulations, especially in the lower troposphere, but is closer to the CTRL simulation above276

500 hPa. The vertical gradient of the mean-state moisture exhibits a peak at 800 hPa in all three277

simulations, but the magnitude of the peak is significantly larger in the +4K compared to the -4K278

case, showing an increase of 88.0%. By contrast, the peak in the ERA5 data occurs lower, around279

900 hPa, with an amplitude more similar to that of the CTRL simulation. It is also worth noting that280

the three simulations show generally higher column relative humidity than ERA5, with averages281

between 30°S-30°N of 64%, 60%, and 57% for the -4K, CTRL, and +4K experiments respectively,282

compared to 50% for ERA from November-April. This discrepancy likely results from the absence283

of land in our simulations, and is mitigated somewhat when comparing the simulations to the284

Warm Pool, which has an average column relative humidity between 10°S-10°N and 90°E-150°E285

of 70%.286

The meridional moisture gradient also increases with warming, as seen in Fig. 2f, with 56%287

and 38% increases in the maximum value from -4K to CTRL and CTRL to 4K, respectively. The288

latitude at which the highest meridional moisture gradient occurs remains constant however, at 8.5°289

poleward of the equator in both hemispheres.290

Quantifying the change in column moisture as a function of warming gives a mean increase291

in column water vapor over the tropics of 9.64%/K, slightly higher than predictions based on292

Clausius-Clapeyron scaling. Additionally, the increase in tropical mean precipitation of 3.49%/K293

is high relative to the estimate of Held and Soden (2006). Despite this, our results suggest that to294

first-order, the mean-state atmospheres in our simulations represent the real tropical atmosphere295

reasonably well.296

b. Changes to the Madden-Julian Oscillation in Response to Warming297

Shown in Fig. 3 are normalized, equatorially-symmetric power spectra of precipitation (Wheeler300

and Kiladis 1999) corresponding to the three experiments. The CTRL experiment (Fig. 3b) shows301

a power spectrum that is qualitatively consistent with observations: there are slow eastward and302

westward propagating signals corresponding to the MJO and to equatorial Rossby waves, as well303

as an eastward-propagating signal between 2-10 days corresponding to equatorial Kelvin waves.304

However, in the CTRL spectrum the strongest signal occurs in the westward Rossby-wave domain305

as opposed to the observed peak in the eastward MJO-domain.306
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298

299

The east-west power ratio, calculated as the ratio of the summed eastward power between 20-100307

days and wavenumbers 1-6 and the summed westward power over the same region for the CTRL308

case is 0.748, indicating that more power is contained within the westward-propagating wave signal.309

In the -4K simulation, the east-west asymmetry becomes even more extreme, with an east-west310

power ratio of 0.606 resulting from the near-total absence of signal in the eastward-propagating311

MJO-band as well as the enhanced power of the westward-propagating Rossby band. The east-west312

ratio of the +4K simulation is 1.81, confirming a significant strengthening of eastward-propagating313

signals with warmer SSTs. In comparison, the east-west power ratio calculated from TRMM314

precipitation data between 2001 and 2014 over the tropical oceans is 1.19.315

Taken together, Fig. 3 shows a clear transition with mean surface warming from a regime in which316

westward-propagating signals are dominant to a regime in which eastward-propagating signals are317

dominant. These results are consistent with several other studies that have examined the effects318

of warmer mean states on the MJO in aqua-planet simulations, such as Arnold et al. (2013) and319

Carlson and Caballero (2016). In contrast, Rushley et al. (2019) examined several CMIP5 models320

with simulations run under the representative concentration pathway (RCP) 8.5 scenario, in which321

greenhouse gas emissions are specified, and found that both eastward- and westward-propagating322
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Fig. 4. Horizontal structures of MJO-regressed precipitation and horizontal winds at lower levels (Left) and

upper levels (Center). (Right) Longitude-height structures of MJO-regressed moisture and zonal and vertical

winds for each of the three mean-state experiments, averaged over the near-equatorial region specified. Note

that vertical velocity values are scaled by a factor of 360 for visualization purposes and that the colorbar limits

increase from top (-4 K) to bottom (+4 K).

329

330

331

332

333

wave signals increase with warming, attributing the changes in MJO variability to changes in323

the tropical precipitation variability. Questions remain as to both where these differences arise324

from, be it the absence of land in these simulations, the different forcings used (i.e. greenhouse325

gas emissions vs. specified SSTs), or some other factor, as well as to the implications of these326

differences for the observed MJO in future climates.327

1) Horizontal and Vertical Structure of the MJO328

Figures 4a-c and 4d-f show the horizontal structure of the MJO-associated precipitation as well as334

the zonal and meridional wind anomalies averaged over 100 hPa thick layers of the lower and upper335

troposphere, respectively. The layers were chosen by first constructing the Empirical Orthogonal336

Functions (EOFs) of intraseasonally-filtered vertical velocity for each of the three experiments337

separately, which identified a single baroclinic mode as the dominant structure explaining, on338

average, 86% of the variance across each of the three experiments. Then, the continuity equation339
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was used to construct the corresponding mode structure of the horizontal winds, from which two340

peaks were identified for each experiment: one in the lower-troposphere and one in the upper-341

troposphere. The precipitation anomalies are the same between the two figures. Figs. 4g-i show342

the longitude-height structures of the MJO-associated moisture field as well as rescaled zonal and343

vertical winds averaged between 15°S-15°N. Note that since the MJO propagates eastward in time,344

locations east of the reference longitude can be understood as preceding the precipitation peak,345

whereas locations to the west of the reference longitude equivalently trail the precipitation peak.346

In some ways the CTRL experiment compares favorably with the observed MJO; there is a347

positive precipitation anomaly centered on the equator at the reference longitude which co-occurs348

with low-level zonal convergence. Both preceding and following the peak precipitation are regions349

of negative anomalous precipitation corresponding to the descending branch of the MJO. Unlike350

the observed MJO, however, the CTRL experiment does not exhibit strong off-equatorial gyres at351

either lower or upper levels. Fig 4b shows a strong cyclonic flow extending from approximately352

10° poleward of the equator out beyond 30°, but it occurs ahead of the precipitation peak as353

opposed to trailing it. The vertical structure of the MJO in the CTRL experiment (Fig. 4h) shows354

strong vertical motion collocated with the equatorial precipitation maximum at 180°, as well as355

the ‘shallow-to-deep’ transition seen in the observed MJO (Mapes et al. 2006), wherein low-level356

moistening precedes the deep convective phase of the MJO while large-scale subsidence drys the357

atmosphere in its wake.358

Qualitatively, the +4K experiment (Fig. 4c) exhibits a structure that is quite similar to that of359

the CTRL experiment, with a precipitation peak occurring on the equator centered around 180°360

longitude and flanking regions of negative precipitation anomalies to the east and west. The361

structure of the leading negative precipitation anomaly differs between the two, with the CTRL362

experiment showing a bimodal peak slightly poleward of the equator, whereas the +4K experiment363

exhibits a single, on-equatorial peak. Furthermore, the amplitude of the peak precipitation anomaly364

is significantly higher in the +4K experiment; the peak precipitation in the CTRL experiment is 1.9365

mm day−1, as compared to 6.1 mm day−1 in the warmer climate, a three-fold increase. The +4K366

experiment also has generally stronger horizontal winds, except for the region between 60°W and367

0°, where the CTRL experiment shows strong easterlies that do not appear in the +4K experiment.368

The upper-level wind anomalies (Fig. 4e,f) are also qualitatively similar, with the exception of369
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379

380

a much stronger cyclonic flow centered around 90°W in the +4K experiment that appears only370

weakly in the CTRL experiment. Note also that the level of maximum divergence rises slightly371

with warming, from 200 hPa to 150 hPa, but remains at nearly a constant temperature (not shown).372

Examining the vertical structure of the +4K experiment shows that the shallow-to-deep transition373

still occurs, with a three-fold increase in the magnitude of the peak moisture anomaly when374

compared to the CTRL experiment. There is also a transition in the structure of the positive375

moisture anomaly, which has a single upper-level peak in the +4K experiment, as compared to376

relatively equal upper and lower-level peaks in the CTRL experiment. As with the upper-level377

winds, the moisture anomalies extend vertically to a higher level with warming.378

Compared to the MJO in both the CTRL and +4K structures, the MJO in the -4K experiment is381

relatively weak, with a maximum precipitation anomaly of only 0.8 mm day−1, while the negative382

precipitation anomalies extend nearly continuously on either side of the precipitation maximum.383

There is still strong low-level convergence that is collocated with the precipitation peak, but the384

off-equatorial flow has a less longitudinally consistent structure when compared with the CTRL385

and +4K experiments. At upper levels there is a region of broad anti-cyclonic outflow as with the386

warmer two experiments, but it is both less meridionally tilted and less latitudinally extensive. The387

corresponding vertical structure shows the familiar deep inflow pattern with low-level convergence388
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and upper-level divergence, as well as two relatively equal magnitude moisture peaks, as in the389

CTRL simulation. Unsurprisingly, the magnitude of the maximum moisture anomaly is weaker390

than that of the CTRL, peaking at around 0.07 g kg−1, and occurs lower in the troposphere than391

the corresponding upper-level peak in the CTRL and +4K simulations.392

Collectively, Fig. 4 shows that the main effect of warming is to considerably strengthen the393

MJO-regressed precipitation, wind, and moisture anomalies. There are slight structural changes394

as well, with warming leading to more vertically-extensive anomalies, while the dominant zonal395

scale of the MJO does not significantly change with warming. Furthermore, the changes seen are396

consistent with both the strong increase in MJO-domain spectral power seen in Fig. 3, and other397

studies of changes to the MJO with warming (Arnold et al. 2013; Adames et al. 2017; Rushley398

et al. 2019).399

2) Moisture Budget Analysis400

The results of the moisture budget analysis described in Section 2 are presented in Fig. 5. In all401

three experiments, growth results almost entirely from the column process term, while horizontal402

advection and evaporation act to damp the MJO. Given our focus on understanding the causes of403

MJO strengthening with warming, we limit our discussion to the two processes that monotonically404

increase with warming and as such result in higher MJO-associated moisture variability: the405

column process and meridional advection.406

(i) Column Process Column integrated vertical advection, which is equivalent to net moisture407

convergence into the column, positively contributes to MJO maintenance by moistening regions408

that are already moist. In particular, strong vertical winds and low-level convergence are collocated409

with positive low-level moisture anomalies near the deep convective center of the MJO. The deep410

convective flow imports anomalously moist air into the column which is often advected into the411

upper atmosphere. Above the lifting condensation level, condensation of the advected moisture412

and the fallout of precipitation to the surface will occur, removing moisture from the column. The413

column process, introduced previously, conveniently combines these two effects of vertical motion414

on column moisture into a single term.415

If the same vertical wind anomaly converges more moisture into an anomalously moist column416

than is lost to precipitation, the column process acts to amplify the moist anomaly. This is the case417
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Fig. 6. Vertical component of normalized Gross Moist Stability, computed for each time and longitude-latitude

grid location between 15°S-15°N.

424

425

for all three experiments, where the column process contributes positively to MJO maintenance,418

and in fact it becomes a larger source of column moisture with warming. Considered separately,419

the drying associated with precipitation and the moistening associated with vertical advection both420

weaken slightly with warming (not shown); the column process’ increasingly positive contribution421

results from the drying weakening more than the moistening. This change in the column process422

can be explained largely through changes in the GMS, shown in Fig. 6.423

Gross Moist Stability In all experiments the estimated vertical NGMS is positive, indicating a426

gross moist stable environment. However, the value of the NGMS decreases slightly with warming427

such that the environment becomes less stable to MSE perturbations. In the mean-state, smaller428
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432

433

NGMS arises from a reduction in the net MSE export associated with weaker column-integrated429

vertical MSE advection. Fig. 7 shows the mean-state vertical profiles of MSE, the vertical gradient430

of MSE, and the divergence for each of the three experiments.431

The mean state vertical MSE profile shows similar structure in all three experiments, with a local434

maximum near the surface resulting from high moisture and a maximum in the upper-troposphere435

associated with high geopotential heights. A minimum occurs in all three experiments in the mid-436

low troposphere associated with the exponential decay of moisture with height and the relatively437

low geopotential heights at that level. The main difference between the three experiments is438

in the vertical mean, with substantially higher values throughout the troposphere with warming,439

associated with both a deeper and moister troposphere.440
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However, there is also an important increase in the low-level vertical MSE gradient with warming,441

as seen in Fig. 7b. Taking a vertical mean over the levels with mean-state horizontal convergence442

shows that the vertical MSE gradient increases from 0.38 Jkg−1 Pa−1 in the -4K experiment to 0.49443

and 0.63 Jkg−1 Pa−1 in the CTRL and +4K experiments, respectively. Thus, for similar low-level444

convergence, the +4K experiment imports nearly 27% more MSE into the column compared with445

the CTRL experiment. At upper-levels, where there is horizontal divergence and net MSE export,446

the vertical MSE gradient is more similar across the three experiments, with values of -0.17, -0.15447

and -0.14 Jkg−1 Pa−1 in the -4K, CTRL and +4K experiments, respectively. Taken together, the448

increase in the low-level vertical MSE gradient with warming results in a stronger import of MSE449

into the column in the +4K experiment that is not sufficiently compensated by upper-level export,450

leading to stronger convection and enhanced background variability.451

Ultimately, the increase in the lower-level vertical MSE gradient seen in Fig. 7 is a function452

of the sharp increase in the lower-level specific humidity gradient, seen previously in Fig. 2d,453

resulting from the Clausius-Clapeyron relationship.454

Cloud-Radiative Feedbacks To quantify the role that cloud-radiative feedbacks play in the growth458

of the MJO, the cloud-radiative feedback parameter was estimated from the slope of the OLR-459

precipitation relationship. The resulting estimates have values of 0.16, 0.14, and 0.10 for the460

-4K, CTRL, and +4K simulations, respectively (Fig. 8), which are well-aligned with estimates461

of the real atmosphere such as from Peters and Bretherton (2005) and Adames and Kim (2016),462

suggesting that the simulations have a realistic OLR-precipitation relationship.463

Combining the intraseasonal 𝑟 estimates with the estimated values of GMS produces values for464

the effective GMS of -0.015 for the -4K experiment, -0.034 for the CTRL experiment, and -0.038465

for the +4K experiment. Plotting the effective GMS (Fig. 9) as a function of its two constituent466

parameters reveals the relative contributions of each component to the quantity.467

Effective GMS, which is inversely related to MJO strength, generally decreases with decreased471

NGMS as discussed previously. However, it also increases with a decrease in 𝑟, since a reduction472

in anomalous radiative heating associated with a weaker cloud-radiative feedback will tend to473

weaken the MJO, meaning that reductions in both GMS𝜐 and 𝑟 with warming offset one another.474

Transitioning from -4K to CTRL, the decrease in GMS𝜐 is larger than the decrease in 𝑟, leading475
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455

456

457

to a relatively large reduction in the effective GMS (Fig. 9). From the CTRL simulation to the476

+4K, however, the two terms are of approximately equal magnitude, resulting in a much smaller477

reduction in effective GMS. This can be explained by examining the change in 𝑟 seen in Fig. 8;478

in all three experiments, the largest precipitation anomaly increases considerably with warming479

from around 1250 W m−2 to well over 2500 W m−2. In contrast, the minimum OLR value changes480

considerably less with warming, ranging from -125 W m−2 in the -4K experiment to around -150481

W m−2 in the +4K experiment.482
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469

470

Physically, these precipitation and outgoing longwave radiation values correspond to the most483

convectively active regions in the atmosphere, with deep convective cores that produce significant484

rainfall and extensive high anvil clouds that strongly modify longwave radiative cooling. Figures485

10a-c show cloud fraction binned by cloud ice water path percentile (which acts as a measure of deep486

convective strength) and temperature (which is analogous to height) for the -4K, CTRL, and +4K487

experiments respectively. Figure 10d shows the cloud ice water path for each percentile, showing488

a sharp increase in cloud ice water path around the 97th percentile, with values between 20-30489

g m−2. Figs. 10a-c show that cloud fraction is at or above 90% throughout much of the upper490

troposphere for the same percentiles, meaning that convectively active regions have essentially491

ubiquitous cloud cover. Taken together, the high cloud fraction and high cloud ice water path492

(and as such high longwave optical depth) indicate that such regions are emitting approximately as493
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blackbodies. Furthermore, Figs. 10e and f show that while precipitation in the high cloud ice water494

percentile regions increases significantly with warming, outgoing longwave radiation converges495

beyond the 97th percentile, in line with what was shown in Fig. 8.496

As the most convectively active and heavily precipitating columns of the simulation are nearly497

blackbodies, their longwave emission is solely a function of cloud top temperature; given this498

we hypothesize that OLR in these simulations is predominately controlled by the Fixed Anvil499

Hypothesis (FAT) of Hartmann and Larson (2002), which proposes that the emission temperature500

of tropical anvil clouds should remain nearly invariant with surface warming. Figure 11 shows501

the domain-mean cloud ice water content as a function of temperature for each of the three502

experiments, which acts as a proxy for the height of tropical anvil clouds. Following the FAT503

hypothesis, tropical anvil clouds preferentially detrain at the level where clear sky radiative cooling504

by water vapor becomes small, resulting in vertical mass flux divergence that must be balanced505

by convective anvil outflow. Given that water vapor emission is only a function of temperature,506

FAT predicts that the upper-level temperature at which this occurs will be independent of surface507

warming. Fig. 11 reveals that the FAT mechanism holds for each of the three experiments, which508

all peak in cloud ice water content at 220 K. Hence, the OLR in these convectively active regions509

remains essentially constant with warming despite significant increases in precipitation, resulting510

in a weaker cloud-radiative feedback that opposes MJO strengthening.511

(ii) Meridional Advection As mentioned previously the meridional advection term is negative in512

all three experiments, and as such acts to dampen the MJO. However, it also weakens in magnitude513

monotonically with warming, resulting in stronger MJO-associated moisture anomalies in warmer514

climates.515

Following Andersen and Kuang (2012), insight can be gained into the meridional advection term516

by decomposing both of its constituent fields - the meridional wind and the meridional moisture517

gradient - across multiple timescales. The three timescales of relevance in this analysis are:518

1. A mean-state term obtained by taking the time-mean of the field,519

2. An MJO component obtained by filtering the field for 20-100 day propagating signals,520

3. A high-frequency residual component, obtained by subtracting the mean-state and MJO-521

filtered components from the total field.522
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Fig. 10. Cloud Fraction binned by OLR and Temperature for each of the three experiments.

Cross-multiplying the resulting terms for each field then yields nine components that quantify525

the contribution of processes within and across various timescales to the total meridional advection526

term, the results of which are shown in Fig. 12. Note that three terms with small amplitude527

contributions are not shown here, the three terms being the advection of mean moisture by the528

mean winds, and the two terms representing advection of residual-scale moisture by the mean wind529

and the advection of mean moisture by the residual winds.530

The largest positive term is the advection of mean-state moisture by the MJO-associated winds,533

−
〈
𝜐MJO · 𝜕𝑦𝑞

〉
, whose horizontal structures can be seen in Figure 13. Since the mean meridional534

moisture profile has a single peak on the equator and decreases towards the poles, equatorial winds535

will tend to dry the MJO whereas poleward winds will result in moistening. The MJO-associated536

flow, as shown previously in Figs. 4a-c is broadly poleward to the east of the precipitation maximum537

and equatorward to the west, resulting in the moistening and drying patterns seen in Fig. 13. For538

a given wind anomaly, the strength of the moistening or drying will be augmented by the strength539

of the meridional moisture gradient. Given the Clausius-Clapeyron relation, it is expected that540

regions with high moisture content will experience relatively larger increases in specific humidity541

with warming than drier regions, resulting in a stronger equator-to-pole moisture gradient. This542

holds true in the simulations, which show a significantly stronger moisture gradient meridionally543
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Fig. 11. Cloud Ice Water Content binned by temperature for each experiment, normalized.

(Fig. 2f), and explains in large part the increased positive moistening associated with the mean544

moisture gradient.545

The other relevant component of the meridional advection term is the advection of MJO-548

associated moisture by the mean-meridional wind, −
〈
𝜐̄ · 𝜕𝑦𝑞MJO

〉
, which transitions from a weakly549

damping term in the -4K experiment to a weakly amplifying term in the +4K experiment (Fig. 14).550

The mean meridional wind corresponds essentially to the Hadley circulation, with equatorward551
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Fig. 12. Meridional moisture advection budget contribution separated into six components as a function of

timescale.

523

524

flow at low-levels and poleward flow aloft. The strongest contribution to growth occurs in the +4K552

experiment, where moistening centered around 5°N/S is in-phase with the MJO’s positive moisture553

anomaly. This moistening results from the horizontal pattern of the low-level (900-1000 hPa)554

MJO-regressed moisture, which has a local minimum around 10°N/S (not shown) that induces a555

small equator-to-pole moisture gradient. This, when coupled with the mean low-level equatorward556

flow of the Hadley cell, produces positive moisture advection. In the -4K and CTRL experiments557

the same moistening occurs but is phase shifted slightly westward and is thus less in phase with558

the MJO’s positive moisture anomaly, resulting in a weaker (or net negative in the -4K case)559

contribution to MJO growth. The precise mechanism controlling the zonal phase relation between560

the meridional winds and the MJO’s moisture anomaly, however, remains unclear. There is also561

a contribution to moistening from upper-level processes; the vertical tilting of the MJO results562

in a positive upper-level moisture anomaly centered at 180° with a peak on the equator, creating563
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Fig. 13. Horizontal structures of moistening and drying associated with meridional advection of mean moisture

by the MJO-scale winds (colors) and MJO-regressed column moisture (contours).

531

532

an equator-to-pole moisture gradient. At upper-levels the mean meridional winds are strongly564

poleward and this results in positive advection of MJO moisture which amplifies the MJO.565

4. Summary & Conclusions566

In this study, we’ve utilized novel aqua-planet simulations performed in a CMIP6 generation567

model to investigate the mechanisms leading to growth of the MJO in future warming scenarios. In568

many ways, the changes in the behavior of the simulated MJO with warming seen in this study are569
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Fig. 14. Horizontal structures of moistening and drying associated with meridional advection of MJO-scale

moisture by the mean winds (colors) and MJO-regressed column moisture (contours).

546

547

consistent with previous results. Examining the space-time power spectrum of the tropics shows570

that MJO-band power increases significantly with SST warming, indicative of a stronger MJO and571

higher MJO-associated variance. Unlike several previous studies, however, the east-west power572

ratio changes with warming, increasing non-linearly from the -4K to CTRL and from the CTRL to573

+4K experiments. While the strengthening of the MJO and thus the resulting increase in MJO-band574

power was examined in this work, understanding changes to Rossby waves with warming is left for575

future work.576
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A regression analysis reveals the structure of the MJO in each of the experiments, which exhibit577

qualitatively similar MJO-associated precipitation fields across the three mean-states. Similar578

to the observed phenomenon, the MJO-associated precipitation features a strong, central on-579

equatorial peak along with weaker negative precipitation anomalies preceding and following it.580

With warming, the magnitudes of the MJO-regressed anomalies increase considerably, in line with581

both the increase in MJO-band spectral power and the results of previous studies. Notably, the MJO-582

associated precipitation maximum increases even relative to the mean-state precipitation, unlike583

results shown in Pritchard and Yang (2016), in which the ratio of MJO-associated precipitation to584

mean-state precipitation was relatively insensitive to the underlying SST.585

By utilizing a moisture budget approach, the relative importance of different processes to the586

growth of the MJO’s moisture anomalies were quantified. In this study, MJO strengthening with587

warming can be attributed both to changes in the column process and to changes in the meridional588

advection term. Increased moistening associated with the column process result from a reduction589

in the vertical GMS with warming, signaling a transition of the mean-state atmosphere to one more590

favorable to the development of deep convection. Fundamentally, this occurs because the low-level591

mean-state vertical moisture gradient strengthens due to Clausius-Clapeyron in the presence of a592

fixed SST boundary condition. While a strengthening of the low-level moisture gradient is expected593

under real conditions and has been documented in coupled atmosphere-ocean models, the degree594

of strengthening may be overrepresented in this study.595

These results support some previous studies which have looked at the relationship between GMS596

and the MJO, such as Benedict et al. (2014), which found that a lower normalized time-mean597

GMS corresponds to better simulation of the MJO in several GCMs. It is also worth mentioning,598

however, that previous studies examining changes in GMS with warming have instead found an599

increase in tropical GMS in a warmer climate; Chou et al. (2013), for example predicts an increase600

in tropical GMS in some CMIP3 and CMIP5 models under the RCP8.5 scenario. As such, further601

research into the relationship between future warming and GMS is warranted, particularly in the602

latest generation of models.603

Additionally, we find that increases in MJO amplitude associated with vertical advection of604

moisture are buffered by a weakening of the mean-state cloud-radiative feedback which projects605

onto the MJO. While many studies have highlighted the key role that radiative processes play in606
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amplifying the MJO (Andersen and Kuang 2012; Sobel et al. 2014; Ren et al. 2021), the reduction607

in the longwave cloud-radiative feedback parameter and its mechanism have not been discussed608

much in the literature. Given that the most convectively active columns in all three experiments609

tend to have near-total cloud cover and relatively high longwave optical depths, their effective610

emission temperature is governed by the fact that deep tropical anvils, despite rising with warming,611

remain at a nearly fixed temperature. These two factors produce a mean-state atmosphere with612

a nearly warming-independent minimum outgoing longwave heating anomaly, which thus cannot613

effectively compensate for increases in MJO-scale convective activity and precipitation.614

Our moisture budget analysis also revealed that MJO strengthening occurs in part due to changes615

in the meridional moisture advection term, which is consistent with previous work. For example,616

Wang et al. (2025) found an increased contribution from meridional advection with warming across617

multiple CMIP6 models, though in that study the meridional advection acted as a moistening factor618

in both present and future climates. Our results, by contrast, indicate that meridional moisture619

advection acts to dampen MJO activity such that increased MJO growth with warming results from620

a less negative meridional moisture term in a warmer climate. In decomposing the meridional621

advection term by timescale, Wang et al. (2025) also found the two dominant terms to be advection622

of mean moisture by the MJO scale winds and modulation of high-frequency eddy activity, the623

major difference between their study and ours being that high-frequency eddy activity in their work624

acted to moisten the MJO as opposed to the drying effect reported here. One potential source625

of such a discrepancy may be the absence of both land and zonal asymmetries in the present626

study, with the presence of the Maritime Continent in particular affecting the meridional moisture627

gradient. We also highlight the increased moistening with warming induced by the advection of628

MJO-scale moisture by the mean meridional winds, which transition from damping the MJO in the629

-4K simulation to weakly amplifying it in the +4K simulation. Physically, this transition occurs630

as regions of moistening become more in-phase with the MJO’s positive moisture anomaly with631

warming, though the underlying cause of this changing zonal phase relationship merits further632

research.633
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