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Abstract. A mooring with current meters at 400, 700, and 900 rn at the 950-m 
isobath south of the 700-m-deep sill across the Halmahera Sea revealed many signals 
between June 1993 and July 1994. Strong tidal currents of 50 cm/s dragged the 
mooring down by as much as 80 rn on occasions when the lunar perigees 
corresponded with new or full moons. At 400 rn the nontidal currents were southward 
at up to 25 cm/s from October to April and northwestward at up to 20 cm/s at other 
times. At 700-m depth there was a near-continuous nontidal southward flow of 9 cm/s 
across the sill into the Halmahera Basin, which accords with findings by earlier Dutch 
and Indonesian workers. The current meter at 900-m depth showed the nontidal flow 
to be weak (-1 cm/s) to the west. The southward transport between 350 and 700 rn 
was inferred to reach a maximum of 5 Sv during the NW monsoon, with the annual 
mean being 1.5 Sv. There was a spring-neap effect on the nontidal currents at 400 rn 
that was most pronounced in the last few months of the mooring's life: these currents 
changed from -10 cm/s to the east during neap tides to -20 cm/s to the NNW during 
spring tides. Temperature and salinity profiles suggest that the waters of the 
Halmahera Sea are derived in part from the New Guinea Coastal Undercurrent. 

1. Introduction 

As models of ocean circulation achieve increasingly finer 
resolution, there is a greater need to validate them with real 
data, including data from the marginal seas. Examples include 
the seas of Indonesia that carry the through flow from the 
Pacific to the Indian Ocean. The through flow carries fluxes of 
heat and fresh water that are related to climate variability. Of 
the Indonesian seas, the Halmahera Sea is divided by a subma- 
rine ridge that extends from eastern Halmahera to the island of 
Waigeo off Irian Jaya (Figure 1). The ridge rises to 700-m 
depth, forming a sill between the deep Pacific Ocean waters to 
the north and the 2000-m-deep Halmahera Basin tO the south. 
The basin also has a 600-m-deep sill on its southern side. 
Water properties from stations across the Halmahera Sea be- 
tween 1 øN and 1 ø30'S during the Snellius I expedition of 1929- 
1930 suggested that the deep waters of the basin (temperature 
7.55øC and salinity 34.6) were renewed by the flow of Pacific 
Ocean water over the northern sill [Van Riel, 1937]. The 
Snellius H expedition in 1985 occupied conductivity-tem- 
perature-depth (CTD) stations at the 3500-m isobath in the 
Pacific Ocean north of the sill, at the 2000-m isobath at the 
center of the basin, and 250 km further to the SW in the Seram 
Sea. These confirmed that the deep waters of the basin had the 
same temperature-salinity signature as before, and again, it 
was concluded that Pacific Ocean water flowed across the 

northern sill to the basin [Van Aken et al., 1988; Van 
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Bennekom, 1988; Berger and Van Bennekom, 1988]. Here we 
discuss the results of monitoring currents 30 km south of the 
sill with moored instruments for 12 months from late June 

1993 as part of the Association of Southeast Asian Nations 
(ASEAN)-Australia Economic Cooperation Program. While 
these are the first direct measurements of flow in the Halmahera 

Sea, they are limited by being from a single mooring, with 
instruments that sampled only below the thermocline. The data 
from a similar mooring in the Maluku Sea for the same time 
period are treated in a companion paper [Luick and Cresswell, 
this issue]. 

2. Methods 

The mooring was deployed and recovered by the Indonesian 
vessel Baruna Jaya I at 0ø17'N, 129ø26'E at the 950-m isobath. 
The mooring consisted of an anchor; an acoustic release; dis- 
tributed flotation; Aanderaa current meters that recorded hourly 
values of speed, direction, and pressure at nominal depths of 
400, 700, and 900 m; and an acoustic Doppler current profiler 
(ADCP) in a 1-m-diameter float at 200-m depth at the top of the 
mooring. The ADCP gave no data owing to manufacturing 
faults. A CTD cast was taken near the mooring on the recovery 
voyage. The data collection was restricted to the north of 
0ø15'N by the government of Indonesia. 

3. Results and Discussion 

The current components and pressure records (Figures 2a-2c) 
show the influence of both tidal and nontidal currents, with the 

latter calculated by Thompson's [1983] method. The maximum 
"drag down" of the mooring was about 80 m at the 400-m 
instrument, 45 m at 700 m and 10 m at 900 m. The mooring 
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Figure 1. Map of the Halmahera Sea showing the position of the l-year mooring, M, at the 950-m isobath 
south of the northern sill of Halmahera Basin; 8 marks the location of a CTD station occupied on the recovery 
voyage in July 1994. Stations 351 to 354a were occupied on the Snellius I expedition [Van Riel, 1937]. 

showed significant drag downs during the lunar perigees: in 
1993 they occurred with the new moons, notably in September 
and October, which had the smallest perigees for the 1993 part 
of the record; in 1994 the perigees and large drag downs 
occurred during full moons, notably February to June, with the 
smallest perigee being in April. The main tidal constants 

along and across the tidal flow (nearly north-south) appear in 
Table 1. 

The progressive vector diagrams (Figure 3) reveal the long- 
term trends of water movements. The 400-m instrument 

showed, in turn, flow to the NW at ~10 cm/s for several 

months, southward flow from October to April at 13 cm/s (25 
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Figure 2a. The hourly (black) and smoothed (white) current and pressure records from the 400-m instrument. 
The northern and eastern current components are positive. "F" and "p" on the pressure panel marks the times of 
full moon and lunar perigee. 
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Figure 2b. Same as Figure 2a, but for the 700-m instrument. 

cm/s peak in February 1994), and flow again to the NW at ~10 
cm/s for the last 2 months (perhaps a response to monsoon 
forcing). The 700-m instrument, which we believe to be at the 
depth of the sill, but south of it, showed a consistent 
southward flow with a mean speed of 9 crn/s. The 900-m in- 
strument showed a weak westward progression of a little over 1 
crn/s, perhaps characteristic of the Halmahera Basin at this 

depth. The persistent southward flow at the current meter at 
700-m depth supports the original thesis of Van Riel [1937] 
from the Snellius I expedition, confirmed by Snellius H, that 
the waters of the Halmahera Basin are renewed by the flow of 
Pacific Ocean water over the northern sill. 

The strong spring tides at times of the lunar perigees had 
some puzzling effects that are hinted at in the last part of the 
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Figure 2c. Same as Figure 2a, but for the 900-m instrument. 
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Table 1. Four Largest Tidal Constants from Year-Long Current Meter Records 

400 m 700 m 900 m 

Flow Amplitude Phase Amplitude Phase Amplitude Phase 

M2 along 15.72 223 15.14 214 16.91 205 

across 1.83 217 1.09 148 1.43 084 

S2 along 4.25 276 4.42 263 5.18 253 

across 0.57 213 0.20 114 0.36 053 

O 1 along 6.86 294 6.83 297 9.31 270 

across 1.72 316 0.47 334 1.89 345 

K• along 8.60 301 9.25 309 12.20 288 

across 1.86 306 0.41 271 1.45 019 

Along and across refer to flow relative to the north-south tidal stream. Amplitudes are in 
centimeters/second and phase lags are in degrees, referenced to 0000 hours, January 1, 1900. 

time series for the 400-m instrument (Figure 2a) and the 
corresponding progressive vector diagram (Figure 3) but are 
more apparent in Figure 4. At 400 m (from day 130, 1994) all 
spring tides were associated with a change in the flow from 
---10 cm/s to the east to -20 cm/s to the NNW. At 700 m only 
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Figure 3. Progressive vector diagrams for the current meters 
at roughly 400-, 700-, and 900-m depth. The months are 
marked. The 700-m and 400-m traces are offset 500 km and 
1000 km, respectively, to the east. 

the full moon spring tides had an effect, and this was to change 
the current a few centimeters per second from westward to 
eastward (the influence on the north-south component was less 
clear). The 900-m instrument did not register any significant 
spring tide effect on the nontidal currents. 

We identified four possible causes of the spring tide effect at 
400 m and 700 m. One possible cause is "mooring line 
motion". The pressure record in 1994 showed that the 400-m 
instrument could be carried down as much as 70 m in 4 hours 

during the full moon spring tides. Part of this may be due to 
drag from the 200 m of mooring above the 400-m instrument. 
However, assuming that the 400-m instrument swings 
azimuthally on the 550 m of mooring down to the anchor, the 
associated horizontal movement of---270 m over a semidiurnal 

tidal cycle would occur at less than 2 cm/s, much less than the 
15 cm/s signal. Also, the effect was no less evident during the 
much weaker new moon spring tides, when the vertical 
excursions were 20 m or less. "Current shear", which drags the 
current meters down into different current regimes, seems 
unlikely, particularly since the effect was equally strong during 
the smaller vertical excursions at the new moon spring tides. 
"Tidal mixing" over the surrounding shallow and variable 
seafloor (25 km to the 500-m isobath) may have changed 
density distributions and led to different current patterns. 
Certainly, tidal mixing has been identified as a key process in 
the Indonesian seas, being strongest in the Banda, Halmahera, 
Seram, and Maluku Seas [Ffield and Gordon, 1996]. The tidal 
currents at the three current meters were strong, exceeding at 
times 40 cm/s. The drift during the spring tides was, as 
mentioned above, 20 cm/s to the NNW at 400-m depth; so the 
25 km could be covered in a little over 1 day. When the 
mooring was recovered on July 7, 1994, a day before new 
moon, the drag down of the mooring was 35 m at the 400-m 
instrument, and the nontidal drift to the NNW exceeded 20 cm/s 

at that instrument. A CTD station occupied at the time (station 
8) showed a mixed layer from 400 to 500 m (Figure 5), in other 
words, in accord with the idea that tidal mixing playing a role. 
However, "tidal residual currents" may well be the cause: 
Hatayama et al. [1996] concluded from modeling that in the 
eastern Indonesian archipelago, "significant residual circula- 
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Figure 4. Nontidal velocity components at 400, 700, and 900 m from March to July 1994. 

tions are caused by nonlinear (semidiurnal tidal) current inter- 
actions mainly due to variable bottom topography and the 
presence of islands (or contraction of passages)". 

The salinity and temperature profiles and the temperature- 
salinity diagram for Halmahera Sea station 8 on July 7, 1994; 
a station in the New Guinea Coastal Undercurrent (NGCUC) off 
northern Papua New Guinea (PNG) (3ø37'S, 144ø44'E; bottom 
depth of 1360 m) in May 1997; and Snellius I stations 351 to 
354a appear in Figures 5 and 6. The NGCUC flows westward 
along the north coast of New Guinea. It extends below 800 m; 
its salinity maximum at ~200 m is due to evaporation in the 
South Pacific subtropical gyre; its salinity minimum at 800 m 
is Antarctic Intermediate Water, also from the South Pacific 

[Tsuchiya et al., 1989; Tsuchiya, 1991; Wijffels et al., 1998]. 
The salinity maximum is clearly evident in both the May 1997 
PNG station and Halmahera 1994 station 8. The Snellius I 

stations show it to be progressively eroded by mixing across 
the Halmahera Sea: from 35.4 at 1øN to 34.85 at 1ø30'S. 

The measurements from the 400- and 700-m instruments can 

be used for a rough estimate of the transport across the sill be- 
tween, say, 350 m and 700 m (sill depth). Assuming that the 
currents measured by the mooring are representative of the 70 
km between the nearby islands, then a mean current of 10 cm/s 
for the two meters is equivalent to 2.5 Sv (1 Sv = 106 m3/s). 
The maximum transport, which occurred in January/February, 
was equivalent to 5 Sv southward (Figure 7). The annual mean 
was 1.5 Sv southward. When Morey et al. [1999] modeled the 
Indonesian through flow, they found that Halmahera Island is 
an obstacle that prevents waters of the South Pacific becoming 
part of the through flow in Makassar Strait. They estimated 
that the island diverts roughly 3 Sv of lower thermocline and 
intermediate water southward through the Halmahera Sea. In 
other words, there is reasonable agreement between the current 
meter and model data. The current meter data will be a valuable 

benchmark for future models of the through flow, with its 
strong links to climate variability. The Indonesian seas 
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for a station at 3ø36'S, 144øE off northern Papua New Guinea in May 1997 (dashed line). 
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Figure 6. A temperature-salinity diagram for station 8, the PNG station, and stations 351-354a taken as part 
of the Snellius 1 expedition (locations in Figure 1). "Notch" marks 150-m depth on each profile. 
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Figure 7. Mean north-south velocity components at 400 m and 700 m and the inferred transport between 350 
and 700 m (scale on right). The southward component is negative. 

remain scientifically, politically, and logistically challenging 
for marine scientists. 
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