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Roles of the Indonesian Seas (IS) in oceanic/atmospheric circulation
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Roles of the Indonesian Seas (IS) in oceanic/atmospheric circulation

ü The IS are a quite important area for understanding oceanic/atmospheric circulation.
ü ‘Tidal mixing’ is thought to be a major factor contributing to the SST/water-mass transformation in the IS.



4. Summary and discussions

In this study, by carrying out a series of numerical simulations
using various horizontal grid spacing of 1/20!–1/5!, we have dem-
onstrated that the baroclinic tidal energy conversion rates increase
nearly exponentially as the horizontal grid spacing is decreased. It
has been found that the semidiurnal (M2, S2) baroclinic tidal
energy conversion rate is more sensitive to the horizontal grid
spacing than the diurnal (K1, O1) baroclinic tidal energy conversion
rate, reflecting the difference of horizontal wavelengths between
the semidiurnal and diurnal baroclinic tides. The sensitivity of
the baroclinic conversion rate to the horizontal grid spacing is also
area-dependent. In particular, it is most sensitive in the regions
characterized by geologically young seafloor with numerous
small-scale topographic features such as the Mid-Atlantic Ridges,

the eastern Pacific Ridges, and the Mid-Indian Ocean Ridges,
whereas it is least sensitive in the regions such as the Indonesian
Archipelago and the western Pacific Ocean.

Niwa and Hibiya (2011) found an exponential relationship
between the globally integrated baroclinic conversion rate and
the horizontal grid spacing and extrapolated it to estimate the glo-
bal baroclinic conversion rate in the limit of zero grid spacing. In
the present study, however, this exponential extrapolation has
not been applied to estimate the global distribution of
hCNVidx¼0" ðxi; yjÞ, because using the exponentially extrapolated
hCNViexp

dx¼0" ðxi; yjÞ defined by

hCNVidxðxi; yjÞ % hCNViexp
dx¼0" ðxi; yjÞ & expð'kCNV ðxi; yjÞ ( dxÞ ð26Þ

the globally integrated hCNViexp
dx¼0" ðxi; yjÞ (

P
i;jhCNViexp

dx¼0" ðxi; yjÞDSi;j

with DSi;j the averaging grid area) grows rapidly as DSi decreases

Fig. 16. (a) As in Fig. 14 but averaged over each 2.5! & 2.5! grid area. (b) Relative estimation errors of the baroclinic tidal energy conversion rates in (a).
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Indonesian Seas are one of the most significant internal-tide generation regions in the world.
▶ Tidal mixing induced by breaking of internal tides is expected to be much enhanced in the IS.

A global map of the generation rate of internal tides
calculated from high resolution numerical model (Niwa and Hibiya, 2014)

Generation rate integrated over each region

Tidal mixing in the Indonesian Seas (IS)



transformation is reproduced without using tidal mixing parameterization.
In order to resolve the complicated topographic features in the Indonesian
Archipelago, the calculation domain is limited to the Halmahera Sea where
substantial transformation of the ITF waters is thought to occur.

2. Numerical Model

The numerical experiments are carried out using the Massachusetts Institute
of Technology General Circulation Model (Marshall et al., 1997), which solves
the fully nonlinear nonhydrostatic Navier-Stokes equations under the Bous-
sinesq approximation for an incompressible fluid. The model includes the
whole Halmahera Sea, covering the area from 126.88E to 131.78E and from
4.08S to 1.48N (Figure 2) with a grid spacing of 1=600! ("180 m) in both the
longitudinal and latitudinal directions (2,940 3 3,240 grid points). The verti-
cal grid spacing is 5 m from the ocean surface down to a depth of 300 m
and gradually increased up to 700 m at the maximum depth of 4,570 m
(115 vertical levels, Table 1). A spline interpolation is then applied to the
high-resolution (30 arc sec) global bathymetric data set (SRTM30 PLUS,
Becker et al., 2009) in order to obtain the model topography.

In the present numerical model, constant horizontal and vertical eddy
viscosity coefficients AH53 m2 s21 and AV51024 m2 s21 as well as con-
stant horizontal and vertical diffusivity coefficients KH53 m2 s21 and
KV51025 m2 s21 are assumed. These are actually the smallest possible

Figure 1. Climatological annual mean salinity at a depth of 150 m obtained from (a) World Ocean Atlas 2013, (b) OFES
(OGCM for the Earth Simulator), (c) ECCO2 (Estimating the Circulation and Climate of the Ocean, Phase II), and (d) SODA
(Simple Ocean Data Assimilation product). The ITF pathways are drawn schematically in Figure 1c.

Figure 2. Bathymetry in the analyzed model domain. Contours indicate the
1,000 m isobath. The New Guinea Coastal (Under) Current and the ITF (eastern
route) pathways are also shown schematically. Small circle and cross show the
tide gauge station and TOPEX/POSEIDON crossover, respectively.
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▶ Implying the importance of tidal mixing in reproducing the water-mass transformation in the IS

Importance of tidal mixing of the IS for predicting the ocean state

Based on 
observations

ITF



Previous studies on estimates of tidal mixing in the IS

Ffield and Gordon (1992) Simple 1-D vertical diffusion model
KV = 1 ~ 2×10-4 m2/s

(in area-average)

Alford et al. (1999)
Direct microstructure measurements
(in the central part of Banda Sea)

KV ~ 0.1 cm2/s
(local value)

Hatayama (2004)
2-D nonhydrostatic model 
(for Makassar Strait)

KV reaches 6×10-3 m2/s
above the Dewakang Sill

Koch-Larrouy et al. (2007)
Based on St. Laurent et al.’s (2002) tidal mixing 
parameterization

Obtained a map of KV

(KV~1×10-4 m2/s in area-average)

Robertson (2010) 3-D numerical model
KV ~ 6×10-4 m2/s 
(in area-average)

Koch-Larrouy et al. (2015)
Bouruet-Aubertot et al. (2018)

Direct microstructure measurements
(Halmahera/Banda Seas, Ombai Strait)

KV is highly enhanced in the 
Halmahera/Ombai Straits

Nagai and Hibiya (2015) High resolution 3-D numerical model
Obtained a map of KV

(KV~1×10-4 m2/s in area-average)

Purwandana et al. (2020) Thorpe scale method + Historical CTD dataset
Obtained a map of KV

(consistent with Nagai’s work)

Kartadikaria et al. (2011), Cuypers et al. (2017), Nugroho et al. (2018) and others…

Blue : Model based study, Pink : Observation based study



Tidal mixing parameterization (St. Laurent et al., 2002)

Γ
E(x,y)
q
F(z)
N

【Two significant assumptions in KL07’s parameterization】

✓ q = 0.3 →1 

✓F(z) : Bottom-enhanced profile → Surface-enhanced profile

: Mixing efficiency = 0.2
: Baroclinic energy conversion 
: Energy dissipation efficiency 
: Vertical structure function  
: Buoyancy frequency

Distribution of E(x,y) obtained using  
barotropic model (W/m2)

Internal waves dissipate all of their energy 
at the generation sites.   (i.e., no propagation)

Previous studies on tidal mixing in the IS

Koch-Larrouy et al. (2007)
Based on St. Laurent et al.’s (2002) tidal mixing 
parameterization

Obtained a map of KV

(KV~1×10-4 m2/s in area-average)

Vertical diffusivity



Koch-Larrouy et al. (2010), Sprintall et al. (2014)
ü Investigated the effects of the parameterized tidal mixing on atmosphere/ocean

ü Using an air-sea coupled model

Koch-Larrouy
et al. (2007)

The relationship between the intensity of the internal
tidal energy in the IA and its local effect is mainly linear.

Doubling the internal tidal energy (H2T experiment) dou-

bles the mean vertical diffusivity (Table 2). Salinity
anomalies are also doubled whereas local precipitation and

SSTs anomalies increase only by a factor 1.7 (Table 2),

suggesting a weak non-linearity between Kz and SST,

presumably due to atmospheric coupled feedback. The Kz,
SST and heat fluxes anomalies found in JP08 (mean ver-

tical diffusivity of 1 cm2/s) are 2/3 smaller than the one

found in this study in good agreement with a quasi linear
response between them. Both the precipitation and SST

mean values over the IA in H2T remain in good agreement

with observations (Table 2). The remote precipitations and

Fig. 4 Differences between HT
and HnoT experiment for top
SST (!C), middle rain (mm/day)
and bottom SSS (psu).
Differences that are below the
99% confidence level estimated
with a Student’s t test are
masked

Fig. 5 Zonal wind (m/s, top
panel) and thermocline depth
(m, bottom panel) anomalies
between the HT and HnoT
experiments. Differences that
are below the 99% confidence
level estimated with a Student’s
t test are masked. Contour lines
on top panel shows the annual
mean zonal wind. Solid (resp.
dashed) thin lines represent
mean zonal wind toward the
east (resp. west). Thick line is
the zero line. Contour intervals
are every 2 m/s
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ΔSST (˚C)

ΔRain (mm/day)

Differences in SST/rainfall 
between coupled simulations ‘with’ and ‘without’ tidal mixing

Tidal mixing
ü Cools SST in the IS
ü Warms SST in the El 

Nino region

Tidal mixing
ü Decreases rainfall in the 

IS

The relationship between the intensity of the internal
tidal energy in the IA and its local effect is mainly linear.

Doubling the internal tidal energy (H2T experiment) dou-

bles the mean vertical diffusivity (Table 2). Salinity
anomalies are also doubled whereas local precipitation and

SSTs anomalies increase only by a factor 1.7 (Table 2),

suggesting a weak non-linearity between Kz and SST,

presumably due to atmospheric coupled feedback. The Kz,
SST and heat fluxes anomalies found in JP08 (mean ver-

tical diffusivity of 1 cm2/s) are 2/3 smaller than the one

found in this study in good agreement with a quasi linear
response between them. Both the precipitation and SST

mean values over the IA in H2T remain in good agreement

with observations (Table 2). The remote precipitations and

Fig. 4 Differences between HT
and HnoT experiment for top
SST (!C), middle rain (mm/day)
and bottom SSS (psu).
Differences that are below the
99% confidence level estimated
with a Student’s t test are
masked

Fig. 5 Zonal wind (m/s, top
panel) and thermocline depth
(m, bottom panel) anomalies
between the HT and HnoT
experiments. Differences that
are below the 99% confidence
level estimated with a Student’s
t test are masked. Contour lines
on top panel shows the annual
mean zonal wind. Solid (resp.
dashed) thin lines represent
mean zonal wind toward the
east (resp. west). Thick line is
the zero line. Contour intervals
are every 2 m/s
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Effects of tidal mixing in the IS on large-scale oceanic/atmospheric circulation



Effects of tidal mixing in the IS on large-scale oceanic/atmospheric circulation

Jochum and Potemra (2008)
Air/sea coupled model + KV simply enhanced 
in the IS (KV = 1×10-4 m2/s)

Local/remote effects of tidal 
mixing are suggested

Koch-Larrouy et al. (2010)
Sprintall et al. (2014)

Air/sea coupled model + tidal mixing estimated 
by Koch-Larrouy et al. (2007)

Local/remote effects of tidal 
mixing are suggested

Sasaki et al. (2018)
OGCM + Tidal mixing parameterization 
(based on St. Laurent et al. (2002))

Tidal mixing in the IS increases 

the mean ITF transport (0.88 Sv) 

ü “Idealized tidal mixing” or “tidal mixing parameterizations” were used in the model calculation
ü Physical processes of the tidal mixing effects were not well discussed 

Blue : Ocean model, Pink : Air/sea coupled model

【Objectives of my research】
ü To make a more plausible estimate of tidal mixing intensity in the IS. 
ü To discuss the physical mechanisms of tidal mixing effects on the ocean states of the 

IS.

However…



Nagai and Hibiya (2015)
ü High-resolution (Δx ~ 1km) 3-D baroclinic tide model.
ü Energy dissipation (ε) of M2 internal tides => Distribution of vertical diffusivity (KV) is estimated.

Model setting
ü MITgcm (Hydrostatic approximation)
ü Δx, Δy = 0.01˚ , Δz = 5 m ~ 1200m 

(2800×3200×100 grids)
ü No mean-flow
ü Initial condition : Horizontally uniform 

stratification
ü Forcing : M2 barotropic tide (TPXO 7.2) 
ü Constant viscosity/diffusivity 
• AH = KH = 10 m2 s-1

• AV = 10-4 m2 s-1, KV = 10-5 m2 s-1

Vertical velocity
(1000 m depth)

(m/s)

Estimates of tidal mixing intensity in the IS (Nagai and Hibiya, 2015)



Nagai and Hibiya (2015)
ü High-resolution (Δx ~ 1km) 3-D baroclinic tide model.
ü Energy dissipation (ε) of M2 internal tides => Distribution of vertical diffusivity (KV) is estimated.

Tidal energy budget was investigated
within this domain

(m/s)

Barotropic tides

Dissipation ε Propagate out 
of the domain

Error 
~ 11 GW

Error 
~ 1 GW

125 GW

Internal tides

4 GW83 GW

30 GW

86 GW

113 GW ü Internal tides of 86 GW are generated by barotropic tides
ü Only 4 GW of internal tide energy propagates out of the IS
ü Remaining 83 GW is dissipated within the IS.

Tidal energy
Conversion

Direct dissipation
at the bottom

Baroclinic
dissipation

Estimates of tidal mixing intensity in the IS (Nagai and Hibiya, 2015)

Vertical diffusivity KV is estimated using Osborn’s formula (KV = 0.2 ε / N2)



Estimates of tidal mixing intensity in the IS (Nagai and Hibiya, 2015)

Depth-averaged KVModel predicted Kv (depth-average)

ü “Mixing hotspots” are localized in the narrow tidal straits of the archipelago (e.g., Lombok Straits), in which 
energetic internal tides are generated by strong barotropic tidal currents.

ü Mixing is also enhanced on the pathway of internal solitary waves, which are observed in many locations
ü Much different distribution compared to Koch-Larrouy et al.’s (2007) parameterization
ü (Probably) More realistic map of vertical diffusivity is obtained. 

Nagai and Hibiya (2015)
ü High-resolution (Δx ~ 1km) 3-D baroclinic tide model.
ü Energy dissipation (ε) of M2 internal tides => Distribution of vertical diffusivity (KV) is estimated.

Lombok
strait

Halmahera
Sea

Manipa
Strait

Sape
Strait

Ombai
Strait

Sangihe
Sulu

Energy dissipa6on rates (averaged in the upper 100 m)
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Sulawesi 
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Estimates of tidal mixing intensity in the IS (Nagai and Hibiya, 2015)

Depth-averaged KVModel predicted Kv (depth-average)

ü “Mixing hotspots” are localized in the narrow tidal straits of the archipelago (e.g., Lombok Straits), in which 
energetic internal tides are generated by strong barotropic tidal currents.

ü Mixing is also enhanced on the pathway of internal solitary waves, which are observed in many locations
ü Much different distribution compared to Koch-Larrouy et al.’s (2007) parameterization
ü (Probably) More realistic map of vertical diffusivity is obtained. 

Nagai and Hibiya (2015)
ü High-resolution (Δx ~ 1km) 3-D baroclinic tide model.
ü Energy dissipation (ε) of M2 internal tides => Distribution of vertical diffusivity (KV) is estimated.

KV based on Koch-Larrouy et al. (2007)

This is just a numerical model…

▶ This should be validated by direct microstructure measurements



In the Indonesian Seas, direct microstructure measurements are largely lacking.
Microstructure measurements have been carried out only in 6 stations.

Koch-Larrouy et al. (2015)
Alford et al. (1999)

Previous microstructure measurements in the IS



: Microstructure (VMP+CTD+LADCP) : XCTD  (or CTD)

ITF
Western

route

ITF
Eastern
route

Extensive direct microstructure measurements in the IS (Nagai et al., 2021)

Hakuhomaru (JAMSTEC)
(Feb 26 – Mar 17, 2019)

Baruna Jaya IV (BPPT)
(Aug, 6 – 17, 2019)



58 profiles 24 profiles 78 profiles

VMP-6000 VMP-X LADCP/CTD XCTD

38 profiles 0 profiles 34 profiles

0 profiles

23 profiles

Hakuhomaru

BJ4

For the Hakuhomaru cruise,
we have also obtained 
ü Shipboard ADCP data
ü Multibeam bathymetry data

Microstructure data (ε : Energy dissipation rates) Horizontal velocity/Temperature/Salinity

A total of 120 profiles were obtained 
at 32 stations

Extensive direct microstructure measurements in the IS (Nagai et al., 2021)



Color : Depth-integrated energy dissipation rates (ε)
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Observation

∫εdz
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ITF
Eastern route

ITF

Weste
rn route Sangihe Islands

Lombok/Sape
Straits

Labani Channel

Halmahera
Sea

Manipa/Lifamatola
Straits

Extensive direct microstructure measurements in the IS (Nagai et al., 2021)

• Mixing hot-spots are found in narrow straits



Color : Depth-integrated energy dissipation rates (ε)

[W/m2]

ObservaHon

∫εdz

[W/m2]

ITF
Eastern route

ITF

Weste
rn route

M2 baroclinic tide model
(Nagai and Hibiya, 2015)

∫εdz

Extensive direct microstructure measurements in the IS (Nagai et al., 2021)

• Mixing hot-spots are found in narrow straits
=> Observed results are generally consistent with the model prediction



Sca`er plots (Observa:on vs Numerical model)

Observation

∫εdz

[W/m2]

ITF
Eastern route

ITF

Weste
rn route

Correlation : r = 0.76
εMDL = 5.8εOBS

Correlation : r = 0.76

∫εMDL dz ~ 3 ∫εOBS dz

The numerical model is generally consistent with observations, 
although there is a tendency to overestimate.

Extensive direct microstructure measurements in the IS (Nagai et al., 2021)



Observation

∫εdz

[W/m2]

ITF
Eastern route

ITF

Weste
rn route

Extensive direct microstructure measurements in the IS (Nagai et al., 2021)

South Pacific
H27

SPTW
~ 600 km

H22
H21

~ 15 km

Manipa
Strait
H12

T-S plots along the Eastern 
route of the ITF

In the Manipa Strait
ü The  strongest turbulence 

(ε> 10-5W/kg) was observed 

ü Strong tide-topography 
interaction on a super-
critical topography

ü Intense downslope jet & 
K-H instability

In the south Halmahera Sea
ü Rapid watar-mass 

transformation occurs
ü Observed vertical mixing 

cannot explain the rapid 
water-mass transform-
ation.

ü Possible role of horizon-
tal mixing (caused by 
tide-induced submeso-
scale eddies)



Map of KV (Nagai&Hibiya ,2015)

Effects of tidal mixing on the SST cooling around the IS (Nagai and Hibiya, 2020)

Through the observation, the validity of Nagai and 
Hibiya’s  (2015) model is confirmed.

Some previous studies (Koch-Larrouy et al.; 2010, Kida and Wijffels, 2012; Sprintall et al., 2014) 
showed that idealized or simply parameterized tidal mixing cools the SST in the IS

=> However, physical processes were not well investigated.
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Figure 4. Annual mean SST (color) and depth-integrated horizontal current velocity (vector) obtained from MIX. Each
black circle (a–d) shows the INSTANT mooring station (Figure 5).

Figure 5. Seasonal cycle of the mean flow velocity (vectors) in the four major passages (a: Makassar, b: Lombok, c: Ombai, and d: Timor) obtained from the
INSTANT moorings and MIX. Color denotes the velocity amplitude. Location of each station is shown in Figure 4 (black circles a–d).
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Some previous studies (Koch-Larrouy et al.; 2010, Kida and Wijffels, 2012; Sprintall et al., 2014) 
showed that idealized or simply parameterized tidal mixing cools the SST in the IS

=> However, physical processes were not well investigated.

Nagai and Hibiya (2020) 
• Incorporated the map of KV (Nagai and Hibiya, 2015) into a regional ocean model 
• Investigated the effects of tidal mixing on the SST around the IS
• Discussed the corresponding physical processes

Journal of Geophysical Research: Oceans 10.1029/2020JC016314

Table 1
Vertical Grid Discretization Employed in the Numerical Experiments

Grid numbers 1–2 3–4 5–6 7–23 24–95
Δz (m) 5.0 7.0 8.0 10.0 11.0–450.0

In order to simulate the Indonesian Throughflow (ITF), monthly climatological sea surface height (SSH),
temperature, salinity, and horizontal velocity fields obtained from Estimating the Circulation and Climate
of the Ocean Phase II (ECCO2), which has high skill in reproducing the ITF transport (Lee et al., 2010), are
employed as lateral boundary conditions. The model is initialized with the January climatological variables
from ECCO2. Near the lateral boundaries, sponge layers are applied to absorb baroclinic disturbances. Sur-
face wind stresses and heat fluxes are computed from the bulk formulae, which use monthly climatological
data from Cross-Calibrated Multi-Platform (CCMP) (Atlas et al., 2011) for wind speed/direction as well as
NCEP/NCAR (Kalnay et al., 1996) for net shortwave and downward longwave radiative fluxes, surface air
temperature, specific humidity, and precipitation. River discharge is implemented as a freshwater flux using
the global river flow and continental discharge data set (Dai et al., 2009). Sea surface salinity (SSS) is restored
to monthly climatological values with a restoring timescale of 30 days. Biharmonic horizontal viscosity and
diffusivity are set by parameters of AH4 = KH4 = 1010 m4/s, and Laplacian vertical viscosity and diffusivity
are set by parameters of AV = 10−4 m2/s and KV = 10−5 m2/s, respectively. These are actually the smallest
possible values needed to maintain the stability of the calculations. In order to reproduce the surface mixed
layer, the K-profile parameterization (KPP) (Large et al., 1994) is used. For the model sensitivity to different
parameters, see supporting information Text S1 and Figure S1.

In the present study, in order to see the effects of tidal mixing, the model is driven for 4 years with and without
KTide

V , the distribution of which was obtained by Nagai and Hibiya (2015) (Figure 3) (hereinafter referred to
as experiments “MIX” and “NoMIX,” respectively). The performance of Nagai and Hibiya's (2015) model
was recently evaluated through the comparison with the direct microstructure measurements (Purwandana
et al., 2020). The analysis is carried out for the final year of model calculation.

3. Results
3.1. Comparison With Observations
Annual mean depth-integrated horizontal current velocity obtained from MIX is shown in Figure 4. The
calculated flow patterns are consistent with the ITF pathway previously illustrated by Gordon (2005).
Furthermore, the predicted total ITF volume transport (∼9.1 Sv) is comparable to the recent estimate
(11.6± 3.2 Sv) based on the satellite sea-level data (Susanto & Song, 2015). Note that both the mean flow

Figure 3. Depth-averaged KTide
V (tide-induced vertical diffusivity) predicted by a high-resolution three-dimensional

baroclinic tide model (Nagai & Hibiya, 2015).
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Map of KV (Nagai and Hibiya, 2015) Reginal ocean model (MITgcm)

Incorporate

Wind
Surface

Heat

Horizontal
B.C.

(ECCO2)

Climatological monthly mean forcing

Effects of tidal mixing on the SST cooling around the IS (Nagai and Hibiya, 2020)
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Figure 6. Seasonal variations of SST averaged over the whole model
domain obtained from MIX (red line) and NOMIX (blue line) and from the
OISST satellite observation (black line).

patterns and total volume transport obtained from NOMIX are almost
identical to those obtained from MIX (see Figure S2).

The seasonal cycle of the mean flow velocity in the four major pas-
sages (Makassar, Lombok, Ombai, and Timor) obtained from MIX and
the International Nusantara Stratification and Transport (INSTANT) pro-
gram (Gordon et al., 2008) are shown in Figure 5. We can see that,
although some discrepancies can be found especially in the Ombai Strait,
the observed seasonal variations are in general agreement with the
present numerical model. Note that, in contrast to our model forced by
monthly climatological velocity, the INSTANT moorings were deployed
only for a 3 year period (2004–2006), which might cause the differences
between the modeled and observed mean flow velocity.

Comparison of the area-averaged SST obtained from MIX and from
satellite observations (Optimally Interpolated SST [OISST]) (Banzon
et al., 2016) confirms that the present numerical model successfully
reproduces the major characteristics of the seasonal variation of SST in
the Indonesian Seas, although the predicted SST is somewhat lower than
the observed one (Figure 6).

3.2. Effects of Tidal Mixing on the SST Cooling
The monthly mean SST differences between MIX and NOMIX during February and July are shown in
Figures 7a and 7b, respectively, where the blue color shows the SST cooling due to tidal mixing. As shown
by the satellite observation (Figure 1), the SST differences also show the seasonal variability; significant SST
cooling is found along the northern (or southern) coast of the LSIs during austral summer (or winter) when

Figure 7. (a, b) Monthly mean SST differences between MIX and NOMIX during February and July, respectively. Blue color indicates the SST cooling due to
tidal mixing. Monthly mean surface wind vectors are also shown. (c, d) As in (a) and (b) but differences between NoStrtMIX and NOMIX.

NAGAI AND HIBIYA 5 of 13

Color : SST difference (MIX - NoMIX), Vector : Surface wind (monthly mean)

(a) Feb (b) Jul

Lesser Sunda Islands
(LSIs)

MIX      : Experiment with tidal mixing
NoMIX : Experiment without tidal mixing

Blue color shows 
the cooling effects 

of tidal mixing 

• Tidal mixing significantly cools the SSTs along the northern (or southern) coast of the 
“Lesser Sunda Islands” when the northwest (or southeast) monsoon is established. 
=> Implying the combined effects of tidal mixing and Ekman transport.

Effects of tidal mixing on the SST cooling around the IS (Nagai and Hibiya, 2020)
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Figure 9c). We can see that the particles mainly originate from at the deeper parts of Maksassar and Sape
Straits (Figures 9d–9f). Although few in number, they can also be seen in the Alor Strait. These results
suggest that the cold surface water north of the LSIs during austral summer may originate from the deeper
parts of Makassar Strait as well as the narrow straits (the Sape and Alor Straits) between the LSIs. It should
be noted here that the vertical displacements of particles are caused by not only tidal mixing but also other
mixing processes such as “ITF-induced mixing.”

4.2. Effects of Tidal Mixing Localized in the Narrow Straits
As discussed in Appendix A, tidal mixing in the Makassar Strait has only a minor effect on the SST cooling
around the LSIs. We therefore focus here on the Sape and Alor Straits, which are thought to be among the
mixing hotspots in the Indonesian Seas (Nagai & Hibiya, 2015). Meridional sections of temperature and
KTide

V obtained from MIX during austral summer (Figure 10) show that, within the Sape Strait, well-mixed
waters are created by locally enhanced tidal mixing. These well-mixed waters can also be found in the Alor
Strait throughout the year (see Figure S4).
4.2.1. Basic Behavior of Well-Mixed Waters Created in Narrow Tidal Straits
In order to see the basic behavior of well-mixed waters created in narrow straits, we carry out an ideal-
ized numerical experiment with enhanced tidal mixing assumed only in the Sape Strait (within the red
circle shown in Figure 11a) under the conditions of “no background flow” and “horizontally uniform strat-
ification.” Background stratification is obtained by horizontally averaging the climatological mean density
profiles of the Indonesian Seas.

Time evolution of temperature anomaly T′ (defined as the difference from the initial temperature profile)
clearly shows that the cold surface signal originating from well-mixed waters in the Sape Strait propagates
both northward and southward with the coast on their left (Figure 11a). The representative cross sections
of the accompanying zonal velocity (Figure 11b) show coastally trapped structure with sixth to seventh

Figure 11. Results of an idealized numerical experiment under the conditions of no background flow and horizontally uniform stratification. (a) Time
evolution of temperature anomaly (T′) at 40 m depth. Tidal mixing is prescribed within the red circle shown in the upper panel. (b) Meridional section of zonal
velocity along 118.44◦E (Line CD shown in a). (c) Hovmoller diagram of temperature anomaly at 40 m depth along the wave trajectory (Line AB shown in a).
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We found that
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Table 1
Vertical Grid Discretization Employed in the Numerical Experiments

Grid numbers 1–2 3–4 5–6 7–23 24–95
Δz (m) 5.0 7.0 8.0 10.0 11.0–450.0

In order to simulate the Indonesian Throughflow (ITF), monthly climatological sea surface height (SSH),
temperature, salinity, and horizontal velocity fields obtained from Estimating the Circulation and Climate
of the Ocean Phase II (ECCO2), which has high skill in reproducing the ITF transport (Lee et al., 2010), are
employed as lateral boundary conditions. The model is initialized with the January climatological variables
from ECCO2. Near the lateral boundaries, sponge layers are applied to absorb baroclinic disturbances. Sur-
face wind stresses and heat fluxes are computed from the bulk formulae, which use monthly climatological
data from Cross-Calibrated Multi-Platform (CCMP) (Atlas et al., 2011) for wind speed/direction as well as
NCEP/NCAR (Kalnay et al., 1996) for net shortwave and downward longwave radiative fluxes, surface air
temperature, specific humidity, and precipitation. River discharge is implemented as a freshwater flux using
the global river flow and continental discharge data set (Dai et al., 2009). Sea surface salinity (SSS) is restored
to monthly climatological values with a restoring timescale of 30 days. Biharmonic horizontal viscosity and
diffusivity are set by parameters of AH4 = KH4 = 1010 m4/s, and Laplacian vertical viscosity and diffusivity
are set by parameters of AV = 10−4 m2/s and KV = 10−5 m2/s, respectively. These are actually the smallest
possible values needed to maintain the stability of the calculations. In order to reproduce the surface mixed
layer, the K-profile parameterization (KPP) (Large et al., 1994) is used. For the model sensitivity to different
parameters, see supporting information Text S1 and Figure S1.

In the present study, in order to see the effects of tidal mixing, the model is driven for 4 years with and without
KTide

V , the distribution of which was obtained by Nagai and Hibiya (2015) (Figure 3) (hereinafter referred to
as experiments “MIX” and “NoMIX,” respectively). The performance of Nagai and Hibiya's (2015) model
was recently evaluated through the comparison with the direct microstructure measurements (Purwandana
et al., 2020). The analysis is carried out for the final year of model calculation.

3. Results
3.1. Comparison With Observations
Annual mean depth-integrated horizontal current velocity obtained from MIX is shown in Figure 4. The
calculated flow patterns are consistent with the ITF pathway previously illustrated by Gordon (2005).
Furthermore, the predicted total ITF volume transport (∼9.1 Sv) is comparable to the recent estimate
(11.6± 3.2 Sv) based on the satellite sea-level data (Susanto & Song, 2015). Note that both the mean flow

Figure 3. Depth-averaged KTide
V (tide-induced vertical diffusivity) predicted by a high-resolution three-dimensional

baroclinic tide model (Nagai & Hibiya, 2015).
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Figure 14. Depth-averaged KTide
V (tide-induced vertical diffusivity) used in NoStrtMIX, in which tidal mixing in the

Sape and Alor Straits is completely removed.

be found in the present numerical experiment (Figure 12). It becomes maximum (∼−0.8 Sv) during austral
winter and minimum (∼−0.1 Sv) during austral summer. Area-averaged surface wind vectors (Figure 12,
lower panel) clearly show that such seasonal variation is related to the Ekman transport.

Putting all these together, we can expect the physical mechanisms of the SST cooling around the LSIs as fol-
lows: (1) During austral summer, the northward Ekman transport associated with the northwest monsoon
cancels out the Sape Strait throughflow (Figure 12) significantly reducing the net advection effect, so that
the baroclinic Kelvin waves with the cold surface signal can propagate both northward and southward from
the Sape Strait. On the northern side of the LSIs, in particular, coastal upwelling associated with the north-
west monsoon raises the background thermocline (Figure 13), which guides the propagation of baroclinic
Kelvin waves such that the accompanying cold SST signal becomes much enhanced compared with that on
the southern side of the LSIs. Once reached the ITF region (∼118◦E), the cold surface water finally spreads
out over a large area along the northern coast of the LSIs. (2) During austral winter, in contrast, the south-
ward Ekman transport associated with the southeast monsoon increases the Sape Strait throughflow up to
−0.33 m/s (Figure 12) enhancing the net southward advection effect. Then, the baroclinic Kelvin waves with
the propagation speed 0.23 m/s can only propagate along the southern coast of the LSIs where the shal-
lower thermocline associated with coastal upwelling enhances the SST cooling. The role of Alor Strait can
be explained by the same processes in terms of the combined effects of locally enhanced tidal mixing and
the Ekman transport (see Figures S4 and S6).

Finally, to verify the effects of tidal mixing in the narrow straits, we carry out an additional numerical exper-
iment in which the effects of tidal mixing in the Sape and Alor Straits are completely removed (hereafter
called “NoStrtMIX,” Figure 14). SST differences between NoStrtMIX and NOMIX (Figures 7c and 7d) show
that the SST cooling around the LSIs is not apparent in NoStrtMIX during both austral summer and winter.
It is, therefore, demonstrated that the baroclinic Kelvin wave emanating from the quite small straits spreads
out the local cold SST signal over a large area around the LSIs.

5. Summary
In the present study, to investigate the physical mechanisms of the SST cooling around the LSIs, which
plays an important role in the seasonal variation of SST in the southern Indonesian Seas, we have carried
out numerical experiments using a regional ocean model, which incorporates realistic distribution of the
tide-induced vertical diffusivity.

The present numerical model has successfully reproduced the observed SST variability in the southern
Indonesian Seas; SST is largely reduced along the northern (or southern) coast of the LSIs during austral
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Figure 6. Seasonal variations of SST averaged over the whole model
domain obtained from MIX (red line) and NOMIX (blue line) and from the
OISST satellite observation (black line).

patterns and total volume transport obtained from NOMIX are almost
identical to those obtained from MIX (see Figure S2).

The seasonal cycle of the mean flow velocity in the four major pas-
sages (Makassar, Lombok, Ombai, and Timor) obtained from MIX and
the International Nusantara Stratification and Transport (INSTANT) pro-
gram (Gordon et al., 2008) are shown in Figure 5. We can see that,
although some discrepancies can be found especially in the Ombai Strait,
the observed seasonal variations are in general agreement with the
present numerical model. Note that, in contrast to our model forced by
monthly climatological velocity, the INSTANT moorings were deployed
only for a 3 year period (2004–2006), which might cause the differences
between the modeled and observed mean flow velocity.

Comparison of the area-averaged SST obtained from MIX and from
satellite observations (Optimally Interpolated SST [OISST]) (Banzon
et al., 2016) confirms that the present numerical model successfully
reproduces the major characteristics of the seasonal variation of SST in
the Indonesian Seas, although the predicted SST is somewhat lower than
the observed one (Figure 6).

3.2. Effects of Tidal Mixing on the SST Cooling
The monthly mean SST differences between MIX and NOMIX during February and July are shown in
Figures 7a and 7b, respectively, where the blue color shows the SST cooling due to tidal mixing. As shown
by the satellite observation (Figure 1), the SST differences also show the seasonal variability; significant SST
cooling is found along the northern (or southern) coast of the LSIs during austral summer (or winter) when

Figure 7. (a, b) Monthly mean SST differences between MIX and NOMIX during February and July, respectively. Blue color indicates the SST cooling due to
tidal mixing. Monthly mean surface wind vectors are also shown. (c, d) As in (a) and (b) but differences between NoStrtMIX and NOMIX.
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Blue color shows the cooling effects of Qdal mixing 
without mixing hotspots in the narrow straits 
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SST cooling is obviously weak

Mixing hotspots in the narrow (< 10 km) tidal straits
greatly affect the SST cooling in the IS!
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Summary

ü Tidal mixing in the Indonesian Seas is thought to play an important role in changing oceanic/ 
atmospheric circulation.

Es8mates of 8dal mixing
ü Area-averaged verEcal diffusivity is of the order of 10-4 m2/s
ü Mixing hotspots are localized in narrow Edal straits (e.g., Lombok, Ombai, Manipa Straits)
ü Internal solitary waves might play a role in distribuEng the turbulence energy in the IS
ü Numerical model tends to overesEmate the mixing intensity

Effects of tidal mixing
ü Tidal mixing in the Indonesian Seas affects not only the local phenomena, but also the remote 

phenomena (e.g., El-Nino region).
ü Mixing hotspots in narrow tidal straits affect the SSTs in the Indonesian Seas through Ekman 

transport.

Key conclusion
ü Mixing hotspots in narrow (< 10km) tidal straits may have a large impact on regulating SST in 

the Indonesian Seas, although they are hardly resolved in the existing OGCMs.
ü For an accurate prediction of oceanic/atmospheric phenomena related to the Indonesian Seas, 

resolving the narrow straits in OGCMs might be important.



Future problem

Estimates of tidal mixing
ü Mixing scheme in numerical models should be developed 

(Currently, there is no “best” scheme that correctly models internal wave breaking.)

ü Tidal mixing caused by other tidal constituents (S2, K1, O1)
ü Effects of mean flow (the ITF) on the mixing intensity/distribution

(Nugroho et al. (2018) conducted the numerical simulation, but grid resolution was low (~10km)…)

ü Mixing processes of internal solitary waves (which are not observed in the IS)

Effects of tidal mixing
ü Physical mechanisms of remote effects of tidal mixing in the Indonesian Seas are still unknown

=> This should be discussed (focusing on the roles of atmospheric/oceanic phenomena).

The relationship between the intensity of the internal
tidal energy in the IA and its local effect is mainly linear.

Doubling the internal tidal energy (H2T experiment) dou-

bles the mean vertical diffusivity (Table 2). Salinity
anomalies are also doubled whereas local precipitation and

SSTs anomalies increase only by a factor 1.7 (Table 2),

suggesting a weak non-linearity between Kz and SST,

presumably due to atmospheric coupled feedback. The Kz,
SST and heat fluxes anomalies found in JP08 (mean ver-

tical diffusivity of 1 cm2/s) are 2/3 smaller than the one

found in this study in good agreement with a quasi linear
response between them. Both the precipitation and SST

mean values over the IA in H2T remain in good agreement

with observations (Table 2). The remote precipitations and

Fig. 4 Differences between HT
and HnoT experiment for top
SST (!C), middle rain (mm/day)
and bottom SSS (psu).
Differences that are below the
99% confidence level estimated
with a Student’s t test are
masked

Fig. 5 Zonal wind (m/s, top
panel) and thermocline depth
(m, bottom panel) anomalies
between the HT and HnoT
experiments. Differences that
are below the 99% confidence
level estimated with a Student’s
t test are masked. Contour lines
on top panel shows the annual
mean zonal wind. Solid (resp.
dashed) thin lines represent
mean zonal wind toward the
east (resp. west). Thick line is
the zero line. Contour intervals
are every 2 m/s
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