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Coupled current-wave simulation reveals sea surface
heat fluxes responses to diurnal skin sea surface
temperature modulation in the Sunda Strait

Eko Supriyadil2, Tania June®”, Agus Saleh Atmadipoera3, Andri Ramdhani*

Abstract

The Sunda Strait, a critical interoceanic conduit between the Pacific and Indian Oceans, exhibits a unique relationship
between the skin SST (T) and the sea surface energy balance. This study aims to model the cool skin (AT,) and
warm layer (AT,,) using a coupled Regional Ocean Modeling System (ROMS) and the Simulating WAves Nearshore
(SWAN) model. The focus is on analyzing the characteristics of AT. and AT,,, quantifying the diurnal variability of
the AT, developing a correction of the bulk SST (T}) to T, and analyzing the sea surface energy balance relative to
T,. Results show that the AT, layer contributes an average cooling of —0.2°C that varies diurnally and increases with
wind speed (Uyg) up to 8 m s™1 and stabilizes near —0.1°C. A two-step correction based on U;, and the diurnal cycle
was applied to minimize the discrepancy between T}, and T, successfully eliminating the combined influence of AT,
and AT, (AT,,). Compared to other models, the proposed model shows a high correlation between AT, and Uy, in
the Indian Ocean, Sunda Strait, and Java Sea of 0.69, 0.74, and 0.88, respectively. This study also shows that T has
an ocean regimes and seasonal relationship context with Uy, net shortwave flux (R, ), net longwave flux (R, ), net
sensible heat flux (Rgy¢), and net latent heat flux (Ry,¢). These findings establish T as a critical diagnostic parameter
for understanding air-sea fluxes in tropical strait systems.
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1. Introduction

Air-sea fluxes occur at the atmosphere-ocean interface
through three primary mechanisms: heat exchange, fresh-
water transfer, and momentum exchange (Yu, 2018). Heat
exchange near the ocean surface includes Ry, Ry, Renp,
and Ry¢ from the heating and cooling of the lower atmo-
sphere (Cronin et al,, 2019). The primary variable govern-
ing the exchange of heat and momentum between the at-
mosphere and ocean is the Sea Surface Temperature (SST).
Donlon etal. (2002) categorize SST into distinctlevels. The
first level is T, located at approximately 500 um, which
serves as the thermal exchange boundary between the

© 2026 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

ocean and the atmosphere, where conductive and diffu-
sive heat exchange processes prevail. The second level,
subskin SST (Tgypskin), 0ccurs at around 1 mm, character-
ized by dominant molecular and viscous heat exchange
processes. Finally, T}, extending up to 5 m, represents the
SST utilized in conventional operational measurements,
where turbulent heat exchange processes are primarily
influenced by solar heating.

In the context of heat and momentum flux calculations
between the ocean and atmosphere, T has been used to
provide accurate results. However, the direct measure-
ment of T is challenging and typically requires an infrared
radiometer operating at wavelengths of 3-18 um (Donlon
etal., 2008; Jessup and Branch, 2008; Minnett, 2003). Con-
versly, T}, can be measured using conventional instruments
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such as bouy, drifter or ship. T can be up to 0.2-0.5°C
lower than T, (Fairall et al., 1996a). The difference in T
and T}, is due to the presence of AT . and AT, effects (Fairall
etal,, 1996a,b; Murray et al,, 2000; Pimentel et al., 2019).
AT, occurs due to ocean friction with surface winds, which
in turn is related to seawater viscosity and is 0.2°C cooler
than conventional SST measurements (Saunders, 1967a).
Fairall et al. (1996a) found that when wind speeds were
around 1.5 m s~! the AT, correction gave a value of 0.35°C.
On a diurnal scale, the AT effect is more prominent at
night (Murray et al,, 2000). The presence of shortwave
flux during the day results in a warming of the sea surface
known as the AT . Fairall et al. (1996a) describe this layer
as stably stratified in the absence of wind-induced turbu-
lent mixing, and its warming effect can persist long after
sunset. Using a prognostic approach, Zeng and Beljaars
(2005) proposed that the AT,, evolves with time. Given lim-
ited observational data, the coupled ROMS-SWAN model
serves as the primary tool to derive AT, and AT\, effects
across the Sunda Strait.

Observations of Ts have been made in almost all types
of waters of the world in recent decades with varying re-
sults. Fairall et al. (1996a) processed T observation data
in the Western Pacific Ocean during the period 1992-1993
and found that if the combination of AT . (AT,,) effects is
ignored, it can increase (decrease) the atmospheric heat
input to the ocean by 11 W m~2 and 4 W m~?, respec-
tively. Furthermore, Fairall et al. (1996b) explained that
the AT, (AT,,) causes cooling (warming) of about 0.1°C
and several degrees Celsius, respectively. Then, Luo et al.
(2022) made observations in the Caribbean Sea and ob-
tained a AT . model having a bias of —0.128°C and 0.028°C,
respectively, while the AT, model showed agreement with
the model developed by Fairall et al. (1996a), which is
0.166°C. In tropical waters, strong AT. and AT,, values
were found by Zhang et al. (2021) in the South China
Sea by 0.4°C. Meanwhile, at high latitudes, Pimentel et
al,, (2019) found a AT (AT, ) in the Mediterranean Sea of
0.8°C (—0.7°C to 2.4°C), respectively. Subsequently, Zhang
et al. (2020) reported an average AT value of —0.23°C
during a voyage from Australia to Antarctica, noting that
this value dropped to —0.36C before dawn. In contrast,
AT,, because it requires specific conditions, namely the
sea surface receiving a high heat flux and a warmer air
temperature relative to T. Correction of the coastal water
T observations was also carried out by Alappattu et al.
(2017) in North Carolina, which obtained a mean T},-T
of 0.4°C. ROMS modeling for T and its assimilation with
satellite observations was also carried out by Iversen et
al. (2023). Recently, Li et al. (2023) used the Haiyang-1D
satellite to calculate global T based on atmospheric radia-
tive transfer modeling. However, Iversen et al. (2023) and
Li et al. (2023) did not discuss the specific AT, and AT, as
part of the T. From the above references, T are generally
obtained through observations and rarely through ocean
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modeling approaches.

To address this methodological gap through a modeling
approach, this study focuses on the Sunda Strait. Charac-
terized by complex air-sea processes within the dynamic
Indonesian archipelago (Putri, 2005), it is a region where
the interplay between intense solar insolation and varying
wind speeds makes the accurate quantification of the AT
and the diurnal AT, particularly urgent (Fairall et al., 1996;
Minnett, 2003). However, robust validation of modeled
AT and AT, corrections requires high-accuracy direct in
situ radiometric measurements of T';, utilizing instruments
such as the Marine-Atmospheric Emitted Radiance Inter-
ferometer (M-AERI, Gentemann and Minnett, 2008; Min-
nett et al, 2001) or the Infrared Sea Surface Temperature
Autonomous Radiometer (ISAR; Donlon et al., 2008). To
date, such specialized, high-resolution T; measurements
have not been documented or deployed in the Sunda Strait
to directly constrain numerical models. This study aims
to utilize the ROMS-SWAN coupled model to quantify the
AT, and AT, in correcting T}, toward the T. The T value
is then integrated into the sea surface energy balance anal-
ysis, including Ry, Ry, Rsppand Ry,e. We only utilize the
outputs of solar radiation, wind speed and T}, as the ba-
sis for deriving AT . and AT,,. This paper is organized in
several sections such as Section 2 describes the dataset
and technical steps of modeling AT and AT,,; Section 3
presents the validation of T}, the comparison of Ty and
T}, illustrates the characteristics of AT, and AT,,, diurnal
variability of AT, correction of AT and AT,,, modeling
performance AT, and analysis effects of T, U;¢ and sea
surface energy balance on ocean regimes and seasonality;
finally, Section 4 summarizes all the main findings.

2. Methods

2.1 Study area

This study was conducted in the Sunda Straitat coordinates
(—8.5; —4)°N and (103; —108)°E with a domain rotation
of 30° counter-clockwise to capture a wider water area.
The spatial resolution used was 1 km with a 435 x 235
grid configuration to analyze the details of coastal air-sea
interaction processes. For the stability model, a spin-up
was applied during 2022 and then further analyzis was
carried out in 2023 with a temporal resolution of 1 hour.
The domain details can be seen in Figure 1.

2.2 Configuration model, flux calculation, and output
The model configuration was designed to resolve the com-
plex circulation and mixing processes in the Sunda Strait. A
stretched sigma vertical coordinate system with 50 levels
was employed to enhance the resolution near the surface
with 65 = 10 and 6, = 0.4. Horizontal mixing was param-
eterized using the harmonic (biharmonic) diffusivity for
the active tracers with values of 20 (200) m? s~ and bi-
harmonic (harmonic) viscosity for the momentum set to
100 (250) m* s, balancing computational stability with
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Figure 1. a) The SST of Indonesia waters for the period 2023 (Huang et al., 2021). b) Bathymetry of the Sunda Strait
from General Bathymetric Chart of the Oceans (GEBCO) marked with a dashed line (in meters) and the land as a gray
patch. The Sunda Strait study domain is marked with red boxes at 3 sites such as A1, A2, and A3, representing the Indian
Ocean, Sunda Strait, and Java Sea, respectively. All red boxes are 20 x 20 km.

the preservation of the mesoscale dynamics. Given the
region’s open connection to the dynamic Indian Ocean and
the shallower Java Sea, Lateral Boundary Conditions (LBCs)
were carefully configured. Specifically, Chapman_explicit,
Shchepetkin, Shchepetkin, Closed, and Radiation 4+ Nudg-
ing LBCs were applied for zeta, 2D momentum, 3D mo-
mentum, TKE mixing, and tracers, respectively, to enable
realistic wave propagation and water exchange while mini-
mizing spurious boundary reflections. The model timestep
was determined based on the Courant-Friedrichs-Lewy
(CFL) equation (de Moura and Kubrusly, 2013):

min(Ax,Ay)
V2 X gX hpax

Given our grid resolution (Ax, Ay = 1 km), gravitational
acceleration (g = 9.8 m? s71) and the maximum depth
(hmax ~ 5400 m), the external mode time step was set to 3
seconds.

Wave physics were parameterized as follows: depth-
induced breaking was activated with a constant breaker
criterion (@ = 1.0, y = 0.73), and bottom friction was rep-
resented using the MADSEN formulation with a roughness
factor of 0.05. Following Komen et al. (1984), whitecap-
ping dissipation was enabled with a dissipation coefficient
Cas of 2.36 107> and a wave slope s;2 of 3.02x 1073
for the Pierson-Moskowitz spectrum. The slope power is
defined as powst = 2, while the whitecapping coefficient
at the wave number is designated as delta = 1. The wave
number power is then normalized by the mean wave num-
ber (powk = 1).

Furthermore, the atmospheric forcing used in the ROMS

dt ~ At = (1)

model was sourced from the European Centre for Medium-
Range Weather Forecasts Reanalysis 5 (ERAS; Hersbach et
al.,, 2020). To enable atmospheric and oceanic exchange in
ROMS, the #define BULK_FLUXES module was activated by
referring to Fairall et al. (1996b) to generate ‘Upward long-
wave radiation flux’ and ‘Downward longwave radiation
flux’. In addition, #define LONGWAVE OUT was enabled to
directly calculate the net longwave radiation based on the
SST model from ROMS. To closely simulate ocean reality,
wave coupling to the SWAN model is also applied in this
study.

The coupling model of ROMS and SWAN produces the
variables Ry, Ry, Rsne, and Ryyg, Uqg, and Ty,. These six
variables are used as AT and AT,, modeling to estimate
the T,.

In the ROMS model, the net sea surface heat fluxes (Qpet;
W m™2) is the sum of the components:

Qnet = Rsw + Riw + Rns + Rine (2)
Meanwhile, the sea surface cooling flux (Q; W m~2) by
ignoring R, proposed by Fairall et al. (1996a) as:

Q = Ry + Rone + Ring (3)
where a Q positive (negative) value means the ocean is
warming (cooling). The ROMS model calculates Q,,.; and Q
as the difference between the flux downward and the flux
emitted.
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2.3 Modeling of AT, and AT,

The AT of this study refers to the experiments of Saunders
(1967b), who derived its relationship to seawater viscos-
ity (v; m? s™1), radiation (¢; W m~2) and wind stress (t;
N m~2) as follows:

Aqu

. <Z>% (4)
p

where 1 is Saunders constant, p is the density of the sea-
water (kg m~3) and k is the thermal conductivity of the
seawater (W m~! K~1). However, this equation is less suit-
able when used in conditions of weak wind; note that as
T =~ 0then AT —»~. To overcome this, Fairall etal. (1996a)
tried to include shortwave radiation, which would reduce
the cooling rate of Eq. (2) as a result, Eq. (4) is rewritten
as:

AT, =

AQ+R
AT, = @ swfs) v (5)
ku,
with:

1

3 3173
_ 16Qygapcy,v= \* (6)

A=6 1+<—uka2
6.6 x 1075

fs=0137+11d - ——

d (7)
X (1 —exp <_§ X 10_4)>

d= Av
- (F,a)% (8)
o)
and
Q=0+ <Schp)thf 9)

where f; is the fractional Ry, entering the water body; d
is the cool skin depth (m); u, is the wind friction veloc-
ity at sea (m s™!) obtained from the relationship /7,/p,
with 1, = C, X p, X U2, where C, is the wind friction coef-
ficient over the water surface and p, is the density of air
(kg m~3); Qy, is the salinity buoyancy force due to evap-
oration (W m™2); g is the Earth gravity (m s™2); a is the
thermal expansion coefficient of seawater (K™1); Cp Is the
specific heat of seawater (] kg~ K~1); S is the salinity of
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the ocean; 8 is the expansion coefficient of salinity (kg g1);
and L, is the latent heat of vaporization (W m™2).

In addition, the warming effect of the sun during the
day, which creates a AT, is also considered. The AT, equa-
tion used refers to Zeng and Beljaars (2005) hereafter
ZB05:

aATW _ Q + st - R(_d) ()/ + I)KU*ATW

at  dpc,y(y +1 d (10)
pepy(y +1) dg. (%)
with:
R(—d
; ) _ 0.28e77154 + 0.27e 284 + 045270072 (11)
d\ _ 1+5d/L for d/L=0
¢\ 7)=1 a=16d/L)05 for djL<o (12

where k = 0.4 is the von Karman constant. ZB05 suggested
that the warm layer depth, d = 2 ~ 4 m may be appropriate
where the diurnal fluctuation of ocean temperature is min-
imal. For d = 3 m, ZB05 suggested that y = 0.3. Eq. (10)
is worked out implicitly using Newton-Raphson method.
The above two temperature values when combined with
T}, (this study takes at a depth of 10 m from the sea surface)
following Ward (2006):

Ts=AT . +T,+T, (13)
Eq. (13) can be used to calculate the combination of
AT, and AT

AT, =AT . +AT, =Ts—T) (14)

To obtain an easily applicable AT, Donlon et al. (2002,
hereafter D02) constructed the relationship of AT to Uy
as follows:

D02 AT, = —0.14 — 0.3 X exp(—0.27U;,) (15)
Equation (13) produces AT . models from other authors,
such as Minnett et al. (2011, hereafter M11), Alappattu
etal. (2017, hereafter A17), Zhang et al. (2020 hereafter
Z20), Luoetal. (2022, hereafter L22), and Yangetal. (2023,
hereafter Y23):

M11 AT, = —0.14 — 0.3 X exp(—0.27U5) (16)

A17 AT, = —0.13 —0.724 X exp(—0.35U;,)  (17)
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720 AT, = —0.15 — 0.33 X exp(—0.23U;) (18)

L22 AT, = —0.175 — 0.363 x exp(—0.384U;,) (19)

Y23 AT, = —0.169 — 0.411 X exp(—0.419U5) (20)

Note that to avoid the influence of Ry, the model data
of Uy in Equations (15)-(18) and (20) were only made at
nighttime. However, in this study, considering the presence
ofa AT, thatacts as a sea surface energy balance, a daytime
scenario with a AT, is also considered. As a novelty, this
study also offers a new empirical AT, scheme applicable
to the Sunda Strait.

2.4 Correction of AT, and AT,

As explained earlier, the AT . and AT\, affect the T, where
the Ty, will differ in value from the T. Referring to Alap-
pattu et al. (2017), to obtain a T}, value close to the T,
corrections to the wind speed (AT .,) and diurnal cycle
(AT .q) are required:

ATcww = Ts - wa (2 1)

AT ewa =Ts —Towd (22)
where T}, to wind (T},,) and T, to wind and diurnal (T'py,q)
are expressed as:

Tyw=Tp— ATcorrw (23)

wad = wa - ATcorrd (24)
with AT ¢, correction to Uyg (AT ¢orr,,) and AT ¢yq coOTTEC-
tion to diurnal (AT ¢opr,) Obtained through the least square
fitmethod. Equatrions (23)-(24) are then compared against
the T to determine the performance of the differences
along the correction.

2.5 Statistics analysis

We used the daily Optimum Interpolation Sea Surface Tem-
perature (OISST) Version 2.1 (Huang etal., 2021) as the pri-
mary dataset to validate the T)},. OISST is a high-resolution

(0.25° x 0.25°) daily blended analysis that combines satel-
lite observations primarily from the Advanced Very High-
Resolution Radiometer (AVHRR) with extensive in situ mea-
surements from ships, buoys, and Argo floats. Argo data

from above 5 m depth have been incorporated since Jan-
uary 2016. A key feature of OISST is its systematic bias
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correction of the satellite data against the in situ measure-
ments. This process adjusts the final output to represent
the SST at a nominal depth of 0.2 m, which aligns with
the definition of Ty,. Conversely, to validate the T, we em-
ployed the AVHRR Pathfinder Version 5.3 (PFV53) Level 3
Collated (L3C) product as an independent satellite source
(Casey et al.,, 2010; Saha et al.,, 2025). This sensor, aboard
NOAA Polar Operational Environmental Satellites (POES)
from NOAA-7 to NOAA-19, uses infrared radiometry to re-
trieve SST from the top millimeter of the ocean surface,
representing the physical Ts. Since we use a sigma vertical
coordinate system with 50 levels, T}, is extracted at the
depth of the last sigma layer (s_rho = 50).

To assess the capability of the model performance (m;)
against the observations (0;), statistical analyses were con-
ducted including bias, Sum of Squared Errors (SSE), Root
Mean Square Error (RMSE) and correlation () following
established model evaluation frameworks (Willmott et al.,
1985):

1 n
bids = ;ZW —0) (25)
i=1
SSE= > (0;—m;)? (26)
2
RMSE = | 2i=1(Mi = %) (27)
n
Yiz1(0;—0)(m; —m) 28)

T =
\/Z;Ll(oi - 6)22?=1()(mi _m)z

Bias, RMSE, and r are used as assessments of m; (0;)
on AT (Uqp), Ty in Egs. (23)-(24), and U4g (Tcw)- SSE is
used specifically to see the difference of U;, against the
empirical equation resulting from the relationship of U;,
to AT .. In addition, for validation purposes, the above four
assessments were used to compare the T}, generated by
the coupled model against the OISST. The smaller the bias,
RMSE, and SSE, the better the model performance, while
the larger the r, the stronger the agreement.

3. Results

3.1 Variability AT, and AT,

Validation of the modeled T against an independent satel-
lite product is crucial for ensuring the reliability of subse-
quent analyses. Figure 2a shows the comparison between
the T and satellite-derived T from the AVHRR. The statis-
tical assessment comprises bias, SSE, RMSE, and r values
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Figure 2. a) Validation of T (black dot) coupled model with the AVHRR (red dot). b) Validation of T}, (black dot) coupled
model with the OISST (red dot). c) Daily time series of T (magenta dot) and T}, (cyan dot). d) Hourly timeseries of AT,
(blue dot) and AT, (brown dot). e) Hourly timeseries AT, as the sum of AT .+ AT,. All timeseries in the period 2023.
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Figure 3. Average diurnal cycle Q,.; and Ry, Sunda Strait Period 2023 with colors representing Uy, (a), AT (b) and
Q — fsRs,, (c) response to Uy, nighttime (cross sign) and daytime (plus sign) with 1x standard deviation bar. Local Time

(LT) is UTC+7.

of 0.13°C, 113.85, 0.57°C, and 0.71, respectively. Mean-
while, Figure 2b presents the validation of the modeled T,
against the OISST product, yielding bias, SSE, RMSE, and
r values of 0.12°C, 29.02, 0.28°C, and 0.87, respectively.
The significant correlation for the more dynamic T and
the strong statistical agreement for Ty, provide confidence
in the coupled model’s performance, justifying its use for
subsequent analysis of the cool skin and warm layer effects.

The calculation based on Eq. (13) gives a value of T
following the pattern of Ty, where T is lower than Ty, (Fig-
ure 2b). The two components have a similar pattern to the
OISST output. To show the effect of AT . and AT,, correc-
tions on the T, and its comparison to the T}, is presented
in Figure 2c. At a certain time AT, can reach —0.8°C at the
end of December 2023. The AT,, fluctuates throughout the
season, for example, it reaches maximum values in early
January, April, May, and reaches a maximum in Novem-
ber. The value of AT,, is relatively small compared to AT,
which is in the scale of 1073. In addition, the AT, depth
based on Eq. (8) is 55 um with an average AT, of —0.2°C
throughout the day of the observation period. The differ-
ence between AT . and AT, within Eq. (14) is presented
in Figure 2d. There is no significant difference in the effect
of AT, in influencing AT,. The AT, is still at a negative
value throughout the period.

3.2 Wind driven modulation of the AT,

As a further analysis to distinguish the diurnal cycle influ-
ence, the daytime and nighttime in Figure 3a were deter-
mined. Daytime is shown with a quadratic shortwave trend
at 07.00-19.00 Local Time (LT), and nighttime is shown
with a linear shortwave trend at 19.00-07.00 LT. In addi-
tion, it appears that the wind speed generally corresponds
to Rgy and Qe This corresponds to low (high) air tem-
perature resulting in high (low) air pressure created from
low (high) Ry, which in turn creates high (low) U;,. Diur-

nal heating is frequently correlated with the wind speed.
The diurnal heating decreases with increasing wind speed
and intensifies with increased insolation. Alterations in
wind speed can rapidly influence the magnitude of diur-
nal heating, whereas changes in insolation have a more
gradual effect. These temporal regimes form the basis
for analyzing the diurnal characteristics of AT, and AT,
Gentemann and Minnett (2008) explained that the tim-
ing of the peak diurnal heating can be directly related to
the minimum wind speed and varies locally. This finding
underscores that diurnal heating is decoupled from inso-
lation periodicity and instead exhibits regional variability
governed by wind dynamics. Furthermore, a study con-
ducted by Donlon et al. (2002) provided an estimate of AT,
with Ty, influenced by U,,, where higher wind speed re-
duces the AT layer thickness and diminishes the thermal
gradient between T and sub-surface temperatures.

Figure 3b shows that AT, has an U;, relationship, with
a lower average AT, at nighttime than daytime. This corre-
lates with low wind speeds and increases with high wind
speeds, eventually stabilizing within —0.1°C when wind
speeds exceed 8 m s~1. This behavior is due to the increase
in nighttime Ry,¢ and R, associated with the increase in
wind speed, which also balances the thinning effect of the
conduction layer in the T making AT, independent of wind
speed. At low wind speeds (< 8 m s™1), the R),, dominates
sea surface heat flux exchange (Murray et al., 2000). Mean-
while, the thinning of the conduction layer that occurs as
the wind speed increases is thought to be an increase in
AT, (Murray et al., 2000).

Furthermore, Figure 3c presents the relationship of the
net surface cooling flux after subtracting the shortwave
flux absorbed by water (Q — f;R,,,) against U, at nighttime
and daytime. In general, the value of Q — fR,, decreases
as the wind speed increases, both during the daytime and
nighttime. This indicates that wind speed plays a role in
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Figure 4. Relationship of AT, as U, at the A1, A2, and A3 sites under nighttime and daytime conditions. The variables a,

b, and c in the legend are presented in Table 1.

Table 1. Relationship AT .(y) as U;o(x) at 3 sites during nighttime and daytime, derived from Figure 4 and statistical

assessment. Gray shading on the table indicates the highest r.

Site Diurnal Model Bias RMSE SSE T
¥ =—0.534+0.247 xIn(0.975x) —0.000 0.044 0.066 0.959
Nighttime ¥y = —0.248 x ¢ ~0-709¥~1.601 —0.049 0.070 0.084 0.934
Al Y = —28.457 4 ¢~ 0:003x+3.326 —0.002 0.498 0.223 0.527
¥ =-0.367 +0.156 x In(0.984x) 0.000 0.013 0.036 0.970
Daytime y = —0.153 X ¢ ~0-540x~1.599 -0.030 0.042 0.065 0.899
y = —21.120 4 ¢2-003x+3.030 0.001 0.185 0.136 0.558
¥ =—0.661+0.293 xIn(0.971x) —0.000 0.056 0.075 0.962
Nighttime y =—0.294 X ¢ ~0-625x-1595 —0.062 0.135 0.116 0.908
A2 Y = —36.040 + ¢~ 0:003x+3.562 —0.002 0.679 0.261 0.540
¥y =—0.461+0.174 x1n(0.982) 0.000 0.010 0.032 0.980
Daytime Y =—0.169 X e ~0-369x-1.588 —-0.025 0.061 0.078 0.881
Yy = —18.042 + ¢ ~0:003x+2.862 0.002 0.203 0.142 0.603
¥ =—0.683+0.307 x In(0.969x) 0.000 0.107 0.104 0.936
Nighttime y/=—0.321x g~0746-1.601 -0.082 0.167 0.129 0.900
A3 Y = —47.603 + ¢~ 0-002x+3.846 —-0.001 0.869 0.295 0.479
¥ =—0.540+0.228 x In(0.976) 0.000 0.041 0.064 0.954
Daytime y =—0.230 x g 0-568-1.593 —-0.054 0.109 0.104 0.879
Y = —22.664 4 ¢~0:003x+3.092 0.002 0.432 0.208 0.518

the process of reducing heat from the ocean through Rg¢
and Ry, It can be seen that the value is consistently higher
at nighttime than during the daytime at the same wind
speed. This difference is due to the contribution of Ry,
which is present only during the daytime, reducing the
efficiency of the Q. In contrast, nighttime heat loss occurs
exclusively through the upward fluxes of Ry, Rgn, and Ryy¢

in the absence of R,,. Consequently, the increase in wind
at nighttime, which is not offset by Ry,,, causes a higher
Q - fst-

The Sunda Strait has three distinct water character-
istics such as A1, A2, and A3, as shown in Figure 1. To
determine the best empirical link between U, and AT,
diurnally, we compared numerous equations using curve
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fitting (Figure 4). Both at nighttime and daytime, AT fol-
lows a similar pattern in the three sites. At nighttime, AT,
is lower at wind speed (~ 0.1 m s~1) than during the day-
time. The AT, value expands up to 4 m s~* and remains
constant after that. The best relationship between Uy
and AT, can be expressed as y = a+ b X In(c X x). The
logarithmic equation appears to satisfy the equation of
U, compared to AT based on the obtained correlation
(> 0.9). In more detail, this equation performs well during
the daytime (Table 1).

3.3 Correction scheme for T retrieval

In this study, we refine the skin-bulk temperature differ-
ence by considering the contribution of shortwave radi-
ation to AT, formation. In contrast to previous studies
that focused on the influence of wind speed (Donlon et
al,, 2002) or omitted daytime radiative heating processes
(Minnett, 2003; Ward, 2006), we introduce a corrected
skin-bulk temperature difference defined in Eq. (14) in
the form of AT,,. This correction is based on the mecha-
nistic that solar radiation significantly alters the vertical

9/20

temperature profile near-sea surface, particularly under
low-wind regimes where turbulent mixing is suppressed
(Fairall et al., 1996a). Including AT\, results in a more real-
istic representation of the thermal conditions near the sea
surface.

Two steps of AT, correction were applied sequen-
tially based on U, and diurnal cycle. The least-squares fit
method was used for the correction. It can be seen that
the correction of AT, to Uy, has an increasing exponen-
tial trend and the correction to diurnal has a sinusiodal
pattern. Specifically, the fitting of the correction of AT, to
Ui and diurnal (t), respectively, is given as:

AT corr, = —0.149 — 0.613 X @ —0-548xUsg (29)

AT corry = —0.41 +0.03 X 5in(0.25¢+0.13)  (30)

To calculate the correction for AT .\, and AT .,,q by us-
ing Egs. (21)-(22), the Ty, is derived from Egs. (23)-(24)

b
-014(‘) — T
. LS [ ) ATCWd
-0.16 1 . ° —Least squares fit| |
$ 018/
=]
=
o
= -0.27
<
-0.8¢ ° o AT -0.22
cww
¢ —least squares fit
1 ‘ ‘ ‘ ‘ 024
0 2 4 6 8 10 7 9 11 131517 19 21 23 01 03 05
1 LT
U10 (ms™)
©
0.1 N
-0.15 — I I
/4§l—’l l\l§§\ S A B A f 71
[ ~ _
o 025 = I ! | I §_;===:\________;_
S 0251 i I ] -
r =
03F * -
_I_ATCW ATcwd
'035 [ _I_ATCWW B
_04 | | | | | | | | | | | |
7 9 11 13 15 17 19 21 23 01 03 05
LT

Figure 5. Correction of T, to Uy, (@), Ty to diurnal (b),

and hourly variability of AT ., AT cyyw, and AT g With 1X

standard deviation expressed by bars (d). Local Time (LT) is UTC+7.
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Figure 6. Scatterplot of the relationship between T and T}, after correction for U, (a) and diurnal variability (b). The
brown line represents 1:1.
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Figure 7. Exponential plot of AT, against U, between the models at the 3 sites at nighttime and daytime. The colorbar
and contour lines represent the percentage data density and data density interval of 10%, respectively.
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Table 2. Exponential function of AT, to U,y nighttime and daytime in the Sunda Strait.

Site Nighttime Daytime

Al AT, = —0.086 — 0.696 X e ~-599%U10 AT, = —0.072 —0.423 X e ~0-507%U10
A2 AT, = —0.179—0.942 x e ~0855%U10 AT, = —0.167 —0.783 x e ~0-926XU10
A3 AT, = —0.162 — 0.930 X ¢ ~0833%U10 AT, = —0.147 — 0.795 X e ~0-819%U10

by using Eqgs. (29)-(30). Figure 5a-c reveal a negative AT,
which contributes to an overall AT, in the studied region.
This observation implies an efficient transfer of heat flux
from the ocean to the atmosphere. This result confirms
that the Sunda Strait does not experience the warm skin
effect, which is the opposite effect of AT, where the SST is
warmer than the underlying layer. Warm skin findings are
often found in high latitudes where the air is more humid
and warmer than the SST and can account for up to 10%
of the total observational data (Yang et al.,, 2023; Zhang et
al,, 2020).

Furthermore, the diurnal variability of the corrections
from Equations (21)-(22) in Figure 5c reveals that all
AT, values remain negative throughout the entire period.
This indicates that the influence of AT, exerts a minimal
effect on the increase of T in the Sunda Strait. The un-
corrected AT, initially exhibited values of approximately
—0.2°C. After applying the wind speed correction, these
adjusted values were slightly higher across all time periods.:
Finally, the diurnal correction yielded higher values dur-
ing the peak insolation and nighttime periods, specifically
around 11.00-13.00 and 23.00-03.00 LT, respectively. All
three AT, patterns in Figure 5c display a maximum value
at 12 LT, nearly coinciding with the peak insolation.

To derive the true T by eliminating the effects of AT,
and AT,,, the AT, correction from Egs. (29)-(30) was ap-
plied to compute the Ty, correction based on Egs. (23)-(24),
as illustrated in Figure 6. The bias was uniform with a pro-
gressively decreasing RMSE: Furthermore, the two-step
correction yielded a near-perfect correlation (Figure 6b)
compared to the U, correction (Figure 6a). Both correc-
tion methods resulted in a similar overall data distribution,
although with greater scatter within the 27-31°C range.
All correction treatments resulted in values slightly above
the 1:1 line, indicating that the T}, estimates were system-
atically higher than the T;. Nevertheless, applying either
the U;, or diurnal correction successfully removed the in-
fluence of AT and AT, enabling an accurate estimation
of the T in the Sunda Strait.

3.4 Modeling performance of AT,

The relationship of U, to AT, corresponds to the logarith-
mic equation as illustrated in Table 1. The equation omits
the AT, correction due to the influence of the shortwave
radiation throughout the day, which persists throughout
the night. Figure 7 shows a comparison of the AT, model
capability assessment against other authors for diurnal
conditions at three Sunda Strait Egs. (15)-(20). In general,

the three sites have a AT, range of 0 to —1°C with limited
wind speeds of 9 ms™1,10ms~ ! and 12 ms™! at A2, A3,
and A1, respectively.

In comparison to the previous models, the new model
(solid black line in Figure 7) demonstrates superior consis-
tency in describing the relationship U, and AT, whereas
A17 and M11 yield less satisfactory outcomes in this study
domain. The observed water types indicate that A17 and
M11 were conducted in coastal waters, specifically in south-
eastern New Zealand and North Carolina, respectively. In
contrast, this study was conducted in open waters. This
condition is similar to D02, Z20, L22, and Y23, which each
observed T in the Pacific and Atlantic Oceans, Antarctica,
Florida Waters, and the South China Sea, respectively. Dif-
ferent types of waters can produce different wind condi-
tions and ocean surface boundary layer dynamics. This
implies that the empirical equation of AT, will depend
on the local water and atmospheric conditions. The model
finally performs best at nighttime due to the gradual re-
duction of the AT,,.

The comprehensive empirical correlation of AT, to
Uyg is illustrated in Table 2. At the three sites, it is evident
that the results vary depending on the time of day. The
exact formula to describe this relationship can be written
as an exponential equation, AT, = a + b X e“*U10, This
result is different from the condition when considering
AT, in Table 1, which gives a logarithmic relationship. It
is found that the values of variables a, b, and c during the
daytime are larger than those at nighttime (take note the
minus sign). This shows the influence of the AT, effect
of the shortwave radiation penetrating the water surface.
Specifically, A2 gives higher variable values than other loca-
tions due to low wind speed due to consequence of narrow
waters (i.e., strait). In contrast, A1, which represents the
open ocean, gives lower variable values due to the wind
influence from the open ocean. Nevertheless, the best cor-
relation is given by A3, which represents enclosed water
(Java Sea) up to 0.88. This indicates that wave interaction
can retain heat at the water surface more effectively in en-
closed waters than in the open ocean, where strong winds
lead to significant mixing of the cooler surface and warmer
layers.

3.5 Are T, and AT, influenced by the SWH or current
speed?

Figure 8a-c illustrates the relationship between SWH and

T, in the study area. The SWH frequency distribution ex-

hibited distinct characteristics in each area. In the A1, SWH
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Figure 8. Dependency of T on the SWH (a-c), AT, on the current speed (d-f), and AT,, current speed without the tide
effect (g-i) at the A1, A2, and A3 sites.
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Figure 9. Time series of the SWH, Along-Strait Current (ASC) and Cross-Strait Current (CSC) at the A1, A2 and A3 sites
on 5-10 August 2023. The blue line represents a single scenario (WAV for SWAN and OCN for ROMS), while the brown
line corresponds to a couple of scenarios (ROMS and SWAN).

ranges more widely (up to ~ 4 m) with amode around 2m, enhanced turbulent processes and vertical mixing within
indicating the dominance of energetic open-ocean condi-  the water column. Conversely, in sites A2 and A3 the SWH
tions. The relationship between T and SWH shows atrend  range is narrower (< 2 m) and T tends to be lower, re-
of decreasing T with increasing wave height, suggesting  flecting the influence of the semi-enclosed waters and the
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Al (m s72)x10

A2 (m s2)x107

A3 (m s%)x10°

Figure 10. Resultant momentum profile at the A1, A2, and A3 sites. Accel: acceleration; prsgrd: pressure gradient; hadv:
horizontal advection; vadv: vertical advection; cor: corriolis; hjvf, vjvf: horizontal vortex force; kvrf: vertical vortex force;

hvisc: horizontal viscosity, and vvisc: vertical viscosity.

lower wave energy. Analysis of these three sites indicates
that SWH corresponds to T. Figure 8d-f shows the rela-
tionship between the total current speed and AT, at study
area. In site A1, although AT,, is on the order of 1073°C, it
increases with the current speed, despite high variability.
In site A2, AT, decreases weakly with decreasing current
speed, whereas in site A3, AT,, increases with decreasing
current speed.

The Sunda Strait is known for its strong tidal currents
(Putri, 2005), which cause intense turbulent vertical mix-
ing, thereby disrupting diurnal stratification and prevent-
ing the formation and maintenance of a near-surface warm
layer. Therefore, we decomposed the current components
by removing the residual current and applied a 30-day
Low-Pass Filter (LPF) at the three sites (Pawlowicz et al,,
2002). The residual current was used to remove the tidal
component, while the LPF was applied to isolate variability
shorter than 30 days (intraseasonal). Subsequently, we
removed the tidal component and applied the LPF to exam-
ine the relationship between the current speed and AT,,
(Figure 8g-i). The current speed in this scenario is rela-
tively low compared to Figure 8d-f due to the removal of
tidal components. The variation of AT, with current speed
is consistent in the Indian Ocean and the Sunda Strait, but
not in the Java Sea (Figure 8d-i). We hypothesize that this
is influenced by wave effects, based on the fact that the In-
dian Ocean is an open ocean with higher waves compared
to the Sunda Strait and the Java Sea. Consequently, further
analysis was conducted by comparing the interactions of

currents without and with waves (Figure 9).

Figure 9a-i presents the time series of SWH, ASC, and
CSC at three sites. Site A1, characterized by higher SWH
than sites A2 and A3, exhibits dynamics where wave-driven
processes are highly dominant. As a result, the coupled
scenario simulates surface currents that are substantially
different from the single scenario. In contrast, at sites A2
and A3, the primary dynamics controlling the currents
are dominated by tidal forcing and geostrophic influences
(a combination of the pressure gradient and Coriolis ef-
fect), resulting in negligible differences between the two
scenarios. To reinforce this statement, the momentum pro-
files at each site were calculated based on Olabarrieta et
al. (2011, Equations (1) and (2)), as shown in Figure 10.
The analysis reveals a site-dependent dominance of terms:
at A1, the pressure gradient and Coriolis terms are domi-
nant, reaching their maximums at the surface (3.12 x 10~°
m s~2 and 2.4 X 107% m s~? respectively); at A2, the bal-
ance shifts to include horizontal advection and the | vortex
force, pressure gradient, and Coriolis term peaking sharply
at mid-depth (o0 = —0.7); whereas at A3, the pressure gra-
dient and Coriolis terms are again dominant, but with their
maximums occurring at the seabed (3.91 X 10~ ms™2 and
3.18 X 107° m s~2, respectively).

3.6 Effect of T, Uy, and the sea surface energy bal-
ance on oceanic regimes and seasonality

The impact of ocean regimes and seasonal variations on T,

U1, and sea surface energy balance components through-
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Figure 11. Boxplots of nighttime Ts (a), Ug (b), Rsw (€), Riw (d), Rsnr (), and Ryy¢ (f) at the A1, A2, and A3 sites. The
boxplots display the median (solid line within the box), mean (dotted line within the box), observed data (gray dots),
and outliers (solid dots). The boxes represent the 25th-75th percentile range, and the whiskers extend to the 5th-95th

percentile range.

out both nighttime and daytime is illustrated by the box-
plotsin Figures 11 and 12, respectively. The T, distribution
at the three sites exhibited significant seasonal fluctua-
tions under both scenarios. At the A1l site, the T values
tend to be lower than those at A2 and A3, with a tempera-
ture increase observed from the DJF to MAM seasons. The
temperature in A2 during the DJF season is lower than
in other seasons and stays generally stable at 30°C under
both nighttime and daytime. This pattern suggests that
wide waters, such as the Indian Ocean, affect sea surface
cooling more than the relatively confined Sunda Strait and
Java Sea. The wind velocity at a height of 10 m (U;,) de-
picted in Figures 11b and 12b, exhibits a seasonal trend.
A1l receives relatively increased wind speeds, particularly
during the JJA and SON seasons. At the A2 site, U,y shows
a lower value compared to the other two sites. This relates
to the topography of the Sunda Strait, which tends to be
narrow. The Uy, value achieves its minimum during the
JJA season and then increases in SON. At the A3 site, the
wind speed pattern shows a slight increase relative to Al,
but stays below the level of A1l. This is due to A3 being
open water, as it is part of the Java Sea, which connects to
the Pacific Ocean via the South China Sea.

The Ry, produces substantial results under both night-

time and daytime scenarios (Figures 11cand 12c). During
the nighttime, the Ry, is about 0 W m~2. In comparison
to daytime, the R, values were around 400 W m~2, This
shortwave flux represents the typical average insolation at
the equator. The Ry, is relatively uniform across all areas,
with an increase during the SON season. Unlike shortwave
radiation from the sun, longwave radiation is emitted by
the earth’s surface and atmosphere. In the oceanography
and meteorology context, R}, indicates the energy trans-
mitted from the atmosphere to the ocean. Negative R),,
refers to energy transferring from the ocean to the atmo-
sphere. In Figures 11d and 12d, nearly all locations and
seasons show negative R}, except for specific times dur-
ing the DJF season when Al is positive. This shows the
dominant role of R}, reflected from the ocean to the at-
mosphere. R}, decreased with increased seasonality at
A2 and A3, while remaining stable during the JJA and SON
seasons at Al.

The transfer of energy between the ocean and the atmo-
sphere should be analyzed not only through incoming ra-
diation but additionally by considering the energy balance
of both the sea surface and the atmosphere. Consequently,
the Ryyrand Rype energy balances emerge. Rg¢is the energy
exchanged because of the temperature disparity between
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Figure 12. Boxplots of daytime T (a), U1g (b), Rsw (€), Riw (d), Rsne (€), and Ry (f) at the A1, A2, and A3 sites. The
boxplots display the median (solid line within the box), mean (dotted line within the box), observed data (gray dots),
and outliers (solid dots). The boxes represent the 25th-75th percentile range, and the whiskers extend to the 5th-95th

percentile range.

the atmosphere and the ocean. In this study, the sign con-
vention for Ry, will be positive if there is a flux from the
atmosphere to the ocean, and vice versa. Figures 11e and
12e illustrate that A1 consistently shows positive mean
values over all seasons, but A2 and A3 have negative mean
values across the same temporal range. This indicates
that in the Indian Ocean, the Ry, from the atmosphere is
more dominant. In the Sunda Strait, the Ry, transferring
from the ocean to the atmosphere is particularly significant.
This phenomenon relates to the linear correlation between
wind speed and Rg,s, where high (low) wind speed causes
Ry ¢ to increase (decrease) and T to decrease (increase).

Furthermore, R}, refers to the energy used (released)
during the phase change of water through evaporation
(condensation). This mechanism does not affect a direct
change in temperature but rather stores energy. In this
study, Ryy¢ is positive when there is an input of energy from
the atmosphere to the ocean, and vice versa. Generally,
the R),¢ in the sea is positive, indicating that energy is leav-
ing the ocean through evaporation. Figures 11f and 12fil-
lustrate that at sites A2 and A3, the entire season is defined
by negative Ry,;. Some areas of positive R),; are observed
at Al throughout the season, indicating evaporation ac-
tivities due to elevated air temperatures relative to the

sub-surface water (Pinker et al., 2014).

4. Discussions

This study implemented two sequential corrective proce-
dures, such as the elimination of U;y and diurnal cycle
effects. The two-step corrections successively produce
a T, that almost resembles T, where the combined cor-
rections produce a perfect correlation between Ty, and T.
This indicates that the correction steps can remove the
influence of AT . and AT, from the T, to obtain accurate T.
This study calculated T by including AT . and AT,, influ-
ences, recognizing that daytime shortwave radiation can
extend several hours beyond sunset. This study conforms
to Alappattu et al. (2017), who also considered the effects
of AT and AT,

Furthermore, by considering AT and AT,, effects, it
is possible to find the relationship of U;, in the Sunda
Strait in the diurnal scenario. By comparing with the pre-
vious study, the new model can describe the combined
relationship of AT, and AT\, effects on U;y with a corre-
lation range of 0.53-0.88. Here, the Java Sea, as enclosed
body of water, provides a better correlation than the open
ocean. This is due to the lack of interaction of currents
and waves that can mix the surface layer of water, allow-
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Figure 13. Schematic diagram of T, U;,, and the sea surface energy balance components (R, R}y, Rsnp, and Ryy¢) at
nighttime and daytime in the open ocean (a,c) and closed waters (b,d).

ing the heat flux to be well retained. Takaya et al., (2010)
presented a refinement of the T scheme by modifying the
Monin-Obukhov similarity function and incorporating the
Langmuir circulation effect, resulting in improved accu-
racy in representing the diurnal SST variability compared
to the Zeng and Beljaars (2005) scheme. This indicates
the role of the Langmuir circulation in enhancing the mix-
ing and reducing the diurnal variability of the SST in wavy
conditions and emphasizes the importance of considering
ocean wave effects in modeling. Zhangetal. (2019) also ob-
tained a strong (moderate) dependence between AT and
the wave height (slope), although the dependence on the
probability of wave breaking was less pronounced. This
has demonstrated the contribution of the wave dynamics
to T variability.

Furthermore, the critical role of wave dynamics in mod-
ulating the T and the T,, is evidenced by the contrasting
regimes in the Java Sea and the Indian Ocean (Figures 11
and 12). In the wave-dominated Indian Ocean, vigorous
wave-driven mixing, which has been shown to correlate
with wave height and slope (Zhang et al., 2019), efficiently
suppresses diurnal warming by enhancing vertical mix-
ing, thereby reducing T variability. Conversely, the Java
Sea exhibits an anomalous positive correlation between
weak currents and increased AT, where the lack of strong
wave-current interaction minimizes turbulent mixing. This
allows for greater heat retention and the development of

pronounced diurnal stratification, a regime that our new
model captures more effectively due to the dominant con-
trol of local heat flux over mixing processes.

The results in Section 3.6 show the temporal variations
of the sea surface cooling process associated with oceano-
graphic processes and atmospheric influences. The Indian
Ocean has a more effective cooling mechanism compared
to semi-enclosed regions such as the Sunda Strait and Java
Sea. Upwelling is an ocean phenomenon that results in a
lower SST in the open ocean. In the Indian Ocean, partic-
ularly south of Java, upwelling is driven by the southeast
monsoon winds, which displace surface water, allowing
deeper, colder water to ascend (Chakraborty et al.,, 2023;
Putri, 2005). In contrast, enclosed seas such as the Java
Sea experience limited water mass exchange. The depth
of the Java Sea averages 40 meters and is connected to
the Indian Ocean through the Sunda Strait. During the
southeast monsoon season, the Java Sea receives colder,
higher-salinity water from the Indian Ocean, while dur-
ing the northwest monsoon season, the Java Sea receives
warmer, fresher water from the South China Sea (Siregar et
al,, 2017; Putri, 2005). These seasonal variations in water
mass exchange influence the SST in the Java Sea, which
tends to be warmer than the open ocean due to reduced
upwelling and higher surface water retention. Then, the
monsoon become the dominant atmospheric influence in
the Indian Ocean and Java Sea. The southeast monsoon in-
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creases upwelling south of Java, resulting in reduced SST in
the open ocean (Chakraborty et al., 2023; Putri, 2005).
As a result, the T decreased during JJA and SON in Al
(Figures 11 and 12). In the Java Sea, the monsoon also
affects the SST, but its effect is not dominant due to the
shallower bathymetry and limited upwelling (Haryanto et
al,, 2019; Siregar et al.,, 2017).

Based on the previous explanation, the SST skin is in-
fluenced by oceanic and atmospheric factors, which in turn
are related to the components of the diurnal sea surface
energy balance. Therefore, in this study, we propose a
schematic diagram of the relationship between SST and the
diurnal sea surface energy balance in open and enclosed
waters (Figure 13). On both nighttime and daytime diurnal
scales, wind speed is the dominant meteorological factor af-
fecting R,rand Ry In the open ocean, higher wind speeds
increase turbulent mixing, leading to increased Ry, and
Ryn¢ (Fernandez et al.,, 2023; Song, 2023). In contrast, the
enclosed ocean experiences decreased wind speed due to
coastal orography and land-sea wind interactions, lead-
ing to diminished Rg,¢ and Rj,s (Ganeshan and Wu, 2016;
Tomita et al., 2016).

During the daytime, open water experiences a diurnal
AT,, due to the absorption of solar radiation. This warming
is modulated by wind speed, with higher wind speeds re-
ducing the amplitude of the diurnal warming by increasing
the turbulent mixing (Yan et al,, 2023). Figures 11a,b and
Figures 12a,b illustrate the opposite relationship between
T and U, ,. This result aligns with those of Hsu (2022) and
Yang et al. (2023) that T in open water is often slightly
cooler than the underlying layer under strong wind con-
ditions. This study also obtained a smaller Rg,¢ than Ryy¢
(Figures 11e,f and 12e,f), where the Rg,¢ increased under
low T conditions. Luo et al. (2022) and Yan et al. (2023)
also suggested that Ry, increases during the cold skin ef-
fect period at night, but in this study, it is also seen during
the daytime. In open water, Ry is driven by the moisture
gradients and wind speed. When SST is higher; it increases
Rinr (Hussein, 2022). However, in this study, high values of
Ry occurred atlow T (Figure 13a,c). This is probably due
to the high wind speed in the open ocean, which reduces
the humidity difference between the air and the water sur-
face. Furthermore, during the daytime, the net longwave
radiation is usually positive, which can contribute to sea
surface heating, but in this study the heating effect due to
longwave radiation is offset by the high U, in the open
ocean.

Furthermore, in enclosed waters, nighttime cooling is
less dominant than in open waters due to regional atmo-
spheric conditions and land-sea wind effects. Rg,¢ becomes
less dominant at nighttime in enclosed waters due to the
smaller air-sea temperature difference compared to open
waters (Luo etal., 2022; Yang et al.,, 2023). Then, the night-
time Ry,¢ in enclosed waters is influenced by the land-sea
wind pattern, which can increase the water vapor flux and
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maintain a relatively high Ry,¢ at nighttime (Hussein, 2022;
Sun and Wu, 2021). However, this is different from Fig-
ure 13b,d, where the Ry;¢ is low at nighttime. This is due
to the low wind speed, which causes the heat flux from
the ocean to the atmosphere to decrease. Like open water,
longwave radiation at night contributes to surface cooling,
but in this study the cooling effect is not influential when
Ui is low in enclosed water. Kang et al. (2024) added that
this effect might also be modulated by regional cloud cover
and atmospheric humidity.

Besides the impact of oceanic regimes, air mass advec-
tion from terrestrial areas near water may significantly
affect Ry and Ry, due to temperature and humidity differ-
entials (Chu et al., 2024). This may be another considera-
tion, as the research area is close to land, especially the A2
and A3 sites. The diurnal variability of T has been shown
to be a major driver of R), amplitude (Yan et al.,, 2021), es-
pecially in semi-enclosed ocean areas suchas the Java Sea.
This aligns with the findings of Wang and Dickinson (2013),
which indicated that downward longwave radiation in the
ocean exceeds that over land, suggesting a negative R, at
three sites (Figure 12d,e,). The land albedo exceeds that of
the ocean, resulting in decreased surface radiative heating
compared to the ocean. A reduction in surface albedo over
land, due to land use changes, enhances radiative heating,
which subsequently induces upward heating, attracting ad-
ditional water vapor from the ocean and thereby increasing
Ry¢in the ocean (Lofgren, 1995).

5. Conclusion

This study successfully modeled the influence of AT, and
AT, on T in the Sunda Strait using a coupled current and
wave model approach. It was found that the AT, consis-
tently contributed negatively with an average thickness
of ~ 55 um and a temperature difference of about —0.2°C,
which varied diurnally and showed an influence on Uy,.
When U, is low during the daytime, a significant thin
AT,, is formed. However, increasing U, leads to temper-
ature homogenization due to turbulent mixing, with AT,
approaching a stable value of —0.1°C. In addition, the sea
surface net heat flux shows a decreasing trend with re-
spect to U;¢ with a predominance of heat loss at nighttime
and high variability during the daytime due to shortwave
radiation. Through two correction steps (U;, and diur-
nal), this study successfully transformed the T, into an
accurate T estimate by removing the influence of AT, and
AT,,. Compared to other models, the new model shows
a high correlation between AT, and U;, up to 0.87 and
can represent the dynamics of enclosed water such as the
Java Sea, which has different responses compared to open
water due to water type, wave influence, and wind speed.
The SWH is identified as the primary control on the T
differences between the sites. In contrast, current speed
correlates positively with AT, in the open ocean but in-
versely in enclosed seas. This study also confirms that T
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is influenced by ocean energy balances that are sensitive
to meteorological changes, particularly U, Rgy, Riw, Rint
and Rg. In the future, this study can serve as a basis for
developing more realistic air-sea fluxes parameterization
schemes in other open and enclosed waters.
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