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Abstract Intraseasonal variability of ocean surface mixed layer temperature (MLT) in the tropics can be
linked to the Madden–Julian Oscillation (MJO), the main source of intraseasonal atmospheric variability in the
tropics. Here, we conduct a boreal winter mixed layer heat budget using 10‐day forecast composites of a coupled
ocean–atmosphere Numerical Weather Prediction model of the UK Met Office to reveal that ocean advection
plays amajor role inmodulating intraseasonal anomalies ofMLTover the tropical IndianOcean and theMaritime
Continent. Large scale (∼10◦) intraseasonal anomalies of MLT (∼0.1 ◦C) are driven by net surface heat flux.
Ocean advection dominates at smaller horizontal scales (∼1◦), contributing up to 0.5 ◦C to the intraseasonalMLT
anomaly. Prior to the development of the enhancedMJO convection in thewestern IndianOcean (phases 8 and 1),
ocean advection reinforces the net heat flux warming in this region. However, ocean advection opposes the net
heat flux warming in the Maritime Continent prior to the development of suppressed MJO convection in this
region.When theMJO convection develops over the central IndianOcean (phase 3), ocean advection (net surface
heat flux) drives the intraseasonal MLT anomalies in the western Indian Ocean (central Indian Ocean and the
Maritime Continent). Our results demonstrate the importance of ocean dynamics during the initiation and growth
of the MJO, and raise implications for models that do not resolve these processes.

Plain Language Summary The Madden–Julian Oscillation (MJO) is a large‐scale tropical
convection pattern, originating in the western Indian Ocean and traveling eastward across the tropics. The MJO
lasts 1–3 months and is often linked to extreme weather across the globe. Oceanic processes can modulate the
MJO through the exchange of momentum, moisture and heat between the ocean and the atmosphere. Here, we
analyze 10 days forecasts using a coupled ocean–atmosphere model to find the role of the oceanic currents in the
modulation of the MJO related ocean temperature changes in the upper 10–100 m of the ocean. Prior to the
development of the MJO convection in the western Indian Ocean, the movement of warm and cold water by the
ocean currents and the surface net heat flux (warming or cooling of the ocean surface due to changes in solar
radiation and evaporation) dominate the MJO‐related upper ocean temperature changes in the western Indian
Ocean. When the MJO reaches the central Indian Ocean, the surface net heat flux dominates in the central Indian
Ocean and western Pacific. Our results demonstrate that ocean dynamics are important on MJO timescales and
should be adequately represented in weather and climate models.

1. Introduction
The ocean surface mixed layer is a layer of approximately constant temperature and salinity, typically from the
surface to between 10 and 100 m depth in the tropics (de Boyer Montégut et al., 2004). The depth of the ocean
surface mixed layer varies due to changes in incoming solar radiation and heat fluxes at the ocean surface, wind‐
driven mechanical mixing, and the influx of freshwater into the ocean. Intraseasonal variations of the mixed layer
temperature (MLT; closely related to sea surface temperature) in the tropics can be linked to the evolution of the
Madden–Julian Oscillation (MJO) (Chi et al., 2014; Drushka et al., 2012; Halkides et al., 2015; McPhaden &
Foltz, 2013), the dominant mode of intraseasonal (30–90 days) atmospheric variability in the tropics. The ca-
nonical MJO event is comprised of large‐scale (∼ 10,000 km) enhanced and suppressed convective anomalies
traveling eastward in the tropics at ∼5 m s− 1 phase speed (Madden & Julian, 1971, 1972). The MJO originates in
the western Indian Ocean and travels through the Maritime Continent (MC; Indonesia, Philippines and Papua
New Guinea), until it dissipates over the western Pacific.
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The suppressed phase of the MJO is characterized by calm, cloud free, and sunny conditions, leading to a
reduction in mechanical mixing in the surface ocean, shoaling of the mixed layer, and enhancement of sea surface
temperatures (SSTs). Warm SSTs promote evaporation into the atmosphere and lead to instability and atmo-
spheric convection. Observations show that warm intraseasonal SST anomalies occur 1 week prior to the MJO
convection over the Indo‐Pacific warm pool region (Hendon & Glick, 1997; Woolnough et al., 2000). The
development of the convective MJO anomalies is associated with an increase in cloud cover and surface winds,
leading to a decrease in solar radiation at the ocean surface and an increase in mechanical mixing. This, in turn,
leads to the deepening of the mixed layer and cooling of the SST (Drushka et al., 2012; Liu et al., 2021). Thus, the
MJO suppressed phase promotes warm intraseasonal SST anomalies and theMJO convective phase contributes to
the cooling of intraseasonal SST anomalies in the Indo‐Pacific warm pool (Itterly et al., 2021; Yan et al., 2021).
As a result, a coupled feedback mechanism exists whereby convective and SST anomalies both propagate
eastwards, out of phase by a quarter of a cycle, with anomalies in the atmosphere and ocean reinforcing each
other.

The role of ocean dynamics in the initiation and sustenance of the MJO is still debated in the scientific community
(e.g., DeMott et al., 2015; Sobel et al., 2010; Zhang, 2005). The MJO is predominantly an atmospheric phe-
nomenon, and atmosphere‐only models are able to successfully reproduce an eastward propagating MJO without
a dynamically evolving ocean (e.g., Karlowska et al., 2024a; Woolnough et al., 2007). However, air–sea in-
teractions are known to play an important role during the MJO (DeMott et al., 2015; Y. Li et al., 2013). Mixed
layer heat budgets are conducted to investigate the relative importance of oceanic subsurface processes and heat
flux forcing on the intraseasonal changes of the MLT during the MJO (Chi et al., 2014; Drushka et al., 2012;
Halkides et al., 2015; McPhaden & Foltz, 2013). Drushka et al. (2012) conducted a mixed layer heat budget using
in situ observations of Argo floats in the Indo‐Pacific warm pool region and showed that the net heat flux changes
associated with the eastward propagating MJO convective envelope are the main driver of the intraseasonal MLT
changes. Their budget, however, did not close. The analyses of moorings by Chi et al. (2014) and McPhaden and
Foltz (2013) showed that the horizontal advection and the formation of barrier layers can have a substantial effect
on the MLT changes during the MJO. The discrepancies in the relative importance of different mixed layer heat
budget terms between the studies of Chi et al. (2014) and McPhaden and Foltz (2013), and Drushka et al. (2012)
are likely due to shorter data span available from moorings compared with the Argo float data set, and a choice of
particular locations for moorings that may not be representative of the wider Indian Ocean basin.

In situ mixed layer heat budgets suffer from certain limitations, therefore, model studies are used to ensure long
data span, wide spatial range, and closure of the heat budgets. Halkides et al. (2015) analyzed 18 years of a heat‐
conserving ocean state estimate to reveal that wind‐driven horizontal advection is the largest contributor to the
intraseasonal MLT variability near the equator. Away from the equator, they found that vertical subsurface
processes (vertical mixing and vertical advection) and net heat fluxes dominate the mixed layer heat budget on
MJO timescales (hereafter referred to as the “MJO mixed layer heat budget”). Their study, however, was limited
by the lack of eddy activity in their ocean state estimate. Chandra et al. (2024) used an updated version of this data
set at a higher temporal frequency that included a parameterization scheme for eddy transport to state that hor-
izontal advection is the main driver of intraseasonal ocean heat content anomalies in the upper 200 m of the
tropical Indian Ocean. They argued that the surface heat fluxes play a minor role in the upper ocean heat content
variability during the MJO, with a caveat that their study included both the mixed layer and the thermocline. They
showed that positive intraseasonal anomalies of the ocean heat content over the Indian Ocean prior to the MJO
convection over the MC are partially driven by equatorial oceanic Rossby waves. These waves are generated by
equatorial oceanic Kelvin waves that are reflected off the coast of Sumatra and travel westward toward the
African coast and bring warm SSTs to the western Indian Ocean basin. This is consistent with previous studies
that showed that oceanic Rossby waves contribute to the intraseasonal changes in the upper ocean heat content
(Rydbeck et al., 2019, 2023). Rossby waves have also been hypothesized to trigger primary MJO events in the
tropics (Webber, Matthews, et al., 2012).

In this paper, a mixed layer heat budget is conducted in the context of the MJO using a global coupled ocean–
atmosphere Numerical Weather Prediction (NWP) model of the UK Met Office. An eddy‐permitting coupled
model is used to address the relative importance of ocean advection and the net heat flux forcing in modulating the
MJO‐related mixed layer temperature changes in the tropical Indian Ocean and the MC. In Section 2, model
specifications, data, and methodology are described. In Section 3, the mixed layer heat budget is conducted
targeting three different MJO phases (pre‐initiation, initiation, and maturity), and a novel approach is presented to
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separate different horizontal scales at which oceanic processes contribute to the changes in the intraseasonal
MLT. Discussion and conclusions follow in Section 4.

2. Data and Methods
2.1. Model Specifications

The data used in this study were generated with the coupled ocean–atmosphere NWP system of the UK Met
Office. The model was run in a hindcast mode for a 5 year period between 1 May 2016 and 31 May 2021, and
initialized at 0000 UTC each day, yielding 1857 forecasts. Each model run was integrated out to 15 forecast days.
The model used in this study is a version of the operational Met Office model running at the time, hence, some of
the operational changes were applied to this model on 24 September 2018 (see Table 1 for detailed model versions
and their references). The horizontal resolution of the atmosphere component was N216 from 1 May 2016 to 24
September 2018 (0.83◦ longitude and 0.56◦ latitude). Afterward, the horizontal resolution of the atmosphere
component was N320 (0.57◦ longitude and 0.38◦ latitude). The atmosphere component of the coupled model uses
a convective parameterization scheme, with separate representations of shallow, mid‐level, and deep convection
(Gregory & Allen, 1991; Gregory & Rowntree, 1990).

The ocean component of the coupled model is the Nucleus for European Modeling of the Ocean (NEMO)
consortium ocean model (Madec et al., 2017). The NEMO ocean model is comprised of 75 vertical levels, with 8
model levels in the top 10 m of the ocean. The horizontal resolution of the NEMO ocean model is 0.25◦. The
NEMO ocean model uses a turbulent kinetic energy scheme for the parameterization of the vertical and horizontal
mixing in the ocean model (Madec et al., 2017). The model exchanges information between the ocean–sea ice and
the atmosphere–land components with a 1 hr coupling frequency. The ocean–sea ice and atmosphere–land
components are initialized separately, with their own data assimilation (DA) systems. The NEMO ocean
model uses the Forecast Ocean AssimilatingModel (FOAM)‐NEMOVARDA system from Blockley et al. (2014)
and Waters et al. (2015) to initialize its SST and sea ice concentrations. The atmosphere–land component is
initialized with the 4D‐Var DA system (Rawlins et al., 2007) that uses SST and sea ice concentrations from the
Operational Sea Surface Temperature and Ice Analysis (OSTIA) (Donlon et al., 2012) assimilation system,
updated by E. K. Fiedler et al. (2019) and Good et al. (2020). More detailed model descriptions are available in
Section 2 of Vellinga et al. (2020).

2.2. Real‐Time Multivariate MJO Index

The Wheeler and Hendon (2004) Real‐time Multivariate MJO (RMM) index is used in this study to define the
state of the MJO in the tropics. The index is constructed with daily anomalies of top‐of‐atmosphere outgoing
longwave radiation (OLR) and zonal winds at 850 hPa and 200 hPa (full methodology available in Gottschalck
et al. (2010), with references therein). The indices RMM1 and RMM2 split the tropics into 8 phases: phases 8 and
1 when the MJO convection is located over Africa and the western hemisphere; phases 2 and 3 when the MJO
convection is located over the Indian Ocean; phases 4 to 5 when the MJO travels across the Maritime Continent
and phases 6 and 7 when the MJO convection is located over the western Pacific. Observed indices are used in this
study, retrieved from http://www.bom.gov.au/climate/mjo (Wheeler & Hendon, 2004). Days with an active MJO
are defined for those with RMM amplitude:

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
RMM12 + RMM22

√
≥ 1.0. For a detailed MJO performance

analysis in this coupled model, see Karlowska et al. (2024b).

Table 1
Model Specifications Summary

Start date End date

Atmosphere
horizontal
resolution

Atmosphere
no. of levels

Ocean horizontal
resolution

Ocean no.
of levels

Global atmosphere
(GA) version

Global land
(GL) version

Global ocean
(GO) version

Global sea ice
(GSI) version

1 May 2016 24 Sep 2018 N216 L85 ORCA025 L75 GA6.1 GL6.1 GO5 GSI6

25 Sep 2018 31 May 2021 N320 L70 eORCA025 L75 GA7.2 GL8.1 GO6.0 GSI8.0

Note. References: GA6.1 and GL6.1 (Walters et al., 2017); GA7.2, GA7.2.1, and GL8.1 (Walters et al., 2019); GO5 (Megann et al., 2014); GO6.0 (Storkey et al., 2018);
GSI6 (Rae et al., 2015); GSI8.0 and GSI8.1 (Ridley et al., 2018).
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2.3. Mixed Layer Depth, Barrier Layer Thickness, and Thermocline Depth Diagnostics

Mixed layer heat budgets were conducted for selected regions in the tropics in the context of the MJO. Subsurface
ocean data were processed to study the evolution of ocean variables in the mixed layer in the coupled model of the
UK Met Office. The mixed layer depth was defined following Drushka et al. (2014) as the depth where the
potential density (σ) change from the potential density at a reference depth of 10 m is greater than a threshold
given by:

Δσ = σ(Tref − ΔT,Sref ,P0) − σ(Tref ,Sref ,P0), (1)

where Tref and Sref are the temperature and salinity at the reference depth 10 m, P0 is surface pressure. ΔT values
of 0.25 ◦C, 0.5 ◦C and 0.8 ◦C were explored and 0.5 ◦C was chosen as the optimal value for ΔT (not shown). The
reference depth of 10 mwas chosen to remove the effects of the diurnal cycle of temperature on mixed layer depth
(de Boyer Montégut et al., 2007; Hosoda et al., 2010). Temperature and salinity were interpolated in depth to 1 m
resolution between 0 and 200 m before calculating the mixed layer depth. Potential density calculations were
obtained using Python package gsw v3.4.0 based on definitions from Gibbs SeaWater Oceanographic Toolbox of
TEOS‐10 (McDougall & Barker, 2011). The barrier layer thickness was calculated as the difference between the
isothermal layer depth, defined by the depth where the temperature equals Tref − ΔT, and the mixed layer depth.
The thermocline in the tropics typically lies between 15 ◦C and 25 ◦C isotherms (e.g., Meyers, 1979; P. C.
Fiedler, 2010). The 20 ◦C isotherm, that is, the mid‐point between these isotherms, is generally considered a good
proxy for the thermocline depth in the tropics. The 20 ◦C isotherm depth (D20) was extracted from the model data
by a linear interpolation between model levels.

2.4. Composites

Vertical profiles of ocean temperature, temperature tendencies, and ocean currents were vertically averaged
within the mixed layer, and weighted by the layer thickness, before further processing. Composite maps were
calculated for daily means of mixed layer averages of subsurface ocean variables using the ocean model grid at
0.25◦ in each region. Separate forecast initializations were concatenated at a given lead time for further pro-
cessing. Anomalies of all variables are calculated by the removal of the seasonal cycle (annual mean and first
three harmonics) for the period 2017–2020. The MJO anomalies are then obtained by a temporal filtering of the
anomalies with a 20–200 days bandpass Lanczos filter (Duchon, 1979). Although the MJO produces spectral
peaks between 30 and 90 days, this wide bandpass filter is used to avoid spurious maxima and minima before and
after an MJO event that are introduced by narrower filter bands such as 30–70 days (Matthews, 2000).

Mean state composites of the MLT (T) and the mixed layer averaged ocean currents (u) were calculated for the
boreal winter period from 1 November 2016 to 15 January 2021 for active MJO days. Apart from the mean state
composites, every variable in this study refers to an MJO anomaly. Missing forecast initializations (less than 1%)
were interpolated between the nearest previous and next day forecast initializations. The statistical significance of
the composite MJO anomalies of the mixed layer averaged ocean currents and the mixed layer averaged tem-
perature at the 95% significance level were calculated using a Student's t‐test.

2.5. Target MJO Phase

Composites for each MJO phase were defined using a “target” MJO phase. The target MJO phase was set to be at
T + 10 days within any given forecast run, such that the evolution of the ocean processes that generate the SSTs
prior to the target MJO phase can be studied in this coupled model. This timescale was chosen as the typical
timescale of the coupling between the MJO convection and the intraseasonal SST anomalies in the tropics
(Woolnough et al., 2000). For example, for target MJO phase 3, an initial list of all the days that fall into MJO
phase 3 from the RMM indices was first created. A second list was created by subtracting 10 days from all the
days in the first list. The composite for the target MJO phase 3 was then calculated using all the forecasts
initialized on the days in the second list. Consecutive forecast initializations with the same target MJO phase at
T+ 10 days were averaged before compositing and treated as one event. Only activeMJO forecasts at T+ 10 days
during the November–April season are used for the composite analysis.
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2.6. Mixed Layer Temperature Tendencies

The model provides temperature tendencies due to different oceanic processes: ocean advection (zonal, merid-
ional and vertical), ocean mixing (horizontal and vertical), penetrating solar flux and non‐solar fluxes (longwave
radiation, latent and sensible heat fluxes), all calculated at the model time step. The following equation describes
the temperature tendency in the model:

∂T
∂t
=

∂T
∂t

⃒
⃒
⃒
⃒
zonal adv.

+
∂T
∂t

⃒
⃒
⃒
⃒
merid. adv.

+
∂T
∂t

⃒
⃒
⃒
⃒
vert. adv.⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

total advection

+

+
∂T
∂t

⃒
⃒
⃒
⃒
vert. mix.

+
∂T
∂t

⃒
⃒
⃒
⃒
horiz. mix.

+
∂T
∂t

⃒
⃒
⃒
⃒
solar flux

+
∂T
∂t

⃒
⃒
⃒
⃒
non‐solar flux⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟

Qnet

,
(2)

where T is the ocean temperature, t is time, and Qnet is the net heat flux. The temperature tendencies due to ocean
advection are calculated in the model as the divergence of the advective fluxes. The total temperature tendency
due to ocean advection is a sum of the temperature tendencies due to zonal, meridional, and vertical advection.
Vertical mixing is parameterized in the model using a turbulent kinetic energy scheme that provides vertical eddy
viscosity and diffusivity coefficients through time evolution of the turbulent kinetic energy (Madec et al., 1997,
2017). Horizontal mixing is parameterized in a similar manner to vertical mixing, with the horizontal mixing
coefficient varying in 2D space based on the mesh grid size in the model. The temperature tendency due to
penetrating solar flux is calculated in the model using the Paulson and Simpson (1977) expression for the
attenuation of solar radiation that assumes a constant chlorophyll concentration of 0.05 mg m− 3 and exponential
decay of downward irradiance with depth. The model splits the attenuation of solar radiation into three color
bands for wavelengths 400–700 nm (red, green and blue), and one band for wavelengths longer than 700 nm. The
model assumes an e‐folding depth of 23 m for wavelengths 400–700 nm, and 0.35 m depth for wavelengths longer
than 700 nm. The non‐solar flux (comprised of longwave radiation, latent and sensible heat fluxes, Qnsr) is
distributed in the model within the top model level only. The temperature tendency due to Qnsr is equal to

Qnsr
ρ0Cph

,

where ρ = 1,026 kg m− 3, Cp = 4,000 J/kg◦C and h = 1.02 m. The horizontal mixing and residual temperature
tendencies are not presented in this paper as they are negligible; a typical contribution from the horizontal mixing
and the residual to the MJO anomaly of MLT over 10 days of the forecast is 0.0001 ◦C, three orders of magnitude
smaller than the changes in MLT (order 0.1 ◦C).

MLT tendencies in the model are stored as daily accumulations and all composites of the change in the MJO
anomaly of MLT (ΔT) in this paper are summed from forecast day 1–10 to understand the changes in the MLT
prior to the arrival of a specific MJO phase in the forecast at T + 10 days. The composites of MLT and ocean
currents correspond to daily means centered at 1200 UTC; therefore, all composites of the MLT and the ocean
currents (u) in this study correspond to an average between forecast day 1 and 10.

2.7. Observations

Observed values of the daily interpolated OLR were obtained from the National Oceanic and Atmospheric
Administration (Liebmann & Smith, 1996).

3. Results
In the following section, three target MJO phases (8, 1, and 3) were chosen to evaluate different oceanic processes
contributing to the MJO anomaly of mixed layer temperature (MLT) prior to the arrival of each of these MJO
phases at T + 10 days. These phases were chosen to represent the pre‐initiation, the initiation, and the maturity of
the MJO enhanced convective anomalies over the Indian Ocean. Three regions were chosen for the mixed layer
heat budget in the context of the MJO: the western Indian Ocean region (37–60 ◦E, 10 ◦S‐10 ◦N), the central
Indian Ocean region (65–85 ◦E, 10 ◦S‐5 ◦N), and the easternMC region (120–150 ◦E, 10 ◦S‐10 ◦N). The extent of
each region is shown in Figure 1c. These regions were chosen as they display the largest changes over the
equatorial belt in the MJO anomalies of SST prior to the initiation of the MJO convection over the western Indian
Ocean (i.e., phases 8 and 1; Figures 1a–1d).
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3.1. MJO Phase 8: Pre‐Initiation

MJO phase 8 represents the pre‐initiation stage of the MJO enhanced convective anomalies in the western Indian
Ocean region. Observations show that 40% of the primary MJO events initiate in the Indian Ocean, and such
events are preceded by warm SST anomalies in that area (Matthews, 2008). In this section, a detailed analysis of
the processes driving the warming tendency in SST prior to MJO phase 8 is presented to understand what leads to
the development of the subsequent MJO enhanced convective anomalies.

Ten days prior to MJO phase 8 (at forecast day 1), the coupled model simulates a positive MJO anomaly of OLR
over the Indian Ocean (suppressed MJO convection) and a negative MJO anomaly of OLR over the western
Pacific (enhanced MJO convection) (Figure 2a). The suppressed MJO convection travels eastward into the MC
when the MJO is in phase 8 at forecast day 10 (Figure 2b). Additionally, by forecast day 10, a weak enhanced
MJO convection develops over the western Indian Ocean. The evolution of the MJO convection prior to MJO
phase 8 in the coupled model is consistent with the observed pattern (Figures 2g and 2h), albeit with a stronger
suppressed MJO convection over the MC at forecast day 10 in the model compared with observations (Figures 2b
and 2h).

The MJO anomalies of SST prior to the MJO phase 8 are warm (cold) over the Indian Ocean (the MC) at forecast
day 1 (Figure 1a). WarmMJO anomalies of SST in the western and central Indian Ocean intensify by forecast day
10 when the MJO phase 8 arrives (Figure 1b). These anomalies, of over 0.4 ◦C, are likely to increase the low level
moisture via evaporation and destabilize the atmosphere, which will ultimately lead to more MJO convection in
this region later in the forecast and thus support the initiation of the MJO enhanced convective anomalies in
phases 8 and 1.

The cumulative change in the MJO anomaly of MLT prior to the MJO phase 8 is positive over the western Indian
Ocean region, with up to 0.5 ◦C increase in the MJO anomaly of MLT ahead of MJO phase 8 (Figure 3a). Total

Figure 1. Composite maps of the 20‐to‐200 days bandpass filtered anomalies (the Madden–Julian Oscillation, MJO
anomalies) of model sea surface temperature (SST) for target MJO phases 8 (panels a–b), 1 (panels c–d), and 3 (panels e–f).
Panels a, c, and e show composites at forecast day 1 (prior to each MJO phase arrival) and panels (b, d, and f) correspond to
forecast day 10 (when each MJO phase arrives in the observations).
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advection, vertical mixing, and Qnet all contribute to this warming (Figures 3d, 3g, and 3j). The Qnet contributes
the large scale warming pattern (Figure 3j), whereas the ocean advection and vertical mixing contribute at smaller
horizontal scales (Figures 3d and 3g). The warming due to the Qnet prior to the MJO phase 8 in this region is
consistent with the shoaling of the mixed layer (Figure 4d), which will in turn enhance the magnitude of the heat

Figure 2. Composite maps of model MJO anomalies of outgoing longwave radiation (OLR) for target MJO phases 8 (panels
a–b), 1 (panels c–d), and 3 (panels e–f). Lagged composites of the MJO anomalies of OLR in observations (Liebmann &
Smith, 1996) for target MJO phases 8 (panels g–h), 1 (panels i–k) and 3 (panels k–l). Panels (a, c, e, g, i, and k) show
composites at forecast day 1 (prior to each MJO phase arrival) and panels (b, d, f, h, j, and l) at forecast day 10 (when each
MJO phase arrives in the observations).
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flux driven warming. The total ocean advection reinforces the Qnet in this region, contributing up to 0.4 ◦C to the
MJO anomaly of MLT (Figure 3d). Suppressed vertical mixing leads to a 0.25 ◦C warming near the equator at 55
◦E (Figure 3g). However, this warming tendency is canceled by the cooling associated with the total advection at
this location (Figure 3d).

Ocean advection prior to MJO phase 8 in the western Indian Ocean is the strongest at the equator near the coast of
Africa (Figure 3d). The horizontal advection (zonal and meridional) dominates the total advection term
(Figure 5a), consistent with Halkides et al. (2015). The average MJO anomaly of MLT in this region prior to MJO
phase 8 is positive to the east of 45 ◦E and negative near the coast (Figure 5g). The mean ocean currents in the
coupled model are westward at the equator and south‐westward along the coast of Africa between 5◦S and 5◦N
(Figure 5d). These currents will advect this warm MJO anomaly of MLT westward toward the coast of Africa
prior to the MJO convection initiation in this region. Advection of the MJOMLT anomalies by the mean currents
appears to be the leading cause of the anomalous warming due to horizontal advection, thus implying that this

Figure 3. (a–c) Cumulative change in the composite MJO anomaly of mixed layer temperature (MLT) over forecast days 1–
10 prior to the arrival of (target) MJO phases 8, 1, and 3 in the western Indian Ocean region; (d–f) cumulative change of the
MJO anomaly of MLT due to total advection for target MJO phases 8, 1, and 3; (g–i) cumulative change of the MJO anomaly
ofMLT due to vertical mixing for target MJO phases 8, 1, and 3; (g–i) cumulative change of theMJO anomaly ofMLT due to
net heat flux for target MJO phases 8, 1, and 3.
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process is key in generating the warm SST anomalies that precede the initiation of convection here in MJO phases
8 and 1.

Deepening of the D20 and warmMLT tendency ahead of theMJO initiation can be associated with a downwelling
oceanic equatorial Rossby wave (Webber, Stevens, et al., 2012). Such waves have a period of∼100 days, and they
can produce a signal in the MJO anomalous ocean currents. There are statistically significant westward MJO
anomalies of ocean currents at 45–50 ◦E (Figure 5g). However, the MJO winds are weak prior to the MJO phase 8
in this area (not shown). There are also no notable changes in theMJO anomaly of D20 over 10 forecast days prior
to the arrival of the MJO phase 8 (Figure 4a). Therefore, there is little evidence that MJO induced equatorial
oceanic waves contribute substantially to the advection‐driven warming in these composites.

Over the central Indian Ocean region, the MJO anomaly of MLT shows a warming tendency prior to MJO phase 8
(Figure 6a). This warming is mostly driven by Qnet (Figure 6j). The total advection term is noisy in this region
(Figure 6d). The most coherent signal is the negative change in the MJO anomaly of MLT of up to 0.25 ◦C at the
equator near 65 ◦E. This is likely caused by the advection of colder MJO anomalies of MLT toward the east from
70 ◦E by the mean state ocean currents (not shown). TheMJO anomalies of D20 and the mixed layer depth display
shoaling in the central Indian Ocean region by up to 6 m prior to the MJO phase 8 (panels a, d in Figure S8 in
Supporting Information S1). The mixed layer in this region is at an average depth of 33 m, and a change of 20% in
the mixed layer depth is significant. The shoaling of the mixed layer will enhance the warming due to the Qnet in
this region. The vertical mixing contribution to the MJO anomaly of MLT in this region is negligible prior to MJO
phase 8 (Figure 6g).

The easternMC experiences a cooling of up to − 0.25 ◦C in theMJO anomaly of MLT prior to MJO phase 8 across
most of the region (Figure 7a). The total advection is the main driver of this cold MJO anomaly of MLT (up to
− 0.15 ◦C, Figure 7d). There is also a negative contribution from the vertical mixing anomalies in this area of up to
− 0.7 ◦C (Figure 7g), and a positive contribution from the Qnet of up to 0.15 ◦C (Figure 7j).

The horizontal advection is the main contributor to the total advection term in the eastern MC region prior to the
MJO phase 8 arrival (Figure 8a). To further understand the horizontal advection term in this region, Reynolds
decomposition is applied to the mean state variables and the MJO anomalies of ocean variables as follows:

ΔThoriz. adv. = u .∇T′+ u′.∇T + u′.∇T′ + residual (3)

Figure 4. Change in the MJO anomaly of 20◦ isotherm depth (D20, panels (a–c) and the mixed layer depth (MLD, panels d–f)
from forecast day 1–10 prior to the arrival of (target) MJO phases 8, 1, and 3. Target MJO phase 8 in panels (a, d), target MJO
phase 1 in panels (b, e), and target MJO phase 3 in panels (c, f).
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where prime denotes the MJO anomalies of oceanic variables and bar denotes the mean state values (for boreal
winter and active MJO). Note that the u .∇ T term is omitted from the equation because it does not affect
anomalies. The horizontal advection term in the eastern MC region is reproduced well with Reynolds decom-
position in each target MJO phase (Figures 8a and 8m; Figures 8b and 8n; Figures 8c and 8o).

Earlier, we showed that the mean state currents advect the MJO anomalies of MLT in the Indian Ocean to
modulate the total MLT tendency in the context of the MJO prior to the MJO phase 8. In contrast, in the eastern
MC, the MJO induced ocean current anomalies advecting the mean temperature gradients (u′.∇ T) are the main

Figure 5. (a–c) Cumulative change in the composite MJO anomaly of mixed layer temperature (MLT) over forecast days 1–
10 prior to the arrival of (target) MJO phases 8, 1, and 3 in the western Indian Ocean region due to the horizontal advection;
(d–f) average mean state ocean currents in the mixed layer (u) and the average MJO anomaly of MLT (T′) over forecast
days 1–10 in target MJO phases 8, 1, and 3; (g–h) MJO anomalous ocean currents (u′) in the mixed layer (u) and T′ over
forecast days 1–10 in target MJO phases 8, 1, and 3; (j–l) u′ and T . u′ is plotted at the 95% significance level. Yellow outline
shows T′ at 95% significance level.
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driver of the cooling due to the advection in this region prior to the MJO phase 8 (Figure 8g). The other terms,
u .∇ T′ and u′.∇ T′, do not produce a spatially coherent pattern of cooling in this region prior to the MJO phase 8
(Figures 8d and 8j).

The mean state ocean currents off the coast of New Guinea show the South Equatorial Current that travels
northwest from New Guinea toward the Banda Sea and the Philippines (Figure 9d). The anti‐cyclonic curvature
present in the mean state ocean currents near 130–140 ◦E is likely associated with the semi‐permanent and anti‐
cyclonic Halmahera eddy that the coupled model starts to resolve. The MJO‐induced mixed layer ocean current
anomalies prior to MJO phase 8 oppose the South Equatorial Current here, reducing the advection of warm water
from New Guinea toward Mindanao, thus contributing to the net cooling in this region (Figure 9j). These ocean
current anomalies are consistent with the MJO anomalous surface winds in this region prior to the MJO phase 8
(not shown).

Overall, prior to the MJO phase 8, the mixed layer experiences warming in the western and central Indian Ocean
and cooling over the MC. The net heat flux drives the large scale warming pattern over the Indo‐Pacific warm
pool. In the western Indian Ocean, the mean state ocean currents advect the MLT warming due to the net heat flux
and produce regions of enhanced warming that may seed the initial development of convection here. The ocean

Figure 6. As Figure 3 but for central Indian Ocean region.
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advection contribution is weaker over the central Indian Ocean where the net heat flux dominates. Over the MC,
the MJO‐induced ocean current anomalies suppress the mean westward advection of warm MLT and thus
contribute to cooling the MLT in this region, and promoting suppressed MJO convection over the MC.

3.2. MJO Phase 1: Initiation

MJO phase 1 represents the initiation stage of the MJO enhanced convective anomalies over the western Indian
Ocean region. MJO phase 1 is often associated with the lowest forecast skill compared with other MJO phases
(e.g., Karlowska et al., 2024a; Kim et al., 2014). In order to understand whymodels may predict MJO phase 1 with
a worse skill, it is important to study the evolution of the SSTs during the growth of the MJO enhanced convective
anomalies in the western Indian Ocean region prior to MJO phase 1.

Prior to MJO phase 1, the coupled model simulates suppressedMJO convection over the central Indian Ocean and
the western MC at forecast day 1 in the forecast (Figure 2c). By forecast day 10, the canonical MJO phase 1
develops in the tropics, with enhanced MJO convective anomalies of − 20 W m− 2 over the western and central
Indian Ocean and a suppressed MJO convective signal over the MC (Figure 2d). The coupled model reproduces
the observed pattern well in this MJO phase (Figures 2i and 2j), albeit slightly underestimating the enhanced MJO
convection over the central Indian Ocean region at forecast day 10 (Figures 2d and 2j).

Figure 7. As Figure 3 but for the eastern Maritime Continent region.
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The development of the MJO convection over the Indian Ocean in the coupled model is preceded by warm MJO
anomalies of SST in this region at forecast day 1 (i.e., 10 days prior to phase 1; Figure 1c). The warm MJO
anomaly of SST in this region intensifies by forecast day 10 (i.e., the middle of phase 1; Figure 1d). Over the MC,
the negative SST anomalies at forecast day 1 contribute to the development of suppressed MJO convection by
forecast day 10 (Figure 2d).

Figure 8. (a–c) Cumulative change in the MJO anomaly of mixed layer temperature (MLT) due to horizontal advection over
forecast days 1–10 prior to the arrival of (target) MJO phases 8, 1, and 3; (d–f) advection of T′ by u over forecast days 1–10;
(g–i) advection of T by u′ over forecast days 1–10; (j–l) advection of T′ by u′ over forecast days 1–10; (m–o) sum of the
advection of T′ by u, the advection of T by u′, and the advection of T′ by u′ over forecast days 1–10.
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Similar to MJO phase 8, the development of the MJO convection over the Indian Ocean prior to MJO phase 1 is
associated with a warming in the MJO anomaly of MLT in all three regions considered here (Figures 3b, 6b, and
7b). However, the strongest warming, of up to 0.5 ◦C, occurs in the western Indian Ocean (Figure 3b). This
warming is especially strong close to the African coast. The central Indian Ocean region experiences a warming of
up to 0.25 ◦C ahead of MJO phase 1 (Figure 6b). Over the eastern MC, the warming is less spatially coherent, and
weaker than in the Indian Ocean, reaching a maximum of 0.15 ◦C (Figure 7b). The large scale warming pattern
recorded across all regions considered prior to MJO phase 1 is contributed by the Qnet (Figures 3k, 6k, and 7k). All
regions display a uniform warming due to the Qnet of up to 0.15 ◦C prior to MJO phase 1. This is in response to the
large scale suppressed MJO conditions over the tropics at forecast day 1 (Figure 2c). This is also consistent with
the shoaling of the MJO anomalies of the mixed layer in all three regions by up to 14 m (western Indian Ocean in
Figure 4e, central Indian Ocean and eastern Maritime Continent regions in panels e in Figures S8 and S9 in
Supporting Information S1, respectively).

Figure 9. As in Figure 5 but for the eastern Maritime Continent region.
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Similar to target MJO phase 8, ocean advection is the second most important term driving the MJO anomalies of
MLT prior to the start of MJO phase 1. Total advection produces strong positive MLT anomalies of up to 0.5 ◦C in
the western Indian Ocean along the coast of Africa (Figure 3e). Horizontal advection dominates the total
advection term in the western Indian Ocean prior to MJO phase 1 (Figure 5b). This MLT warming is likely driven
by the mean state ocean currents advecting warm MJO anomalies of MLT toward and along the coast of Africa
(Figure 5e). These warm MJO anomalies of MLT are significant at the 95% significance level (yellow outline in
Figure 5h). The MJO‐induced anomalous ocean currents are noisy and dominated by eddy‐like circulations (not
shown); the relatively short (5‐year) data set is not sufficiently long to robustly determine if these anomalous
currents consistently contribute to the advection term here.

A strong negative MJO anomaly of MLT is recorded in the coupled model at the equator between 60 ◦E and 70 ◦E
prior to the MJO phase 1 (Figures 3b and 6b). This decrease of 0.25 ◦C in MLT is driven by ocean advection
(Figures 3e and 6e). This is consistent with the development of the SST anomalies in these regions prior to MJO
phase 1 (Figures 1c and 1d). Warm SST anomalies of up to 0.25 ◦C at forecast day 1 are advected west from the
central Indian Ocean region toward the African coast. These anomalies are replaced in the central Indian Ocean
region by relatively colder SST anomalies (<0.05 ◦C, white shading in Figures 1c and 1d) that are advected from
further east.

The ocean advection tendency reinforces Qnet along the African coast (Figures 3e and 3k); however, over the
eastern MC, advective MLT cooling (Figure 7e) opposes warming due to Qnet anomalies (Figure 7k). There is
strong advective cooling of MLT located near the Halmahera eddy, north of the equator at around 130 ◦E. MJO
wind anomalies induce southeastward ocean current anomalies that weaken the South Equatorial Current off the
coast of New Guinea. These anomalous currents are directed up the mean gradient in MLT (Figure 9k), thus
producing anomalous cooling there (Figure 8h). The other terms, u .∇ T′ and u′.∇T′, do not produce a spatially
coherent pattern of cooling in this region prior to the MJO phase 1 (Figures 8e and 8k).

The vertical mixing contributions to the changes in the MJO anomaly of MLT prior to the MJO phase 1 are
negligible in the central Indian Ocean region (Figure 6h) and the eastern MC (Figure 7h). The only region where
the vertical mixing takes a larger role prior to MJO phase 1 is the western Indian Ocean region. The vertical
mixing tendency of up to 0.25 ◦C locally reinforces the contributions of ocean advection and Qnet near the African
coast (Figure 3h). Vertical mixing opposes the ocean advection at the location of the Great Whirl off the coast of
Somalia at 8 ◦N, 55 ◦E (see mean state ocean currents in Figure 5e). This is consistent with the shoaling of the
MJO anomaly of D20 in this region (Figure 4b) that will promote the entrainment of colder water by increasing
the vertical temperature gradient below the mixed layer.

Overall, prior to the MJO phase 1, net heat flux is the dominant driver of the large scale warming in the Indo‐
Pacific warm pool. Horizontal advection of MLT anomalies reinforces the net heat flux warming near the Af-
rican coast prior to the MJO phase 1. Over the MC, the MJO‐induced ocean current anomalies produce MLT
cooling, opposing the large scale warming tendency associated with the net heat flux in this region.

3.3. MJO Phase 3: Maturity

MJO phase 3 represents the maturity stage of the MJO enhanced convective anomalies over the western Indian
Ocean region. This phase was chosen to study processes that drive the evolution of the SSTs once the MJO
enhanced convective anomalies are established over the western Indian Ocean, and when these anomalies travel
eastward into the central Indian Ocean and start to develop over the Maritime Continent in MJO phase 3.

Ten days prior to MJO phase 3, there is a weak enhanced MJO convection over the western and central Indian
Ocean and a suppressed MJO convection over the MC in the coupled model (Figure 2e). By forecast day 10, MJO
phase 3 arrives with a strong MJO convective anomaly over the whole tropical Indian Ocean and most of the MC
(Figure 2f). The observations show a similar evolution of the MJO convective anomalies prior to MJO phase 3
(Figures 2k and 2l), albeit with a less elongated pattern of enhanced MJO convection over the Indian Ocean at
forecast day 10.

The development of the MJO convective anomalies over the Indian Ocean is preceded by warm MJO SST
anomalies of 0.25 ◦C in the central Indian Ocean at forecast day 1 (Figure 1e). These warm SST anomalies
weaken over the Indian Ocean due to the intensification of the MJO convection that enhances cloud cover and
increases mechanical mixing due to stronger surface winds (Figures 1f and 2f).

Journal of Geophysical Research: Oceans 10.1029/2024JC021515

KARLOWSKA ET AL. 15 of 21

 21699291, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

021515 by U
niversity O

f E
ast A

nglia, W
iley O

nline L
ibrary on [05/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024JC021515&mode=


The change in the MJO anomaly of MLT over 10 days prior to the arrival of the MJO phase 3 is negative over the
western Indian Ocean (Figure 3c). The cold MLT anomalies of up to − 0.35 ◦C are centered around the equator in
this region and are driven by the total advection (Figure 3f) and vertical mixing terms (Figure 3i), with a negligible
contribution from Qnet (Figure 3l). There is a negative MJO anomaly of MLT located at the equator in the western
Indian Ocean prior to MJO phase 3 (Figure 5f). It is likely that the mean state ocean currents advect this cool MLT
anomaly westwards toward the African coast, contributing to the cooling west of 50◦E. There is a small
(approximately 3◦ × 1.75◦) region of statistically significant current anomalies at the equator near the African
coast, which would advect the colder mean state MLT off the coast of Africa toward the east, thus contributing to
this negative MLT tendency (Figure 5l). However, it is unclear what causes the cooling tendency around 55◦E,
which may be driven by statistically insignificant eddy‐driven heat fluxes. There are no coherent changes in the
MJO anomaly of D20 prior to MJO phase 3 in this region (Figure 4c). The MJO anomaly of mixed layer depth
shows a deepening of up to 6 m south of the equator in this region (Figure 4f), but this does not appear to
contribute to the cooling tendency from vertical mixing along the equator (Figure 3i).

The MJO anomaly of MLT in the central Indian Ocean region and the eastern MC is mostly driven by Qnet prior to
MJO phase 3 (Figures 6c, 6l, 7c, and 7l). The central Indian Ocean experiences anMLT cooling of up to − 0.15 ◦C
prior to MJO phase 3, consistent with the development of MJO convection in this region from forecast day 1–10.
The eastern MC region displays a warming in MLT near New Guinea, and cooling in the Sulawesi sea. The
warming due to Qnet is consistent with the shoaling of the mixed layer in this region prior to MJO phase 3 by up to
14 m (panel f in Figure S9 in Supplementary Information S1). Warm advection produces up to 0.15 ◦C of
warming north of NewGuinea, near the location of the Halmahera eddy (Figure 7f). The Reynolds decomposition
suggests that this warming is due to the MJO anomalous ocean currents strengthening the mean state currents that
advect relatively warm mean state MLT from the equator northwards toward the Philippines (Figures 8i and 9l).
The other terms, u .∇ T′ and u′.∇T′, do not produce a spatially coherent pattern of warming in this region prior to
the MJO phase 3 (Figures 8f and 8l). The vertical mixing contributions to the changes in the MJO anomaly of
MLT prior to MJO phase 3 are negligible in the central Indian Ocean region (Figure 6i) and the eastern MC
(Figure 7i). The total advection term in the central Indian Ocean region is noisy prior to MJO phase 3 and no
coherent features can be inferred (Figure 6f).

Overall, prior to the MJO convection over the central Indian Ocean in phase 3, the MJO‐inducedMLT tendency is
dominated by ocean advection and vertical mixing in the western Indian Ocean and by net heat flux in the central
Indian Ocean and over the MC.

3.4. The Importance of Different Horizontal Scales in the Mixed Layer Heat Budget on the MJO
Timescales

The coupled model shows that Qnet dominates the large‐scale changes in the MJO anomalies of MLT. However,
ocean advection and vertical mixing can substantially modulate the total MJO anomaly of MLT, reinforcing or
opposing the changes due to Qnet. To determine the relative importance of these oceanic processes in the MJO
mixed layer heat budget across a range of spatial scales, a Gaussian smoothing was applied to the two‐
dimensional MLT tendency anomaly fields for a selection of smoothing radii (1◦, 2◦, 4◦, 8◦, 16◦, 32◦). The
covariance was then calculated between each budget term and the total MLT change (Figure 10).

Prior to MJO phase 8, the ocean advection is the dominant term at smoothing radii smaller than 4◦ across all
regions considered here (Figures 10a, 10d, and 10g). At larger horizontal scales, Qnet displays the largest
covariance in the western Indian Ocean region and over the eastern MC. In the central Indian Ocean, ocean
advection and Qnet show a similar covariance to the total MLT change at larger horizontal scales.

Prior toMJO phase 1, the transition in dominance between ocean advection and Qnet happens at a larger horizontal
scale in the Indian Ocean compared with target MJO phase 8, closer to 16◦ (Figures 10b and 10e). This change
could be associated with large‐scale equatorial oceanic Kelvin and Rossby waves that advect MJO anomalies of
MLT across the Indian Ocean. However, the signal is not robust enough in the ocean current anomalies in this
coupled model. The covariance of the advection term in target MJO phase 1 is approximately three times stronger
than the covariance of the Qnet term (Figures 10b, 10e, and 10h). In contrast, in target MJO phase 8, the covariance
of the advection term is only slightly larger than the Qnet covariance, thus the transition in dominance between
ocean advection and Qnet is at a smaller horizontal scale in target MJO phase 1 than in target MJO phase 8.
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Prior to MJO phase 3, each region displays a more complex interplay between the three processes than in phase 8
or 1. In the western Indian Ocean region, ocean advection is dominant at all horizontal scales, with vertical mixing
displaying the second largest covariance and Qnet being negligible at all horizontal scales (Figure 10c). In the
central Indian Ocean, ocean advection dominates at smaller horizontal scales (<4◦) and Qnet has the largest
covariance at horizontal scales >4◦ (Figure 10f). Finally, in the easternMC, Qnet dominates at all horizontal scales
prior to MJO phase 3, with advection having a secondary contribution to the changes in the MJO anomaly of MLT
there (Figure 10i).

4. Discussion and Conclusions
The mixed layer heat budget of the coupled ocean–atmosphere Numerical Weather Prediction model of the UK
Met Office reveals that ocean advection plays an important role in modulating intraseasonal mixed layer tem-
perature (MLT) anomalies in the Indo‐Pacific warm pool region. The coupled model shows that net heat fluxes
drive the large‐scale (order 10◦) changes to the intraseasonal MLT anomalies, but ocean advection dominates at
smaller horizontal scales (order 1◦) and contributes significant changes to these MLT anomalies.

Prior to the MJO initiation over the western Indian Ocean (RMM phase 1), the mixed layer shoals and the net
surface heat fluxes (distributed over a shallower mixed layer) lead to an overall warming over the Indo‐Pacific
warm pool. The advection of the intraseasonal MLT anomalies by the mean state ocean currents in the west-
ern Indian Ocean reinforces the warming in this region due to the net surface heat flux. Over the Maritime
Continent, the MJO‐induced ocean current anomalies oppose the mean state ocean currents (and mesoscale eddy
circulation) to resulting in anomalous cooling from the reduced advection of warmmean state MLT from the east,
thus reducing the warming due to the net heat flux in this region.

When the MJO convection is developing over the central Indian Ocean (RMM phase 3), the situation is more
complex. The western Indian Ocean experiences cooling after the MJO passage. This cooling is likely associated
with the mean state ocean currents advecting cold MJO anomaly of MLT toward the coast of Africa. In the central

Figure 10. Covariance between the cumulative change in theMJO anomaly of mixed layer temperature, and each temperature
tendency term, as a function of the smoothing radius. The temperature tendency terms are ΔTtot. adv. (yellow), ΔTvert. mix.
(pink), and ΔTQnet

(green). The covariances are calculated over forecast days 1–10 prior to the arrival of target MJO phases 8
(left column), 1 (central column) and 3 (right column), for the western Indian Ocean (IO) region (panels a–c), central IO region
(panels d–f) and eastern Maritime Continent region (panels g–i).
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Indian Ocean region, the cooling due to the development of the MJO convective phase is driven by the net heat
fluxes only. Over the easternMaritime Continent, the net heat fluxes are driving most of the total MLT changes on
MJO timescales. However, there is a small and positive contribution in this region from the MJO‐induced ocean
current anomalies that strengthen the mean currents in this region.

RMM phases 8, 1, and 3 were investigated in this study to represent different stages of the evolution of the MJO‐
enhanced convective anomalies in the western Indian Ocean region. The mixed layer heat budget was conducted
for all RMM phases and the results are as follows. The intraseasonal mixed layer heat budget in the western Indian
Ocean region is dominated by ocean advection at small scales across all target MJO phases (Figures S1–S2 in
Supporting Information S1). In this region, the net heat flux contributes to the large‐scale warming (cooling) of
the intraseasonal MLT anomaly prior to MJO phases 8 to 2 (6–7) (Figures S1–S2 in Supporting Information S1).
Prior to MJO phases 6 and 7, the net heat flux cooling occurs off the equator, whereas prior to MJO phases 8 to 2
the warming pattern occurs both at the equator and off the equator. The net heat flux is not important in this region
prior to MJO phases 3 to 5. The net heat flux is the dominant driver of the intraseasonal MLT changes in the
central Indian Ocean region across all target MJO phases (Figures S3–S4 in Supporting Information S1). In the
eastern MC, the cooling due to ocean advection in the area of the Halmahera eddy occurs only prior to MJO
phases 7 to 2 (Figures S5–S6 in Supporting Information S1). The net heat flux, however, drives the large scale
warming and cooling patterns in this region across all target MJO phases.

The MJO mixed layer heat budget we have conducted using the coupled NWP model of the UK Met Office is
broadly consistent with the ocean state estimate mixed layer heat budget of Halkides et al. (2015). Halkides
et al. (2015) demonstrated that the net heat fluxes are the most dominant off the equator during the MJO, while the
horizontal advection is the biggest driver of the intraseasonal MLT changes at the equator during the MJO. Our
results broadly corroborate the results of Halkides et al. (2015); however, the horizontal advection contribution in
some places in this study extends some distance away from the equator (western Indian Ocean region; Figures 5a–
5c), while in others, no dominant signal is found in the advective term (central Indian Ocean region; Figures 6d–
6f). Our forecast model suggests that both the ocean advection and the net heat fluxes are important, but they act
on different horizontal scales to modulate the intraseasonal changes in the MLT. The net heat flux dominates at
larger horizontal scales (order 10◦), while ocean advection dominates at smaller horizontal scales (order 1◦). An in
situ mixed layer heat budget of Vijith et al. (2020) corroborates our findings, showing that ocean advection has a
significant contribution to the mixed layer heat budget at small horizontal scales north of the central Indian Ocean
region, in Bay of Bengal. The boreal summer intraseasonal oscillation (BSISO) that propagates northwards over
the Bay of Bengal is one of the triggering mechanism for the onset of the Asian summer monsoon (K. Li
et al., 2013). Akin to the MJO, the BSISO can modulate the wind stress and the heat flux at the ocean surface,
affecting the mixed layer depth and the MLT over the Bay of Bengal (Jia et al., 2023). A potential future study
should extend our analysis of the coupled NWP model of the UK Met Office to the Bay of Bengal to understand
different processes governing the evolution of the MLT in this forecast model during the northward propagation
of the BSISO.

The westerly wind bursts associated with the MJO increase the cyclonic eddy generation in the Banda Sea during
boreal winter season (Hao et al., 2023). The coupled model of the UK Met Office shows important contributions
from the ocean advection in the Halmahera eddy region to the MJO anomalies of MLT over the eastern Maritime
Continent region. TheMJO‐induced ocean currents in the model lead to a cyclonic circulation in phases 1 and 8 in
this region. The Halmahera eddy is known to be weaker during boreal winter (Ramadhan et al., 2020); therefore,
our results pose the question of whether the MJO reduces the anti‐cyclonic circulation in this region, and whether
the MJO affects the vertical heat transfer from below the mixed layer toward the surface within the area of this
eddy.

The MJO is also reported to modulate the strength of the Indonesian Throughflow, which in turn regulates the
exchange of water between the eastern Indian Ocean basin and the western tropical Pacific Ocean basin (Gordon
et al., 2019; Tamasiunas et al., 2021). Tamasiunas et al. (2021) shown that 50% of the Indonesian Throughflow
transport is regulated by the MJO, and the convective (suppressed) phase of the MJO leads to a reduction
(enhancement) of the Indonesian Throughflow transport. Our forecast model suggests that the MJO does
modulate ocean currents in the Indonesian Throughflow area, raising implications for the heat and water transport
between these ocean basins in models that do not resolve the interaction between the MJO and the mesoscale eddy
circulations in this region. Additionally, vertical mixing is found to contribute a substantial cooling near the area
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of the Great Whirl off the coast of Africa prior to the MJO phases 8 and 1 in this coupled model. The thermocline
shoals in this region prior to the MJO phases 8 and 1, and consistently, the model records entrainment of cooler
water from below the mixed layer there. Computer resources already allow for global models to use eddy‐
resolving ocean resolutions (Roberts et al., 2016). Therefore, the interactions between the mesoscale eddies
and the MJO should be investigated further in future studies.

In conclusion, the mixed layer heat budget of the coupled model of the UK Met Office reveals important con-
tributions from the subsurface ocean processes to the intraseasonal MLT anomalies in the Indo‐Pacific warm pool
region. Ocean advection drives the small scale changes in the intraseasonal MLT anomalies, while the net heat
flux provides large scale warming and cooling patterns. Overall, ocean advection should be well‐simulated to
accurately forecast the MJO.

Data Availability Statement
Daily interpolated OLR values were obtained from National Oceanic and Atmospheric Administration (Lieb-
mann & Smith, 1996) available at https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html. Observed RMM
indices (Wheeler & Hendon, 2004) were retrieved from Bureau of Meteorology, available at http://www.bom.
gov.au/climate/mjo/. Figures were made with Matplotlib version 3.3.4 (Caswell et al., 2021; Hunter, 2007). Data
to generate the figures can be accessed at https://www.zotero.org/e.karlowska/collections/WJJ6IRGP.
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