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Abstract

Internal  tides  (ITs)  in  the  Indonesian  seas  were  largely  investigated  and  hotspots  of

intensified mixing identified in the straits in regional models and observations. Both of them

indicate strong mixing up to 10 ⁴cm/s even close to the surface and show that tides at spring-⁻

neap cycle cool by 0.2°C the surface water at ITs' generation sites.These findings supported the

idea of strong and surfaced mixing capable of providing cold and nutrient-rich water favorable

for the whole ecosystem. However, it has never been assessed through an ad-hoc study.

Our aim is to provide a quantification of ITs impact on chlorophyll-a through a coupled

model, whose physical part was validated against the INDOMIX data in precedent studies and

the  biogeochemical  part  is  compared to  in-situ  samples  and satellite  products.  In  particular,

explicit tides' inclusion within the model improves the representation of chlorophyll and of the

analyzed nutrients.

Results from harmonic analysis of chlorophyll-a demonstrate that tidal forcing modify

spring/neap tides’ variability on the regions of maximum concentration in correspondence to ITs’

génération areas and to plateau sites where barotropic tides produce large friction reaching the

surface.  The adoption of  measured vertical  diffusivities  explains  the biogéochemical  tracers’

transformation within the Halmahera Sea and used to estimate the nutrients' turbulent flux, with

an associated increase in new production of ~25% of the total and a growth in mean chlorophyll

of ~30%. Hence, we confirm the key role of ITs in shaping vertical distribution and variability of

chlorophyll as well as nutrients in the maritime continent.
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Plain Language Summary

Internal tides in the Indonesian seas have been largely studied in the last two decades and hot

spots of vertical mixing have been identified in the straits along the Indonesian Throughflow.

Previous model findings and satellite observations show that this mixing causes a cooling effect

on  the  sea  surface  temperature  in  the  spring-neap  cycle.  The  effects  of  tidal  mixing  on

chlorophyll has been always suspected but never clearly investigated. The aim of our study is to

quantify  the  impact  of  internal  tides  on  it  through  the  analysis  of  coupled  physical  and

biogeochemical  numerical  simulations.  Comparisons  to  both  in-situ  observations  and  ocean-

color satellite data are used to validate the model and demonstrate that internal tides are a key

process for the vertical  distribution and variability  in  chlorophyll  as well  as nutrients  in the

Indonesian seas.

1 Introduction

In the last two decades the Indonesian seas, with its estimated 17000 islands, have been

widely  investigated  for  its  key  circulation  for  the  climate.  They  form the  only  low latitude

passage between two major oceans, the Pacific and the Indian. They encompass some of the

warmest  surface  temperatures  of  the  world  ocean  that  drive  intense  atmospheric  convection

[Clement  et  al.,  2005] and  are  therefore  able  to  influence  climate  on  the  global  scale  via

atmospheric teleconnections [Neale and Slingo, 2003]. Its oceanic pathway in the Pacific to the

Indian interocean exchange, which is known as Indonesian Throughflow (ITF), transports 10–20

Sv of warm and fresh waters; When not encompassing tidal forcing, models produce large biais

in the thermocline and fail to correctly depict this transport [Murray and Arief, 1988; Fieux et al.,

1994; Meyers, 1996; Gordon and Fine, 1996; Hautala et al., 2001; Molcard et al., 2001; Susanto

and Gordon, 2005; Sprintall et al., 2009]. The Indonesian Archipelago (IA)’s  bathymetry is very

complex, with numerous narrow straits,  shallow submarine mounts and semi-enclosed basins

with sharp shelf break down to 4000m depth (Sulawesi, Molucca and Seram Seas). IA is the only

region of the world where strong internal tides remain trapped in the semi enclosed seas, so that a

large amount of tidal energy remains available for vertical mixing [Koch-Larrouy et al., 2007;

2008]. As a result, the salinity maximum of the North and the South Pacific Subtropical Water

(NPSW and SPSW) is strongly eroded to produce a nearly homohaline water when exiting the

IA [Gordon and Fine,  1996;  Hautala  et  al.,  2001;  Ffield  and Gordon,  1992;  Gordon,  2005;

Sprintall et al. 2014]. The tropical Indian Ocean thermocline is cooled and freshened by the ITF
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[Song and Gordon, 2004; Gordon, 2005], creating the cool and fresh tongue induced by the ITF

in the Indian ocean [Koch-Larrouy et al., 2007; Nagai et Hibiya, 2015; Nagai et al., 2017]. In

fact, an averaged vertical  diffusivity 10 times higher than in the open ocean (1.10−4m2/s) is

necessary to reproduce the water masses as observed [Ffield and Gordon, 1992]. Actually, the

mixing is non-heterogeneous [Koch-Larrouy et al.,  2007;  Fieldand Gordon, 1996]  and higher

values reaching 1.10−2m²/s can be observed above straits  as shown in the INDOMIX cruise

[Koch-Larrouy et al., 2015]. 

However, this strong mixing is not only located in the thermocline but also close to the

surface. The INDOMIX cruise  [Koch-Larrouy et al., 2015] revealed direct estimates of such

surface intensified mixing, which had been previously detected by Alford et al. [1999] in the

Banda Sea and more recently by Nagai et al. [2021] in an extensive campaign throughout the IA.

All these observations suggest that internal tides’ mixing at the base of the mixed layer brings

cold waters at the surface, which have been proven to be critical for the climate system [Koch-

Larrouy et al. 2010]. This cooling is 0.2 up to 0.8°C [Koch-Larrouy et al. 2007; 2010; Nugroho

et al., 2018] and it increases the ocean heat uptake by ~20 W m2 while it reduces the locally-

driven deep atmospheric convection and the associated rain activity by as much as 20% [Koch-

Larrouy  et  al.,  2010;  Sprintall  et  al.  2014;  2019].  This  in  turn  regulates  the  amplitude  and

variability of ENSO, the IOD and the MJO, and thus the whole tropical climate turns out to be

affected by this  mixing.  In fact,  this  cooling experiences a seasonal cycle  due to monsoonal

winds, with the rainy season centered on December- February (DJF), and the dry season peaking

in July-August [Aldrian and Susanto, 2003; Chang et al., 2005]. The simulated and observed

cooling is stronger in austral winter when the thermocline is shallower [Nugroho et al., 2018;

Kida  and  Wijffels,  2012].  Indeed,  according  to  Nugroho  et  al.  [2018],  the  vertical  mixing

induced by the tides during austral winter is more efficient because the strong monsoonal winds

upwell  the  thermocline:  colder  waters  are  closer  to  the  surface  and thus  mixing  imprints  a

greatest  cooling  on  the  surface.  This  spatially  large  cooling  of  the  SST  found  during  the

southeast monsoon suggests that tidal mixing is likely capable of affecting the atmosphere during

the season of deep atmospheric convection over the Indonesian Seas.  Also at spring/neap tidal

cycle a signature on sea surface temperature is observed by satellite [Ray and Susanto, 2016] and

reproduced by the model including tides [Nugroho et al,. 2018]. In the face of so much evidence

that mixing plays a key role in the mean state and the variability of surface flux, the question we
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raise  in  this  paper  is  the  effects  of  internal  tidal  mixing  on  chlorophyll.  Indeed,  satellite

observations  have suggested that  the spring-neap tide results  in fluctuations  of chlorophyll-a

concentrations with a fortnightly period in coastal shelf waters, experiencing a seasonality due to

the seasonal variation in the tidal current differences [Xing et al, 2021]. And Shi et al. [2011]

were among the first in demonstrating that spring-neap tidal variation is one of the important

ocean processes driving both the synoptic-scale  and mesoscale  changes of the ocean optical,

biological,  and biogeochemical  properties  in  coastal  areas encompassed within the Southeast

Asian region.

Apart  from  the  remarkable  physical  oceanography  features  above-described,  the

Indonesian  seas  are also  a  region  of  high  productivity  and biological  diversity  with  intense

primary production, comparable to the Atlantic and the Indian Oceans [Allen and Werner, 2002;

Mora et al., 2003; Allen, 2007; 2008; Veron et al., 2009]. During the southeast monsoon (July to

September,  JAS period),  a strong west-east  Chl-a gradient  is observed [Susanto et al.,  2006;

Kinkade et  al.,  1999].  Kinkade et  al.  [1999] also suggested  a  quasi-linear  increase  in  Chl-a

concentration with decreasing surface temperature, interpreting it as an effect of vertical mixing

and  upwelling  of  cold,  nutrient-rich  water  to  the  stimulating  surface  primary  production.

Koropitan and Ikeda [2016], combining model results and satellite data in the Java Sea, managed

to show that the seasonal variability of Chl-a distributions is highly influenced by the monsoon,

through water exchange with adjacent  seas and nutrient supply from river discharge.  Indeed,

phytoplankton  blooming  during  the  southeast  monsoon is  higher  in  general  than  during  the

northwest monsoon (January to March, JFM period). In contrast,  the role of nutrient riverine

input  during  the  northwest  monsoon (rainy  season)  is  only  limited  in  the  region  near  river

mouths or coastal areas [Koropitan and Ikeda , 2016]. 

Overall, the effects of mixing on biological activity has not been fully investigated, but it

could be speculated that tidal mixing would have a significant impact on phytoplankton blooms

through the upwelling to the surface of nutrient-rich water [Holloway and Denman, 1989; Souza

and Pineda, 2001]. Using INDOMIX data [Koch-Larrouy et al., 2015], Atmadipoera et al. [2022]

showed that vertical mixing (directly measured by the VMP) is the main process shaping the

vertical distribution of temperature, salinity and oxygen measured in the Halmahera Sea. These

authors suggested that very strong mixing is needed in this small sea where the residence time is

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

ESSOAr | https://doi.org/10.1002/essoar.10512046.1 | Non-exclusive | First posted online: Thu, 4 Aug 2022 08:57:27 | This content has not been peer reviewed. 



manuscript submitted to  Journal of Geophysical Research-  Oceans

quite rapid (2 to 4 days). As such, vertical mixing could also dominate over the biogeochemical

processes  in  explaining  the  transformation  of  the  vertical  distribution  of  nutrients  from the

Pacific Ocean to the Halmahera Sea. More concurrent physical and biogeochemical in-situ data

are needed to corroborate this hypothesis and determine whether this occurs in other regions of

the maritime continent. Despite its potential importance for the ecosystem, the impact of internal

tides’ mixing on the algae production and nutrients’ distribution has not been explored yet. This

paper constitutes the first study tackling this issue. 

1.1 Study Objectives

Thus, our main objective is to quantify for the first time in the Indonesian region the

impact, at annual and seasonal time scales, of internal tides on the supply of nutrients in the

surface  layers  and  production  of  chlorophyll,  by  comparing  coupled  simulations  with  and

without tides  with in-situ and satellite data. 

To that end we use a coupled system based on the regional configuration developed in the

INDESO  project  (Infrastructure  Development  of  Space  Oceanography;

www.indeso.web.id/indeso_wp/index.php)  ocean  general  circulation  model  (OGCM)  NEMO

(version 2.3) [Madec et al. 1998; 2008] and the biogeochemistry model PISCES (version 3.2)

[Aumont et Bopp, 2006], which is almost the same configuration as in Gutknecht et al. (2016).

However, these authors have used the internal tides’ parameterization of Koch-Larrouy et al.,

[2007, 2010] accounting already for 100% of tidal energy, plus the explicit forcing of the tides.

At 1/12° resolution the model forced by the tides is able to reproduce 75% of internal  tides

energy [Niwa and Hibiya, 2011]. Thus their configuration produces 175% of tidal energy. In our

configuration we decided to avoid the use of the parametrization and to test only the inclusion of

explicit tidal forcing on the biogeochemical modeling. The results compared to observations are

shown  in  this  paper,  and  suggest  a  general  improvement  of  the  nutrients  and  chlorophyll

distributions in relation to Gutknecht et al. [2016], which was too productive. In addition, the

properties  of  internal  tides  (generation  values,  dissipation  rates  and  barotropic  to  baroclinic

conversion of energy) used in this configuration, have been validated against INDOMIX data, as

thoroughly described in Nugroho et al. [2018] and Atmadipoara et al. [2022]. We dubbed our

regional coupled configuration ‘INDO12BIO_V2’.
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In the next sessions, we will first look at the impact of internal tides on nutrients and

oxygen. Then we will assess this same impact on the new primary production rates. And at last

on the chlorophyll annual and seasonal patterns. The model will be validated against several in-

situ  collections  of  nutrients  samples,  along  with  comparison  to  climatological  distributions

(CARS2009  and  WOA2018).  Finally  the  model  will  be  compared  to  the  chlorophyll

measurements of MERIS and MODIS products, as well as estimates of new primary production

therein derived.

2 Materials and Methods

2.1 Model and simulations

2.1.1 The coupled model

In the framework of the INDESO project, a physical–biogeochemical coupled model has

been designed over the domain from 90–144°E to 20°S–25°N (Figure 1), widely encompassing

the whole Indonesian EEZ, with a spatial resolution of 1/12°. The physical configuration is based

on the NEMO-OPA 3.6 circulation model [Madec et  al.,  1998; Madec,  2008],  and the main

parameters’ choice has been described in Tranchant et al. [2016]. As in Nugroho et al. [2018],

this configuration includes explicit tidal forcing with 11 tidal constituents, which were derived

from the TPX0.7 model [Egbert and Erofeeva, 2002] and used to force the open boundaries too.

Following  Shriver  et  al.,  [2012],  the  INDESO configuration  encompassed  geopotential  tidal

forcing for the four largest semidiurnal (M2, S2, N2 and K2) and diurnal (K1, O1, P1 and Q1)

constituents. Similarly to Maraldi et al., [2013], two long-period tides (Mf and Mm) and one

non-linear constituent (compound tides) M4 were also added. Explicit tides were resolved non-

linearly in the model using the explicit free-surface assumption [Madec, 2008]. Apart from the

version of the model code and the tidal forcing, the configuration is identical to the one described

in Tranchant et al. [2016]. So, we refer to these authors for more details about the numerical

setup, while the analysis of the internal tides’ forcing used in this study has been performed by

Nugroho et al. [2018].
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Dynamics  of biogeochemical  properties  across the area are simulated by the PISCES

model version 3.2 [Aumont and Bopp, 2006], and have been detailed in Gutknecht et al. [2016].

PISCES  reproduces  the  first  levels  of  the  marine  food  web  from  nutrients  up  to

mesozooplankton, having 24 state variables, and takes into account five limiting nutrients for

phytoplankton growth (nitrate and ammonium, phosphate, dissolved silica and iron). Four living

size-classified compartments are represented: two phytoplankton groups (nanophytoplankton and

diatoms) prognostically predicted in carbon (C), iron (Fe), silica (Si) (the latter only for diatoms)

and chlorophyll content, and two zooplankton groups (microzooplankton and mesozooplankton).

Constant Carbon / Nitrogen / Phosphorus (C / N / P) Redfield ratios are supposed for all species.

While internal Fe / C and Si / C ratios of phytoplankton are modeled as a function of the external

availability of nutrients and thus variable,  only C is prognostically modeled for zooplankton.

Figure 1: Bathymetry of the modeled domain, where the names of the main Indonesian seas and straits have 
been labeled, as well as the three INDOMIX stations used for comparison (coloured suns: cyan for Station 3, 
green for Station 4 and yellow for Station 5).178
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Biogeochemical parameters are based on the standard PISCES namelist version 3.2 [Aumont and

Bopp , 2006].

PISCES is coupled to NEMO-OPA via the TOP component that manages the advection–

diffusion equations of passive tracers and biogeochemical source and sink terms. In our regional

configuration, called INDO12BIO_V2, physics and biogeochemistry are running simultaneously

Our  simulations  start  on  3  January  2007  from the  global  ocean  forecasting  system at  1/4◦

operated  by  Mercator  Océan  (PSY3  described  in  Lellouche  et  al.  [2013])  for  temperature,

salinity,  currents  and  free  surface  at  the  same  date.  For  biogeochemistry,  initial  and  open

boundary conditions are derived from climatological data sets and, regarding the external inputs,

three  different  sources  are  supplying  the  ocean  with  nutrients:  atmospheric  dust  deposition,

sediment mobilization and rivers. Please refer to Gutknecht et al. [2016] for a comprehensive

description of all the biogeochemical components of the model.

2.1.2 Numerical Experiments

We run two distinct simulations:

1) the ‘CTRL’ simulation, not including any effect of the tides;

2) the ‘EXPL’ simulation, encompassing explicit tidal forcing, as explained above.

Both simulations were forced by the same buoyancy and wind forcing, and started on January

3rd  2007  until  December  31st  2011.  Outputs  are  daily  average  and  the  last  four  years  are

analyzed following a one year spin-up.

2.1.3 Harmonic Analysis 

Amplitudes of the modeled and observed chlorophyll contents at the MSf tidal frequency (M2-

S2, 14.8 days, spring/neap tides) was conducted through the software developed by Zaron [2018]

for  tidal  harmonic  analysis.  In  particular,  the  irregularly-sampled  (gappy)  time  series  from

MODIS data were processed for each pixel using conventional least-squares harmonic analysis

for the frequencies listed in Table 1: Sa (annual), Ssa (semi-annual), MSm (lunisolar monthly),

MSf (lunisolar fortnightly), KOo (lunar fortnightly), and 2SM (shallow water). The least-squares

resolution matrix was analyzed and in most locations the number of missing data was small
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enough to permit the unambiguous identification of the harmonic constants. Experiments with

seasonal modulates of the above also found significant signals; however, the accuracy of these

were more sensitive to data gaps.

Darwin Symbol  Doodson number

Sa                      0 565 555

Ssa                    0 575 555

MSm                  0 636 555

MSf                    0 735 555

KOo                   0 755 555

2SM                   0 915 555

Table 1: Tidal frequencies used in the harmonic analysis of chlorophyll data. The frequencies are
denoted with Darwin symbols and corresponding Doodson numbers following Simon [2013].

2.2 In-situ biogeochemical data : INDOMIX cruise

The INDOMIX (Indonesian Mixing program) campaign [Koch-Larrouy et al., 2015] took place

in the Indonesian archipelago between the 9 and 19 of July 2010 along a transect considered one

of the most energetic for internal tides’ mixing and going from the Halmahera Sea to the Ombaï

Strait. CTD profiles were routinely carried out, as well as measurements of nutrients, oxygen and

dissipation rate at five 24h-yoyo-stations. We chose three stations for comparison with our model

output: Station St3 located at the exit of the Halmahera sea, St4 in the Banda Sea and St5 at the

Ombai strait (Figure 1). To co-localise the model and observations, we took the closest simulated

point to the stations’ coordinates; 2-day model averages were considered as measurements were

performed during 2 consecutive days at the stations selected for validation.

2.3 Satellite- retrieved observations and Climatologies

2.3.1 Chlorophyll-a

Two single-mission satellite products are used for model skill evaluation, covering the whole

simulated period (2007–2010). MODIS-Aqua (Moderate Resolution Imaging Spectroradiometer,

EOS mission, NASA) level-3 standard mapped image product (NASA Reprocessing 2013.1). It

is a product for case-1 waters, with a 9 km resolution,  and is distributed by the ocean color

project  (http://oceancolor.gsfc.nasa.gov/cms/).  The  MERIS  (MEdium  Resolution  Imaging
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Spectrometer, ENVISAT, ESA) L3 product (ESA 3rd reprocessing 2011) is also considered. Its

spectral characteristics allow for the use of an algorithm for case-2 waters (MERISC2R neural

network algorithm; Doerffer and Schiller, 2007). It has a 4 km resolution and is distributed by

ACRI-ST (http://www.acri-st.fr/).  In particular,  we used monthly averages for the mean state

validation of our chlorophyll distribution and daily output for the harmonic analysis.

2.3.2 Nutrients and Oxygen

Modeled nutrients  and oxygen distributions  are  validated  against  climatological  fields of the

World Ocean Atlas 2018 (WOA, 2018, 1° spatial resolution, [Garcia et al., 2018a; 2018b]), and

the Commonwealth Scientific and Industrial Research Organization CSIRO Atlas of Regional

Seas  2009  (CARS,  2009,  0.5°  spatial  resolution).  Only  nitrate,  dissolved  silica  and  oxygen

distributions are discussed hereafter. Note that nitrate+ammonium and phosphate are linked by a

Redfield ratio in PISCES.

2.3.3 Net Primary Production (NPP)

For the NPP estimate, we chose to use two production models among the three that are widely

employed  in  the  oceanic  biogeochemical  community.  The  vertically  generalized  production

model  (VGPM) [Behrenfeld  and  Falkowski,  1997]  estimates  vertically  integrated  NPP as  a

function of chlorophyll, available light and photosynthetic efficiency. It is currently considered

as  the  standard  algorithm.  The  alternative  algorithm  is  an  “Eppley”  version  of  the  VGPM

(distinct  temperature-dependent  description  of  photosynthetic  efficiencies).  A  complete

description of the two products is available at www.science.oregonstate.edu/ocean. Due to the

large  uncertainty  in  production  models,  simulated  NPP  rates  have  been  compared  to  NPP

estimates derived from the two aforementioned models using MODIS ocean color data.

3   Results  

3.1 The INDO12BIO_V2 validation

3.1.1 Nutrients’ Mean Patterns
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The  100m-depth  annual  averages  (over  the  2008-2010  period)  of  nitrate  and  oxygen  are

presented here for CARS2009, WOA2018, the two numerical configurations and their difference

(Figure 2,  a-j).  Dissolved silica has a similar  distribution  to nitrate,  so it  is  not shown. The

marked  meridional  gradient,  seen  in  the  climatologies  of  the  Pacific  and  Indian  oceans,  is

correctly  reproduced in our  simulations.  Nitrate  maxima associated  with oxygen minima are

noticeable  in  the  Bay  of  Bengal  and  Andaman  Sea,  reflecting  discharges  by  major  rivers

(Brahmaputra, Ganges and other river systems) and the related increase in oxygen demand.

Low nitrate and high oxygen concentrations in the Sulawesi Sea reflect the signature of Pacific

waters entering in the aIA, a feature reproduced in both configurations, even though in the CTRL

simulation nitrate is a bit too low and oxygen is a bit too high compared to observations. The

signature slowly disappears as the waters mix along their pathways across the archipelago. The

resulting higher nitrate and lower oxygen levels in the Banda Sea are again retrievable only in

the EXPL simulation.  Higher nitrate and lower oxygen concentrations off the Sunda islands’

chain  in  both  data  and model  outputs  reflect  seasonal  alongshore  upwelling.  The difference

between the EXPL and CTRL simulations is very marked in the nitrate map (Figure 2 e) where a

Figure 2: Annual mean of nitrate (mmol N/m³ ; upper row) and oxygen concentrations (mL O2/L; lower row)
at  100  m  depth  from  CARS  (a,  f)  and  WOA  (b,  g;  statistical  mean)  annual  climatologies,  and  from
INDO12BIO_V2 as 2008-2010 averages for the EXPL run (c, h), the CTRL run (d, i) and the difference
between these two simulations (e, j).271
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strong positive bias underlines tides-related processes that enhances the 100m distribution of this

nutrient, showing that EXPL is in better agreement with observations.

3.1.2 Chl-a Distribution and Seasonality

Our two numerical simulations reproduce the main characteristics of the large-scale distribution

of Chl-a (Figure, 3, a-f) a proxy for phytoplankton biomass. In fact, both the EXPL and CTRL

runs are able to capture the low Chl-a concentrations characteristic of the Pacific and Indian

subtropical  gyres  due to  gyre-scale  downwelling  and hence  a  deeper  nutricline.  The highest

concentrations  are  localized  along  the  coasts  driven  by  rivers’  nutrient  supply,  sedimentary

processes, and upwelling of nutrient-rich deep waters. In comparison to the ocean color product

of MODIS and MERIS (Figure 3,  ‘a’ and ‘b’), the EXPL configuration (Figure 3  d) performs

much better, even though it overestimates the chlorophyll-a content within the Indonesian straits

and underestimates it along the coasts (Figure 3 c). Much weaker values are instead found in the

general distribution of the CTRL simulation (Figure 3 e), meaning that its reproduction of Chl-a

concentration deviates even more from the mean patterns observed in the satellite products. Thus

Figure  3: Annual mean of surface chlorophyll-a concentrations (mg Chl /m³) for the 2008-2010 period:
MERIS case-2 product (a), MODIS case-1 product (b), the EXPL simulation (d), the CTRL run (e), the
difference between the EXPL and the mean of MERIS and MODIS products  and the one between the EXPL
and the CTRL (f). 
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the bias with the EXPL run is almost everywhere positive and quite high all over the modeled

domain (Figure 3 f).  

Concerning the Chl-a seasonal cycle, Figure 4 (a-d) displays the difference between the two

simulations by season and we observe how it is greater in the months of the SE monsoon (Figure

4, a and c) when the Chl-a concentration reaches its peaks. The bias between the runs is slightly

less marked and spread all over the domain during the NW monsoon (Figure 4,  b and d), in

correspondence of the Chl-a minimum values. More details on the modelled Chl-a seasonality

will be provided in subsection b.i) where we investigated this variability in terms of amplitude of

the tidally- induced fortnightly modulation (MSf frequency).

3.1.3 Primary Production

The EXPL run reproduces the spatial distribution, as well as the mean rates of NPP over the

model domain (Figure 5, a-d). It is worth mentioning that NPP estimates depend on the primary

production model (in this case, VGPM and Eppley) and on the ocean color data used in the

Figure  4:  Chlorophyll-a seasonal  anomaly  for  EXPL-CTRL averaged over  the  2008-2010 period
during the following months: (a) July–August–September, (b) January–February–March, (c) April–
May–June and (d) October–November–December.
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production models. For a single ocean color product (here MODIS), NPP estimates display a

large  variability  between the  two models.  Hence the large  uncertainty  associated  with these

products precludes a quantitative evaluation of the simulated NPP. 

Like for Chl-a, modeled NPP falls within the range of remote sensing derived estimates, with

maybe a too weak cross-shore gradient derived from the  Chl-a field, especially in the CTRL

configuration.  However,  the  mean  NPP  over  the  INDO12BIO_V2  domain  is  slightly

overestimated in the EXPL simulation and highly underestimated in the CTRL run.

3.1.4 INDOMIX Comparison

Figure  5: Annual mean of vertically integrated NPP (mmol C/m2/d) over the 3 years (2008-2010) of the
analyzed simulations: VGPM (a) and Eppley (b) production models, both based on MODIS ocean color, as
well as for the EXPL run (c) and the CTRL one (d). 
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Vertically, we compare our results in terms of T-S structure and biogeochemical tracers to the in-

situ data collected during the INDOMIX cruise in July 2010 (Figures 6, 7 and 8). The vertical

profile of temperature fairly compares with data in the Halmahera Sea (Station 3, Figure 6).

Simulated surface waters are too salty and the subsurface salinity maximum is reproduced at the

observed depth, albeit too high in the CTRL simulation compared to the data. Waters are more

oxygenated in the model over the first 400 m, even though the EXPL curves get closer to the

observational ones than the CTRL configuration. The model–data bias on temperature, salinity,

oxygen and nitrate suggests that Halmahera Sea thermocline waters are not fully reproduced by

the model in July 2010, since their simulated vertical profiles tend to be too smooth. Phosphate

profiles better agree with observations, while dissolved silica concentrations are overestimated in

the EXPL simulation below 200 m depth. It should be noted, however, that 2010 was a strong La

Niña  year  with important  modifications  in  zonal  winds,  rainfall,  river  discharges  and ocean

currents,  and  all  these  anomalies  were  not  taken  into  account  in  the  model  forcings  and

initial/lateral conditions. Despite the bias highlighted for the Halmahera Sea station, an overall

Figure 6: Vertical profiles of temperature (°C; a), salinity (psu; b), oxygen (mL O2/L; c), nitrate (mmol N/m³;
d), phosphate (mmol P/m³; e) and dissolved silica (mmol Si/ m³; f) concentrations at the INDOMIX station 3
(Halmahera Sea; 13–14 July 2010). CTD (light blue lines) and bottle (red crosses) measurements represent the
conditions during the cruise, 2-day model averages are shown by the black continuous line for the EXPL run
and dashed for the CTRL.325
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satisfying correspondence between modeled and observed profiles is found in the Banda Sea

(Station 4, Figure 7) and Ombaï Strait (Station 5, Figure 8).

Figure 7: Same as Fig. 6 but for the INDOMIX cruise station 4 (Banda Sea; 15–16 July 2010).

Figure 8: Same as Fig. 6 but for the INDOMIX cruise station 5 (Ombaï Strait; 16–17 July 2010).
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Figure  9: Amplitude of the harmonic analysis of chlorophyll-a [mg Chl/m³] at Msf frequency

(M2-S2, 14.8 days, spring/neap tides) for the 2008-2010 period from the EXPL simulation (a)

and based  on the  MODIS case-1  product  (b).  The  lower  panels  show the  same results  but
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computed for the seasons of the northwest monsoon (January to March, JFM; ‘c’ and ‘d’) and

the southeast monsoon (July to September, JAS,; ‘e’ and ‘f’).

3.2 The Effects of IT’S Mixing on Chl-a and Nutrients

3.2.1 MSf of CHL

What our EXPL configuration is, at present, able to accurately capture is the fortnightly

(14.8 days, spring tides-neap tides) modulation, produced by the combination of the M2 and S2

semidiurnal tides, on the Chl-a variability. Over a fortnight, the Chl-a range at the MSf frequency

is between 0.07 and 0.1 mg Chl/m³ in the main regions of intensified mixing due to internal tides

(Figure 9 a),  such as  Dewakang,  Makassar,  Ombai  and Lifamatola  Straits  as  well  as  in  the

Islands chain between Sulu and Sulawesi Seas, at the entrance of the Halmahera Sea or in the

Sangihe Island. In Lombok and Sibutu straits, it is even larger than 0.1  mg Chl/m³ and quite

strong also in the shelf-break of the Australian shelf, as well as in the northern part of the China

Sea. This signal is particularly enhanced along the coasts, like in the satellite-derived map from

the MODIS case-1 product (Figure 9 b), and during the Southeast monsoon (July to September,

JAS; Figure 9 c) in comparison to the Northwest monsoon estimate (January to March, JFM;

Figure 9 d).  Our findings confirm the hypothesis of Xing et  al.  [2021] that spring-neap tide

induces fluctuations of Chl-a concentrations with a fortnightly period in Indonesian shelf waters,

whose seasonality was directly driven by the seasonal variation in tidal current differences.   

These authors recognized that  a  large number of missing values  and low observation

frequency in satellite-derived Chl-a are the major obstacle to investigating the regional pattern

showing where and to  what  extent  the effects  of spring-neap tide  have on Chl-a  and on its

seasonal  variations  within  a  relatively  large  region.  In  our  case  we  tried  to  overcome  this

problem by using the interpolation technique of Zaron [2018] for analyzing the gappy and noisy

data of Chl-a from MODIS. Through this methodology, we also performed the computation of

the least-squares standard error and masked out the values where the amplitude is smaller than

1.7 this error (Figure 9 b, d and f). We chose this threshold after having carried out several tests

and found out that for values higher than 1.7 no significant changes were visible for the areas of

major concern for our study, meaning the Indonesian hot spots of tidally-induced mixing. In the

MODIS maps of Figure 9 (b, d and f) we can observe that the amplitude for Chl-a variability at
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the fortnightly cycle (MSf) is generally greater than the noise estimate. Relevant amplitudes exist

in other interesting places, for example along the NW coast of Australia, where the amplitude is

large  and  the  phase  is  spatially  continuous  (not  shown).  Same thing  between  the  Sulu  and

Celebes  Seas,  the Coral  Sea and the Gulf  of Carpentaria,  in  the Strait  of Malacca,  and also

between Taiwan and Hong Kong. The details, of course, depend on the threshold for masking

areas as signal or noise. Also, these maps use spatially-smoothed data, with an averaging scale of

about 1/4°. Further details on the technical aspects of the ‘averaging’ methodology are out of the

scope of the present paper and constitute the topic of a companion manuscript in preparation by

Zaron et al.  [2022]. What we reckon important to underline for the present study is the tidal

signature at the MSf frequency detected on the Chl-a concentration, that we were able to capture

both in the modeled and observed estimates and showing as well a strong seasonality in relation

to the Indonesian monsoonal system.

3.2.2 Biogeochemical Profiles and their Properties’ Transformation

Figure  10:  Vertical  profiles  of  Nitrate  (mmol  N/m³;  a),  chlorophyll-a  (mg Chl  /m³;  b)  and NPP (mmol
C/m2/d; c) at the sites where the latter had the strongest values and shown in the map of subplot ‘d’. The
continuous curves are for the EXPL simulation and the dashed one for the CTRL run.
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To better assess the effects of IT’s mixing on the nutrients and CHL variability at depth,

we looked at profiles of Nitrate, CHL and NPP at the sites where the latter had the highest values

in the modeled domain (Figure 10, a-d). We see how also in the vertical the difference between

the Explicit tides curves (continuous) and the CTRL ones (dashed) is quite marked at the sites of

intense internal tides’ mixing signature, as at the INDOMIX Stations 3, 4 and 5 (respectively

cyan, green and yellow points in the map of subplot ‘d’). These differences are also particularly

enhanced over the ‘plateau’ sites like in the Java sea in red and in the Arafura Sea in magenta. At

all these sites we can observe a stronger uplift of nutrients in the EXPL configuration, where the

nitrate, Chl-a and NPP peaks reach closer to the surface, confirming our hypothesis on the role of

internal tides in upwelling nutrient-rich deep waters at the locations of strong mixing. 

For the nutrients’ profiles sampled at the INDOMIX Station 3, we also applied the one-

dimensional advection/diffusion model of Ffield and Gordon [1992], thoroughly described in

Atmadipoera et al. [2022] for the cruise case study. These authors used such a simple model to

test the transformation of South Pacific Subtropical Water (SPSW) from the entrance to the exit

of Halmahera Sea, by taking a vertical diffusivity profile from INDOMIX direct microstructure

measurements and water properties measured in the Pacific side [Koch-Larrouy et al., 2015].

Here,  we  apply  the  same  methodology  to  the  biogeochemical  tracers’  profiles  of  nitrate,

phosphate, silicate and oxygen to verify if also in the case of the biogeochemical tracers the

tidally-induced vertical mixing represents one of the main sources of nutrients’ transformation

through the Halmahera Sea. Indeed, in Figure 11 we observe how the nutrients’ profiles at the

entrance of this sea (1st column) get partially modified through their pathway (2nd column) by

applying vertical diffusion coefficient as measured at station 1 (Kz , Figure 16c of Atmadipoera₁

et al. [2022]) by direct microstructure and become almost completely transformed at the exit (3rd

column) after two days of residence. Two days more mixed by the vertical diffusivity measured

at station 3 (Kz , Figure 16c of Atmadipoera et al. [2022]) produced completely mixed properties₃

(fifth column). In fact, the nutrients’ profiles calculated by the 1D mixing hypotheses (red line)

show very good agreement with the mean profiles measured at sea (black thick lines for stations

C1, C2 and C3). This calculation allows us to conclude that vertical mixing induced by the tides

is  the main mechanism responsible  for the drastic  change observed in the nutrients’  vertical

structure. This result is in good agreement with the estimates of Nagai et al. [2017] reporting that

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

ESSOAr | https://doi.org/10.1002/essoar.10512046.1 | Non-exclusive | First posted online: Thu, 4 Aug 2022 08:57:27 | This content has not been peer reviewed. 



manuscript submitted to  Journal of Geophysical Research-  Oceans

76% of the ITF water masses’ transformation in the Halmahera Sea is driven by internal tides’

diapycnal mixing.

Figure 11: Vertical profiles of Nitrate (N, a 1-5), Oxygen (O, b 1-5), Phosphate (P, c 1-5) and Silicate (Si, d 1-5) 
and at the entrance of the Halmahera Sea (station C0, black dotted line) compared to their mean profile within this 
region (average of sites C1, C2, and C3, thick black line, and thin black line corresponds to each profile in C1, C2, 
and C3). Red dotted line is the result of the 1D diffusion model using Kz measured by VMP from INDOMIX and the 
C0 profile. The 1st column shows the profile obtained after 0.5 days, 2nd column after 1 day, and 3rd column after 2
days using the Kz  measured in C1 by the INDOMIX microstructure profile . The 4th and 5th columns correspond ₁
respectively to 1 day and 2 days after applying the Kz  value from station C3. We refer to Atmadipoera et al. [2022]₃
for the Kz  and Kz  values and profiles. ₁ ₃
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3.2.3 Nutrients’ Turbulent Fluxes

With the aim of quantifying the above-mentioned nutrients’ uptake at the base of the euphotic

layer  by vertical  turbulent  diffusion and the  associated  potential  new production,  we follow

Eppley and Peterson [1979] to calculate this nitrate supply by vertical turbulent flux (Nflux) as:

NFlux= Kz * dNO3/dz                    Equation 1

where Kz is vertical turbulent diffusion coefficient and dNO3/dz is the nitrate vertical gradient.

Here the assumption that all the nutrients are consumed by phytoplankton was adopted, while for

the depth of the euphotic layer,  a light attenuation coefficient  for clear waters was used and

considered a good approximation for the types of waters analyzed in this exercise. 

Then by multiplying this turbulent flux (Nflux) by the Carbon/ Nitrogen Redfield ratio (R_C/N)

and the Carbon molar mass (MC) we can obtain an estimate of the potential new production:

PNP (gC/m²/d) = MC * R_(C/N) * Nflux       Equation 2

From combining Equation 1 and Equation 2 we obtain values for the 3 INDOMIX Stations, used

for the vertical profiles’ validation, within the order of 0.1- 0.13 (gC/m2/d), that compared to the

total estimates issued from the model and integrated over the euphotic layer, provide a ratio in

the order of ~ 25%:

PN (gC/m2/d) = 0.1     0.11     0.13   

PN/PPT (gC/m2/d)= 0.26    0.21   0.24 (x 100, for percentage) 

And if we want to compute the associated increase in mean Chl-a (INC_CHL), always within the

euphotic layer, we can use the following equation [Geider et al., 1997; Aumont et al., 2015] :

INC_CHL (mg Chl/ m³) = PNP * R_ (CHL / C) *                                                      Equation 3𝜟𝛕
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where ‘R_ (CHL / C)’ is the chlorophyll/ carbon Redfield ratio and  is the mean advection𝜟𝛕

time in the area, for instance 2 days as sampled during the INDOMIX cruise in the Halmahera

Sea (Station 3). At the three INDOMIX sites, the estimates from Equation 3 approximate the

MSf values of 0.06-0.1 mg Chl/m³, ranging from a minimum value of 0.07 for a Chl/C ratio of

0.033 to a max value of 0.12 for a ratio equal to 0.055, corresponding to a growth of about 30%

of  the  mean  value  of  chlorophyll  concentration  within  the  euphotic  layer.  The  latter  is  a

significant result considering that we are not within the extremely productive Eastern Boundary

Current Systems and if we take into account the instantaneous nature of the real processes, in

relation to our estimates that were averaged over the two days of the observed advection time.

4   Discussion and Conclusions  

Tides are the dominant hydrodynamic processes in most continental shelf seas and have

been  proven  to  have  a  significant  impact  on  both  marine  ecosystem  dynamics  and

biogeochemical cycles [Shi et al., 2011; Xing et al., 2021]. In the case of the Indonesian seas,

where tidal generation and dissipation assume remarkable values, among the highest within the

world ocean, fluctuations at tidal frequencies are expected to be particularly marked at the sites

of  intense  IT’s  mixing  and  to  have  direct  effects  on  the  surface  and  vertical  behaviors  of

biogeochemical tracers. 

Building upon the numerical work of Nugroho et al. [2018], we couple these authors’ physical

configuration with a biogeochemical model to assess the impact of the explicit tides’ inclusion

on  the  distributions  and  variability  of  nutrients  and  chlorophyll  within  the  Indonesian  seas

(Figure 1). We show that in our INDO12BIO_V2 configuration the large-scale distribution of

nutrient, oxygen, chlorophyll-a and NPP (respectively Figures 2, 3 and 5) are well reproduced in

both the CTRL simulation (without tides) and the EXPL (with tides) configuration. However,

their  cross-shore gradients are correctly represented only in EXPL, given that the CTRL run

misses the tides-driven processes vital for the coastal patterns of these biogeochemical tracers.

We also verified that the vertical distribution of nutrients and oxygen is comparable to in situ-

based datasets from the INDOMIX cruise (Koch-Larrouy et al., 2015; Figures 6, 7 and 8). This

matching is particularly satisfying in the EXPL simulation where the inclusion of tidal forcing

allows to capture the local transformation of the regional water-masses by hydrodynamics across

the Indonesian archipelago. This is the reason why nutrients and oxygen profiles well agree with
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observations in the Banda Sea and in Ombai Strait (respectively Stations 4 and 5 of INDOMIX),

located at the exit of the archipelago, whereas a weaker correspondence is found at its eastern

entrance (Halmahera Sea,  Station 5). The latter  is probably explainable with the lack,  in the

model atmospheric and oceanic forcings and in its lateral boundary conditions, of all the changes

observed in 2010 due to the strong La Niña’s effects. Another possible cause is the thermohaline

bais found for subtropical waters in the PSY3 reanalysis [Lellouche et al., 2013] that we used to

force the open boundaries of our simulations. 

In terms of the CHL seasonal behavior, we show that the bias between the EXPL and the

CTRL simulations, meaning the effect of including tidal forcing in the model, is strongest during

the southeast monsoon months (Figure 4, a and c) and less marked in the northwest monsoonal

period (Figure 4, b and d). This is probably related to the impact of internal tides’ mixing has on

the surface seawater properties, as Kida and Wij els [2012] and Nugroho et al.  [2018] haveff

reported, on basin average, a stronger SST cooling induced by this mixing during the southeast

monsoonal season. On the other hand, the same authors highlighted a decrease in this cooling

during spring and autumn, when the monsoonal winds are weaker. We thus demonstrate that

chlorophyll distribution is impacted by the same tidally-induced mechanisms of seasonality as

previously seen for the SST cooling, with relevant implications for the whole marine ecosystem

at seasonal and intraseasonal scales.  Indeed, according to Nugroho et al.  [2017], the vertical

mixing induced by the tides during austral winter is more efficient because the strong monsoonal

winds upwell the thermocline: colder waters are closer to the surface and thus mixing imprints a

greatest  cooling  on  the  surface.  This  spatially  large  cooling  of  the  SST  found  during  the

southeast monsoon suggests that tidal mixing is likely capable of affecting the atmosphere during

the season of deep atmospheric convection over the Indonesian Seas. 

Regarding the surface Chl-a variability in relation to internal tides’ effects, we show that

M2 and S2 semidiurnal  tides combine to produce a fortnightly (14.8 days,  spring tides-neap

tides) modulation (Figure 9 a), that was already documented on the SST field in previous studies

[Ffield and Gordon, 1992; 1996; Ray and Susanto, 2016; Nugroho et al., 2017], and on the Chl-a

in a companion paper of  Zaron et al. [2022]. Over a fortnight the chlorophyll-a range is between

0.06  and  0.1  in  the  main  regions  of  intensified  mixing  induced  by  internal  tides  and  this

distribution well compares with the same estimate from satellite-retrieved observations (Figure 9
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b) and analyzed through the Zaron [2018]’s software, able to treat gappy and noisy data as the

one we used from the MODIS case-1 product (Figure 9 b, d and f). More detail on this analysis

can  be  found  in  Zaron  et  al.  [2022].  A  stronger  signal  in  the  modeled  and  observed  MSf

amplitude of Chl-a was detected during the southeast monsoon (July to September, Fig. 9 e and

f),  in  correspondence  to  the  more  enhanced  cooling  occurring  at  the  surface  in  this  season

(Figure 10c of Nugroho et al. [2018]). During the northwest monsoon (January to March, Fig. 9 c

and d), the signal is still strong, but the highest values are more concentrated within the regions

of intensified mixing, as reported for the seawater cooling in the SST seasonal map of Nugroho

et al. [2018] (Figure 10d of their paper).

The impact of IT’s mixing on the biogeochemical tracers is quite marked in the vertical

too, as displayed in the profiles of nitrate, chlorophyll and NPP of Figure 10 (respectively a, b

and c) extracted at the sites where the latter had the greatest values (Fig. 10 d). Here, we observe

an enhanced uplift of nutrients, from the deeper to the upper layers of the water column, for the

simulation encompassing the explicit tidal forcing (EXPL, continuous line), well visible not only

a the predictable hot spots of mixing, like the INDOMIX Stations analyzed (3, 4 and 5), but also

at  the  sites  located  over  the  plateau. For  the  first  ones,  we followed  the  simple  advection/

diffusion model applied by Atmadipoera et al. [2022] on T-S  in order to verify  if the intense

turbulent  mixing  measured  at  Station  3  during  INDOMIX  can  reproduce  the  nutrients’

transformation from the entry point to the exit of Halmahera Sea in a couple of days (Figure 11).

The observed biogeochemical tracers, as the physical ones, at the exit of Halmahera sea, can be

reproduced with only the 4 days of vertical diffusivity at station 1 and 3 (2 days each) meaning

that tidally -induced diapycnal mixing triggers most of the nutrients’ vertical changes in the areas

where internal tides are particularly energetic.

As this vertical diffusivity is so important in the region, we made an analytical calculation

to quantify how much nutrient flux could reach the surface due to these Kz and to what Chl-a

anomalie it would correspond. We calculate the turbulent uptake of nutrients, displayed in Figure

10 within the euphotic layer, by applying Equation 1, where we multiplied the vertical diffusion

coefficient (Kz) by the nutrient gradient, in this case nitrate (NO3) since it was considered the

limiting factor. We then used the product of this turbulent flux to get an estimate of potential new

production (PNP, Equation 2) that compared to the total value from the model gives an order of
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about 25% of positive anomaly of NPP for the Halmahera Stations. And we also calculated the

associated growth in the mean Chl-a concentration (Equation 3), obtaining an estimate of about

30% increase when taking into account a mean advection time of 2 days as observed in the

Halmahera Sea (Station 3). In reality, the model may underestimate such an increase in the NPP

and in the mean Chl-a since with the current resolution of our EXPL configuration (1/12°)  we

are sub-estimating the tidal  energy reservoir  by ~30%. Having a higher spatial  resolution or

adding a 0.3 of the internal tides’ parameterization of  Koch-Larrouy et al., [2007, 2010] may

increase this effect in the model.  Despite of this limitation and in light of all the findings above-

summarized, we can affirm that:

1.  Our  INDO12BIO_  V2  configuration  is  generally  in  good  agreement  with

observations of chlorophyll at the surface and for the 3D distribution of nutrients; 

2.  The  inclusion  of  explicit  tides  within  the  model  (EXPL)  improves  the

representation of chlorophyll-a and the other biogeochemical tracers analyzed in

this study (Nitrate, Phosphate, Oxygen, Silicate) ; 

3. Tidal forcing modify spring/neap tides’ variability on the regions of max Chl-a,

with an order of magnitude comparable to the total signal ;

4. The tidal signature on Chl-a variability follows the seasonality of its surface

concentration, closely related to the one of the SST regional cooling;

5. A simple diffusion model shows that tidally- induced diapycnal mixing triggers

most  of  the  nutrients’  vertical  changes  in  the  areas  where  internal  tides  are

particularly energetic;

6. The potential new production associated with the nutrients’ turbulent uptake is

~25% of the total and the increase in mean Chl-a is ~30%, which are significant

results for this oceanic region.

This study extends the findings of Zaron et al. [2022] on the tidal low-frequency variability of

chlorophyll-a to those regions of the IA known as hotspots of internal wave-driven mixing, as

shown in their TPX09 diagnostics (Figure 7 of their paper), but where the harmonic analysis of

the gappy satellite data hampered to retrieve a significant signal at the MSf frequency. In fact,

using the output of a coupled numerical simulation, forced by explicit tides, we were able to map

most of the Chl-a components phase-locked with spring/neap tidal cycle and to also depict their
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marked seasonality. Besides, our results complete the picture of Atmadipoera et al. [2022] on the

vital  role  assumed  by  internal  tides’  mixing  in  transforming  thermohaline  properties  and

controlling the vertical distribution of oxygen measured in the Halmahera Sea, and demonstrate

that nutrients’ variability are also driven by such a mechanism in this Indonesian subregion. We

additionally suggest that for the Chl-a, these turbulent interactions are at play even at other sites

of enhanced mixing and, in particular, over the Java and Arafura plateaus, where barotropic tides

on the shelf produce intensified mixing interacting with the bottom [Nugroho, PhD; Zaron et al.

2022]. 

Hence,  we conclude  that  internal  tides  are  a  dominant  process  within the  Indonesian

archipelago not only for the physical processes that rely on the vertical mixing they generate, but

also for the local biogeochemical cycles. Indeed, relevant portions of the primary production and

the associated growth in mean Chl-a concentration, occurring within the euphotic layer, directly

depend on the turbulent uplift of nutrients entrained by internal tides along the water column.

Higher  resolution  numerical  experiments,  able  to  capture  finer  scales  dynamics,  would  be

required to solve the whole spectra of internal tides’ forcing and simulate the entire 100% energy

production  linked  to  their  breaking.  Concomitantly,  more  field  observations  would  help  to

further investigate if the fluctuations at tidal frequencies, previously reported in the SST cooling

and  presently  recovered  in  the  biogeochemical  tracers’  distributions,  could  also  affect  the

atmospheric components of the Indonesian climate system.
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