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Abstract—A record of vertical ¢lectric field fluctuations occurring naturally in the ocean has been
oblained at a site {36°14'S, 152°15'E) off the coast of castern Australia, on the 8oor of the
Tasman Abyssal Plain in water of depth 4836 m. The free-fall and self-contained sea-floor
instrument measured ambient voltage fluctuations between two low-noise silver-silver chloride
electrodes connected by a vertival insulated wire 160 m long. The record returned is 107 days in
duration, with readings laken every 28} s.

The data obtained are interpreted in terms of east-west fluid current motion past the wire,
causing electromagnetic induction with the horizontal north component of the earth’s steady
magnetic field. These motional fields arc observed on a wide range of time scales. Spectral
analysis of the data shows inertial oscillations and shorter period inlernal waves, with good
agreement between observation and the theory of CHAVE (3984, Journal of Geophysical
Rescarch, 89, 10519-10528). There is also a peak in the pewer spectrum at the frequency of the
semi-diurnal tides. The shortest period signals occurring are interpreted as due to some form of
turbulence. Aperiodic motions on time scales of days are atiributed to mesoscale activity in the
East Australian Current system,

1. INTRODUCTION

Tuis paper describes measurements of the vertical electric field at the sea floor, made
over a period of 107 days as part of the Tasman Project of Seafloor Magnetotelluric
Exploration (FErGuson et al., 1985; Fiioux ef al., 1985; LiLLEY ef al., 1986). The
instrument, from the Scripps Institution of Oceanography in California, was deployed
and retrieved by the Royal Australian Navy oceanographic ship HMAS Cook. The
observations spanned the Universal Time period 12 December 198327 March 1984, at a
site (TP6) on the Tasman Abyssal Plain off the coast of New South Wales at 36°14'S,
152°15’E in water of depth 4836 m (Fig. 1). The Tasman Abyssal Plain runs parallel to
the Australian coast and bathymetric charts of the area, contoured at 500 m intervals,
show the nearest contour to the west of site TP6 to be 4500 m at the foot of the
Australian continental slope, some 100 km away. To the east of site TP6, the nearest
contour (again 4500 m) occurs in conjunction with a region of scamounts, at distance
140 km. A sea-floor gradient of 1 in 300 is thus an upper limit for the Tasman Abyssal
Plain in the region of the observing site, and at the time of deployment the echo-sounder
of the ship was used to confirm that site TP6 was indeed flat and featureless,
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Fig. 1. Seca-floor site at 36°14'S, 152°15'E. where the vertical electric field (VEF} data deseribed

i the present paper were recorded. This site is denoted as site TP6 of the Tasman Project of

Scafioor Magnetotelluric Exploration {TPSME). GNS denotes the land magnetometer station at

Gunarremby Swamp, the data from which are used in the multiple coherence exercise in
Section 5.1.

Although the physical principles involved are simple at the most basic level, the
experimental procedures of sea-floor vertical electric field measutements are difficult and
data are few. Harvey (1972, 1974) reported a record of some 2.6 days duration of the
vertical electric field measured off Hawaii, and showed it contained tidal and other
signals. Also VEF records obtained with instrumentation similar to that of the present
paper were obtained from other previous sea-floor magnetotelluric exercises (FiLoux,
1981).

2. PHYSICAL PRINCIPLES

Electric fields are induced in the oceans by two physical mechanisms. The first
mechanism is that of electromagnetic induction by time-varying source ficlds, which
originate external to the earth. The second mechanism is that of ocean water motion in
the earth’s steady magnetic field. The analysis of these mechanisms is covered in the
series of papers by LoNGUET-HiGains ef al. (1954), SanForp (1971), Larsen (1973},
Harvey ef al. (1977), Crave (1983, 1984), and Crave and Friioux (1984).

For the horizontal electric field (HEF) signal at the sea floor the first mechanism (of
ionospheric induction) is usually dominant; however, for the vertical electric field
relatively little contribution is expected from this cause. The vertical electric field at the
ocean floor may thus be censidered to be almost purely of oceanic origin. Further,
although the correct interpretation of the oceanic contribution to the HEF at the sea
floor may need to be in terms of the motion of the whole water column, the VEF at the
sea floor can be mterpreted in terms of purely local east—west water motion. A VEF
recording is thus in many respects similar to that produced by a mechanical current
meter, except that a VEF signal is generated by the east-west (magnetic bearing)
component of fluid flow only.
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An advantage of VEF measurements is their high resolution. In the present experi-
ment, with digital recording of the VEF signal, the digit of least count is equivalent to an
cast-west velocity of 4.0 x 1072 em 77 in the local horizontal magnetic field of strength
23500 nT.

The basis of the theory in the present paper follows from SromseL (1948), who showed
that motion of seawater in a magnetic field generates an electric field described by

Vd = v X B - jio, (1)

where ¢ is the electrostatic scalar potential, v the velocity of the ocean, B the magnetic
induction, j the electric current density and o the electrical conductivity of the water. The
motion is considered to be quasi-static so that the magnetic effects of self-induction and
mutual induction can be ignored. We also assume that the magnetic field due to the
induced electric currents is small when compared with the static magnetic field. It can be
shown that the effect of induced electric fields on the moving ions is much smaller than
the hydrodynamical forces in the fluid for current flows <1 m s™' (SanForp, 1971) and
thus the water currents are largely unaffected by the motionally induced clectric fields.
If the conductivity ¢ is uniform, using the relation

V-j=0 (2)
it can be shown simply that,
V=B -V Xy 3)

This equation defines the potential for any arbitrary steady state velocity field.

By assuming the vertical electric current to be small and adopting a co-ordinate system
of x to the horizontal magnetic north, y to the horizontal magnetic west, and z vertically
upwards, cquation (1) gives a vertical electric field value of

)
E, =~ g‘g = v,B,. (4)

Equation (4) thus expresses a direct linear relation between the east-to-west fluid velocity
and the vertical electric field.

Because of the non-conductive atmosphere above the ocean, electric currents can not
cross this interface, a situation which greatly contributes to the validity of the assumption
of negligible vertical electric currents (i.e. j,/o <€ v,B,) in equation (1). Nevertheless,
several oceanic processes may contribute to the generation of vertical electric currents
and must be kept in mind when interpreting vertical oceanic eleetric ficld data. For
instance baroclinic motions characterized by horizontal velocity fields with directions
alternating with oceanic depth result in horizontal electric field components also
alternating in direction, thus generating electric current circulation with vertical compo-
nents. Although generally much less conducting than the ocean, the sea floor may also
provide current return paths for electric fields that are uniform along the sea floor, as a
consequence of the horizontal variability of oceanic velocity fields. Such a situation then
leads to vertieal electric current components, particularly in the vicinity of the sea floor.
Thus the assumption of negligible vertical current depends critically on the scale and
geometry of oceanic velocity fields, on the conductivity contrast between ocean and sea
floor, and also on other factors such as irregularity of bathymetry, spatial variability of
the magnetic field and to a lesser extent on seawater conductivity dependence on salinity
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and temperature. It is, however, fortunate that many of the very different processes
associated with vertical electric current contamination can be identified by characteristic
features such as frequency bands of occurrence, correlation with other parameters, and
precise process identification. An example of process identification is ionospheric
induction at great distance from coastal boundaries, in which case all parameters are
dominated by their horizontal expressions.

The recent contribution to this subject by Cuave (1984) specifically analyses the
electromagnetic fields induced by oceanic internal waves, and covers those cases where
equation (4) becomes invalid. Cuave (1984) also points out that severe ocean bottom
topography may cause contamination of a VEF signal by an HEF signal, though the flat
topography of site TP6 means this factor is unlikely to be important in the present case.

3. INSTRUMENTAL DETATLS

The VEF data of the present paper were recorded digitally on magnetic tape within the
instrument, which lay moored at the sea floor. A schematic diagram of the instrument is
shown in Fig. 2.

As in any electric field recording instrumentation to be used at sea the most
satisfactory connection of the electric Ieads fo the sea is made with well matched silver-
silver chloride electrodes. Because of the highly specialized nature of this technique the
reader is referred to FiLoux (1973, 1974). Another component of the instrumentation
requiring special attention is the electric cable whose strengthmust be high to sustain the
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Fig. 2. Schematic diagram of the instrument used to record the vertical electric field data of the

present paper. The buoy holds the insulated wire from the instrument package vertically upwards

from the-sea floor. At the ead of recording the instrument package jettisonis its anchor, and
the buoy floats to the sea surface, iifting the cable and instrument package with it,
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pull of a very buoyant float, yet which must contribute little current drag so as to ensure
the best possible verticality.

The data sampling rate in the present experiment was 27 (=128) per hour, that is one
reading cvery 28 s approximately, for the full recording period of 107 days. A unit
increase in value of the least significant digit recorded is equivalent to a change in the
potential difference of the upper clectrode relative to the lower electrode of =1.51 pV.,
Since the electrodes are 160 m apart this change in potential difference is equivalent to
an increase in the average upward electric ficld (defined as the negative gradient of
potential) of +9.41 aV m™.

The effects of water motions with scale sizes less than or comparable to the electrode
separation may thus be strongly attenuated in the data. As the electrode separation of
160 m spans the likely depth of an ocean-bottom boundary layer {Birp et af., 1982), such
attenuation may be expected to affect the VEF signal of boundary layer motions.

An order of magnitude estimate of the cable tilt for the present instrument can be
made by considering the horizontal current drag on the float shown in Fig. 2. Following
Harvey (1972) this drag is estimated to be <0.45 N for a water speed of 10 cm s™'. The
buoyancy force on the float is approximatety 132 N, and cable tilt is thus estimated (o be
<3 x 107 rad. This small angle is not changed significantly by adding the drag on the
cable, which may be of the same order as the drag on the float.

4. THEDATA OBSERVED

4.1 The time series, and drift removal

A plot of the basic data record, edited for imperfections in the tape recording process
shows many important features {Fig. 3). Oscillations of approximately tidal periods {but
of no obvious fixed phase) dominate the record, superimposed on an initially strong drift.
There are times of high-frequency signal in the data.

To clarify the drift, a plot in Fig. 4 of 24 h averages (taken every 12 h) shows (a) the
variations in the VEF with time scales of several days, and (b} the monotonic drift in the
VEF during the whole recording period. This drift is considered to arise in the Ag-AgCl
electrodes which make electrical connection with the seawater (FiLLoux, 1973, 1974). In
the present study, the main drift contribution with time ¢ (in days UT eclapsed since
0000 h 1 December 1983) in the electric field £ (in nV m™) between the electrode pair
has been fitted empirically by a smooth monotonic function of form

E=qg+bt+c¢ CXP[—d(I— f())], (5)
where 4, b, c and d are arbitrary constants, and 1, is the time of the first valid data point
recorded by the VEF instrument. Time & is known accurately. Fitting this expression to
the data using non-lincar least squares techniques results in

L= (11464 + 149) + (97.7 £ 1.9)¢ ©
i

—(9537 £ 364) exp[(-0.20 + 0.014)(r - 11.56)]
for the electrode drift in the data, where the errors quoted are standard error estimates.
A time series according to equation (6) has then been subtracted from the original data
set, producing a new ‘de-drifted’ time series of hourly average values. These results {Fig.

5) suggest the absence of any substantial residual trend in the de-drifted data during the
recording period. The most significant feature of Fig. 5, in addition to the effects with
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Fig. 3. Plot of the vertical electric field data at site TP6. The span of cach full horizontal trace is
10 days of record, and the traces are conseeutive from top Lo bottom of the figure. The two
vertical scales, at the left-hand side of the top trace, and the right-hand side of the bottom trace,
are each for an electric field change of 3000 rV m™' corresponding o a velocity change,
according to equation (4), of 12.8 am 57", The trace going upwards in the diagram corresponds to
the upper electrode voltage becoming more negative relative to the lower electrode, the upwards
vertical electric field becoming more positive, and to the fluid velocity increasing in an east-to-
west direction. The horizontal scales of the diagram are marked in days UT.
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Fig. 4. Daily averages of the data of Fig. 3 compressed into a single plot. Time is marked as days
UT elapsed from 0000 h § December 1983 (thus 1 December 1983 itsell is day zero).

time scates of several days evident in Fig. 4, is the presence of oscillations of periods <1
day, which are present throughout the whole record.

4.2 Spectral analysis

A power spectrum was calculated for quarter-hourly averages of the de-drifted time
series shown (as hourly average values) in Fig. 5. The power estimates were calculated
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Fig. 5. Hourly averages of the “de-drifted” VEF data set. Time scale is as for Fig. 4, The {cast-
to-west) velocity scale now included on the right-hand side of the figure is according to equation

(4).
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Fig. 6. Power spectrum for the de-drified VEF data, on the basis of quarter-hour average

values. The notations { and M, mark peaks identified as being due to inertial oscillations and

semi-diurnal tides, respectively. The dashed line, with a sharp cut-off below the inertial frequency

. is for the internal-wave theory of CHavE (1984) as discussed in Section 5.2. The scale in terms

of velocity units on the right-hand side of the figure is based on equation {4), and may not apply
when water motion is more complicated than as described there.

using a standard computing routine, which followed a procedure similar to Bartlett’s
Spectral Estimate (Kanasgwict, 1975, p. 99). The technique adopted divides a time
series (padded as necessary with zeros which are subsequently corrected for) into m
segments, cach of which has L points, with no segment overlap. To take advantage of
‘fast Fourier transform’ techniques L is a power of 2, and tapering is applied to ecach
segment using the symunetric window

i - (L - 1)y2}
(L + 1)2]

In the present case the original time series is of 10236 points and L is set as 2048,
resulting in 10 d.f. for each power spectral estimate.

The power spectrum thus computed for the VEF data is shown in Fig. 6. The main
features of this spectrum are: (a) the dominance of the low frequency component, for
frequencies <0.2 cpd; (b) the two distinct peaks occurring, centred on periods of 19,7
and 12.5 hr; (c) the rapidly diminishing power (although linear on a log-log plot) at
frequencies >0.5 cpd.

W) =1- j=0,...,L-1

5. INTERPRETATION

Interpretation of the different phenomena recorded by the VEF instrument divides
naturally into three ranges of time scale: <1 h; from 1 h to 1 day; and >1 day. These
ranges of time scale will be discussed in turn.
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5.1 Signals with time scales <1 h

Because quarter-hourly averages were used to compute the power spectrum of Fig. 6,
the spectrum does not describe the high frequency content of the VEF data. However, the
time series does contain some high frequency signals which occur intermittently with
durations of days. An example (Fig. 7) shows two contrasting days taken from the de- g g ,
drifted time series. The time scales of the high frequency signals typically are <1 h, and e 10*3
thus overlap with an estimated local buoyancy frequency for this site (2=5=>e46=13z or ok, 5=/
period (585 min). However, it is considered unlikely that the fluid motions causing these
VEF signals are due to internal waves, since power spectral estimates predicted for such
VEF signals are very low at or near the buoyancy frequency [e.g. Cuave (1984) as
discussed in Section 5.2.2).
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Fig. 7. Contrasting examples of ‘quiet’ and ‘active’ high frequency signals, interpreted as

benthic boundary layer turbulence. (a) Day 40, a *quict’ day, and one of low apparent mean

velogity (~2 em's™!). (b) Day 81, an ‘active’ day, and one of high apparent mean velocity

{~10 cm s7'}. The (east-to-west) velocity scale on the right-hand side of cach figure is based on
equation (4).
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A possible mechanism for the high frequency signals observed may be benthic
boundary layer turbulence. An estimate of the benthic boundary layer thickness (£) may
be made using the relation

B = 13w (1 + N,

where u,, is the bottom friction current, fis the Coriolis parameter and N, is the buoyancy
frequency (Birnp ef al., 1982). An estimate for u, may be obtained using

u, = u(C(;)"i,

where u is the mean flow and is taken as 10 cm s ¥ on day 81 (from Fig. 7b). Assuming a
drag coefficient ¢, of 107%, u, is thus estimated as (.3 cm 57!, and A as m.
A time scale t for such bottom boundary layer turbulence may be estimated using

@3/ s/‘ T~ i, = 1 x 10*s (48 h).

lgf/ ¢ /

Thus the maximal time scale predicted for a bottom boundary layer mechanism with a
thickness & of 47 m is of order 4 h, which is consistent with the observed data in Fig. 7b.
Further, by using the relation

I,‘ZU = ({/\/3)[3 i,

(Cox et al., 1970, where B is the total magnetic field (~359100 0Ty and £, is the root-
mean-square (r.m.s.) electric field, an estimate of the maximal r.m.s. electric field can be
obtained. Using the above values, the maximum r.m.s. VEF in such a bottom boundary
layer would be ~100 nV m™'. This value is comparable to the high frequency signal
cvident in Fig. 7b, and demonstrates that bottom layer turbulence may have sufficient
energy to account for the signal.

Another possibie source of high frequency signal which should be considered is
contamination of the VEF by HEF signals. Generally, such contamination could be
produced either by a tilt of the VEF instrument cable away from a vertical orientation or
by local topography tilting the HEF signal and thus producing a vertical component of
the signal. For periods ranging from order 10 h to the shortest periods shown in Fig. 6,
the HEF has sufficient power from induction by ionospheric sources (Chuave and
FiLLoux, 1984) such that small tilts could produce significant contamination of the VEF
signal. A 1° tilt would be sufficient to produce significant contamination if at these
periods the HEF has power two orders of magnitude greater than the VEF.

As a first test of the possibility of tilting, the squared multiple coherence of the VEF
has been computed with the two horizontal components of magnetic fluctuations
recorded simultaneously at land station GNS (33°16°S, 143°56'E, see Fig. 1). The data
from this station (the furthest inland in the TPSME experiment) should provide a record
of the ionospheric activity which also occurred above site TP6, but be free from any
accanographic effects.

Such a squared multipie coherence spectrum is shown in Fig. 8, calculated according to
the discussion by Crave and FiLroux (1984, p. 152) for two input signals. For the results
in Fig. 8, segments of 4096 points at 3 min intervals have been taken using a Hanning
window with no overlap. For the squared multiple coherence estimates below 3 cpd there
are 22 d.f., between 3 and 30 cpd 88 d.f. and for >30 cpd 176 d.f.

In Fig. 8, the peak at 2 cpd (period 12 h) is interpreted as due to the near coincidence
of the 12 h component in the general daily magnetic variation, and the semi-diurnal tidal
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Fig. 8. Squared multipic coherence for the VEF signal at site TPO with the two horizontal
components of magnetic fluctuation recorded at inland magnetometer station GNS.
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signal in the VEF data. Except for this peak the coherence in Fig. 8 is very weak. There is
thus no indication that ionospheric source fields have contributed significant coherent
power to the recorded VEF signal. More exhaustive tests would be required to examine
the data for possible effects of time-varying cable tiit during the recording period, though
the estimate of cable tilt in Section 3 indicates that maximum contamination of the VEF
power spectrum due to cable tilt is =50 dB of the HEF power. Such a level of
contamination is undetectable.

A similar exercise by Criave and Friioux (1985) with VEF data recorded near the crest
of the East Pacific Rise shows, in contrast, a significant coherence of VEF with land
magnetometer data. The present results (from a flat abyssal plain) suggest topographic
contamination of the VEF by the HEF as an explanation of the Pacific Rise results. Such
topographic contamination can arise from variations in sea-floor bathymetry, and also
from lateral variations in the clectrical conductivity structure of the sea-floor sediments
and crust.

5.2 Signals in period range 1 h-1 day

Signals in the period range 1 h-1 day are shown most clearly by the power spectrum in
Fig. 6.

5.2.1 Inertial waves. The dominant peak in the spectrum at 1.22 cpd (period 19.7 h)
corresponds well to the inertial period of 20.3 h at the site latitude of 36°14’. Although
the frequency resolution of the power spéctrum shown in Fig. 6 is relatively low, the
slightly shorter period observed for these inertial waves is consistent with results {rom
deep-ocean current meters reported by Fu (1981).

That inertial motions could appear in the energy spectrum of Fig. 6 is not unusual since
current profiling by electromagnetic velocity profiler (SANFORD, 1975; Sanrorp ef al.,
1978) has demonstrated their energetic existence down to the greatest oceanic depths. In
an attempt to evaluate the importance of these motions at the present site of obser-
vations, we have estimated that the energy in the inertial motion spectral peak roughly
covers the interval 1.1-1.4 cpd, with an energy density around 10° (em s™)? or an
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0.5 em 57! r.m.s. velocity for the east—west flow alone. The energy spectrum of Fig. 6 is

similar in shape (though reduced numerically) to the results recorded by Fu (1981) with
conventional currents meters during POLYMODE, an experiment in the North Atlantic
Ocean at a similar latitude.

5.2.2 Internal waves. Inertial waves may be regarded as being at one end of the range
of ocean internal waves, and a spectrum for the VEF signal generated by internal waves
is predicted by the theory of Crave (1984). In his paper, Chave uses the kinematic
model of the internal wave field due to GARRETT and Munk (1972). The general
agreement of the Chave predictions with the observed spectrum in Fig, 6 accounts for
much of the observed VEF signal at site TP6 in terms of internal waves.,

5.2.3 Tides. The peak in the spectrum of Fig. 6 at a period of 12.5 h corresponds well
with the semi-diurnal ocean tides. The resolution of the spectrum as computed is quite
broad (0.04688 cpd between adjacent estimates at the tidal M, period} and thus other
semi-diurnal tides (S,, K, and N,) are unresolved and all probably contribute to the
single peak.

Diurnal tides do not appear to produce a distinct peak in the power spectrum of Fig. 6.
‘This observation is consistent with other deep-ocean current meter data, for example,
those of Fu (1981) referred to above. While a relatively small peak at diurnal frequencies
in the spectrum may be present but obscured by the strong inertial wave peak described
above, the weakness of diurnal tide signal relative to semi-diurnal tide signal suggests
that the latter is nearly an order of magnitude larger than the former at this site,

5.3 Signals with time scales >1 day

The signals in Figs 3-5 which have time scales of the order of several days are
attributed to mesoscale motions in the ocean. The site of the present data lies in that part
of the Tasman Sea where the East Australian Current flows over the Tasman Abyssal
Plain, and eddies and fronts in the current are of fundamental importance to Australian
oceanography. A comparison of the mesoscale VEF signals with a range of surface and
near-surface measurements of the characteristics of the current is now being undertaken,
with a view to its subsequent publication separately.

6. CONCLUSIONS

A range of oceanographic phenomena has been revealed by recording the vertical
electric field at the deep-sea floor of the Tasman Abyssal Plain. The site is in a region
which has very flat topography but which is within an active region of the East Australian
Current. The range of the phenomena cover ocean floor turbulence, inertial waves,
internal waves, tides, and mesoscale motions.

The power spectrum of the VEF data has spectral peaks for tides and inertial
oscillations which are similar {though of generally reduced energy) to conventional
current meter data measured in deep oceans. Over the internal wave band of frequen-
cies, the observed VEF spectrum agrees well with the predictions of Ciave (1984), The
sensitivity of the VEF instrument has enabled the detection of cast—west ocean-bottom
currents with energy densities as low as 107 or 107 (cm s™')Yepd, associated with
internal waves.
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