Measurement of Fluctuating Magnetic Gradients

Originating from Oceanic Internal Waves

Abstract. Fluctuating magnetic gradients over oceans come from electric currents
flowing in seawater arising from its motions across the earth’s magnetic field. Gradi-
ents of 0.3 to 0.6 picoteslas per meter for each meter of internal wave displacement
have been measured at frequencies of 2 to 5 millihertz with a superconductive mag-
netic gradiometer supported 7 meters above the surface of water 18 meters deep
about 1.5 kilometers offshore from San Diego, California.

Fluctuating magnetic gradients over
oceans come from electric currents driv-
en along crests of waves by seawater os-
cillating across the earth’s steady mag-
netic field. We report here the first mea-
surements of fluctuating magnetic gra-
dients originating from oceanic internal
waves. The gradients are minute, be-
ing of the order of 1 pT/m (/), but the
unprecedented sensitivity of supercon-
ductive quantum interference devices (2)
presents heretofore unavailable means
of measuring them. We use a supercon-
ductive magnetic gradiometer formed by
two coplanar pickup loops (3) to mea-
sure a transverse gradient from internal
waves passing an oceanographic research
tower (4) located about 1.5 km off Mis-
sion Beach near San Diego, California,
in 18 m of water.

Figure 1 shows the fluctuating gradient
7 m above the surface coming from an
internal oscillation that displaces a sharp
thermocline 7 to 10 m through two cycles
in 16 minutes. Levels of isothermal wa-
ter, marked for 13° and 15°C isotherms,
trace the oscillation of the thermocline
within which the water temperature falls
about 1°C per meter of increasing depth
through a layer 6 to 8 m thick in water 18
m deep. Dashed curves delineate the
thermocline profiles at the start and sec-
ond minimum, 37/2, of the almost sinus-
oidal oscillation having a period, 7, of
480 seconds. Horizontal seawater cur-
rents flowing onshore at 4, 8, 12, and 16
m above the bottom show a fluctuating
shear flow, which is profiled at the same
instants as the thermocline.

The magnetic gradient fluctuates with
the period of an isotherm oscillation but
lags behind it by about 60 seconds. Its
variation from crest to trough ranges
from 2.6 to 3.6 pT/m, corresponding to
isotherm displacements ranging from 7.5
to 10 m and velocity variations of 10 to
12 cm/sec and 16 to 22 cm/sec at 16 m
and 4 m above the bottom, respectively

The gradiometer sits in a gimbal mount
fixed to a nonmagnetic cantilever truss
that juts it 20 m from the south face of
the tower about 7 m above the surface.
Two axes of rotation and one axis of tilt
(£ 45°) of the gimbal allow every orien-
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tation of the pickup loops within a 90°
solid angle about the vertical. We orient
the pickup loops in order to suppress
noise both from fluctuating magnetiza-
tion currents in the steel structure of the
tower and from their slight motion in its
steady gradient field (5). The cantilever
truss (6) keeps the orientation of the
gradiometer stable to 5 seconds of arc.
With pickup loops oriented to sup-
press noise (7), we simultaneously re-

_cord the voltage of the gradiometer once

a second together with voltages from
four biaxial flowmeters of an electromag-
netic type (8) and from an array of three
moored chains, each supporting 17
thermistors spaced 1 m apart. The four
flowmeters measure seawater velocities
directed onshore (reckoned positive
eastward) and alongshore (reckoned pos-
itive northward) at 4, 8, 12, and 16 m

above the bottom in the center of the
tower. The array of three moored chains
gives temperature at 1-m intervals
throughout the water column at three lo-
cations: (i) beneath the gradiometer, (ii)
14.3 m due north of the gradiometer near
the south face of the tower, and (iii) 36.6
m west and 16.5 m north of the gradiom-
eter.

Typically, we record data at night (for
9 hours or so) to mitigate noise from
thermal and wind loads on the truss. Our
data base comprises two periods: (i) 19
days from 8 May 1978 to 5 June 1978 pre-
ceding the establishment of the seasonal
thermocline (9), during which we deter-
mined the gradiometer orientation giving
least noise, and (ii) 35 days from 17 July
1978 to 24 August 1978 spanning the
peak of the internal wave season, during
which we consistently measured gradi-
ents originating from internal oscillations
(10). Strong regular internal oscillations
of the kind shown in Fig. 1 are rare. The
oscillations are usually irregular, com-
prising periods from 200 to 500 seconds,
with root-mean-square amplitudes of 1 to
2 m (/7). We correlate gradients from ir-
regular oscillations with fluctuations of
isotherms and seawater currents to ob-
tain statistical estimates of the frequency
dependence of the amplitude and the

Fig. 1. Magnetic gradient
fluctuation (A) coming
from an internal oscillation
depicted by simultaneous
fluctuations of isotherms
(B) and seawater currents

Gradient (pT/m)

(C). Oscillations above 5
mHz are filtered, and time

extends from 06:35 to
07:05 on 22 July 1978.
Light, vertical dashed lines
mark each one-half cycle
of a sinusoidal oscillation
continuing through two cy-
cles with a period, 7, of 480
seconds. Heavy dashed
lines in (B) profile temper-
aturés, corresponding to
scales marked from 11° to

Depth (m)

19°C, throughout the water
column at two instants, 0
and 37/2. Heavy dashed
lines in (C) delineate pro-
files of the shear flow at the
same instants. Light, hori-
zontal dashed curves mark
the origins for velocity
fluctuations measured at 4,
8, 12, and 16 m above the
bottom.
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phase of gradients from internal waves.
Here, we compare estimates of the em-
pirical frequency response (I2) with gra-
dients expected from Ampere’s law.

By using Ampere’s law together with a
linear description of internal oscillations
(13), we expect the real part of the ex-
pression

F(r, ha [ k, (0) =
(oo/DB - ¢ — ik)ei@ — k-1 x

D
J vV, @) e R D
0

to describe the vertical gradient, Re[I'(r,
h, t; k, w), of the horizontal component
of the magnetic field at horizontal posi-
tion r, height 2 above the surface, and
time ¢ that comes from an internal wave
progressing horizontally in a direction k
with wave number k at frequency o in an
ocean of depth D (I4). Here, Vi(z) is a
profile of horizontal velocity; B is the
earth’s steady magnetic field (15); Z is a
unit vector directed vertically down-
ward; o is the electrical conductivity of
seawater (~ 4 mho/m); and w, = 47 X

1077 H/m. Profiles of horizontal velocity
depend on the thermocline shape and the
modal composition of the internal oscil-
lations (/16). The expression tells us that
the magnitude of the gradients is propor-
tional to an exponentially weighted in-
tegral over a profile of horizontal veloc-
ity and that their phase depends on wave
heading alone.

At the tower, the fundamental mode of
the thermocline dominates the internal
oscillations, and waves head predom-
inantly eastward. For a first compari-
son, we represent thermocline shape by
a linear decrease in temperature be-
tween a warm isothermal layer 2 m thick
at the surface and a cold isothermal layer
5 m thick at the bottom. We choose its
slope to obtain an effective buoyancy
frequency of 7.75 mHz (0.049 rad/sec),
which typifies stratification at the tower
and gives phase speeds consistent with
the value 25 cm/sec estimated from
phase differences between the 15°C iso-
therm of each chain.

Figure 2 compares gradients expected
from Ampere’s law with statistical esti-
mates of the frequency dependence of
the magnitude and phase of gradients per
unit speed relative to onshore seawater
currents at 4 and 16 m above the bottom.
Estimates come from a data sample 6.8
hours long extending from 22:15 on 31
July 1978 to 05:05 on 1 August 1978 (/7).
Although the frequency resolution is lim-
ited by the narrow bandwidth of the in-
ternal oscillations, estimates of the mag-
nitude per unit speed from each flowme-
ter increase with frequency as expected.
Estimates of phase are consistent with
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Fig. 2. Comparison of the theoretical frequen-
cy response to statistical estimates. Heavy
dashed curves delineate the frequency depen-
dence of the magnitude of gradients expected
per unit speed from onshore seawater cur-
rents at 4 and 16 m above the bottom. Jagged
lines trace corresponding statistical estimates.
Estimates of phase from the flowmeter at 4 m
correspond to the left scale, marked from
—45° to 0°, and estimates from the flowmeter
at 16 m correspond to the right scale, marked
from 135° to 180°. In each case, horizontal
dashed lines mark the limits of phase lags ex-
pected for waves heading between 60° and 90°
east of north. Error bars mark 50 percent con-
fidence limits. The square of coherence be-
tween gradient and velocity fluctuations is 0.6
over the frequency band of internal oscilla-
tions and falls to 0.12 immediately outside the
band. The 95 percent level of significance is
0.25 for 32 degrees of freedom.

the phase expected for waves heading
predominantly eastward.

As Fig. 2 shows, a linear representa-
tion gives gradients that closely fit statis-
tical estimates made from weak irregular
oscillations. It fails, however, to de-
scribe gradients from strong oscillations
of the kind shown in Fig. 1, which distort
the thermocline profile. In particular, the
triangular array shows that the strong os-
cillation depicted in Fig. 1 heads 22°
north of due east, and so we expect the
gradient fluctuation to lag behind the iso-
therm displacement by 13 seconds rather
than 60 seconds as observed.

Measurement of fluctuating magnetic
gradients over oceans provides a direct
integral measure of oceanic internal
waves. The measure is insensitive to de-
tails of ocean stratification and depends
separately on both wave amplitude and
heading.
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