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[1] Because of the high interannual and seasonal
variability, transports from the various methods used to
estimate the Indonesian throughflow encompass a large
range of values. Here, we estimate a temporally integrated
transport for the throughflow from comparison of the tritium
water column inventory on both sides of the throughflow.
Our approach is based on the simple idea that tritium, with a
radioactive decay half-life of 12.32 yr, is well suited to infer
the transit time (and consequently the mass flow) of the
waters through the Indonesian archipelago. We show that
the tritium budget implies a flow of 8.6 ± 4 Sv,
corresponding to a transit time of 10.5 yr. This result,
which represents an average over seasons and several
ENSO and non-ENSO periods, shows that repeated tritium
measurements on both sides of the Indonesian Seas could
provide a useful method for monitoring the long-term
evolution of the throughflow. INDEX TERMS: 4825

Oceanography: Biological and Chemical: Geochemistry; 4860

Oceanography: Biological and Chemical: Radioactivity and

radioisotopes; 4223 Oceanography: General: Descriptive and

regional oceanography; 9340 Information Related to Geographic

Region: Indian Ocean; 9355 Information Related to Geographic

Region: Pacific Ocean. Citation: Jean-Baptiste, P., W. J.

Jenkins, J. C. Dutay, E. Fourré, V. Leboucher, and M. Fieux

(2004), Temporally integrated estimate of the Indonesian

throughflow using tritium, Geophys. Res. Lett., 31, L21301,

doi:10.1029/2004GL020854.

1. Introduction

[2] Pacific waters entering the Indonesian Archipelago
follow two main routes [Gordon and Fine, 1996]. The
western route, which is the predominant pathway, enters
the Celebes Sea from the North Pacific and proceeds
through the Makassar Strait toward the Flores Sea. From
here, one minor branch enters the Indian Ocean through the
Lombok Strait [Murray and Arief, 1988] while the majority
of the flow enters the Banda Sea and rejoins the Indian
Ocean through the Ombai and Timor straits (Figure 1). The
eastern route reaches the Banda Sea through the Halmahera
and Maluku Seas.
[3] There is convincing evidence [e.g., Ffield and

Gordon, 1992; Gordon and Fine, 1996] for the North
Pacific origin of the waters following the western route

including tritium and radiocarbon tracer data [e.g., Fine,
1985; Moore et al., 1997]. These waters are transported
southward by the Mindanao current, one branch of which
enters the Celebes Sea while the rest of it turns eastward
into the North Equatorial Countercurrent. The origin of the
waters following the eastern route into the Indonesian Seas
is less certain. While the North Banda Sea communicates
with the Maluku Sea and the North Pacific water masses
through the Lifamatola strait, most of the South Equatorial
Current (SEC) turns eastward to join the North Equatorial
Countercurrent. A small fraction of the flow, however,
makes it way to the Banda Sea, in agreement with salinity
data, which point to the presence of South Pacific lower
thermocline waters in the eastern basins [Gordon and Fine,
1996; Hautala et al., 1996].
[4] Following the nuclear tests of the early sixties, tritium

concentration in the atmosphere has increased by a factor
of �1000 relative to the natural background. Numerous
studies have been published addressing the fate of this
sharp tritium spike in the ocean. However, the tritium
concentrations decrease nowadays only slowly through
time, thus there is a more accurate use of tritium as a
radioactive clock. Here, we use the radioactive property of
the tracer to infer the transit time of the waters through the
Indonesian Archipelago, and to calculate the intensity of
the throughflow.

2. Tritium Data

[5] For this study, tritium measurements were selected on
both sides of the throughflow (Figure 1). On the Pacific
side, data are from the WOCE P4 zonal transect occupied in
1989. The selected stations (st. 4 and st. 5) come from the
core of the Mindanao current and are representative of
North Pacific waters entering the Indonesian Seas. On the
Indian side, the tritium samples were obtained in 1989
during the JADE cruise downstream of the Ombai strait
and in the Timor passage (Figure 1).
[6] The tritium vertical profiles are shown in Figure 2.

On the Pacific side, the subsurface maximum is typical of
the lateral ventilation of the mid and low latitudes by
isopycnal advection of northern Pacific waters that are more
enriched in tritium [Fine et al., 1981, 1987]. This maximum
is removed by the strong vertical mixing in the Indonesian
thermocline [Ffield and Gordon, 1992] and is no longer
apparent in the waters exiting the Indonesian Seas.

3. Tritium Budget

[7] The tracer vertical distribution shows that bomb
tritium is essentially restricted to the upper 1500 meters of
the water column. This water depth also corresponds to that
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of the deepest sills over which Indonesian waters spill into
the Indian Ocean [e.g., Jean-Baptiste et al., 1997; Gordon et
al., 2003a]. Therefore, in the following, this depth is chosen
as the reference level H for calculating the change in the
water column tritium inventory between entrance and outlet
of the Indonesian Seas.
[8] The tritium budget of the Indonesian Seas can be

written by balancing the four following terms:

- the tritium flux entering from the north

- the net tritium flux exchanged at the air-sea interface

- the amount of tritium removed by radioactive decay

- the tritium flux leaving the Indonesian Seas to the
Indian Ocean
(N.B. since tracer concentrations are very low at H = 1500 m,
the tritium flux across the reference level is neglected).
[9] The waters leaving the Indonesian Seas in 1989 (i.e.,

the year of the tritium measurements on the JADE cruise)
entered the Indonesian Seas from the north in the year
(1989-t), where t is the mean transit time of the waters
through the Indonesian archipelago. Hence, the amount of
tritium entering the system per unit of time for the year
(1989-t) will be equal to

R
0
Hqin(z) � Cin

1989�t(z)dz, where
qin(z)dz is the flow entering the Indonesian Seas per unit of
time between depth z and z + dz and Cin

1989�t(z) is the tritium
concentration at depth z. In a similar way, the amount of
tritium leaving the Indonesian seas in 1989 through the
Ombai and Timor straits will be equal to

RH

0
qout(z) �

Cout
1989(z)dz. Hence, the tritium budget can be expressed by

the following equation:
Z H

0

qout zð Þ � C1989
out zð Þdz� exp �ltð Þ

Z H

0

qin zð Þ � C1989�t
in zð Þdz

� A0FEP exp �ltEPð Þ ¼ 0 ð1Þ

where FEP is the net tritium flux added by rain/vapor
exchange at the surface (area A0). The term exp(�lt)
accounts for the tritium decay of the waters during their
transit time t through the Indonesian archipelago while
exp(�ltEP) accounts for the decay of the tritium added by
rain/vapor exchange at the surface, with a characteristic
decay time tEP (tEP < t). At this stage, we neglect the leakage
through the Lombok strait as well as the minor South Pacific
component, the influence of which are examined next.
[10] The tritium flux exchanged at the surface, FEP,

which is the sum of two terms, 1) the rain component,
PCp, and 2) the tritium fluxes exchanged at the air-sea
interface by the evaporation process [Weiss and Roether,
1980], is given by:

FEP ¼ PCp þ ECp

h

a 1� hð Þ � ECs

1

a 1� hð Þ ð2Þ

where E, P are the evaporation and precipitation per unit
area and unit of time (Table 1), h is the relative humidity of
the air above the interface (h � 0.75), a is the isotopic
fractionation factor (a � 1.1) and Cp, Cs are the tritium
concentration in the rain water and at sea surface
respectively (the tritium content of water vapour is assumed
in isotopic equilibrium with that of rain). Available data
(Table 1) indicate that this evaporation/precipitation process
is of minor importance here, representing �1% of the total
throughflow and less than 5% of the tritium budget. A full
calculation shows that neglecting this component of the
tritium budget affects the final results by �2% only.
Therefore, for the sake of simplicity, we skip this term to
concentrate on the important terms of equation (1).

4. Volume Transport of the Throughflow

[11] For calculating the integrals in equation (1), we
examined three different cases, assuming (1) a constant

Figure 1. Location of the hydrographic stations and
schematic diagram of major currents: NEC: North Equator-
ial Current, SEC: South Equatorial Current, NECC: North
Equatorial CounterCurrent, MC: Mindanao Current.

Figure 2. Tritium vertical profiles at the entrance (dotted
line WOCE P4) and the exit (solid line JADE-89) of the
Indonesian Seas (2-sigma error between 0.01 and 0.05 TU).
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velocity with depth, (2) an exponentially decaying vertical
flow q(z) = q0 exp(�z/z0) with z0 = 166 m (corresponding to
70% of the throughflow between the surface and 200 meters
depth [Fieux et al., 1994]), or (3) a velocity profile with a
triangular shape and a maximum transport at 200 m as
determined by Gordon et al. [2003b] from current measure-
ments. The various methods lead to throughflow values
which are identical to within 6% percent, so we conve-
niently use the constant flow approximation where the
integrals can be expressed simply as Qin � Iin(1989-t)/H
and Qout � Iout(1989)/H (where Qin and Qout are the mean
flow integrated over the depth H and Iin, Iout are the tritium
water column inventories). Hence, equation (1) can be
rewritten as follows:

Qout Iout 1989ð Þ � Qin Iin 1989� tð Þ exp �ltð Þ ¼ 0 ð3Þ

[12] As we neglect the E-P mass balance, the mean water
flow leaving the system per unit of time Qout equals Qin and
represents the value Q of the throughflow. The transit time t
is linked to the volume flow Q by the relation t = AH/Q,
where A is taken as the mean of the surface area at depth z =
0 (A0) and depth z = H (A1500). Thus, equation (3) becomes:

Iout 1989ð Þ � Iin 1989� AH=Qð Þ exp �lAH=Qð Þ ¼ 0 ð4Þ

which can be solved numerically for the throughflow Q.
The numerical values used in the computation are
summarised in Table 1 with their respective uncertainties.
[13] Iout(1989) corresponds to the JADE-89 tritium inven-

tory at the exit of the throughflow (Table 1). Iin(1989-t)
poses a specific problem due to the lack of historical tracer
data in the western tropical Pacific (GEOSECS data do not
extent beyond 170�E in this region). Thus, the determination
of the temporal change in the tritium inventory at the
entrance of the Indonesian Seas appears here as the main
source of uncertainty. Since tritium was first deposited in the
high and temperate northern latitudes and subsequently
transferred to the low latitudes by the oceanic circulation,
the decay-corrected tritium inventory in the tropical Pacific
may have been steadily increasing over the whole period of
interest. Van Scoy and her colleagues [Van Scoy et al., 1991]
have shown that between the GEOSECS survey (1973–
1974) and their 1985 study, the 20% loss of decay-corrected
tritium (TU81) in the Pacific subpolar gyre was indeed
essentially balanced by a similar gain in the tropics.
Figure 3 displays our best-estimate of the temporal change
in the decay-corrected water column tritium inventory at the
entrance of the Indonesian Seas from the start of the tritium

fallout to 1989, based on the extrapolation of 1973–74
GEOSECS Pacific tritium inventory distribution [Broecker
et al., 1986]. This leads to a mean transit time t of 17.7 years,
which corresponds to an intensity of the throughflow of
5.1 ± 0.8 Sv. (NB. a linear trend between 1963 and 1989,
which obviously would constitute a lower bound, would
correspond to an upper limit of the throughflow Qmax =
11.7 Sv). If we take into account the additional uncertainties
corresponding to the propagation of the individual error
bars indicated in Table 1, the overall uncertainty is of the
order of 30%.
[14] The above water and tritium budgets do not take into

account the water leaking through the Lombok Strait (QLB),
estimated at 1.7 ± 1.2 Sv [Murray and Arief, 1988]. If (1-b)
represents the fraction of the throughflow which exits
through the Lombok Strait (with b = 1 � QLB/Qin), then
the above water and tritium balance equations are valid for
bQin. Hence, the revised value of the throughflow Q* will
be equal to previous value Q divided by b, which is exactly
equivalent to Q* = Q + QLB, giving Q* = 6.8 Sv.
[15] As indicated earlier, the South Pacific component of

the throughflow has also been neglected so far, on the basis
of observational evidence which indicates that the through-
flow is mostly composed of North Pacific waters. Because
of the low tritium content of the South Equatorial Pacific
waters, and of the strongly declining tritium concentration
across the thermocline, the tritium inventory of the low

Table 1. Value of the Parameters Used to Compute the Tritium Budgeta

Parameter Name Value Reference

Indonesian Seas surface area A0 (2.2 ± 0.2) � 106 km2 GEBCO [1984]
Surface area at 1500 m depth A1500 (1.6 ± 0.1) � 106 km2 GEBCO [1984]
Tritium in precipitation (73–89) Cp 6 ± 0.5 to 2 ± 0.1 TU IAEA [1990]
Sea surface tritium in 1973 Cs 3.4 ± 0.2 TU81 Broecker et al. [1986]
Sea surface tritium in 1989 Cs 1.7 ± 0.1 TU this work
Precipitation rate P 2.2 ± 0.2 m/yr Hulme [1994]
Evaporation rate E 1.0 ± 0.2 m/yr Hulme [1994]
Reference level H 1500 m -
Tritium inventory (WOCE P4) Iin 993 ± 56 TU.m this work
Tritium inventory (JADE 89) Iout 699 ± 84 TU.m this work

aThe uncertainty on tritium inventories are derived from the analytical uncertainty on each measurement.

Figure 3. Estimate of the tritium inventory change (decay-
corrected to 1981) at the entrance of the Indonesian Seas
between the start of the tritium injection and the year 1989
(in % of the 1989 value).
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thermocline South Pacific waters is quite small, representing
about 5% of the total tritium input (Schlosser, Index of data,
available at http://whpo.ucsd.edu/data/onetime/pacific/p09,
2004). Hence, as far as tritium is concerned, the South
Pacific component acts primarily as a diluting agent. There-
fore, the tritium balance equation remains valid if the water
balance equation is replaced by Qout = Qin + Q0

in where Q
0
in

is the South Pacific component of the throughflow.
[16] The ratio Q0

in/Qin of the South to North Pacific
contribution to the throughflow is not known precisely.
While all studies point toward the flow through the Makas-
sar strait being derived directly from the North Pacific, the
origin of the waters following the eastern route is more
complicated. Based on a one-dimensional diffusion model,
Hautala et al. [1996] concluded that Banda Sea T-S data
imply an increasing contribution of the South Pacific waters
with depth, from �10% in the upper 250 meters to 70–90%
below 500 m. If one assumes in a rather conservative way
that at least half of the throughflow takes place in the upper
500 m, and that the transport through the Makassar Strait
represents at least 50% of the total transport, then their
results suggest a maximum Q0

in/Qin ratio of �0.4. On the
other hand, model simulations [Nof, 1996; Morey et al.,
1999] point to a ratio of about 0.1. With a ratio Q0

in/Qin

between 0.1 and 0.4, our best estimate of the total Indone-
sian throughflow (including Lombok Strait) becomes 8.6 ±
4 Sv. This value, which corresponds to a mean transit time
of 10.5 years, represents the volume flow averaged over a
period of time spanning several ENSO and non-ENSO
periods, thus smoothing out the seasonal as well as much
of the interannual variability, which are responsible for a
substantial part of the differences among the transports in
the literature.

5. Discussion and Concluding Remarks

[17] Considering the wide variety of methods and the
large temporal variability of the flow, a critical review of the
literature data is beyond the scope of the present study; see
Godfrey [1996] and Gordon and McLean [1999] for
reviews. Although historical data provide a large range of
results ranging from a 1.5 Sv up to almost 20 Sv [Godfrey,
1996], the ‘‘prevailing wisdom’’, as stated by Gordon and
McLean [1999], based on both experimental data and
models, nowadays seems to point to 5–10 Sv average
throughflow. The respective measurements published over
the last years, both upstream and downstream, do converge
substantially: Hautala and co-workers [Hautala et al., 2001]
estimated a mean 2 years (1996–97) transport of 8.4 ±
3.4 Sv using pressure gauge pairs and repeated ADCP
sections. This value is consistent with the Gordon et al.
value of 9.3 ± 2.5 Sv [Gordon et al., 1999] which is a mean
from Nov. 1996 to July 1998 using long-term moored
instruments. Hence, recent studies appear to have narrowed
the range significantly. Nevertheless, these results still suffer
from not fully covering the decadal variability of ENSO.
[18] The present estimate of 8.6 ± 4 Sv is an attempt to

close that gap using the tritium budget within the Indonesian
Seas. The uncertainty remains large however, mainly
because the tritium data history in the Western Pacific is
not detailed enough to fully constrain the tritium inventory
change. Our tracer study, which constitutes a complementary
approach to both physical and modeling work, interestingly

confirms most recent estimates from current meters measure-
ments, and shows that the method is suitable and useful to
estimate the mean volume transport through the Indonesian
Seas.
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