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surface windspeeds. They rectify intraseasonal sea surface temperatures

(SSTs), potentially impacting intraseasonal weather patterns such as the

Madden–Julian Oscillation (MJO). Here we analyse 15-lead-day forecast

composites of coupled ocean–atmosphere and atmosphere-only Numer-

ical Weather Prediction (NWP) models of the UK Met Office to reveal

that the presence of the diurnal warming of SST (dSST) leads to a faster

MJO propagation in the coupled model compared with the atmosphere-

only model. To test the feedback between the MJO and the dSST, we de-

signed a set of experiments with instantaneous vertical mixing over the

top 5m or 10m of the ocean component of the coupled model. Weaker

dSST in the mixing experiments leads to a slower MJO over 15 lead days.

The dSST produces a 3% increase in the MJO phase speed between the

coupled and the atmosphere-only model. An additional 5% increase is

found for other coupling effects, unrelated to the dSST. A two-way feed-

backmanifests in the coupledmodel over the 15 lead days of the forecast

between the MJO and the dSST. The MJO regime dictates the strength

of the dSST and the dSST rectifies onto the intraseasonal anomalies of

SST in the coupled model. Stronger dSST in the coupled model leads to

stronger intraseasonal anomalies of SST. The MJO convection responds

to these SSTs on a 7-lead-day timescale, and feeds back onto the SST

anomalies within the next 3 lead days. Overall, this study demonstrates

the importance of high vertical resolution in the upper ocean for pre-

dicting the eastward propagation of the MJO in an NWP setting, which

is potentially impactful for seasonal predictions and climate projections

should this feedback be unrepresented in the models.

K E YWORD S
Madden–Julian Oscillation, ocean–atmosphere coupling, diurnal warm layers,

tropical weather prediction
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1 | INTRODUCTION9

The Indo-Pacific warm pool region is the largest region of warm sea surface temperatures (SSTs) on Earth, spanning the10

equatorial Indian Ocean, the Maritime Continent (MC; Indonesia, Borneo, New Guinea) and the equatorial western11

Pacific. It is characterised by SSTs exceeding 28 °C (e.g., Yan et al., 1992), and plays amajor role inmodulating the global12

atmospheric circulation (e.g., Kim et al., 2020). The intraseasonal SST anomalies over the warm pool region influence13

intraseasonal weather patterns such as the Madden–Julian Oscillation (MJO). The MJO comprises an envelope of14

enhanced and suppressed convection, and is the major component of the tropical weather variability on intraseasonal15

timescales (Madden and Julian, 1971, 1972). It originates in the western Indian Ocean and travels eastward at a16

∼5ms
–1

phase speed, often crossing into the MC and dissipating over the Pacific.17

The canonical evolution of the MJO can be described by a phase-lag relationship between the MJO convective18

anomalies and the intraseasonal SST anomalies over the warm pool region (e.g., Hendon and Glick, 1997; Woolnough19

et al., 2000). Positive SST anomalies destabilise the atmosphere via surface flux exchanges, increasing the near-surface20

moisture and temperature gradients, and promoting moist convection. Such SST anomalies are observed approxi-21

mately 1 week prior to the MJO convection over the warm pool region. During the convectively active phase of the22
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MJO, decreased solar radiation (due to higher cloud cover) and increased latent heat flux (due to higher surface winds)23

lead to cooler anomalies of SST, located to the west of the MJO. This pattern of warm SST anomalies to the east and24

cold SST anomalies to the west evolves along the eastward propagating MJO, lagging the MJO by a quarter of the25

MJO cycle. This canonical evolution of the MJO convective signal can be reproduced in atmosphere-only models26

forced with MJO-like SST anomalies (Woolnough et al., 2001; Matthews, 2004).27

There is a growing evidence that short-timescale (diurnal) variations in the SSTs affect the ocean–atmosphere28

interactions on the MJO time scales. For example, the study by Yan et al. (2021) of the global tropical moored buoy29

array revealed that the diurnal variability of SST rectifies the intraseasonal variability of SST. Itterly et al. (2021) showed30

that the diurnal air-sea exchanges in the warm pool region influence the moist static energy budget prior to the onset31

of the MJO convection. To add to the complexity, the MJO conditions themselves alter the diurnal variability of32

the SST (Anderson et al., 1996; Bellenger and Duvel, 2009; Matthews et al., 2014; Itterly et al., 2021). The top33

few meters of the ocean are prone to the development of diurnal warm layers on days with low cloud cover and34

low surface windspeeds (Matthews et al., 2014). Such layers often increase the daily mean SST by >1 °C and are35

predicted to develop on approximately 30% of the days in the warm pool region (Matthews et al., 2014). Suppressed36

MJO conditions favour the development of such layers (e.g., Itterly et al., 2021). Observations show that the increase37

in the daily mean SST associated with the development of diurnal warm layers affects turbulent air-sea fluxes, leading38

to an increase in the moist static energy ahead of the MJO and to the formation of cumulus convection (Ruppert and39

Johnson, 2015).40

The diurnal variability of the SST can be artificially altered in coupled ocean–atmosphere models by changing the41

coupling frequency (e.g., Bernie et al., 2007; Seo et al., 2014; Hsu et al., 2019) or changing the near-surface vertical42

resolution of the ocean model (e.g., Woolnough et al., 2007; Tseng et al., 2015; Ge et al., 2017). For example, Bernie43

et al. (2007) showed that an increase in the coupling frequency generates a stronger variability of SST, leading to a44

stronger MJO response. Following this study, Bernie et al. (2008) found that an increased diurnal variability of SST in45

a coupled climate model led to a higher daily mean SST and stronger MJO projections compared to the atmosphere-46

only version of this model. Increased coupling frequency can also improve the phase of the diurnal cycle of surface47

fluxes (Hsu et al., 2019; Seo et al., 2014). While a more accurate diurnal cycle of surface fluxes in the study of Seo et al.48

(2014) led to stronger SST variability and stronger MJO convection in their coupled model, Hsu et al. (2019) found49

that the near-surface resolution of their ocean model led to stronger changes in the SSTs (and surface fluxes) than50

the effects the coupling frequency had on the SSTs. High near-surface resolution of the ocean generally increases51

daily mean SSTs, and improves the MJO predictions in models (e.g., Woolnough et al., 2007; Tseng et al., 2015; Ge52

et al., 2017). In particular, higher near-surface resolution can increase the SSTs ahead of the MJO resulting in the53

preconditioning of deep convection through increased low-level moisture (Tseng et al., 2015).54

MJO prediction still remains a challenge in the modelling community (e.g., Vitart, 2017; Ahn et al., 2020). Many55

models simulate a slower MJO than observations suggest (e.g., Kim et al., 2014; Xiang et al., 2015; Vitart, 2017; Kim56

et al., 2019). However, Karlowska et al. (2023) showed that the global coupled ocean–atmosphereNumericalWeather57

Prediction (NWP) model of the UK Met Office, contrary to most models, predicts the MJO to propagate faster than58

both observations and the atmosphere-only version of this model. An increase of 12% in the MJO phase speed was59

recorded in the coupled model compared with the atmosphere-only model over a 7-lead-day period. Karlowska et al.60

(2023) hypothesised that this increase in the MJO phase speed was caused by a strong diurnal cycle of SST present61

in the coupled model, absent from the atmosphere-only model that utilises persisted foundation SST. In this study,62

we confirm their hypothesis through model sensitivity experiments. We impose instantaneous mixing in the top 5m63

or 10m of the ocean model component to mute the diurnal warming of SST in the coupled model, and quantify its64

contribution to the MJO phase speed increase between the coupled and the atmosphere-only models. In section65
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2, the model specifications, data, methodology and experimental setup are described. In section 3, we present the66

MJO performance for all model runs, describe a two-way feedback between the MJO and diurnal warm layers in the67

coupled model and investigate the diurnal warming effect on the mean state of the coupled model. Discussion and68

conclusions follow in section 4.69

2 | DATA AND METHODS70

2.1 | Model specifications71

The data used in this study were generated with the coupled ocean–atmosphere and the atmosphere-only NWP sys-72

tems of the UK Met Office. Both models were run in a hindcast mode for a 5 year period between May 1, 201673

and May 31, 2021, yielding 1857 forecast initialisations. Each model was initialised at 0000 UTC and integrated out74

to 15 lead days. Both models used the same atmosphere and land components, with the addition of the ocean and75

sea ice component for the coupled version. Due to computational expense, the models used in this study were of76

lower atmospheric horizontal resolution than the operational versions of these models running at the time at the77

Met Office. Some of the operational changes were applied to the models on September 25, 2018 (see Table 1 for78

detailed model versions and their references). Akin to the study of Karlowska et al. (2023), tThe horizontal resolution79

of the atmosphere component was upgraded on September 24, 2018 from N216 (0.83
◦
longitude and 0.56

◦
lati-80

tude) from May 1, 2016 to September 24, 2018, then to N320 (0.57
◦
longitude and 0.38

◦
latitude) from September81

25, 2018 to May 31, 2021. The horizontal grid spacing of the atmosphere component in this study in latitude and82

longitude is approximately 4 times larger than the grid spacing of the operational versions of these models studied by83

Karlowska et al. (2023). The same cumulus parameterisation scheme, with shallow, mid-level and deep convection84

(Gregory and Rowntree, 1990; Gregory and Allen, 1991), is used across all the horizontal resolutions studied here and85

in Karlowska et al. (2023).86

The atmosphere component of the coupledmodel is coupled to the Nucleus for EuropeanModelling of the Ocean87

(NEMO) consortium ocean model (Madec et al., 2017). The NEMO ocean model, at a horizontal resolution of 0.25
◦
,88

is comprised of 75 vertical levels, with 8 model levels in the upper 10m of the ocean. A 1h coupling frequency is89

used in the coupled model to exchange the information between the ocean–sea ice and the atmosphere–land compo-90

nents. The ocean–sea ice and atmosphere–land components are initialised separately, with their own data assimilation91

(DA) systems. The coupled model uses the Forecast Ocean Assimilating Model (FOAM)-NEMOVAR DA system from92

Blockley et al. (2014) and Waters et al. (2015) to initialise its SST and sea ice concentrations. The atmosphere–land93

component is initialised with the 4D-Var DA system (Rawlins et al., 2007) that uses SST and sea ice concentrations94

from the Operational Sea Surface Temperature and Ice Analysis (OSTIA) (Donlon et al., 2012) assimilation system,95

updated by Fiedler et al. (2019) and Good et al. (2020). More detailed model descriptions are available in section 2 of96

Vellinga et al. (2020).97

2.2 | Experimental setup98

To artificially suppress the diurnal cycle of SST in the NEMO ocean model, vertical eddy diffusivity was increased to a99

very large, unrealistic value (10m
2
s
–2
) over a specific mixing depth, such that the water column was instantaneously100

mixed over this mixing depth at each time step. Two mixing depths were chosen in this study, 5m and 10m, and the101

model runs for these mixing depths will be hereafter referred to as CPLDmix5m and CPLDmix10m, respectively. The102

control coupled and atmosphere-only models will be referred to as the CPLD and ATM models, respectively. The 5m103
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TABLE 1 Model specifications summary.

Start date End date

Atmosphere

horizontal

resolution

Atmosphere no.

of levels in coupled

(atmosphere-only)

model

Ocean

horizontal

resolution

Ocean no.

of levels

Global atmosphere

(GA) version

Global land

(GL) version

Global ocean

(GO) version

Global sea ice

(GSI) version

May 1, 2016 Sep 24, 2018 N216 L85 (L70) ORCA025 L75 GA6.1 GL6.1 GO5 GSI6

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

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)

mixing depth was chosen because the typical e-folding depth of the observed diurnal warm layers is 4–5m (Matthews104

et al., 2014). The 10mmixing depth was selected for more direct comparisons of the coupled model against the ATM105

model that uses bulk 10m SSTs from the OSTIA dataset. Mixing depths deeper than 10mwere not considered for the106

experiments, as the entrainment of cold water from below the mixed layer in some regions, such as the MC, would107

lead to the daily mean SST being lower than the expected night-time SST in these regions (not shown).108

An example evolution of the SST for a grid point in the Indian Ocean in the CPLD model and in the mixing109

experiments for the first 24 h of the forecast initialised on May 1, 2016 is displayed in Figure 1a. The additional110

mixing mutes the amplitude of the diurnal cycle of SST during this forecast. The maximum SST during this forecast is111

reduced by 0.8 °C in the CPLDmix5mmodel, and by >1 °C in the CPLDmix10mmodel run. The effect of the enhanced112

mixing on the near-surface temperature profiles can be seen in Figures 1b,c. During the night, e.g., 0130 UTC in the113

Indian Ocean, any surface diurnal warm layer will have disappeared due to background mixing. Hence, the night-114

time temperature profiles are similar between the CPLD model and the mixing experiments (Figure 1b). During the115

afternoon (1030 UTC in the Indian Ocean) the CPLDmodel develops a strong diurnal warm layer (Figure 1c). However,116

in the instantaneous mixing experiments, the ocean temperature in the upper half of the mixing depth decreases117

compared with the CPLD model. In the lower half of the mixing depth, the ocean temperature increases compared118

with CPLD, such that the instantaneous mixing conserves the energy of the system, and distributes it equally within119

the specified mixing depth. Therefore, the instantaneous mixing effectively degrades the vertical resolution of the120

ocean model, creating a homogeneous top model layer of the same thickness as the mixing depth.121

Salinity changes in the mixing experiments are on the order of 0.01 psu (not shown), similar in magnitude to the122

observed values of the diurnal cycle of salinity in the tropics (Drushka et al., 2014a). The equivalent density change123

for a 1 °C change in temperature requires a salinity change of 0.5 psu at a typical tropical SST (27 °C). Such salinity124

change would impact barrier layers and mixing from below the mixed layer. The imposed mixing does not extend125

beyond the mixed layer in our experiments and the changes in the salinity are small. Therefore, the changes to salinity126

stratification due to the imposed mixing will not have a substantial effect on the SSTs in our experiments.127

2.3 | Real-time Multivariate MJO index128

The Wheeler and Hendon (2004) Real-time Multivariate MJO index (RMM) index is used to quantify the MJO per-129

formance (full methodology available in Gottschalck et al. (2010), with references therein). Daily anomalies of top-of-130

atmosphere outgoing longwave radiation (OLR) and zonal winds at 850hPa and 200hPa are used to construct the131

index. The RMM1 and RMM2 indices are the principal component time series corresponding to the dominant spatial132

structures of the data. The RMM indices define the location of the MJO convection in the tropics with 8 phases. In133

phases 8 and 1, the MJO is located over the western hemisphere and Africa. During phases 2 and 3 the MJO convec-134

tive anomalies propagate across the Indian Ocean, reaching the MC in phases 3 and 4. During phases 6 and 7, the135
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MJO is located over the western Pacific. In this study, days with an active MJO are defined as those for which the136

RMM amplitude

√
RMM1

2
+ RMM2

2 ≥ 1.0.137

Model indices are verified against the Wheeler-Hendon index (Wheeler and Hendon (2004), retrieved from138

http://www.bom.gov.au/climate/mjo). Four standard scalar statistics are used for model performance between139

the model indices and the Wheeler-Hendon indices, following Lin et al. (2008) and Rashid et al. (2011): bivariate140

anomaly correlation coefficient, root-mean-square error (RMSE), amplitude error and phase error. The first two cor-141

respond to the spatial correlation between the models and the verification dataset. A skilful prediction is found for142

RMSE <

√
2 and correlation > 0.5 (Lin et al., 2008). A negative (positive) amplitude error in the model signifies un-143

derestimated (overestimated) RMM amplitude. The phase error is the angle in degrees in RMM phase space and is144

positive (negative) when the MJO in the model is located to the east (to the west) of the verification dataset. The145

active MJO days between May 1, 2016 and May, 31 2021 for the boreal winter season (November–April) are used146

for each lead day to calculate the RMM statistics.147

2.4 | Composites and observational datasets148

Composite maps are calculated for daily means of meteorological variables regridded to N180 (1
◦×1◦) horizontal149

resolution. Anomalies are calculated by the removal of the seasonal cycle (annual mean and first three harmonics)150

for the period 2017-2020. The MJO anomalies are then obtained by a temporal filtering of the anomalies with a151

20 to 200 day bandpass Lanczos filter (Duchon, 1979). Separate forecast initialisations are concatenated at a given152

lead time for further processing. Anomalies are calculated by the removal of the seasonal cycle (annual mean and153

first three harmonics) for the period 2017-2020 at a given lead time. The MJO anomalies are then obtained by a154

temporal filtering of the anomalies with a 20 to 200 day bandpass Lanczos filter (Duchon, 1979) at each lead time. The155

composites are split by the initial MJO phase from the Wheeler-Hendon indices at lead day 1. Consecutive forecast156

initialisations with the same initial MJO phase are averaged before compositing and treated as one event. Unless157

otherwise stated, the initially active MJO forecasts during the November–April season are used for the composite158

analysis for the period November 1, 2016 to January 15, 2021. The composites for daily interpolated OLR from the159

National Oceanic and Atmospheric Administration (NOAA) at 2.5
◦×2.5◦ resolution (Liebmann and Smith, 1996) were160

calculated until January 7, 2021 based on the observed data availability. Mean state composites of all meteorological161

variables in section 3.3 were calculated for the boreal winter period from November 1, 2016 to January 15, 2021,162

including both active and non-active MJO days. Missing days (less than 1%) were interpolated between the nearest163

previous and next day forecast initialisations.164

3 | RESULTS165

3.1 | MJO model performance and diurnal warming166

In the following section, the overall MJO performance is discussed with the RMM skill statistics averaged across all167

MJO phases for the CPLD, CPLDmix5m, CPLDmix10m and ATMmodels. The data used here spans the boreal winter168

season, and active MJO days only. Qualitatively, no significant difference in the RMM skill statistics was found for169

year-round data.170

The CPLD, CPLDmix5m, CPLDmix10m and ATM models predict the MJO skilfully out to 15 lead days, with the171

bivariate correlation coefficients above 0.70 at all times during the forecast (Figure 2a). There is little difference172

between the models in bivariate correlation coefficients, with the exception of the ATM model that produces slightly173
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smaller coefficients than the coupled model runs at lead day 15. All models are within the skilful RMSE threshold out174

to 15 forecast days (Figure 2b). The ATM model predicts slightly larger RMSE than the coupled runs from lead day175

12 onward. At lead day 15, the RMSE for all models reaches close to the threshold for poor prediction, suggesting176

that at longer lead times these models may not be skilful in predicting the MJO. The RMM amplitude decreases in177

all models with lead time, reaching –0.25 amplitude error by lead day 15 (Figure 2c). The coupled model runs show178

slightly better amplitude error than the ATM model from lead day 10 onward.179

The largest difference between the models is recorded in the RMM phase error (Figure 2d). At lead day 1, all180

models predict the MJO to the east of the verification dataset, i.e., too fast eastward propagation. Afterwards, the181

ATM model predicts the MJO to the west of the verification dataset (i.e., too slow eastward propagation), at –1.5
◦182

phase error for lead days 3 to 6. At longer lead times, the ATM model phase error varies between –2.5
◦
and 2.5

◦
,183

reaching –2.1
◦
at lead day 15. During the first 7 lead days, the ATM model predicts the MJO with approximately184

correct phase speed, likely due to compensating biases present in the ATM model. At the same time, all coupled185

models simulate a too-fast MJO compared with the verification dataset. The phase errors for the CPLD, CPLDmix5m186

and CPLDmix10m models evolve similarly within the first 7 lead days of the forecast. However, the additional mixing187

in the upper ocean reduces the phase speed in the CPLDmix5m and CPLDmix10m compared with the CPLD model188

such that deeper mixing causes a stronger reduction in the MJO phase speed, and as a result a stronger reduction189

in the RMM phase error. This is particularly evident at lead days longer than 10, likely due to secondary feedbacks190

between the ocean and the atmosphere. Those feedbacks are explored in section 3.2.2.191

All three coupled model runs show a linear growth in the RMM phase angle compared to the ATM model dur-192

ing the first 7 lead days of the forecast (Figure 3a). The CPLD model displays the strongest increase in the RMM193

phase angle compared with the ATM model, at a rate of 0.44
◦
d
–1

(in RMM phase space). The CPLDmix5m and194

CPLDmix10m models show a weaker increase in the RMM phase angle compared to the ATM model at 0.38
◦
d
–1195

and 0.33
◦
d
–1

(RMM phase space), respectively. The average RMM phase speed during the study period in the ATM196

model was 5.9
◦
d
–1

(RMM phase space). Therefore, the equivalent increase in the RMM phase speed for the coupled197

runs compared with the ATM model stands at 7.5%, 6.5% and 5.6% for the CPLD, CPLDmix5m and CPLDmix10m198

models, respectively. This is lower than the 12% recorded by Karlowska et al. (2023) for a higher resolution version199

of the CPLD model, although they used the observed RMM phase speed in their comparison, which is slightly slower200

than the ATM model RMM phase speed. Qualitatively, the choice of ATM rather than OBS as a baseline makes little201

difference in the quoted values (e.g., 8.5% instead of 7.5% for the CPLD model). The exact increase in speed is likely202

to vary between models, but we expect the key finding to remain: coupling increases the speed of the MJO, and a203

substantial component of this speed up is due to the representation of the diurnal cycle of SST.204

To further understand the increase in the MJO phase speed in the coupled model, it is important to understand205

the main differences between the models, that is the nature of SSTs in each model. The ATM model utilises persisted206

SSTs from the OSTIA dataset that correspond to the bulk 10m night-time ocean temperature. Therefore, this dataset207

does not include any diurnal warming effects on the SSTs, nor the air-sea interactions due to the diurnal cycle. The208

ocean component of the CPLDmodel is comprised of 8 model levels in the top 10m of the ocean and has the capacity209

to produce diurnal warm layers (Figure 1c, also see Karlowska et al. (2023) for diurnal warm layer formation in the210

CPLD model). The CPLD model SSTs correspond to the top model level centred at 0.51m, bounded by 0.0m and211

1.02m depth. The CPLDmix5m and CPLDmix10m model runs are a variation of the CPLD model run and are capable212

of developing diurnal warm layers, but with greatly reduced diurnal amplitude. The additional mixing reduces the213

amplitude of the diurnal warming in these model runs and increases the effective thickness of the SST layer from214

1.02m to 5m and 10m for the CPLDmix5m and CPLDmix10m models, respectively.215

The boreal winter composite of active MJO days for the diurnal warming of SST (dSST), defined here as the216
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difference between the 1500 and 0600 local solar time (LST) SST, is positive at lead day 1 in the CPLD model across217

the tropics (Figure 4a). The strongest dSST is recorded near the equator, with mean values >0.4 °C. The dSST is the218

largest in the western Indian Ocean, over the MC and in the eastern Pacific. The mean dSST at lead day 1 in the219

tropics (30 °S-30 °N) in the CPLD model stands at 0.16 °C. The dSST in the CPLDmix5m is reduced across the tropics220

to a mean value of 0.11 °C (Figure 4b). A further reduction in the mean tropical dSST is observed in the CPLDmix10m221

model, with values <0.1 °C across the majority of the tropics and a mean value of 0.06 °C (Figure 4c). The night-time222

tropical SST (at 0600 LST) does not vary substantially between all coupled experiments over 15 lead days of the223

forecast (Figure 5). The difference in the night-time SST between the coupled experiments at lead day 15 is <0.01 °C.224

Therefore, the mixing experiments successfully suppress the diurnal variations of SST with minimal side effects on225

other processes, such as the evolution of the ocean mixed layer.226

The percentage increase in the RMM phase speed between the coupled model runs and the ATM model out to227

lead day 7 is linearly correlated with the mean dSST in the tropics at lead day 1 in each coupled model run (Figure 3b).228

Theoretically, if the diurnal warming effects were entirely removed from the CPLD model (dSST = 0 °C), the intersect229

of the linear fit between the mean tropical dSST and the RMM phase speed increase between the coupled models230

and the ATM model would correspond to all other coupling effects unrelated to the dSST. Those effects would be231

present in all the coupled model runs, regardless of the dSST strength.232

Ignoring the cool skin effect, it is straightforward to calculate what the theoretical maximum of dSST in the CPLD233

model would be as the thickness of the top model level decreases towards the skin depth of the water surface. Ocean234

glider observations of diurnal warm layers in the Indian Ocean show that the additional diurnal warming with respect235

to the foundation temperature at the base of the diurnal warm layer can be described by an exponential decay with236

depth, with a caveat that such decay is observed on days with sunny weather and weak surface winds and not during237

enhanced MJO convection (Matthews et al., 2014). The bulk temperature profile T(z) with a superimposed diurnal238

warm layer can be described as:239

T(z) = T
∗
+ dSSTmaxe

–z/H
, (1)

where T
∗
is the foundation SST, dSSTmax is the theoretical maximum dSST andH is the scale depth of the diurnal warm240

layer. The modelled surface temperature Tsfc is then a vertical average of this temperature profile for each model run241

over the SST layer thickness (Δz):242

Tsfc =
1

Δz

∫
Δz

0

T
∗
+ dSSTmaxe

–z/H
dz = T

∗
+ dSSTmax

H

Δz

(
1 – e

–Δz/H

)
. (2)

Therefore the theoretical dSST contribution to the surface temperature is:243

dSST(Δz) = dSSTmax

H

Δz

(
1 – e

–Δz/H

)
. (3)

A least squares regression was fit to obtain the optimum dSSTmax and H for the Δz and the mean tropical dSST in all244

coupled model runs (Figure 3c). The optimum dSSTmax and H were found at 0.18 °C and 4.0m, close to the values245

recorded from observations collected by ocean gliders in the central Indian Ocean (dSSTmax =0.22 °C; H =4.2m) by246

Matthews et al. (2014). Theoretically, the mean dSST would tend to the value of dSSTmax with increasing vertical247

ocean resolution. Therefore, the theoretical maximum MJO phase speed increase in the CPLD model compared with248

the ATM model can be extrapolated to 7.8% for dSSTmax =0.18 °C (Figure 3b). This value is slightly larger than the249
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value for the CPLD model at the current vertical resolution in the ocean model. This shows that the ∼1m vertical250

resolution in this coupled model is sufficient to capture almost all of the effects of the diurnal warm layer on the MJO251

and there is no need to increase this vertical resolution further.252

On a 7-lead-day timescale, the presence of the dSST contributes approximately 40% of the MJO phase speed253

increase between the CPLD and the ATM model. The representation of the dSST is therefore important for the254

eastward propagation of the MJO in this coupled NWP system. The remaining 60% is contributed by other coupling255

effects unrelated to diurnal warming, e.g. mixed layer and barrier layer contributions. The mixed layer in the coupled256

model at lead day 1 is deeper than the maximum depth of the imposed mixing in all coupled experiments across the257

tropics at a mean value of ∼30m. The mixed layer depth evolution throughout the forecast happens at the same rate258

in all coupled model runs (not shown), and hence, the suppression of the diurnal warming has a minimal effect on the259

mixed layer evolution in these experiments. The coupled model also simulates barrier layers, however, they are less260

than 10m thick (not shown). Observations show that barrier layers larger than 10m can increase the SST recovery261

post the MJO passage (Drushka et al., 2014b; Moteki et al., 2018). Therefore, barrier layer contributions to the SST262

changes will be minor in this coupled model.263

3.2 | MJO convection–diurnal warming–SST relationship264

The mixing experiments show that muting the diurnal warming of SST (dSST) in the CPLD model can lead to a sub-265

stantial reduction in the MJO phase speed over a 15-lead-day forecast. In this section, we examine the relationship266

betweenMJO convection, dSST and SST anomalies to investigate how a better representation of dSST leads to faster267

MJO propagation across different MJO phases in the CPLD model. The following section focuses on two regions that268

display the largest differences in the MJO convection between the CPLD and the ATM models: the equatorial Indian269

Ocean region (EIO; 70 °S-90 °N, 5 °S-5 °N) and the central MC region (120 °S-135 °N, 10 °S-10 °N). The spatial extent270

of these regions is displayed in Figure 4c.271

3.2.1 | MJO impact on diurnal warming and daily mean SST272

Karlowska et al. (2023) showed that the MJO conditions in a higher horizontal atmospheric resolution version of the273

CPLD model set the strength of the dSST. During suppressed MJO conditions, low surface winds and high shortwave274

(SW) flux into the ocean lead to stronger than average dSST in the coupled model. Conversely, during the active MJO275

convection, cloud cover and stronger winds lead to weaker than average dSST. The same mechanism occurs in the276

lower horizontal atmosphere resolution version of the coupled model used in the experiments here. During initial277

MJO phases 6-1, the suppressed MJO convection over the EIO region (not shown) leads to stronger dSST than in278

phases 2-5 (Figure 6a), when MJO convection is enhanced. The same relationship between the dSST and the MJO279

convection occurs in the central MC region (Figure 6b). The strongest dSST is recorded in initial MJO phases 7-2280

during the suppressed MJO convection over the MC. During initial MJO phases 3-6, the MJO convection is located281

over the MC and thus the CPLD model generates a weaker dSST.282

The CPLD model dSST at lead day 1 varies in each region between 0.3 and 0.6 °C across different MJO phases283

(Figure 6a-b). Both mixing experiments show a reduction in the dSST in each region to ∼0.2 °C and ∼0.1 °C for the284

CPLDmix5m and CPLDmix10m models, respectively. Both mixing experiments also show a smaller phase-to-phase285

variation in the dSST than the CPLD model. Muted dSST in the coupled model at lead day 1 leads to a reduction in286

the lead day 1 daily mean SST in each region (Figure 6e-f, as colder water is mixed up to the surface as in Figure 1c).287

The additional mixing in the CPLDmix5m model leads to a 0.1–0.2 °C reduction in the daily mean SST in both regions288



10 Karlowska et al.

across different initial MJO phases. The CPLDmix10m model displays a further reduction in the daily mean SST of289

0.05–0.1 °C compared with the CPLDmix5mmodel daily mean SST. The reduction in the daily mean SST in the mixing290

experiments corresponds to approximately half of the reduction in the dSST. The CPLDmix10m effectively degrades291

the CPLD model to a 10m top level, such that the reduction in the dSST causes the SSTs to systematically cool down292

towards the foundation SST at lead day 1 (Figure 6e-f)
1
. Overall, the presence of the dSST in the CPLD model leads293

to an increase in the daily mean SST compared with the ATM model that uses foundation SST and does not resolve294

the diurnal warming effects.295

Diurnal warm layers form during the day and are destroyed overnight due to the night-time heat loss. After296

removal of the mean, and subsequent 20–200-day bandpass filtering, the dSST anomalies are hereafter referred to297

as “MJO anomalies”. Non-zero MJO anomalies of dSST emerge in the CPLD model at lead day 1 in both regions298

across different MJO phases, as a result of the systematic modulation of dSST by the MJO (Figure 6c-d). During the299

suppressed MJO conditions, the CPLD model produces positive MJO anomalies of dSST, and during the enhanced300

MJO convection, the CPLD model simulates negative MJO anomalies of dSST. The MJO anomalies of the dSST in the301

CPLDmix5m model are reduced compared to the CPLD model, however, with a similar, but much reduced, phase-to-302

phase variation in the amplitude. The CPLDmix10mMJO anomalies of dSST are further reduced, being below 0.02 °C303

across all initial MJO phases. The MJO anomalies of SST between the models reflect the behaviour seen in the MJO304

anomalies of the dSST (Figure 6g-h, c-d). More positive (negative) MJO anomalies of dSST lead to stronger positive305

(negative) MJO anomalies of SST in the coupled model. Moreover, the strong reduction in theMJO anomalies of dSST306

in the CPLDmix10m model yields MJO anomalies of SST that are closer in value to the ATM model MJO anomalies307

of SST, especially in the EIO region (Figure 6g). The additional mixing in the central MC region reduces the MJO308

anomalies of SST in the coupled model towards those of the ATM model, except for in phases 1 and 2, where a309

difference of around 0.1 °C remains (Figure 6h).310

Thus, the dSST in the CPLD model is modulated by the MJO conditions. The dSST then rectifies onto the daily311

mean SST and the daily mean MJO anomalies of SST. This mechanism, hypothesised by Karlowska et al. (2023), is312

confirmed by the mixing experiments carried out in this study. We now consider how the relationship between the313

MJO, the dSST and the SST manifests over 15 lead days of the forecast to yield a faster MJO in the dSST resolving314

coupled model.315

3.2.2 | Two-way feedback between the MJO and diurnal warm layers316

In this section, two initial MJO phases 1 and 4 were chosen to describe the relationship between theMJO, the diurnal317

warming and the SST in the CPLD model over 15 lead days of the forecast.318

In initial MJO phase 1, the observations show negative MJO anomalies of OLR (enhanced MJO convection) over319

the Indian Ocean and positive MJO anomalies of OLR (suppressed MJO convection) over the MC (Figure 7a). The320

CPLD model simulates this pattern well (Figure 7b). Both the CPLD and the ATM models simulate this pattern well321

(Figure 7b,e). The CPLD model simulates the onset of the MJO convection over the MC better than the ATM model322

at lead days 7 and beyond. The suppressed MJO convection over the MC leads to positive MJO anomalies of dSST323

in the central MC region (Figure 8a). The positive MJO anomalies of dSST in all coupled models lead to stronger324

positive MJO anomalies of SST compared with the ATM model (Figure 8c). The CPLDmix5m and CPLDmix10m MJO325

anomalies of SST at lead day 1 are reduced compared with the CPLD model SST due to the reduction in the MJO326

anomalies of dSST. The initially positive MJO anomalies of SST in all coupled models grow, peaking 3, 5 and 7 days327

1
ATM model uses persisted foundation SSTs from the previous day OSTIA SST in the hindcast mode. Therefore, the ATM model SST at lead day 1 is similar

to the foundation SST, albeit lagged by 2 days (not shown).
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later for the CPLD, CPLDmix5m and CPLDmix10m models, respectively. The early arrival of the MJO anomaly of SST328

occurs due to the addition of diurnal warming on top of the canonical evolution of the MJO anomalies of SST due to329

the changes in the net heat flux into the ocean (Qnet) throughout the life cycle of the MJO. In the absence of diurnal330

warming in the CPLDmix10m model, the MJO anomalies of SST peak around lead day 7 when the MJO anomaly of331

Qnet is close to zero (not shown). The presence of strong MJO anomalies of dSST in the CPLD model adds an extra,332

time-varying component to the MJO anomalies of SST such that the CPLD model displays an earlier peak in positive333

MJO anomalies of SST in this region compared with the CPLDmix5m and CPLDmix10m models.334

By lead day 7, the active MJO convection propagates into the central MC region (Figure 7a). Accordingly, the335

positive MJO anomalies of dSST weaken with lead day in each coupled model run, until lead day 7, when all models336

display MJO anomalies of dSST close to zero (Figure 8a). The difference in the MJO anomalies of SST between the337

CPLDmodel and the mixing experiments is small during this time of weakest dSST (Figure 8c). By lead day 7, the MJO338

convection differences between the CPLD and mixing experiments reaches a maximum in response to the differences339

in MJO SST anomalies over the preceding days (Figure 8e). TheMJO convection reaches theMC by lead day 7 (Figure340

7a), and accordingly, the dSST regime shifts to negative MJO anomalies of dSST growing past lead day 7 (Figure 8a).341

TheCPLDmodel displays the strongest decline in theMJO anomaly of SST comparedwith themixing experiments342

due to the strongest negative MJO anomalies of dSST. This decline takes approximately 3 lead days (from lead day343

7 to 10). Afterwards, all coupled models’ MJO anomalies of SST evolve in parallel to each other. This is a spatially344

coherent pattern in the coupled model. Colder MJO anomalies of SST over the MC at lead day 1 (Figure 9a), lead345

to less convection at lead day 7 in the CPLDmix10m model compared with the CPLD model (Figure 9c) during the346

convective MJO phase in that region (Figure 7c). The MJO anomalies of SST respond quickly to that change in the347

MJO convection, and by lead day 14, less convection in the CPLDmix10m model leads to warmer MJO anomalies of348

SST compared with the control (Figure 9e).349

In initial MJO phase 4 at lead day 1, the enhanced MJO convection spans most of the eastern Indian Ocean and350

the MC (Figure 7b). The CPLD model reproduces this MJO convection well across the tropics (Figure 7d). Both the351

CPLD and the ATM models reproduce this MJO convection well across the tropics (Figure 7d,f). However, at longer352

lead days, the CPLD model overestimates the suppressed MJO convection over the western Indian Ocean. At the353

same time, the ATM model underestimates the suppressed MJO convection over the MC. The enhanced convection354

over the Indian Ocean leads to negative MJO anomalies of dSST in the CPLD model in the EIO region in MJO phase355

4 at lead day 1 (Figure 8b). The mixing experiments show smaller, albeit still negative, MJO anomalies of dSST in this356

region at lead day 1. The stronger theMJO anomalies of dSST, themore negative theMJO anomaly of SST is generated357

in the coupled model (Figure 8d). The negative MJO anomalies of SST at lead day 1 grow in the coupled model runs,358

peaking 3, 5 and 7 days later for the CPLD, CPLDmix5m and CPLDmix10m models, respectively. Similarly to the359

positive anomalies in Figure 8c, the negative MJO anomalies of SST in the EIO region grow by a similar increment360

between the coupled model runs each lead day until they reach their negative peak. The earlier arrival of negative361

MJO anomalies of SST in the CPLD model is associated with the stronger negative peak in the MJO anomaly of dSST362

that is superimposed on the MJO anomalies of SST seen in the CPLDmix10m simulation in the absence of diurnal363

warming.364

As the forecast reaches lead day 7, the approaching suppressed MJO convection (Figure 7d) over the EIO region365

leads to a weaker negative MJO anomaly of dSST, reaching close to zero for all models at lead day 7 (Figure 8b).366

Consequently, during the weakest MJO anomaly of dSST at lead day 7, the MJO anomalies of SST in all coupled367

model runs are the closest to each other throughout the forecast (Figure 8d). At the same time, the difference in MJO368

convection between the mixing experiments and the CPLD model peaks (Figure 8f). That difference is larger when369

deeper mixing is imposed. The MJO anomalies of SST in the EIO region for initial MJO phase 4 recover from the MJO370
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passage post lead day 7, and display a warming trend towards the end of the forecast (Figure 8d). The CPLD MJO371

anomalies of SST recover the fastest between lead days 7 and 11 compared with the mixing experiments. Afterwards,372

all coupled models’ MJO anomalies of SST evolve in parallel to each other until day 15.373

The spatial extent of this feedback can be seen in Figure 9b,d,f. The additional mixing in the CPLDmix10m re-374

duces the negativeMJO anomalies of SST over the IndianOcean comparedwith the CPLDmodel, leading to a positive375

SST difference (Figure 9b). By lead day 7, an organised enhanced MJO convection response is observed in the CPLD-376

mix10m model in response to the warmer SSTs compared with the control over the preceding days. At lead day 7,377

the CPLDmix10m model simulates more convection over the central Indian Ocean compared with the CPLD model378

(Figure 9d) during the suppressed MJO phase (Figure 7d). By lead day 14, the CPLDmix10m model generates colder379

MJO SST anomalies compared with the CPLD model due to the relatively enhanced MJO convection at lead day 7 in380

the CPLDmix10m model (Figure 9d).381

The mechanism described in this section is a two-way feedback between the MJO convection and diurnal warm382

layers. At lead day 1, the MJO conditions in the coupled model dictate the strength of the dSST. The dSST rectifies383

onto the daily mean SST and daily meanMJO anomalies of SST. The addition of diurnal warming shifts the peak of the384

MJO anomalies of SST earlier in the forecast, and by lead day 7, there is a coherent response in theMJO convection in385

the coupled model to the preceding MJO anomalies of SST. That convection has an instantaneous effect on the dSST,386

and within the next 3 lead days theMJO anomalies of SSTs respond to that convection change. The stronger theMJO387

anomalies of dSST in the coupled model, the faster the MJO anomalies of SST recover post the MJO transition from388

active to suppressed phase, and vice-versa. Ultimately, more extreme anomalies of dSST in the coupled model lead389

to faster MJO phase speed through the modulation of the convection via MJO anomalies of SST.390

3.3 | Diurnal warming effect on the mean state391

Analyses of NWP and climatemodels show that a steeper background horizontal moisture gradient results in improved392

eastward propagation of the MJO across the MC (Lim et al., 2018; Ahn et al., 2020). The key process in simulating a393

realistic MJO eastward propagation is the existence of a realistic background moisture distribution and the advection394

of this by theMJOwinds (e.g., Jiang, 2017). NWPmodels that are prone to the development of drymean state biases in395

the lower troposphere over the Indo-Pacific warm pool, tend to produce a reduced mean horizontal moisture gradient396

and display a poorer MJO prediction skill (Kim et al., 2019). Observations show that the presence of diurnal warming397

of SST (dSST) can increase the latent heat (LH) flux into the atmosphere by approximately 4Wm
–2

(Fairall et al., 1996;398

Matthews et al., 2014). This increase can lead to changes in the mean state of the model, and have subsequent399

effects on the MJO. Therefore, to understand the effect of the dSST on the mean state and the MJO, we analyse in400

this section the evolution of mean state composite meteorological variables for six boreal winters in the warm pool401

region (40 °E–180 °E, 10 °S–10 °N) between November 1, 2016 and January 15, 2021 for the CPLD, CPLDmix5m and402

CPLDmix10m models.403

Muted dSST leads to cooler mean state SST in the mixing experiments compared with the CPLD model over the404

warm pool region (Figure 10a). The cooling decreases from lead day 1 to lead day 15, starting at –0.1 °C and –0.16 °C405

for the CPLDmix5m and CPLDmix10m models at lead day 1 and reaching –0.05 °C and –0.12 °C for these models406

by lead day 15. The lead day 1 mean state SST difference between the mixing experiments and the CPLD model is407

reflected in the the upward latent heat (LH) flux into the atmosphere at lead day 1 (Figure 10b). Increasedmixing in the408

upper ocean leads to cooler SSTs. Cooler SSTs will generally lead to less evaporation into the atmosphere, and hence409

lower LH flux is observed in the mixing experiments compared with the CPLD model. The pattern of the difference in410

the mean state SST and the difference in the mean state LH flux between mixing experiments and the CPLD model411
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is spatially correlated with 0.95 correlation coefficient (not shown).412

The mean state downward shortwave (SW) flux at the surface at lead day 1 is similar between all coupled model413

runs (Figure 10c). At longer lead times, convection is suppressed in response to the cooler SSTs, such that the mixing414

experiments display more SW flux into the ocean compared with the CPLD model, reaching 1Wm
–2

and 2Wm
–2415

difference by lead day 7 for the CPLDmix5m and CPLDmix10m models, respectively. The downward net heat flux,416

Qnet, shows a positive difference of ∼5Wm
–2

at lead day 1 between the CPLDmix10m and CPLDmodel (Figure 10d).417

The majority of the Qnet difference in the warm pool region is due to the SW and LH fluxes. The Qnet difference418

between the models gets smaller with lead day due to a decreasing difference in the LH flux and the increase in the419

positive SW flux difference.420

The mean state difference in OLR evolves similarly to the SW flux difference, with less convection in the warm421

pool region by lead day 7 in both mixing experiments compared with the control (Figure 10f). The difference in OLR is422

approximately the same as the SW flux difference. The mean state 10m windspeed weakens steadily during the fore-423

cast, until lead day 9–10 when it reaches approximately –0.07m s
–1

and –0.14m s
–1

difference for the CPLDmix5m424

and CPLDmix10m models, respectively (Figure 10e). This corresponds to weaker 10m windspeed by 1.2% and 2.6%425

in the CPLDmix5m and CPLDmix10m models, respectively. The similar evolution in time of the windspeed and OLR426

differences suggests that the weaker windspeeds in the mixing experiments are due to the weakening of the Walker427

circulation.428

Themean state precipitation rate at the surface at lead day 1 is similar between all coupledmodel runs (Figure 11a).429

Bothmixing experiments display a steady decline in the surface precipitation rate comparedwith the CPLDmodel until430

lead day 7. At lead day 7, the difference between the mixing experiments and the CPLDmodel reaches approximately431

–0.12mmd
–1

and –0.25mmd
–1

for the CPLDmix5m and CPLDmix10m models, respectively, and stays steady until432

lead day 15. At lead day 15, the majority of the warm pool region in the mixing experiments displays a smaller433

surface precipitation rate than the CPLD model (Figure 11b-c). The strongest decrease in the surface precipitation434

rate between the mixing experiments and the CPLD model at lead day 15 is approximately 2mmd
–1

and is located435

west of Sumatra and east of New Guinea. Biases of such magnitude over the warm pool region can be linked to436

weaker moisture advection in NWP models, and ultimately weaker RMM amplitude (Kim et al., 2019). A drier mean437

state lower troposphere in the CPLDmix10mmodel would indicate less background moisture, and might be expected438

to lead to a weaker MJO amplitude (Kim et al., 2019). However, all coupled models investigated here display a very439

similar MJO amplitude over the 15 lead days of the forecast (Figure 2c). We hypothesise that on a 15-lead-day440

timescale in this coupled NWP model it is unlikely that there are substantial changes to the strength of the MJO due441

to diurnal warming effects on the low level background moisture.442

In summary, themean state changes resulting from the suppression of the diurnal cycle of SST represent aweaken-443

ing of convection and associated circulation patterns, and weaker surface precipitation, linked to reduced evaporation444

at the sea surface. On a 15-lead-day timescale, these mean state differences do not seem to affect theMJO amplitude445

in the coupled model. A stronger Walker circulation has been hypothesised to decelerate the MJO (Suematsu and446

Miura, 2022). All coupled models investigated here display a deceleration in the MJO phase speed from lead day 10,447

with the strongest deceleration recorded by the CPLDmix10mmodel (Figure 2d). Contrary to the results of Suematsu448

and Miura (2022), the CPLDmix10m simulates the weakest Walker circulation and the strongest deceleration of the449

MJO past lead day 10. Further study is necessary, beyond the scope of this paper, to separate the effects the diurnal450

warm layer on the MJO and on the mean state–MJO relationship in this coupled model.451
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4 | DISCUSSION AND CONCLUSIONS452

The hindcast experiments of the coupled ocean–atmosphere and the atmosphere-onlyNWPmodels of theUKMetOf-453

fice reveal skilful MJO predictions out to 15 lead days. The coupled model predicts a faster MJO than the atmosphere-454

only model, consistent with a previous study of Karlowska et al. (2023) that analysed higher horizontal atmospheric455

resolution versions of these models. They hypothesised that the addition of the diurnal warming of SST (dSST) in the456

coupled model, compared with the atmosphere-only model, leads to stronger MJO anomalies
2
of SST, and ultimately457

to a faster MJO. They proposed that stronger positive MJO anomalies of SST encourage the MJO convection ahead458

of the MJO, while stronger negative MJO anomalies of SST behind the MJO inhibit the MJO convection to the west.459

Using experiments which imposed instantaneous mixing in the upper few metres of the ocean, we reveal that this460

feedback does indeed lead to a faster MJO in the coupled NWP system of the UK Met Office. Reduction in the dSST461

leads to a reduction in the daily mean MJO anomalies of SST and those SSTs lead to differences in MJO convection,462

slowing the MJO down over 15 lead days during the forecast.463

The increase in the MJO phase speed in the coupled model compared with the atmosphere-only model over the464

first 7 lead days of the forecast is related to the mean tropical dSST in the coupled model. The stronger the mean465

dSST is produced in the coupled model at lead day 1, the larger the increase in the MJO phase speed is observed over466

the next 7 days. On a 7-lead-day timescale, representing the tropical dSST in the coupled model increases the MJO467

phase speed by ∼3% relative to the atmosphere-only model. Coupling processes unrelated to the dSST contribute468

a further ∼5% phase speed increase, resulting in a ∼8% faster MJO phase speed in the coupled model compared469

with the atmosphere-only model. Karlowska et al. (2023) reported a larger, 12%, increase in the MJO phase speed470

between these models at higher horizontal atmosphere resolution. The mean tropical dSST, however, does not differ471

substantially between the different versions of the coupled model, with a mean difference of <0.0002 °C (not shown).472

It is likely that the coupled NWP system of the UK Met Office is more sensitive to the SST variability at a higher473

atmospheric horizontal resolution, or that the MJO speed increase unrelated to the dSST increases in this model with474

a higher horizontal resolution of the atmosphere component. Hence, about half of the MJO phase speed increase475

in this coupled model compared with the atmosphere-only version of the model on a 7 lead-day timescale can be476

attributed to the dSST, and the other half to other coupling processes. While the proportion of the phase speed477

increase due to dSST may differ in the observed MJO, it is worth noting that coupled models that struggle with the478

eastward propagation of the MJO may improve their skill by increasing the near-surface vertical resolution in the479

ocean model.480

Diurnal warming of the ocean on calm, sunny days can be characterised by an exponential decay over the top481

few meters of the ocean (Matthews et al., 2014). The coupled NWP model of the UK Met Office simulates that482

exponential decay. The mean tropical dSST in the coupled model decreases with the increase in the effective top483

model layer thickness. Theoretically, we estimate that a maximum dSST in the coupled model in the tropics at lead484

day 1 stands at 0.18 °C, close to the observed value in the Indian Ocean reported byMatthews et al. (2014) of 0.22 °C.485

The scaling depth of the exponential decay is found to be 4m, very similar to the 4.2m value observed in the Indian486

Ocean (Matthews et al., 2014). At the current vertical resolution in the ocean component of the coupled model487

(approximately 1m near the surface), the mean tropical dSST is close to the theoretical maximum at 0.16 °C. The488

small difference between these two values suggests that little can be gained towards a better representation of the489

dSST in this coupledmodel should the near-surface vertical resolution be further increased. Additionally, the similarity490

of the spatial pattern of the dSST from Figure 4a to the spatial patterns of dSST from the reanalysis data validated with491

surface drifters for 1979–2002 period from Bellenger and Duvel (2009) suggests that this coupled model simulates492

2
20–200-day bandpass filtered anomalies



Karlowska et al. 15

realistic diurnal warm layers. However, we conclude that models with a coarser vertical resolution in the near surface493

ocean (of the order of 10m as is often used in climate models) may benefit from the parameterisation of diurnal warm494

layers.495

The mixing experiments presented in this study provide an insight into the time-scale and the magnitude of the496

two-way feedback between the MJO and the dSST. The MJO conditions alter the strength of the dSST in the cou-497

pled model such that stronger dSST is observed during suppressed MJO conditions, consistent with observations498

(Anderson et al., 1996; Bellenger and Duvel, 2009; Matthews et al., 2014; Itterly et al., 2021). At lead day 1, the pres-499

ence of the dSST increases the daily mean SST in the coupled model compared with the foundation SST used by the500

atmosphere-only model. The magnitude of the dSST and the resultant daily mean SST increase varies systematically501

with MJO phase, resulting in MJO anomalies in dSST that are positive (negative) in suppressed (active) convective502

conditions. The dSST then rectifies onto the MJO anomalies of SST in the coupled model such that stronger MJO503

anomalies of dSST lead to stronger MJO anomalies of SST. Observations show that the dSST rectifies onto the in-504

traseasonal SSTs (Yan et al., 2021; Itterly et al., 2021), and this coupled NWP system simulates this mechanism.505

At longer lead times, the coupledmodel produces a fasterMJOdue to the interactions between theMJO, the dSST506

and the SST anomalies (see summary in Figure 12). Changes in theMJO regime lead to changes in theMJO anomalies507

of dSST. Changes in the MJO anomalies of dSST lead to changes in the amplitude of MJO SST anomalies. Stronger508

MJOanomalies of dSST at the beginning of the forecast can shift the peak of theMJO anomalies of SST earlier by a few509

forecast days. The peak response in theMJO convection to the initial changes in theMJOanomalies of SST is observed510

on a 7 lead-day timescale in the coupled model. Subsequently, the MJO anomalies of SST respond to these changes511

in the MJO convection within 3 days. A stronger warming (or cooling) post the active-to-suppressed MJO transition512

(or suppressed-to-active MJO transition) is observed for stronger MJO anomalies of dSST. The overall effects of a513

muted dSST in the coupled model are thus muted MJO anomalies of SST prior and post the MJO passage, ultimately514

leading to a slower eastward propagation of the MJO. DeMott et al. (2016) showed that stronger fluctuations in SSTs515

ahead of the MJO lead to more moist static energy there, encouraging the MJO convection. Seo et al. (2014) showed516

that higher dSST in a coupled model leads to higher mean SST and higher latent heat flux prior to convection, thus517

influencing the MJO. This mechanism is similar to that seen here in the coupled model and we confirm the early518

hypotheses of Bernie et al. (2008) and Woolnough et al. (2007) that indeed the presence of the dSST does alter the519

simulated MJO in a coupled model.520

Ultimately, the presence of the dSST in this coupled NWP model leads to prediction of an erroneously fast MJO.521

The atmosphere-only model predicts a more accurate MJO phase speed than the coupled model according to the522

verification dataset. The coupled model became the operational forecast model at theMet Office inMay 2022, taking523

over from the atmosphere-only model. The coupled model is more realistic but introduces more complexity. The524

convection in the Unified Model (UM; the atmosphere component of the coupled and the atmosphere-only models)525

is parameterised and may have been tuned to produce a good diurnal cycle of convection with the diurnally fixed SSTs.526

It is possible that the parameterisation scheme over-simulates the diurnal cycle of convection in response to diurnally527

evolving SSTs in the coupled model, leading to too-fast MJO propagation in this model. Several studies demonstrate528

the importance of the diurnal cycle of convection and precipitation over the MC (e.g., Peatman et al., 2014; Birch529

et al., 2016; Hagos et al., 2016; Baranowski et al., 2019; Wei et al., 2020). Generally, the diurnal cycle of precipitation530

is represented better in convection-permitting models than in the models that parameterise convection (Prein et al.,531

2015). Senior et al. (2023) showed that the regional version of theUMat a convection-permitting horizontal resolution532

improves extreme rainfall comparedwith the global lower resolutionmodel that uses a parameterised convection. This533

improvement was associated with the modulation of the diurnal cycle of convection by convectively coupled Kelvin534

Waves, often associated with the MJO (e.g., Neena et al., 2022). If the convection-permitting model improves the535
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F IGURE 1 Sample evolution of surface diurnal warm layer for one grid point in the Indian Ocean (70.625 °E,

0 °N) during the first 24 hours of the forecast initialised on May 1, 2016: a) sea surface temperature (SST), and the

vertical profiles of ocean temperature at b) 0130 UTC (0610 LST) and c) 1030 UTC (1510 LST).

diurnal cycle of convection, would the too-fast MJO manifest in this coupled NWP system as well?536

Our study also provides implications for climate projections of the MJO. Ahn et al. (2020) analysed over 30537

CoupledModel Intercomparison Project Phase 5 (CMIP5) and Phase 6 (CMIP6) models to reveal that the improvement538

in the eastward propagation of the MJO in the CMIP6 models compared with the CMIP5 models is associated with539

a stronger horizontal moisture gradient in the lower troposphere across the warm pool region. They showed that the540

climate configuration of the coupled model examined here (HadGEM3) generates an accurate amplitude of the MJO-541

associated rainfall over the MC. However, similar to our results, the MJO in the HadGEM3 model propagates faster542

to the east than the observations suggest. The climate model uses the same horizontal resolution in the ocean and543

the atmosphere as the coupled model here, therefore, this too-fast propagating MJO in the climate setting is likely544

to be partially caused by the presence of diurnal warm layers in the upper ocean. Unlike the models of the UK Met545

Office, the majority of the ocean models from the CMIP6 do not have a 1m near-surface resolution (see Table 1 in546

Wang et al., 2022). Would the MJO improve or degrade in CMIP models should the near-surface vertical resolution547

be increased?548

In summary, the mechanisms discussed in this paper show that the diurnal warming of SST has an important im-549

pact on the air–sea interactions on MJO timescales in an NWP setting. The two-way feedback between the MJO and550

diurnal warm layers should be further verified with in-situ observations of the diurnal cycle of SST, and the represen-551

tation of the diurnal cycle of SST should be considered in future model developments in order to achieve better MJO552

predictions.553
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F IGURE 2 Real-time Multivariate Madden–Julian Oscillation (MJO) index skill statistics as a function of lead day

for CPLD, CPLDmix5m, CPLDmix10m and ATM models: a) bivariate correlation coefficient; b) root-mean-square

error; c) amplitude error; d) phase error. Daily mean data are compared for boreal winter season (November–April)

and active MJO days only with the Wheeler-Hendon verification indices.
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F IGURE 3 a) Real-time Multivariate Madden–Julian Oscillation (RMM) phase angle difference between the

coupled model experiments (CPLD, CPLDmix5m and CPLDmix10m) and the ATM model as a function of lead day; b)

RMM phase speed increase (percent) between the coupled model experiments and the ATM model at lead day 7 of

the forecast as a function of the mean diurnal warming of sea surface temperatures (dSST, difference between the

1500 and 0600 local solar time sea surface temperature) in the tropics (30 °S-30 °N) at lead day 1 in the coupled

model experiments; c) best fit between the top model level thickness and the mean dSST in the tropics at lead day 1

for dSSTmax =0.18 °C and H =4.0m.

F IGURE 4 Composite diurnal warming (dSST; 1500 minus 0600 local solar time SST difference) at lead day 1 for

a) CPLD, b) CPLDmix5m and c) CPLDmix10m averaged over all MJO phases (boreal winter and initially active MJO

forecasts only). The boxes indicate where area averages are taken later over the equatorial Indian Ocean (EIO) and

central Maritime Continent (MC).
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F IGURE 5 Composite 0600 local solar time (LST) SST for CPLD, CPLDmix5m and CPLDmix10m averaged over

the tropics (30 °S-30 °N), and over all MJO phases (boreal winter and initially active MJO forecasts only).

F IGURE 6 Composite lead day 1 daily means for CPLD, CPLDmix5m, CPLDmix10m and ATM models for: a)–b)

diurnal warming of SST (dSST; difference between 1500 and 0600 local solar time SST); c)–d) MJO anomalies of

dSST (20–200-day filtered); e)–f) SST; g)–h) MJO anomalies of SST. The EIO and central MC regions are shown in

Figure 4. Composites are calculated for boreal winter and initially active MJO forecasts only.
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F IGURE 7 Hovmöller diagrams of daily mean composites of MJO anomalous (20–200-day filtered) OLR,

averaged over the equatorial band (5 °S–5 °N), for forecasts initialised in MJO phases 1 and 4: a–b) observed; c–d)

CPLD model; e)–f) ATM model. Vertical dashed lines represent equatorial Indian Ocean and central Maritime

Continent regions. Composites were calculated using boreal winter and initially active MJO forecasts only. Number

n denotes the amount of independent events used in the composite (total number of days used displayed in the

brackets).
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F IGURE 8 Daily evolution of the model composites of MJO (20–200-day filtered) anomalies of: a–b) dSST; c–d)

SST; e–f) OLR (difference from the CPLD model). Panels a, c and e are for the central MC region for initial MJO

phase 1. Panels b, d and f are for the equatorial Indian Ocean (EIO) region for initial MJO phase 4. Composites are

calculated for boreal winter for active MJO days only. The spatial extent of both regions is shown in Figure 4.
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F IGURE 9 Composite daily mean MJO (20–200-day filtered) anomalies of CPLDmix10m minus CPLD difference

for: a–b) SST at lead day 1 ; c–d) OLR at lead day 7; e–f) SST at lead day 14. Panels a, c and e are for initial MJO

phase 1. Panels b, d and f are for initial MJO phase 4. Composites are calculated from boreal winter data.

F IGURE 10 Daily average difference for the mean state composites in the warm pool region (40 °E–180 °E,

10 °S–10 °N) between the mixing experiments (CPLDmix5m and CPLDmix10m) and the CPLD model for: a) SST; b)

upward latent heat flux into the atmosphere (LH flux); c) downward shortwave flux into the ocean (SW flux); d)

downward net heat flux into the ocean Qnet; e) 10m wind speed; f) OLR. Composites are calculated with boreal

winter season data only. Surface variables (SST, heat fluxes and 10m windspeed) composite averages for sea grid

points only.
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F IGURE 11 a) Daily average mean state composite difference in surface precipitation rate over the warm pool

region (40 °E–180 °E, 10 °S–10 °N) for CPLDmix5m minus CPLD and CPLDmix10m minus CPLD models; daily

average mean state composite difference in surface precipitation rate at lead day 15 for b) CPLDmix5m minus CPLD

and c) CPLDmix10m minus CPLD models. Composites are calculated with boreal winter season data only. Warm

pool extent in panels b and c.
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F IGURE 12 Schematic diagram of the two-way feedback between the Madden–Julian Oscillation (MJO) and

diurnal warm layers in the upper ocean in the coupled ocean–atmosphere Numerical Weather Prediction (NWP)

system of the UK Met Office. The MJO conditions in the coupled model modulate the strength of diurnal warm

layers at lead day 1 such that enhanced (suppressed) MJO phase leads to suppressed (enhanced) diurnal warm

layers. The presence of diurnal warm layers changes the daily mean sea surface temperatures (SST) in the coupled

model and enhances daily mean intraseasonal SST anomalies. Stronger (weaker) diurnal warming at lead day 1 leads

to warmer (colder) intraseasonal anomalies of SST than in the absence of diurnal warming. The modulated

intraseasonal SST anomalies affect the surface fluxes between the ocean and the atmosphere, and ultimately lead to

a peak MJO convection response on a 7-lead-day timescale and a ∼3% increase in the MJO phase speed. After at

lead day within the next 3 forecast days.
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