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Abstract
Rapid restratification of the ocean surface boundary layer in the Indonesian-Australian Basin was
captured in austral spring 2018, under the conditions of low wind speed and clear sky during the
suppressed phase of Madden–Julian Oscillations (MJOs). Despite sunny days, strong diurnal
variations of sea surface temperature (SST) were not observed until the wind speed became
extremely low, because the decreasing wind speed modulated the latent heat flux. Combined with
the horizontal advection of ocean current, the reduced upward heat loss inhibited the nighttime
convective mixing and facilitated the restratification of the subsurface ocean layers. The surface
mixed layer was thus shoaled up to 40 m in two days. The restratified upper ocean then sustained
high SSTs by trapping heat near the sea surface until the onset of the MJO convection. This
restratification process might be initialized under the atmospheric downwelling conditions during
the suppressed phase of MJOs. The resulted high SSTs may affect the development and trajectories
of MJOs, by enhancing air-sea heat and moisture fluxes as the winds pick up. Simulating this
detailed interaction between the near-surface ocean and atmospheric features of MJOs remains a
challenge, but with sufficient vertical resolution and realistic initial conditions, several features of
the observations can be well captured.

1. Introduction

Madden–Julian Oscillations (MJOs; Shinoda and
Hendon 1998, Zhang 2005, Moum et al 2014, Seo
et al 2014) are intraseasonal-varying weather systems
that can significantly affect the onset and timing of
monsoon precipitation around the Maritime Con-
tinent. Under the influences of atmospheric general
circulation associated with the suppressed phase of
MJOs, the tropical warm pools frequently feature low
wind speed and clear sky conditions, favorable for the
occurrence of strong diurnal variations of sea surface
temperature (SST. Sutherland et al 2016, Moulin et al
2018, Thompson et al 2019, Hughes et al 2020). Sev-
eral model studies have demonstrated that significant

SST warming can enhance air-sea heat and moisture
fluxes, and thereby the development and propaga-
tion of MJOs (Bernie et al 2008, DeMott et al 2015,
Ruppert and Johnson 2015). Note that fine-scale tur-
bulence driven by nighttime convection and vertical
shear of horizontal current can cool SST by entrain-
ing cold water from the stratified subsurface layers to
the sea surface. Exploring the complicated interaction
between the upper ocean stratified layers and atmo-
spheric features of MJOs can benefit the forecast of
intraseasonal weather systems.

Brainerd andGregg (1995) define a ‘surfacemixed
layer’ (ML), spanning from the sea surface to the top
of the seasonal thermocline, as a layer recently well-
mixed by turbulence. However, fluxes on different
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timescales can affect the density stratification in the
ML, resulting in a more complex picture. During the
daytime, the absorption of penetrative solar radiation
can form a diurnal warm layer that sits over a diurnal
thermocline near the sea surface (Kudryavtsev and
Soloviev 1990). A residual layer (RL) which spans
from the bottom of the diurnal thermocline to the
top of the seasonal thermocline, can be restratified
by the downward heat fluxes (including the penetrat-
ive solar flux), lateral advection, and turbulent mix-
ing (Brainerd and Gregg 1993, Kunze et al 2021).
Nighttime convective mixing typically destratifies all
these layers at the end of a diurnal cycle. On times-
cales longer than diurnal variations, lateral advection
driven by the frontogenesis of submesoscale fronts
or wind may restratify the ocean surface boundary
layer (Johnson et al 2016, 2020). The sharp horizontal
buoyancy gradient at the fronts provides the available
potential energy for inducing the submesoscale eddy
instability (Boccaletti et al 2007, Fox-Kemper et al
2008). Hence, the restratification of ML may involve
complicated processes.

Many previous studies have discussed the restrat-
ification of the ocean surface boundary layer around
springtime (e.g.Mahadevan et al 2010, 2012, Johnson
et al 2016). In winter, strong wind and radiative cool-
ing destratifies the seasonal thermocline and deepens
theML. Fromwinter to summer, the increasing insol-
ation will enhance the upper ocean heat content. The
heat captured in the diurnal warm layer will be redis-
tributed through the deeper ML by nighttime con-
vective mixing. It can gradually increase the daily-
mean SST and the stratification across the base of
the diurnal warm layer. The increased density strat-
ification in the upper ocean will trap more heat in
a shallower ML by inhibiting turbulent mixing (Sui
et al 1997). MJOs propagating along the equator after
October in boreal autumn-winter (Moum et al 2014)
will experience the seasonal transition of the South-
ern Hemisphere ocean. Because the shoaling of ML
can affect the daily-mean SST (Bernie et al 2005), it
is important to explore the interaction between the
MJOs and the restratification of the ocean surface
boundary layer around tropical warm pools.

This study documents observations of SST warm-
ing of >1 ◦C in two days during the suppressed
phase of one MJO event (Feng et al 2020), which is
more rapid compared to the previous observations
forMJOs (e.g. <1 ◦C in ten days inMoum et al 2014).
The thickness of ML changes up to 40 m, more signi-
ficantly than that during the seasonal transition from
spring to summer (e.g. ∼20 m in ten days in Large
et al 1994). The high SSTs (>27.5 ◦C), sustained by
the rapid restratification of the ocean surface bound-
ary layer, can enhance the heat and moisture fluxes
to the atmosphere. In the following, our observations
will be described in section 2. The evolution of strati-
fied layers in the upper ocean is presented in section 3.
Section 4 describes numerical model simulations of

the upper ocean response to prescribed atmospheric
forcing, which are then used to explore the dynamics
behind the rapid restratification of the ocean surface
boundary layer.

2. Observations in the field experiment

In November 2018, a collaborative field campaign
between Centre for Southern Hemisphere Oceans
Research (CSHOR) and China’s First Institution of
Oceanography was conducted to explore the air-
sea interaction in the Indonesian-Australian Basin
(Feng et al 2020). A shelf version of the Bailong
buoy system (supporting information A available
online at stacks.iop.org/ERL/17/024031/mmedia)
was deployed off the northwest coast of Australia,
along with six rapid profiling ALAMO floats from
MRV Systems and two Teledyne Web EM-APEX
floats. The ALAMO floats measured the seawater
temperature in the upper 0.2 m as the SST (sup-
porting information A). The field array was initially
deployed near 115.3 ◦E and 16.8 ◦S on 22 Novem-
ber 2018 (figure 1). Three weeks later, the deep
convection of an MJO event arrived in the east-
ern basin of the Indian Ocean, which was identi-
fied using the satellite-measured precipitation and
outgoing longwave radiation anomalies (Feng et al
2020). Though this MJO was not weak based on the
MJO index (www.bom.gov.au/climate/mjo/; Wheeler
and Hendon 2004), the associated deep convection
did not propagate across the Maritime Continent.
According to the buoy measurements at 16.8 ◦S, the
westerly wind increased after 10 December, but the
precipitation remained zero. The deep convection of
this MJO might propagate only along the equator
instead of detouring to 15 ◦S.

Two ALAMO floats failed before 24 November.
The remaining ALAMO (9205, 9207, 9209, and 9210)
and EM-APEX (em8487 and em8488) floats initially
drifted northwestward due to the geostrophic cur-
rents (black arrows in figure 1(a)). A strong cold-core
cyclonic eddy was located just east of the float array.
Four floats closer to the center of the eddy (9207,
9209, 9210 and em8488) then drifted around it to the
northeast. All floats continuously profiled the upper
500m ocean after 28 November except em8488. Float
em8488 which profiled in the upper 250 m before
2 December, had a faster drifting speed than the
other floats due to the effect of geostrophic current.
The trajectories of 9207 and 9210 from 2 Decem-
ber to 6 December were similar to the trajectory of
em8488 from 29 November to 30 November. The
float array delivered a detailed evolution of the upper
ocean stratification, whichwas useful for understand-
ing how surface fluxes, ocean currents, and turbulent
mixing might impact SST.

The peak of downward shortwave radiation at
the buoy was >900 W m−2 (positive for down-
ward heat fluxes) from 30 November to 6 December
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Figure 1. (a) Trajectories of four ALAMO floats (9205, 9207, 9209 and 9210; color lines) and two EM-APEX floats (em8487 and
em8488; color lines) from deployment in 22 November to 6 December 2018. The position of the FIO buoy is shown as a red star;
(b) downward solar radiation measured by the buoy; (c) wind speed at 4 m height above the sea surface; (d) measured SST by
ALAMO floats; (e) the float-measured mean subsurface temperature from 10 to 15 m depth; and (f) the estimated latent heat flux
using the COARE algorithm 3.0 (Fairall et al 1996, 2003). The color shading and black arrows in (a) are the sea surface height
anomalies SSHA and geostrophic current Vgeo from satellite measurements. The heat flux is positive downward.

(figure 1(b)). The wind speed at 4 m height above
the sea surface was mostly >4 m s−1 before 2 Decem-
ber (figure 1(c)). The magnitude of the diurnal vari-
ations of SST (DV SST, defined as daytime peak
minus nighttime minimum; figure 1(d)) was gen-
erally less than 0.5 ◦C before 2 December, because
the strong wind could induce turbulent mixing for
cooling SST (Thompson et al 2019). The wind speed
decreased to a minimum of 2 m s−1 at midnight
of 3 December. The extremely low wind speed and
sunny days might explain why the DV SST could be
>2 ◦C afterward. Interestingly, the nighttime min-
imum SST increased rapidly from 26.5 to 27.7 ◦C
between 2 December and 4 December at all floats
except 9205, within the same period when the strong
DV SST occurred. For the EMAPEX floats, the meas-
ured subsurface temperature variability in the range
of 10–15mdepth (figure 1(e)) was similar to that cap-
tured by the nearby ALAMO floats.

We use the COARE 3.0 algorithm for computing
the latent and sensible heat fluxes (Fairall et al 1996,
2003). The latent heat flux dropped from −220 to
−100 W m−2 between 1 December and 3 December
(figure 1(f)), because the wind speed decreased down
to 2 m s−1. Though the low wind speed suppressed

the latent heat flux from 2 December to 4 Decem-
ber, the warming of daily-mean SST would eventu-
ally enhance the latent heat flux once the wind speed
increases (Hsu et al 2019), e.g. the latent heat flux
was up to −180 W m−2 at wind speed >6 m s−1

on 5 December. The relative humidity rose to more
than 80% after 7 December (supporting information
A). The rapid SST warming might enhance the ‘effi-
ciency’ for accumulating air-sea heat fluxes andmois-
ture during the suppressed phase of MJOs (Maloney
2009). The key question is, why did the rapid warm-
ing of daily-mean SST not occur until 3 December?
This will be explored in the following analysis.

3. Restratification of the ocean surface
boundary layer during the suppressed
phase of MJOs

3.1. Definition of surface ML depth
Various criteria for estimating the depth of the ML
(MLD) have been proposed (Sprintall and Roemmich
1999, de Boyer Montégut et al 2004, Suga et al
2004), such as finding the difference of potential
density ∆ρ between ρ(MLD) and ρ(z0) exceeding
some arbitrary constant (Chi et al 2014), where z0

3
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Figure 2. Float trajectories from 29 November to 5 December 2018 (color lines with dots in (a); labeled on the right of (b)–(g)),
the measured buoyance frequency N2 normalized by a constant N 2

0 of 1.0× 10−4 s−2 at six floats (b)–(g). The interval between
each color dot (the position of floats at 12 am each day) in (a) is one day. In (b)–(g), the green color marks the near zero or
negative N2 due to density inversions, and the magenta lines are the reference depth z0 for estimating the surface mixed layer
depth (MLD; yellow lines), which is computed as the bottom of the diurnal thermocline during diurnal warming. Only z0 > 5 m
at the ALAMO floats and z0 > 15 m at the EM-APEX floats are shown. Missing measurements are indicated by white areas
bounded by black lines in (c), (d), and at the right of the black line in (b), (f).

is the reference depth close to the ocean surface.
The results of MLD (yellow lines in figure 2) in
this study are thus estimated by fulfilling two cri-
teria at the same time: potential density difference
∆ρ = ρ(MLD) − ρ(z0) > 0.3 kg m−3 and potential
density gradient ∂ρ/∂z < −0.03 kg m−4 (Hsu et al
2017), where the axis z is positive upward. Because of
the sharp temperature gradient in the diurnal ther-
mocline, the z0 (magenta lines in figure 2) at the
ALAMO floats is computed by finding the bottom of
the diurnal thermocline, i.e. where vertical temperat-
ure gradients weaken to less than 0.02 ◦C m−1 over a
5 m span below 3 m depth. That is, the z0 can also be
used for identifying the thickness of the diurnal warm
layer. The z0 at the EM-APEX floats is estimated in the
sameway but starting from the 13mdepth (due to the
missing upper 10 m measurements).

3.2. Observed evolution of stratification in the
upper ocean
The strength of the ocean stratification was
tracked by computing the buoyancy frequency N2

(=−(g/ρ)(∂ρ/∂z), where g is the gravity constant),
normalized by a constant N2

0 = 1.0 × 10−4 s−2.
Before 2 December, the MLD at all floats was about

60 m depth (yellow line figure 2), because the night-
time convective mixing eroded stratification above
the MLD regularly (inversion of density N2 < 0
shaded by the green dots in figure 2). Though the
peak of downward solar radiation was mostly more
than 900Wm−2 after 29 November (figure 1), a thick
diurnal warm layer (N2/N2

0 > 2 in the upper 10 m)
was not formed until 2 December, which was driven
by the decreasing wind speed. The presence of the
diurnal warm layer could inhibit turbulent mixing
efficiently (Matthews et al 2014).

The RL, spanning from the bottom of the diurnal
thermocline (magenta lines in figure 2) to the MLD
(yellow lines), appeared during the periodwith strong
diurnal SST warming. The N2/N2

0 within the RL var-
ied significantly at different floats after 2 December.
For the floats (9207, 9209, 9210, and em8488) drift-
ing northeastward, the N2/N2

0 in the RL increased
from 0.5 to more than 2.5. The shoaling of MLD
was up to 40 m in two days, i.e. a rapid restratific-
ation of the ocean surface boundary layer. In con-
trast, the N2/N2

0 remained nearly constant at 0.5 at
9205 and em8487, which continuously drifted north-
ward before 6 December. The warming of daily-mean
SST at the ALAMO floats was in good agreement
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with the shoaling of MLD. While that em8488 drif-
ted faster and farther than the other three nearby
ALAMO floats, the timing of the rapid shoaling of
MLD was similar. The observed increase of SST and
shoaling of MLD were unlikely due to the lateral het-
erogeneity in the ocean structure.

4. Regional oceanic modeling system
(ROMS) simulations using the K-profile
parameterization (KPP) mixing scheme

The rapid daily-mean SST warming within two days
(>1 ◦C) might be associated with the restratifica-
tion of the ocean surface boundary layer. Because the
changes ofMLDcan affect the estimation of the upper
ocean heat budget, it is unlikely to use in-situ oceanic
measurements for identifying dominant factors in
the change of near-surface temperature (Kunze et al
2021). To properly separate the effects of downward
heat flux and horizontal advection, we use an ocean
model for simulating the response of the upper ocean
structure to the prescribed atmospheric forcing in the
following.

4.1. Model setting
We use the KPP scheme (Shinoda and Hendon 1998,
Bernie et al 2005, Kawai and Wada 2007) in the 3D
(ROMS; Shchepetkin and McWilliams 2005) to sim-
ulate the evolution of upper ocean in the float array
region. The temporal resolution is 10 min, and the
horizontal resolution is 5 km. The vertical resolu-
tion is less than 1 m in the upper 20 m, in order to
simulate the diurnal warming of SST reliably (Bernie
et al 2005). The atmospheric measurements at the
buoy, which are in good agreement with the reana-
lysis products (Dee et al 2011), are used for com-
puting air-sea fluxes in the model via the COARE
3.0 algorithm (Fairall et al 1996, 2003), assuming
spatially-homogeneous fluxes.

The GOFS 3.1 3dVar ocean state product
(Cummings and Smedstad 2013), which assimilates
available satellite and in-situ measurements (exclud-
ing our float data), is used as the initial conditions
at midnight of 30 November. Because the float-
measured temperature during the nighttime con-
vective mixing is nearly homogeneous within the ML
before 2 December, we use the float profiles dur-
ing the nighttime from 28 November to 2 December
(from 11 pm in the previous night to 5 am; Karagali
and Høyer 2014) for implementing the initial condi-
tions. Compared to the float observations (support-
ing information B), the GOFS product overestimates
the salinity at all floats (>0.6 psu), and the mean sub-
surface temperature from 10 to 25 m depth at the
north of 15.5 ◦S (>0.7 ◦C). The initial conditions
are thus constructed by adjusting the difference to
the GOFS product (supporting information C). The
main purpose is to bring the initial conditions close to
the float observations before strong diurnal variations

of SST occur. The water mass structure around the
float array then evolves based on the lateral advection
and shear of ocean current (from GOFS), and the full
observed air-sea fluxes.

4.2. Simulated SST and density stratificationN2 at
the floats
We extract the simulated SST at the positions of the
ALAMO floats (figure 3). The model results of SST
warming are similar to the observations. However,
the model slightly underestimates the DV SST cap-
tured by 9207 and 9210 on 2December and 3 Decem-
ber, ∼0.6 ◦C. The choice of vertical mixing scheme
and vertical resolution of the ocean model may affect
the simulation of DV SST (Kawai and Wada 2007).
We then compare the mean subsurface temperature
from 10 to 15 m depth between the model results
and observations. The difference is negligible at two
EM-APEX floats. In other words, themodel may have
qualitatively reproduced the dynamics for increasing
the temperature near the sea surface.

According to the simulated N2/N2
0 (figure 3),

where N0
2 is a constant of 1.0× 10−4 s−2, the model

simulates a diurnal warm layer in the upper 5m, but it
is much thinner than that in the observations. Since
2 December, the model results of N2/N2

0 from 40 to
60 m depth can change by more than 1.5 at three
ALAMO floats except 9205. The trend of the simu-
lated density stratification in the upper ocean is sim-
ilar to the observations, consistent with the model
performance in simulating the SSTwarming. Before 2
December, the nighttime convectivemixing can cause
the density inversion (N2 < 0) from the sea surface to
more than 20 m depth. After 3 December, the simu-
lated N2 < 0 due to the nighttime convective mixing
is mostly in the upper 10 m. The decrease of latent
heat flux (figure 1) may weaken the simulated radiat-
ive cooling and nighttime convective mixing, as that
found in the observations. The increase of N2 in the
upper ocean may also inhibit the turbulent mixing.
On the other hand, the model fails to simulate the
increase of N2/N2

0 from 20 to 60 m depth at em8488
after 5 December. The insufficient measurements at
the north of 15.5 ◦S (figure 1) may affect the back-
ground ocean conditions of the model runs.

4.3. Factors to the simulated restratification in the
upper ocean
Because of the qualitative agreement between the
simulations and observations before 4 Decem-
ber, we will explore the dominant factors driv-
ing the simulated restratification of the ocean sur-
face boundary layer at float 9209 first (figure 4).
Based on the linear seawater density equation
ρ= ρ0 + ρ0 (−α(T−T0)+β (S− S0)) (where the
α and β are the expansion coefficients of heat and
saline, respectively), we can explore the temporal
change of density stratification ∂N2/∂t (Johnson et al
2020), by using the temperature change rate due to
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Figure 3.Model results (a) and observations (b) of SST at the ALAMO floats and mean subsurface temperature from 10 to 15 m
depth at the EM-APEX floats (color lines, labeled at the right of (c)–(h)), respectively; (c)–(h) the simulated buoyance frequency
N2 normalized by a constant N 2

0 of 1.0× 10−4 s−2. The green color marks the negative N2 due to the density inversion.

the horizontal advection (∂Ta/∂t) and vertical diffu-
sion (∂Td/∂t, which includes penetrative solar radi-
ation), and salinity change rate due to the horizontal
advection (∂Sa/∂t) and vertical diffusion (∂Sd/∂t),
respectively. The contribution of temperature and
salinity to the change ofN2 will be studied, assuming
∂N2

∂t ≈ g ∂
∂z

(
α
(

∂Ta
∂t + ∂Td

∂t

)
−β

(
∂Sa
∂t +

∂Sd
∂t

))
.

Before midnight of 2 December, the nighttime
convective mixing initialized by the heat loss destrat-
ifies the density stratification in the upper 40 m,
though the temperature and salinity advection may
have slightly restratified the RL in the upper 50 m
during the daytime (figure 4). The Td due to the
nighttime convective mixing is much larger than the
contribution from the other terms. After 2 Decem-
ber, the Td favored by the strong insolation and low
wind speed forms strong N2 near the sea surface as
a diurnal warm layer. Because the decreasing wind
speed weakens the latent heat flux, the upward net
heat flux decreases, so the radiative cooling is reduced.
The weaker nighttime convective mixing is unable to
erode the diurnal warm layer and RL formed dur-
ing the daytime, in good agreement with Kunze et al
(2021).

According to the cumulative change of N2/N2
0

since midnight of 30 November, i.e. ∆N2/N2
0 , the

nighttime convective mixing does not destratify the
N2/N2

0 after 2 December, consistent with the timing
of decreasing wind speed. The simulated horizontal

advection increases the N2 of RL from 20 to 40 m
depth, presumably due to the northeastward current
at the northwest edge of the cold eddy (figure 1). The
role of horizontal advection in restratifying the RL is
consistent with that reported by Brainerd and Gregg
(1993). We then explore the ∆N2/N0

2 at float 9205
(supporting information D), which is farther away
from the center of the cold eddy than 9209. Because
the horizontal advection does not increase ∆N2/N2

0

in the upper 50m significantly before 3December, the
diffusion due to the nighttime convective mixing can
still destratify the simulated N2 of RL at 9205, even
the atmosphere conditions between 9205 and 9209
should be similar. In other words, the formation of
the diurnal warm layer and restratified RL may both
affect the strength of nighttime convective mixing.

Based on the float observations and model res-
ults, we may conclude that a thick diurnal warm layer
was formed near the sea surface, because the decreas-
ing wind speed reduced the upward latent heat flux
and shear instability mixing since 2 December. After
the sunset, the net air-sea heat loss might cause less
SST cooling and suppress the strength of nighttime
convective mixing. Besides, the diurnal warm layer
near the sea surface (e.g. Huang and Feng 2021) con-
tribution of temperature might prevent the night-
time convective mixing from eroding the RL in the
subsurface ocean. The subsurface RL could then be
continuously restratified by the horizontal advection.
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Figure 4. Contribution to the temporal change of density stratification ∂N2/∂t from the temperature diffusion term:
gα∂(∂Td/∂t)/∂z (a), salinity diffusion term:−gβ∂(∂Sd/∂t)/∂z (b), temperature advection: gα∂(∂Ta/∂t)/∂z (d) and salinity
advection:−gβ∂(∂Sa/∂t)/∂z (e) at float 9209 by using the model output from ROMS. The cumulative change of∆N2/N 2

0 since
midnight of 30 November due to the vertical diffusion and horizontal advection is presented in (c) and (f), respectively.

Once the upper ocean was restratified, the verical
mixing might not entrain the cold water from the
subsurface ocean efficiently, even when the wind
speed was restrengthened to more than 4 m s−1. The
heat trapped in a shallow layer near the sea surface
increased the daily-mean SST. Therefore, the decreas-
ing wind speed and restratified upper ocean since 2
December could explain the rapid warming of daily-
mean SST since 3 December (section 2).

5. Discussion on the roles of upper ocean
restratification inMJO-ocean interaction

Though the dynamics initialized by the low wind
speed and clear sky during the seasonal transition of
MLmay be found in other regions (Kunze et al 2021),
these two conditions are the key features driven by the
atmospheric general circulation of MJOs across the
IndianOcean.MJOs as intraseasonal weather systems
propagating eastward along the equatormay facilitate
the seasonal transition of the ocean surface bound-
ary layer around theMaritimeContinent. The restrat-
ified upper ocean can inhibit turbulent mixing for
entraining cold water from subsurface layers, so the

SST warms rapidly. On the other hand, though the
importance of horizontal advection in the large-scale
MJO-ocean interaction has been demonstrated previ-
ously (e.g. Marshall and Hendon 2014), the effect of
horizontal advection on the restratification of upper
ocean under a stable atmosphere condition may also
be crucial. Because MJOs are multi-scale weather
systems, understanding the complicated interaction
between the upper ocean and atmospheric conditions
during different phases of MJOs may benefit the pre-
diction of the lifetime of these intraseasonal weather
systems.

Except for the strength of MJOs’ deep convec-
tions, factors influencing the propagation traject-
ories of MJOs near the Maritime Continent (MC)
are extensively explored by several recent studies
(e.g. Zhang and Ling 2017), because not all MJOs
can propagate across the MC. The MJOs some-
times detour southward before passing theMC (Zhou
and Murtugudde 2020). Though the dynamics have
not been fully understood, some studies hypothes-
ize that the SST at the eastern basin of the Indian
Ocean may affect the accumulation of heat and
moisture in the lower troposphere (e.g. Zhang and
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Ling 2017). According to the buoy measurements in
this experiment, the downwelling due to the sup-
pressed phase of MJOs may affect the weather con-
ditions far away from the equator. In other words,
exploring the spatial variation of horizontal advection
of ocean current around the northwest shelf of Aus-
tralia may also affect model forecasts on the traject-
ories of MJOs.

6. Summary and conclusions

During the suppressed phase of one MJO event in
the middle of December 2018 (Feng et al 2020),
four ALAMO floats and two EM-APEX floats were
deployed off northwest Australia. The observed
diurnal variation of SST was up to 2 ◦C under low
wind speed (∼2 m s−1) and sunny conditions since
2 December. A thick diurnal warm layer was formed
near the sea surface. After the occurrence of strong
diurnal variation of SST, the N2/N2

0 at three ALAMO
floats and one EM-APEX float increased from less
than 0.5 to more than 2.5 in the upper 50 m, and
shoaled MLD by at least 20 m in two days. We
observed a rapid restratification of the ocean sur-
face boundary layer during the suppressed phase of
an MJO. The restratified layers then sustained a high
SST > 27.5 ◦C until the onset of MJO convections
(Feng et al 2020). On the other hand, the daily-mean
SST and upper ocean stratification at the other two
floats did not change significantly during this period,
presumably due to the spatial variation of horizontal
advection.

We used the KPPmixing scheme in the 3D ROMS
model for simulating the dynamics in this restratific-
ation process. The model results of SST and N2/N2

0

in the upper ocean were consistent with our obser-
vations. Though the simulated horizontal advection
of temperature and salinity could slightly restrat-
ify the subsurface ocean before 1 December, strong
nighttimemixing still eroded all density stratification
above the MLD. Since 2 December, the extremely low
wind speed favored the formation of a thick diurnal
warm layer by decreasing the latent heat flux, which
could stabilize the upper ocean. The simulated night-
time convective mixing weakened by the reduced
upward heat losswas therefore unable to destratify the
layers formedduring daytime. It prolonged the period
for the upper ocean restratified by the horizontal
advection and penetrative solar radiation, consistent
with that reported by Kunze et al (2021). In other
words, this rapid restratification process was initial-
ized by the atmospheric conditions of low wind speed
and sunny days. The increased near-surface stratific-
ation would reduce the turbulent mixing due to the
downward turbulent flux so that the subsurface layers
could be continuously restratified by the horizontal
advection. Because more heat was trapped within a
shallower near-surface layer, the observed daily-mean

SST was warmed rapidly by more than 0.5 ◦C since
3 December. The accumulation of heat and moisture
in the atmospheric boundary layer, modulated by the
SST variations, could affect the onset and develop-
ment of MJOs’ deep convection (e.g. Maloney 2009,
Seo et al 2014).

In summary, a stable sunny atmosphere with low
wind speeds during the suppressed phase of MJOs
may be favorable to the restratification of the ocean
surface boundary layer near the MC around the aus-
tral spring. Low latent heat flux due to the extremely
low wind speed may result in strong diurnal vari-
ations of SST and formation of the diurnal warm
layer, and then reduce the strength of nighttime
convective mixing. Because the nighttime convect-
ive mixing is suppressed, the near-surface layers can
be continuously restratified by the horizontal advec-
tion and penetrative solar radiation. The increase of
density stratification in the upper ocean may sustain
high SST, air-sea heat and moisture fluxes until the
onset of the MJOs convective phase (Maloney 2009).
Field measurements on turbulent diffusivity within
the stratified layers in TWPs are essential for improv-
ing the ocean mixing approaches, even future used in
the global coupled models for the MJO forecast.
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