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Abstract. Air–sea coupling associated with the Madden–Julian Oscillation (MJO) plays a central role in subseasonal variability

and prediction, yet its two-way interaction with oceanic Kelvin waves (KWs) across the tropical basins remains insufficiently

constrained. Here we assess both the impact of KWs on MJO evolution through sea surface temperature (SST) changes, and

the characteristics of MJO events that lead to KW generation and propagation in the Indian, Pacific and Atlantic oceans during

boreal winter. In a novel way, we combine MJO index with independent KW indices for each basin, identifying regimes of5

enhanced and suppressed KW activity and quantify the MJO-associated forcing and the strength of air–sea feedbacks.

The capacity of the MJO to force KWs varies markedly across basins, ranging from a minimum of 38% of MJO events

generating KWs in the Pacific, to 16.8% in the Indian Ocean and to 9.4% in the Atlantic. In all three basins, KW generation

is favored when MJO events display strong, coherent equatorial low-level zonal wind anomalies and organized eastward-

propagating convection, which force a continuous sea surface height (SSH) signal with a clear KW structure. In the Pacific,10

the resulting thermocline displacements propagate coherently across the basin and reach the surface in the far east, where

they drive SST changes primarily through vertical advection and meridional geostrophic advection. In the Indian ocean, wind

anomalies over the central basin force an SSH signal that intensifies toward the east and evolves into a coherent equatorially

trapped structure, a process that appears to be modulated by a preceding oceanic Rossby wave. In the Atlantic, KW generation

requires coherent westerly wind stress anomalies along the equator near the South American coast and is further favored by an15

atmospheric KW originating over the Indo-Pacific that promotes convection in the western basin. Conversely, events that fail

to generate KWs share a common signature across basins: weaker or off-equatorial wind forcing and SSH anomalies that lose

coherence before reaching the eastern side of each basin. In the Atlantic, this decoupled regime leaves convective anomalies

concentrated over the eastern basin and the Guinea Dome, largely detached from the equatorial ocean response.

From the oceanic perspective, a substantial fraction of KWs in each basin is associated with the MJO, and their presence20

systematically strengthens ocean–atmosphere coupling. Under enhanced KW activity, ocean dynamics govern SST tendencies

in both the Pacific and the Atlantic. In the Pacific, subsurface adjustments sustain SST anomalies and support the eastward

advance of the MJO even where atmospheric forcing weakens. In the Indian Ocean, by contrast, surface heat fluxes dominate

SST variability. In periods of suppressed KW activity, surface fluxes dominate SST variability across all three basins, except

in the eastern Pacific, where local processes such as surface current convergence dominate instead. These results establish the25
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MJO–KW relationship as a genuinely two-way interaction, with implications for subseasonal prediction in all three tropical

basins. It is necessary to study the interaction with the MJO in each basin separately or in greater detail, given the unique

characteristics of each basin and its modes of variability.

1 Introduction

The Madden-Julian oscillation (MJO) constitutes the dominant mode of climate variability in the tropics (Madden and Julian,30

1971; Zhou and Miller, 2005). Initially identified through spectral analysis of surface pressure and upper-air data from tropical

stations (Madden and Julian, 1972), the MJO is characterized by a large-scale, eastward-propagating envelope of enhanced and

suppressed convection, with a typical period of 30 to 70 days (DeMott et al., 2015). Since its discovery, the MJO has become

a central element in the study of tropical dynamics, due to its extensive influence on monsoon variability and tropical cyclone

activity (Lin et al., 2009; Vitart and Molteni, 2010; Zhang, 2013). Subseasonal to seasonal forecasting systems that accurately35

capture the MJO’s initiation and propagation tend to exhibit enhanced performance in simulating tropical convection and its

teleconnections (Kim et al., 2016; Wang et al., 2014).

The MJO is primarily diagnosed using anomalies in zonal winds at 850 hPa (u850) and 250 hPa (u250), together with

outgoing longwave radiation (OLR), which serves as a proxy for deep convective activity (Wheeler and Hendon, 2004). While

the strongest MJO signals are typically observed in the Indian ocean and the western Pacific, the phenomenon exerts influence40

across the entire tropical belt, including the Atlantic basin (Cassou, 2008; Grimm, 2019). This broad spatial footprint highlights

the relevance of studying the MJO from a multi-basin perspective.

The MJO interacts strongly with the upper ocean (Klingaman and Woolnough, 2014). Wind stress, radiative forcing, and

precipitation anomalies associated with the MJO modify the ocean surface and subsurface through processes such as heat flux

variability, mixed-layer adjustment, and freshwater fluxes (DeMott et al., 2015). In addition to this atmospheric forcing of the45

ocean, feedbacks from the ocean surface—such as sea surface temperature (SST) anomalies and mixed-layer dynamics—can

modulate the intensity, coherence, and propagation characteristics of the MJO itself (Drushka et al., 2014; DeMott et al., 2015;

Klingaman and Woolnough, 2014). These interactions lead to anomalies in SST, upper-ocean stratification, and the generation

of equatorially trapped waves, most notably Kelvin waves (KWs) (Rydbeck et al., 2019; Webber et al., 2010). These oceanic

waves, derived as solutions to the linear shallow water equations formulated by Matsuno (1966), propagate eastward along the50

equator and exhibit a meridional decay in amplitude consistent with a Gaussian structure (Fedorov and Brown, 2009).

In the Indo-Pacific region, such air–sea interactions are well documented and play a key role in intraseasonal oceanic vari-

ability. In the Indian ocean, intraseasonal wind stress anomalies generate equatorial KWs and Rossby waves that propagate

across the basin and influence thermocline depth, upper-ocean stratification, and SST variability (Webber et al., 2010; Moum

et al., 2016; Liu et al., 2021). Further east, in the Pacific ocean, these coupled ocean–atmosphere processes contribute signifi-55

cantly to intraseasonal variability and to the development of interannual phenomena such El Niño (Kessler et al., 1995; Slingo

et al., 1999; McPhaden and Yu, 1999; Hendon et al., 1999). Strong MJO events can initiate westerly wind bursts in the western

Pacific, leading to the generation of downwelling KWs that propagate eastward along the equator, deepening the thermocline

2

https://doi.org/10.5194/egusphere-2026-4587
Preprint. Discussion started: 3 August 2026
c© Author(s) 2026. CC BY 4.0 License.



and contributing to the onset of El Niño events (Matthews and Kiladis, 1999; Lee et al., 2019). These MJO-related westerly

wind bursts have been identified as important triggers for downwelling KWs that propagate into the central and eastern Pacific,60

modifying upper-ocean stratification and preconditioning the ocean for the development of subsequent SST anomalies (Kessler

et al., 1995; Liang and Fedorov, 2021; Seo and Xue, 2005; Zhang and Gottschalck, 2002).

Although the Indo-Pacific has received the most attention in MJO–ocean interaction studies, recent work has increasingly

demonstrated that the Atlantic ocean also exhibits a measurable response to MJO variability (Lee et al., 2023; Vera et al., 2018).

The Atlantic sector can be influenced by MJO-related signals originating in the Indo-Pacific through zonally propagating65

atmospheric waves and coherent wind anomalies that impact convection and air–sea interaction in the basin (Janicot et al.,

2011). Moreover, MJO-induced wind anomalies over the western Atlantic can generate KWs that propagate eastward and

modulate upper-ocean conditions along the equator (Webber et al., 2010). These processes are also linked to variability in the

position and intensity of the Intertropical Convergence Zone (ITCZ), regional precipitation patterns, and the modulation of

tropical cyclone activity (Alaka and Maloney, 2012; Ventrice et al., 2011).70

Aside from air-sea coupling, the MJO has broad impacts. During boreal winter, December to February (DJF), when the MJO

is especially active (Zhang and Dong, 2004), enhanced MJO activity in the warm pool has been associated with with a positive

phase of the NAO (Lin et al., 2009; Zhou and Miller, 2005). This interaction underscores the MJO’s role in driving extrat-

ropical climate variability during winter (Cassou, 2008; Seo and Son, 2012). Along the West African coast, intraseasonal SST

variability in the tropical Atlantic upwelling regions is shaped by coastal KWs, wind forcing, and vertical mixing, with anoma-75

lies in Angola-Benguela linked to pressure patterns associated with the MJO, the St Helena Anticyclone, and the Antarctic

Oscillation (Diakhaté et al., 2016). Additionally, the MJO modulates convection and rainfall variability over the Amazon basin

and tropical South America on intraseasonal timescales. Through its influence on the South American monsoon system and the

South Atlantic Convergence Zone, different MJO phases are associated with changes in precipitation patterns and circulation

anomalies across the region, particularly during the austral summer when the monsoon is active (Carvalho et al., 2004; Alvarez80

et al., 2016; Vera et al., 2018). Observational analyses further show that the evolution of intraseasonal rainfall events in the

Amazon basin is coherently related to the phase of the MJO, highlighting its role in modulating precipitation variability across

the region (Mayta et al., 2019).

Previous research has struggled to disentangle distinct MJO signals from the oceanic response, due both to the complexity

of individual basins and to methodological limitations. Identifying oceanic KWs associated with the MJO has posed persistent85

challenges in previous literature, although the nature of these challenges varies by region. In the Indian ocean, strong convective

activity, intense radiative forcing, and the dominance of Rossby wave signals often obscure the KW signature (Rydbeck et al.,

2021; Webber et al., 2010). In contrast, in the Atlantic ocean, the MJO itself is considerably weaker, which limits the strength

and clarity of its oceanic imprint and complicates the detection of associated KWs (Webber et al., 2010). In addition, previous

studies have investigated the impact of the MJO on the ocean using observational and reanalysis data, detecting anomalous90

signals at depths of up to 2,000 m, predominantly in the Pacific, associated with the vertical propagation of the surface-forced

signal (Matthews et al., 2010; Robbins et al., 2025). These studies reveal a characteristic tilt in the anomalous potential density,

salinity, and temperature fields, consistent with a KW forced by MJO-associated zonal wind anomalies. Nevertheless, the rela-
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tionship between the vertical structure of the KW response and the surface forcing exerted by the MJO remains insufficiently

understood. To address these challenges, the present work adopts a purely observational approach and examines the interaction95

between the MJO and equatorial KWs by introducing a novel methodolgy based on the construction of a MJO-KW congin-

gency table with the aim of determining whether ocean-atmosphere coupling plays a significant role in the manifestation and

propagation of the MJO. It combines the Wheeler and Hendon MJO index (Wheeler and Hendon, 2004) with a KW index

derived from SSH anomalies (Rydbeck et al., 2019) into a 2-D structure that allows us to address the following key scientific

questions: do all MJO events give rise to equatorial KWs? If not, what distinguishes those MJO events that generate KWs from100

those that do not? Furthermore, are all equatorial KWs associated with MJO propagation? What role does the presence of KWs

play in facilitating or modulating the eastward propagation of the MJO across ocean basins and what are the oceanic responses

to the different forcing mechanisms associated with the MJO?

This multi-basin approach provides a unified view of MJO–KW interactions, contributing to an improved understanding of

intraseasonal ocean–atmosphere coupling and its role in modulating tropical variability. The structure of the paper is as follows:105

Section 2 describes the data sets and methodological framework. Section 3 presents the main results. Section 4 discusses the

implications of these findings, and Section 5 concludes with a summary and future research directions.

2 Data

To capture the MJO signal, we employ a suite of atmospheric and oceanic variables. Dynamical fields are represented by u850

and u250, while convective activity is characterized using OLR. The zonal wind data are obtained from the ERA5 reanalysis,110

produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) (Soci et al., 2024), which provides global

fields at a horizontal resolution of approximately 31 km, with an hourly temporal resolution and a temporal coverage spanning

from 1940 to 2022. Hourly ERA5 wind data are regridded to a 1º × 1º spatial grid and averaged to daily means for computational

efficiency and dataset consistency. OLR data are taken from the NOAA interpolated OLR product (Kalnay et al., 1996), which

provides data at a spatial resolution of 2.5° × 2.5°, with daily temporal frequency and coverage from 1979 to the present. This115

dataset is used at its original resolution.

To capture equatorial KWs, we incorporate sea surface height (SSH) anomalies from satellite altimetry products provided by

the Copernicus Marine Environment Monitoring Service (CMEMS), specifically the GLORYS12V1 global ocean reanalysis

(Lellouche et al., 2021). This product offers daily fields at a native horizontal resolution of 1/12° (∼8 km) and 50 vertical

levels, spanning from January 1993 to the present. GLORYS12V1 is based on the NEMO ocean model, driven by ECMWF120

surface reanalyses (ERA-Interim and ERA5 in recent years), and assimilates a range of observational data—including along-

track sea level anomalies, satellite-derived SST, sea ice concentration, and in situ temperature and salinity profiles—using a

reduced-order Kalman filter and a 3D-VAR bias correction scheme. The SSH fields are interpolated to a 1° × 1° grid to ensure

consistency with other variables, and we focus on the period 1994–2021 for analysis.
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Beyond the primary MJO indicators, we examine the response of the surface energy budget to MJO activity using additional125

surface flux variables. From ERA5, we use surface wind stress, surface net solar and longwave radiation, sensible heat flux,

and latent heat flux. These fields are available at hourly temporal resolution and are regridded to a 1° × 1° grid.

Complementary oceanic variables are also obtained from the GLORYS12V1 product, including SST, surface ocean currents,

and vertical profiles of ocean potential temperature. All fields are provided at daily temporal resolution and regridded to a

common 1° × 1° grid. The SST and surface current fields are extracted across the tropical belt (15°S–15°N), encompassing all130

longitudes. We denote ∂tSST as the daily rate of change in SST, defined as the difference between consecutive days divided by

one day. Additionally, vertical profiles of potential temperature are sampled along the equator at latitudes -0.25°, 0°, and 0.25°,

from the surface down to 272 m depth. This configuration allows for a detailed examination of the coupled atmosphere–ocean

dynamics associated with MJO propagation and the potential role of KW activity in different ocean basins.

3 Metodology135

We focus on the boreal winter season, defined here as the DJF months, during which the MJO exhibits its highest amplitude

and strongest coherence, particularly over the eastern Indian ocean and the western Pacific (Lafleur et al., 2015). The analysis

is restricted to the tropical belt between 15°S and 15°N across all longitudes, where the MJO signal is most active. To identify

and characterize MJO events, we follow the methodology introduced by Wheeler and Hendon (2004), which constructs a MJO

index based on multivariate empirical orthogonal function (EOF) analysis. The input fields used for this analysis are OLR,140

u850 and u250, as described in Section 2. These variables are averaged meridionally over the 15°S–15°N band. Prior to the

EOF analysis, all variables undergo several preprocessing steps. First, we remove the seasonal cycle by subtracting the mean

and the first three annual harmonics at each grid point. Next, a 2nd-order Butterworth band-pass filter (Butterworth, 1930) is

applied to isolate the intraseasonal variability within the 20–90-day period. The dataset is then restricted to the DJF months and

the resulting anomalies are standardized by dividing each field by its standard deviation calculated over the DJF season at each145

grid point. The resulting covariance matrix is subjected to EOF decomposition. We retain the first two leading EOFs, which

capture the coherent spatiotemporal structure of the MJO. These two modes are found to be significantly correlated with each

other in quadrature, with the maximum correlation occurring at a lag of 10 days (not shown) with an eastward propagation,

as expected for the MJO (Wheeler and Hendon, 2004). This property supports the interpretation of these two EOFs as a pair

representing a single propagating mode. Their associated principal components (PCs) define a two-dimensional phase space in150

which the MJO evolution can be tracked.

Figure 1a illustrates the projection of each DJF day between 1994 and 2021 onto the principal component phase space.

Red points highlight the 2020–2021 period with temporal progression following a counterclockwise trajectory. Each day is

assigned a phase label, 1 through 8, according to its angular position in this space, provided the amplitude, i.e., distance from

the origin, exceeds one standard deviation. Days within the unit circle are classified as "no MJO" days and are excluded from155

the phase-based compositing. We refer to the distribution of days across the eight phases and the no MJO region collectively

as the MJO index. Figure 1b presents the normalized spatial patterns of the first and second EOFs of OLR, u850 and u250. In
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the first EOF (blue lines), enhanced convection (negative OLR anomalies) is centered between approximately 60°E and 150°E

over the Maritime Continent and western Pacific warm pool. Within this region, low-level westerly wind anomalies (u850)

and upper-level easterlies (u250) exhibit an out-of-phase relationship, consistent with the baroclinic structure of the MJO. The160

second EOF (green lines) displays a quadrature-like structure, with a shift in the convective signal (negative OLR anomalies)

toward 120°–180°E. The associated u850 and u250 patterns retain the vertical wind shear characteristic of the MJO, with the

peak anomalies also displaced eastward relative to those in EOF1. This spatial shift supports the interpretation of the second

EOF as a propagating phase of the MJO, with convection and circulation anomalies evolving coherently across the equatorial

belt.165
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Figure 1. (a) Phase space points for the period 1994–2021 during the months of DJF. The red points correspond to the years 2020–2021. (b)

First and second EOFs of OLR (Wm−2) and u850 and u250 (ms−1), averaged over 15°S–15°N and shown as a function of longitude. All

fields are standardized.

To isolate the equatorial KW signal, we follow a methodology adapted from Rydbeck et al. (2019), who developed a phase

index based on SSH to identify the eastward-propagating component associated with equatorial KWs in the Pacific ocean. We

extend their approach to all three tropical ocean basins. As in the MJO analysis, we begin by deseasonalizing the SSH field,

removing the annual mean value and its first three harmonics. We then apply a 2nd-order Butterworth band-pass filter to retain

variability in the 20–90-day period range. This temporal window was chosen to maintain consistency with the methodology170

commonly used for the MJO. Furthermore, spectral plots of SSH (not shown) indicate the presence of spectral energy at these

frequencies associated with KWs across all three ocean basins. The anomalies are subsequently standardized by dividing by

the standard deviation computed over DJF. We define longitudinal windows in each basin to extract the SSH signal, taking into

account that KWs are confined near the equator, with a meridional structure that decays approximately as a Gaussian function

with latitude. In the Indian ocean, we use longitudes from 50ºE to 95ºE; in the Pacific ocean, from 150ºE to 90ºW; and in the175

Atlantic ocean, from 44ºW to 9ºE.

6

https://doi.org/10.5194/egusphere-2026-4587
Preprint. Discussion started: 3 August 2026
c© Author(s) 2026. CC BY 4.0 License.



For each basin, we compute EOFs of the filtered and standardized SSH anomalies averaged over 2°S–2°N. The first two

EOFs and their associated PCs capture the dominant eastward-propagating variability and are used to define the phase and

amplitude of the equatorial KW in each basin. As in the MJO methodology, only days with amplitude exceeding one stan-

dard deviation in the principal components phase space are retained for compositing. Moreover, The KW index is defined by180

classifying days into eight phases when the amplitude exceeds one standard deviation in principal component space, plus a

suppressed phase for days with lower amplitude. The KW index differs across basins, as distinct longitudinal windows are

selected for each region.

To investigate the interaction between equatorial KWs and the MJO in each basin, we assess the co-occurrence of their

phases by constructing a contingency table (see Table 1 for the Pacific). Each cell in the table counts the number of days during185

which a given MJO phase coincides with a particular Kelvin phase. This classification enables us to evaluate whether certain

MJO phases are more likely to co-occur with specific KW phases than would be expected by chance.

Next, we performed a chi-squared test of independence (Gorgas García et al., 2011) to evaluate if the MJO and KW indices

are statistically related. This test assesses whether the joint occurrences of MJO and KW activity differ significantly from what

would be expected under the assumption of independence between the two phenomena. It compares the observed frequencies190

of days classified by the presence or absence of MJO and KW activity with the corresponding expected frequencies derived

from their marginal distributions. A large chi-squared statistic, relative to its theoretical chi-squared distribution, indicates

that the discrepancies between observed and expected frequencies are unlikely to have arisen by chance. In the context of a

contingency table with I rows and J columns, the chi-squared test statistic is defined as

χ2
ν =

I∑

i=1

J∑

j=1

(oij − eij)
2

eij
, (1)195

where oij denotes the observed frequency in cell (i, j), and eij is the expected frequency under the null hypothesis of indepen-

dence between the two categorical variables. The expected frequencies are computed as

eij =
(row total)i (column total)j

grand total
, (2)

reflecting the assumption that, under independence, the joint probability of belonging to row i and column j factorizes into

the product of the corresponding marginal probabilities. If the value of χ2
ν in Eq. (1) is large compared with the chi-squared200

distribution with ν = (I−1)(J−1) degrees of freedom, or equivalently, if the associated p-value is sufficiently small, the null

hypothesis is rejected. This outcome implies that the observed deviations between oij and eij are too large to be attributed to

random sampling variability, providing statistical evidence for an association between the two categorical variables.

To determine the statistical significance of the observed associations, we adopt an empirical permutation test via a Monte

Carlo approach. Specifically, we generate 10,000 surrogate realizations of the MJO index by randomly permuting entire DJF205

seasons with replacement, thereby preserving the intraseasonal structure and temporal autocorrelation within each season. For

each surrogate, we recompute the contingency table while keeping the original KW index fixed. This yields a distribution

of expected co-occurrence counts under the null hypothesis of no systematic relationship between MJO and KW phases. To
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determine whether the observed co-occurrence frequencies deviate significantly from this null distribution, we conduct a two-

tailed test at the 95% confidence level. Specifically, we compare the observed counts to the 2.5th and 97.5th percentiles of the210

permutation based distribution. Phase combinations falling outside this range are considered statistically significant, indicating

that they occur either more or less frequently than expected by chance.

The contingency tables provide the foundation for analyzing the interaction between equatorial KWs, the MJO and their

associated processes across the three ocean basins. We adopt two complementary approaches: one based on Hovmöller diagram

composites and the other focuses on individual MJO events identified through MJO–KW crossed phases. In the first approach,215

applied to the Pacific and Indian oceans, we identify contingency table entries that are statistically significant at the 95%

confidence level in the upper tail—i.e., combinations in which certain phases of the MJO coincide more frequently than would

be expected by chance with certain phases of KW. For these significant entries, we composite Hovmöller diagrams of various

atmospheric and oceanic variables to characterize the spatiotemporal structure of the MJO under strong KW interaction. To

serve as a baseline for comparison, we also construct Hovmöllers using MJO days classified as occurring under suppressed KW220

conditions (i.e. when the amplitude of the corresponding KW PCs in the phase space does not exceed 1 standard deviation). The

comparison between these two cases allows us to assess how coherent KW activity influences the evolution and structure of

the MJO, and conversely, how variations in the MJO—through associated atmospheric variables such as wind stress—modify

the oceanic response.

In cases where the number of significant entries is insufficient for constructing robust composites, particularly in the Atlantic225

and in the Indian ocean, we adopt a second, event based strategy. This method involves selecting one MJO phase that signif-

icantly co-occurs with KW activity and another instance of the same MJO phase under suppressed KW conditions. We then

identify individual MJO events within each of these two categories and apply lead–lag composite maps to various fields. This

approach enables a more detailed temporal assessment of the MJO’s behavior under conditions of active versus suppressed

KW activity and provides a way to circumvent the limitation arising from the limited number of contingency table entries that230

show statistically significant positive deviations. Across the different figures in which composites or Hovmöller diagrams are

constructed based on phases or events, a Student’s t test is applied at the 95% confidence level.

To evaluate the robustness of the results, we repeated the analysis using thermocline depth as an alternative proxy for

equatorial KWs (not shown), derived from the vertical structure of potential temperature. The phase relationships obtained

were qualitatively consistent with those based on SSH, confirming that the observed associations are not sensitive to the235

specific variable used to characterize KW activity.
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4 Results

4.1 Assessment of MJO Index and KW Indices
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Figure 2. Composite anomalies maps of atmospheric and oceanic fields associated with the MJO: (a) OLR anomalies (shaded in Wm−2)

and u850 wind anomalies (contours from –5 to 5 ms−1 at 0.5 ms−1 intervals) composited by MJO phase; (b) SSH anomalies (shaded in

cm) composited by MJO phase. Shaded regions represent only statistically significant anomalies at the 95% confidence level, while contour

lines are shown in black for significant values; dashed contours indicate negative values, whereas solid contours denote positive values. The

numbers in the upper right corners of the composites indicate the phases of the MJO.
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Figure 3. Composite anomalies associated with equatorial KWs across different ocean basins: (a) Indian; (b) Pacific; (c) Atlantic ocean

by KW phase defined specifically for each basin. The maps display SSH anomalies (shaded in cm) and u850 wind anomalies (contours

from –5 to 5 ms−1 at 0.5 ms−1 intervals). Shaded regions represent only statistically significant anomalies at the 95 % confidence level,

while contour lines are shown in gray for non-significant values and in black for significant values; dashed contours indicate negative values,

whereas solid contours denote positive values. 10

https://doi.org/10.5194/egusphere-2026-4587
Preprint. Discussion started: 3 August 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 2a illustrates MJO-related anomalies in OLR and 850-hPa zonal wind across the tropics. The strongest convective sig-

nals occur over the Indian ocean, where enhanced convection during Phase 4, marked by negative OLR anomalies, coincides240

with low-level wind convergence and westerlies up to 2.5 ms−1 at 75ºE. This convective center originates in Phase 2 and prop-

agates eastward, crossing the Maritime Continent by Phase 6. Conversely, positive OLR anomalies, indicative of suppressed

convection, develop over the central Indian ocean in Phase 6 and advance eastward with easterlies reaching 2.5 ms−1 at 75ºE

in Phase 8. Over the western Pacific, these anomalies weaken as they progress eastward, while signals in the eastern Pacific and

Atlantic remain comparatively weak. In the eastern Pacific, OLR anomalies rarely exceed ±5 Wm−2, and associated winds245

are generally below 1.5 ms−1. The Atlantic exhibits stronger OLR anomalies, particularly over Brazil where they exceed

15 Wm−2 and in the Guinea Dome region, where values surpass ± 10 Wm−2, though wind anomalies remain modest (<1

ms−1). Our results are consistent with those presented by Wheeler and Hendon (2004), who analysed OLR and zonal wind

anomalies for DJF during the 1979–2001 period. Although we observe anomalies of similar magnitude and sign, their results

reveal a phase lag of approximately one phase, with our phases occurring slightly later. Such discrepancies are expected, as250

phase definitions are empirically derived from data and the analyzed periods differ.

Figure 2b shows the MJO imprint on the upper ocean across the three basins through SSH anomalies. In the Indian ocean,

positive SSH anomalies are observed during Phases 2 to 5, while negative anomalies appear during Phases 6 to 1, although

the equatorial signal is this basin is very weak. Notably, SSH exhibits positive anomalies on both sides of the equator during

Phases 2 to 4, and anomalies of opposite sign during Phases 6 to 8, which may indicate the presence of equatorial Rossby wave255

activity. Similar SSH responses linked to Rossby waves have been reported in previous studies (e.g., Webber et al., 2014). This

basin presents multiple oceanic wave processes such as propagation, reflection, and resonance contributing to the observed

SSH pattern as documented by Han (2005).

In the western Pacific, a downwelling KW is already visible in Phase 8, accompanied by strong westerly wind anomalies of

up to 3 ms−1 in the 150°E–180° region, which are already present in Phase 7. The downwelling KW continues eastward with260

weaker wind forcing in Phases 8–2, and easterly anomalies in Phases 4–6 contribute to its dissipation near 140ºW. Similarly,

an upwelling KW is present in Phase 4 in the western Pacific, also driven by strong easterly wind anomalies that are already

present in the two preceding phases. This wave propagates eastward under continued easterly wind anomalies until Phase 7.

From Phase 8 onward, winds reverse to westerlies, and the signal weakens near 140ºW. In the eastern Pacific, SSH anomalies

are very weak, and no clear pattern can be identified.265

In the Atlantic, a weak downwelling KW signal can be observed in the central-western portion of the basin, west of 30ºW

longitude, during Phase 3, in association with low-level westerly wind anomalies. This signal appears to be linked to negative

OLR anomalies over the Amazon and Africa in the two preceding phases, as shown in Figure 2a. This signal propagates

eastward and reaches the eastern Atlantic basin by Phase 7. However, the associated SSH anomalies remain below 1 cm. In

addition, SSH negative anomalies suggestive of an upwelling KW are present in the equatorial Atlantic during phase 8 and 1.270

However, their magnitude is very weak and its propagation not very clear. The previous analysis suggests a connection between

MJO occurrence and KW propagation, which is dependent on the basin. There is a clear KW propagation in the Pacific ocean,

whereas the signal is very noisy in the Indian ocean and very weak in the Atlantic.
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To evaluate the full KW signal in each basin, we now turn our attention to its propagation independently of MJO. To do

so, composites of the KW indices are analyzed separately for each basin. Figure 3 shows the SSH and u850 anomalies across275

different basins for the phases calculated based on the KW index. We remind the reader that the KW indices are independently

obtained in each basin, so there is no a priori link between phases in the different basins. In the Indian ocean (Figure 3a),

the SSH signal exhibits an equatorial structure in certain regions—for example, in the central part of the basin during Phase

3—which propagates eastward, reaching the Maritime Continent by Phase 6. However, this equatorial signal is accompanied by

pronounced off-equatorial SSH anomalies in Phases 2 and 3, suggesting that the oceanic response is not strictly confined to the280

equator. These off-equatorial contributions reflect the strong baroclinic activity, internal resonances, and boundary reflections

that are characteristic of this basin (Han, 2005). Wind anomalies in the Indian ocean associated with KW are more prominent

between 60ºE and 90ºE, reaching up to 2.5 m/s at 75°E in phase 4, and -1.5 m/s at the same longitude in phase 8. In contrast,

west of 60ºE, wind anomalies rarely exceed 0.5 m/s in magnitude. Positive SSH anomalies are accompanied by easterly wind

anomalies in phase 2 and westerly anomalies in phases 3–5. Over the Pacific basin (fig. 3b), westerly winds during phases 7–8285

between 120°–150°E initiate a downwelling KW, evident in the SSH field as positive anomalies, which propagates eastward

through phase 3 to approximately 160ºW, accompanied by westerly winds. These westerlies reach a peak magnitude of 6 m/s

in phase 1 near 180°E. From phase 2 onward, the downwelling KW becomes well-defined near 180ºE, exhibiting a clear KW

structure with a strong equatorial signal that decays off the equator. The wave continues propagating eastward without further

wind forcing and eventually reaches the American coast during phases 8–1. Next, the Atlantic ocean is shown in Figure 3c.290

Wind anomalies in this ocean are weak compared to other basins, rarely exceeding 1 m/s in magnitude. However, a westerly

wind in phase 1 at 45ºW triggers a downwelling KW that reaches the African coast in phase 5. Finally, the same coherence

found between downwelling KWs and wind is also observed between upwelling KWs and wind across the three basins.

These findings highlight the distinct oceanic responses to MJO activity and to phases derived from the KW index across

the three tropical ocean basins. While the MJO imprint on SSH anomalies is often diffuse, particularly in the Indian and At-295

lantic oceans, KW-based phases provide a clearer depiction of equatorial wave dynamics. Notably, westerly and easterly wind

anomalies associated with specific MJO phases do at times appear to trigger downwelling and upwelling KWs, respectively,

suggesting a potential causal link.

In the following sections, we analyze each ocean basin individually to address our main scientific questions, namely the

amount and characteristics of MJOs that trigger KWs, and the later influence of KWs on MJO propagation, with a focus on300

identifying the relevant processes specific to each region.
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4.2 Pacific ocean

MJO/KW no KW Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Σ rows

no MJO 677

[0.02]

36 [0.08] 47 [0.29] 36 [0.2] 37 [0.33] 36 [0.28] 6 [0] 46 [0.19] 10 [0] 931

Phase 1 72 [0.09] 23 [0.1] 39 [0] 21 [0.1] 9 [0.72] 1 [0.07] 0 [0] 3 [0.08] 20 [0.08] 188

Phase 2 68 [0.17] 8 [0.77] 28 [0.01] 35 [0] 18 [0.14] 8 [0.62] 0 [0] 3 [0.08] 2 [0.18] 170

Phase 3 85 [0.33] 1 [0.03] 9 [0.47] 29 [0.01] 41 [0] 26 [0.04] 3 [0.15] 2 [0.03] 1 [0.06] 197

Phase 4 89 [0.76] 0 [0] 5 [0.18] 3 [0.14] 21 [0.06] 32 [0] 25 [0.01] 0 [0] 4 [0.23] 179

Phase 5 88 [0.25] 0 [0] 6 [0.29] 4 [0.19] 1 [0.06] 27 [0.03] 39 [0] 25 [0.14] 7 [0.51] 197

Phase 6 74 [0.06] 0 [0] 3 [0.07] 0 [0] 1 [0.05] 4 [0.24] 41 [0] 51 [0] 22 [0.09] 196

Phase 7 82 [0.43] 19 [0.22] 3 [0.07] 0 [0] 0 [0] 0 [0] 5 [0.51] 35 [0] 30 [0.01] 174

Phase 8 68

[0.01]

68 [0] 23 [0.18] 6 [0.38] 0 [0] 0 [0] 0 [0] 7 [0.39] 33 [0.01] 205

Σ columns 1303 155 163 134 128 134 119 172 129 2437
Table 1. Contingency table between MJO phases (rows) and Pacific KW index phases (columns). The last row and column represent the

marginal totals. "No KW" denotes the days on which the KW PC amplitude is smaller than 1, while "no MJO" refers to the days on which

the MJO PC amplitude is smaller than 1. Bold and italic values denote statistically significant occurrences in the upper and lower tails of the

distribution, respectively. P-values are shown in brackets.

P(MJO)= 61.8% P(MJO|KW)= 77.6% P(MJO|no KW)= 48%

P(KW)= 46.5% P(no MJO|KW)= 22.4% P(no MJO|no KW)= 52%

38.4%≤ P(KW|MJO)≤ 58.4% 51.1%≤ P(MJO|KW)≤ 77.6%

Table 2. Conditional probabilities derived from Table 1.

Table 1 presents the joint distribution of MJO phases and the phases of the Pacific KW Index. A clear phase coherence

emerges along the diagonal of the contingency table, where statistically significant positive deviations at the 95% confidence

level—indicated in bold—are clustered. Specifically, for a given MJO phase n, an enhanced occurrence of KW phases n, n+1, or305

n+2 is observed. This diagonal structure suggests a coherent and organized eastward propagation pattern, whereby the progres-

sion of MJO convective phases is systematically accompanied by a phase shift in the KW signal. The alignment of significant

entries along this diagonal implies a consistent temporal linkage, with MJO convection actively exciting KWs that propagate

eastward across the Pacific. Furthermore, the chi-squared analysis reveals a statistically significant dependence between the
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MJO and KW indices which supports the presence of a coupling between the two phenomena. According to Table 2, between310

38.4% and 58.4% of MJO events generate KWs in the Pacific Ocean (P(KW|MJO)). This range reflects two criteria of associ-

ation: the lower bound counts only the statistically significant entries of Table 1 (bold entries), whereas the upper bound counts

all days with both relevant MJO and KW amplitudes (PC amplitudes greater than 1), in both cases relative to the total number

of relevant MJO days (1506 days). Applying the same two criteria, now relative to the number of relevant KW days (1134 days

in the Pacific basin), between 51.1% and 77.6% of oceanic KWs in the Pacific are associated with the MJO (P(MJO|KW)).315

In addition, Table 2 shows that, following a frequentist approach, the probability that a given day has an active phase of the

MJO is P(MJO)=61.8%. This probability increases when it is conditioned to active phases of KW (P(MJO|KW)=77.6%), and

decreases if conditioned to suppressed phases of KW (P(MJO|no KW)=48%)). These values further indicate that the presence

of KW activity substantially increases the likelihood of MJO occurrence relative to its climatological probability, whereas its

absence is associated with a marked reduction confirming again that MJO and KW activity are not independent. Conversely,320

the probability that a given day has an inactive phase of the MJO is P(no MJO)=38.2%. This probability decreases when it is

conditioned to active phases of KW (P(no MJO|KW)=22.4%) and increases if conditioned to suppressed phases of KW (P(no

MJO|no KW)=52%)). These values demonstrate that the probability of suppressed MJO conditions is substantially reduced in

the presence of KW activity relative to its baseline likelihood, whereas it increases markedly when KW activity is absent.

To explore this relationship in greater detail, we contrast the MJO cycle when KW activity is enhanced with that when325

KW activity is suppressed. To build the former, for each phase of the MJO we select the days that belong to entries in the

contingency table where the null hypothesis of independent occurrences of MJO and KW is rejected because it is above the

97.5th percentile, i.e., those entries marked as statistically significant in bold. In turn, the MJO cycle with suppressed KW

activity is constructed by composing anomalies of days that pertain to the "no KW" column in table 1. This approach allows us

to compare the spatial-temporal characteristics of MJO convection under conditions of enhanced and consistent KW presence330

versus those where the KW contribution is suppressed or absent. This comparison allows us to characterize how MJO events

associated with enhanced, consistent KW activity differ from those in which the KW contribution is suppressed or absent, and

to assess the impact of this distinction on SST.
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Figure 4. Hovmöller diagrams of MJO phases over the Pacific ocean, averaged between 2°S and 2°N, for anomalies of different variables:

(a) SSH (shading in cm) and u850 (contours, from -4 to 4 ms−1 in increments of 1 ms−1) during significant phases with enhanced KW

activity; (d) same as (a) but for suppressed KW activity in the Pacific. (b) SST (shading in K) and OLR (contours, from -25 to 25 Wm−2

in increments of 5 Wm−2) during enhanced KW activity; (e) same as (b) but for suppressed KW activity. (c) ∂tSST (shading in Kday−1)

and net surface heat fluxes (contours, from -40 to 40 Wm−2 in increments of 10 Wm−2) during enhanced KW activity; (f) same as (c)

but for suppressed KW activity. Shaded regions represent only statistically significant anomalies at the 95 % confidence level, while contour

lines are shown in gray for non-significant values and in black for significant values; dashed contours indicate negative values, whereas solid

contours denote positive values.
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Figure 5. Vertical profiles of potential temperature anomalies (expressed in K) at the equator (latitudinal band between −0.25◦ and 0.25◦)

during the odd phases of the MJO with enhanced KW activity in the Pacific ocean, categorized by the KW index in the Pacific region. Panel

(a) corresponds to phases with enhanced KW activity, while panel (b) corresponds to phases with suppressed KW activity. The red line

indicates the seasonal thermocline depth (in meters) during DJF. Shading represents the full anomaly field, and contours delineate regions

that are statistically significant at the 95% confindence level.
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Figure 6. Composites corresponding to MJO phase 1 in the Pacific ocean. (a,b) Meridional surface current (shading, in cms−1) and wind

stress (vectors, in Nm−2; reference vector shown in the bottom left corner) for (a) days with enhanced KW activity and (b) days with

suppressed KW activity. Shading and vectors show only statistically significant anomalies. Latitudes in (a) and (b) range from 10ºN to 10ºS.

(c) Geostrophic velocity (in cms−1) averaged over the 120ºW–90ºW window for the enhanced (solid line) and suppressed (dashed line)

cases, computed over a reduced latitudinal range of 5ºN-5ºS.

In figure 4 we compare the MJO cycle when there is enhanced KW activity to that during suppressed KW activity by

means of Hovmöller diagrams focused on the equatorial region spanning 2ºN–2ºS. Figure 4a shows that when KW activity is335

enhanced, the MJO presents u850 anomalies of up to 4 ms−1 in magnitude, with a westward extension beyond 140ºW. These

are associated with well-defined SSH anomalies, reaching up to 5 cm in magnitude, initiated near 160ºE and propagating

continuously and clearly eastward to approximately 80ºW. Figure 4b presents anomalies of OLR and SST in the equatorial

Pacific during MJOs with enhanced KW activity. Pronounced OLR anomalies are evident, with magnitudes reaching up to

25 W/m2, propagating eastward. Regarding SST anomalies, there is a phase lag of approximately two MJO phases, whereby340

OLR anomalies precede same-signed SST anomalies between 120ºE and 180ºE. East of 160ºW, OLR anomalies weaken

considerably, yet SST anomalies continue their eastward propagation toward the American continent. To better understand

the contrasted response of SST anomalies described above, we evaluate the anomalies of total heat fluxes, which include

radiative and turbulent components, along with ∂tSST for the enhanced KW activity composites of MJO (Fig. 4c). The total

fluxes, which are predominantly radiative (not shown), account for part of the SST variability in the 120ºE–180ºE region where345

negative flux anomalies cool the ocean and positive anomalies warm it. Beyond 150ºW, SST variations cannot be readily

explained by surface heat flux anomalies alone, a point to which we will come back later on. Figure 5 captures the signal of the

MJO phases along the equator by displaying vertical potential temperature, which serves as a proxy to infer both vertical and

horizontal advection processes, providing further insight into the ∂tSST illustrated in Figure 4. For MJO propagation associated

with enhanced KW activity (Fig. 5a), positive temperature anomalies first appear in phase 7 in the western basin, around 150ºE,350

at around 120 m depth at the approximate position of the thermocline, coinciding with strong u850 anomalies (Fig. 4a). This

anomaly progressively deepens, reaching around 180 m in phase 1 near 180ºE, where it also intensifies, coinciding with strong

u850 anomalies (Fig. 4a). Thereafter, and without further coincidence with u850 anomalies, the potential temperature anomaly

begins to shoal, reaching approximately 120 m in phase 5 at 130ºW, about 60 m in phase 7 at 110ºW, around 40 m in phase

1 at 90ºW, and ultimately reaching the surface near the American coast in phase 3. Similarly, negative potential temperature355

anomalies develop in phase 3 near 150º-160ºE, approximately following the thermocline and coinciding with strong westerlies
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(Fig. 5a and 4a). These potential temperature anomalies propagate eastward following the thermocline. They are accompaigned

by strong westerlies until 180ºE, and eventually reach the surface in phase 7 at 90ºW. In addition, these anomalies exhibit a well-

defined structure and are characteristic of KW dynamics, with positive and negative anomalies corresponding to downwelling

and upwelling KWs, respectively. Overall, the SST variability appears to be predominantly governed by the propagation of360

KWs rather than by surface fluxes in the eastern part of the basin.

In contrast, when the KW activity is suppressed (Fig. 4d), wind anomalies are weaker, reaching up to 3 ms−1 in magnitude,

with a fetch extending to easternmost part of the basin. Consistently, SSH anomalies are weaker, with maximum magnitudes

of about 2 cm. These SSH anomalies initiate at approximately 140ºE and propagate to 120ºW, where they stall not clearly

propagating to 80ºW. Additionally, for those MJO with suppressed KW activity, OLR anomalies are mainly confined between365

100ºE and 180ºE and exhibit lower magnitudes, reaching up to 20 W/m2 (Fig. 4e). Compared to the case of enhanced KW

activity, SST anomalies remain localized and do not show an eastward propagation. Figure 4f presents the anomalies of total

surface heat fluxes and ∂tSST under suppressed KW index conditions. In this case, surface fluxes explain the observed SST

changes up to approximately 140ºW. East of this longitude, the flux anomalies are weak, and other mechanisms in phases

1, 2 and 8, such as horizontal advection and latent heat release, appear to be responsible for the observed ∂tSST, as will be370

further explored in Figure 6. Lastly, the pattern of ∂tSST anomalies in the eastern basin is coherent with the SST distribution

shown in Figure 4e. In addition, during the MJO propagation when KW activity is suppressed (Fig. 5b), potential temperature

anomalies are observed to propagate across the central and western Pacific (150ºE–140ºW), but they are considerably weaker,

less coherent, and lack the well-defined vertical structure seen in Figure 5a. East of 140ºW, variations in surface potential

temperature appear to be driven primarily by surface forcing rather than by coherent wave dynamics.375

To further explore the SST warming observed in the easternmost region (150ºW–90ºW) for MJOs with suppressed KW

activity that could not be accounted for by heat fluxes, we present in figure 6 anomalies of meridional surface currents and

wind stress vectors for phase 1. Under enhanced KW index conditions, the wind stress remains westerly along the equator,

weakening east of 120°W but still retaining its westerly character (Fig. 6a), which contributes to the warming observed in

phase 1 of Figure 4c via turbulent fluxes (not shown), particularly east of 100ºW. Conversely, during suppressed KW activity, a380

marked convergence of meridional surface currents is evident east of 120ºW, characterized by southward flow in the Northern

Hemisphere and northward flow in the Southern Hemisphere (Fig. 6b). This pattern leads to the accumulation or convergence

of warm surface waters near the equator, therefore warming the eastern part of the basin (Fig. 4f). In this region, winds exert a

stronger influence in the suppressed KW than in the enhanced case, particularly during phase 1, when the wind fetch associated

with the suppressed KW is more extensive and intense. In both cases, the wind regime generates a Sverdrup transport, driven by385

the rotational component of the wind stress, that converges toward the equator (not shown) and thereby drives the ∂tSST signal

shown in Figure 4f. In the enhanced KW scenario, however, the geostrophic surface currents associated with the zonal sea

level gradient flow in the opposite direction (Figure 6c), so that the resulting anomalous currents are not statistically significant

in the 120ºW-90ºW region. These processes collectively enhance equatorial surface water convergence and account for the

pronounced warming observed in phase 1 of Figure 4f east of 210°E, which is notably stronger than that in Figure 4c.390

18

https://doi.org/10.5194/egusphere-2026-4587
Preprint. Discussion started: 3 August 2026
c© Author(s) 2026. CC BY 4.0 License.



In summary, during periods of enhanced KW activity, the MJO in the western basin appears more intense, with stronger

low-level winds and more vigorous and longitudinally extended convection, which leads to stronger SST anomalies in the

western basin and a clearer propagation both at the surface and at depth compared to the suppressed KW case. In the central

and eastern Pacific, the SST patterns differ markedly between enhanced and suppressed KW activity cases. In the enhanced

case, SST closely follows the SSH anomalies, reflecting oceanic dynamics with potential temperature anomalies propagating395

along the thermocline and producing a clear signal at the surface, including in the eastern basin. In contrast, during suppressed

KW activity, SST anomalies are largely controlled by surface heat fluxes, except in specific situations such as phase 1 east

of 120°W, where wind stress associated with MJO propagation appears to modify meridional currents, suggesting that some

oceanic processes are still active which do not seem to be directly related to KW dynamics, but are more consistent with

surface-wind–mediated responses.400

4.3 Indian ocean

MJO/KW no KW Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Σ rows

no MJO 411

[0.39]

62 [0.44] 60 [0.52] 77 [0.88] 66 [0.51] 62 [0.38] 54 [0.65] 72 [0.81] 67 [0.83] 931

Phase 1 91 [0.31] 22 [0.27] 18 [0.54] 7 [0.16] 0 [0] 11 [0.49] 8 [0.53] 16 [0.98] 15 [0.5] 188

Phase 2 51 [0.22] 21 [0.3] 37 [0.01] 20 [0.51] 3 [0.16] 3 [0.1] 0 [0] 11 [0.64] 24 [0.09] 170

Phase 3 53 [0.1] 25 [0.18] 45 [0.02] 48 [0] 9 [0.68] 2 [0.02] 1 [0.03] 7 [0.18] 7 [0.33] 197

Phase 4 50 [0.1] 19 [0.35] 12 [0.75] 37 [0.02] 27 [0.04] 22 [0.32] 4 [0.2] 2 [0.03] 6 [0.32] 179

Phase 5 87 [0.64] 3 [0.06] 11 [0.5] 17 [0.83] 13 [0.96] 32 [0.04] 26 [0.07] 4 [0.08] 4 [0.1] 197

Phase 6 92 [0.52] 7 [0.35] 0 [0] 5 [0.06] 8 [0.6] 27 [0.23] 27 [0.04] 27 [0.07] 3 [0.08] 196

Phase 7 71 [0.1] 3 [0.05] 2 [0.03] 4 [0.04] 9 [0.67] 26 [0.08] 23 [0.11] 25 [0.06] 11 [0.9] 174

Phase 8 78 [0.73] 22 [0.49] 8 [0.38] 0 [0] 16 [0.58] 15 [0.86] 13 [0.93] 29 [0.16] 24 [0.24] 205

Σ columns 984 184 193 215 151 200 156 193 161 2437
Table 3. As in Table 1, but limited to the Indian ocean region.

P(MJO)= 61.8% P(MJO|KW)= 64.2% P(MJO|no KW)= 58.2%

P(KW)= 59.6% P(no MJO|KW)= 35.8% P(no MJO|no KW)= 41.8%

16.8%≤ P(KW|MJO)≤ 62% 17.4%≤ P(MJO|KW)≤ 64.2%

Table 4. Conditional probabilities derived from Table 3.
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Table 3 displays the joint distribution of MJO and Indian KW phases. As with the Pacific, a diagonal phase relationship is

present, with significant positive deviations marked in bold; however, it is less pronounced than in the Pacific. Notably, MJO

phases 1, 7, and 8 lack any significant associations, and the enhancement is mostly limited to phase pairs like (n–1, n) and (n,

n), where n refers to the MJO phase and the second element to the Indian KW phase. A chi-squared test confirms a significant405

statistical dependence between the MJO and KW indices over the Indian ocean.

According to Table 4, between 16.8% and 62% of MJO events generate KWs in the Indian ocean. Conversely, between

17.4% and 64.2% of oceanic KWs in the Indian ocean are associated with the MJO. These percentages are computed following

the procedure describe in Section 4.2. Moreover, the values in Table 4 indicate that KW activity has a modest influence on

MJO occurrence, slightly increasing its probability when present (from 61.8% to 64.2%), slightly decreasing it when KWs are410

absent (from 61.8% to 58.2%). Correspondingly, the probability of no MJO conditioned on the absence of KWs, P(MJO|no

KW) = 35.8%, is slightly lower than the unconditional probability of no MJO, P(no MJO) = 38.2%. Overall, the dependence

between MJO and KW activity in this region is weaker than that reported in Table 2 for the Pacific.

To investigate this relationship in the Indian ocean, we begin by performing a composite analysis similar to the one used for

the Pacific case. To characterize enhanced KW activity in the Indian ocean for each MJO phase, we select the days that belong415

to entries in table 3 highlighted as bold. For MJO phases lacking such significant bold entries—specifically phases 1, 7, and

8—we select values with the lowest p-values just above the significance threshold, including entries KW phases 1, 7 and 7 for

MJO phases 1, 7 and 8, respectively. In turn, to construct MJO phases with suppressed KW activity in the Indian ocean, we

compose anomalies of days that pertain to the ”no KW” column in table 3.

20

https://doi.org/10.5194/egusphere-2026-4587
Preprint. Discussion started: 3 August 2026
c© Author(s) 2026. CC BY 4.0 License.



60°E 90°E 120°E
Longitude

1
8
7
6
5
4
3
2
1
8

Ph
as
e

(a) E)ha) ed, SSH, u850

−3

−2 −2

−2

−2
−2

−2

−1

−1

−1
−1

−1

−1

0

0 0

0

0
0 0

0

1
1

1

1
1

1

1

2

2

2

2

2
3

3

60°E 90°E 120°E
Lo)gitude

1
8
7
6
5
4
3
2
1
8

(b) E)ha) ed, SST, OLR

−20

−15

−15

−15

−15

−1
0

−10

−1
0

−10

−10

−10

−5

−5

−5

−5

−5

−5

−5

0
0

0

0
0

0
0

0

5 5

5

5

5
5

5

5

10

10

10

10

10

10

10

10

10

15

15

1515 15
20

2020
20

25

25

60°E 90°E 120°E
Lo)gitude

1
8
7
6
5
4
3
2
1
8

( ) E)ha) ed, ∂tSST, Total Flu0e−

−20

−1
0

−10

0

0

0 0

0

10

10

10

10 10

20

20

20

20

20

30

30

60°E 90°E 120°E
Lo)gitude

1
8
7
6
5
4
3
2
1
8

Ph
a−

e

(d) Supp,e−−ed, SSH, u850

−2

−2
−2

−2

−1

−1

−1

−1

−1

0 0 0
0

0

0
0

0

1 1
1 1

1
1

1

2 2

2

2

60°E 90°E 120°E
Lo)gitude

1
8
7
6
5
4
3
2
1
8

(e) Supp,e−−ed, SST, OLR

−20 −20

−15

−1
5

−10

−1
0

−10

−5

−5

−5

−5

0
0

0 0

0

0

0

5

5 5
5

5

5 5

5

5

5
10

10 10

10

10

10

10

10

10

15
15

15

15 15

15

60°E 90°E 120°E
Lo)gitude

1
8
7
6
5
4
3
2
1
8

(f) Supp,e−−ed, ∂tSST, Total Flu0e−

−2
0

−20

−10

0

00

0

10

10

10 10

1010 10

1010

10

20

20

20

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6
SSH [cm]

-5 -4 -3 -2 -1 0 1 2 3 4 5
SST [10−1 K]

-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7
∂tSST [10−2 Kday−1]

Figure 7. As in Figure 4 but for the Indian ocean.

Figure 7a displays anomalies of SSH and u850 associated with the MJO cycle for conditions of enhanced KW activity in420

the Indian ocean. SSH anomalies exhibit the strongest signals between 75ºE and 100ºE, with a marked maximum near 100ºE,

while anomalies are weak west of 50ºE, indicating suppressed variability in the western Indian ocean. The low-level zonal

wind anomalies reach peak magnitudes near 75ºE, surpassing 3 ms−1, suggesting strong lower-tropospheric wind activity

concentrated in the central part of the basin. These patterns reflect enhanced dynamical coupling during strong KW activity,

with the observed SSH and low-level zonal wind anomalies consistent with increased generation and eastward propagation of425

equatorial KWs. MJO-related OLR anomalies when KW activity is enhanced exhibit a clear eastward propagation across the

equatorial Indian ocean, maintaining a coherent structure and amplitude throughout the basin (Fig. 7b). In contrast, the SST

anomalies display a more erratic eastward displacement, with their propagation stalling during phases 5–7. We, therefore, turn

our attention to MJO-related surface heat fluxes and to the temporal derivative of SSTs, which, during enhanced KW activity,

show a general coherent spatial and temporal alignment across most of the basin (Fig. 7c). Positive heat flux anomalies into430

the ocean are typically associated with warming SSTs, and negative heat flux anomalies with SST cooling, reflecting effective

air-sea coupling, except during MJO phase 1 near 90ºE, where the flux anomaly does not correspond with the time derivative

of SSTs, suggesting influences from ocean subsurface processes.
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Conversely, when the activity of KW is suppressed, MJO-related SSH anomalies are substantially weaker and more spatially

limited, with reduced amplitudes across the basin (Fig. 7d). In addition, low-level zonal wind anomalies are smaller, with435

maximum u850 anomalies reaching 2 ms−1 near 75ºE and, as for the enhanced KW activity case, they remain negligible west

of 50ºE. OLR anomalies remain coherent in the suppessed KW activity scenario (Fig. 7e) and exhibit an eastward propagation

similar to that observed in Figure 7b, although maximum OLR anomalies are reduced, especially for the suppressed convection

MJO phases 8 and 1 and in the eastern part of the basin, consistent with weaker low-level winds. SST anomalies lack a clear

dynamical pattern and do not present a discernible propagative structure, though their anomalies tend to lag by approximately440

one phase OLR maximum and minimum peaks between 80ºE and 100ºE, suggesting that MJO-related radiative and surface

heat effects could be governing the SST response there. In this case, SST anomalies are less pronounced throughout the basin

than in the enhanced KW scenario. For the suppressed KW activity, the alignment between surface heat flux anomalies and the

time derivative of SST is generally maintained, though with reduced amplitude and spatial coherence (Fig. 7f).
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Figure 8. Lead–lag composites for different MJO events in the Indian ocean: SSH (shading in cm), OLR (contours; from -24 to 24 Wm−2

in increments of 3 Wm−2), and wind stress (vectors in Nm−2; reference vector shown in the bottom left corner). (a) Events centered on

the central days identified when both MJO and KW activity are in Phase 3 from Table 1; (b) events centered on the central days identified

when MJO is in phase 3 while KW activity is suppressed. Shading and vectors display only statistically significant anomalies at the 95%

confidence level; gray contours indicate non-significant values, black contours indicate significant values, dashed contours represent negative

values, and solid contours denote positive values.
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Unlike in the Pacific case, the previous analysis in the Indian ocean included three MJO phases for which there was no445

statistically significant entry with enhanced KW activity in table 3 (phases 7, 8, and 1), which hinders the analysis of the MJO

evolution. To complement it, we select particular MJO events and track their evolution for cases with enhanced and suppressed

KW activity. Among the various possibilities, we select events based on phase 3 of the MJO, which is a phase of enhanced

convection in the central part of the basin (around 75ºE) and which exhibits the highest number of days coinciding with a

particular phase of KW (phase 3: 48 days) and also one of the smallest numbers of non-KW occurrences (53, with the smallest450

p-value). Among all days that pertain to each of those two entries, we select only independent events, choosing the central

day of the event as the starting point, and build a composite using all the events. A total of 13 MJO events were identified for

the enhanced KW case and 16 for the suppressed KW case. To examine the temporal evolution, we perform lead-lag analysis

from –12 to +12 days of these central days. Figure 8 displays anomalies in SSH, OLR, and surface wind stress for the MJO

events with enhanced KW activity in the Indian ocean (left panel) and with suppressed KW activity (right panel). In Figure455

8a, by day –12, positive OLR anomalies indicative of stable atmospheric conditions are observed over the central and eastern

Indian ocean. Beginning around day –6, negative OLR anomalies emerge in the western basin and propagate eastward, also

reaching the Maritime Continent by day +12. These negative anomalies are more pronounced than the preceding positive

values, reflecting a more substantial convective response. In parallel, a positive SSH anomaly west of 60°E around day –6

develops, which progresses eastward and reaches regions east of 90°E by day +12. Subsequently, on days 0, 6, and 12, westerly460

anomalies between 60°E and 100°E accompany the positive SSH anomaly, indicating wind forcing supportive of downwelling

conditions. The spatial structure of the SSH field evolves from a broad, off-equatorial pattern, especially evident on days –6 and

0, to a more equatorially confined configuration by days +6 and +12. This transition appears to reflect a dynamical adjustment

toward a coherent, equatorially trapped KW structure. It may correspond to a Rossby-to-Kelvin transition: the signal at lag -6

suggests the presence of a preceding Rossby wave, after which the wind anomalies begin to favor the development of a KW,465

with well-defined westerlies evident by lag 0.

Conversely, for the MJO events in which KW activity is suppressed, the OLR field exhibits a dipolar temporal pattern:

positive anomalies from day –12 east of 50°E, followed by negative anomalies from day –6 to +12 (Fig. 8b). In contrast, the

SSH field remains disorganized, with weak, spatially noisy anomalies and no coherent eastward propagation. No clear signals

indicative of equatorial KW activity are identifiable throughout the period. Regarding the surface wind stress field, although470

some features could potentially support wave generation as easterly anomalies found on days –12 and –6, no consistent SSH

response is detected. On days 6 and 12, wind anomalies are predominantly off-equatorial. Finally, zonal wind stress is stronger

along the equator under enhanced than suppressed conditions. This suggests that both the intensity of equatorial surface winds

and the appropriate timing of wind anomaly onset, occurring after the onset of oceanic Rossby waves (Fig. 8a, lags -6 and 0),

play a key role in the excitation and maintenance of KWs. This is clearly illustrated by comparing lags 0, 6, and 12 in Figures475

8a and 8b.

24

https://doi.org/10.5194/egusphere-2026-4587
Preprint. Discussion started: 3 August 2026
c© Author(s) 2026. CC BY 4.0 License.



0

100

200De
pt
h 
(m

)

-12 days 0

100

200

-12 days

0

100

200De
pt
h 
(m

)

-6 days 0

100

200

-6 days

0

100

200De
pt
h 
(m

)

0 days 0

100

200

0 days

0

100

200De
pt
h 
(m

)

6 days 0

100

200

6 days

60°E 90°E
Longitude

0

100

200De
pt
h 
(m

)

12 days

60°E 90°E
Longitude

0

100

200

12 days

-1.8 -1.2 -0.6 0 0.6 1.2 1.8
Potential temperature [K]

(a) Enhanced KW activity (b) Suppressed KW activity

Figure 9. Vertical profiles of potential temperature anomalies (expressed in K) at the equator (within a latitudinal band of ±0.25°) during

different lead–lag days of MJO events in the Indian ocean region. Panel (a) corresponds to MJO events during periods of enhanced KW

activity, while panel (b) corresponds to MJO events during suppressed KW activity. These correspond to the composites shown in Figure

8. The red line indicates the seasonal thermocline depth (in meters) during DJF. The full anomaly is shaded, with contours marking the

separation between significant and non-significant areas at the 95% confidence level.

Figure 9 shows depth–longitude sections of potential temperature anomalies, averaged across the latitudinal band of -0.25°,

0°, and 0.25°, to analyze equatorial footprint in the subsurface thermal structure for the selected MJO events. In the case

of MJO events with enhanced KW activity in the Indian ocean, a pronounced negative temperature anomaly appears near

80ºE around day -12 and propagates eastward, reaching approximately 100ºE between days -6 and 0. In parallel, a positive480

temperature anomaly develops east of 60ºE around day -6 and progresses eastward, reaching 70ºE by day 0, 75ºE by day 6,

25

https://doi.org/10.5194/egusphere-2026-4587
Preprint. Discussion started: 3 August 2026
c© Author(s) 2026. CC BY 4.0 License.



and extending beyond 80ºE by day 12. Throughout the evolution, both negative and positive anomalies exhibit their maximum

amplitude near 100 meters depth, coinciding with the thermocline. The spatial and temporal characteristics of these anomalies,

namely their coherent eastward propagation, vertical confinement around the thermocline, and alternating sign, are consistent

with the canonical structure of equatorial KWs. The negative anomaly corresponds to an upwelling KW, while the positive485

anomaly reflects a downwelling counterpart. These subsurface signals are also in agreement with SSH anomalies shown in

Figure 8a, further supporting their interpretation as KWs. However, the surface temperature shows a trend opposite to that of

the subsurface, reflecting the possible impact of radiative heat fluxes.

For the suppressed KW activity case, the composite of the selected MJO events displays subsurface temperature anomalies

associated with a less clearly defined signal (Fig. 9b). A negative temperature anomaly appears east of 60ºE at day -12 and490

propagates eastward, reaching 100ºE by day 6. Although the anomaly is centered near 100 meters depth, its structure is less

coherent than in Figure 9a. A weak positive anomaly also appears near 60ºE on day 6, but it gradually diminishes and becomes

negligible by day 12. Despite the lower signal-to-noise ratio, the observed eastward propagation and vertical confinement

suggest the presence of a weaker and less organized KW. Although a signal is present in the corresponding SSH field in Figure

8b, it is relatively weak and appears to lack either the amplitude or the timing necessary to effectively excite and subsequently495

support the development of the KWs in the suppressed KW case, yet the temperature anomalies in Figure 9b still reveal

KW-like characteristics.

In summary, during enhanced KW activity, the MJO in the Indian ocean exhibits strong dynamical coupling, with pronounced

SSH anomalies between 75°E and 100°E and low-level zonal winds exceeding 3 m/s near 75°E. However, the impact of KW

activity on the MJO appears less clear than in the Pacific, where SST variability is more directly controlled by KW dynamics.500

In the Indian ocean, surface fluxes seem to explain most of the SST changes. OLR anomalies propagate coherently eastward,

while SST anomalies display an erratic displacement and tend to stall during all phases. Surface heat flux anomalies generally

align with SST tendencies, except for localized mismatches at 90°E in phase 1, suggesting subsurface influence. Lead–lag

analysis based on events centered in phase 3 of the MJO reveals that, concurrent with strong convection over the central Indian

ocean, SSH anomalies transition from negative to positive phases, accompanied by easterly and westerly wind stress anomalies505

that support upwelling and downwelling conditions, respectively. In particular, downwelling anomalies during enhanced KW

activity are associated with strong equatorial westerly wind anomalies in the central basin (60°E–90°E) at lags 0, +6, and +12

days. Subsurface temperature anomalies propagate eastward along the thermocline with alternating signs, consistent with the

canonical KW structure. In contrast, during suppressed KW activity, SSH and wind anomalies are weaker and lack coherent

propagation. Although OLR anomalies continue to propagate eastward, their amplitude is reduced, and SST anomalies do not510

exhibit a clear dynamical structure, appearing largely governed by surface heat fluxes. Subsurface signals are present but less

organized than in the enhanced KW case. The key factors limiting the MJO impact under suppressed KW conditions appear to

be the timing of wind anomalies, which leads to a phase relationship unfavorable for KW generation, and the weaker equatorial

wind anomalies compared to the enhanced case. Specifically, negative zonal wind anomalies in the central basin ( 70°E) at lags

-12, -6 days coincide with a positive Rossby wave signal, likely associated with a prior reflection event.515
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4.4 Atlantic ocean

MJO/KW no KW Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8 Σ rows

no MJO 453

[0.58]

81 [0.5] 41 [0.18] 34 [0.6] 60 [0.6] 55 [0.94] 80 [0.59] 43 [0.43] 84 [0.94] 931

Phase 1 86 [0.8] 10 [0.54] 13 [0.91] 0 [0] 4 [0.04] 17 [0.44] 18 [0.61] 21 [0.11] 19 [0.55] 188

Phase 2 76 [0.81] 28 [0.08] 16 [0.53] 4 [0.26] 5 [0.06] 14 [0.7] 22 [0.19] 3 [0.29] 2 [0.04] 170

Phase 3 55 [0.06] 19 [0.59] 41 [0] 12 [0.79] 14 [0.53] 8 [0.38] 12 [0.79] 14 [0.51] 22 [0.49] 197

Phase 4 77 [0.94] 10 [0.82] 22 [0.15] 16 [0.28] 15 [0.95] 2 [0.04] 9 [0.51] 6 [0.48] 22 [0.31] 179

Phase 5 87 [0.93] 6 [0.27] 6 [0.2] 19 [0.13] 27 [0.27] 20 [0.33] 6 [0.15] 5 [0.36] 21 [0.56] 197

Phase 6 83 [0.75] 9 [0.51] 16 [0.58] 17 [0.22] 32 [0.05] 12 [0.82] 21 [0.57] 1 [0.06] 5 [0.07] 196

Phase 7 67 [0.38] 7 [0.38] 6 [0.39] 14 [0.29] 34 [0.01] 17 [0.39] 6 [0.14] 9 [0.95] 14 [0.92] 174

Phase 8 103

[0.56]

6 [0.25] 3 [0.08] 1 [0.06] 13 [0.74] 11 [0.84] 14 [0.96] 34 [0.03] 20 [0.71] 205

Σ columns 1087 176 164 117 204 156 188 136 209 2437
Table 5. As in Table 1, but limited to the Atlantic ocean region.

P(MJO)= 61.8% P(MJO|KW)= 64.6% P(MJO|no KW)= 58.3%

P(KW)= 55.4% P(no MJO|KW)= 35.4% P(no MJO|no KW)= 41.7%

9.4%≤ P(KW|MJO)≤ 57.9% 10.4%≤ P(MJO|KW)≤ 64.6%

Table 6. Conditional probabilities derived from Table 5.

Table 5 illustrates the joint distribution of MJO and Atlantic KW phases. In contrast to the results obtained for the Pacific

and, to a lesser extent, Indian basins, no diagonal pattern of statistically significant positive deviations, marked in bold, is

evident. Only phases 3, 6, 7, and 8 of the MJO cycle present statistically significant positive signals for KW phases in the

Atlantic 2, 4, 4 and 7, respectively. However, the chi-squared test of independence reveals a statistically significant dependence520

between the KW and MJO activity in this basin.

According to Table 6, between 9.4% and 57.9% of MJO events generate KWs in the Atlantic ocean. Conversely, between

10.4% and 64.6% of oceanic KWs in the Atlantic ocean are associated with the MJO. These percentages are computed follow-

ing the procedure describe in Section 4.2. The conditional probabilities shown in table 6 indicate that KW activity has a modest

influence on MJO occurrence, slightly increasing its probability when present (from 61.8% to 64.6%). Correspondingly, the525

probability of no MJO conditioned on the absence of KWs, P(MJO|no KW) = 35.4%, is slightly lower than the unconditional
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probability of no MJO, P(no MJO) = 38.2%. Overall, the dependence between MJO and KW activity in this region is weaker

than that reported in Table 2 for the Pacific and similar to table 3 for the Indian ocean.

To explore this relationship in greater detail, we apply a lead–lag compositing analysis based on event selection. Given the

limited number of significantly positive associations, we selected the events based on phase 3 of the MJO. Over the Atlantic530

basin, phase 3 of the MJO shows enhanced convection over the easternmost part of the basin, already weakening (Fig. 2a) and

presents the highest number of days coincident with a particular phase of KW in the Atlantic (phase 2). Among the possible

41 days, we take the central day of each independent MJO event as day 0 to characterize the MJO events with enhanced

KW activity, resulting in a total of 9 events. In turn, to characterize MJO events with suppressed KW activity, we apply the

same methodology to the events inside the pool of 55 days that were catalogued as pertaining to phase 3 of the MJO and to a535

suppressed KW activity leading to 16 selected events.
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Figure 10. Lead–lag composites for different MJO events in the Atlantic ocean: SSH (shading in cm), OLR (contours; from -24 to 24 Wm−2

in increments of 3 Wm−2), and wind stress (vectors in Nm−2; reference vector shown in the bottom left corner). (a) Events centered on

the central days identified when MJO is in Phase 3 while KW activity is in Phase 2 from Table 5; (b) events centered on the central days

identified when MJO is in phase 3 while KW activity is suppressed. Shading and vectors display only statistically significant anomalies at

the 95% confidence level; gray contours indicate non-significant values, black contours indicate significant values, dashed contours represent

negative values, and solid contours denote positive values.
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We begin the analysis of MJO events by examining their main characteristics and their imprint over the Atlantic. As an

initial step, we focus on the ocean–atmosphere interaction as illustrated in Figure 10, which presents anomalies in OLR, SSH,

and wind stress. Figure 10a presents a lead-lag composite of anomalies for MJO events when KW activity is enhanced in the

Atlantic basin. On day -12, significant negative OLR anomalies are observed over Brazil, indicating enhanced convection. This540

convective activity is associated with strong westerly surface winds that initiate a downwelling KW, forming near the South

American coast around the equator. These westerly wind anomalies intensify the development and propagation of the KW

on days -6 and 0, allowing the wave to travel toward the central basin. From day 6 onward, the wave continues its eastward

propagation in the absence of significant wind anomalies, while easterly winds develop along the Brazilian coast, accompanied

by positive OLR anomalies, indicative of suppressed convection and negative SSH anomalies emerging from day +12. For the545

suppressed KW activity case, figure 10b shows the lead-lag composite of OLR, SSH, and wind stress anomalies. Prior to day

6, weak wind anomalies are present along the Brazilian coast, while no wind anomalies are observed at the equator, indicating

forcing insufficient to generate a significant SSH response. From day 6 onward, stronger easterly winds develop in the off-

equatorial region west of 10°W, whereas equatorial winds remain negligible and do not coincide with a clear SSH signal. OLR

anomalies over Brazil remain weak throughout, except for a marked enhancement on day 12. In contrast, significant OLR550

anomalies are detected over the Guinea Dome region, with negative values at day -12 and positive anomalies at days 0 and 6,

indicating a distinct convective evolution unrelated to the SSH response observed in the enhanced KW activity case. Finally, at

all lags, OLR anomalies along the equatorial African coast are very weak, consistent with the absence of equatorial westerly

winds.
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Figure 11. Vertical profiles of potential temperature anomalies (expressed in K) at the equator (within a latitudinal band of ±0.25°) during

different lead–lag days of MJO events in the Atlantic ocean region. Panel (a) corresponds to MJO events during periods of enhanced KW

activity, while panel (b) corresponds to MJO events during suppressed KW activity. These correspond to the composites shown in Figure

10. The red line indicates the seasonal thermocline depth (in meters) during DJF. The full anomaly is shaded, with contours marking the

separation between significant and non-significant areas at the 95% confidence level.

As shown in Figures 5 and 9, the vertical temperature structure provides a robust variable for identifying and tracking the555

evolution and propagation of KWs through the thermocline. Figure 11 presents the potential temperature anomalies for cases

of enhanced and suppressed KW activity in the Atlantic. In the enhanced KW activity case analyzed along the equator, the

SSH anomalies identified as downwelling in Figure 10a exhibit a clear subsurface signature within the thermocline. In the

suppressed case, anomalies consistent with a KW signal are also present, although they are notably weaker.
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Figure 12. Lead–lag composites for the same MJO events as in Figure 10 in the Atlantic ocean: ∂tSST (shading in Kday−1), total fluxes

anomalies (contours; from -18 to 18 Wm−2 in increments of 6 Wm−2, omitting the 0 Wm−1 level), and surface current anomalies (vectors

in ms−1; reference vector shown in the bottom left corner). (a) MJO events with enhanced KW activity; (b) MJO events with suppressed

KW activity. Shading and vectors display only statistically significant anomalies at the 95% confidence level; gray contours indicate non-

significant values, black contours indicate significant values, dashed contours represent negative values, and solid contours denote positive

values.
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To provide a more comprehensive view of the local ocean–atmosphere interaction induced by MJO events at the ocean560

surface, we present in Figure 12a the lead-lag composite of ∂tSST anomalies, total surface heat fluxes, and current velocities

for the enhanced KW activity case. In the central and western equatorial Atlantic, the ∂tSST anomalies are associated with

oceanic processes. Around day -6 we observe a heating in the west Atlantic associated with the downwelling KW described in

Figure 10. This dynamical signal results in SST warming in the central equatorial Atlantic around day 0 as the wave continues

its eastward propagation. In addition, there is a cooling in the western basin from approximately day +6 onward consistent565

with the sign of the surface fluxes anomalies. In the eastern part of the basin, ∂tSST anomalies appear to be primarily driven

by surface ocean currents. As shown in Figure 12a, the warming around days -6 and 0 coincides with anomalous northwesterly

currents toward the equator, which causes anomalous horizontal advection that warms the eastern equator. Conversely, the

cooling on days +6 and +12 is associated with anomalous westerly and southwesterly currents respectively; therefore, the

horizontal advection caused by the mean currents, due to the anomalous zonal gradient in SST driven by the KW, could explain570

the cooling in the eastern equator. Surface heat flux anomalies in this region are again weak and play a limited role in shaping

the SST response. Conversely, over the Guinean Dome, changes in SSTs seem to respond to modifications in heat fluxes: the

strong cooling tendency shown on day -12 are consistent with the negative surface flux anomalies there. These heat anomalies

arise from the radiative component and are accompained by OLR anomalies as shown in Fig. 10a. The negative tendency in

SSTs in the Guinean Dome weakens on day -6, following a weakening in the surface flux anomalies. Figure 12b corresponds575

to the case of suppressed KW activity. The most evident feature is that, across the equatorial region and throughout the basin,

∂tSST anomalies are weaker and do not exhibit a consistent relationship with ocean current anomalies. In some instances, the

∂tSST anomalies are consistent with the surface fluxes anomalies (e.g., days 0 and +12), whereas in others they are not (e.g., day

+6). In the Guinea Dome region, the signal also appears to be dominated by surface fluxes. Cooling on day -12 is accompanied

by negative flux anomalies, while warming on days -6 and 0 coincides with positive fluxes. Finally, the off-equatorial cooling580

observed on day +12, primarily in the western basin, is consistent with negative surface flux anomalies.
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Figure 13. Hovmöller diagrams of lead–lag days for the same MJO events as in Figure 10 averaged between 2°S and 2°N, for anomalies

of different variables: (a) u250 (shading in ms−1) and OLR (contours, from -30 Wm−2 to 30 Wm−2 in increments of 5 Wm−2) during

enhanced KW activity in the Atlantic ocena; (b) same as (a) but for suppressed KW activity in the Atlantic ocean. (c) SSH (shading in cm)

and u850 (contours, from -5 to 5 ms−1 in increments of 1 ms−1) during enhanced KW activity in the Atlantic ocean; (d) same as (c) but for

suppressed KW activity in the Atlantic ocean. Shaded regions represent only statistically significant anomalies at the 95 % confidence level,

while contour lines are shown in gray for non-significant values and in black for significant values; dashed contours indicate negative values,

whereas solid contours denote positive values.
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We now turn our attention to the circumglobal characteristics of the MJO that modulate oceanic conditions in the Atlantic.

Following our examination of the local ocean–atmosphere forcings associated with individual MJO events, we now proceed to

investigate their large-scale global behavior. This allows us to assess how these events evolve prior to reaching the Atlantic and

how they subsequently trigger their response within the Atlantic region. Figure 13a–b display lead–lag Hovmöller diagrams of585

OLR and u250, averaged between 15°N and 15°S, for the enhanced and suppressed cases, respectively. In the enhanced KW

activity scenario, there is a convective signal marked by negative OLR anomalies peaking at lag -20 days at 150ºE (Figure 13a).

These convective anomalies are associated with the initiation of an eastward-propagating atmospheric KW that can be identified

as an easterly wind anomaly between 120°E and 180°E, at lags from -15 to -30 days (Figure 13a). The zonal tropospheric wind

anomalies (shaded) depict a clear atmospheric KW pattern that propagates across the Pacific and into the Atlantic, reaching590

60ºW after lag -10 days. The wave maintains its structure even in the absence of sustained convection. These upper-level

easterly anomalies, together with the lower-level westerly anomalies (Fig. 13c) associated to the atmospheric KW propagation

favour the convection observed at 60°W during lags -10 to 0. To further investigate the potential differences between MJO

events associated with enhanced or suppressed KW activity in the Atlantic basin, we focus on the equatorial region. Figure

13c–d display Hovmöller diagrams of SSH and u850 corresponding to the enhanced and suppressed cases, respectively. When595

MJO events are associated with enhanced KW activity in the Atlantic basin, westerly winds of approximately 1 ms−1 emerge

at 60ºW from day -10, and extend westward to 10ºW. These wind anomalies induce a clearly defined downwelling KW in

the Atlantic consistent with the pattern shown in Figure 10a and are coherent with preceding surface wind anomalies over the

Pacific, indicating their generation by the atmospheric KW originating from the Maritime Continent during lags -30 to -15,

as shown in Figure 13a. Later on, by day 10, a negative low-level wind anomaly of -1 ms−1 develops at 60ºW, extending to600

40ºW, generating an upwelling KW. Once again, these anomalous low-level wind anomalies exhibit the same sign as anomalies

observed in the Pacific basin during preceding days and are triggered by an atmospheric KW at 150°E during lags -10 to +5

that can be tracked in Figure 13a, giving rise to easterly winds. These low-level wind anomalies in the Pacific seem to give rise

to SSH anomalies in that basin, which also propagate eastward and exhibit characteristics of oceanic KWs, although they are

more diffuse, particularly the downwelling KW.605

Conversely, the u250 anomalies presented in Figure 13b indicate an atmospheric KW signal propagating eastward. However,

the amplitude and propagation speed of the wave over the Atlantic are reduced compared to what is observed for the oceanic

KW enhanced case. In addition, convection at 60°W during lags -10 to 0 and preceding convection at 150°E during lags -30 to

-15 are substantially more pronounced in the enhanced than in the suppressed KW activity case. In particular, the convective

anomaly around 150°E at lag -20, which appears to initiate the atmospheric KW that subsequently reaches the Atlantic after610

lag -10, is stronger in the enhanced case, suggesting that the MJO capable of triggering oceanic KWs in the Atlantic is more

intense. Next, low-level wind anomalies depicted in Figure 13d and related to the suppressed KW case are not significant over

the Atlantic, and only a weak SSH signal can be observed east of 40ºW from approximately day -10 onwards (Figure 13d). In

the Pacific basin, east of 150ºE, westerly winds of up to 3 ms−1 appear around day -15, followed by easterly winds reaching

-3 ms−1 near day 5. These wind anomalies give rise to upwelling and downwelling oceanic KWs in the Pacific, respectively.615
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Finally, the wind anomalies over the eastern and central Atlantic in Figure 13c-d may be associated with the atmospheric KW

that originated approximately 20 days earlier over the Indian and Pacific oceans, as seen in Figure 13a-b.

As a summary, we can highlight that over the Atlantic basin, the interaction between MJO and oceanic KWs is weaker than

in the other two basins. We find that certain MJO events are capable of triggering KWs over the Atlantic. The link is stronger for

MJO phases 3 and 6-7, when low-level westerlies and easterlies, respectively, reach the Atlantic basin. Regarding the former,620

the strong westerly winds off Brazil, which are related to negative OLR anomalies aloft, trigger downwelling KWs along the

equator, which is evidenced both in positive SSH anomalies and positive potential temperature anomalies at the depth of the

the thermocline. These waves propagate eastward accros the Atlantic basin, modulating changes in SSTs through modifications

of ocean currents and surface temperature horizontal advection. The role of surface heat fluxes seems secondary in explaining

the equatorial SST changes. Approximately 20 days before the triggering of the Atlantic KW, the convective activity over the625

Maritime Continent is enhanced, generating an eastward-propagating atmospheric KW that, later on, acts as a trigger for the

Atlantic enhanced convection and surface westerlies. Conversely, those MJO events not associated with oceanic KW in the

Atlantic are characterized by weaker wind anomalies at the surface and aloft, and overall weaker equatorial convection over

Brazil and West Africa. They, thus, generate minimal SSH response, and the anomalies in the tendency of SST seems to be

largely driven by local surface heat fluxes rather than ocean currents. The MJOs preceding these events are more canonical630

than in the enhanced KW case, but exhibit fainter convective anomalies over the Indo-Pacific, producing less pronounced

atmospheric KWs, which likely contribute to the diminished oceanic response in the Atlantic.

5 Discussion and conclusions

The MJO induces a coherent atmospheric response characterized by organized anomalies in convection and low-level zonal

wind. Even when analysed on its own (Fig. 2), it leaves a clear but basin-dependent imprint on the upper ocean. Over the Indian635

ocean, the alternation between enhanced and suppressed convection produces SSH anomalies consistent with the excitation of

equatorial Rossby waves, reflecting the complex interaction between wind forcing, reflection, and resonant basin modes. In

the western Pacific, strong westerly and easterly wind anomalies associated with successive MJO phases efficiently force

downwelling and upwelling equatorial KWs that propagate eastward, although their amplitude weakens as they approach the

central Pacific. By contrast, the oceanic response in the eastern Pacific and in the Atlantic remains weak, indicating that the640

atmospheric signature of the MJO does not translate uniformly into equatorial wave activity. Thus, although the phase-based

composite suggests a potential interaction with oceanic KWs in the three basins, it neither quantifies this interaction nor

distinguishes the MJO events that produce it from those that do not.

A complementary view emerges from analysing KWs independently in each basin. In the Indian ocean, the SSH signal

moves eastward and includes strong off-equatorial features, with u850 anomalies confined to the central sector that reverse645

sign in phase with the SSH pattern. In the Pacific, the KW index captures a well-defined downwelling signal that originates

with westerly winds in the west and retains a typical KW shape as it propagates eastward without additional forcing, whereas

in the Atlantic even weak wind anomalies generate an SSH signal that progresses from west to east. Across all three basins,
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the sign of u850 systematically corresponds to the nature of the SSH response, with downwelling and upwelling phases linked

to westerly and easterly anomalous wind conditions, respectively.650

However, neither of the two previous approaches allows us to determine what fraction of MJO events trigger equatorial

KWs, what their main characteristics are, or how these propagating waves may later feed back on surface properties such as

SST. To answer these questions, we developed a methodology based on matching MJO days with periods of KW activity in

each of the three ocean basins, each characterized by its own independently derived KW index, and classified MJO events into

two categories: those exhibiting enhanced KW activity and those associated with suppressed KW activity. Despite limitations655

arising from the 20-to-90-day band-pass filter, which may exclude variability outside this temporal range, and from differences

in the number of significant KW entries across basins in the contingency tables, this framework provides a consistent basis for

examining how varying levels of oceanic KW activity relate to the evolution of MJO events.

Between 38.4% and 58.4% of MJO events generate KWs in the Pacific. These events feature stronger and more zonally

coherent wind and convective anomalies, in agreement with previous studies showing that the efficiency of KW excitation660

depends strongly on the zonal fetch and coherence of intraseasonal wind forcing (Kessler et al., 1995; Seo and Xue, 2005).

Conversely, between 51.1% and 77.6% of oceanic KWs in the Pacific are associated with the MJO, and their presence sup-

ports its eastward advance by maintaining subsurface adjustments that sustain SST anomalies even where atmospheric forcing

weakens; in their absence, SST variability depends mainly on surface fluxes in the central basin and on local processes such

as surface current convergence in the east. Taken together, these results indicate that intraseasonal SST changes in the Pacific665

are driven by MJO convection and associated radiative heat fluxes in the western basin, by KW-induced zonal and vertical

temperature advection in the central basin, and by turbulent fluxes and horizontal advection in the east.

In the Indian ocean, between 16.8% and 62% of MJO events give rise to oceanic KWs, indicating a weaker interaction than

in the Pacific. KW generation is favored by coherent westerly wind anomalies over the central basin, identified in previous

studies as the key driver of intraseasonal oceanic wave responses (Han, 2005; Moum et al., 2016), and the resulting SSH signal670

follows the canonical KW response to MJO forcing described by Webber et al. (2010). When forcing is weak or displaced

off the equator, no clear equatorial wave develops, in line with Han (2005). In turn, between 17.4% and 64.2% of oceanic

KWs are associated with the MJO, but — in contrast with the Pacific — their presence modulates rather than controls its

eastward propagation: OLR anomalies can still cross the basin without KWs, although with reduced amplitude and weaker

ocean–atmosphere coupling and SST variability is then primarily governed by surface heat fluxes.675

In the Atlantic, between 9.4% and 57.9% of MJO events give rise to oceanic KWs, although the contingency table contains

fewer significant entries than in the other basins and the MJO wind signature is confined to a few phases, so these estimates

should be interpreted with caution. KW generation requires coherent westerly wind stress anomalies near the South American

coast and is favored by an atmospheric KW originating over the Indo-Pacific that remains coherent upon entering the basin and

promotes convection near 60°W, consistent with previous evidence of KW activity extending into the Atlantic (Roundy and680

Kiladis, 2006); otherwise, convective anomalies remain concentrated over the eastern basin and the Guinea Dome, decoupled

from the equatorial ocean. In turn, between 10.4% and 64.6% of oceanic KWs are linked to the MJO, and their presence

enhances coupling from the western to the central basin by allowing subsurface signals to propagate independently of local
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forcing. As in the Pacific, SST tendencies under active KW conditions are dominated by ocean dynamics, with current-induced

advection gaining importance in the east, whereas without KWs they are largely controlled by surface heat fluxes.685

The vertical profiles associated with KW propagation along the equator (Figs. 5, 9 and 11) reveal an inclination in the

anomalous signal comparable to that recently identified by Robbins et al. (2025), who attribute it to the vertical propagation

of the surface-forced signal and note that the shadow zone in the western basin and reflections in the east give rise to highly

heterogeneous propagation along the equatorial path. Our results extend this argument by showing that climatological factors

also play a role: the thermocline, deeper in the western Atlantic and Pacific and in the eastern Indian ocean, and shallower690

in the opposite portions of each basin, increases the phase speed of KWs and concentrates most of the energy in the lower

modes where it is deep and in the higher modes where it is shallow. Additional climatological features, notably the background

velocity field associated with the Equatorial Undercurrent (EUC), may likewise shape the representation of the signal along

the propagation path.

A further question is the extent to which the representation of KW forcing conditions that of the MJO itself. Part of the695

answer lies in the surface–subsurface oceanic relationship, which differs markedly across basins. In the Pacific, the KW signal

exhibits high coherence, particularly in the central basin, with a temporal lag of approximately 15 days (not shown); this lag

varies along the path as the thermocline shoals eastward and reduces the phase speed of the KW, while other SST drivers,

such as turbulent and radiative fluxes, become active in different sections of the trajectory. In the Atlantic, the coherence

between surface temperature and the thermocline is nearly simultaneous, which may reflect both the shape of the thermocline700

and the relatively small size of the basin. The Indian ocean behaves differently: although the basin is comparatively small,

the thermocline deepens toward its eastern portion, with a minimum depth near 60°E, accelerating horizontal propagation

and intensifying the signal near the coast of Sumatra. There, surface and subsurface temperatures are in phase opposition —

the surface responds to changes in OLR whereas the thermocline temperature responds to equatorial winds — so that the

surface–thermocline coherence is consistently negative, with a phase lag of approximately 20 days (not shown), and SST is705

predominantly controlled by radiative fluxes.

These findings show that each ocean basin exhibits distinct characteristics with respect to MJO propagation in the form of

KWs and its impact on SST, underscoring the need to analyse each basin separately in order to understand its relationship with

the MJO unequivocally.

Collectively, the results suggest that numerical models must adequately represent both the equatorial winds associated with710

the MJO and the vertical structure of the thermocline in each basin in order to capture the ocean–atmosphere coupling as-

sociated with this system, a requirement that is particularly relevant for subseasonal-to-seasonal prediction. Improving the

simulation of equatorial wave dynamics and their interaction with atmospheric convection remains essential for capturing the

eastward propagation and predictability of the MJO (Wheeler and Hendon, 2004; Kim et al., 2014), while coupled models

must also accurately represent subsurface processes, including thermocline adjustments and their feedback on SST, which715

have been shown to enhance MJO skill beyond atmosphere-only frameworks (DeMott et al., 2015). The basin-dependent be-

haviour identified here further implies that regional biases in wind stress and stratification can significantly affect forecast

skill; advancing subseasonal-to-seasonal prediction may therefore require higher vertical resolution in the ocean component
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and coupling strategies that capture the timing and structure of KW-related signals. Finally, the vertical propagation of these

KW signals into the thermocline raises the question of their possible contribution to ocean mixing processes, which warrants720

further analysis.
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