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Abstract

A surface layer (upper 20 m depth) heat budget analysis, derived from a hindcast regional-scale ocean modeling experiment,
was employed to examine the underlying mechanisms behind the emergence of sea surface temperature anomalies (SSTA)
in the Indonesian seas during El Nifio events over the 1995-2019 course. Prior to the emergence of warm SSTA, which typi-
cally appeared following the mature phase of El Nifio and lasted for almost a year, apparent anomalous heat accumulation
occurred for at least 2-4 months and peaked in conjunction with the climatic event. Further examination revealed possible
east—west distinct dynamics in the heat budget variations within the region during El Nifio years. The anomalous heat accu-
mulation in the western part of Indonesian seas (Java Sea) was predominantly caused by modulation in the surface net heat
flux. Whereas in the eastern part (Banda Sea), the ocean circulation also exerted important influence in addition to the surface
net heat flux. The ocean circulation in the eastern Indonesian seas notably contributed to moderate the effect of surface net
heat flux during El Nifio growth. Moreover, the same ocean circulation was responsible for prolonging the anomalous heat
accumulation in the eastern Indonesian seas from mature to decay phase of the El Nifio, ultimately resulted in warmer SSTA
than that in the western part. The study conducted here provides additional insights on how the Indonesian seas responded
to the El Nifio and further reaffirms the idea that the climatic event results in anomalous warming across the Indonesian seas.
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1 Introduction

The Indonesian seas, situated between the Indian and Pacific
Oceans, is uniquely positioned for direct impacts by the
Indian Ocean Dipole (IOD) in the tropical Indian Ocean
(Saji et al. 1999) and El Nifio-Southern Oscillation (ENSO)
in the tropical Pacific Ocean (Trenberth 1997). Various stud-
ies have addressed the response of oceanographic features
in Indonesian seas to the Indo-Pacific climatic forcing (e.g.,
Gordon and Susanto 2001; Ningsih et al. 2013; Pujiana et al.
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2019), as well as the weather pattern in the region (e.g., Hen-
don 2003; Giannini et al. 2007; Alsepan and Minobe 2020)
and confirmed the existence of ENSO/IOD-related modula-
tion at a certain statistical significance level. An inter-basin
heat exchange between the Indian Ocean and Pacific Ocean
was also inferred from both observations (Wijffels and Mey-
ers 2004) and modeling (Zhang et al. 2018) owing to the
existence of Indonesian throughflow (ITF; Gordon et al.
1999; 2019) that passes mainly through the eastern part of
the Indonesian seas. All these findings on the oceanographic
and weather features of the Indonesian seas, along with their
modulations, have steadily gained international scientific
community interest about the importance of Indonesian
seas to the climate dynamics in regional-to-global scales
(Sprintall et al. 2019).

The advancements in our understanding about the Indone-
sian seas were partly due to the improved ocean observation
system (e.g., Moltmann et al. 2019) and gap-filling method
(e.g., Ahn and Lee 2022) which ultimately led to refined rep-
resentation of the Indonesian seas in gridded data products.
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For instance, high-resolution sea surface temperature (SST)
reconstruction products (e.g., Tomita et al. 2019; Huang
et al. 2021) have allowed the evaluation of long-term warm-
ing trends in SST across the region and how Indo-Pacific
climatic forcings affected the secular trend (e.g., Iskandar
et al. 2020). In their study, Iskandar et al. (2020) suggested
the role of the ENSO warm phase (El Nifio) and cool phase
(La Nifia) in alleviating and corroborating the warming trend
in Indonesian seas, respectively. This was based on the sta-
tistically significant anti-correlation they found between the
sea surface temperature anomaly (SSTA) in the area and
central—eastern tropical Pacific. One of the presumed mecha-
nisms was the horizontal advection which brings the cooler-
than-usual and warmer-than-usual sea surface temperature
from the western Pacific into the Indonesian seas during the
El Nifo and La Nifa, respectively. Similarly, the positive
and negative phases of IOD (pIOD and nlOD, respectively)
that associated with cooler-than-usual SST and warmer-
than-usual SST in some parts of the Indonesian seas that in
proximity to the Indian Ocean, respectively, also suggested
to affect the overall warming trend.

During El Nifio years, the SSTA in the western Pacific,
where the Indonesian seas are situated, (Fig. 1) can be

Fig. 1 Sea surface temperature
anomalies (SSTA; in °C) com-
posite average during three El
Niflo phases including growth
(upper panel), mature (middle
panel), and decay (lower panel)
across the Indo-Pacific ocean
according to the third version

Growth

characterized into three stages following the phases exhib-
ited by the El Nifio itself (Timmermann et al. 2018). First,
the anomalous cool SSTA appeared during the growth phase
of El Nifio which typically took place during May—Septem-
ber. An apparent warm SSTA further emerged within the
Indonesian seas between November and March of the suc-
ceeding year, especially in its western part, in conjunction
with the El Nifio mature phase. The anomalous warm SSTA
became even more robust during the May—September during
the year of El Nifio demise.

In addition to the aforementioned SSTA pattern, anoma-
lous descending branch of walker cell also took place during
El Nifio years in the western Pacific, which further affected
the air—sea heat exchange and ultimately led to heat budget
variations in the sea surface (Alexander et al. 2002). An
earlier study on the heat budget in Indonesian seas focusing
on El Nifio years found that the anomalous surface heat flux
played major role in controlling SSTA (Hendon 2003). The
potentially overlooked effects from the influence of ocean
dynamics on the heat budget were acknowledged consider-
ing the simplified surface layer heat budget analysis used in
the study. Hence, emphasizing the need for a complete heat
budget analysis.

of Japanese Ocean Flux Data " -
Sets with Use of Remote Sens- 50 E
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Tomita et al. 2019). Five El
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The exact balance between the atmospheric (i.e., air-sea
heat flux) and oceanic (e.g., advection and mixing) processes
which dictates the SST variations in the Indonesian seas dur-
ing the El Nifio events, has not been thoroughly explored.
Recent attempts on heat budget analysis in the region still
leave a considerable amount of residual signal, hindering
a holistic interpretation (Iskandar et al. 2020; Ismail et al.
2023). Employing a numerical ocean model for heat budget
analysis on the other hand, is arguably more preferable
rather than utilizing publicly available observations and/or
monthly oceanic reanalysis products since the budget closure
can be achieved (Hasson et al. 2013; Murata et al. 2020).
The utilization of oceanic models to address the complete
surface layer heat budget interannual variability in the Indo-
nesian seas can be traced back to the study by Halkides et al.
(2011); however, they focused on general variability rather
than specifically addressing the modulation during any El
Nifio event. Moreover, representing the Indonesian seas
using basin-wide heat budget analysis (e.g., Halkides et al.
2011; Kida and Wijffels 2012) might overlook the localized
dynamics in sea surface temperature variations (Giannini
et al. 2007).

The advantage of conducting a complete heat budget
analysis from an ocean modeling experiment for examin-
ing the Indonesian seas SSTA under specific anomalous cli-
mate was demonstrated by Delman et al. (2018). Focusing
on pIOD events, they revealed the role of remote wind stress
anomalies from west of Sumatra in driving anomalous cool
SSTA in the south of Java through advection process dur-
ing the onset of pIOD. The study highlighted that oceanic
processes could become a main driver of SSTA, overcoming
the influence from heat flux at the surface. Moreover, the
performed heat budget analysis also complemented con-
clusions inferred from observation-based studies related to
the dynamics during pIOD (Delman et al. 2016; Horii et al.
2018).

This study henceforth focused on heat budget variability
in the Indonesian seas, especially during the past El Nifio
years, and how it related to the emerged SSTA associated
with the climatic events. Our understanding on the mech-
anism behind the SSTA emergence in Indonesian seas is
paramount as the precipitation pattern around the region was
also presumed to be regulated by its own SSTA aside from
the climatic events (McBride et al. 2003). To fulfill this
objective, we used a long-term (26 years) regional ocean
modeling hindcast experiment, with heat budget diagnostics
that computed simultaneously, configured at approximately
13 km horizontal resolution and forced by a suite of realistic
datasets. These have allowed us to achieve the heat budget
closure as well as its long-term variabilities in response to
the perturbation in the forcing datasets, primarily the atmos-
pheric datasets.

The remainder of this paper is organized as follows. Sec-
tion 2 briefly explains the numerical model used in this study
along with the heat budget formulation. Section 3 provides
the results, including variability simulated by the model and
how these compared to observation-based datasets over the
selected period, and modulation in the surface layer heat
budget along with the process-specific contribution analysis
during El Nifio years. Finally, Sect. 4 summarizes the find-
ings and possible implications of this study.

2 Methodology
2.1 Model description

The model employed here was based on the Regional Ocean
Modeling System version 3.7 (ROMS; Shchepetkin and
McWilliams 2005). The model has been used for regional
scale heat/salt budget analysis in both the Indian and Pacific
Oceans (e.g., Kido et al. 2019; Murata et al. 2020). Under
Boussinesq and hydrostatic assumptions, ROMS solves the
primitive equations on horizontal curvilinear coordinates
and terrain-following vertical s-coordinates. The spacing
between vertical coordinates in the model was controlled by
a set of stretching functions (Song and Haidvogel 1994) with
user-defined parameter values. The model was configured for
the Indo-Pacific region (70°E-175°E; 20°S-30°N), which
encompasses the tropical eastern Indian Ocean and western
Pacific Ocean, at 1/8° x 1/8° horizontal resolution and 30
layers of vertical level. The bathymetry of the model was
obtained from the smoothed 15 arc-second of General Bathy-
metric Chart of the Oceans 2022 release (GEBC02022). The
vertical stretching function and parameters were set in such a
way (i.e., Theta_s=7.0; Theta_b=0.1; and Tcline =200 m)
to permit a higher vertical resolution near the surface. For
instance, the first 10 layers from the free-surface in a water
column with 4000 m depth will have average thickness of
less than 10 m.

The model was forced by a suite of datasets (i.e., atmos-
pheric reanalysis product, river discharge, sea surface salin-
ity relaxation, and tidal forcing), which allowed the model to
produce low-frequency variabilities, particularly in response
to the interannually varying perturbation in the prescribed
atmospheric state. The 55 year Japanese reanalysis-based
dataset product JRAS55-do (Suzuki et al. 2018; Tsujino et al.
2018), with native horizontal resolution of 0.5625° % 0.562
5° and 0.25° % 0.25° for the surface forcing field and river
discharge, respectively, was used for the model forcings.
The JRAS55-do was extensively tested for the Ocean Model
Intercomparison Project phase 2 (OMIP-2) where the simu-
lated global ocean—sea-ice states showed overall improve-
ment compared to the previous OMIP phase (Tsujino et al.
2020). The surface forcing field used for this study includes
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three-hourly incoming shortwave and longwave radiation,
10 m air temperature and humidity, mean sea level pressure,
rainfall, and wind speed (zonal and meridional). Whereas
the JRAS55-do river discharges, were provided in daily tem-
poral resolution. A total of 12 tidal constituents from the
Oregon State University TPXO global tide models (Egbert
and Erofeeva 2002) as well as the level 2.5 Mellor-Yamada
turbulence closure model (Mellor and Yamada 1982) were
employed for simulating the vertical mixing across the mod-
eling domain.

Air-sea heat exchange, including net longwave radia-
tion, latent heat flux, sensible heat flux, and surface net
heat flux was computed internally according to the Cou-
pled Ocean—Atmosphere Response Experiment 3.0 algo-
rithm (COARE3.0; Fairall et al. 2003) using the prescribed
surface forcing fields and SST generated by the model.
Throughout the model integration, the sea surface salinity
was also relaxed toward the climatological mean from the
World Ocean Atlas 2018 (Zweng et al. 2018) with a 90-days
relaxation time-scale. Other aspects of the model, such as
horizontal mixing configuration and air-sea momentum
exchange, were configured following the protocol for large-
scale, high-resolution ocean modeling (Griffies and Hallberg
2000; Griffies et al. 2016; Tsujino et al. 2020).

Lateral boundary information and initialization for the
model was obtained from the oceanic reanalysis product of
the European Center for Medium-Range Weather Forecast
Ocean Reanalysis Product Fifth Generation (ECMWF-
ORASS; Zuo et al. 2019) which has native resolution of
0.25°x%0.25°. The ocean reanalysis product was validated
against observation-derived datasets on a global scale and
demonstrated good performance in capturing SST variability
across the tropical Pacific in a study by Feng et al. (2021).
A mixed radiation—nudging boundary configuration (March-
esiello et al. 2001) was applied to the passive tracers (i.e.,
temperature and salinity) and horizontal baroclinic veloc-
ity components (u, v) with a 360 days inflow nudging time-
scale. Boundary solutions for free-surface ({) and horizontal
barotropic velocity components (u, v) were provided accord-
ing to Chapman (1985) and modified radiation condition
of Flather (1976), respectively. These configurations were
implemented to allow gravity wave propagation associated
with the imposed tidal forcing.

Preliminary analysis of the simulation results using the
above design (Amri et al. 2024) suggested that the model
was sufficiently robust to reproduce the basic features of
the SST seasonal cycle, as indicated by an ensemble aver-
age of high-resolution SST reconstructed products (Tomita
et al. 2019). The circulation features produced by the model
were also validated against available observations within the
Indonesian seas (Sprintall et al. 2009), including the vertical
structure of water velocity related to the ITF. The simulation
experiment was conducted targeting the period from January
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1, 1994 to December 31, 2019 to capture the 1997/98 and
2015/16 major El Nifio events, with the first year of the
model output was considered as spin-up. The archived daily
average output from the simulation was further processed
on a monthly basis. The anomalies produced by the model
were calculated as deviations from the 1995-2019 simulated
climatological averages. Additionally, simple linear trend
removal was applied in this study to remove possible secular
trends associated with global warming.

2.2 Closed heat budget formulation

The heat budget analysis equation in this study was
derived from the advective-diffusive equation for passive
tracers imposed in ROMS (Song and Haidvogel 1994). The
volume-averaged water temperature changes at the surface
layer, bounded by free-surface (z=¢) and an arbitrary depth
for the base of surface layer (z=-h,), can be obtained as

L= (e (). o
_///V(V.VT)dv+///V(AHVzT)dV]

Oner = Qsw + Orw + Qs + Q1 (1a)

ey

Equation 1 encompasses the key processes driving sea
water temperature changes (left-hand side) such as surface
net heat flux (right-hand side, first term), vertical diffusion at
the base of the surface layer (right-hand side, second term),
temperature advection (right-hand side, third term), and
horizontal diffusion (right-hand side, fourth term). Surface
net heat flux (Q,,,; in Watt m~2) was calculated as a sum of
incoming shortwave radiation (Qgy,), net longwave radiation
(Qrw), sensible heat flux (Qgy), and latent heat flux (Q, 4
). The convention here is that positive values, which led to
surface heating, indicate downward direction for the surface
net heat flux and/or its components. The penetrative short-
wave radiation and vertical turbulent mixing at the base of
the surface layer were implicitly incorporated into the

generic form of vertical diffusion(—KCg> . The seawater

specific heat capacity (Cp) and density reference (p,) were
set to 3985 and 1025 kg m™>, respectively, for the heat budget
calculation in this study. Similar to a previous study by Lee
et al. (2019), the base of the surface layer for the heat budget
analysis was set to a depth of approximately 20 m (kg = 20),
as we focused our analysis on the near-surface dynamics.
The 20 m depth here was still within the range of mixed-
layer depth estimated from observation in the Indonesian
seas (Iskandar et al. 2020; Ismail et al. 2023).
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Fig.2 Map of Indonesian seas which part of the Indo-Pacific
region modeling domain. Red (106°E-114°E; 6°S—4°S) and blue
(125°E~130°E; 7°S-5°S) boxes indicate the area where heat
budget analysis was performed

Equation 1 was applied to two areas within the Indonesian
seas that represent the western (i.e., Java Sea) and eastern parts
(i.e., Banda Sea) (Fig. 2). Examination on the localized heat
budget variations within the Indonesian seas under the influ-
ence of El Nifio remain limited despite some findings about
the different oceanographic features between the western and
eastern part. For example, the two areas exhibited notable dif-
ferent ocean circulation pattern (Kampf 2016; Lee et al. 2019;
Liang et al. 2019) which could affect the overall temperature
advection features during the El Nifio years. Thus, differences
on the role of advection in those areas can be expected.

The advection component of the heat budget in Eq. 1 can be
reformulated according to the divergence theorem, along with
the modification proposed by Lee et al. (2004)

///(V-VT)dV:é(V(T—TR)-dS:ﬂV(ST-dS
4 N N

@)
ﬂ V6T - dS = // (ST gy = UST) | dydz
N

+ // (V8T oy, = (V8T gy | dxdz + / (W8T, — (WET) | dxdly

(2a)

The arbitrary non-zero temperature reference (7) was
set as the long-term mean of volume-average tempera-
ture of each selected area in the Indonesian seas over the
1995-2019 period. The Eq. 2a redefine the volume-averaged
temperature advection term into simply a net heat transport
between the eastern, western, northern, southern, top, and base
interfaces of water volume of interest. It should be noted that
a vertical boundary condition was also applied where there
was no upward heat transport through advection at the free-
surface. Thus, the // (W8T )1y, dxdy term will be equal to zero.
Reformulation of the temperature advection component on the
heat budget analysis above allowed us to separate the influence
of external process of heat transport from the outside and the

internal process of heat redistribution, which can occur within
the area of interest (Lee et al. 2004; Zhang et al. 2018).

Practically, the quadratic term of V8T (i.e., heat transport)
in the model used here was provided as a time-averaged value
such as monthly average and follows the below relationship
(Wilkin 2006).

(V8T) = (V)(6T) + (V'sT") 3)

where () denotes the monthly averaged value of each corre-
sponding variable (i.e., VOT, V, and, 67'). Additionally, the
(V)(8T) term can be further expanded using the Reynolds
decomposition of (V) = (V) + (V' )and (8T) = (8T) + (8T")
as in Lee et al. (2004). The aforementioned overbar and
prime denote the climatological component and anomalies
component, respectively. The first term of the right-hand-
side Eq. 3 hence, can be expanded into.

vxe1) = (V)(3T) + (V)(o1") + (V)T ) + (V') (o1") (3a)

Further applying surface integral on the Eq. 3 with
expanded (V)(8T) as in Eq. 3a yields.

jé(s (VST) - dS = ﬁ(s (<V><ﬁ>+<V><5T’>

_ (3b)
H(VYBTY + (VST + <v'5T'>) - dS

The anomalous temperature tendency associated with the
temperature advection process therefore, can be reformu-
lated as.

[—%ﬁ(var).ds] =[—%ﬁ£(V)(6T’)-dS] + [—%ﬁ(v’)ﬁ).ds]
1 e nosrn |
+ [—Vﬂsw )(5T)-dS] + [—Vﬂsw )(5T>-d5]

€

which for conciseness reasoning, will be written in the rest
of this manuscript as following Eq. 4;

[(vor)]" =[¥yr|

Term1
+ [(VIET] + (V6T + [V T
T TeXn?y Te‘r:n4

“
The Eq. 4 is similar to the equation used in previous heat-
budget studies (Lee et al. 2004; Feng et al. 2021). The above
equation separates the temperature advection anomalies
into several components related to the following processes:
advection of anomalous temperature by mean flow (Term 1),
advection of mean temperature by anomalous flow (Term 2),
advection of anomalous temperature and by anomalous flow
(Term 3), and eddy flux of temperature (Term 4).
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2.3 Other datasets

Aside from the dataset used for the simulation, several
observation-based datasets were employed for this study.
The third version of Japanese Ocean Flux Data Sets with
Use of Remote-Sensing Observations (J-OFURO3; Tomita
et al. 2019) were used to validate the simulated air—sea heat
exchange variability. These includes the monthly SSTA,
surface net heat flux (along with its components), and sur-
face wind stress anomalies which gridded at 0.25°x0.25°
resolution. The J-OFURO3 data is available from 1988 to
2017 with the surface wind stress variables available from
1991. We chose to use the data during the 1995-2017 period
which covers the strong 1997/98 and 2015/16 EI Nifio events
and overlapped with the simulation experiment conducted
here. An additional dataset for monthly sea surface height
anomaly (SSHA) was obtained from the Copernicus Climate
Change Service (C3S) platform, which is a reconstruction
product from various satellite missions (Sanchez-Romén
et al. 2023). The SSHA was found to be a good proxy for
ITF variability (Pujiana et al. 2019) and ocean circulation at
the surface (Chen et al. 2020). Similar to the J-OFUROQO3, the
SSH product from C3S was also configured at native hori-
zontal resolution of 0.25°x0.25°. We also applied a linear
trend removal for both data from J-OFURO3 and C3S.
Lastly, two climatic indices, the central-eastern tropi-
cal Pacific NINO3.4 SSTA and Indian Ocean Dipole Mode
Index (DMI), were used in this study to represent the ENSO
and IOD events, respectively. The climate indices were based
on the monthly global SSTA reconstruction product (Rayner
et al. 2003) and archived at the Physical Science Labora-
tory of the National Oceanic and Atmospheric Administra-
tion (PSL NOAA). The definition of El Nifio years in this
study followed criteria proposed by Trenberth (1997) after
smoothing the NINO3.4 SSTA with 5 months moving aver-
age. The El Nifio events were further determined whenever
the smoothed NINO3.4 SSTA exceeded + 0.4 °C threshold
for at least 6 months consecutively. According to the used
threshold here, there were six El Nifio years that overlapped
with the model integration period (i.e., 1997/98, 2002/03,
2004/05, 2009/10, 2015/16, 2018/19). Using the similar

criteria for La Nifia (i.e., —0.4 °C threshold), there were also
some La Nifia events that succeeded the aforementioned El
Nifio years such as the 1998-2000 and 2010-2012 La Nifia.
The El Nifio years classification is generally consistent with
the probabilistic-approach-based ENSO index (Zhang et al.
2019).

The same data treatment as in Saji et al. (1999), which
involved the removal of low-frequency signal and moving
average smoothing, was applied to the DMI time-series. The
DMI was firstly calculated as the SSTA difference between
western Indian Ocean and southeastern tropical Indian
Ocean (See Saji et al. 1999 for more details). The IOD event
classification further adapted the one-standard deviation of
processed DMI (+ 1o), similar to the study by Kido et al.
(2019). We came up five pIOD (1997, 2006, 2015, 2018,
and 2019) and four nIOD (1996, 1998, 2010, and 2016)
events with two pIOD events that occurred concurrently with
El Nifio (i.e., 1997 and 2015). A summary of the El Nifio
years along with the IOD conditions over the 1995-2019
period is provided in Table 1.

3 Results and discussion

3.1 Produced variability compared to reference
datasets

We first checked the simulated SSTA and SSHA spa-
tial-temporal structure in Indonesian seas during El Nifio
years against the reference datasets. Here, the comparison
was done based on the aforementioned El Nifio phases: the
growth phase in Year® (May’-Sep?), the mature phase in the
transition from Year’ to Year™ (Nov’-Mar™'), and the decay
phase in the succeeding year of Year™ (May™'-Sep*!).
For example, in the 1997/98 El Nifio, the May’-Sep® of
Year®, Nov®—Mar*! in the transition from Year” to Year*!,
and May*!'-Sep*! of Year*! periods correspond to May
1997-September 1997, November 1997-March 1998, and
May 1998-September 1998, respectively. Comparison
results on both SSTA and SSHA structure during El Nifio
years are provided in Fig. 3.

Table 1 El Nifio years over the

) ¥ El Nifio years Duration IOD condition

1995-2019 period according

to the NINO3.4 Sealﬁurface 1997-1998% 13 months (April 1997—April 1998) Strong positive IOD (July 1997—February 1998)

temperature anomalies and 2002-2003 9 months (June 2002—February 2003)  Neutral

criteria proposed by Trenberth

(1997) 2004-2005 7 months (August 2004-February 2005) Neutral
2009-2010* 10 months (July 2009-April 2010) Neutral
2015-2016 21 months (September 2014-May 2016) Weak positive IOD (July 2015-November 2015)
2018-2019 10 months (September 2018—June 2019)  Strong positive IOD (August 2018-December

2019; continued until 2020)

*El Nifio followed by La Nifia
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(a) Sea surface temperature anomalies during El Niiio years
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Fig.3 Composite average of a) SSTA (in °C) and b) SSHA (in cm)
across the Indonesian seas according to reference dataset (upper
figures of each panel) and simulation result (bottom figures of

The model generally captured both SSTA and SSHA
structure across the Indonesian seas during El Nifio
years, starting from a widespread lower-than-usual SST
in May’-Sep®, which gradually evolved into warm SSTA
in May*!-Sep*! (Fig. 3a). The SSH also started with
lower-than-usual condition across the Indonesian seas in
May’-Sep® and lasted until Nov’~Mar*! before the interior
part of the region showed some relaxation toward normal
condition in May*!'-Sep*! (Fig. 3b). An apparent incon-
sistency between the SSTA and SSHA in the region was
observed from both simulation and reference datasets par-
ticularly during Nov’—-Mar*! when lower-than-usual SSH
was in conjunction with warm SSTA. The achieved agree-
ment between simulation and reference datasets here fur-
ther confirms the existence of underlying physics behind the
emerged SSTA across the Indonesian seas.

96°E  108°E 120°E

132°E 144°E 96°E 108°E 120°E 132°E 144°E

each panel) during El Nifio years over the 1995-2019 period. Stip-
pling indicates region with statistically significant composite SSTA
(p<0.01) according to the two-tailed Student’s ¢-test

Comparison of the produced variability further focused
on the two selected areas within the Indonesian seas (Fig. 4).
As previously hinted by Hendon (2003) about the influence
of air—sea heat exchange, we included the air—sea heat flux
and related parameters from the J-OFURO3 for this compar-
ison. Simulated anomalies during EI Nifio years also agreed
well with reference datasets, with the correlation coefficient
ranging from 0.73 to 0.95 for the SSTA, Qy,, anomalies, and
wind stress anomalies. Most of the air—sea heat flux compo-
nent also showed consistency between the model results and
J-OFURO3, denoted by an r value more than 0.65 for the
Ogw» Orw- and Q; ;; anomalies. The model showed relatively
poor agreement against the J-OFURO3 on the Qg anoma-
lies component (r=0.48 and r=0.16 for western and east-
ern Indonesian seas, respectively). However, later analysis
showed that the sensible heat flux contribution to the overall
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Fig.4 Scatter plots of simulated anomalies (horizontal axis) and
J-OFURO3 dataset (vertical axis) for various parameters related to
the air-sea heat flux in the western (red marker) and eastern (blue
marker) Indonesian seas. Qy,,, Ty, Ty, Ogws Orw» Orp» and Qg in the

heat budget variations was almost negligible and likely did
not lead to a notable mismatch in the simulated SSTA.

The agreement achieved between simulation results and
the reference dataset conducted here implies at least two
things. First, the indicated SSTA structure during El Nifio
years across the Indonesian seas from the reconstruction
product were physically robust, considering that we did not
impose any data assimilation scheme on the SST during the
model integration (i.e., forced run). Second, the underly-
ing processes behind the produced SSTA in two selected
areas were also realistic enough considering the general
consistency in the air—sea heat exchange anomalies feature
between simulated and estimated variability from the refer-
ence dataset. Some discrepancies can be attributed to both
model parameterization (Kido et al. 2019) and even an error
in the analysis process in the reconstruction product due to
unresolved eddy-rich region (Moreton et al. 2020; Cheng
2024). Nevertheless, the comparison results here provide
an initial foundation for further heat budget analysis derived
from the model result.
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figure indicate the surface net heat flux, zonal surface wind stress,
meridional surface wind stress, net shortwave radiation, net longwave
radiation, latent heat flux, and sensible heat flux, respectively

3.2 Surface layer heat budget variability
over the 1995-2019 period

A low-pass Butterworth filter with a 13 month periodicity
cut-off was applied to the simulated surface layer heat budget
and temperature anomalies to isolate high-frequency signals
that still apparent in the monthly time-series and to retain
signals with much lower frequency (i.e., interannual time-
scale or longer). From now on, unless stated, analyzed heat
budget will be based on the low-pass filtered data between
1996 and 2018 considering the transient edge effect intro-
duced by the low-pass filter. A partial correlation analysis on
the low-pass filtered surface heat budget variations against
NINO3.4 and DMI was further performed. The two climatic
modes have exhibited significant correlation over the last
few decades (Saji and Yamagata 2003), which implies the
possibility of IOD imprinting, to some extent, on the ENSO
signal (and vice versa) and further influenced the Indone-
sian seas. A similar approach was also used to partition the
influence of ENSO and/or IOD on the interannual varia-
tions in weather/climate parameters around the Indonesian
seas (e.g., Hendon 2003; Pujiana et al. 2019; Iskandar et al.
2020). Both climatic forcings showed significant influences
(p <0.05) on the overall heat budget interannual variations
in the Indonesian seas, especially between October and the
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Fig.5 (Upper panel figures) Partial correlation analysis results
between surface layer temperature tendency anomalies in the Indo-
nesian seas, represented by western (red solid line) and eastern (blue
solid line) part, and Indo-Pacific climatic forcing represented by the
NINO3.4 SSTA (for ENSO) and DMI (for IOD). Thicker solid line
in indicates period with statistically significant correlation at p <0.05

succeeding February when ENSO and 10D typically peaked
(Fig. 5).

In the western Indonesian seas, the average Octo-
ber—February correlation and correlation maximum value
(r and ry,,,, respectively) between the anomalous tempera-
ture tendency against NINO3.4 and DMI wasr = +0.46
("yax= +0.50) and r = +0.60 (ry,,,= +0.69), respectively.
Whereas in the eastern part, the October—February r value
was +0.27 (ry,,= +0.51) and+0.43 (ry;,,, = +0.59) for
correlation between the temperature tendency anoma-
lies against NINO3.4 and DMI, respectively. The number
of months within the October—February in which NINO3.4
correlated with the temperature tendency anomalies at p <
0.05 is greater in the western (four months) than that in the
eastern Indonesian seas (two months). Thus, the ENSO is
closely related to the temperature tendency anomalies for at
least 2—4 months within the October—February each year.
Positive correlation between the temperature tendency
anomalies in the Indonesian seas with both NINO3.4 and
DMI during the October—February further implies that a
concurrent event of El Nifio and pIOD will likely result in a
stronger anomalous warming tendency compared to a stan-
dalone El Nifio event.

Figure 6 shows the temporal evolution of both SSTA
and associated temperature tendency anomalies in the
two selected areas in Indonesian seas during El Nifio
years according to the simulation result. Notable differences
on the SSTA features during Year can be observed where
cool SSTA in the eastern Indonesian seas was more apparent
than that in the western Indonesian seas. At the end of Year?,

dT /dt anomalies against DMI

-0.4 —
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NINO3.4 excluded

—East

.8
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according to the two-tailed Student’s ¢-test. Solid red and blue line in
all figures indicate the western and eastern Indonesian seas, respec-
tively; (Lower panel figures) monthly standard deviation value of nor-
malized NINO3.4 and DMI which depict the typical period when the
ENSO and IOD matured (hence the ‘seasonality’ term), respectively

in conjunction with the onset of El Nifio mature phase, both
areas started to shift toward an anomalous warm SSTA. The
anomalous warm SSTA lasted for almost a year before get-
ting relaxed at the end of Year*!. Shifts in the SSTA dur-
ing late Year” here were preceded by anomalous warm-
ing tendency commenced in Year” and peaked within the
Nov’-Mar™ period in unison with the mature phase of El
Nifo. The warming tendency anomalies in both areas gener-
ally peaked in December of Year’. For the extreme case of
the 1997/98 El Nifio, the anomalous warming tendency peak
can be as high as+0.36 °C month™" and +0.26 °C month™!
for the western and eastern Indonesian seas, respectively.
At the end of Year™!, both selected areas in the Indone-
sian seas exhibited anomalous surface cooling tendencies
together with the change in the NINO3.4 toward negative
values (i.e., tendency toward La Nifa-like state). On the
transition from anomalous warming tendency during peak
El Nifio in Year” to cooling tendency anomalies in the end of
Year*!, there was a period when heat budget variations in the
western Indonesian seas was restored toward normal condi-
tions. However, in the eastern Indonesian seas, the anoma-
lous warming tendency from peak El Nifio was extended
until May*!'-Sep*! before starting to shift toward cooling
tendency anomalies. The cooling tendency anomalies at the
end of Year™! here were likely associated with the typical
El Nifio cycle (Timmermann et al. 2018). This was based on
only two El Nifio events (1997/98, and 2009/10) that actually
evolved into La Nifia as per the definitions used in this study.
It is known that El Nifio could be a precursor for La Nifia
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(a) Surface layer temperature anomalies during El Nifio years
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(b) Surface layer temperature tendency anomalies during El Nifio years
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Fig.6 Composite analysis of the sea surface a temperature (in °C)
and its b tendency (in °C month™) anomalies during El Nifio years
in western (red solid line) and eastern (blue solid line) Indonesian
seas over the 1995-2019 period. Composite analysis was set so that

a) Advection b) Net heat flux
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Fig.7 Composite average of process-specific contribution on surface
layer heat budget variations (in °C month™) in the Indonesian seas
during El Nifio years, including a advection; b surface net heat flux;
c vertical diffusion at the base of surface layer (i.e., 20 m depth); and

although it further involves various factors for the La Nifia
to be fully developed (e.g., Mayer et al. 2018).
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it encompasses the El Nifio growth-to-mature (Year”) and decay
(Year™!) period. Thicker solid red and blue line indicate periods
where the composite averages were statistically significant at p <0.1
according to the two-tailed Student’s r-test

c) Vertical diffusion d) Horizontal diffusion
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d) horizontal diffusion. Red and blue solid lines indicate the western
and eastern Indonesian seas, respectively. Thicker solid line indi-
cates period with statistically significant composite average at p <0.1
according to the two-tailed Student’s r-test

3.3 Surface layer heat budget variability
decomposition

Process-specific contributions to the anomalous heat budget
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in the Indonesian seas during recent El Nifio years are shown
in Fig. 7, which consist of advection, surface net heat flux,
vertical diffusion at the base of surface layer, and horizontal
diffusion. A contrasting difference in the influence of ocean
circulation (i.e., advection) on the overall heat budget varia-
tions can be observed where in the western Indonesian seas,
the process did not contribute significantly. In the eastern
part, advection resulted in a relatively pronounced anoma-
lous cooling tendency during May’~Sep® (-0.11 °C month™)
and warming tendency anomalies from late Year? through-
out Year*!, including Nov’-Mar™! (4+0.07 °C month™") and
May™'-Sep*! (+0.07 °C month™).

Modulation in the surface net heat flux during El Nifio
years clearly has important contribution to the overall sur-
face layer heat budget variations in the Indonesian seas, as
denoted by the magnitude of the anomalous temperature
tendency induced by the process in both selected areas.
The anomalous temperature tendency due to the surface
net heat flux in the western Indonesian seas even showed
close resemblance with the overall temperature tendency
anomalies in the area, highlighting its determining role in
the overall heat budget variations. Of three El Nifio phases
used here, the strongest anomalous warming tendency due
to the surface net heat flux in the western Indonesian seas
occurred during Nov’-Mar™! (+0.21 °C month™) whereas
in the eastern Indonesian seas, it occurred in May’—Sep®
(+0.34 °C month™).

Relaxation of the anomalous warming tendency due to the
surface net heat flux in Year*! further implies that the previ-
ously anomalous atmospheric condition was being restored.
The temperature tendency anomalies due to the surface
net heat flux in May*!'-Sep™! was relatively weak in both
selected areas (—0.05 °C month™ and —0.01 °C month™ for
western and eastern Indonesian seas, respectively). At the
end of Year™, the surface net heat flux induced an anoma-
lous cooling tendency implying another swing in the overall
atmospheric state following the demise of El Nifio.
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Fig.8 Decomposition of anomalous surface layer temperature ten-
dency (in °C month™) due to surface net heat flux during El Nifio
years, including a shortwave radiation ‘Qgy,’; b latent heat flux ‘Q; 5’;
¢ net longwave radiation ‘Qyy’; and d sensible heat flux ‘Qg,’ in

Variation in temperature tendency anomalies due to
vertical diffusion at the base of the surface layer indicates
the role of the process in counterbalancing the effect of the
anomalous net heat flux at the surface (i.e., cooling and
warming tendency anomalies in Year® and Year™!, respec-
tively). Anomalous heat accumulation in the surface layer
in Year” due to the surface net heat flux strengthened the
near-surface temperature vertical stratification, further led
to an anomalous increase in the overall diffusive tempera-
ture flux into the water beneath the surface layer. Hence,
an anomalous cooling tendency occurred as more heat was
transmitted downward from the surface layer. The anoma-
lous cooling tendency was strongest during Nov’—Mar™!
(-0.14 °C month™') and May’~Sep® (-0.24 °C month™)
for the western and eastern Indonesian seas, respectively.
The less-apparent temperature tendency anomalies during
May*'-Sep™! (+0.02 °C month™! and —0.02 °C month™!
for western and eastern Indonesian seas, respectively) from
vertical diffusion commensurately balanced the weak modu-
lation in the surface net heat flux. Conversely, anomalous
heat loss in the surface layer in the end of Year™! due to the
surface net heat flux was coupled with warming tendency
anomalies from the vertical diffusion at the base of the sur-
face layer. The influence of horizontal diffusion on the heat
budget variation contributed a small portion, which made it
generally negligible; thus, it will be excluded from further
discussion in this study.

3.4 Anomalous air-sea heat flux influence on heat
budget variations

Figure 8 shows the components that comprise the Qy,, tem-
perature tendency anomalies during El Nifio years in the
western and eastern Indonesian seas. From the temperature
tendency magnitude perspective, the Qg and Q; anoma-
lies exerted the strongest influence on the Q,,, temperature
tendency anomalies. The anomalous warming tendency due
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western (red solid line) and eastern (blue solid line) Indonesian seas.
Thicker solid line indicates period with statistically significant com-
posite average at p <0.1 according to the two-tailed Student’s ¢-test
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to Qg (i.e., stronger-than-usual incoming shortwave radia-
tion) during El Nifio years was strongest during May’—Sep°,
averaging at+0.41 °C month™ and 4 0.44 °C month™" for the
western and eastern Indonesian seas, respectively (Fig. 8a).
Again, the warming tendency anomalies due to Qg were
even higher during extreme events such as the 1997/98 EIl
Nifio when the May’—Sep” anomalous warming tendency
average was +0.80 °C month™ and+0.51 °C month™! for
the western and eastern Indonesian seas, respectively (figure
not shown).

As El Niflo entered its mature phase in the transition from
Year’ to Year*!, the anomalous warming tendency induced
by Qg started to shift to an anomalous cooling tendency.
This is indicated by the weaker warming tendency anomalies
in Nov’-Mar*! of +0.18 °C month™' and +0.25 °C month™!
for the western and eastern Indonesian seas, respectively.
Further, the anomalous cooling tendency due to Qg
anomalies, which imply weaker-than-usual incoming
shortwave radiation, following the demise of El Nifio dur-
ing May™'-Sep™! were averaged at —0.39 °C month™' and
—0.22 °C month™ for the western and eastern Indonesian
seas, respectively. This overall result on the Qg temperature
tendency anomalies highlight the robustness of anomalous
atmospheric features across the Indonesian seas during El
Nifio as indicated by the earlier generation of reanalysis
product used in Hendon (2003) which still in relatively
coarse resolution.

The effect from Q, ;; anomalies in the Indonesian seas dur-
ing El Niflo years (Fig. 8b) generally counteracted the anom-
alous Qg effect on the surface layer heat budget variations
(i.e., anomalous cooling and warming tendency in Year and
Year*!, respectively). During May’-Sep’, the stronger-than-
usual Q,; anomalies (i.e., enhanced evaporative heat loss
from sea surface) resulted in anomalous cooling tendency
of —0.32 °C month™! and —0.11 °C month™', on average,
for the western and eastern Indonesian seas, respectively.
The Q,,; anomalies also experienced shifts in Nov’~Mar™!
when they induced weak temperature tendency anomalies
averaged at+0.05 °C month™! and —0.01 °C month™" for the
western and eastern Indonesian seas, respectively. The subtle
Q,;; temperature tendency anomalies during Nov’-Mar™!
makes the Qg become the only dominant component
of Qy,, in driving the surface layer heat budget variations,
particularly in western Indonesian seas where the Q, ; was
previously strong enough to balance the Qgy. The Q; 5 con-
tinues to be anomalously weak (suppressed evaporative heat
loss) in Year™, leading to warming tendency anomalies in
both sections of Indonesian seas. Again, the anomalously
weaker O, in the western Indonesian seas were more
notable than that in the eastern Indonesian seas. The aver-
age anomalous warming tendency during May*'-Sep*!
in the western and eastern Indonesian seas due to Q;
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anomalies were +0.32 °C month™' and+0.20 °C month™!,
on average, respectively.

The overall surface layer temperature tendency anomalies
due to O,y (Fig. 8c) and Qg (Fig. 8d) were small in both
selected areas in the Indonesian seas. Both the western and
eastern Indonesian seas experienced anomalous cooling and
warming tendency due to Q,,, anomalies during Year” and
Year™ of El Nifio, respectively. Conversely, the Qg induced
anomalous warming and cooling tendency during the
same Year” and Year™ of El Nifio, respectively. The Q oy and
O, w temperature tendency anomalies in both western and
eastern Indonesian seas were in similar magnitude. Thus,
the completely opposite anomalous temperature tendency
canceled each other out and did not result in pronounced
variations in the surface layer heat budget throughout the
El Nifio years.

The examination of temperature tendency anomalies
induced by each air—sea heat exchange components during
El Nifio years here signifies the various consequences related
to the anomalous atmospheric condition on the Indonesian
seas surface layer heat budget variations. On one hand,
the almost-uniform anomalous increase in the Qg from
May’-Sep® to Nov’-Mar™! implies the large-scale reduc-
tion cloud cover across the Indonesian seas (Fig. 9a). This
explains the similarity between the Oy, temperature ten-
dency anomalies in the western and eastern Indonesian seas
especially during Year’. On the other hand, the Q, ,; which
acted in moderating the anomalous heat changes due to Qg
exhibited more spatially varying features within the Indone-
sian seas (Figs. 9b). The overall weaker Q, ;; anomalies in the
eastern Indonesian seas than that in the western Indonesian
seas explains the peak of Qy,, warming tendency anomalies
that occurred earlier in the eastern Indonesian seas and the
close resemblance in the temperature tendency anomalies
caused by the Qg and Q.

Some studies have pointed out the role of anomalous
wind circulation in modulating Q;; anomalies, where
higher wind speed leads to enhanced evaporative heat loss
(stronger-than-usual Q; ) into the atmosphere (Wang and
McPhaden 2000; Hendon 2003; Kido et al. 2019). Hen-
don (2003) has provided a detailed explanation of anoma-
lous atmospheric circulation in Indonesian seas during the
development of El Nifio and its possible consequences on
the O,y anomalies. Specifically, anomalous easterly sur-
face wind stress during May’~Sep® enhanced the southeast
monsoon circulation and ultimately enhance the Q,  from
the sea surface to the atmosphere. This is also evident from
the simulation result especially in the western Indonesian
seas that exhibit stronger wind stress anomalies than that
in the eastern Indonesian seas (Fig. 9c). However, the same
anomalous easterly surface wind stress in Nov’-Mar™!
which weakened the northwest monsoon circulation (i.e.,
weaker-than-usual surface wind stress) did not result in
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Fig.9 Composite average of a incoming shortwave radiation Qg
(Positive downward; in Watt m™2); b latent heat flux Oy (Positive
downward; in Watt m’z); and ¢ surface wind stress (vector arrows;
in N m™) along with its magnitude (shading; in N m™) anomalies
across the Indonesian seas during three stages of El Niflo comprises

apparent Q, ; anomalies. We presume that because the Q;
was previously in an anomalously stronger-than-usual state
during May’-Sep®, the reduced surface wind stress dur-
ing Nov’-Mar*! was more of a restoring force for the Q,
toward neutral condition.

The notable anomalous Q,; ;; which later appeared during
the May*!=Sep™! can be related to the persisting weaker-
than-usual surface wind stress. Considering the high SST
climatology in the area (De Deckker 2016), the emer-
gence of warm SSTA following the El Nifio mature phase
likely introduced instability to the atmosphere and induced

100°E 110°E 120°E 130°E 140°E

N
100°E 110°E 120°E 130°E 140°E

the growth (May’-Sep®), mature (Nov®-Mar*!), and decay (May *'—
Sep*!) phases. Areas with statistically significant composite average
(p<0.01) according to the two-tailed Student’s r-test are marked by
stippling and red-colored vector arrows

anomalous low-level convergence (Zhang and Mcphaden
1995; Hogikyan et al. 2022). This further maintained the
weaker-than-usual surface wind stress which already devel-
oped from Nov’-Mar*! and ultimately led to anomalously
smaller Q; . The Q; dependence on wind stress during
El Nifo years in both western and eastern Indonesian seas
Q, y were also evident from the simulation result (Supple-
mentary Fig. 1). In addition to the influence from wind, the
Q, y 1s also function of air—sea humidity difference (Fairall
et al. 1996). The anomalous atmospheric convergence, as
implied from the anomalously low Qgy, which occurred
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(a) Simulated net longwave radiation (Qrw = Orw.1n + Qrw-0ur)
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(b) Simulated radiative heat emission from sea surface (Qrw-our)
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Fig. 10 Composite average of a simulated sea surface net anomalous
longwave radiation (Q,y; in W m2) calculated as a sum of b radia-
tive heat emission from sea surface (Q;y.,,,), Which is a function of
simulated sea surface temperature following the Stefan-Boltzmann
Law for a non-black body assuming emissivity of 0.97; and ¢ incom-
ing longwave radiation anomaly (Q;y.;,) according to the JRAS55-do
atmospheric dataset used for this modeling study during three phase

in May™'—Sep*! could also affect the air—sea humidity dif-
ference through changes in the moisture flux convergence
(Hagos et al. 2019; Alsepan and Minobe 2020) and affect
the evaporation rate into the atmosphere.

The anomalous decrease in cloud cover which led to
increase in the Qg during Year” of El Nifio also associated
with an increase in the outgoing longwave radiation (Gian-
nini et al. 2007; Mayer et al. 2018). In line with this, the
Q, cooling tendency anomalies in Year” indicated by the
simulation result essentially implies an anomalous O, , that
directed upward. The Q, warming tendency anomalies in
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of El Nifio events (growth May’~Sep’; mature Nov’-Dec*!; and
decay May™!-Sep*!) over the study period (i.e., 1995-2019). Posi-
tive and negative anomalies indicate downward and upward direc-
tion, respectively. Areas with statistically significant composite aver-
age value (p<0.01) according to the two-tailed Student’s r-test are
marked by stippling

Year™! conversely, indicate an anomalous downward Q-
Figure 10 shows that most of the anomalous Q;y across
the interior part of Indonesian seas, including the selected
western and eastern part for this study, was controlled by
the incoming longwave radiation anomalies from the atmos-
phere (Q;y.;,) rather than the radiative heat emission from
sea surface (Qpw.our)-

Since the sea surface radiative heat emission is simply a
function of SST, the reasons behind anomalous downward
and upward Q; ., in Year’ and Year*!, respectively, are
relatively straightforward (i.e., lower-than-usual SST in
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(a) Simulated sensible Heat Flux
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Fig. 11 Composite average of a simulated sea surface sensible heat
flux anomalies (in W mZ positive downward); b surface air tem-
perature (in K); and ¢ precipitation (in mm month™!) according to the
JRAS5-do atmospheric dataset used for this modeling study during

Year® will decrease the radiative heat emission and vice
versa for higher-than-usual SST in Year*!). Changes in the
Qw.im as indicated by the JRAS55-do datasets on the other
hand, involves several processes. Some studies based on
observation and modeling have proposed the SST-cloud-Q, y,
feedback mechanism in the tropics where higher-than-usual
SST (e.g., Year*! of El Nifio) induces stronger convective
activity, increases the cloudiness which in turn increases the
O w.;, oWing to the enhanced heat trapping of the sea surface
radiative heat emission (Wang and Enfield 2001; Sun et al.
2017). These cloud-enhanced heat trapping mechanism dur-
ing anomalously warm SST (Year™) was also in agreement
with the tropics-wide tropospheric warming (i.e., increase in
the overall effective radiation temperature) during El Nifio
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three phase of El Nifio years. Areas with statistically significant com-
posite average value (p<0.01) according to the two-tailed Student’s
t-test are marked by stippling

years (Angell 2000; Trenberth et al. 2002; Hogikyan et al.
2022). The opposite applies during anomalously lower-than-
usual SST condition as well (i.e., Year®).

The Qg warming tendency anomalies in Year” indicates
a downward heat flux anomalies (Fig. 11a) which can be
explained by anomalous air—sea temperature gradient where
the surface air temperature was anomalously warmer than
that in the sea surface. Conversely, the cooling tendency
anomalies due to Qg during Year™! indicate a reversal in
the overall air—sea temperature gradient anomalies. The
cool and warm SSTA in Indonesian seas during Year” and
Year™! obviously could trigger this anomalous air—sea tem-
perature gradient even under the condition in which the
surface air temperature did not exhibit strong anomalies. In
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fact however, the surface air temperature generally showed
higher-than-usual value during El Nifio (Lean and Rind
2008; Thirumalai et al. 2017; Jiang et al. 2024) which fur-
ther contributes to the air—sea temperature gradient anoma-
lies. Distribution of surface air temperature anomalies across
the Indonesian seas from JRA55-do during El Nifio years
indeed show an almost persistent anomalous warm feature
(Fig. 11b). This supports the idea of anomalous SST as
main driver for the air—sea temperature gradient anomalies,
given the relatively larger swing in the SSTA value as shown
previously.

The precipitation also known for affecting the Qgy
although in relatively long time-scale (i.e., interannual time-
scale or longer), the contribution to the Qg low-frequency
variabilities is likely to be minor as extreme precipitation,
which typically appears in much shorter time-scales, will
be required (Gosnell et al. 1995; Ramos et al. 2022). Nor-
mally, the precipitation induces cooling on the surface since
the raindrop temperature, approximated by wet bulb tem-
perature, tends to be lower than the sea surface temperature

(Gosnell et al. 1995). Hence, both air—sea temperature gra-
dient and precipitation anomalies during El Nifio years are
working in the same direction in driving the anomalous Q.
This is because the lower-than-usual and higher-than-usual
precipitation (Fig. 11c) within the Indonesian seas led to
precipitation-induced anomalous warming and cooling dur-
ing Year” and Year*!, respectively. Regression analysis on
the Qg anomalies against both air—sea temperature gradient
and precipitation anomalies confirm that the two processes,
to a statistically significant extent, influenced the overall Qg
variances during El Nifio years (Supplementary Fig. 2).

3.5 The role of ocean circulation in the eastern
Indonesian seas

Examination of the temperature tendency anomalies due to
advection was focused on the eastern Indonesian seas, as the
process exhibited a pronounced influence on the overall heat
budget variations in the area. The advection of anomalous

(a) Decomposition of temperature advection (VST) anomalies
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Fig. 12 Temperature tendency anomalies (in °C month™) in the east-
ern Indonesian seas during El Nifio years due to a advection process;
advection of b anomalous temperature by mean circulation; and
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(c) Directional component of (V')(6T) anomalies
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(a) Interfacial anomalous temperature tendency induced by

KVNST"))'

04—
[(V)sT)]

°C month'1
©
C'D N

o
(V)

04!

Jan  Jul

Fig. 13 Anomalous surface layer temperature tendency (in °C
month™!) at each interface of the eastern Indonesian seas due to a
advection of anomalous temperature by mean circulation

J— /
warmer/cooler water [<V>(5T’)] closely resembled the
overall temperature tendency anomalies due to advection
—_ /
during El Nifio years (Fig. 12a). For this reason, [<V> (8T’ )]

can be regarded as the dominant component driving heat
budget variations in the context of temperature advection
anomalies. Anomalous cooling and warming tendencies dur-

p— !
ing May’-Sep” and May*'-Sep™! due to [<V>(5T’)] were
notably enhanced by temperature advection due to anoma-
—_ !/
lous circulation [(V’)<5T>] as shown in Fig. 12b, c.

Whereas, the other temperature advection anomalies com-
ponents (i.e., [(V’)(&T’)]’ and [(V’&T’)] ' did not significantly
contribute to the overall heat budget variations in the area.
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tion of anomalously cooler and warmer water into the east-
ern Indonesian seas during El Nifio years mostly related to
the transport of anomalous heat in the zonal direction

(Kaye]')

Circulation features within the Indonesian seas, includ-
ing the eastern Indonesian seas, can be characterized by an
alternating eastward—westward surface current that closely
aligns with the seasonal monsoon circulation (Kartadikaria
et al. 2012). This was further reflected in the interfacial heat
transport anomalies of the eastern Indonesian seas, where
the east—west interface showed the strongest influence on
the eastern Indonesian seas surface layer heat budget varia-
tions during El Nifo years (Fig. 13a). The westward current
during the southeast monsoon season, which coincided with
the May’—Sep® / May™!'-Sep™ period, brought anomalously
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Fig. 14 Composite average of temperature anomalies (shaded color,
in °C) overlaid with the seasonal ocean circulation features (vec-
tor arrows, in m s™') around the eastern Indonesian seas during three
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phases of El Nifio; May’-Sep” (left panel), Nov’-Mar*! (middle
panel), and May* '-Sep*! (right panel). Green box indicates the area
of interest where heat budget analysis was performed
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cool (cooling tendency anomalies at the east interface) and
warm (warming tendency anomalies at the east interface)
water during the growth and decay phases of El Nifio,
respectively. On the other hand, the eastward surface cur-
rent during the El Nifio mature phase of Nov’-Mar*! (i.e.,
northwest monsoon season) brought anomalous warm water
originating from the area around the southern part of the
Makassar Strait into the eastern Indonesian seas (warming
tendency anomalies at the west interface).

The amplification of cooling and warming tendency
anomalies during May’-Sep® and May*'-Sep™! owing to
anomalous circulation mainly came in the form of anoma-
lous entrainment (w’ > 0) and detrainment (W’ < 0) of cool
water (ﬁ < 0) beneath the surface layer (Fig. 13b). Anoma-
lous entrainment in Year® and detrainment in Year™!, which
accompanied with negative and positive SSHA, respec-
tively, imply that anomalous volume divergence and con-
vergence occurred in the area. This is consistent with the
altimetry-based estimation in the area done by Gordon and
Susanto (2001) albeit the relatively short period of coverage
(1993-1999). This result also suggests that the robust SSHA
during El Nifio years, along with associated anomalous cir-
culation features which led to the divergence anomalies,
does not necessarily imply a strong influence on the SSTA
development in the area.

The spatial distribution of the SSTA further indicate the
varying contribution of anomalous temperature and mean
ocean circulation in driving surface layer heat budget anom-
alies during different phases of El Nifio (Fig. 14). In particu-
lar, strong cooling and warming tendency anomalies during
May’—-Sep? and May*'-Sep*! were driven by strong anoma-
lous cool and warm water entering the eastern Indonesian
seas from the eastern part of the Banda Sea. In contrast, the
warming tendency anomaly during Nov’~Mar™! was driven
by a strong eastward current around the western interface.
The role of ocean circulation as a deciding factor during
Nov’-Mar*! was based on the overall SSTA during the
period that was notably milder than that in the May’~Sep”
and May*'-Sep™! yet the west interface exhibited strong
warming tendency anomalies.

Examination of the influence of ocean circulation in driv-
ing heat budget variations in eastern Indonesian conducted
here partly confirms the hypothesis proposed by Iskandar
et al. (2020) about the advection of anomalous temperature
into the Indonesian seas during El Nifio. Additional details
on the anomalous temperature advection were revealed
through the heat budget analysis, including the eastward
spread of anomalous warm water from the southern Makas-
sar Strait during Nov’-Mar™!. Similar mechanism driving
warm SSTA in the western Indonesian seas (i.e., surface net
heat flux-induced warming tendency anomalies) was respon-
sible for inducing the warm SSTA in the southern Makassar
Strait which further transported to the eastern Indonesian
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seas. This was based on the distribution of Qg and Q, 4
anomalies during three El Nifio phases in the Indonesian
seas which was shown previously.

On the other hand, the cooling and warming tendency
anomalies in the eastern Indonesian seas were primarily
sourced from anomalous surface water around the northern
Arafura Sea during May’—Sep? and May*'-Sep™*!, respec-
tively. The cool SSTA from the northern Arafura Sea was
likely part of upwelling system in the area (Basit et al. 2022)
which enhanced in response to stronger southeasterly wind
stress during May’~Sep”. Conversely, the upwelling also
suppressed during May*!'-Sep*! given the weaker surface
wind stress which led to warm SSTA which further spread
eastward through the seasonal ocean circulation. Results
from examination here suggests that the influence of cooler-
than-usual SST from the western Pacific, which usually
appears during El Nifio, on Indonesian seas was likely less
robust than previously presumed. There might be a frac-
tion of western pacific surface water that transported during
May’-Sep® and May*'-Sep*! into eastern Indonesian seas
although it requires further analysis involving other methods
such as particle tracking experiment (e.g., Kartadikaria et al.
2012; Iskandar et al. 2023).

3.6 Idealized case of the linkage between El
Nifio-like heat budget variation
and corresponding temperature anomalies
pattern

Compared to the emerged warm SSTA, which lasted for
almost a year following the mature phase of El Nifio, the
anomalous low-frequency warming tendency within the
Indonesian seas suggests a heat budget perturbation that
occurred at a shorter time-scale. It has been strongly sug-
gested that perturbation at a relatively short time-scale
could lead to low-frequency variability (Meehl et al. 2001,
2021). The anomalous warming tendency/heat accumula-
tion that occurred during the El Nifio peak of approximately
2-4 months was sufficient to induce a shift in the mean
state of heat content within the surface layer. The lack of
commensurate-and-immediate cooling tendency anomalies
in the subsequent year after El Nifio further extended the
higher-than-usual mean state, which ultimately realized as
the anomalous warm SST. Only when anomalous cooling
tendency started to appear in Year™' did the SST anomalies
begin to be relaxed as the previously perturbed heat content
mean state was restored.

A simple one-dimensional heat budget variation model
with idealized perturbation was employed and is shown in
Fig. 15 to prove our presumption. The idealized model was
set with a hypothetical temperature tendency which corre-
spond to normal condition (i.e., no anomalies) but closely
follows the heat budget cycle periodicity in Indonesian seas



Disentangling mechanisms behind emerged sea surface temperature anomalies in Indonesian...

Temperature tendency

Corresponding temperature

Form of perturbations

climatology (normal condition)

anomaly pattern

0.6 2
- 03 1.5
<
c
o O
2 0 ¥ 1
O
° .03 0.5
Without relaxation 0
0 6 12 18 24 0 6 12 18 24
Time (month) Time (month)
0.6 2
1
<_05 - 03 1.5
S s
C ey
o o (G
g 0 2 0 Y 1
O O
o '05 o _0.3 05
-1 5 Delayed relaxation 0
0 6 12 18 24 "0 6 12 18 24 0 6 12 18 24
Time (month) Time (month) Time (month)
0.6 2
~ 03 1.5
£
c
o (©]
2 0 s 1
@)
° .03 0.5
Instantaneous relaxation 0
"0 6 12 18 24 0 6 12 18 24

Time (month)

Time (month)

Fig. 15 Analysis on the temperature anomalies response (in °C) and its sensitivity toward idealized El Nifio-like perturbation in the heat budget

(in °C month™) and different types of cooling tendency anomalies

found in Amri et al. (2024). The temperature tendency fur-
ther perturbed by several form of anomalous temperature
tendency, with one perturbation form closely resembled the
El Nifo-like warming tendency anomalies and further fol-
lowed by cooling tendency anomalies (i.e., delayed relaxa-
tion), which closely mimic the anomalous temperature ten-
dency in the selected two areas in Indonesian seas during
the El Nifio years. The delayed relaxation-type perturbation
resulted in the persistent warm SSTA pattern that later fol-
lowed by relaxation which again, captured the overall SSTA
pattern following the mature phase of El Nifio exhibited
by both selected areas in the Indonesian seas. Therefore,
the emerged warm SSTA in Year™ in the Indonesian seas
was the result of heat budget perturbation that occurred
in Nov’-Mar™!. The slightly warmer SSTA in the eastern

Indonesian seas during May™'—Sep*! further can be attrib-
uted further to the longer warming tendency anomalies in
the area, where the advection process was responsible for
extending the heat budget perturbation.

Similarly, the cool SSTA in the eastern Indonesian seas
during May“—Sep® can be attributed to the cooling tendency
anomalies started even before Year” (Supplementary Fig. 3).
The cooling tendency anomalies were not as strong as in
the end of Year*! but long enough, lasting up to August of
Year?, that it can induced notable changes in the tempera-
ture. This was in contrast with the western Indonesian seas
where the early Year® cooling tendency anomalies, which
also commenced before Year”, occurred for a shorter period
that lasted only until February of Year’. Hence, the less-
apparent cool SSTA than that in the eastern Indonesian seas
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during May"—Sep”. Note that longer period of cooling/warm-
ing tendency anomalies also could lead to stronger cool/
warm SSTA considering the accumulation that occurred
throughout the anomalous period.

4 Concluding remarks

The underlying mechanism of emerging sea surface tem-
perature anomalies in the Indonesian seas during El Nifio
events over the 1995-2019 period was investigated for the
first time through a complete surface layer heat budget analy-
sis. We used a similar ocean model as in Kido et al. (2019)
and Murata et al. (2020) that could compute the heat budget
components simultaneously with the actual ocean circulation
model run (i.e., online), ensuring budget closure through-
out the model integration. The closure of the heat budget
becomes important for this type of study to prevent possi-
ble misinterpretation caused by residual signals that usually
appear in an offline heat budget analysis (e.g., Iskandar et al.
2020; Ismail et al. 2023). A detailed understanding about
natural phenomenon, which is known to have severe con-
sequences on people livelihood will help the related stake-
holders to respond accordingly. The complete heat budget
analysis framework employed here is also relevant for com-
plementing studies about phenomenon in shorter time-scales
such as marine heatwave events (e.g., Beliyana et al. 2023).
Modulation in the surface layer heat budget in the west-
ern Indonesian seas was predominantly controlled by vari-
ations in the air—sea heat exchange, specifically the short-
wave radiation and latent heat flux, with other processes (i.e.,
ocean circulation and mixing) contributing to minor effects
on overall heat budget variations. In contrast, the eastern
part of the Indonesian seas exhibited a pronounced influ-
ence from ocean circulation in addition to the surface net
heat flux. The effect of ocean circulation was even compa-
rable to the influence of sea surface net heat flux and vertical
diffusion combined, explaining the subtle net cooling ten-
dency anomalies in the area during the El Nifio growth phase
despite the strong warming tendency anomalies induced by
the surface net heat flux. Ocean circulation in the eastern
part of the Indonesian seas was also responsible for prolong-
ing anomalous warming tendency (heat accumulation) in the
area following the mature phase of El Nifio. The anomalous
heat accumulation, peaked during the mature phase of El
Nifio, ultimately led to the emergence of warm SSTA in
the Indonesian seas as early as in the Boreal Autumn of
Year” and lasted for almost a year until Year*! even after the
El Nifio itself already decayed. The absence of anomalous
cooling tendency, except at the late of Year™!, explains the
persisting warm SSTA in the areas selected for this study.
In some El Nifio years which concurrent with extreme
pIOD, such as the 1997 pIOD (Liu et al. 2017) which
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overlapped the 1997/98 El Nifio, a stronger warming ten-
dency anomaly was suggested by the model particularly
in the western Indonesian seas. Similar to the El Nifio, the
pIOD is also associated with decrease in the cloud cover
around the eastern Indian Ocean, where the western Indo-
nesian seas situated, which could lead to increased incoming
solar radiation (Ng et al. 2014). The shortwave radiation
anomalies from the atmospheric forcing dataset used in this
study, as well as the overall simulated sea surface net heat
flux, showed positive correlation with the IOD from Boreal
Summer to Boreal Winter (Supplementary Figs. 4, 5). This
is also in agreement with the plOD-focused heat budget
study by Delman et al. (2018) where the sea surface net heat
flux, driven by shortwave radiation, showed strong warming
tendency anomaly on the south of Java mixed layer.

Completely isolating the IOD effect on ENSO (or vice
versa) along with its influence on the surface layer heat
budget variations in the Indonesian seas was not the intent
of this study. It is still very challenging to completely extract
a particular variability from the datasets that resulted from
various climatic/weather signals interaction (Li et al. 2019).
A more sophisticated modeling studies experiment through
rigorous modification in the forcing datasets (e.g., Maher
et al. 2018; Kido et al. 2019) or utilization of a fully coupled
climate model with synthetic scenario (e.g., Kosaka and Xie
2013) offers a more promising approach to address this issue
and warrants further studies in the future. Regardless, the
study conducted here may provide valuable insight on the
detailed mechanism behind the emerged SSTA during recent
El Nifio years quantitatively and contribute to the advance-
ment of our understanding about air—sea interaction in the
Indonesian seas.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10872-024-00728-6.
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