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Abstract

Diurnal warm layers develop in the upper ocean on sunny days with low surface
wind speeds. They rectify intraseasonal sea-surface temperatures (SSTs), poten-
tially 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 numerical weather prediction (NWP)
models of the UK Met Office to reveal that the presence of 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 designed a set of experiments with instantaneous vertical mixing
over the top 5 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 cou-
pling effects, unrelated to the dSST. A two-way feedback manifests in the coupled
model over the 15 lead days of the forecast between the MJO and the dSST. The
MIJO regime dictates the strength of the dSST and the dSST rectifies the intrasea-
sonal 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 seven-lead-day timescale, and feeds back into the
SST anomalies within the next three lead days. Overall, this study demonstrates
the importance of high vertical resolution in the upper ocean for predicting the
eastward propagation of the MJO in an NWP setting, which is potentially impact-
ful for seasonal predictions and climate projections, should this feedback be

unrepresented in the models.
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1 | INTRODUCTION

The Indo-Pacific warm-pool region is the largest region
of warm sea-surface temperatures (SSTs) on Earth, span-
ning the equatorial Indian Ocean, the Maritime Continent
(MC: Indonesia, Borneo, New Guinea) and the equato-
rial western Pacific. It is characterised by SSTs exceed-
ing 28°C (e.g., Yan et al, 1992), and plays a major role
in modulating the global atmospheric circulation (e.g.,
Kim et al., 2020). The intraseasonal SST anomalies over
the warm-pool region influence intraseasonal weather
patterns such as the Madden-Julian Oscillation (MJO).
The MJO comprises an envelope of enhanced and sup-
pressed convection and is the major component of tropical
weather variability on intraseasonal timescales (Madden
& Julian, 1971, 1972). It originates in the western Indian
Ocean and travels eastward at a ~5m - s~! phase speed,
often crossing into the MC and dissipating over the Pacific.
The canonical evolution of the MJO can be described
by a phase-lag relationship between the MJO convective
anomalies and the intraseasonal SST anomalies over the
warm-pool region (e.g., Hendon & Glick, 1997; Wool-
nough et al., 2000). Positive SST anomalies destabilise
the atmosphere via surface flux exchanges, increasing
the near-surface moisture and temperature gradients and
promoting moist convection. Such SST anomalies are
observed approximately 1 week prior to the MJO convec-
tion over the warm-pool region. During the convectively
active phase of the MJO, decreased solar radiation (due
to higher cloud cover) and increased latent heat flux (due
to higher surface winds) lead to cooler anomalies of SST,
located to the west of the MJO. This pattern of warm
SST anomalies to the east and cold SST anomalies to the
west evolves along the eastward-propagating MJO, lagging
the MJO by a quarter of the MJO cycle. This canoni-
cal evolution of the MJO convective signal can be repro-
duced in atmosphere-only models forced with MJO-like
SST anomalies (Matthews, 2004; Woolnough et al., 2001).
There is growing evidence that short-timescale (diur-
nal) variations in SSTs affect the ocean-atmosphere inter-
actions on MJO timescales. For example, the study by
Yan et al. (2021) of the global tropical moored buoy array
revealed that the diurnal variability of SST rectifies the
intraseasonal variability of SST. Itterly et al. (2021) showed
that diurnal air-sea exchanges in the warm-pool region
influence the moist static energy budget prior to the onset
of MJO convection. To add to the complexity, the MJO con-
ditions themselves alter the diurnal variability of the SST
(Anderson et al., 1996; Bellenger & Duvel, 2009; Itterly
et al., 2021; Matthews et al., 2014). The top few metres of
the ocean are prone to the development of diurnal warm
layers on days with low cloud cover and low surface wind
speeds (Matthews et al., 2014). Such layers often increase

the daily mean SST by >1 °C and are predicted to develop
on approximately 30% of the days in the warm-pool region
(Matthews et al., 2014). Suppressed MJO conditions favour
the development of such layers (e.g., Itterly et al., 2021).
Observations show that the increase in daily mean SST
associated with the development of diurnal warm layers
affects turbulent air-sea fluxes, leading to an increase in
the moist static energy ahead of the MJO and to the forma-
tion of cumulus convection (Ruppert & Johnson, 2015).

The diurnal variability of the SST can be altered arti-
ficially in coupled ocean-atmosphere models by chang-
ing the coupling frequency (e.g., Bernie et al., 2007;Hsu
et al., 2019; Seo et al., 2014) or changing the near-surface
vertical resolution of the ocean model (e.g., Ge et al., 2017;
Tseng et al., 2015; Woolnough et al., 2007). For example,
Bernie et al. (2007) showed that an increase in the cou-
pling frequency generates stronger variability of the SST,
leading to a stronger MJO response. Following this study,
Bernie et al. (2008) found that an increased diurnal vari-
ability of SST in a coupled climate model led to a higher
daily mean SST and stronger MJO projections compared
with the atmosphere-only version of this model. Increased
coupling frequency can also improve the phase of the diur-
nal cycle of surface 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. (2014) led to stronger SST variabil-
ity and stronger MJO convection in their coupled model,
Hsu et al. (2019) found that the near-surface resolution of
their ocean model led to stronger changes in SSTs (and sur-
face fluxes) than the effects of the coupling frequency on
SSTs. High near-surface resolution of the ocean generally
increases daily mean SSTs and improves the MJO predic-
tions in models (e.g., Ge et al., 2017; Tseng et al., 2015;
Woolnough et al., 2007). In particular, higher near-surface
resolution can increase SSTs ahead of the MJO, resulting in
the preconditioning of deep convection through increased
low-level moisture (Tseng et al., 2015).

MJO prediction still remains a challenge in the mod-
elling community (e.g., Ahn et al, 2020; Vitart, 2017).
Many models simulate a slower MJO than observations
suggest (e.g., Kim et al., 2014; Kim et al., 2019; Vitart, 2017;
Xiang et al., 2015). However, Karlowska et al. (2024)
showed that the global coupled ocean-atmosphere numer-
ical weather prediction (NWP) model of the UK Met
Office, in contrast to most models, predicts that the
MIJO propagates faster than in both observations and the
atmosphere-only version of this model. An increase of
12% in the MJO phase speed was recorded in the coupled
model compared with the atmosphere-only model over a
seven-lead-day period. Karlowska et al. (2024) hypothe-
sised that this increase in MJO phase speed was caused
by a strong diurnal cycle of SST present in the coupled
model, absent from the atmosphere-only model, which
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utilises persisted foundation SST. In this study, we confirm
their hypothesis through model sensitivity experiments.
We impose instantaneous mixing in the top 5 or 10 m of
the ocean model component to mute the diurnal warming
of SST in the coupled model, and quantify its contribution
to the MJO phase-speed increase between the coupled and
atmosphere-only models. In Section 2, the model speci-
fications, data, methodology, and experimental setup are
described. In Section 3, we present the MJO performance
for all model runs, describe a two-way feedback between
the MJO and diurnal warm layers in the coupled model,
and investigate the diurnal warming effect on the mean
state of the coupled model. 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 cou-
pled ocean-atmosphere and the atmosphere-only NWP
systems of the UK Met Office. Both models were run in
a hindcast mode for a five-year period between May 1,
2016 and May 31, 2021, yielding 1857 forecast initialisa-
tions. Each model was initialised at 0000 UTC and inte-
grated out to 15 lead days. Both models used the same
atmosphere and land components, with the addition of
the ocean and sea-ice component for the coupled ver-
sion. Due to computational expense, the models used in
this study were of lower atmospheric horizontal resolu-
tion than the operational versions of these models running
at the time at the Met Office. Some of the operational
changes were applied to the models on September 25, 2018
(see Table 1 for detailed model versions and their refer-
ences). The horizontal resolution of the atmosphere com-
ponent was N216 (0.83° longitude and 0.56° latitude) from
May 1, 2016-September 24, 2018, then N320 (0.57° lon-
gitude and 0.38° latitude) from September 25, 2018-May
31, 2021. The same cumulus parameterisation scheme,
with shallow, mid-level, and deep convection (Gregory &
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Allen, 1991; Gregory & Rowntree, 1990), is used across all
the horizontal resolutions studied here and in Karlowska
et al. (2024).

The atmosphere component of the coupled model
is coupled to the Nucleus for European Modelling of
the Ocean (NEMO) consortium ocean model (Madec
et al.,, 2017). The NEMO ocean model, at a horizon-
tal resolution of 0.25°, is comprised of 75 vertical lev-
els, with eight model levels in the upper 10m of the
ocean. A 1-h coupling frequency is used in the coupled
model to exchange information between the ocean-sea
ice and atmosphere-land components. The ocean-sea ice
and atmosphere-land components are initialised sepa-
rately, with their own data assimilation (DA) systems.
The coupled model uses the Forecast Ocean Assimilat-
ing Model (FOAM)-NEMOVAR DA system from Blockley
et al. (2014) and Waters et al. (2015) to initialise its SST
and sea-ice concentrations. The atmosphere-land compo-
nent is initialised with the 4D-Var DA system (Rawlins
et al., 2007), which uses SST and sea-ice concentrations
from the Operational Sea Surface Temperature and Ice
Analysis (OSTIA: (Donlon et al., 2012)) assimilation sys-
tem, updated by 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 | Experimental setup

To suppress the diurnal cycle of SST artificially in
the NEMO ocean model, vertical eddy diffusivity was
increased to a very large, unrealistic value (10 m? - s2)
over a specific mixing depth, such that the water col-
umn was instantaneously mixed over this mixing depth
at each time step. Two mixing depths were chosen in this
study, 5m and 10 m, and the model runs for these mix-
ing depths will be hereafter referred to as CPLDmix5m
and CPLDmix10m, respectively. The control coupled and
atmosphere-only models will be referred to as the CPLD
and ATM models, respectively. The 5-m mixing depth was
chosen because the typical e-folding depth of the observed

TABLE 1 Model specification summary.
Atmosphere
no. of levels Global Global Global Global
Atmosphere in coupled Ocean Ocean atmosphere land ocean sea-ice
horizontal (atmosphere- horizontal no.of (GA) (GL) (GO) (GSI)
Start date End date resolution only) model resolution levels version version version version
May 1,2016  Sep 24,2018  N216 L85 (L70) ORCA025 L75 GA®6.1 GL6.1 GO5 GSI6
Sep 25,2018 May 31,2021 N320 L70 (L70) eORCA025 L75 GA7.2 GL8.1 G06.0 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).
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FIGURE 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 warm layers is 4-5m (Matthews et al., 2014). The
10-m mixing depth was selected for more direct compar-
isons of the coupled model with the ATM model, which
uses bulk 10-m SSTs from the OSTIA dataset. Mixing
depths deeper than 10 m were not considered for the exper-
iments, as the entrainment of cold water from below the
mixed layer in some regions, such as the MC, would lead
to the daily mean SST being lower than the expected
night-time SST in these regions (not shown).

An example evolution of the SST for a grid point in
the Indian Ocean in the CPLD model and in the mix-
ing experiments for the first 24 h of the forecast initialised
on May 1, 2016 is displayed in Figure la. The additional
mixing mutes the amplitude of the diurnal cycle of SST
during this forecast. The maximum SST during this fore-
cast is reduced by 0.8 °C in the CPLDmix5m model, and
by >1°C in the CPLDmix10m model run. The effect of
the enhanced mixing on the near-surface temperature pro-
files can be seen in Figure 1b,c. During the night, for
example, 0130 UTC in the Indian Ocean, any surface diur-
nal warm layer will have disappeared due to background
mixing. Hence, the night-time temperature profiles are
similar between the CPLD model and the mixing exper-
iments (Figure 1b). During the afternoon (1030 UTC in
the Indian Ocean), the CPLD model develops a strong
diurnal warm layer (Figure 1c). However, in the instanta-
neous mixing experiments, the ocean temperature in the
upper half of the mixing depth decreases compared with
the CPLD model. In the lower half of the mixing depth,
the ocean temperature increases compared with CPLD,
such that the instantaneous mixing conserves the energy
of the system and distributes it equally within the spec-
ified mixing depth. Therefore, the instantaneous mixing
effectively degrades the vertical resolution of the ocean

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

Salinity changes in the mixing experiments are of the
order of 0.01 psu (not shown), similar in magnitude to
the observed values of the diurnal cycle of salinity in the
Tropics (Drushka et al., 2014a). The equivalent density
change for a 1°C change in temperature requires a salin-
ity change of 0.5 psu at a typical tropical SST (27 °C). Such
a salinity change would impact barrier layers and mix-
ing from below the mixed layer. The imposed mixing does
not extend beyond the mixed layer in our experiments
and the changes in the salinity are small. Therefore, the
changes to salinity stratification due to the imposed mix-
ing will not have a substantial effect on the SSTs in our
experiments.

2.3 | Real-time multivariate MJO index

The Wheeler and Hendon (2004) real-time multivari-
ate MJO index (RMM) is used to quantify the MJO
performance (full methodology available in Gottschalck
et al. (2010), with references therein). Daily anomalies
of top-of-atmosphere outgoing longwave radiation (OLR)
and zonal winds at 850 and 200 hPa are used to construct
the index. The RMM1 and RMM2 indices are the princi-
pal component time series corresponding to the dominant
spatial structures of the data. The RMM indices define the
location of the MJO convection in the Tropics with eight
phases. In phases 8 and 1, the MJO is located over the
western hemisphere and Africa. During phases 2 and 3,
the MJO convective anomalies propagate across the Indian
Ocean, reaching the MC in phases 3 and 4. During phases
6 and 7, the MJO is located over the western Pacific. In
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this study, days with an active MJO are defined as those for

which the RMM amplitude VRMM1? + RMM22 > 1.0.

Model indices are verified against the
Wheeler-Hendon index Wheeler and Hendon (2004).!
Four standard scalar statistics are used for model
performance between the model indices and the
Wheeler-Hendon indices, following Lin et al. (2008) and
Rashid et al. (2011): bivariate anomaly correlation coeffi-
cient, root-mean-square error (RMSE), amplitude error,
and phase error. The first two correspond to the spa-
tial correlation between the models and the verification
dataset. A skilful prediction is found for RMSE <\/§ and
correlation >0.5 (Lin et al.,, 2008). A negative (positive)
amplitude error in the model signifies underestimated
(overestimated) RMM amplitude. The phase error is the
angle in degrees in RMM phase space and is positive (neg-
ative) when the MJO in the model is located to the east
(to the west) of the verification dataset. The active MJO
days between May 1, 2016 and May, 31 2021 for the boreal
winter season (November-April) are used for each lead
day to calculate the RMM statistics.

2.4 | Composites and observational
datasets

Composite maps are calculated for daily means of meteo-
rological variables regridded to N180 (1° x 1°) horizontal
resolution. Separate forecast initialisations are concate-
nated at a given lead time for further processing. Anoma-
lies are calculated by the removal of the seasonal cycle
(annual mean and first three harmonics) for the period
2017-2020 at a given lead time. The MJO anomalies are
then obtained by a temporal filtering of the anomalies
with a 20-200 day bandpass Lanczos filter (Duchon, 1979)
at each lead time. The composites are split by the ini-
tial MJO phase from the Wheeler-Hendon indices at lead
day 1. Consecutive forecast initialisations with the same
initial MJO phase are averaged before compositing and
treated as one event. Unless otherwise stated, the initially
active MJO forecasts during the November-April season
are used for the composite analysis for the period Novem-
ber 1, 2016-January 15, 2021. The composites for daily
interpolated OLR from the National Oceanic and Atmo-
spheric Administration (NOAA) at 2.5° X 2.5° resolution
(Liebmann & Smith, 1996) were calculated until January
7, 2021 based on the observed data availability. Mean state
composites of all meteorological variables in Section 3.3
were calculated for the boreal winter period from Novem-
ber 1, 2016-January 15, 2021, including both active and
non-active MJO days. Missing days (less than 1%) were
interpolated between the nearest previous and next-day
forecast initialisations.

Royal Meteorological Society

3 | RESULTS

3.1 | MJO model performance
and diurnal warming

In the following section, the overall MJO performance is
discussed with the RMM skill statistics averaged across all
MJO phases for the CPLD, CPLDmix5m, CPLDmix10m,
and ATM models. The data used here span the boreal
winter season and active MJO days only. Qualitatively, no
significant difference in the RMM skill statistics was found
for year-round data.

The CPLD, CPLDmix5m, CPLDmix10m, and ATM
models predict the MJO skilfully out to 15 lead days,
with the bivariate correlation coefficients above 0.70 at
all times during the forecast (Figure 2a). There is lit-
tle difference between the models in bivariate correlation
coefficients, with the exception of the ATM model, which
produces slightly smaller coefficients than the coupled
model runs at lead day 15. All models are within the skil-
ful RMSE threshold out to 15 forecast days (Figure 2b).
The ATM model predicts slightly larger RMSE than the
coupled runs from lead day 12 onward. At lead day 15,
the RMSE for all models reaches close to the thresh-
old for poor prediction, suggesting that at longer lead
times these models may not be skilful in predicting the
MIJO. The RMM amplitude decreases in all models with
lead time, reaching —0.25 amplitude error by lead day 15
(Figure 2c). The coupled model runs show slightly better
amplitude error than the ATM model from lead day 10
onward.

The largest difference between the models is recorded
in the RMM phase error (Figure 2d). Atlead day 1, all mod-
els predict the MJO to the east of the verification dataset,
that s, too fast eastward propagation. Afterwards, the ATM
model predicts the MJO to the west of the verification
dataset (i.e., too slow eastward propagation) at —1.5° phase
error for lead days 3-6. At longer lead times, the ATM
model phase error varies between —2.5° and 2.5°, reach-
ing —2.1° at lead day 15. During the first seven lead days,
the ATM model predicts the MJO with approximately cor-
rect phase speed, likely due to compensating biases present
in the ATM model. At the same time, all coupled mod-
els simulate a too-fast MJO compared with the verifica-
tion dataset. The phase errors for the CPLD, CPLDmix5m,
and CPLDmix10m models evolve similarly within the first
seven lead days of the forecast. However, the additional
mixing in the upper ocean reduces the phase speed in
CPLDmix5m and CPLDmix10m compared with the CPLD
model, such that deeper mixing causes a stronger reduc-
tion in the MJO phase speed, and as a result a stronger
reduction in the RMM phase error. This is particularly evi-
dent at lead days longer than 10, likely due to secondary
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(a) bivariate correlation coefficient

(b) root-mean-square error

FIGURE 2 Real-time
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FIGURE 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 dSSTy.x =0.18°C and H =4.0m.

feedbacks between the ocean and the atmosphere. Those
feedbacks are explored in Section 3.2.2.

All three coupled model runs show a linear growth in
the RMM phase angle compared with the ATM model dur-
ing the first seven lead days of the forecast (Figure 3a). The
CPLD model displays the strongest increase in RMM phase
angle compared with the ATM model, at a rate of 0.44° -
d™* (in RMM phase space). The CPLDmix5m and CPLD-
mix10m models show a weaker increase in the RMM phase
angle compared with the ATM model at 0.38° -d™" and
40.33° - d~! (RMM phase space), respectively. The average
RMM phase speed during the study period in the ATM

model was 5.9° - d~! (RMM phase space). Therefore, the
equivalent increase in RMM phase speed for the coupled
runs compared with the ATM model stands at 7.5%, 6.5%,
and 5.6% for the CPLD, CPLDmix5m, and CPLDmix10m
models, respectively. This is lower than the 12% recorded
by Karlowska et al. (2024) for a higher resolution version of
the CPLD model, although they used the observed RMM
phase speed in their comparison, which is slightly slower
than the ATM model RMM phase speed. Qualitatively, the
choice of ATM rather than OBS as a baseline makes lit-
tle difference in the quoted values (e.g., 8.5% instead of
7.5% for the CPLD model). The exact increase in speed is
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likely to vary between models, but we expect the key find-
ing to remain: coupling increases the speed of the MJO,
and a substantial component of this speed-up is due to the
representation of the diurnal cycle of SST.

To understand the increase in MJO phase speed in the
coupled model further, it is important to understand the
main differences between the models, that is, the nature of
SSTsin each model. The ATM model utilises persisted SSTs
from the OSTIA dataset that correspond to the bulk 10-m
night-time ocean temperature. Therefore, this dataset does
not include any diurnal warming effects on the SSTs, nor
the air-sea interactions due to the diurnal cycle. The ocean
component of the CPLD model is comprised of eight model
levels in the top 10m of the ocean and has the capac-
ity to produce diurnal warm layers (Figure 1c, also see
Karlowska et al. (2024) for diurnal warm-layer formation
in the CPLD model). The CPLD model SSTs correspond
to the top model level centred at 0.51 m, bounded by 0.0
and 1.02m depth. The CPLDmix5m and CPLDmix10m
model runs are a variation of the CPLD model run and
are capable of developing diurnal warm layers, but with
greatly reduced diurnal amplitude. The additional mixing
reduces the amplitude of the diurnal warming in these
model runs and increases the effective thickness of the SST
layer from 1.0201 to 5 m and 10 m for the CPLDmix5m and
CPLDmix10m models, respectively.

The boreal winter composite of active MJO days for the
diurnal warming of SST (dSST), defined here as the dif-
ference between the 1500 and 0600 local solar time (LST)
SST, is positive at lead day 1 in the CPLD model across
the Tropics (Figure 4a). The strongest dSST is recorded

near the Equator, with mean values >0.4 °C. The dSST is
largest in the western Indian Ocean, over the MC, and in
the eastern Pacific. The mean dSST at lead day 1 in the
Tropics (30°S-30°N) in the CPLD model stands at 0.16 °C.
The dSST in CPLDmix5m is reduced across the Tropics
to a mean value of 0.11 °C (Figure 4b). A further reduc-
tion in the mean tropical dSST is observed in the CPLD-
mix10m model, with values <0.1 °C across the majority of
the Tropics and a mean value of 0.06 °C (Figure 4c). The
night-time tropical SST (at 0600 LST) does not vary sub-
stantially between all coupled experiments over 15 lead
days of the forecast (Figure 5). The difference in night-time
SST between the coupled experiments at lead day 15 is
<0.01 °C. Therefore, the mixing experiments suppress the
diurnal variations of SST successfully with minimal side
effects on other processes, such as the evolution of the
ocean mixed layer.

The percentage increase in the RMM phase speed
between the coupled model runs and the ATM model out
to lead day seven is linearly correlated with the mean dSST
in the Tropics at lead day 1 in each coupled model run
(Figure 3b). Theoretically, if the diurnal warming effects
were removed from the CPLD model entirely (dSST =
0°C), the intersect of the linear fit between the mean trop-
ical dSST and the RMM phase-speed increase between the
coupled models and the ATM model would correspond to
all other coupling effects unrelated to dSST. Those effects
would be present in all the coupled model runs, regardless
of dSST strength.

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

CPLD model would be as the thickness of the top model
level decreases towards the skin depth of the water sur-
face. Ocean glider observations of diurnal warm layers in
the Indian Ocean show that the additional diurnal warm-
ing with respect to the foundation temperature at the base
of the diurnal warm layer can be described by an expo-
nential decay with depth, with a caveat that such decay
is observed on days with sunny weather and weak sur-
face winds and not during enhanced MJO convection
(Matthews et al., 2014). The bulk temperature profile T(z)
with a superimposed diurnal warm layer can be described
as

T(z) = T* + dSSTmaxe ¥, 1)

where T* is the foundation SST, dSST .y is the theoretical
maximum dSST, and H is the scale depth of the diur-
nal warm layer. The modelled surface temperature Ty is
then a vertical average of this temperature profile for each
model run over the SST layer thickness (Az):

1 [*
Toe =— / T* + dSSTyae ¥ dz
Az o 5
o 2
=T" + dSSTmax - (1— e 2/H),

Therefore the theoretical dSST contribution to the surface
temperature is

dSST(Az) = dSSTmaXAEZ (1—em2e/H), 3)

A least-squares regression was fitted to obtain the opti-
mum dSST,x and H for Az and the mean tropical dSST in
all coupled model runs (Figure 3c). The optimum dSSTmax

and H were found at 0.18 °C and 4.0 m, close to the values
recorded from observations collected by ocean gliders in
the central Indian Ocean (dSSTma.x =0.22°C; H =4.2m)
by Matthews et al. (2014). Theoretically, the mean dSST
would tend to the value of dSSTmax With increasing verti-
cal ocean resolution. Therefore, the theoretical maximum
MIJO phase-speed increase in the CPLD model compared
with the ATM model can be extrapolated to 7.8% for
dSSTmax =0.18 °C (Figure 3b). This value is slightly larger
than the value for the CPLD model at the current vertical
resolution in the ocean model. This shows that the ~1m
vertical resolution in this coupled model is sufficient to
capture almost all of the effects of the diurnal warm layer
on the MJO and there is no need to increase this vertical
resolution further.

On a seven-lead-day timescale, the presence of
the dSST contributes approximately 40% of the MJO
phase-speed increase between the CPLD and ATM mod-
els. The representation of the dSST is therefore important
for the eastward propagation of the MJO in this cou-
pled NWP system. The remaining 60% is contributed by
other coupling effects unrelated to diurnal warming, for
example, mixed-layer and barrier-layer contributions. The
mixed layer in the coupled model at lead day 1 is deeper
than the maximum depth of the imposed mixing in all
coupled experiments across the Tropics at a mean value
of ~30m. The mixed-layer depth evolution throughout
the forecast happens at the same rate in all coupled model
runs (not shown), and hence the suppression of diurnal
warming has a minimal effect on mixed-layer evolution
in these experiments. The coupled model also simulates
barrier layers; however, they are less than 10 m thick (not
shown). Observations show that barrier layers larger than
10 m can increase the SST recovery after the MJO passage
(Drushka et al., 2014b; Moteki et al., 2018). Therefore,
barrier-layer contributions to the SST changes will be
minor in this coupled model.

3.2 | MJO convection-diurnal
warming-SST relationship

The mixing experiments show that muting the diurnal
warming of SST (dSST) in the CPLD model can lead
to a substantial reduction in MJO phase speed over a
15-lead-day forecast. In this section, we examine the rela-
tionship between MJO convection, dSST, and SST anoma-
lies to investigate how a better representation of dSST leads
to faster MJO propagation across different MJO phases in
the CPLD model. The following section focuses on two
regions that display the largest differences in MJO convec-
tion between the CPLD and the ATM models: the equa-
torial Indian Ocean region (EIO: 70°S-90°N, 5°S-5°N)
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FIGURE 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

MIJO forecasts only.

and the central MC region (120°S-135°N, 10°S-10°N). The
spatial extent of these regions is displayed in Figure 4c.

3.2.1 | MJO impact on diurnal warming
and daily mean SST

Karlowska et al. (2024) showed that the MJO conditions
in a higher horizontal atmospheric resolution version of
the CPLD model set the strength of the dSST. During
suppressed MJO conditions, low surface winds and high
shortwave (SW) flux into the ocean lead to stronger than
average dSST in the coupled model. Conversely, during
active MJO convection, cloud cover and stronger winds
lead to weaker than average dSST. The same mechanism
occurs in the lower horizontal atmosphere resolution ver-
sion of the coupled model used in the experiments here.
During initial MJO phases 6-1, the suppressed MJO con-
vection over the EIO region (not shown) leads to stronger
dSST than in phases 2-5 (Figure 6a), when MJO con-
vection is enhanced. The same relationship between the
dSST and MJO convection occurs in the central MC region
(Figure 6b). The strongest dSST is recorded in initial MJO
phases 7-2 during the suppressed MJO convection over the
MC. During initial MJO phases 3-6, the MJO convection is
located over the MC and thus the CPLD model generates
a weaker dSST.

The CPLD model dSST at lead day 1 varies in each
region between 0.3 and 0.6 °C across different MJO phases
(Figure 6a,b). Both mixing experiments show a reduction
in dSST in each region to ~0.2 and ~0.1 °C for the CPLD-
mix5m and CPLDmix10m models, respectively. Both mix-
ing experiments also show a smaller phase-to-phase vari-
ation in the dSST than the CPLD model. Muted dSST in
the coupled model at lead day 1 leads to a reduction in 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).
The additional mixing in the CPLDmix5m model leads to a
0.1-0.2 °C reduction in the daily mean SST in both regions
across different initial MJO phases. The CPLDmix10m
model displays a further reduction in the daily mean SST of
0.05-0.1 °C compared with the CPLDmix5m model daily
mean SST. The reduction in the daily mean SST in the
mixing experiments corresponds to approximately half of
the reduction in the dSST. The CPLDmix10m effectively
degrades the CPLD model to a 10-m top level, such that
the reduction in the dSST causes the SSTs to cool down
systematically towards the foundation SST at lead day 1
(Figure 6¢,).2 Overall, the presence of the dSST in the
CPLD model leads to an increase in the daily mean SST
compared with the ATM model, which uses foundation
SST and does not resolve the diurnal warming effects.

Diurnal warm layers form during the day and are
destroyed overnight due to the night-time heat loss. After
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removal of the mean, and subsequent 20-200-day band-
pass filtering, the dSST anomalies are hereafter referred
to as “MJO anomalies.” Non-zero MJO anomalies of dSST
emerge in the CPLD model at lead day 1 in both regions
across different MJO phases, as a result of the system-
atic modulation of dSST by the MJO (Figure 6c,d). During
suppressed MJO conditions, the CPLD model produces
positive MJO anomalies of dSST, and during enhanced
MJO convection the CPLD model simulates negative
MIJO anomalies of dSST. The MJO anomalies of dSST in
the CPLDmix5m model are reduced compared with the
CPLD model, however, with a similar, but much reduced,
phase-to-phase variation in the amplitude. The CPLD-
mix10m MJO anomalies of dSST are reduced further, being
below 0.02°C across all initial MJO phases. The MJO
anomalies of SST between the models reflect the behaviour
seen in the MJO anomalies of the dSST (Figure 6g,h and
c,d). More positive (negative) MJO anomalies of dSST
lead to stronger positive (negative) MJO anomalies of SST
in the coupled model. Moreover, the strong reduction in
the MJO anomalies of dSST in the CPLDmix10m model
yields MJO anomalies of SST that are closer in value to
the ATM model MJO anomalies of SST, especially in the
EIO region (Figure 6g). The additional mixing in the cen-
tral MC region reduces the MJO anomalies of SST in the

coupled model towards those of the ATM model, except
in phases 1 and 2, where a difference of around 0.1°C
remains (Figure 6h).

Thus, the dSST in the CPLD model is modulated by
the MJO conditions. The dSST then rectifies the daily
mean SST and the daily mean MJO anomalies of SST. This
mechanism, hypothesised by Karlowska et al. (2024), is
confirmed by the mixing experiments carried out in this
study. We now consider how the relationship between the
MIJO, the dSST, and the SST manifests over 15 lead days
of the forecast to yield a faster MJO in the dSST-resolving
coupled model.

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

In this section, two initial MJO phases, 1 and 4, were
chosen to describe the relationship between the MJO, the
diurnal warming, and the SST in the CPLD model over 15
lead days of the forecast.

In initial MJO phase 1, the observations show nega-
tive MJO anomalies of OLR (enhanced MJO convection)
over the Indian Ocean and positive MJO anomalies of OLR
(suppressed MJO convection) over the MC (Figure 7a).

Initial MJO phase 1
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FIGURE 8 Daily evolution of Initial MJO phase 1 Initial MJO phase 4
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Both the CPLD and the ATM models simulate this pattern
well (Figure 7b,e). The CPLD model simulates the onset
of the MJO convection over the MC better than the ATM
model at lead days 7 and beyond. The suppressed MJO
convection over the MC leads to positive MJO anomalies
of dSST in the central MC region (Figure 8a). The posi-
tive MJO anomalies of dSST in all coupled models lead
to stronger positive MJO anomalies of SST compared with
the ATM model (Figure 8c). The CPLDmix5m and CPLD-
mix10m MJO anomalies of SST at lead day 1 are reduced
compared with the CPLD model SST due to the reduc-
tion in the MJO anomalies of dSST. The initially positive
MJO anomalies of SST in all coupled models grow, peak-
ing 3, 5, and 7 days later for the CPLD, CPLDmix5m, and
CPLDmix10m models, respectively. The early arrival of the
MIJO anomaly of SST occurs due to the addition of diur-
nal warming on top of the canonical evolution of the MJO
anomalies of SST due to the changes in net heat flux into
the ocean (Qyet) throughout the life cycle of the MJO. In the
absence of diurnal warming in the CPLDmix10m model,
the MJO anomalies of SST peak around lead day 7 when
the MJO anomaly of Qe is close to zero (not shown).
The presence of strong MJO anomalies of dSST in the

CPLD model adds an extra, time-varying component to the
MJO anomalies of SST, such that the CPLD model displays
an earlier peak in positive MJO anomalies of SST in this
region compared with the CPLDmix5m and CPLDmix10m
models.

By lead day 7, the active MJO convection propagates
into the central MC region (Figure 7a). Accordingly, the
positive MJO anomalies of dSST weaken with lead day in
each coupled model run, until lead day 7, when all models
display MJO anomalies of dSST close to zero (Figure 8a).
The difference in the MJO anomalies of SST between the
CPLD model and the mixing experiments is small dur-
ing this time of weakest dSST (Figure 8c). By lead day 7,
the MJO convection differences between the CPLD and
mixing experiments reach a maximum in response to the
differences in MJO SST anomalies over the preceding days
(Figure 8e). The MJO convection reaches the MC by lead
day 7 (Figure 7a) and, accordingly, the dSST regime shifts
to negative MJO anomalies of dSST growing past lead day
7 (Figure 8a).

The CPLD model displays the strongest decline in the
MJO anomaly of SST compared with the mixing exper-
iments, due to the strongest negative MJO anomalies of
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dSST. This decline takes approximately three lead days
(from lead days 7-10). Afterwards, all coupled-model MJO
anomalies of SST evolve in parallel to each other. This
is a spatially coherent pattern in the coupled model.
Colder MJO anomalies of SST over the MC at lead day
1 (Figure 9a) lead to less convection at lead day 7 in
the CPLDmix10m model compared with the CPLD model
(Figure 9c) during the convective MJO phase in that region
(Figure 7c). The MJO anomalies of SST respond quickly
to that change in the MJO convection, and, by lead day
14, less convection in the CPLDmix10m model leads to
warmer MJO anomalies of SST compared with the control
(Figure 9e).

In initial MJO phase 4 at lead day 1, the enhanced
MJO convection spans most of the eastern Indian Ocean
and the MC (Figure 7b). Both the CPLD and the ATM
models reproduce this MJO convection well across the
Tropics (Figure 7d,f). However, at longer lead days, the
CPLD model overestimates the suppressed MJO convec-
tion over the western Indian Ocean. At the same time,
the ATM model underestimates the suppressed MJO con-
vection over the MC. The enhanced convection over the
Indian Ocean leads to negative MJO anomalies of dSST in
the CPLD model in the EIO region in MJO phase 4 at lead
day 1 (Figure 8b). The mixing experiments show smaller,
albeit still negative, MJO anomalies of dSST in this region
at lead day 1. The stronger the MJO anomalies of dSST,
the more negative the MJO anomaly of SST that is gener-
ated in the coupled model (Figure 8d). The negative MJO

anomalies of SST at lead day 1 grow in the coupled model
runs, peaking 3, 5, and 7 days later for the CPLD, CPLD-
mix5m, and CPLDmix10m models, respectively. Similarly
to the positive anomalies in Figure 8c, the negative MJO
anomalies of SST in the EIO region grow by a similar incre-
ment between the coupled model runs each lead day until
they reach their negative peak. The earlier arrival of nega-
tive MJO anomalies of SST in the CPLD model is associated
with the stronger negative peak in the MJO anomaly of
dSST that is superimposed on the MJO anomalies of SST
seen in the CPLDmix10m simulation in the absence of
diurnal warming.

As the forecast reaches lead day 7, the approach-
ing suppressed MJO convection (Figure 7d) over the
EIO region leads to a weaker negative MJO anomaly of
dSST, reaching close to zero for all models at lead day
7 (Figure 8b). Consequently, during the weakest MJO
anomaly of dSST at lead day 7, the MJO anomalies of
SST in all coupled model runs are the closest to each
other throughout the forecast (Figure 8d). At the same
time, the difference in MJO convection between the mix-
ing experiments and the CPLD model peaks (Figure 8f).
That difference is larger when deeper mixing is imposed.
The MJO anomalies of SST in the EIO region for initial
MIJO phase 4 recover from the MJO passage after lead day
7, and display a warming trend towards the end of the fore-
cast (Figure 8d). The CPLD MJO anomalies of SST recover
fastest between lead days 7 and 11 compared with the
mixing experiments. Afterwards, all coupled-model MJO
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anomalies of SST evolve in parallel to each other until
day 15.

The spatial extent of this feedback can be seen in
Figure 9b,d,f. The additional mixing in CPLDmix10m
reduces the negative MJO anomalies of SST over the
Indian Ocean compared with the CPLD model, leading to
a positive SST difference (Figure 9b). By lead day 7, an
organised enhanced MJO convection response is observed
in the CPLDmix10m model in response to the warmer
SSTs compared with the control over the preceding days.
At lead day 7, the CPLDmix10m model simulates more
convection over the central Indian Ocean compared with
the CPLD model (Figure 9d) during the suppressed MJO
phase (Figure 7d). By lead day 14, the CPLDmix10m
model generates colder MJO SST anomalies compared
with the CPLD model, due to the relatively enhanced
MJO convection at lead day 7 in the CPLDmix10m model
(Figure 9d).

The mechanism described in this section is a two-way
feedback between the MJO convection and diurnal warm
layers. At lead day 1, the MJO conditions in the cou-
pled model dictate the strength of the dSST. The dSST
rectifies the daily mean SST and daily mean MJO anoma-
lies of SST. The addition of diurnal warming shifts the
peak of the MJO anomalies of SST earlier in the forecast,
and, by lead day 7, there is a coherent response in the
MIJO convection in the coupled model to the preceding
MIJO anomalies of SST. That convection has an instanta-
neous effect on the dSST, and within the next three lead
days the MJO anomalies of SSTs respond to that convec-
tion change. The stronger the MJO anomalies of dSST in
the coupled model, the faster the MJO anomalies of SST
recover after the MJO transition from active to suppressed
phase, and vice versa. Ultimately, more extreme anoma-
lies of dSST in the coupled model lead to faster MJO phase
speed, through the modulation of the convection via MJO
anomalies of SST.

3.3 | Diurnal warming effect on the
mean state

Analyses of NWP and climate models show that a
steeper background horizontal moisture gradient results
in improved eastward propagation of the MJO across the
MC (Ahn et al, 2020; Lim et al, 2018). The key pro-
cess in simulating a realistic MJO eastward propagation
is the existence of a realistic background moisture distri-
bution and the advection of this by the MJO winds (e.g.,
Jiang, 2017). NWP models that are prone to the develop-
ment of dry mean-state biases in the lower troposphere
over the Indo-Pacific warm pool tend to produce a reduced
mean horizontal moisture gradient and display a poorer

Royal Meteorological Society

MIJO prediction skill (Kim et al., 2019). Observations show
that the presence of diurnal warming of SST (dSST) can
increase the latent heat (LH) flux into the atmosphere
by approximately 4 W - m~2 (Fairall et al., 1996; Matthews
et al.,, 2014). This increase can lead to changes in the
mean state of the model and have subsequent effects on
the MJO. Therefore, to understand the effect of the dSST
on the mean state and the MJO, in this section we anal-
yse the evolution of mean-state composite meteorological
variables for six boreal winters in the warm-pool region
(40°E-180°E, 10°S-10°N) between November 1, 2016 and
January 15, 2021 for the CPLD, CPLDmix5m, and CPLD-
mix10m models.

Muted dSST leads to cooler mean-state SST in the mix-
ing experiments compared with the CPLD model over
the warm-pool region (Figure 10a). The cooling decreases
from lead day 1 to lead day 15, starting at —0.1°C and
—0.16 °C for the CPLDmix5m and CPLDmix10m models
at lead day 1 and reaching —0.05 °C and —0.12 °C for these
models by lead day 15. The lead day 1 mean-state SST dif-
ference between the mixing experiments and the CPLD
model is reflected in the the upward LH flux into the atmo-
sphere at lead day 1 (Figure 10b). Increased mixing in the
upper ocean leads to cooler SSTs. Cooler SSTs will gen-
erally lead to less evaporation into the atmosphere, and
hence lower LH flux is observed in the mixing experiments
compared with the CPLD model. The pattern of the dif-
ference in the mean-state SST and the difference in the
mean-state LH flux between mixing experiments and the
CPLD model is spatially correlated with 0.95 correlation
coefficient (not shown).

The mean-state downward shortwave (SW) flux at the
surface at lead day 1 is similar between all coupled model
runs (Figure 10c). At longer lead times, convection is
suppressed in response to the cooler SSTs, such that the
mixing experiments display more SW flux into the ocean
compared with the CPLD model, reaching 1W - m~2 and
2'W - m~2difference by lead day 7 for the CPLDmix5m and
CPLDmix10m models, respectively. The downward net
heat flux, Qnet, shows a positive difference of ~5W - m=2
at lead day 1 between the CPLDmix10m and CPLD mod-
els (Figure 10d). The majority of the Qye difference in the
warm-pool region is due to the SW and LH fluxes. The
Qnet difference between the models gets smaller with lead
day, due to a decreasing difference in the LH flux and an
increase in the positive SW flux difference.

The mean-state difference in OLR evolves similarly
to the SW flux difference, with less convection in the
warm-pool region by lead day 7 in both mixing experi-
ments compared with the control (Figure 10f). The differ-
ence in OLR is approximately the same as the SW flux dif-
ference. The mean state 10-m wind speed weakens steadily
during the forecast, until lead day 9-10 when it reaches
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Composites are calculated with boreal winter season data only. Surface variables (SST, heat fluxes, and 10-m wind speed) are composite

averages for sea grid points only.

approximately —0.07 ms™! and —0.14 ms™! difference for
the CPLDmix5m and CPLDmix10m models, respectively
(Figure 10e). This corresponds to weaker 10-m wind speed
by 1.2% and 2.6% in the CPLDmix5m and CPLDmix10m
models, respectively. The similar evolution in time of the
wind speed and OLR differences suggests that the weaker
wind speeds in the mixing experiments are due to the
weakening of the Walker circulation.

The mean-state precipitation rate at the surface at
lead day 1 is similar between all coupled model runs
(Figure 11a). Both mixing experiments display a steady
decline in the surface precipitation rate compared with the
CPLD model until lead day 7. At lead day 7, the difference
between the mixing experiments and the CPLD model
reaches approximately —0.12mm -d™' and —0.25mm -
d™! for the CPLDmix5m and CPLDmix10m models,
respectively, and stays steady until lead day 15. At lead
day 15, the majority of the warm-pool region in the mix-
ing experiments displays a smaller surface precipitation
rate than the CPLD model (Figure 11b,c). The strongest
decrease in surface precipitation rate between the mix-
ing experiments and the CPLD model at lead day 15 is
approximately 2mm - d™! and is located west of Suma-
tra and east of New Guinea. Biases of such magnitude
over the warm-pool region can be linked to weaker mois-
ture advection in NWP models, and ultimately weaker
RMM amplitude (Kim et al., 2019). A drier mean-state

lower troposphere in the CPLDmix10m model would indi-
cate less background moisture, and might be expected
to lead to a weaker MJO amplitude (Kim et al., 2019).
However, all coupled models investigated here display a
very similar MJO amplitude over the 15 lead days of the
forecast (Figure 2c). We hypothesise that, on a 15-lead-day
timescale in this coupled NWP model, it is unlikely that
there are substantial changes to the strength of the MJO
due to diurnal warming effects on the low level back-
ground moisture.

In summary, the mean-state changes resulting from
the suppression of the diurnal cycle of SST represent a
weakening of convection and associated circulation pat-
terns, and weaker surface precipitation linked to reduced
evaporation at the sea surface. On a 15-lead-day timescale,
these mean-state differences do not seem to affect the
MIJO amplitude in the coupled model. A stronger Walker
circulation has been hypothesised to decelerate the MJO
(Suematsu & Miura, 2022). All coupled models investi-
gated here display a deceleration in the MJO phase speed
from lead day 10, with the strongest deceleration recorded
by the CPLDmix10m model (Figure 2d). In contrast to the
results of Suematsu and Miura (2022), CPLDmix10m sim-
ulates the weakest Walker circulation and the strongest
deceleration of the MJO past lead day 10. Further study
is necessary, beyond the scope of this article, to sepa-
rate the effects of the diurnal warm layer on the MJO
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and on the mean state-MJO relationship in this coupled
model.

4 | DISCUSSION AND
CONCLUSIONS

Hindcast experiments of the coupled ocean—-atmosphere
and atmosphere-only NWP models of the UK Met Office
reveal skilful MJO predictions out to 15 lead days.
The coupled model predicts a faster MJO than the
atmosphere-only model, consistent with a previous study
of Karlowska et al. (2024) that analysed higher horizon-
tal atmospheric resolution versions of these models. They
hypothesised that the addition of the diurnal warming
of SST (dSST) in the coupled model, compared with the
atmosphere-only model, leads to stronger MJO anomalies?
of SST, and ultimately to a faster MJO. They proposed that
stronger positive MJO anomalies of SST encourage MJO
convection ahead of the MJO, while stronger negative MJO
anomalies of SST behind the MJO inhibit MJO convection
to the west. Using experiments that imposed instanta-
neous mixing in the upper few metres of the ocean, we
reveal that this feedback does indeed lead to a faster MJO
in the coupled NWP system of the UK Met Office. Reduc-
tion in the dSST leads to a reduction in the daily mean
MIJO anomalies of SST and those SSTs lead to differences
in MJO convection, slowing the MJO down over 15 lead
days during the forecast.

The increase in MJO phase speed in the coupled model
compared with the atmosphere-only model over the first
seven lead days of the forecast is related to the mean trop-
ical dSST in the coupled model. The stronger the mean
dSST that is produced in the coupled model at lead day

1, the larger the increase in MJO phase speed that is
observed over the next seven days. On a seven-lead-day
timescale, representing the tropical dSST in the coupled
model increases the MJO phase speed by ~3% relative to
the atmosphere-only model. Coupling processes unrelated
to the dSST contribute a further ~5% phase speed increase,
resulting in a ~8% faster MJO phase speed in the cou-
pled model compared with the atmosphere-only model.
Karlowska et al. (2024) reported a larger, 12%, increase
in MJO phase speed between these models at higher hor-
izontal atmosphere resolution. The mean tropical dSST,
however, does not differ substantially between the differ-
ent versions of the coupled model, with a mean difference
of <0.0002°C (not shown). It is likely that the coupled
NWP system of the UK Met Office is more sensitive to
SST variability at a higher atmospheric horizontal reso-
lution, or that the MJO speed increase unrelated to the
dSST increases in this model with a higher horizontal res-
olution of the atmosphere component. Hence, about half
of the MJO phase-speed increase in this coupled model,
compared with the atmosphere-only version of the model
on a seven-lead-day timescale, can be attributed to the
dSST, and the other half to other coupling processes. While
the proportion of the phase-speed increase due to dSST
may differ in the observed MJO, it is worth noting that
coupled models that struggle with the eastward propaga-
tion of the MJO may improve their skill by increasing the
near-surface vertical resolution in the ocean model.
Diurnal warming of the ocean on calm, sunny days
can be characterised by an exponential decay over the top
few metres of the ocean (Matthews et al., 2014). The cou-
pled NWP model of the UK Met Office simulates that
exponential decay. The mean tropical dSST in the cou-
pled model decreases with increasing effective top model
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layer thickness. Theoretically, we estimate that the max-
imum dSST in the coupled model in the Tropics at lead
day 1 stands at 0.18 °C, close to the observed value in the
Indian Ocean reported by Matthews et al. (2014) of 0.22 °C.
The scaling depth of the exponential decay is found to be
4m, very similar to the 4.2-m value observed in the Indian
Ocean (Matthews et al., 2014). At the current vertical res-
olution in the ocean component of the coupled model
(approximately 1 m near the surface), the mean tropical
dSST is close to the theoretical maximum at 0.16 °C. The
small difference between these two values suggests that
little can be gained towards a better representation of the
dSST in this coupled model should the near-surface verti-
cal resolution be increased further. Additionally, the sim-
ilarity of the spatial pattern of the dSST from Figure 4a
to the spatial patterns of dSST from the reanalysis data
validated with surface drifters for the 1979-2002 period
from Bellenger and Duvel (2009) suggests that this coupled
model simulates realistic diurnal warm layers. However,
we conclude that models with a coarser vertical resolu-
tion in the near-surface ocean (of the order of 10m, as
is often used in climate models) may benefit from the
parameterisation of diurnal warm layers.

The mixing experiments presented in this study pro-
vide an insight into the timescale and magnitude of the
two-way feedback between the MJO and the dSST. The
MJO conditions alter the strength of the dSST in the cou-
pled model, such that stronger dSST is observed during
suppressed MJO conditions, consistent with observations
(Anderson et al., 1996; Bellenger & Duvel, 2009; Itterly
et al., 2021; Matthews et al, 2014). At lead day 1, the
presence of the dSST increases the daily mean SST in
the coupled model compared with the foundation SST
used by the atmosphere-only model. The magnitude of
the dSST and the resultant daily mean SST increase vary
systematically with MJO phase, resulting in MJO anoma-
lies in dSST that are positive (negative) in suppressed
(active) convective conditions. The dSST then rectifies the
MJO anomalies of SST in the coupled model, such that
stronger MJO anomalies of dSST lead to stronger MJO
anomalies of SST. Observations show that the dSST rec-
tifies onto the intraseasonal SSTs (Itterly et al., 2021; Yan
et al., 2021), and this coupled NWP system simulates this
mechanism.

At longer lead times, the coupled model produces a
faster MJO due to interactions between the MJO, the
dSST, and the SST anomalies (see summary in Figure 12).
Changes in the MJO regime lead to changes in the MJO
anomalies of dSST. Changes in the MJO anomalies of dSST
lead to changes in the amplitude of MJO SST anoma-
lies. Stronger MJO anomalies of dSST at the beginning
of the forecast can shift the peak of the MJO anoma-
lies of SST earlier by a few forecast days. The peak

response in the MJO convection to the initial changes in
the MJO anomalies of SST is observed on a seven-lead-day
timescale in the coupled model. Subsequently, the MJO
anomalies of SST respond to these changes in the MJO
convection within three days. A stronger warming (or
cooling) after the active-to-suppressed MJO transition
(or suppressed-to-active MJO transition) is observed for
stronger MJO anomalies of dSST. The overall effects of
a muted dSST in the coupled model are thus muted
MJO anomalies of SST prior to and post the MJO pas-
sage, ultimately leading to a slower eastward propagation
of the MJO. DeMott et al. (2016) showed that stronger
fluctuations in SSTs ahead of the MJO lead to more
moist static energy there, encouraging MJO convection.
Seo et al. (2014) showed that higher dSST in a coupled
model leads to higher mean SST and higher latent heat
flux prior to convection, thus influencing the MJO. This
mechanism is similar to that seen here in the coupled
model, and we confirm the early hypotheses of Bernie
et al. (2008) and Woolnough et al. (2007) that indeed the
presence of the dSST does alter the simulated MJO in a
coupled model.

Ultimately, the presence of dSST in this coupled NWP
model leads to prediction of an erroneously fast MJO.
The atmosphere-only model predicts a more accurate MJO
phase speed than the coupled model, according to the
verification dataset. The coupled model became the oper-
ational forecast model at the Met Office in May 2022,
taking over from the atmosphere-only model. The coupled
model is more realistic, but introduces more complexity.
Convection in the Unified Model (UM: the atmosphere
component of the coupled and the atmosphere-only mod-
els) is parameterised and may have been tuned to pro-
duce a good diurnal cycle of convection with diurnally
fixed SSTs. It is possible that the parameterisation scheme
oversimulates the diurnal cycle of convection in response
to diurnally evolving SSTs in the coupled model, lead-
ing to too-fast MJO propagation in this model. Sev-
eral studies demonstrate the importance of the diur-
nal cycle of convection and precipitation over the MC
(e.g., Baranowski et al., 2019; Birch et al., 2016; Hagos
et al., 2016; Peatman et al., 2014; Wei et al., 2020). Gen-
erally, the diurnal cycle of precipitation is represented
better in convection-permitting models than in the mod-
els that parameterise convection (Prein et al., 2015). Senior
et al. (2023) showed that the regional version of the UM
at a convection-permitting horizontal resolution improves
extreme rainfall compared with the global lower resolution
model that uses parameterised convection. This improve-
ment was associated with the modulation of the diurnal
cycle of convection by convectively coupled Kelvin waves,
often associated with the MJO (e.g., Neena et al., 2022).
If the convection-permitting model improves the diurnal
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Feedback between the MJO and diurnal warm layers
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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 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 seven-lead-day timescale and a ~3% increase in the MJO phase

speed. Subsequently, the intraseasonal anomalies of SST respond to these MJO convection changes within the next 3 forecast days.

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

Our study also provides implications for climate pro-
jections of the MJO. Ahn et al. (2020) analysed over 30 Cou-
pled Model Intercomparison Project Phase 5 (CMIP5) and
Phase 6 (CMIP6) models to reveal that the improvement
in the eastward propagation of the MJO in the CMIP6
models compared with the CMIP5 models is associated
with a stronger horizontal moisture gradient in the lower
troposphere across the warm-pool region. They showed
that the climate configuration of the coupled model exam-
ined here (HadGEM3) generates an accurate amplitude
of MJO-associated rainfall over the MC. However, similar
to our results, the MJO in the HadGEM3 model propa-
gates faster to the east than the observations suggest. The
climate model uses the same horizontal resolution in the
ocean and the atmosphere as the coupled model here,

therefore this too-fast propagating MJO in the climate set-
ting is likely to be partially caused by the presence of
diurnal warm layers in the upper ocean. Unlike the mod-
els of the UK Met Office, the majority of the ocean models
from CMIP6 do not have a 1-m near-surface resolution (see
tab. 1 in Wang et al., 2022). Would the MJO improve or
degrade in CMIP models should the near-surface vertical
resolution be increased?

In summary, the mechanisms discussed in this article
show that the diurnal warming of SST has an important
impact on air-sea interactions on MJO timescales in an
NWP setting. The two-way feedback between the MJO and
diurnal warm layers should be verified further with in situ
observations of the diurnal cycle of SST, and the represen-
tation of the diurnal cycle of SST should be considered in
future model developments in order to achieve better MJO
predictions.
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ENDNOTES

IRetrieved from http://www.bom.gov.au/climate/mjo.

2The 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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