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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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FiG. 2. Sample ARLINDO Mixing salinity profiles are shown for
the Sulawesi Sea (solid line; 1.8°N, 120.3°E), Flores Sea (dotted line;
7.8°S, 120.6°E), and Timor Sea (dashed line; 9.0°S, 127.6°E).

and hours. Almost all the stations reveal some displace-
ment during the down and up traces, probably due to
internal waves. The isopycnal depths vary more over
short timescales at specific stations than they do over
the entire Indonesian seas. In addition, the yo-yo sta-
tions suggest that the thermocline oscillates over the
-semidiurnal period, probably due to internal tides. The
Seram Sea and the Lifamatola Sill reveal the largest of
these thermocline vertical displacements (Fig. 3). At
the Lifamatola Sill the first cast (heavy line in Fig. 3)
is vertically displaced upward in the upper thermocline,
relative to the rest of the casts. Over the first 12 hours
the profiles move down 70 db, then back up 70 db. Only
the cast near the semidiurnal tidal period (dashed line,
12.8 h later) returns approxXimately to the same position
as the first cast. At 14 hours, the last measured Lifa-
matola profile is displaced downward again.

The CTD yo-yo stations are undersampled over the
14 hours, nonetheless, the average maximum thermo-
cline displacements of the available data are 30 db in
the Makassar Sea, 35 db in the Flores Sea, 55 db in the
Banda Sea, 60 db in the Sulawesi Sea, 70 db above the
Lifamatola Sill, and 90 db in the Seram Sea (Fig. 3 and
Table 1). In the Seram Sea and Lifamatola Sill the
vertical displacements have a node at 150 m, probably
due to internal tides rather than surface tides. Wunsch
(1975) found the internal tidal signal to be intermittent
either due to the character of the internal tides or in-
crease in the background noise, and this could also in-
fluence the yo-yo time series as well as the poor sam-
pling rate. However, in section 5 the appreciable ther-
mocline oscillations in the Banda, Seram, Lifamatola,
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and Sulawesi Seas will be shown to correlate with the
large tidal signals observed at the ocean surface in SST
at the fortnightly and monthly periods. In the Makassar
Strait and Flores Sea, the small vertical thermocline
displacements are also reflected at the ocean surface by
small SST tidal signals.

An active internal wave field implies strong vertical
mixing (Wesson and Gregg 1994). Vertical mixing
would tend to produce a straight line between end
members in potential temperature—salinity (7-S)
space. The T—S curves are not affected by the oscillat-
ing thermocline, unless those oscillations cause vertical
mixing. Above the Lifamatola Sill the nearly linear T—
S segment from the sea surface to 16°C (170 db) cor-
responds to the largest vertical oscillations of the Li-
famatola water column (Fig. 3). We suggest that the
linear TS is a result of internal wave related vertical
mixing between the warm, low salinity sea surface wa-
ter and the cold, saltier salinity maximum water below.
In this way, surface heat and freshwater are mixed
down through the same interval as the maximum ther-
mocline displacements. This mixing process has a time-
scale longer then the yo-yo station: The 7—S§ curve re-
veals a vertically mixed water column in the upper 170
db, however, below the surface layer there is no evi-
dence of periods of mixing and restratification during
the 14-h sampling period. For all the yo-yo stations, the
depth of most extreme linear portion of the TS curve
in the upper thermocline is used to estimate the interval
mixed by the oscillating thermocline (Table 2). The
average depths are 70 db in the Flores Sea, 110 db in
the Makassar Strait, 128 db in the Sulawesi Sea, 170
db in the Lifamatola Sili, 170-230 db in the Seram
Sea, and 200 db in the Banda Sea (Table 2). Again,
the results will be shown to correlate with the tidal
signatures observed in SST (section 5), with larger sig-
natures in the eastern Indonesian Seas.

3. Lifamatola Sill current meter data

Strong tides and turbulent mixing are also observed
in the deep Indonesian seas, demonstrating the preva-
lence of tidal phenomena in the Indonesian seas. Dur-
ing the joint Indonesian and Dutch Snellius-1I 1985 ex-
pedition a mooring was deployed for 3 months at the
Lifamatola Sill, the deepest connection between the Pa-
cific Ocean and the Indonesian seas with a sill depth of
1940 m (see Fig. 1 for the mooring location). One
hundred and sixty-three m over the sill the average flow
was 0.61 m s~! southeastward, filling the deep Seram
and Banda Seas (Van Aken et al. 1988). The tides are
primarily diurnal, and the velocities range from 0.2 to
1.2 m s~' (Jonker et al. 1986). Over the 15 days se-
lected from the Snellius-Il record (Fig. 4), the daily
low velocity was modulated at the fortnightly period
with velocities ranging from 0.25 to 0.7 m s ' with a
corresponding fortnightly daily high temperature mod-
ulation of 3.75° to 3.2°C. (The mooring maintained its
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F1G. 3. Potential temperature profiles and potential temperature—salinity curves (7-S) of the ARLINDO
Mixing 14-h CTD yo-yo stations. For the potential temperature profiles the thickest line is used for the first
cast of the yo-yo station, the rest of the casts are distributed somewhat evenly over the remaining 14 h and
are drawn in temporal order with a medium thick line, thin line, dashed—dotted line, dashed line, and dotted
line (always the last cast of the yo-yo station). The line at 16°C on the Lifamatola Sill potential temperature
profile marks the lower boundary of the maximum thermocline excursions, and on the corresponding 7—S
curve, a 16°C line marks the lower boundary of the well vertically mixed surface to 16°C interval.

target depth of 1777 m only when the velocities were
low. Consequently only the low velocity values and the
corresponding high temperatures are accurate measure-
ments.) In addition, during the 1976 INDOPAC expe-
dition for 28 days current meters at the Lifamatola Sill
measured high-frequency flows with periodicities near

6, 8, 12, and 24 h that were attributed to baroclinic tidal
currents (Broecker et al. 1986). Part of the temperature
signal observed in Fig. 4 may represent tidal sloshing
of a horizontal temperature gradient. However, tem-
perature sections through the Lifamatola Sill demon-
strate that turbulent mixing up to 500 m over the sill
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TABLE 1. Maximum vertical isotherm displacements in the upper
thermocline of the water column during the 14-h CTD yo-yo stations
(Fig. 3). Units are decibars.

Flores Makassar Sulawesi Lifamatola Seram Banda

Aug-Sep 1993 30 — 50 — 90 55
Jan—Feb 1994 40 30 70 70 — 55
Average 35 30 60" 80 55

increases the average temperature filling the Seram and
Banda Seas (Broecker et al. 1986; Van Aken et al.
1988). If the flow over the Lifamatola Sill were lami-
nar, the potential temperature at 3000 db in the Banda
Sea would be near the sill potential temperature of
about 2.2°C, rather than the observed 2.85°C. There-
fore, the turbulent tidal mixing has the effect of increas-
ing the heat stored in the deep Seram and Banda Seas.

4. Lombok Strait pressure and temperature data

A 1985 shallow pressure and temperature record on
the shelf in the Lombok Strait (Murray and Arief 1990)
is examined for tidal mixing signatures (see Fig. 1 for
the location of the gauge). The time series is averaged
to 14-min resolution, and 130 days of the series are
plotied in Figs. 3a and 3d. The tide gauge pressure mi-
nus atmospheric pressure is equal to the sea level height
above the gauge at these shallow depths. The numerous
tidal components composing the pressure signal—all
with different amplitudes, periods, and phases—add
constructively (destructively) increasing (decreasing)
the total ocean tide actually observed in Fig. 5a. In this
way, for example, the M, and S, semidiurnal tides com-
bine to produce a fortnightly (14.8 days) modulation,
and the M, and N, semidiurnal tides combine to pro-
duce a monthly (27.6 days) modulation. Over a fort-
night the sea level range at the Lombok Strait gauge is
about 1 m during neap tides and 3 m during spring
tides, and over a month the range of the two spring
tides differs by about 1 m. Spectral analysis of the pres—
sure time series reveals the semidiurnal and diurnal
tidal periods within the time series, but not the periods
at which they beat together (Fig. 6a).

The Lombok Strait pressure time series smoothed by
a 7-day Gaussian filter overlays the 14-min data in Fig.
5a. The diurnal, semidiurnal, and shallow water tides
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FIG. 4. A portion of the Lifamatola Sill temperature and velocity
time series from the Snellius-1I expedition (Jonker et al. 1986). The
sill is 1940 m deep at the mooring (1.8°S, 127.0°E). The mooring
maintained its target depth of 1777 m only when the velocities were
low. Consequently only the low velocity values and the correspond-
ing high temperatures are accurate measurements.

are removed by the weekly filter, and therefore their
modulations are also eliminated. The filtered time se-
ries does not have any significant oscillations, and is
essentially just the mean pressure value. In the tem-
perature record (Fig. 5d) the weekly filter also removes
higher frequency oscillations of about 3°C range as-
sociated with the tides. However, there are longer pe-
riod oscillations remaining in the record: From day 60
to 74 and from day 104 to 118 the observed tempera-
tures appear to follow a fortnightly cycle with a range
of about 3°C. Spectral analysis of the temperature time
series reveals semidiurnal, diurnal, and fortnightly tidal
periods as well as peaks at 23 and 45 days (Fig. 6b).
The fortnightly tidal period observed in the temperature
record cannot be a linear modulation of the diurnal or
semidiurnal tides. Two simple parameterizations are
used to visualize the possible temperature changes pro-
duced by tidal currents, and the results are compared
to the observed Lombok Strait temperature record.

TABLE 2. Depth of the most extreme linear portion of the potential temperature—salinity curve in the upper thermocline
of the 14-h CTD yo-yo stations (Fig. 3). Units are decibars.

Flores Makassar 2 Sulawesi Lifamatola Seram Banda
Aug-Sep 1993 — 110 140 — 170-230 180-220
Jan—Feb 1994 70 110 100-130 170 — 200
Average 70 110 128 185 200
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FIG. 5. The pressure (a) and temperature (d) time series data from the Lombok Strait tide gauge
located at 8.7°S, 115.6°E (Murray and Arief 1990). The pressure time series is used to predict
the tidal sloshing temperature (b) and the tidal mixing temperature (c). Atmospheric pressure has
not been removed from the pressure records. A 7-day Gaussian average is drawn over each time
series with a bold line. The timing of the fortnightly tidal cycle is marked by the dotted vertical

lines.

a. Tidal sloshing parameterization

The first parameterization inspects for the effects of
tidal sloshing. Tidal currents are envisioned to slosh
water of different temperature back and forth with each
tidal cycle, but without producing turbulence that
would vertically mix the water column. The tidal cur-
rents advect water with an assumed linear horizontal
temperature gradient across the sensor: ebb tidal cur-
rents may be expected to carry warm shelf water, and
flood tidal currents carry cool off-shelf water. The

change in temperature observed at the gauge is then
just proportional to the changing speed and direction
of the tidal currents,

dTeslosh

= —CW{Didar -
d[ 1()tdal

The constant c, represents local thermal conditions and
is assumed to equal 1°C s m~? for utmost simplicity.
Because the Lombok gauge did not include a current
meter, the time derivative of the pressure time series
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distfibuted by period. Confidence intervals of 80% are illustrated by gray shading.

(with mean and trend removed) is used as a proxy for
tidal currents.
The tidal sloshing parameterization is applied to the

pressure time series in order to predict the possible tem-

perature changes (Fig. 5b). An initial temperature of
28°C is used. As mentioned above, an associated linear
temperature variation may be expected. Large spring
tide temperature variations of about 3°C range are ob-
served in both the predicted tidal sloshing temperature
record and the measured temperature record. Because
the tidal sloshing parameterization is linearly propor-
tional to the pressure record, a spectral analysis of the
tidal sloshing time series would reveal the same peri-
odicities as does the pressure time series, though with
a shift in phase.

A 7-day Gaussian filter overlays the tidal sloshing
temperature record (Fig. 5b), which removes the di-
urnal, semidiurnal, and shallow-water tides and their
fortnightly and monthly modulations. In contrast, the
observed temperature record in Fig. 5d reveals a 7-day
Gaussian filter temperature record rich in fortnightly
modulation. This indicates that simple horizontal os-

cillation or sloshing of water with a linear horizontal
temperature gradient cannot be the source of these ob-
served temperature changes.

b. Tidal mixing parameterization

The second parameterization represents tidal in-
duced vertical mixing. The many different nonlinear
dynamics associated with turbulent mixing are param-
eterized most simply here by assuming that the square
of the tidal current is proportional to the effect of tur-
bulent vertical mixing on temperature (Pugh 1987; Pin-
gree et al. 1978):

dTe mix
dr

It is envisioned that tidal mixing would lower SST as
subsurface water is mixed into the surface layer, and
that the cooling would be proportional to the intensity
of the mixing. Both flood and ebb tidal speeds would
act to cool SST, as the squared magnitude of the tidal
current affects temperature. The constant, ¢,, represents

= —c(t) -
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the local thermal conditions and the efficiency of the
tidal mixing; it is assumed to equal 1°C s m™? for sim-
plicity. The square of the time derivative of the pressure
time series is used as a proxy for v(¢) &, with the mean
and trend removed, and an initial temperature of 28°C
is again assumed.

The pressure record is now used to predict the pos-
sible temperature changes from tidal mixing, and the
result is a nearly pure fortnightly and monthly tidal
signal (Fig. 5¢). During spring tides the temperature
of the water column is continuously cooled because
both flood and ebb currents are larger than usual, in-
creasing the amount of turbulent mixing. Correspond-
ingly, during neap tides the water column continuously
warms because both flood and ebb currents are smaller
than usual, decreasing the amount of turbulent mixing.

The nonlinearity of the v(#)3, calculation redistrib-
uted the tidal energy and produced new periodicities.
When the principle semidiurnal lunar tide with period
Tw, = 0.518 day and principle semidiurnal solar tide
with period Ts, = 0.5 day are combined,

COS Wy, t + cos Ldszt,

they beat with a 14.8 day modulation. However, when
the combination is squared, as it is in the v(#)34, cal-
culation, and reorganized using trigonometric functions
(following Pugh 1987, page 110),

1 + 0.5 cos2wy, t + 0.5 cos2ws, !
+ cos(wm, + ws,)t + cos(ws, — ww, )1,

the mean is changed, three terms vary with periods of
about 0.25 day, and the last term varies with a period
of 14.8 days. The original semidiurnal terms are gone,
and rather than a fortnightly modulation of the semi-
diurnal tides, there is now an explicit fortnightly con-
stituent.

In addition, squaring the combination of the princi-
ple semidiurnal funar tide with period Ty, = 0.518 day
and the semidiurnal larger elliptical lunar tide with pe-
riod Ty, = 0.527 day produces a new monthly constit-
uent of 27.6 days. Another important constituent, 13.7
days, is produced by squaring the combination of the
principle diurnal lunar tide with period 7, = 1.076 day
and the principle diurnal lunar tide with period T,
= 0.997 day.

These new fortnightly and monthly constituents will
not be removed by a weekly filter and, as such, the 7-
day Gaussian average of the tidal mixing temperature
time series in Fig. Sc preserves fortnightly and monthly
tidal periods. The 7-day Gaussian average of the ob-
served temperature record (Fig. 5d) also preserves a
fortnightly cycle, though there is not an obvious
monthly cycle in the record. From day 60 to 74 and
from day 104 to 118 the observed fortnightly temper-
ature cycle clearly corresponds with the tidal mixing
fortnightly temperature cycle. The fortnightly range of
the predicted tidal mixing temperature and the observed
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time series and predicted tidal mixing temperature time series.

average temperature is about 3°C. In addition, the co-
herence (square root linear correlation coefficient as a
function of period) at the fortnightly period is relatively
high: 0.87 (Fig. 7).

Significant fortnightly and monthly tidal signals ob-
served in the averaged temperature record and not in
the averaged pressure record can be attributed to non-
linear tidal mixing. In this way, the pressure and tem-
perature records of the Lombok Strait suggest that tidal
mixing strongly influences the Lombok Strait temper-
ature at the fortnightly tidal period. While other non-
linear tidal dynamics such as tidal rectification (Loder
1980) may effect fortnightly and monthly tempera-’
tures, those processes also mix the water column. Con-
sequently, we do not attempt to distinguish between
various tidal phenomena.

5. CAC satellite SST data

The Climate Analysis Center (CAC) optimal inter-
polation weekly SST data product combining in situ and
AVHRR (Advanced Very High Resolution Radiometer)
satellite data with one-degree grid resolution (Folland et
al. 1993; Reynolds and Marsico 1993) is analyzed for
SST tidal signatures in the Indonesian seas. The tem-
poral length and geographical breadth of the satellite
time series provide extensive coverage of the Indonesian
seas. The time series include the November 1981 to
April 1995 CAC data, and the spectral analysis results
are produced from the January 1990 to April 1995 CAC
data in order to avoid the change in the midweek defi-
nition. The CAC data processing removes high-fre-
quency energy from the temperature values, by produc-
ing a weekly averaged data product. This minimizes al-
iasing of high-frequency energy into the spectral
analysis results that are calculated for periods of 14 days
and longer. While the weekly temporal resolution of the
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FiG. 8. Map of the Indonesian Seas showing the locations of the CAC optimal interpolation of in situ and AVHRR'
satellite sea surface temperature time series data used in Fig. 9 (stars) and in Fig. 10 (circles).

dataset limits the spectral analysis to periods greater than
14 days, it was demonstrated in section 4 that significant
changes in SST due to tidal-induced vertical mixing pro-
cesses are only expected at low-frequency tidal periods.
The fortnightly constituent at 13.7 days will not be re-
solved by this analysis, but the fortnightly constituent at
14.8 days and all the monthly constituents will be re-
solved. Because the SST dataset is a weekly average,
any significant fortnightly or monthly tidal signals in the
SST time series can be attributed directly to tidal mixing
rather than to modulations of the diurnal and semidiurnal
tidal induced SST variation. However, aliasing and non-
tidal sources of energy may contribute to energy found
at the tidal periods.

a. SST time series

Seven sample SST time series illustrate a typical SST
record from the CAC dataset for each of the major In-
donesian basins and the western Pacific Ocean (Figs.
8 and 9). The annual cycle is the most pronounced
signal in the Indonesian SST with a 3°C annual range
in the Makassar Strait and a 5°C annual range in the
Banda Sea. The most striking feature in the SST is the
cold July—August SST in the Banda Sea, with a similar
signal mirrored in the Flores, Seram, and Timor Seas.
The large decrease in the Banda Sea SST during July -
August may be associated with shoaling of the ther-

mocline during that season in response to regional
wind-driven divergence of surface water (Wyrtki
1961). A shallower thermocline may amplify the cool-
ing effects of vertical mixing on SST. Additionally,
ocean—atmosphere heat flux factors, such as reduced
“‘winter’’ solar radiation and the evaporative effects of
the drier monsoonal winds from Australia during July—
August may be expected to lower SST. The Northern
Hemisphere Sulawesi Sea and western Pacific sites
show cooler SST in January—February.

In the Banda Sea the July—August SST minimum vary
by 2°C interannually, which may reflect El Nifio vari-
ability. Colder than usual July—August SSTs occur in the
El Nifio years 1982, 1987, and 1992. Cooler than usual
SSTs in the eastern Indonesian seas would contribute to
the diminished atmospheric convection and associated
drought conditions in Indonesia during El Nifio.

b. SST power spectra

In order to investigate the periodicity of the changes
in the Indonesian SST 24 neighboring SST time series
were extracted from the CAC dataset for each basin
(Fig. 8). Each SST time series was modified into a time
series of the change in SST per week. A power spectral
density estimate for each basin was calculated by, first,
splitting each modified time series into two segments
and averaging together their power spectral density es-
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FIG. 9. One example of a satellite sea surface temperature time series for each basin. The
temporal resolution is one week, and the positions of the time series are Western Pacific: 4.5°N,
138.5°E; Sulawesi: 3.5°N, 123.5°E; Makassar: 2.5°S, 118.5°E; Flores: 7.5°S, 120.5°E; Seram:
2.5°S, 126.5°E; Banda: 5.5°S, 130.5°E; and Timor: 11.5°S, 123.5°E.

timates. Then, the 24 neighboring power spectral den-
sity estimates for each basin were averaged together,
and smoothed by a 5.8 X 107* s 7! Gaussian filter (Fig.
10). The power spectral density function describes how
the variance of the data is distributed by frequency, and
the averaging of the power spectral density estimates
increases the confidence in the results and allows for
differences in phases between locations.

The Banda Sea has the largest signals in the power
spectral density plot (Fig. 10) with significant peaks at
the fortnightly and monthly tidal periods, and at periods
of 23, 60, 183, and 365 days. The Seram, Maluku, and
Timor Seas also have large monthly peaks, and the
Seram and Maluku Seas have large fortnightly peaks.

The Sulawesi Sea, Makassar Strait, and Flores Sea re-
veal significant fortnightly and monthly tidal signals,
but they are smaller than those in the eastern seas. As
mentioned above, tidal-induced vertical mixing may be
expected to produce fortnightly and monthly periodic-
ities in the SST as colder water is mixed up to the
surface during periods of stronger tidal mixing. The
differences between the basin spectra can be caused by
differences in the local tides, stratification, topography,
and proximity to internal tide generation sites. The
other distinct peaks in the spectra may also reflect tidal
mixing, but those periods are not necessarily unique to
tides. For example, the 60-day periodicity may be a
harmonic of the monthly tidal signal, or it may reflect
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the 30-60 day Madden—Julian atmospheric oscillation
(Weickmann and Khalsa 1990).

c¢. Spatial pattern of fortnightly and monthly SST
oscillations

To view the spatial pattern of the SST time series
at the fortnightly and monthly tidal periods, individual
power spectral density estimates were calculated for
every degree in the Indonesian seas and surrounding
regions. The largest power within the fortnightly and
monthly bandwidths is shaded and contoured in Figs.
11a and 11b. Larger values indicate SST changes from
tidal mixing or just higher power at that period. The

largest fortnightly power is observed in the Banda,
Seram, Maluku, and Halmahera Seas. At the monthly
period the largest power is observed in the Banda,
Seram, and Timor Seas and the northwest Australian
Shelf. The presence of both large fortnightly and
monthly power in the Banda and Seram Seas (includ-
ing the Lifamatola Sill) suggests that these signals
are tidal because both the fortnightly and monthly
periods are highly dependent on the same forcing, the
M, tide. The TOPEX/POSEIDON satellite altimeter
data reveals a large M, tide in the Sulawesi and
Banda Seas (Mazzega and Berge 1994), supporting
the SST results. Large tidal signals in the Banda Sea
region are also predicted by a model of the flux of
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tidal energy to mixing processes by topographically thermocline oscillations and vertically mixed water
generated internal waves (Sjoberg and Stigebrandt properties observed in the eastern Indonesian Seas

1992). In addition, the results correlate with the large (Tables 1 and 2).
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6. Discussion

Tidal influence on SST would be expected to have
an impact on ocean—atmosphere heat fluxes. At the
ocean—atmosphere boundary the net surface heat flux
is determined by the balance of net radiation balance,
sensible heat, and latent heat. The net longwave radi-
ation term is not very sensitive to changes in SST. For
a given wind speed, the sensible heat term is linearly
dependent on the ocean—atmosphere temperature dif-
ference. The latent heat term also depends on this dif-
ference, and on the saturation humidity of the air, which
is strongly dependent on SST at warm temperatures.

Using a standard bulk formula the change in heat
flux Q due solely to a change in SST and its effect on
the latent heat is

Q2 - Ql = paCEL]vl(qsl - qsz)a

where p, is the density of air, Cg is the exchange co-
efficient, L is the latent heat of vaporization, v is the
wind speed, g, is the saturation humidity; Cg is taken
as 0.0015 and v is assumed to be 4 m s™*. Using stan-
dard tables for g, a 0.25°C cooling of SST would result
in a 10 W m~? reduction of latent heat flux to the at-
mosphere, when SSTs are within the 26° to 30°C SST
range of the Indonesian seas. Correspondingly, a 0.5°C
(0.75°C, 1°C) cooling of SST implies 20 W m 2 (30
W m™2, 40 W m?) reduction of latent heat flux to the
atmosphere. In contrast, when SSTs are near 9°C, only
3.5 W m™ less heat is fluxed to the atmosphere for a
0.25°C cooling of SST. The Lombok Strait temperature
record reveals an average of 2.5°C cooler temperatures
during one spring tide (near day 111 on Fig. 5d); con-
sequently, even with a reduced 1 m s ' wind speed for
example, a substantial low-frequency ocean—atmo-
sphere flux of 25 W m™2 is implied. The sensible heat
fluxes would further amplify the dependence of total
heat flux on SST changes. Therefore, oscillations in the
Indonesian SST, at tidal periods, fortnightly and
monthly for example, of only a few tenths of a degree
will modulate the heat flux from the ocean to the at-
mosphere at these periods by many tens of watts per
square meter. Such changes in ocean—atmosphere heat
fluxes may have a significant equatorial atmospheric
response including changes in convective activity due
to the sensitivity of the equatorial atmosphere to small
SST changes (Graham and Barnett 1987).

A further effect of the enhanced mixing within In-
donesian seas may be related to the large-scale oceanic
buoyancy budget. Globally the heat and freshwater
storage of the ocean depends on the characteristics of
convective water masses, but these are not independent
of vertical mixing. Vertical mixing carries buoyancy
into the deep ocean, compensating the water mass for-
mation and making possible continued displacement of
resident water by convection. In a steady-state ocean,
oceanic convection cannot continue without the com-
pensating effects of vertical mixing and is, therefore,
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ultimately limited by the rate of vertical mixing. The

~ compensating effects of vertical mixing may be con-

centrated in some ‘‘active’” regions. For example, most
of the Indonesian Throughflow 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 ex-
ported to the Indian Ocean. Vertical mixing and its
variations in the Indonesian region where there is a
strong vertical gradient of buoyancy and vigorous tidal
currents may play a key role in global-scale ocean ven-
tilation.

7. Conclusions

Within the Indonesian seas, the combination of en-
hanced vertical mixing and strong vertical gradients
will drive large vertical fluxes of heat, freshwater, and
nutrients through the water column. Coupling of tidal
dissipation and vertical mixing within the Indonesian
seas suggests that the vertical flux of these ocean prop-
erties will vary at fortnightly and monthly tidal periods,
possibly influencing primary productivity. In addition,
the modulation of SST at fortnightly and monthly tidal
periods may regulate the variability of ocean—atmo-
sphere heat fluxes.

As SST is a primary boundary condition for atmo-
spheric circulation, a link of tides to climate is a natural
topic for speculation. Loder and Garrett (1978) sug-
gested the possible climatic importance of tidally in-
duced vertical mixing through SST. In the eastern In-
donesian seas, tidal mixing influences SST and possi-
bly ocean—atmosphere heat fluxes, and the throughflow
carries the products of tidal mixing to the Indian Ocean.
Consequently, variations in the timing and magnitude
of tidal mixing have the potential to influence the re-
gional and global climate system (Ffield 1994). Vari-
ous phenomena have been associated with the tides in-
cluding thunderstorm frequency, hurricanes, and the
global surface temperature (Balling and Cerveny 1995;
Best 1994). SST variations driven by variable tidal
ocean mixing is a possible link of these phenomena to
the climate system.

Evidence for tidal-induced mixing is found through-
out the Indonesian seas, supporting the hypothesis that
vertical mixing is enhanced within the Indonesian Seas
by tidal mixing. The largest tidal mixing signatures
away from the coasts are observed in the Seram and
Banda Seas at the fortnightly and monthly tidal periods.
However, the physics responsible for the enhanced ver-
tical mixing in the Indonesian seas is not included in
any global circulation models. It may be important to
do so—even for climate models—as the products of
enhanced vertical mixing in the Indonesian seas may
modulate equatorial ocean—atmosphere and interocean
heat, freshwater, and carbon fluxes.
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