1924

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 26

Tidal Mixing Signatures in the Indenesian Seas*

AMY FFIELD
NOAA Atlantic Oceanographic and Meteorological Laboratory, Miami, Florida

ARNOLD L. GORDON

Lamont-Doherty Eurth Observatory of Columbia University and Department of Geological Sciences,
Columbia University, Palisades, New York

(Manuscript received 3 August 1995, in final form 19 March 1996)

ABSTRACT

Expressions of low-frequency tidal periods are found throughout the Indonesian Seas’ temperature field,
supporting the hypothesis that vertical mixing is enhanced within the Indonesian Seas by the tides. The thermal
signatures of tidal mixing vary mostly at the fortnightly and monthly tidal periods due to nonlinear dynamics
redistributing tidal energy into these periods. Away from the coasts, the largest tidal mixing signatures are
observed in sea surface temperature within the Seram and Banda Seas. Most of the Indonesian Throughfiow
passes through the Banda Sea where strong vertical mixing modifies the thermocline by transferring surface heat
and freshwater to deeper layers before the upper water column is exported to the Indian Ocean. Modulation of
vertical eddy fluxes within the Indonesian Seas by fortnightly and monthly tides may act to regulate ocean—

atmosphere fluxes.

1. Introduction

The carth’s rotation is gradually slowing with a cor-
responding lengthening of the day; some of this plan-
etary energy is dissipated by tidal mixing in the ocean
through bottom friction, viscosity, the internal tide in-
teracting with the internal wave continuum, and inter-
nal tides breaking (Cartwright and Ray 1989; Schott
1977). The Indonesian seas (Fig. 1) have been histor-
ically included in the regions shown to be major con-
tributors to this energy loss because their extensive
shelves, rough topography, and large tidal currents in-
crease the potential for dissipation of tidal energy
(Sjoberg and Stigebrandt 1992; Mihardja 1991; Miller
1966). The Indonesian Throughflow transports rela-
tively warm, low salinity thermocline water from the
western Pacific Ocean through the multitude of Indo-
nesian seas and straits, to the Indian Ocean. Vertical
mixing within the Indonesian seas significantly alters
the thermohaline stratification and the velocity profile
of the throughflow (Ffield and Gordon 1992; Gordon
et al. 1994). For example, as the Indonesian Through-
flow carries North Pacific thermocline water from the
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Sulawesi Sea to the Makassar Strait and Flores Sea,
then to the Banda Sea and the Timor Sea, the salinity
maximum at 100 db and salinity minimum at 300 db
are greatly attenuated, presumably by mixing processes
(Fig. 2). Using an advection~diffusion model and ar-
chived data, a relatively large vertical diffusivity co-
efficient is inferred for the Indonesian thermocline (KX,
greater than 1 X 10™* m?s™': Ffield and Gordon
1992). In general, the Indonesian thermocline is not
conducive to salt fingers. However, any strong flows
over the shallow shelves or through the narrow straits,
or any high shears within the water column can con-
tribute to the mixing in the region. The predicted high
rates of regional tidal dissipation imply that tidal action
is the source of enhanced mixing within the Indonesian
seas. Dissipation of tidal energy occurs as tidal currents
flow over the shelves, inducing turbulent mixing and,
as tidal waves reflect from sloping topography, per-
turbing isopycnal surfaces and generating internal
waves (internal tides) with large amplitudes and shear
that can eventually break and mix (Sandstrom and
Oakey 1995). As tidal energy is dissipated by mixing,
the potential energy is increased within the interior of
the seas. The continental shelf break in the Bay of Bis-
cay (New 1988; New and Pingree 1990; Pingree and
New 1991) and the Arctic pycnocline (Padman and
Dillon 1991) are two examples of regions where the
effect of tidal mixing has been studied. At some local-
ities, tidal mixing can be as important as wind mixing:
on the European shelf the energy dissipation from tidal
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Fic. 1. Map of the Indonesian seas with bathymetry between 0 and 200 m shaded by dark gray and bathymetry
between 200 and 500 m shaded by light gray. The locations of the ARLINDO Mixing CTD stations used in Fig. 2 are
marked by stars, and the stations used in Fig. 3 are marked by crosses. The diamond shows the location of the Lifamatola
Sill temperature and current meter used in Fig. 4, and the circle shows the location of the Lombok Strait pressure and

temperature gauge used in Fig. 5.

mixing equals the energy dissipation from wind mixing
if the maximum tidal amplitude is 0.5 m s ! and if the
wind speed is 13 m s~' (Pingree et al. 1978).

In this paper four oceanographic time series datasets
within the Indonesian seas are inspected for thermal
signatures of tidal action to evaluate the hypothesis that
vertical mixing is enhanced within the Indonesian seas
by the tides. As none of these datasets were specifically
designed to test this hypothesis, none form a definitive
test. However, they all reveal some influence of low-
frequency tides on the temperature values, and together
should encourage more direct study of this potentially
important phenomenon within the Indonesian Seas.

In the ocean the tidal forces are manifested by the
rise and fall of sea level and currents with periodicities
from hours to many years (Godin 1972; Pugh 1987).
Because the tides are time dependent, their vertical
mixing products will also be time dependent allowing
them to be discerned within a time series by their pe-
riodicities (Loder and Garrett 1978). For example,
tidal mixing can cool the sea surface temperature
(SST) by mixing colder deeper water to the surface.
Strong tidal mixing may be expected to depress the SST
more than usual; weak tidal mixing less so. In section
2, CTD time series stations are used to demonstrate that

the thermocline seems to oscillate at the semidiurnal
tidal period in the Indonesian seas with associated ver-
tical mixing. Section 3 reviews current meter and tem-
perature data on the deep Lifamatola Sill, demonstrat-
ing that vigorous tidal phenomena also influence the
deep Indonesian waters. In section 4, a shallow pres-
sure and temperature record in the Lombok Strait is
used to show that the thermal signature of tidal mixing
varies at fortnightly and monthly tidal periods due to
nonlinear dynamics redistributing tidal energy into
these periods. In section 5, satellite-derived SST data
reveal fortnightly and monthly tidal period oscillations
throughout the Indonesian seas with the largest signals
in the eastern seas.

2. ARLINDQ mixing CTD data

The joint U.S. and Indonesian ARLINDO Mixing
cruises in August—September 1993 and January—Feb-
ruary 1994 measured the thermohaline characteristics
throughout the Indonesian seas (Gordon 1995; Ilahude
and Gordon 1996). The cruises included 209 CTD sta-
tions and 10 CTD time series ( yo-yo stations) obtained
during 14-h productivity stations (Fig. 1; Fig. 3).

In the ARLINDO Mixing CTD data the thermocline
exhibited vertical excursions on the order of minutes
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