
P
os
te
d
on

24
N
ov

20
22

—
T
h
e
co
p
y
ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
10
02
/e
ss
oa
r.
10
50
61
55
.1

—
T
h
is

a
p
re
p
ri
n
t
a
n
d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
a
ta

m
ay

b
e
p
re
li
m
in
a
ry
.

Observing Upper Ocean Stratification during Strong Diurnal SST

Variation Events in the Suppressed Phase of the MJO

Je-Yuan Hsu1, Ming Feng2, and Susan Wijffels3

1National Taiwan University
2CSIRO Oceans and Atmosphere
3Woods Hole Oceanographic Institution, Physical Oceanography

November 24, 2022

Abstract

Six ALAMO floats are deployed within the tropical warm pool of the eastern Indian Ocean, to study the thermal stratification in

the diurnal warm layer (DWL) during strong diurnal SST variation (DV SST) prior to the onset of Madden-Julian Oscillations

(MJO). Strong DV SST of > 2 °C is measured by four floats before the passage of a MJO event (i.e., during the suppressed

phase), when the peak insolation > 1000 W m-2 and the wind speed < 3 m s-1. Even after the occurrence of daytime peak SST,

the temperature gradient in the DWL can still extend to > 10 m until the midnight, which may be driven by the turbulent

mixing at the base of DWL. Interestingly, the foundation SST (SSTfnd) at three floats increases rapidly from 26.4 °C to > 27.6

°C over two days, coincident with the shoaling of surface mixed layer depth (MLD) by more than 20 m. The strongly stratified

near surface layer may sustain higher SSTs and enhance air-sea heat fluxes until the onset of stronger winds. The KPP mixing

scheme used in a 1-D model can simulate the observed DV SST magnitude reliably, but fail to predict the rapid increase of

SSTfnd. The magnitude of DV SST is affected by the near surface stratification, but the SSTfnd is modulated by the evolution

of stratification above the MLD. Future field measurements in the upper ocean during diurnal warming are proposed to help

improve air-sea flux simulations and the forecast of MJOs.
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Abstract  22 

Six ALAMO floats are deployed within the tropical warm pool of the eastern Indian Ocean, to 23 

study the thermal stratification in the diurnal warm layer (DWL) during strong diurnal SST 24 

variation (DV SST) prior to the onset of Madden-Julian Oscillations (MJO). Strong DV SST of > 25 

2 °C is measured by four floats before the passage of a MJO event (i.e., during the suppressed 26 

phase), when the peak insolation > 1000 W m
-2

 and the wind speed < 3 m s
-1

. Even after the 27 

occurrence of daytime peak SST, the temperature gradient in the DWL can still extend to > 10 m 28 

until the midnight, which may be driven by the turbulent mixing at the base of DWL. 29 

Interestingly, the foundation SST (SSTfnd) at three floats increases rapidly from 26.4 °C to > 27.6 30 

°C over two days, coincident with the shoaling of surface mixed layer depth (MLD) by more 31 

than 20 m. The strongly stratified near surface layer may sustain higher SSTs and enhance air-32 

sea heat fluxes until the onset of stronger winds. The KPP mixing scheme used in a 1-D model 33 

can simulate the observed DV SST magnitude reliably, but fail to predict the rapid increase of 34 

SSTfnd. The magnitude of DV SST is affected by the near surface stratification, but the SSTfnd is 35 

modulated by the evolution of stratification above the MLD. Future field measurements in the 36 

upper ocean during diurnal warming are proposed to help improve air-sea flux simulations and 37 

the forecast of MJOs. 38 

  39 
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1. Introduction 40 

 Air-sea heat fluxes over high sea surface temperatures (SST) of the tropical warm pools 41 

(TWPs) have a critical influence on the atmospheric general circulation. These TWPs frequently 42 

feature low wind conditions and thus experience ubiquitous and strong diurnal variations of SST 43 

(DV SST). Latent and sensible heat fluxes, modulated by the SST, can affect the onset and 44 

timing of intra-seasonal weather systems such as the MJOs (Zhang 2005; Maloney 2009; Seo et 45 

al. 2014; Sobel et al. 2014). While the intrinsic time scale of MJOs is longer than a week, the 46 

coupled model forecasts of MJOs can be influenced significantly by DV SSTs through impacts 47 

on daily-mean SST (Bernie et al. 2008; Rupert and Johnson 2015; Demott et al. 2015). Modeling 48 

the diurnal variations of the upper ocean remains challenging (Kawai and Wada 2007). To 49 

forecast the DV SST accurately, turbulent mixing in the upper ocean must also be simulated 50 

accurately, which involves the forecast on both the shear and density stratification for inducing 51 

shear instability mixing. Therefore, exploring the diurnal SST variations and associated 52 

evolution of stratified layers near the ocean surface may be crucial for improving the MJO 53 

forecast. 54 

 The evolution of stratified layers (Fig. 1) above the seasonal thermocline during the DV 55 

SST has been discussed in several previous studies such as Brainerd and Gregg (1993a) and 56 

Sutherland et al. (2016). Under low wind conditions, the absorption of insolation during the 57 

daytime forms a sharp vertical temperature gradient in the surface mixed layer, termed the 58 

diurnal thermocline (Kudryavtsev and Soloviev 1990; Caldwell et al. 1997). The diurnal warm 59 

layer (DWL, Sui et al. 1997; Matthews et al. 2014; Sutherland et al. 2016; Moulin et al. 2018; 60 

Hughes et al. 2020), spanning the ocean surface to the base of diurnal thermocline, can modify 61 

the magnitude of DV SST through the inhibition of turbulent mixing across its base (Fairall et al. 62 
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1996b; Bellenger and Duvel 2009; Moulin et al. 2018). Below, the layer between the DWL and 63 

the top of the seasonal thermocline is termed the remnant layer (RL, Brainerd and Gregg 1993a; 64 

Caldwell et al. 1997), which can be regarded as a fossil mixed layer formed during the previous 65 

night due to convective cooling. The penetrative solar radiation can not only form the DWL, but 66 

also restratify the RL (Brainerd and Gregg 1993a). After a late afternoon peak, the SST drops 67 

around sunset when outgoing turbulent heat fluxes and longwave radiation exceed the insolation 68 

(Moulin et al. 2018), and thus induces nighttime convective mixing. The induced convective 69 

mixing will then mix the surface mixed layer by destratifying the DWL and RL (Fig. 1c). It will 70 

set the foundation SST (SSTfnd, which is closed to the nighttime minimum SST) similar with that 71 

of the previous night. 72 

 Consecutive days of strong insolation and low wind speeds is one of the most important 73 

features of the suppressed phase of MJO. This can result in the stratification of surface mixed 74 

layer (e.g., Bernie et al. 2005; Moum et al. 2014) and generate higher daily-mean SST (Shinoda 75 

and Hendon 1998; Bernie et al. 2005). The insolation captured in the DWL will be redistributed 76 

through the deeper surface mixed layer by nighttime convective mixing. This heat can gradually 77 

increase the SSTfnd and the stratification across the base of the DWL (Sui et al. 1997). In turn it 78 

may suppress cold entrainment, allow SSTs to increase and through associated air-sea fluxes, 79 

drive up the accumulation of atmospheric boundary layer heat and moisture for developing the 80 

deep convection in MJOs (Zhang and Ling 2017) 81 

 The concept of an ocean barrier layer (BL) is first proposed (Lukas and Lindstrom 1991) 82 

to identify the discrepancy between the surface mixed layer depth (MLD) and the top of seasonal 83 

thermocline, mostly due to opposing salinity stratification. The BL is later defined as the layer 84 

between the isothermal layer depth (ILD) and MLD (Sprintall and Tomczak 1992; McPhaden 85 
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and Foltz 2013; Chi et al. 2014). Strong precipitation may form a low-salinity layer near the sea 86 

surface (as illustrated in Fig. 1d and h). The density stratification due to salinity will result in a 87 

shallow MLD, while the temperature remains nearly homogenous (i.e., the definition of 88 

isothermal layer IL) or even can be cooler at the surface compared to below (McPhaden and 89 

Foltz 2013; Chi et al. 2014). The presence of salinity-based BL increases the required vertical 90 

mixing to access the seasonal thermocline (Chi et al. 2014). On the other hand, the temporal 91 

change of MLD is an useful indicator for identifying the strength of wind-driven mixing 92 

(Balaguru et al. 2015), because the nighttime convective mixing cannot destratify the 93 

temperature gradient in the seasonal thermocline abruptly. Thus, clearly salinity and temperature 94 

gradients in the upper ocean are important to the dynamics of stratification and turbulent mixing.  95 

Though the importance of DWL for inhibiting the turbulent mixing has been explored by 96 

many previous studies (e.g., Moulin et al. 2018; Hughes et al. 2020), the thickness of DWL is 97 

often estimated by finding the depth of an isotherm with high temperature (Matthews et al. 98 

2014).  However, because the density stratification modulated by the temperature structure can 99 

affect the efficiency of turbulent mixing, exploring the factors to the extension of temperature 100 

“gradient” in the DWL should be more crucial than focusing on the thickness of a high-101 

temperature layer. This study will discuss the evolution of temperature gradient above the MLD, 102 

by using both the observations and model simulations during a strong DV SST event. 103 

In November 2018, a collaborative field campaign between CSHOR and China’s First 104 

Institution of Oceanography was conducted to explore the air-sea interaction in the Indonesian-105 

Australian Basin of the TWP (Feng et al. 2020). A shelf version of the Bailong buoy system 106 

(Appendix A) was deployed off the northwest coast of Australia, along with six rapidly profiling 107 

ALAMO floats from MRV Systems and two Teledyne Web EM-APEX floats. The observations 108 
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off Australia’s Northwest Shelf collected during the suppressed phase of one MJO event around 109 

the end of 2018 (Feng et al. 2020) will be reviewed in section 2. Definitions and the estimation 110 

of different upper ocean stratified layers during diurnal warming will be described in section 3. 111 

Results and discussions on SST variations and evolution of upper ocean layers will be presented 112 

in sections 4 and 5, respectively. Section 6 will compare the observations with the model results 113 

using the K-profile parameterization (KPP) of vertical mixing.  114 

 115 

2. ALAMO Float Measurements in the Field Experiment 116 

The field array was deployed at 115.3 °E and 16.8 °S on Nov 22
nd

 2018. Two ALAMO 117 

floats (9206 and 9208) failed within two days of deployment. Floats 9205 and 9209 were 118 

deployed at the southwest of floats 9207 and 9210. The distance between the floats was always 119 

less than 50 km before Dec 5
th

. The remaining four ALAMO floats initially drifted 120 

northwestward (Fig. 2). The floats except 9205 turned east since Dec 2
nd

, but still remained in a 121 

cold filament whose SST ~ 26.5 °C. The drifting velocity of the floats is similar with the 122 

satellite-measured geostrophic current (not shown in this study). That is, the float trajectories 123 

should be mainly affected by the geostrophic currents of a strong cold-core cyclonic eddy located 124 

just east of the float array, not the wind-driven current. No rains fell until the passage of an MJO 125 

around the middle of December 2018 (Feng et al. 2020). 126 

Two types of CTD sensors, Seabird SBE-41 (9207) and RBR (9205, 9206, 9208, 9209 127 

and 9210), were mounted on the ALAMO floats. The floats continuously profiled the 128 

temperature and salinity in the upper 600 m from Dec 1
st
 to 5

th
 2018. Only the ascending profiles 129 

are used for the analysis in this study, to avoid the CTD measurements being contaminated by 130 



7 

 

 

 

the wake effect. The time interval between ascending profiles was 3 to 4 h. The vertical 131 

resolution of Seabird profiles was 1 m in the upper 50 m. The RBR sensors returned a vertical 132 

resolution of 0.1 m in the upper 5 m, and 1 m from 5 to 50-m depth. We estimated the SST on 133 

the RBR profiles by finding the peak temperature in the upper 1 m, often at ~ 0.2-m depth, after 134 

excluding those with salinity measurements < 32 psu (which indicates air in the samples). 135 

ALAMO floats also recorded the temperature during surface drift, when the pressure was less 136 

than 0.2 dbar. Though the Seabird CTD sensors did not have the measurements in the upper 1 m, 137 

the first surface value of temperature at about 0.1 or 0.2 dbar was always several degrees higher 138 

than those reported at pressures < 0 dbar, similar with the typical difference between the air 139 

temperature and SST in the region. Thus, we used the first surface value of temperature on the 140 

Seabird surface reports as the SST at float 9207.  141 

On Nov 28
th

 2018, the temperature in the upper 40 m at all four floats was about 26.3 °C 142 

and is largely vertically mixed until Dec 1
st
 (Fig. 3). The float-measured SST was ~ 0.2 °C 143 

higher than the skin SST measured by the Himawari-8 satellites on Nov 30
th

 (Fig. 2), consistent 144 

with previous studies (Beggs et al. 2013). The SST measurements taken by Himawari-8 satellites 145 

were described in appendix A. A strong DV SST event occurred between Dec 2
nd

 and 4
th

 (section 146 

4), ~ 10 days before the passage of the deep convection in one MJO (often termed active phase; 147 

Feng et al. 2020) arrived in the region. Except for float 9205, the temperature in the upper 40 m 148 

increased up to 28 °C after Dec 3
rd

. Temperatures greater than 27 °C in the upper 40 m were then 149 

sustained until the onset of the MJO’s active phase around Dec 13
th

. Float 9205 measured 150 

temperatures of > 26 °C down to 60-m depth on Dec 4
th

, deeper than that at the other three floats 151 

at 40-m depth, while the salinity in the upper 40 m at float 9205 was higher than that at the other 152 

floats by over 0.3 psu after Dec 2
nd

.  153 
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  154 

3. Definitions of Upper Ocean Stratified Layers and DV SST 155 

Various criteria for estimating the depth of the MLD have been proposed (Sprintall and 156 

Roemmich 1999; de Boyer Montégut et al. 2004; Suga et al. 2004), such as a temperature 157 

difference that near the ocean surface (Wyrtki 1964) or density gradient criteria (Lukas and 158 

Lindstrom 1991). Some studies estimate the MLD by finding the difference of potential density 159 

Δρ between ρ(MLD) and ρ(z0) exceeding some arbitrary constant (e.g., Δρ = 0.1 kg m
-3

 in Chi et 160 

al. 2014), where z0 is the reference depth closed to the ocean surface. The definition of z0 is 161 

required to exclude the unknown spikes of density gradient due to turbulence near the sea 162 

surface. 163 

A key question is, which z0 is shallow enough to represent the “surface” value of ρ(z0) 164 

(Brainerd and Gregg 1995)? Different studies choose z0 to avoid the impact of diurnal near 165 

surface temperature stratification, e.g., z0 = 5 m in McPhaden and Foltz (2013) or z0 = 10 in de 166 

Boyer Montégut et al. (2004), due to either an interest in longer timescales or limited vertical 167 

observations. The daily development of temperature stratification in a DWL can complicate the 168 

estimates of MLD (as the example in Fig. 1f), conflicting with the simple concept of a persistent 169 

MLD at the top of seasonal thermocline. A more careful definition of z0 needs to be used in the 170 

presence of a DWL. 171 

 172 

3.1 Depth of stratified layers in a diurnal cycle 173 

The absorption of insolation forms a DWL with strong temperature stratification in the 174 

surface mixed layer, developing within a few hours of sunrise (Moulin et al. 2018). Here, the 175 

diurnal warm layer depth is defined as the shallowest depth greater than 3 m (to avoid very near 176 
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surface turbulence) where vertical temperature gradients weaken to less than 0.02 °C m
-1 

over a 177 

5-m span. That means temperature gradient is small below the DWL. This criterion focuses on 178 

illuminating the roles of strong near surface temperature gradients (including the diurnal 179 

thermocline) in stabilizing the upper ocean (Moulin et al. 2018), instead of the thickness of a 180 

high-temperature layer (e.g., Matthews et al. 2014; section 5). In other word, in this study, a 181 

“thicker” DWL occurs when a strong temperature gradient induced by the diurnal warming (> 182 

0.02 °C m
-1

) extends more deeply. The uncertainties of estimating DWL depth due to the choices 183 

of the values of temperature gradient and spanning depth are studied in supporting information 184 

A.  185 

The MLD and ILD are estimated by using the estimated DWL as the reference depth z0. 186 

We estimate the MLD by fulfilling two criteria at the same time: potential density difference Δρ 187 

= ρ(MLD) – ρ(z0) > 0.15 kg m
-3

 (McPhaden and Foltz 2013) and potential density gradient ∂ρ/∂z 188 

< -0.01 kg m
-4

 (Brainerd and Gregg 1995), where the axis z is positive upward. The ILD is 189 

estimated in the same way as the MLD (Chi et al. 2014), but using the temperature-dependent 190 

profiles of ρ, which are computed assuming a constant salinity – here, the average of salinity in 191 

the upper 5 m.  192 

 193 

3.2 Temperature versus salinity-driven BL 194 

The barrier layer (BL) described by Lukas and Lindstrom (1991) exists due to salinity 195 

stratification for driving the discrepancy between the MLD and ILD (Fig. 1d and h. McPhaden 196 

and Foltz 2013; Chi et al. 2014). They also report a DWL near the ocean surface during the 197 

daytime. Because the strong temperature stratification in the DWL stabilizes the upper ocean, the 198 

effect of the DWL on vertical mixing (Moulin et al. 2018) can be similar to that of near surface 199 
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freshening (Smyth et al. 1997), and thus form a BL. Here, we will define a temperature-driven 200 

BL (TBL) and salinity-driven BL (SBL). The TBL is identified if DWL > 10 m. The SBL is 201 

identified if ILD – MLD > 15 m (see supporting information A for more details on the criteria). 202 

Example profiles of salinity and temperature are used to illustrate the difference between 203 

TBL and SBL (Fig. 4). A sharp diurnal thermocline with a temperature gradient extending to > 204 

20-m depth, i.e., a thick DWL, is captured by float 9210 in the afternoon on Dec 2
nd

. Strong 205 

density stratification in the TBL is due to the absorption of insolation. In comparison, at float 206 

9209, the salinity stratification between 20 and 40-m depth around the 7am of Dec 3
rd

 leads to 207 

the separation of the ILD and MLD, due to a shallower SBL. The TBL and SBL (Chi et al. 2014) 208 

driven by temperature and salinity stratification, respectively, may both increase the upper ocean 209 

stratification, and thereby the threshold for the shear needed to induce vertical mixing. 210 

 211 

3.3 Magnitude of DV SST and foundation SST 212 

The Group for High Resolution Sea Surface Temperature (GHRSST) defines the 213 

foundation SST (SSTfnd) as the SST not affected by the diurnal variability, or the SST before 214 

solar heat gain begins early in the day. Estimating the SSTfnd is difficult without using reliable 215 

measurements of air-sea heat fluxes or models for predicting diurnal variation (Zhang et al. 216 

2016). Several studies find the SSTfnd by averaging the nighttime SSTs before sunrise - from 12 217 

to 5:30 am (Karagali and Høyer 2014; Zhang et al. 2016). Following this, we define SSTfnd as the 218 

mean SST from 1 to 5 am. The magnitude of DV SST is then the difference between the SSTfnd 219 

and following peak SST (SSTmax). 220 

 221 
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4. SST Warming and Air-sea Heat Fluxes 222 

We compute the SSTfnd and the magnitude of DV SST from Dec 1
st
 to 4

th
 2018 (section 223 

3), by using the float measurements of SST. On Dec 1
st
, the observed SSTfnd at all floats is 224 

similar, ~ 26.4 °C, and reaches the peak (~ 26.9 °C) at around 3－4 pm. Compared with the 225 

magnitude of DV SST reported by the previous studies (e.g., from 0.5 to 1.3 °C in Moulin et al. 226 

2018), the magnitude of DV SST ~ 0.5 °C on Dec 1
st
 is not extremely high (Fig. 5b-e). From Dec 227 

2
nd

 to 3
rd

, the significant DV SST > 2 °C occurs at all floats, termed a strong DV SST event in 228 

this study. The highest SST of 29 °C occurs at the float 9209 on Dec 3
rd

. 229 

Air-sea heat fluxes are computed (Fig. 6) using the atmospheric measurements from the 230 

surface buoy and float-measured SST (supporting information B), based on the COARE 3.0 231 

algorithm (Fairall et al. 1996a; Fairall et al. 2003). The trend of daily-mean air-sea net heat flux 232 

is consistent with that of upper ocean heat storage rate. The latent (LH) plus sensible heat flux 233 

(SH) drops from 220 to 80 W m
-2

 between Dec 1
st
 and 3

rd
, because the wind speed decreases 234 

down to 2 m s
-1

 (Fig. 5a). The peak of downward shortwave radiation before Dec 2
nd

 is already > 235 

900 W m
-2

 (appendix A), and low vertical shear of horizontal current is observed at the 236 

surrounding EM-APEX float (not shown in this study), presumably due to the low wind speed. 237 

That is, this strong DV SST event in the beginning of December mainly results from the 238 

decreasing wind speed since Dec 1
st
, not increasing insolation. 239 

The warming of SSTfnd varies significantly between each float from Dec 2
nd

 to 4
th

 (Fig. 240 

5), even when their separation is less than 50 km. The SSTfnd at floats 9207 and 9210 increases 241 

from 26.6 to 27.7 °C from Dec 2
nd

 to 3
rd

 in one day, right after the significant DV SST > 2 °C on 242 

Dec 2
nd

. The SSTfnd at float 9209 increases from 26.4 to 27.6 °C between Dec 2
nd

 and 4
th

. The 243 
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SSTfnd at float 9205 is ~ 27 °C, smaller than the other three floats by 0.8 °C on Dec 4
th

. The 244 

equivalent mean net heat flux at float 9205 is therefore ~ 8.4 W m
-2

 lower than that at the floats 245 

9207 and 9210 from Dec 2
nd

 to 4
th

 (Fig. 6).  246 

On the other hand, though the LH is suppressed by the low wind speed from Dec 2
nd

 to 247 

4
th

, the SSTfnd warming will eventually favor the LH once the wind speed increases (Hsu et al. 248 

2019), e.g., the LH is up to -220 W m
-2

 at wind speed > 6 m s
-1

 on Dec 6
th

 (not shown in this 249 

study). The relative humidity rises to more than 80 % after Dec 7
th

 as well (appendix A). In other 250 

words, the warming of SSTfnd in a short time period may largely enhance the “efficiency” for 251 

accumulating of air-sea heat fluxes and moisture during the suppressed phase of MJOs (Maloney 252 

2009). 253 

 254 

5. Upper Ocean Stratified Layers during Strong DV SST 255 

5.1 Evolution of DWL 256 

The strength of the ocean stratification is tracked through computing the Brunt-Väisälä 257 

frequency N
2
 (=-(g/ρ)(∂ρ/∂z), where g is the gravity constant). The DWL is thin (< 10 m) on Dec 258 

1
st
, associated with a small DV SST, ~ 0.5 °C. Starting from Dec 2

nd
, the solar insolation forms a 259 

“thick” DWL as a TBL that extends its temperature gradient to more than 20-m depth, resulting 260 

in strong density stratification (N
2
 > 1.0×10

-4
 s

-2
) near the ocean surface (Fig. 5). Note that the 261 

criteria for estimating the DWL depend on only the temperature gradient. The extension of N
2
 262 

results from the vertical structure of temperature instead of salinity. 263 

We further compare the estimates of DWL with the other definition of diurnal warm layer 264 

DWL
*
 (with the superscript *) in the aspect of a high-temperature layer. The DWL

*
 can be found 265 
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at the depth of an isotherm in each day, whose temperature T
*
 equals to α*SSTmax + (1-α)SSTfnd 266 

or is at least 0.1 °C higher than the SSTfnd, assuming the α = 0.3 (Matthews et al. 2014). 267 

Considering the variations of SSTmax and SSTfnd
 
between different days, the DWL

*
 can only be 268 

used for comparing with the DWL in the individual day. During the strong DV SST event (Fig. 269 

7), both DWL and DWL
*
 reach the peak in the evening or at the midnight (after 7 pm each day), 270 

within several hours after the occurrence of SSTmax in the afternoon (~4 pm each day; section 4). 271 

The turbulent diffusivity after the diurnal peak transports the warm water and extents the 272 

temperature gradient to the deeper layer until the midnight. The DWL can be a reliable indicator 273 

for identifying the strong DV SST in the consecutive days. 274 

When the measured DV SST at all floats is > 2 °C (Fig. 5), not only a thin layer with high 275 

temperature is formed near the sea surface, a TBL with the significant extension of strong 276 

temperature gradient also appears in the upper ocean. Interestingly, even the thin and high-277 

temperature (~ SSTmax) layer within the upper 5 m disappears before 6 pm on Dec 3
rd

 (Fig. 7), 278 

the extension of temperature gradient in the DWL is not shoaled to < 5 m until the midnight of 279 

Dec 4
th

. The deepening of DWL before the nighttime convective mixing may be induced by the 280 

shear at the base of DWL (Matthews et al. 2014; Hughes et al. 2020). Because the density 281 

stratification is affected by the temperature structure, the extension of temperature gradient 282 

driven by the vertical shear (Hughes et al. 2020) may nonlinearly affect the turbulent diffusivity 283 

above the MLD, and thereby the cooling of SST from the daytime peak.  284 

 285 

5.2 Stratification above the MLD 286 

The MLD is estimated by using the DWL as the reference depth to avoid the temperature 287 

gradient in the DWL (section 3). Because of the large N
2
 below the MLD, the estimated MLD 288 
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captures the top of the seasonal thermocline reliably, ~ 50 m before Dec 2
nd

. Strong nighttime 289 

convective mixing occurs above the MLD (N
2
 < 0 shaded by the white color in Fig. 5), mainly 290 

driven by latent heat flux and longwave cooling. During the strong DV SST event (section 4), the 291 

MLD at the floats except 9205 is shoaled by 20 m, consistent with the change of SSTfnd from 292 

26.6 to > 27.7 °C. At float 9205, the MLD and SSTfnd are nearly constant. Because the salinity at 293 

float 9205 is higher than that at the other floats, we suspect that different vertical structure of 294 

salinity between the floats may be associated with the variation of MLD shoaling.  295 

Because the trajectories of the floats are slightly different, the measured vertical structure 296 

of the salinity between the floats is not the same during the strong diurnal SST warming. On Dec 297 

3
rd

, float 9209 measure a fresh-water layer with salinity ~34.4 psu near the sea surface. It results 298 

in a SBL at 30-m depth during the diurnal warming. Because the simulated magnitude of DV 299 

SST at float 9205 is still similar with the observation, the presence of SBL in the subsurface 300 

layer may not affect the DV SST significantly. 301 

Except at float 9205, the average of N
2
 between 20 and 40-m depth (part of the surface 302 

mixed layer on Dec 1
st
) increases from 5.0 × 10

-5
 to 1.0 × 10

-4
 s

-2
 from Dec 2

nd
 to 4

th
. It shoals 303 

the MLD by > 20 m. The restratification rate ∂N
2
/∂t is ~3.5 × 10

-10
 s

-3
, much faster than that 304 

reported by Brainerd and Gregg (1993a) during the daytime (< 4 m s
-1

 and peak insolation ~ 700 305 

W m
-2

), ~ 1.6 × 10
-10

 s
-3

. The upper ocean becomes stably stratified in a few days. More 306 

importantly, though the wind speed increases to > 6 m s
-1

 after Dec 5
th

, the MLD at floats 9207 307 

and 9209 is still about 30 m, shallower than that at 50-m depth before Dec 2
nd

 (Fig. 3). The 308 

decrease of MLD agrees with the increase of SSTfnd from 26.5 °C to > 27 °C before and after the 309 

strong DV SST event. 310 
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Clearly, the increase of SSTfnd is inversely proportional to the shoaling of MLD, 311 

consistent with the model results reported by Bernie et al. (2005). The SSTfnd can be higher if the 312 

same amount of heat content is accumulated in a shallower MLD. The shoaling of MLD also 313 

coincidentally occurs after the strong DV SST > 2 °C except float 9205. Because the extension 314 

of temperature gradient in the DWL can inhibit the vertical mixing efficiently, we speculate that 315 

the thick DWL as a TBL may reduce the nighttime convective mixing for eroding the 316 

stratification above the MLD. It prolongs the period for the penetrative solar radiation to 317 

restratify the RL and shoal the MLD in the following day.  318 

Despite of it, there may be some other factors for causing the restratification in the RL. 319 

The role of penetrative solar radiation is studied in a one-dimensional model. The change of heat 320 

absorption at different layers does not affect the density stratification below 30-m depth 321 

significantly (section 6.2). The effect of horizontal advection is also studied. According to the 322 

satellite measurements, the temperature advection at the sea surface may be insignificant near the 323 

floats (supporting information C). However, without sufficient float measurements as direct 324 

evidences, it is hard to quantify the temperature advection driven by the warm patch at 115 °E 325 

and 15.3 °S (Fig. 2), and thereby the restratification of RL (Brainerd and Gregg 1993b). That is, 326 

the cause of the rapid restratification of RL is still in doubt in this study. Understanding the 327 

mechanism for changing the MLD is crucial for predicting the SSTfnd variations in the future. 328 

 329 

6. Simulations of SST Variations using the KPP mixing scheme 330 

  The strong DV SST > 2 °C is observed at all ALAMO floats, associated with the 331 

extension of temperature gradient in the DWL to the deeper layers (section 5). Can a numerical 332 
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model simulate the near surface temperature stratification we observed during these strong DV 333 

SST events accurately? More importantly, which factors may be crucial for simulating the upper 334 

ocean stratification during the diurnal warming? Compared with the multi-layer models such as 335 

PWP3D (Price et al. 1986), the K-profile parameterization (KPP) can better simulate the DV 336 

SST (Kawai and Wada 2007), and has been used in several ocean models (e.g., Shinoda and 337 

Hendon 1998; Bernie et al. 2005). We will use the KPP in a one-dimensional Regional Oceanic 338 

Modeling System (ROMS; Shchepetkin and McWilliams 2005) to simulate the evolution of 339 

upper ocean stratification at the ALAMO array. Details of model settings and parameters in KPP 340 

are described in appendix B.  341 

 342 

6.1 Simulated SST and density stratification N
2
  343 

We compare the model, with a fine vertical resolution near the ocean surface (section 344 

6.2), with the observations (Fig. 8a-d). On the first day of model simulations (Dec 1
st
), the KPP 345 

simulated the SST reliably, including the DV SST of 0.5 °C. The simulated N
2
 near the sea 346 

surface is similar to that observed, as found in Bernie et al. (2005). After Dec 1
st
, the model still 347 

predicts the SST at float 9205 well, including the SSTmax of 29 °C on Dec 3
rd

. At float 9209, the 348 

simulated SST agrees with the observed SST well until the midnight of Dec 4
th

, i.e., before the 349 

shoaling of MLD from 40 to 20-m depth. The model results of SST at floats 9207 and 9010 350 

differ from the observations significantly since Dec 2
nd

, consistent with the timing of rapid 351 

restratification in the RL.  352 

The simulated temperature and salinity are used to compute the N
2
 for discussing the 353 

evolution of upper ocean stratified layers (Fig. 8). For the floats 9205 and 9209, which have the 354 

similar MLD with the observations before Dec 4
th

, the simulated magnitude of DV SST agrees 355 
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with the observed DV SST. The occurrence of strong DV SST mainly results from the air-sea 356 

heat fluxes in the one-dimensional process. Though the simulated SSTmax at floats 9207 and 357 

9210 can still be > 28 °C on Dec 3
rd

, different N
2
 above the MLD thereby SSTfnd results in the 358 

discrepancy of SST between the model and observations. Even the KPP mixing scheme 359 

simulates the DV SST magnitude and a highly stratified layer near the sea surface reliably, the 360 

failure on predicting the stratification above MLD may affect the simulated SSTfnd thereby the 361 

SSTmax. 362 

On the other hand, compared with the observed DWL, the thickness of simulated DWL is 363 

all less than 10 m, thinner than the observations after Dec 1
st
 (Fig. 8e-l). The simulated N

2
 in the 364 

DWL (> 1.0 × 10
-3

 s
-2

) is two times larger than the float measurements from 12 to 4 pm between 365 

Dec 2
nd

 and 4
th

. Most heat with high temperature gradient is accumulated near the sea surface in 366 

the model, unlike the observed temperature gradient extending to the deeper layer. In other 367 

words, though the magnitude of DV SST is similar, the structure of DWL between the model 368 

results and observations can still differ significantly.  369 

 370 

6.2 Effect of penetrative solar radiation on the RL’s restratification 371 

Considering the importance of penetrative solar radiation for inducing diurnal warming 372 

and restratifying the RL (Brainerd and Gregg 1993b), different coefficients based on five water 373 

types are used in the parameterization of penetrative solar radiation (Paulson and Simpson 1978; 374 

appendix B) during the model simulations (Fig. 9). The model results at float 9209 will be 375 

discussed, because the SST difference at float 9209 between the model results and observations 376 

is not significant until the warming of SSTfnd on Dec 4
th

. Before Dec 3
rd

, the DWL in the upper 5 377 

m can be simulated by all model runs with different water types. The simulated magnitude of DV 378 
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SST is similar with the observation. On Dec 3
rd

, the simulation using the water type I forms a 379 

shallower DWL with higher N
2
 than the other water types. Because only the water type I has the 380 

significant DV SST > 2 °C, the value of N
2
 in the DWL may be the most dominant factor for 381 

simulating the magnitude of DV SST. 382 

Interestingly, the model results using the water type II or III have faster SSTfnd warming 383 

from Dec 2
nd

 to 4
th

 (~ 0.7 °C) than those using other water types. Though their simulated N
2
 in 384 

the DWL is smaller than that in water type I, the N
2
 in the DWL is not completely destratified by 385 

the nighttime convective mixing since the midnight of Dec 3
rd

. The remaining N
2
 in the water 386 

types II and III implies that the simulated nighttime convective mixing may entrain less cold 387 

water from the seasonal thermocline to the ocean surface than that in the water type I. That is, the 388 

extension of temperature gradient to the deeper layer may more efficiently inhibit the nighttime 389 

convective mixing in the model simulations. The evolution of upper ocean stratification, 390 

including both DWL and MLD, is important to the forecast on the SST variations. 391 

 392 

6.3 Effects of vertical resolution in the upper ocean 393 

Several previous studies discuss the importance for using the vertical resolution Δz ≤ 1 m 394 

in the simulation of DV SST (e.g., Bernie et al. 2005; Hughes et al. 2020). It may be sometimes 395 

impractical to use the vertical resolution of 1 m in the entire ocean model for a climate forecast. 396 

The effect of vertical resolution in different depth ranges of the upper ocean is thus studied by 397 

using fine and coarse grids in the SST simulations, respectively, as detailed in Fig. 10a.  398 

The difference of simulated SSTmax (Fig. 10) between the fine and coarse grids is 399 

negligible during the weak DV SST (e.g., Dec 1
st
 and 2

nd
), but significant during the strong DV 400 

SST (e.g., Dec 3
rd

). High vertical resolution in the upper 20 m may directly affect the 401 
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accumulated heat near the ocean surface for the SST warming, by simulating the detailed 402 

structure of N
2
 in the DWL, especially during the strong DV SST. The simulated SSTfnd in the 403 

coarse grids is slightly warmer than that in the fine grids on Dec 4
th

, after the strong diurnal 404 

warming on Dec 3
rd

. The Δz from 20 and 60-m depth may affect the simulated nighttime 405 

convective mixing, and thereby the SST cooling from the daytime peak to the nighttime 406 

minimum. Therefore, the Δz in the upper 20 m and from 20 and 60-m depth has a different 407 

impact on the SST variation. The Δz in the upper 20 m may affect the simulated N
2
 in the DWL 408 

and SSTmax in the afternoon. The Δz from 20 and 60-m depth may affect the simulations of the 409 

nighttime convective mixing and SSTfnd. 410 

 411 

6.4 Parameters in the KPP mixing scheme 412 

Because the KPP run with a high vertical resolution near the ocean surface fails to predict 413 

the structure of DWL and rapid SSTfnd warming at three ALAMO floats (section 6.1), the values 414 

of the mixing parameters in the Kρ parameterizations are explored to seek improvements on the 415 

simulations of SSTfnd at float 9209 (Fig. 11). We will discuss the parameters Ric and Ri0 416 

(appendix B), which directly affect the vertical diffusivity Kρ within and below the OBL, 417 

respectively.  418 

Compared to the simulation using the default setting of mixing parameters (Ric = 0.3 and 419 

Ri0 = 0.7), decreasing the Ric from 0.3 to 0.1 (i.e., assuming the OBL is thinner) has negligible 420 

effects to the simulated SST. Changing the thickness of the OBL may not affect the simulated 421 

SSTmax significantly, presumably due to the similar Kρ below the OBL. On the other hand, 422 

decreasing Ri0 from 0.7 to 0.3 (i.e., more difficult for inducing shear instability) increases the 423 

SSTmax significantly, but has negligible effect on the SSTfnd. Inhibiting the vertical mixing by 424 
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restricting the depth range of Kρ may affect the prediction of SSTmax. If the Ri0 alternatively 425 

increases from 0.7 to 1 (i.e., larger depth ranges of Kρ to transport heat at the base of OBL), the 426 

KPP still fails to simulate the rapid SSTfnd warming. That is, the Ri0 which affects the turbulent 427 

diffusivity below the DWL is the most important parameter for the simulated DV SST magnitude 428 

in the KPP. 429 

 430 

7. Summary and Conclusion 431 

Six ALAMO floats with high vertical resolution ≤ 1 m in the upper 50 m are deployed off 432 

the northwest Australia on Nov 22
nd

 2018. Four floats measure strong DV SST of up to 2 °C in 433 

the beginning of December, under low wind speed (~ 2 m s
-1

) and sunny conditions. A rapid 434 

SSTfnd warming is observed at three floats (9207, 9209 and 9210), rising from 26.4 to more than 435 

27.6 °C between Dec 2
nd

 and 4
th

. The increase of SSTfnd at float 9205 is ~ 0.5 °C, lower than that 436 

at the other floats. The warming rate of SSTfnd varies significantly, even though the distance 437 

between floats is less than 50 km. Because of the rapid SSTfnd warming, the latent plus sensible 438 

heat flux at floats 9207 and 9210 is ~8.4 W m
-2

 higher than that at float 9205 from Dec 2
nd

 to 4
th

.  439 

To emphasize the presence of a strong temperature gradient above the surface mixed 440 

layer during the diurnal warming, a diurnal warm layer depth (DWL) is defined here by finding 441 

the mean temperature gradient ∂T/∂z from z0 to (z0+5)-m depth > 0.02 °C m
-1

. In other word, a 442 

thick DWL will extend its strong temperature gradient to the deeper layer. Under the strong DV 443 

SST ~ 2 °C, the averaged N
2
 within the thick DWL (~ 20 m) is more than 1.0 × 10

-4
 s

-2
. Below 444 

the DWL, N
2
 in the surface mixed layer increases from 5.0 × 10

-5
 to 1.0 × 10

-4
 from Dec 2

nd
 to 445 

4
th

. This restratification rate is faster than that reported by previous studies (e.g., Brainerd and 446 



21 

 

 

 

Gregg 1993a). This fast restratification below the DWL may prolong the period of high SST in 447 

the tropical warm pool. 448 

 The KPP mixing scheme in a 1-D ROMS model is used to simulate the SST and upper 449 

ocean stratified at the float positions. The simulated SST agrees well with the observed SST at 450 

float 9205, including the strong DV SST > 2 °C. However, the model fails to simulate the rapid 451 

SSTfnd warming at the other three floats, presumably due to the other factors for simulating the 452 

restratification above the MLD. Factors impacting the simulation of SST variations in the KPP 453 

are discussed. High vertical resolution in the upper 20 m of < 1 m is required for reliably 454 

simulating the magnitude of DV SST. Decreasing the mixing parameter Ri0 for inhibiting the 455 

turbulent diffusivity in the diurnal thermocline can directly increase the peak SST in the model 456 

simulations. Changing the mixing parameter Ric has negligible effects to the SST simulations.  457 

 In summary, a stable sunny atmosphere with low wind speed is favorable for the 458 

formation of a thick DWL during the suppressed phase of the MJOs. The extension of 459 

temperature gradient in the DWL is studied using the high vertical resolution measurements in 460 

the first time, and can be more than 20 m during the strong DV SST > 2 °C. The shoaling of 461 

MLD can also increase the SSTfnd. Though the KPP mixing scheme can simulate the DV SST 462 

magnitude reliably by using high vertical resolution near the sea surface, it fails to predict the 463 

increase SSTfnd, mainly due to different upper ocean density structure between the model and 464 

observations. Questions still remain regarding to the factors for shoaling the observed MLD in a 465 

short time period. Future field measurements on turbulent diffusivity within the DWL in TWPs 466 

are important for improving the ocean mixing approaches in the global coupled models for the 467 

MJO forecast. 468 

 469 
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Appendix A. Buoy and Satellite Measurements 482 

The Bailong buoy system from the First Institution of Oceanography (Cole et al. 2011) 483 

includes the atmospheric measurements near the ocean surface (Fig. 12) and subsurface ocean 484 

measurements in the upper 500 m (Feng et al. 2020). The atmosphere data is sampled in every 10 485 

minutes. During the strong DV SST event from Dec 2
nd

 to 4
th

 2018, the peak insolation is more 486 

than 1000 W m
-2

, and the wind speed at 4-m height above the sea surface is about 2 m s
-1

. Strong 487 

diurnal variation of air temperature is found, ~ 1 °C on Dec 2
nd

. The relative humidity (RH) is 488 

about 60%, and then increases until the onset of the MJO. The temporal variation of downward 489 

longwave radiation is small, from 400 to 450 W m
-2

.  490 

The infrared sensor mounted on the Japanese geostationary Himawari-8 satellite 491 

measures the skin SST in four spectral bands (8.59, 10.40, 11.24 and 12.38 μm) for every 10 492 

minutes with the horizontal resolution < 2 km (Kramar et al., 2016). The product of Himawari-8 493 

SST reprocessed by Dr. Christopher Griffin 494 

(http://opendap.bom.gov.au:8080/thredds/catalog/abom_imos_ghrsst_archive-495 

1/v02.0fv03test/Continental/L3C-01hour/ABOM-L3C_GHRSST-SSTskin-AxIH08/2018/) in 496 

Bureau of Meteorology Australia as an hourly dataset is available online. We also use the near-497 

real time sea surface height anomalies data processed by Integrated Marine Observing System 498 

(IMOS) data portal (Baird and Ridgway 2012; Deng et al. 2010), to understand the distribution 499 

of eddies around floats. The geostrophic current is computed, mostly northward and < 0.2 m s
-1

 500 

along the trajectories of floats. 501 

 502 
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Appendix B. KPP Mixing Scheme in the 1-D ROMS Model Simulation 503 

B.1. ROMS model description 504 

The one-dimensional ROMS model with the KPP mixing is used to simulate the SST 505 

warming at each ALAMO floats. The atmosphere measurements taken by the FIO buoys, 506 

including insolation, downward longwave radiation, air temperature, air pressure, atmosphere 507 

wind and relative humidity, are used as the forcing at the floats, by assuming the spatial variation 508 

of atmosphere condition negligible within the distance of 80 km. The temporal resolution is 10 509 

min. The profiles at each float from 9 to 11 pm on Nov 30
th

 are averaged as the initial conditions.  510 

We use the parameterization of penetrative solar radiation Q proposed by Paulson and 511 

Simpson (1977) for simulating the change of upper ocean stratification, which can be expressed 512 

as  513 

Q = Q0 (r exp (
z

μ1
) + (1 − r) exp(

z

μ2
))      (S2) 514 

where Q0 is the insolation, r, μ1 and μ2 are the coefficients based on the data of five different 515 

water types in Jerlov (1976) (Error! Reference source not found.; 516 

https://www.myroms.org/wiki/Jwtype). According to the description in the ROMS model, 517 

water type I is used for open Pacific Ocean; water type IA is used for open Indian Ocean; water 518 

type IB is used for open Atlantic Ocean; water type II is used for Azores; water type III is used 519 

for North Sea. Most model results are simulated using the coefficients of water type I, except 520 

those in section 6.2. 521 

   522 

https://www.myroms.org/wiki/Jwtype
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B.2. KPP mixing scheme 523 

The K-profile parameterization (KPP. Large et al. 1994) used in many ocean models, 524 

such as HYbrid Coordinate Ocean Model (HYCOM; Chassignet et al. 2007), computes the 525 

turbulent diffusivity by assuming a shape function in the OBL. It differs to the turbulence kinetic 526 

energy (TKE) closure scheme (e.g., Mellor and Yamada 1982), which uses a prognostic TKE 527 

energy equation and length scale of mixing.  528 

In the KPP mixing scheme, after prescribing the surface forcing, the depth h of ocean 529 

boundary layer (OBL) will be first determined by using a critical bulk Richardson number Ric 530 

(default = 0.3). The diffusivity in the OBL, KRic, is computed based on the surface flux and h, 531 

assuming a nondimensional vertical shape function. For the diffusivity below the OBL, KRi0, the 532 

shear instability mixing occurs only when the local gradient Richardson number Ri is smaller 533 

than a critical gradient Richardson number Ri0 (default = 0.7). The total diffusivity Kρ is 534 

constituted by the KRic, KRi0 and background diffusivity Kρ0 (default = 1.0 × 10
-6

). 535 

   536 

 537 

 538 

 539 

 540 

  541 
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Table 724 

 Water Types 

 I IA IB II III 

r 0.58 0.62 0.67 0.77 0.78 

μ1  0.35 0.60 1.00 1.50 1.40 

μ2 23.00 20.00 17.00 14.00 7.90 

 725 

Table. 1. The coefficients used in the parameterization of penetrative solar radiation (Eq. S2) 726 

based on the data of five different water types reported by Jerlov (1976). 727 

  728 
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Figure 729 

   730 

 731 

Fig. 1. Illustration on the surface mixed layer depth (MLD), diurnal warm layer (DWL), remnant 732 

layer (RL), isothermal layer (IL) and barrier layer (BL), using assumed temperature (blue lines in 733 

a-d) and salinity profiles (green lines in e-h). The RL exists between the DWL and MLD. 734 

Examples of estimating MLD and ILD based on the criteria used in the previous studies are 735 

presented in (e)-(h). The MLD (red circles) is estimated when the potential density difference 736 

ρ(MLD) – ρ(z0) > 0.1 kg m
-3

 (Chi et al. 2014), assuming the constant reference depth z0 at 5-m 737 

depth (black dashed lines in e-h). The isothermal layer depth (ILD. Blue dots) is estimated in the 738 

same way as the MLD but using temperature-dependent profiles of ρ, which assumes the salinity 739 

as the mean in the upper 5-m ocean. The formation of BL (difference between MLD and ILD > 740 

20 m) is due to the precipitation freshening the salinity in the upper 20 m, and is regarded as the 741 
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salinity-driven barrier layer (SBL) in section 3. The temperature near the sea surface in (d) is 742 

slightly cooled by rains (Druksha et al. 2019).  743 
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 744 

Fig. 2. Trajectories of four ALAMO floats (color lines) and one EM-APEX float (green line) in 745 

the map of SST (color shading) measured by Himawari-8 satellite (appendix A) within the region 746 

of TWP (black box in the big map) around 12 am on Dec 1
st
 2018. The ALAMO floats and EM-747 

APEX floats were deployed near the FIO buoy (red pentagram) at 115.3 °E and 16.8 °S in the 748 

northwest Australia on Nov 22
nd

, and drifting northwestward (color lines are trajectories from 749 

Nov 22
nd

 to Dec 6
th

 2018) due to the geostrophic current (black arrows in the small map, and 750 

their magnitude can be referenced to that on the upper-left corner). The color dots connected to 751 

the ALAMO float trajectories are the float-measured SST around the midnight of Dec 1
st
 2018. 752 

The geostrophic current Vgeo is estimated using the IMOS sea surface heigth anomalies on Dec 753 

1
st
 2018 (appendix A).  754 

 755 

  756 
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 757 

 758 

Fig. 3. Measurements of temperature (a-d) and salinity (e-h) in the upper 100 m taken by four 759 

ALAMO floats (9205, 9209, 9207 and 9210). The period of strong DV SST and MJO events are 760 

described in Feng et al. (2020). Blue lines are the estimated MLD (section 3).  761 
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 763 

  764 



40 

 

 

 

  765 

 766 

Fig. 4. Examples of temperature-driven barrier layer TBL (depth range indicated by the purple 767 

double arrow in a) and salinity-driven barrier layer SBL (depth range indicated by the light blue 768 

double arrow in b) based on the profiles of potential density anomaly σθ (= ρ-1000; black lines), 769 

potential temperature (blue lines) and salinity (red lines) at floats 9210 and 9209. The surface 770 

mixed layer depth MLD (red circles and red dashed line), isothermal layer depth ILD (blue dots 771 

and blue dashed line) and diurnal warm layer depth DWL (black dashed line) are estimated. The 772 

TBL is identified if DWL > 10 m. The SBL is identified if ILD – MLD > 10 m. More 773 

discussions on the criteria for identifying TBL and SBL can be found in supporting information 774 

A. 775 

 776 
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 778 

 779 

Fig. 5. Wind speed measurements on the buoy (a), and measurements of SST (black lines in b-e; 780 

referenced to the left axis), DV SST (blue dots connected with lines in b-e; referenced to the 781 

right axis) and N
2
 (f-i; N

2
 < 0 is shaded in white color) on four ALAMO floats (9205, 9207, 9209 782 

and 9210). In (b)-(e), the red lines mark the foundation SST (SSTfnd; referenced to the left axis) 783 

in each day, and the purple and light blue bars in (b)-(e) mark the period where TBL and SBL 784 

exist, respectively. The TBL and SBL are identified using the estimates of DWL (black lines), 785 

MLD (blue lines) and ILD (red lines) in (f)-(i).  786 
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 790 

Fig. 6. Measurements of insolation on the buoy (a), and estimates of latent plus sensible heat flux 791 

(b), net longwave radiation (c) and air-sea net heat flux (d) at four ALAMO floats (color lines). 792 
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    795 

Fig. 7. Measurements of temperature (color shading) in the upper 25 m, estimated DWL (black 796 

lines) and estimated DWL
*
 (black dashed line connected with color dots) from Dec 2

nd
 to 4

th
 797 

2018 at four ALAMO floats (a-d). The color dots are the temperature T
*
 of the isotherm, used for 798 

finding the DWL
*
. 799 
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 802 

Fig. 8. Simulations of SST (red lines in a-d) and N
2
 (color shading in i-l) using the KPP in the 803 

ROMS, compared with the observations of SST (black lines in a-d) and N
2
 (color shading in e-h) 804 

at all ALAMO floats (each row). The period for computing the SSTfnd in each day is marked by 805 

the grey area in (a)-(d). The DWL (black lines) and MLD (blue lines) are estimated in (e)-(l), 806 

respectively.  807 

 808 
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 810 

Fig. 9. Model results of N
2
 (color shading in c-g) and SST (b) at float 9209 by varying the 811 

penetrative solar radiation based on five water types (colored lines in a and b). The DWL (black 812 

lines) and MLD (blue lines) are estimated in (c)-(g), respectively. The ratio of penetrative solar 813 
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radiation to the insolation at different depth during the model simulations is shown in (a). The 814 

black line in (b) is the float-measured SST.   815 
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 816 

Fig. 10. Model results of SST at four ALAMO floats (b-e) simulated using two types of vertical 817 

grids (a) in the KPP: fine (red lines) and coarse grids (blue lines), with the comparsion to the 818 

float measurements (black lines), where Δz in (a) is the average of vertical resolution in different 819 

range of depth. 820 
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 824 

 825 

Fig. 11. Simulations of SST at float 9209 by different set of the mixing parameters Ri0 and Ric 826 

(blue: Ri0 = 0.7 and Ric = 0.3; green: Ri0 = 0.3 and Ric = 0.3; red: Ri0 = 0.7 and Ric = 0.1; orange: 827 

Ri0 = 1.0 and Ric = 0.3), with the comparison to the float observation (black). 828 
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 830 

Fig. 12. Measurements of downward shortwave radiation SW (a), downward longwave radiation 831 

LW (b), relative humidity RH at 3-m height above the sea surface (c), air temperature at 3-m 832 

height above the sea surface (d), and wind speed at 4-m height above the sea surface (e) on the 833 

FIO buoy. The period of the strong DV SST and MJO events are described in Feng et al. (2020). 834 
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