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ABSTRACT It has been widely known that the Indonesian Throughflow (ITF) is an important inter-ocean
connection with unique and complex oceanographic and geographic conditions, as well as a strong
relation to both regional and global ocean currents and climate systems. Many studies on character-
istics, mechanisms, and impacts of the ITF have been conducted, mainly focusing on the ITF pathways,
transport, water mass mixing processes, and their variability in connection with monsoons and climate
systems. In this paper, we summarize some of the critical aspects related to ocean conditions within
the Indonesian Seas and the Indonesian Throughflow, with themain focus on studies of marine biogeo-
chemistry in a region affected by the ITF. Although the biogeochemical cycle is one of the key research
topics that are needed to advance our ocean understanding, studies onmarine biogeochemistry within
the Indonesian Seas are quite limited due to less observed data compared to the physical parameters.
Further studies on biogeochemistry and efforts to conduct in situ and remotely sensed observations
in this region are strongly required. Here, we propose several biogeochemical observations correlated
to the ITF.

© The Author(s) 2020. This article is distributed under a Creative Commons Attribution-ShareAlike 4.0 International license.

1. INTRODUCTION

The Indonesian Seas have a complex oceanographic pro-
file as they are part of the Pacific and Indian Oceans, as
well as the Pacific and Indian Ocean boundary. This unique
region is affected by intricate geological and geographical
conditions, such as straddling on the equator and consists
of many smaller seas and straits divided by a large number
of islands with various sizes (Wyrtki 1961). The water in the
Indonesian Seas mainly originate from the Pacific Ocean
from two directions: water that comes directly from the
Pacific Ocean through the passages in the northeastern re-
gions filling the eastern Indonesian seas, and warmer wa-
ter from the South China Sea filling the Karimata Strait and
Java Sea (Wyrtki 1961). These waters eventually flow out
mostly through the southern passages, making up contin-
uous flows with swift currents and a large transport from
the Pacific to the Indian Ocean known as the Indonesian
Throughflow (ITF) (Figure 1). The ITF coming out of the In-
donesian Seas flows westward across the Indian Ocean to
eastern Africa, the majority of which then turns southward
as the Agulhas current. The ITF also flows southward di-
rectly along the western coast of Australia as the Leeuwin
current (Talley and Sprintall 2005; Mayer et al. 2010; Sprint-
all et al. 2014; Feng et al. 2018).

As the ITF flows within the Indonesian Seas, its wa-
ter mass properties change significantly. The warm and

relatively salty characteristics of the Pacific water tend to
vanish due to strong vertical tidal mixing (Koch-Larrouy
et al. 2007), and/or sill-induced turbulent mixing (Van Ben-
nekom 1988). The mixing is believed to affect the carbon,
oxygen, and nutrient (nitrate, phosphates) concentrations
in the eastern Indonesian Seas and subsequently in the In-
dian Ocean (Talley and Sprintall 2005; Ayers et al. 2014).

The Indonesian Throughflow is the only ocean-
connector pathway in the equator (Sprintall et al. 2014), and
it has an important purpose in the transport of mass and
heat from the Pacific into the Indian Ocean (Feng et al.
2018). Numerical model experiments confirmed that, when
ITF is intentionally closed, the tropical Pacific tends to have
warmer sea surface temperatures and larger upper ocean
heat content, while cooler sea surface temperatures (SST)
occur in the southern part of the Indian Ocean (Hirst et al.
1993; Godfrey 1996). Moreover, closing the ITF can affect
regions far from the Indonesian Seas, such as reducing
the strength of the Indian Ocean’s South Equatorial Cur-
rent and the Agulhas Current, enhancing the Pacific East
Australian Current, inducing a warmer eastern equatorial
Pacific, and even enhancing El Niño Southern Oscillation
(ENSO) variability (Song et al. 2007). The ITF, therefore, af-
fects the global ocean circulation known as the Global Con-
veyor Belt (Koch-Larrouy et al. 2008), as well.

All these aspects of the ITF have attracted the attention
of a large number of scientists. To understand the variabil-
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FIGURE 1. The Indonesian Throughflow consists of several currents, all
bringing the Pacific Ocean waters to the Indian Ocean. The main input is
through the Makassar Strait, Halmahera Sea, and Maluku sea. Input flow
from the South China Sea is also confirmed, flowing through the Sulu Sea
and Java Sea. The ITF then flows out to the Indian Ocean from the Lombok
Strait, or from the Ombai Strait and Timor Passage after the waters mix
in the Banda Sea.

ity of a global climate system, for example, one should look
into regional changes in the ITF area. Therefore, observa-
tion of long term changes in the water mass characteristics
and transport of the ITF is crucial to understanding and pre-
dicting the climate system, including the regional system
over Indonesia (Sprintall et al. 2019).

Several research expeditions have been conducted to
observe the ITF, with the main idea of observing the ITF
variability to understand its causes and impacts. One of the
significant and successful studies is the International Nu-
santara Stratification and Transport (INSTANT) program,
which took place in 2004–2006. It was a multinational
research expedition that aimed to investigate the prop-
erties of the ITF in its main in-and-out flow passages
(Sprintall et al. 2004; Gordon 2005). There are also other
expeditions conducted by international or Indonesian re-
searchers, such as the “Ekspedisi Widya Nusantara” (EWIN)
programs (Horhoruw et al. 2015; Yuan et al. 2018). In addi-
tion to these direct observational studies, numerical mod-
eling (e.g. Schiller et al. 1998; Sasaki et al. 2018) and proxy-
based (e.g. satellite data, tide gauges, corals) research (Gor-
don 2005; Iskandar 2005; Potemra 2005; Mayer et al. 2010;
Murty et al. 2018) have also been conducted. Furthermore,
there was also the Infrastructure Development of Space
Oceanography (INDESO) project developed for the Govern-
ment of Indonesia in an attempt to build an accurate mon-
itoring and forecasting ocean system by using the physical
and biogeochemical coupled models (Nugroho et al. 2018).

Most of these studies focus mainly on physical aspects
of the ITF, such as mean conditions of currents, volume
transport associated with the ITF, and their periodical vari-
ability. In contrast, there is only a small amount of research
aimed at biogeochemical conditions inside the Indonesian
Seas and the Indian Ocean related to the ITF variability (Ay-
ers et al. 2014). This review aims to provide an overview
of the progress of research on the ITF, in particular on the
ITF dynamics and its physical aspects as well as their im-
pacts on biogeochemical aspects of the surroundingwaters.
Some discussions on biological pump processes, especially
in the upwelling area, are included. We also try to show
some gaps in ITF research, so that scientists can see oppor-
tunities for future research programs.

2. THE INDONESIAN THROUGHFLOW PATHWAY
Trade winds over the tropical oceans drive the surface wa-
ter in the ocean from east to west, raising the sea level on
the western side and lowering it on the eastern side. Con-
sequently, the sea level difference and pressure gradient
between the Pacific and Indian Oceans appears, with lower
sea level and pressure in the eastern Indian Ocean com-
pared with the western Pacific Ocean (Wyrtki 1961, 1987).
It was hypothesized that this pressure gradient drives the
ITF in the Indonesian Seas that connects the two oceans
and influences the transport volume. Yet a recent model
suggested the ITF is actually an extension of the Pacific’s
tropical current systems, including the Western Boundary
Current (Mayer et al. 2010).

There are three ITF inflow gateways, bringing in differ-
ent types of water mass into the Indonesian Seas (Figure
1). The first gateway is for the North Pacific Subtropical
Water and North Pacific Intermediate Water, which origi-
nate from the North Equatorial Current system of the Pa-
cific Ocean that forms the Mindanao Current. These wa-
ters flow into the Sulawesi Sea and then continue to the
Makassar Strait (Mayer et al. 2010). TheMakassar Strait can
only pass surface-to-upper thermocline water because of
the shallow Dewakang sill (Talley and Sprintall 2005), but
about 80% of the ITF transport actually flows through this
strait (Gordon et al. 2010). South of theMakassar Strait near
the Dewakang sill, the flow bifurcates into two parts; one
part flows into the Lombok Strait and the other into the
Banda Sea (Talley and Sprintall 2005; Koch-Larrouy et al.
2007; Mayer et al. 2010). Outflow via the Lombok Strait en-
ters the Indian Ocean, and the water mass of this outflow is
known as the Indonesia Throughflow Water (ITW), charac-
terized by low salinity upper thermocline water (Talley and
Sprintall 2005).

The second inflow gate is the Halmahera Sea for the
South Pacific Subthermocline Water, and the third gate is
the Maluku Sea for the upper thermocline South Pacific
Subtropical Water (Mayer et al. 2010). The water pass-
ing through these two gates originates from those in the
southern Pacific Ocean, which are known as South Pacific
Subthermocline Water and South Pacific Subtropical Wa-
ter. These waters flow into the Banda Sea, into which the
throughflow water from the first gateway also flows. The
Banda Sea, therefore, can be considered a “mixing place” of
the water masses in the three pathways of the ITF inflow.

From the Banda sea, the flow goes through the Timor
and Ombai Straits out to the Indian Ocean. Sills in the Om-
bai and Timor Straits are deep enough to allow the outflow
to occupy the water column from the surface to the lower
thermocline. The surface water meets the water from the
Lombok Strait and joins the ITW. The intermediate water
forms the Banda Sea Intermediate Water or the Indonesia
Intermediate Water (IIW). Both the IIW and ITW flow into
the Indian Ocean, joining the South Equatorial Current in
the Indian Ocean (Talley and Sprintall 2005).

ITF measurements have been conducted in the Makas-
sar Strait, from 1996 to 1998. An analysis of mooring ob-
servations by Gordon et al. (1999) found that the average
transport of water mass in the Makassar Strait is about 9.3
Sv. The dominant component of transport variability is in
the annual cycle, with the maximum in June and minimum
in December. Water mass transport variability correlates
with ENSO variability, with the correlation coefficient of 0.7
(Gordon et al. 1999). More comprehensive measurements
were carried out in 2004–2006 under the INSTANT pro-
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gram (Sprintall et al. 2004; Gordon et al. 2010). Results from
this observation show that the ITF outflow transport to the
Indian Ocean reaches about 15 Sv, while the inflow trans-
port is about 13 Sv (Table 1). The difference between the
inflow and outflow transport value is attributed to extrap-
olation uncertainty and/or unresolved surface layer trans-
port in the Lifamatola and other channels. This difference
may also suggest net upwelling presence in some regions
within the Indonesian seas, with the Banda Sea being one
possible region (Gordon et al. 2010). The currents along
these key channels were also measured, qualitatively show-
ing that the Makassar and Timor flows are relatively con-
stant in comparison with flows through the Lombok and
Ombai passages (Gordon et al. 1999).

Focused observations of the ITF were conducted dur-
ing the EWIN projects in 2013 for the Makassar Strait and
in 2014 for the Maluku Sea. The observed ITF in the Makas-
sar Strait indicated a current speed of up to 1.43ms-1 within
the thermocline at the northern part of theMakassar Strait,
while it decreased at the exit of the strait to 0.9ms-1 (Horho-
ruw et al. 2015). A numerical simulation for the area includ-
ing the Makassar Strait by the INDESO model reproduced
currents of about 1.2 ms-1 in the strait, consistent with the
observed values. Results from the EWIN projects in 2014 re-
vealed that the transport in the upper 300mdepth through
the Maluku Sea experienced significant variability at the
intraseasonal-to-interannual timescale with a magnitude
of 14 Sv. It is suggested from analyses of the observed data
that this large transport variability is not associated with
wind variations but related to retroflection of theMindanao
Current (Yuan et al. 2018).

While the main source of the ITF water is from the Pa-
cific Ocean, there are also influences from the South China
Sea (Qu et al. 2005, 2006; Gordon et al. 2012). For example,
in theMakassar Strait route, the tropical Pacific surfacewa-
ter is blocked by the South China Sea surface water that
passes into the Indonesian Seas through the Sibutu Pas-
sage during the El Niño period (Gordon et al. 2012). Trans-
port through the Sibutu Passage, however, cannot compen-
sate all the blocked Pacific surface water. Although surface
layer entry to the Makassar Strait is reduced, transport in
the subsurface thermocline water is increased, resulting in
the cooler temperature transport of the ITF. In the La Niña
period, the contribution of the South China Sea transport
reduces and allows the surfacewater from the Pacific to en-
ter the Makassar strait, resulting in the warmer Makassar
Strait transport (Gordon et al. 2012).

3. WATER MASS TRANSFORMATION AND UPWELLING
IN THE INDONESIAN SEAS

The three branches of the ITF inflow that gather in the
Banda sea experience strong vertical mixing due to tidal
mixing and associated upwelling before flowing out to the
Indian Ocean, mostly through the Ombai and Timor Straits.
However, a deeper part of the outflow in the Timor Strait is
partly recirculated back to the Banda Sea through the Aru
basin and Seram Sea (Van Bennekom 1988). The Pacific wa-
ter, characterized by its high salinity maximum, no longer
exists in the Banda Sea, with a reduced salinity maximum
due to the intense mixing there (Koch-Larrouy et al. 2007).

The impact of tidal mixing in the Banda Sea can also
be observed in the upper layer, affecting the sea surface
temperature and thermocline depth, for example. Results
fromthe jointUS–IndonesianArlindoproject (1993–1994) in-
dicate an oscillation of the thermocline layer in semidiurnal
periods, suggesting influences of tidal mixing (Ffield et al.
1996). Koch-Larrouy et al. (2007) demonstrate that, using
a numerical model focusing on the Indonesian Seas, a rela-
tively large vertical diffusivity of 1.5 cm2s-1 is observed along
the major pathways of the ITF. They also suggest that tidal
energy (40%concentrated in SeramandHalmahera) is ama-
jor source of energy that causes strongwatermass transfor-
mation along the ITF pathways. However, the influence of
the tidal mixing processes on the entire ITF characteristics
within this area is still not understood in detail, and more
enhanced measurements and observations are necessary.

There is also evidence of vertical tidal mixing in a tri-
angular region surrounded by the Makassar Strait, the Java
Sea, and the Flores Sea. Using conductivity, temperature,
and depth data obtained during the Java–Makassar–Flores
cruise in August 2015, Prihatiningsih et al. (2019) demon-
strateda strongvertical diffusivity of 10-3m2s-1. TheSelayar
Sea, near the exit of the Makassar Strait flow, is known to
have high tidal energy (e.g. Nagai and Hibiya 2015), and the
area has a relatively rough sea-bottom topography. This
triangular area is located in the main route of the ITF, and
the two inflows from theMakassar Strait and Java Sea inter-
sect to generate the two outflows to the Lombok Strait and
Banda Sea. The tidal vertical mixing in this region, there-
fore, may exert significant influences on the characteristics
of the ITF water masses. Winds over the Indonesian Seas
play an important role inmodifying themixing conditions of
the ITF waters in the Banda Sea through changing temper-
ature and salinity profiles by advective processes, includ-
ing upwelling and downwelling. The impact of these winds

TABLE 1. Net ITF transport measured by INSTANT program for 3 years (2004–2006) in every inflow and outflow passage. Dominant ITF route is the Makassar
strait, bringing an average inflow of about 11.6 Sv. Total average outflow is about 15 Sv, a bit different from total inflow. Table from Gordon et al. (2010).

Passage Sill depth (m) Integration range (m) Transport volume (Sverdrup)

2004 2005 2006 Average 3 years

Makassar 700 0–2000 11.3 11.6 11.8 11.6
Lifamatola 2050 1250–2050 2.1 2.6 2.7 2.5
Lifamatola 2050 0–2050 0 1 2 1

Total inflow 11.6 13.0 13.4 12.7

Lombok 300 0–1000 2.0 2.3 3.4 2.6
Ombai 1150 0–3000 4.7 5.8 4.3 4.9
Timor 1890 0–2000 7.3 7.6 7.6 7.5

Total outflow 14.0 15.7 15.3 15.0
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can be observed in various timescales, especially from sea-
sonal to interannual variations. From April to November,
the southeastern monsoonal winds prevail in driving away
surface water to the west. Subsequent surface water diver-
gence causes upwelling to occur in the Banda Sea, which
leads to enrichment of nutrients in the surface layer. North-
western winds from December to March, in contrast, gen-
erate downwelling (Wyrtki 1961; Cadée 1988). For example,
the low-salinity surface water in the Arafura Sea spreads
westward during the southeastern monsoon season, caus-
ing lower surface salinity and deeper mixed layer depth in
the Banda Sea (Zijlstra et al. 1990). In the Banggai area of
theMaluku Sea, upwelling occurs from June toOctober dur-
ing the southeastern monsoon season, with maximum up-
welling strength in September. Atmadipoera et al. (2018) in-
vestigated interannual variations of the upwelling strength
in the Maluku Sea between 2008 and 2015, and found that
the magnitude of upwelling in 2015 (El Niño event) was the
strongest, in contrast to the 2010 upwelling (La Niña event),
which was the weakest, suggesting a significant influence
of ENSO on upwelling intensity.

In the Eastern Indian Ocean along the Sumatran and
Javanese coasts, the southeasterly monsoon is responsi-
ble for the upwelling process in southwestern Sumatra and
southern Java regions. This alongshore wind moves the re-
gion of upwelling, characterized by low SST, to the west
starting from southern Nusa Tenggara to the equatorial re-
gion off western Sumatra. The upwelling is then termi-
nated as the wind reverses. In addition to this seasonal
variation associated with monsoonal winds, ENSO creates
significant interannual variability of the upwelling signals
in this area, due to atmospheric remote influences and the
effects of the oceanic pathway from the Pacific to Indian
Oceans, i.e. variability of the ITF water. During El Niño
events, the ITF tends to carry colder water to southern Java,
shallowing the thermocline and thus extending the area
and duration of the upwelling. During La Niña events, on
the other hand, because of the warmer ITF water associ-
ated with a deeper thermocline, the upwelling area shrinks
alongside a shortened duration (Susanto et al. 2001).

The upwelling events and their variability can be iden-
tified based on a higher value of chlorophyll-a, and con-
current lower value of SST. For example, as shown by
(Ratnawati et al. 2016), the chlorophyll-a concentration in
southern Java during the December–February period is
about 0.34 mg m-3, and about 0.36 mg m-3 during March–
May for the northwesterly wind season and monsoon tran-
sition period. The value increases significantly during the
southeastern monsoonal period, about 0.89 mg m-3 in
June–August and 1.1 mg m-3 in September–November (Rat-

nawati et al. 2016). The relation of chlorophyll-a with up-
welling parameters (Ekman pumping velocity and SST) and
comparison between the Banda Sea and Indian Ocean in
the south of Java are shown in Figure 2.

One of the important characteristics of the Banda Sea
water is a high content of silicate in the deeper layer, which
is suggested to be caused by mixing processes within the
area (Van Bennekom 1988; Talley and Sprintall 2005). The
silicate can be used to calculate deepwater transit times be-
cause of the linear relationship between potential tempera-
ture and silicate content belowdepths of 500 and 1000m. It
was found that the water mass transit times are 2–15 years
for smaller basins, 20 years for the Banda Sea and 60 years
for Weber Deep (Van Bennekom 1988). In addition, the ITF
water at an intermediate depth in the Indian Ocean has a
high silica signature that can be traced from the Banda Sea
(Talley and Sprintall 2005). Apart from the importance of
this nutrient transport, estimation of the transit time en-
ables a better understanding of bio-physical interactions
and biogeochemical conditions in the Indonesian Seas and
the Eastern Indian Ocean.

The mixing processes in the Indonesian Seas, along
with the upwelling systems in both the Java–Sumatra re-
gions and Indonesian Seas, still need to be discussed in
more detail. Some of key questions are: what is the re-
lation between upwelling systems and mixing processes
in the Indonesian Seas, what is the role of upwelling in
the freshening process of the Pacific water during its pas-
sage through the Indonesian Seas, and what is the role of
downwelling in mixing and water mass transformation pro-
cesses? Additionally, the relationship between upwelling
intensity or mixing processes and climate variations—such
as ENSO and IOD—should also be investigated in detail. In
terms of biogeochemistry research in the Indonesian Sea,
studies on the effect of the ITF on chlorophyll-a concentra-
tions and on overall biogeochemistry in the Banda Sea and
Indian Ocean south of Java need to be enhanced.

4. BIOGEOCHEMISTRY OF THE INDONESIAN
THROUGHFLOW
Processes of chemical materials that connect elements

of the biosphere and geosphere, known as the biogeochem-
ical cycle, influence many aspects of Earth systems, from
food web structures to global climate conditions. Consid-
ering the important role of the ITF in modifying character-
istics of Earth systems, such as heat transport and water
mass properties, one should also take into account the sig-
nificant role of the ITF on the global biogeochemical cycle.
This role, however, is relatively unknown.

FIGURE 2. Ekman pumping, chlorophyll-a concentration, and SST variability in the Banda Sea and Southern Java. Upwelling in the Southern Javanese
part of the Indian Ocean, as well as the Banda Sea, occurs during southeastern monsoons. Figure from Ratnawati et al. (2016).

32 Taufiqurrahman et al.



Research on the biological and chemical process inside
the ITF area is usually conducted separately with different
goals. For example, carbon flows in the euphotic upper
layer of the Banda Sea, observed over two monsoon sea-
sons, show that the particulate organic carbon values in
this layer (from the surface to a 100 m depth) for the up-
welling season are 1.5 times higher than those in the down-
welling season. Meanwhile, contrarily, dissolved organic
carbon values during the downwelling season are two times
higher than those in the upwelling season (Cadée 1988). Re-
search in the Halmahera and Maluku Seas revealed the re-
lation of nutrient types in water with abundance of certain
phytoplankton genera (Meirinawati and Fitriya 2018). Phy-
toplankton abundance in the Lembeh Strait differs season-
ally due to monsoons. A high nutrient supply during the
upwelling season drives an increase in phytoplankton abun-
dance, while in April andOctober the abundance is lowered
because of the monsoon transition (Tang et al. 2018).

The findings of Meirinawati and Fitriya (2018) and Tang
et al. (2018) on the relationship between phytoplankton
type and abundance and nutrient supply in the Halmahera–
Molucca Sea and the Lembeh Strait, respectively, suggest a
strong association with ITF characteristics; in other words,
ocean mixing processes occur there. The questions that
can be raised here, for example, are: what is the domi-
nant nutrient type transported by the ITF, what is the effect
of different compositions of phytoplankton on the primary
productivity and biological pump in the Indonesian Seas
and Indian Ocean in terms of the influence of ITF water,
and how does the periodicity in currents and tidal waves
affect nutrient and microorganism abundance?

Ayers et al. (2014) were the first to determine tempo-
ral variations in the vertical profiles of nitrate, phosphate,
and silicate flux at the ITF exit passages. By counting the
flux from the passages and flux of existing nutrients in
the basins, they found the effective flux of nutrients trans-
ported by the ITF to the Indian Ocean (Figure 3). This
effective flux reflects the level of ITF net contribution to
the Indian Ocean’s nutrient content. The effective fluxes
are the largest in the layer from the surface to a depth of
∼400 m, suggesting that the ITF enriches thermocline nu-
trients in the IndianOcean (Ayers et al. 2014). Wahyudi et al.
(2017) further found that in the zone affected by the South
Java Current (SJC) and Southern Equatorial Counter Cur-
rent (SECC), there is a distinct profile of organic matter and
nutrients. In the area of SECC regulated water, particulate
organic carbon and nitrogen and total suspended solid val-
ues are higher than in the SJC regulated zone. Although this
findingwas not directly related to the ITF itself, the SJC and
SECC are Indian Ocean currents connected to the ITF.

The findings of Ayers et al. (2014) suggest that biogeo-
chemical conditions of the Indian Ocean are influenced sig-
nificantly by the uniquely strong current through the In-
donesian Seas, namely the ITF. Furthermore, Wahyudi et al.
(2017) confirm the relationship between physical conditions
of the ocean (e.g. currents) and chemical properties of the
ocean near the Indonesian Seas. These two studies take the
initiative in conducting research on the roles played by the
ITF in the biogeochemical processes of the Indonesian seas
and the Indian Ocean.

While continuing studies on ITF physical properties
per se, it is also time to advance studies of other frontier
aspects, especially in biogeochemistry and its relation to
the physical properties. Some research plans have actu-
ally added biogeochemistry issues for future studies. For
example, Integrated Marine Biogeochemistry and Ecosys-

tem Research (IMBER) is highlighting the major challenges
in biogeochemistry studies, such as understanding how the
seawater transformation and elements transport involved
in the biogeochemical cycle relates to food web dynamics;
and responses ofmarine biogeochemical cycles and ecosys-
tem to the global changes (Hofmann et al. 2016). The Re-
search Center for Oceanography of the Indonesian Insti-
tute of Sciences (RCO LIPI) has added biological shifting
and dynamics of biogeochemistry for future research top-
ics and has underlined their importance and need to be de-
veloped further (Ariana et al. 2017).

With the importance of the ITF in the world of
oceanography and the many research opportunities and
challenges in biogeochemistry in mind, here we list key
topics that have to be tackled in future research:

1. Monitoring nutrient fluxes associated with the ITF in
and out of the Indonesian Seas with their variability.
The nutrientmeasurements on the ITF gateways (such
as the Makassar Strait, the Maluku and Halmahera
Seas, and the Timor, Ombai and Lombok Straits).

2. Chlorophyll-a, SST, and SSS, as well as tides, variabil-
ity in several key upwelling/downwelling areas on the
ITF pathway, and the relation of these variabilities

FIGURE 3. Mean nitrate (top), phosphate (middle) and silicate (down) con-
centration in the Lombok Strait (black), Ombai Strait (cyan) and Timor
Passage (magenta). The dotted lines indicate background Indian ocean
contents. Note that for nitrate and phosphate below a ∼900 m depth,
the content is the same for the ITF and Indian ocean, indicating that the
effective flux input from the ITF to the Indian ocean only occurs from sur-
face to 900 m waters. For silicate, however, there is input for any depth.
Figure from Ayers et al. (2014).
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with the ITF transport variability.
3. Characteristics and variability of the biological pump,

which is related to the vertical fluxes of organicmatter
in the water column, in the upwelling areas along the
ITF pathways.

4. Deep-sea and sediment analysis to elucidate the fate
of the carbon flux and other substances.

5. Transport of nutrients and trace elements within the
Indonesian Seas.

5. CONCLUSION AND RECOMMENDATION
The Indonesian Throughflow is a very interesting and im-
portant topic in the realm of oceanography, because of its
role in global and regional ocean circulations and climate
systems. Major research topics on the ITF, however, so far
focus on its physical properties, mainly on the ITF trans-
port and vertical mixing processes that transform the wa-
termass characteristics within the Indonesian Seas. In con-
trast, the research on the biological and chemical proper-
ties of the ITF is still minor. Thus, for a better understand-
ing of the roles of the ITF on marine biogeochemistry and
the global climate system, we still need extensive studies
based on observations andmodeling. In this paper, we have
attempted to list, as actionable recommendations, some
prospective research topics. These include those on nu-
trient fluxes, the variability of chlorophyll-a and primary
productivity, biological pump, the fate of organic material
through deep-sea sediment, and transport of nutrient and
trace elements.
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