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Observations of Motional Electromagnetic Fields During EMSLAB 

ALAN D. CHAVE, 1 JEAN H. FILLOUX, 2 DOUGLAS S. LUTHER, 2 LAWRIE K. LAW, 3 
AND ANTONY WHITE 4 

The long-period (>1 day) behavior of the seafloor electromagnetic fields during EMSLAB is considered in 
detail with an emphasis on interpretation in terms of oceanic motions. The study begins with a summary of the 
physics of motional electromagnetic induction, in which the seawater conductivity-weighted, vertically 
integrated velocity measured by the horizontal electric field is emphasized. Using frequency-domain methods, it 
is shown that seafloor and terrestrial magnetic variations have similar spectral shapes, indicating a common ori- 
gin, but the seafloor electric field is not consistent with either at periods longer than 4 days, suggesting an oce- 
anic source. The magnetic field variations are highly coherent across the EMSLAB array at periods shorter than 
9 days, but the similarity decreases at longer periods, probably due to long-term instrumental drift. The seafloor 
horizontal electric field data exhibit the broadband coherence characteristic of ionospheric sources only at 
periods shorter than 1-2 days and are essentially incoherent between 4 days and a week except in association 
with certain propagating wave phenomena. The distinction between the depth-averaged velocity inferred from 
the horizontal electric field and its point measurement by the vertical electric field is demonstrated with data. 
Some specific properties of the seafloor electric fields are then considered in detail. The first of these is a 4-day 
wave observed to propagate from north-to-south along the east flank of the Juan de Fuca Ridge. The 
wavelength, propagation sense, and association with the ridge are all consistent with topographically trapped 
Rossby wave behavior at a zero in the group velocity. A second north-to-south propagating wave is seen at 
periods of 8-12 days in the middle of the EMSLAB area with a probable wavelength of order 1000 km. 
Unresolved low-frequency structures in the electric field are also mentioned. These observations clearly demon- 
strate the power of electromagnetic array methods for the study of long-period oceanic behavior. 

INTRODUCTION 

Natural electromagnetic fields in the oceans are induced by 
both external, ionospheric and magnetospheric, electric current 
systems flowing at heights of 102 to 105 km above the Earth and 
by the dynamo interaction of water currents with the Earth's sta- 
tionary magnetic field. The large-scale spatial and temporal mor- 
phology of the former is reasonably well understood, and the 
fluctuating electromagnetic fields that external currents produce at 
the seafloor can be characterized and classified. Externally 
induced electromagnetic fields have long been used as a source for 
geophysical exploration using the magnetotelluric and geomag- 
netic depth sounding methods. 

Motionally induced electromagnetic fields are less well under- 
stood, primarily due to the paucity of observations covering the 
long periods (days to months) where most of the ocean's variabil- 
ity is concentrated. However, recent work has clearly demon- 
strated that electric field measurements using seafloor cables that 
span intense, localized streams can be interpreted in terms of fluid 
transport and give unique temporal information on low-frequency 
oceanic variability [Sanford, 1982; Larsen and Sanford, 1985]. 
The strong electromagnetic signature of intense eddy activity near 
a boundary current has been detected [Lilley et al., 1986], and an 
experiment to study the wavenumber structure of low-frequency 
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ocean variability and its relation to atmospheric forcing utilizing 
electromagnetic methods has been carried out [Luther et al., 
1987]. Interest in applying electromagnetic principles to physical 
oceanographic problems is increasing rapidly. 

The presence of motionally induced fields also has implications 
for solid earth geophysical interpretations of electromagnetic data 
collected at the seafloor. Oceanic contamination of the large-scale 
external source fields can distort magnetotelluric and geomagnetic 
depth sounding response functions due to the presence of both 
short spatial scale fields and vertical electric current modes. In 
addition, oceanic fields may dominate the external ones over parts 
of the spectrum. At the same time, an oceanographic interpreta- 
tion of seafloor electromagnetic data requires some information on 
the electrical structure beneath the ocean due to the biasing effect 
of inductive and conductive interactions with the Earth. As a 

result, the geophysical and oceanic problems are intertwined, and 
an interdisciplinary approach is necessary. 

In this paper, evidence for motionally induced electromagnetic 
fields in the EMSLAB data is considered. This begins with a 
review of the theory of motional electromagnetic induction that 
explicitly incorporates interactions with the seafloor. The spatial 
coherence of the offshore EMSLAB data in the frequency domain 
is then examined. Except at the longest resolvable periods and 
above 1 cph, the magnetic field is highly coherent across the 
EMSLAB array, and there is minimal evidence for oceanic mag- 
netic field contamination. However, the horizontal electric field 

exhibits broadband coherence only at periods shorter than 1-2 
days and is essentially incoherent between 4 days and the longest 
resolvable period except in association with certain narrow-band 
(in frequency space) propagating wave phenomena. The vertical 
electric field is nearly incoherent with the horizontal ones at the 
same site, showing the strong effect of depth dependence in the 
velocity field. Two specific characteristics of the low-frequency 
horizontal electric fields are also examined. The first of these is a 

concentration of variance at periods near 4 days for sites close to 
the Juan de Fuca Ridge. This feature exhibits phase propagation 
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from north-to-south on the east flank of the ridge, and the avail- 
able evidence suggests a topographically trapped Rossby wave as 
the source. The second peculiarity occurs at longer periods (8-12 
days) and displays north-to-south phase propagation that is 
clearest midway between the Juan de Fuca Ridge and the coast of 
North America. 

MOTIONAL ELECTROMAGNETIC INDUCTION 

reduces to the barotropic velocity when ¾h is independent of 
depth. A seafloor cable measures the horizontal integral of (1); 
see Sanford [1982] for a discussion of cable measurement 
interpretation. 

The expression for the vertical electric field is much simpler 
than (1). Rewriting the vertical component of Ohm's law for a 
moving medium in the form 

The framework for the theory of electromagnetic induction to 
be used in this paper is outlined by A.D. Chave et al. (manuscript 
in preparation, 1989), confirming and extending the earlier results 
of Sanford [ 1971]. This treatment is based on a separation of the 
electromagnetic fields into independent toroidal and poloidal mag- 
netic (TM and PM) modes under the assumption that the electrical 
conductivity of the ocean and Earth varies only vertically. Using 
a set of Green functions valid for an ocean of constant conduc- 

tivity and depth overlying a layered earth, an exact set of integral 
equations are derived which describe the electromagnetic fields in 
an ocean of vertically varying conductivity. Some characteristics 
of the real ocean allow important simplifications to be made at 
periods substantially longer than an inertial day, including the fol- 
lowing (1) the horizontal length scale is typically large compared 
to the depth of the ocean and (2) the vertical velocity is negligible 
compared to the horizontal components. It is also assumed that 
the effect of self-induction is not large. In addition, the geomag- 
netic field is modeled as an inclined geocentric dipole. Using 
these conditions, approximate solutions to the integral equations 
are constructed; these are summarized here. 

Consider a Cartesian coordinate system with t positive upward 
and zero at the ocean's surface. The motional horizontal electric 

field is independent of depth and may be written 

Eh(p)=C Fz •X(¾h)* q-N (1) 

where 

0 

(¾h)* -- 1 _Iu ') ') (cr)H dz'cr(z Vh (p,z (2) 
is the conductivity-weighted, vertically integrated horizontal 
water velocity, H is the water depth, (tr} is the depth-averaged 
conductivity, C is a scale factor which depends on the electrical 
conductivity structure beneath the seafloor, p =x.•+y•, Fz is the 
vertical component of the geomagnetic induction, and N is a small 
error term that depends on the velocity field over a wide area as 
well as random effects. The multiplicative relation with C in (1) 
is more properly a convolution relation between a spatial averag- 
ing kernel and (2), with an averaging distance in the horizontal 
that is of order a couple of times the water depth. This means that 
the horizontal electric field is actually a spatial average of the 
water velocity. C can be approximated as a constant slightly 
smaller than 1 for realistic conductivity models of the Earth and 
may be computed from contemporaneous electric field and con- 
ventional measurements of the water velocity. N represents the 
influence of nonlocal motional electric currents and is discussed 

by Sanford [1971] and A.D. Chave et al. (manuscript in prepara- 
tion, 1989). Its magnitude is generally small compared to the first 
term in (1). The remaining part of N is due to geomagnetic noise 
and is quantified in this paper. Due to the seawater conductivity 
weighting in (2), the horizontal electric field (1) is a filtered ver- 
sion of the water velocity which accentuates the depth- 
independent (barotropic) component and contains limited contam- 
ination from the depth-dependent (baroclinic) part. In fact, (2) 

Ez (p ,z ) = - [ ¾h (p,Z) )< Fh ]'• + Jz (p,z )/G (3) 

it can easily be shown that the vertical electric current density 
term is negligible compared to the motional term if the electrical 
conductivity of the seafloor is substantially smaller than that of 
seawater. This means that the vertical electric field is proportional 
to the horizontal water velocity at the point of measurement, as 
given by the first part of (3). Since the geomagnetic field is 
almost axial, Ez gives the local geomagnetic east-west water 
velocity; this is nearly the zonal component at mid- to low- 
latitudes. 

By procedures similar to those used to get (1), an expression 
for the motional horizontal magnetic field can be obtained. The 
horizontal magnetic field varies with depth because electric 
currents flow in different directions at different points in the ocean 
and in the earth, and the magnetic field is a weighted spatial aver- 
age of them. An expression similar to (1) involving both local 
and nonlocal electric currents that are proportional to the 
conductivity-weighted, vertically integrated water velocity (2) is 
derived in A.D. Chave et al. (manuscript in preparation, 1989). 
However, the relative balance of the two contributions is not sim- 

ple, and the interpretation of the motional horizontal magnetic 
field depends in a complex way on the electrical structure of the 
earth and the vertical distribution of seawater conductivity and 
water velocity. The motional horizontal magnetic field is propor- 
tional to several small physical parameters, unlike the electric 
field, and is expected to be especially weak. The vertical mag- 
netic field is due entirely to nonlocal electric currents and behaves 
qualitatively like the horizontal components except that it is 
depth-independent. Due to this complexity, the motional mag- 
netic fields will not be quantified here. 

In summary, motional horizontal electric fields at subinertial 
periods where the horizontal length scale of an ocean flow is typi- 
cally much larger than the water depth are proportional to the 
cross product of the vertical component of geomagnetic induction 
with the conductivity-weighted, vertically integrated horizontal 
water velocity. The constant of proportionality depends on the 
electrical conductivity profile beneath the seafloor and approaches 
unity as the seafloor becomes more resistive. This means that the 
north electric field component is a measure of the velocity to the 
west, while the east electric field is a measure of the velocity to 
the north in the northern hemisphere. The conductivity weighting 
of the velocity in (2) may be quantified using historic temperature 
and salinity information to construct conductivity profiles but gen- 
erally is dominated by the barotropic velocity. This is a quantity 
that is exceptionally difficult to measure by conventional means 
(e.g., mechanical current meters) since the baroclinic velocity 
field is typically more energetic than the barotropic part in the 
world oceans. By contrast, the vertical electric field expression 
(3) is much simpler, and Ez gives the geomagnetic east-west 
water velocity due to barotropic and baroclinic flows at the mea- 
surement point. Motional magnetic fields are substantially more 
complicated, involving weighted averages of both local and non- 
local electric currents. 
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DATA 

A description of the EMSLAB experiment, including the goals 
and experimental layout, is given by EMSLAB Group [1988]. In 
this paper, only the offshore phase of the project will be con- 
sidered. A total of 39 bottom packages were deployed at 19 sites, 
and all except one unit were recovered; usable data were returned 
by 33 of the instruments. The time series selected for this study 
consist of the electric and magnetic ones collected by Scripps 
Institution of Oceanography (SIO), the magnetic results of the 
Pacific Geoscience Center (PGC), and a single magnetic field 
record obtained by Flinders University of South Australia (FUA). 
The corresponding locations for the instruments are shown in Fig- 
ure 1 along with selected bathymetric contours. All of the instru- 
ments are from SIO except for sites SE2, SE6, SF1, and SG5 
(PGC), and site SF2 (FUA); see Figure 1 for site information. In 
addition, standard observatory data from Victoria, British Colum- 
bia, Canada (48ø31'N, 123ø25'W) were obtained for reference 
purposes. 

The seafloor instruments consist of four fundamental types. 
The horizontal electric field sensors, or horizontal electrometers 

(10 packages), measure the electric potential between two orthog- 
onal pairs of points in the horizontal plane and separated by about 
6 m. Contact between the ocean and sensor Ag-AgC1 electrodes 
is made via a saltwater bridge and through a water chopper to 
separate electrode noise from the electric field signal. The chop- 
ping technique preserves a true zero datum, so that the measured 
electric field is physically meaningful down to dc. The resolution 
of the electrometers is 0.015 p V m-', and the sampling rate is 128 
h -•. Further details are given by Filloux [1987]. Two vertical 
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Fig. 1. The locations of the seafloor Jnstmmems used in this study super- 
imposed on selected bathymetric contours t•en from the ETOPO5 digital 
data base compiled by the National Geophysical Data Center. The 
seafloor sites from EMSLAB •e denoted by a prefix S (suppressed on the 
map) and •ged in t•ee roughly east-west lines designated by a second 
leEer E, F, or G st•Jng at the north. The stations •e then numbered 
beginning at the coast. St•Jng at the noaheast comer, the sites shown •e 
SE2, SE3, SES, •d SE6 (north line), SF1, SF2, SF3, SF4, SFS, SF6, S•, 
and SF8 (middle line), and SG1, SG2, SG4, and SG5 (south line). The 
symbols indicate combined horizontal electric and three-component mag- 
netic sites (solid squ•es), t•ee-componem magnetic sites (solid circles), a 
vertical electric field site (cross), a t•ee-component electric and magnetic 
site (solid triangle), and a horizontal electric field site (star). The contours 
shown are the 3000-m (labeled), 2600-m (heavy line), 2200-m (long 
dashed line), 1800-m (short dashed line), and 1000-m (labeled) ones; the 
North Americ• coast is the solid •ea to the right. The broad, flat region 
in the middle is the Cascadia Basin, while the 2600-m contour at the left 
outlines the Juan de Fuca Ridge. 

TABLE 1. Tidal Lines and Periods 

Species Period 

Mf 327.858987 
2Q1 28.006219 

Q! 26.868354 

O 1 25.819339 

M1 24.849159 

S• 24.000000 
J1 23.098475 

OO 1 22.306072 

2N 2 12.905373 

N 2 12.658347 

M 2 12.420605 

L 2 12.191619 

Sq 1 12.000000 
S• 8.0000000 
S• 6.0000000 
S• 4.8000000 
S• 4.0000000 

electrometers placed about 100 m above the seafloor were also 
used. One of these was an older unit measuring the potential 
between the ends of a 100-m-long vertical wire and is described 
by Bindoff et al. [1986]. The second was a prototype unit using 
an adaptation of the horizontal electrometer water chopper and 
covered by Filloux [ 1987]. 

The SIO magnetometers are modem versions of suspended 
magnet systems using extremely rigid and stable suspension fibers 
and optoelectronic feedback nulling. These units have a resolu- 
tion of 0.2 nT and sample the magnetic field at a rate of 64 h -•. 
The PGC magnetometers are standard fluxgate designs with a 
resolution of 1 nT and a sample rate of 30 h -•. The FUA magne- 
tometer is similar to the PGC units and is described by White 
[1979]. Further information on seafloor magnetometers is given 
by Filloux [1987]. 

All of the time series were carefully edited to remove bad 
values using standard methods. Because of the water chopper, the 
horizontal electric and chopper-type vertical electric data required 
no trend removal, and no further preprocessing was necessary. 
The data from the long-wire vertical electrometer (site SF6) 
displayed serious drift at periods longer than about a day and were 
not used in the subsequent analysis. Most of the SIO magnetic 
data showed long-term exponential drift caused by settling of the 
instrument package into the sediments on the seafloor. This was 
corrected when necessary by least squares removal of an exponen- 
tial trend. The PGC and FUA magnetometers were less sensitive 
to package motion, but some of the time series displayed drift 
problems that were traced to magnetization of lithium batteries on 
discharge. This was detrended by fitting a least squares, variable 
knot spline function with two to three free knots. 

All of the raw time series are dominated by high-amplitude, 
periodic signals due to the solar daily variation, its harmonics, and 
the ocean tides. Prior to further analysis, the components listed in 
Table 1 were removed by robust least squares [Chave et al., 
1987]. The lines listed in the table consist of Sq with its first six 
harmonics and the largest tidal components that are separated by 
the Rayleigh resolution criterion (i.e., their frequencies differ by at 
least the inverse time series length). While superresolution of 
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more closely spaced lines was sometimes feasible, especially with 
the lower noise SIO data, theory shows that this depends critically 
on the unknown signal-to-noise ratio and hence could not be 
quantitatively assessed. For archival purposes, Tables A1 through 
A6 on microfiche • list the time series mean, initial and final data 
variances, and the resulting amplitude, percent error at the 95% 
level, phase, and its 95% uncertainty for each component. The 
phases are referenced to 0000 UT on January 1, 1985, and the 
convention used for the periodic components is Aicos((oit-•i), 
where A i is the line amplitude and •p, is the phase at angular fre- 
quency w i. Independent and identically distributed regression 
residuals are a condition of the Gauss-Markov theorem from 

which error estimates are derived; they must also be Gaussian to 
get confidence limits. Use of a robust least squares procedure is 
essential to obtaining meaningful confidence limits on the ampli- 
tudes and phases because of the dramatically non-Gaussian form 
the residuals from natural source electromagnetic data take 
without one. 

Previous studies have shown that the ocean tides produce 
detectable electromagnetic effects in seafloor data [e.g., Larsen, 
1968]. For these data, the horizontal electric field is dominated by 
Sq and its first three harmonics and the M2 lunar semidiurnal tide, 
although the Q •, O •, and N2 constituents are also significant. The 
vertical electric field measurement displays sizable diurnal and 
semidiurnal ocean tides with no Sq harmonic components. The 
periodic terms in the magnetic field are largely due to Sq with its 
first two harmonics and M2. It should be noted that the large K• 
diurnal ocean tide differs in frequency by only one cycle per year 
from Sq ø, so that estimates for the latter are probably contaminated 
by an unresolvable component. A similar argument applies to Sq • 
and the P 2 and K 2 tides, although the latter are much smaller than 
Kl. 

A detailed examination of the tidal components is beyond the 
scope of this paper. The line parameter estimates are provided 
here for use in other studies. After removal of the tides, all hor- 
izontal time series were rotated to a geographic coordinate system. 
The data were then low-passed with a prolate filter having a 3-dB 
point at 2 cph and 60 dB attenuation in the stopband and 
decimated to four samples per hour for further analysis. 

SPECTRAL ANALYSIS 

A major problem in time series analysis is the choice of an esti- 
mation procedure that yields a spectral estimate from a finite 
observation of the process of interest that is not badly biased yet 
remains statistically consistent and efficient. This problem 
becomes especially acute when the time series is short (in the 
sense that the interesting phenomena have characteristic frequen- 
cies of order the inverse sequence length), contains periodic com- 
ponents, or has a large dynamic range. For the offshore EMSLAB 
data, the periodic signals have known frequencies and are easily 
removed using the methods of the last section. However, these 
data series are typically 60 days in length, and the period range of 
interest in oceanography goes from a few days to many months. 

The standard approach to such problems in geophysics has 
traditionally been a band-averaging one, in which the entire time 
series is multiplied by a data taper, Fourier transformed, and 

1Appendix tables are available with entire article on microfiche. Order 
from American Geophysical Union, 2000 Florida Avenue, N.W., Wash- 
ington D.C. 20009. Document B89-029; $2.50. Payment must accompany 
order. 

weighted averages over adjacent frequencies are computed to get 
a consistent spectrum. There are serious problems with this 
method, principally because of an inability to utilize a low bias 
data window without dramatically decreasing the variance 
efficiency. Band-averaged estimates may be badly biased, usually 
in a manner that is misleading and difficult to detect, and should 
be regarded as obsolete. 

A modem replacement for band-averaged spectra based on a 
multiple prolate window expansion of the Fourier transform was 
introduced by Thomson [1982] and will be used throughout this 
paper. The multiple window approach generalizes the role of a 
data taper and involves the separate processing of a time series 
using each member of a set of orthogonal data windows that are 
optimal in a minimum spectral leakage sense and which depend 
on a free parameter, the resolution bandwidth or time-bandwidth 
product. Each of these raw estimates is essentially independent, 
and the final result is a weighted average of the individual spectra 
and hence is statistically consistent. This gives high variance 
efficiency with good control of the bias caused by spectral leak- 
age. The final spectrum is effectively the convolution of the unk- 
nown true spectrum with a rectangular frequency-domain window 
of width governed by the time-bandwidth product. Further infor- 
mation on the multiple window method is given by Thomson 
[1982]. Certain normalizations used here differ slightly from 
Thomson's formulation; see F.L. Vernon et al. (manuscript in 
preparation, 1989) for details. 

The horizontal electric field (1) is a measure of the vector hor- 
izontal velocity, and a Cartesian approach to its analysis has 
several drawbacks. First, a complete treatment of two sets of hor- 
izontal velocity measurements involves four sets of coherences 
and phases for each frequency, each of which has similar 
significance. Second, the coherences are not invariant under coor- 
dinate rotation, and local effects that change the natural coordi- 
nates for different data series can produce misleading results. An 
alternate approach based on a rotary representation is in common 
use by oceanographers and is discussed by Mooers [1973]. A hor- 
izontal velocity vector at a single site is represented as a complex 
quantity and decomposed into two counterrotating circular com- 
ponents with distinct amplitudes and phases. This means that 
spectra may be different for positive and negative frequencies. 
The convention chosen here is that anticlockwise motions 

correspond to positive frequencies and clockwise motions 
correspond to negative ones. Because of the circular symmetry, 
coordinate invariance holds for the coherence, while the phase 
changes in proportion to any relative coordinate rotation; the dif- 
ferential coordinate system orientation can also be obtained from 
combinations of the rotary crossspectra. This makes it possible to 
quickly determine the statistical relationships between sets of vec- 
tor time series. In addition, there are strong dynamical reasons to 
prefer the rotary form for spectra of ocean velocity because some 
types of wave disturbances will be preferentially polarized in a 
clockwise sense due to rotation of the Earth. 

SPECTRA OF THE ELECTROMAGNETIC FiIELDS 

Multiple window power spectra for all of the seafloor electric 
and magnetic components were computed as a summary represen- 
tation of the data. After prewhitening with a five-term autoregres- 
sive filter, spectra with a time-bandwidth product of four and eight 
windows were obtained and corrected for the prewhitening, yield- 
ing approximately 16 degrees-of-freedom per frequency. This 
gives a double-sided 95% confidence limit on the spectrum of 
(0.6,2.3) times the estimate at each frequency, assuming Z 2 statis- 
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Fig. 2. Multiple prolate window power spectra for the horizontal magnetic field variations at (left) seafloor site SE3 and (right) the 
standard observatory at Victoria, British Columbia, Canada, for the EMSLAB epoch. The geographic north components are 
shown in the bottom two panels, while the geographic east ones are at the top. The spectra have a time-bandwidth product of 4 and 
were computed with eight orthogonal data windows, yielding about 16 equivalent degrees-of-freedom per frequency for 95% 
confidence limits of (0.6,2.3) times the estimate. The spectral bandwidth is --0.0028 cph. 

tics. Since there are about 60 days or 1440 hours of data avail- 
able, the spectral bandwidth is --0.0028 cph; features that are 
more closely spaced than this are not clearly resolvable. 

Figure 2 compares power spectra of the horizontal magnetic 
field components at site SE3, located near the middle of the Cas- 
cadia Basin, to corresponding spectra for Victoria Observatory. 
The remaining seafloor magnetic field spectra are qualitatively 
similar to those at SE3, and no distinct features could be detected 

at individual sites. The primary characteristic distinguishing the 
seafloor and land spectra is the marked attenuation of the seafloor 
magnetic field at frequencies above 0.1 cph caused by the conduc- 
tive ocean layer. Expressions quantifying this reduction in power 
are given by Chave and Filloux [1984], and it can amount to a 
decade or more at 1 cph. However, at periods longer than a day, 
the spectra do not differ significantly except for the increase in 
power at the lowest resolvable frequencies for the east component 
at Victoria. This is caused by a slight trend of probable instru- 
mental origin in the data and is not important. Note that the spec- 
tra are redder at high frequencies than at low ones with a break in 
slope at about 1 cpd. The seafloor east magnetic field spectra are 
nearly white at frequencies below 1 cpd, while the slopes of the 
north ones are roughly proportional to inverse frequency in that 
region. Spectra of the vertical magnetic field (not shown) are 
qualitatively similar to those for the east component except for a 
reduction in power by up to a factor of 10, reflecting the weaker 
vertical magnetic variation field. 

Figure 3 shows power spectra of the electric fields at sites SE3, 
located near the center of the Cascadia Basin, and SG4, located on 

the southeast flank of the Juan de Fuca spreading center (see Fig- 
ure 1). Land electric field data that are usable to the low frequen- 
cies considered here were not collected during EMSLAB, so no 
terrestrial comparison is possible. Under the quasistatic approxi- 
mation to the Maxwell equations, in which displacement currents 
are neglected, the electric field is proportional to the time deriva- 

tive of the magnetic field. Since the electric field is not appreci- 
ably attenuated by the ocean layer at frequencies below 1 cph, the 
seafloor electric spectra should be compared to the land magnetic 
ones. This means that electric field spectra should be similar to 
their terrestrial magnetic field counterparts scaled by the fre- 
quency squared. Comparing Figures 2 and 3 shows that this is 
approximately true at frequencies above 0.01 cph (4-day period). 
The electric field spectra are red (decreasing with rising fre- 
quency) above 0.3 cph, white between 0.3 and 0.04 cph (1-day 
period), and blue (decreasing with falling frequency) from 0.04 to 
0.01 cph, consistent with Figure 2 (right panels) scaled by fre- 
quency squared. However, the electric field spectra rise dramati- 
cally at frequencies below 0.01 cph in a manner that is not 
predictable from Figure 2, suggesting a source for the electric 
field that does not significantly influence the magnetic field. It is a 
central assertion of this paper that the dramatic low-frequency rise 
in power is due to motional induction, and the remainder of the 
work will document the consistency of this hypothesis. Note that 
the hole in the north electric spectrum at frequencies between 
0.005 and 0.05 cph is deeper than that in the east ones, as 
expected from the smaller spectral slope of the corresponding east 
and north magnetic spectra in Figure 2. Note also the large spec- 
tral bump in the site SG4 result near 0.01 cph; this is especially 
strong in the east component but is also apparent in the north one. 
It will be shown later that this is due to a propagating wave 
trapped to the Juan de Fuca Ridge. 

Figure 4 shows a power spectrum for the vertical electric field 
at site SF7. This component is entirely of oceanic origin in the 
absence of marked lateral heterogeneity of electrical conductivity. 
The solid line shows a model spectrum for the vertical electric 
field produced by ambient internal waves that is based on the 
Garrett-Munk kinematic description, as derived by Chave [1984]. 
Agreement with the data at frequencies between 0.06 and 1 cph is 
within the uncertainties except near the inertial frequency (--0.058 
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Fig. 3. Multiple prolate window power spectra for the horizontal electric field variations at sea floor sites (left) SE3 and (right) SG4 
for the EMSLAB epoch. The geographic north components are shown at the bottom, while the geographic east ones are at the top. 
The spectra have a time-bandwidth product of 4 and were computed with eight orthogonal windows, yielding about 16 equivalent 
degrees-of-freedom per frequency for 95% confidence limits of (0.6,2.3) times the estimate. The spectral bandwidth is --0.0028 
cph. 

cph), where the model predicts an excess of variance. Previous 
comparisons of seafloor vertical electric field observations and the 
internal wave spectrum show similar consistency [Chave and Fil- 
loux, 1985; Bindoff et al., 1986]. The large peak at 0.06-0.1 cph 
in Figure 4 is due to inertial waves whose characteristic vertical 
eigenfunctions are strongly depth dependent [e.g., Fu, 1981]. 
These are not seen in Figure 3 because the inherent vertical 
averaging of the horizontal electric field smooths out their effect. 
From (3), the vertical electric field spectrum can be converted to 
units of cm2s-2cph-• by scaling with a factor of 22.7. The 
remaining, subinertial range in Figure 4 is qualitatively consistent 

with mechanical current meter spectra for the zonal water velocity 
obtained at similar latitudes; see Wunsch [1981] for some exam- 
ples. 

In summary, the seafloor and land magnetic spectra are similar 
except for the well-understood high-frequency attenuation of the 
former by the conducting ocean. By contrast, seafloor horizontal 
electric spectra contain two different components, one of which is 
consistent with the magnetic spectra and one that is clearly due to 
a new process. To more clearly delineate the source of the new 
contribution, it is necessary to use multivariate spectral tech- 
niques. 

10-3 10-,• 10-• 10 0 

Fr e q•z•r•c•t 

Fig. 4. Multiple window power spectrum for the vertical electric field 
variations at site SF7 (solid triangle in Figure 1). The spectrum has a 
time-bandwidth product of 4 and was computed with eight orthogonal 
windows, yielding about 16 equivalent degrees-of-freedom per frequency 
for 95% confidence limits of (0.6,2.3) times the estimate. The spectral 
bandwidth is --0.0028 cph. The solid line is a model spectrum for the 
vertical electric field induced by oceanic internal waves as derived by 
Chave [ 1984]. 

COHERENCE STRUCTURE OF THE MAGNETIC FIELD 

Estimates for the two-point and multiple squared coherences 
(hereafter simply called the coherences) between the seafloor elec- 
tric or magnetic fields and both the magnetic field at Victoria 
Observatory and other seafloor measurements were computed 
using the multiple prolate window method following F.L. Vernon 
et al. (manuscript in preparation, 1989). After prewhitening each 
data sequence with a five-term autoregressive filter, 13 windowed 
raw estimates with a time-bandwidth product of 6.5 were 
obtained, combined using adaptive weighting, and corrected for 
the prewhitening to get the coherence. These quantities possess 
about 26 degrees-of-freedom at each frequency, so the zero coher- 
ence level is 0.22 for the ordinary coherence and 0.26 for the mul- 
tiple coherence with three input terms assuming normally distri- 
buted data; values smaller than these are indistinguishable from 
zero. The spectral bandwidth is --0.0045 cph. 

Figure 5 shows the multiple coherence between the individual 
seafloor magnetic field components at site SF7, located near the 
middle of the Cascadia Basin, and all three magnetic field com- 
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Fig. 5. Multiple window multiple coherences between the individual magnetic field components at seafloor site SF7 with all three 
magnetic field components at Victoria Observatory. Clockwise from the lower left, the geographic north, east, and vertical com- 
ponents are featured. The coherences have a time-bandwidth product of 6.5 and were computed with 13 orthogonal windows, 
yielding about 26 equivalent degrees-of-freedom per frequency. The zero coherence level is shown by the horizontal dashed line, 
while the bandwidth of the estimate is = 0.0045 cph. 

ponents at Victoria Observatory. The coherence typically exceeds 
0.95 and is often over 0.99 from = 0.005 to 1 cph. The falloff at 
high frequencies is due to attenuation of the seafloor magnetic 
fields and a consequent increase in the relative noise level. Holes 
in the coherence spectrum are obvious at the frequency of Sq and 
its first two harmonics, presumably due to a residual component 
that contains a substantial short spatial scale part that is not elim- 
inated by the least squares line removal procedure. The low- 
frequency falloff in coherence occurs only for frequencies within 
the resolution bandwidth, and its magnitude is both component- 
and site-dependent. This means that it could be due to either 
unresolved low-frequency contamination of the seafloor magnetic 
field by the ocean or to errors induced by instrumental drift and 
the process of detrending. Note that the low-frequency coherence 
is not significant for the north magnetic field component but is 
significant but reduced for the remaining ones. The multiple 
coherences for the magnetic fields at other seafloor sites and Vic- 
toria Observatory are qualitatively similar. 

The two-point coherences for a single magnetic field com- 
ponent at two seafloor sites were computed for all station pairs. 
The general features seen in Figure 5 are confirmed; in addition, 
the magnetic fields are in phase at frequencies below 0.3 cph 
throughout the array when the coherence is significant. The 
coherence is somewhat higher as the station separation decreases 
and can exceed 0.99 for closely spaced measurements. The drop 
in coherence within a spectral bandwidth of zero frequency is also 
confirmed, with no consistent pattern to the change being detect- 
able. The holes in the coherence at the frequencies of Sq and its 
harmonics depend strongly on the orientation of the two stations, 
being large when the latitude separation is substantial and vanish- 
ing for two sites located at the same geomagnetic latitude. There 
are also substantial changes in the relative phases at frequencies 
above 0.3 cph that are certainly due to electrical structure changes 

and source field variations. A detailed discussion of such effects 

will not be given in this paper. 
In conclusion, the seafloor magnetic field is highly coherent 

across the EMSLAB array at periods shorter than 9 days. This is 
the longest period which can be reliably studied (in a statistical 
sense) with this short data set. A decrease in coherence is 
observed at longer periods, often to a zero value, but no clear spa- 
tial pattern can be detected. The evidence for motional magnetic 
fields in these data is equivocal, with the low-frequency falloff in 
coherence being suggestive but not clearly differentiable from 
contamination by long-term trends in the data. There is no indica- 
tion of motional magnetic fields at periods shorter than 9 days. 
The high coherence of the magnetic field components, including 
the vertical one, to fairly long periods suggests that the geomag- 
netic depth sounding method could profitably be employed on the 
seafloor. If very low frequencies can be achieved, then studies 
like that of Schultz and Larsen [1987] could gain more global 
coverage. 

COHERENCE STRUCTURE OF THE ELECTRIC FIELD 

Figure 6 shows the multiple coherence between the north and 
east electric field components at SF7 and all three magnetic field 
components at Victoria Observatory and at the same site. The 
coherences are qualitatively similar, with a value of = 0.9 from a 
frequency of = 0.04 cph to the Nyquist value and a sharp falloff 
below this. The coherence with the local magnetic field falls off 
faster near the upper frequency limit due to the weakness of the 
seafloor magnetic field and a concomitant rise in the relative noise 
level. As for Figure 5, holes in the coherence at the frequencies of 
Sq and its first few harmonics are apparent. Neither set of coher- 
ences is significant at frequencies below 0.01 cph (4-day period) 
except for a slight bulge in the east electric component centered at 
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Fig. 6. Multiple window multiple coherences between the horizontal electric field components at seafloor site SF7 and all three 
magnetic field components at (left) Victoria Observatory and (right) site SF7. The geographic north electric component is con- 
sidered in the bottom panels, while the geographic east one is shown at the top. The coherences have a time-bandwidth product of 
6.5 and were computed with 13 orthogonal windows, yielding about 26 equivalent degrees-of-freedom per frequency. The zero 
coherence level is shown by the horizontal dashed line, while the bandwidth of the estimate is = 0.0045 cph. 

0.004 cph. The existence of this peak is sensitive to the inclusion 
of magnetic storms in the data set being analyzed; if their effect is 
eliminated by using a robust estimator [Chave et al., 1987], it van- 
ishes, suggesting an origin in the storm-time part of the ring 
current. This is expected to appear predominantly in the east elec- 
tric and north magnetic fields. The falloff in coherence between 
the seafloor electric and magnetic fields at periods longer than a 
few days has been previously documented, and combined with the 
rapid high-frequency roll-off above 1 cph, it results in a band- 
limited spectrum for magnetotelluric analysis. 

If an oceanic electric field measurement is to serve as a substi- 

tute for a direct velocity measurement, it is necessary to find the 
relevant scale factor to get the correct units. For the vertical elec- 
tric field, the conversion is trivial; dividing it by the north 
geomagnetic field and changing sign gives the geomagnetic east 
velocity. For the EMSLAB area, the north component of F is 
about 21,000 nT, so the scale factor is 4.76 to get velocity in cm 
s-: from the electric field in)t V m-:. 

For the horizontal electric field and in the absence of a correc- 

tion for conductive interactions with the Earth, division by the 
vertical geomagnetic field gives an upper limit to the water veloc- 
ity. For the EMSLAB area, the vertical geomagnetic field is about 
50,000 nT, and a scale factor of 2.00 yields velocity in cm s -:. 
This will be reduced by the effect of current leakage into the 
Earth. Proper correction of the horizontal electric field requires 
either a detailed knowledge of the Earth's conductivity structure 
or an independent measure of the water velocity. The former is 
difficult to achieve because shallow, low-conductivity zones are 
especially important in modifying motional electromagnetic 
fields, and these are difficult to detect using passive geophysical 
techniques like magnetotellurics. A very limited amount of con- 
trolled source information indicates the presence of a highly resis- 
tive region near the surface of the oceanic lithosphere [Cox et al., 

1986], minimizing the effect of the Earth on motional induction. 
However, it should be noted that the lithosphere in the offshore 
EMSLAB area is extremely young (_<10 Ma), correspondingly 
hot, and probably more conductive than that studied by Cox et al., 
and extrapolation of a conductivity profile from an older region is 
risky. No independent water velocity measurements were col- 
lected during EMSLAB, so a direct calibration is not available. 
All velocities from the horizontal electric field in this paper will 
be quoted ignoring current leakage effects. However, the interac- 
tion correction is unlikely to exceed 10% based on geophysically 
reasonable models for the lithospheric conductivity. 

The raw east electric field time series in the EMSLAB data 

were processed with a low-pass prolate filter having a 3-dB point 
at a period of 4 days and 60 dB of stopband attenuation. Figure 7 
compares hourly mean values of these filtered data sets for six of 
the sites. It should be remembered that the motional east electric 

field is proportional to the north or meridional water velocity; 
since the North American coast strikes nearly north-south, this is 
the longshore component. The top pair of series are spaced about 
40 km apart east-west at the northwest comer of the array and 
straddling the Juan de Fuca Ridge. A quasi-sinusoidal component 
with a period near 4 days is quite apparent and correlates well 
between sites, as does the sharp increase at about 6300 hours. The 
middle pair of series are from two sites along the central line of 
Figure 1, close to the coast, and separated by about 25 km. While 
some visual coherence is seen, it is not as high as for the last pair, 
and the periodic term is not present. The bottom pair of series are 
from the southern line and are separated by about 220 km east- 
west. There is little visual correlation, and site SG4 near the Juan 

de Fuca Ridge shows a periodic term similar to that in the top pair 
of time series. The large electric field change seen at SG2 with a 
characteristic time scale of about 1000 hours or 40 days may be 
due to a barotropic mesoscale eddy. Note that the north-south 
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Fig. 7. The geographic east electric field time series for six stations after 
low passing with a prolate filter having a 3-dB point at 4-days period. The 
abscissa is the time in hours from 0000 UT on January 1, 1985, while the 
ordinate is the electric field in•V m -1 and has a different scale for each of 
the three pairs of stations. In the absence of electromagnetic interactions 
with the conducting earth, the equivalent north depth-averaged velocities 
in cm s -1 are obtained by scaling the electric field with a factor of 2. 

correlations of these data are not high, as seen by comparing the 
different pairs of time series. 

Figure 8 contrasts the low-pass filtered vertical electric field 
time series from site SF7 with the similarly processed geomag- 
netic north electric field component at the same location. Both of 
these quantities give the horizontal velocity positive to the west. 
The visual correlation of these two data series is not high, 
reflecting the substantial difference between a depth-averaged and 
a point measurement of the water velocity. The vertical electric 
field is dominated by the baroclinic velocity at the seafloor, while 
the horizontal electric field accentuates the barotropic one. A 
quasi-sinusoidal signal like that of Figure 7 is weakly apparent in 
the vertical electric field but not in its horizontal counterpart, sug- 
gesting that the process producing it is more energetic near the 
seafloor. A coherence spectrum between these two series (not 
shown) is not significantly different from zero except in narrow 
bands centered at 0.02 cph and 0.01 cph. 

SOME DETAILS OF THE LONG-PERIOD ELECTRIC FIELD 

The long-period electric field displays more complex behavior 
than the magnetic field, some of which is apparent in Figures 7 
and 8. For this reason, a few intersite electric field coherences 

analogous to Figure 5 fail to illustrate the diversity of phenomena 
contained in the EMSLAB data. Instead, a more detailed look at a 

few specific characteristics of the electric field will be made. 
The most prominent signal in Figure 7 is the nearly periodic 4- 

day component in the horizontal electric field at sites SE5, SE6, 
and SG4. This component is also seen at site SF8 and very 
weakly at site SF7; these measurements are the closest ones to the 
topographic high associated with the Juan de Fuca spreading 
center. Figure 9 shows power spectra of the horizontal electric 
field at sites SE5 and SG4 using the rotary representation that was 
outlined earlier. Since the long-period electric field is a proxy for 
the depth-integrated water velocity, the complex time series that 
were analyzed had minus the north component in the real part and 

the east component in the imaginary part; these are appropriate for 
the east and north velocity components, respectively, the usual • 
and • coordinates used in oceanography. This means that the 
sense of rotation in the figures will be correct for the water veloc- 
ity and reversed for the actual electric field vector; this convention 
will be used for the remainder of this paper. At high frequencies 
(>0.02 cph), the clockwise and counterclockwise rotating parts 
have similar amplitudes, reflecting a roughly linearly polarized 
external source field. There is a slight tendency to an excess of 
clockwise-polarized (in the sense of the electric vector) energy 
near 0.4 cph. At lower frequencies, both sites show an unpolar- 
ized increase in power toward low frequency. Superimposed on 
this is a predominantly clockwise-polarized (in a velocity sense) 
enhancement of variance centered near four days period. It is 
important to note that the spread of this feature reflects the resolu- 
tion bandwidth of the multiple window spectrum rather than the 
fundamental bandwidth of the process producing it. An F test 
using the method of Thomson [1982] fails; the peak in the spec- 
trum represents a narrowband process rather than a quasi- 
deterministic one with a constant phase relationship. At site SE5 
the motion is essentially circular, as reflected in the total absence 
of a variance increase in the counterclockwise polarization, while 
at SG4 the motion is more elliptical. The remaining ridge sites 
show nearly linear motion at SE6 and nearly circular motion at 
SF7 and SF8, although the signal level is reduced at the latter two 
points. Cannon and Pashinski [1987] report on a 3.8-day peak in 
current meter data from the southern end of the Juan de Fuca 

Ridge that may be related. No evidence for this 4-day signal 
could be detected in rotary spectra at the remaining electric field 
sites. 

Figure 10 shows the variance or kinetic energy in the frequency 
band 0.008-0.014 cph, encompassing the spectral peaks in Figure 
9, obtained by direct integration of a complete set of rotary spectra 
as a function of distance from the nominal axis of the Juan de 

Fuca Ridge as delineated by the topographic high. After a crude 
correction for the dependence of adjacent frequencies in the multi- 
ple window spectra, these are Z 2 distributed with about 42 
degrees-of-freedom per value, yielding double-sided 95% 
confidence limits of (0.7, 1.6) times the estimate. There is a gen- 
eral tendency for increased energy near the coast and near the 
spreading ridge with a minimum near the center of the Cascadia 
Basin; there is no preferential polarization associated with this. 
However, there is a statistically significant enhancement in the 
clockwise energy near the ridge axis by a factor of 3-6 over mid- 
basin values, suggesting a causative relationship with the topo- 
graphic high. The rms water velocity is up to 0.20-0.30 cm s -1, 
about 5 times smaller than a typical open ocean barotropic tidal 
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Fig. 8. The geomagnetic north (X) and vertical (V) electric components at 
site SF7 (solid triangle in Figure 1). The abscissa is the time in hours from 
0000 UT on January 1, 1985, while the ordinate is the electric field in•V 
m -1. 
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value. This figure is also smaller than the peak-to-peak value in 
Figure 7 would suggest due to the non-steady state nature of the 
4-day wave. 

Figure 11 shows two-point rotary coherence and phase plots for 
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Fig. 10. Kinetic energy obtained by integrating rotary multiple window 
spectra over the frequency interval 0.008-0.014 cph, corresponding to the 
low-frequency peaks in Figure 9, as a function of distance from the topo- 
graphic high associated with the Juan de Fuca Ridge. The clockwise 
polarization is shown in the bottom panel, while the counterclockwise one 
is at the top. The symbols correspond to the three east-west lines of Figure 
1 with circles for the E line, squares for the F line, and triangles for the G 
line. Each value is approximately Z 2 distributed with 42 degrees-of- 
freedom, yielding double-sided 95% confidence limits of (0.7,1.6) times 
the estimate. 

the horizontal electric fields at site SE5 with respect to those at 
SF8. The coherence is high and the signals are linearly polarized 
at frequencies above 0.02 cph, with the usual holes seen in the 
coherence at the frequencies of Sq and its first two harmonics. 
The coherence drops sharply at 0.02 cph (2-day period) and rises 
again at the lowest resolvable frequencies (<0.005 cph). The 
coherence is not different from zero between 0.005 and 0.02 cph 
except for a narrow peak in the clockwise polarization at 0.01- 
0.014 cph. The phase is about 20 ø over this interval, and its sense 
suggests wave propagation from north-to-south. Similar analyses 
have been performed for the remaining pairs of sites on the east 
flank of the ridge. The phase consistently indicates north-to-south 
propagation along the east flank of the Juan de Fuca Ridge, 
although its size is not consistent with the propagation of a single 
plane wave. However, the rotary phase angle reflects both a tem- 
poral difference for a propagating component and a relative differ- 
ence in the orientation of the polarization ellipses at the two sites. 
These can be distinguished in principle following Mooers [1973], 
but attempts to do so were not successful. This may indicate the 
presence of more than one component to the signal, as is also sug- 
gested by the persistent occurrence of a second peak with a larger 
phase at lower frequencies (0.008-0.01 cph) for the three east 
flank sites (SE5, SF8, and SG4); see the top left panel of Figure 
11 for an example. While the coherence is not significant over this 
interval, it should be remembered that a small amount of destruc- 
tive interference associated with a mixture of wavenumbers will 

drive the coherence magnitude down very quickly without 
strongly influencing its phase. A best estimate for the dominant 
wavelength of the propagating component is 1000 km, although 
the uncertainty is up to a factor of 2. This gives a phase velocity 
along the ridge of about 3 m s -1. If there is also a shorter- 
wavelength component at longer periods, then its phase velocity is 
much smaller. 

This relatively simple picture for the ridge's east flank is com- 
plicated somewhat by including site SE6 on the west side. It was 
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freedom per frequency. The zero coherence level is shown by the horizontal dashed line, while the spectral bandwidth is -- 0.0045 
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noted earlier that spectra indicate that the 4-day peak is nearly 
linearly polarized at that site. Cartesian coherences in a geomag- 
netic coordinate system, which is nearly aligned with the strike of 
the ridge axis, indicate a high (y2= 0.7) value for the north electric 
component with no phase lag and a somewhat smaller one 
(72= 0.45) for the east electric field with SE5 lagging SE6 by about 
40 ø. This suggests a cross-ridge current that is in phase and phase 
propagation from west-to-east for the along-ridge component. A 
similar picture can be obtained by comparing SE6 and SFS. 

The properties of the 4-day wave are suggestive of a topo- 
graphically trapped Rossby wave. Rossby or planetary waves are 
a fundamental means by which energy is transported in the ocean 
and atmosphere at subinertial frequencies. Only some key proper- 
ties of Rossby waves will be summarized here; see Gill [1982, 
chapter 12] for a detailed discussion of the theory underlying 
them. Rossby waves exist as a consequence of the conservation 
of angular momentum on a rotating earth and reduce to steady 
currents in the absence of rotation. A fundamental property of a 
rotating fluid in the absence of friction is the conservation of its 
potential vorticity, which can be expressed in the form 

where •=(Vx•).• is the vertical component of the fluid relative 
vorticity and f =fo +fly is the vertical component of the planetary 
vorticity caused by the rotation of the Earth. The latter is broken 
down into a value at a central latitude • given by fo =2f•sin• and 
a linear variation in the north-south or • direction with 
/•=2f•a-lcos•, where f• is the angular rotation frequency of the 
Earth and a is its radius. The term in brackets is the potential vor- 
ticity Q, and (4) simply states that it is a constant in time. In a 
fiat-bottomed ocean where H does not change, any north-south 
perturbation of the fluid will change f, and hence the relative vor- 
ticity by virtue of (4). The fluid will rotate in an anticlockwise 

direction if displaced toward the equator and in a clockwise direc- 
tion if displaced poleward, setting up a wavelike motion called a 
Rossby wave. Figures 12a and 12b illustrate this. This type of 
Rossby wave always has a component of its phase velocity to the 
west and is dispersive, having a group velocity that is neither 
parallel nor perpendicular to the phase velocity. The shortest- 
period mode is the barotropic (depth-independent) one with a cut- 
off at about 5 days period and a wavelength of about 1000 km at 
mid-latitudes. Baroclinic (depth-dependent) Rossby waves have 
both longer periods and shorter wavelengths. 

In the presence of topography, this simple picture must be 
altered. Instead of a latitude deflection of a fluid parcel, consider 
a perturbation which moves it up or down a topographic slope as 
in Figures 12c and 12d. From (4), relative vorticity will be 
imparted to the fluid such that displacement into deep water gives 
anticlockwise motion and into shallow water yields clockwise 
rotation. This results in wave propagation along a topographic 
contour with shallow water to the right. 

It can be shown that the topographic effect is much larger than 
the planetary effect if the bottom slope exceeds 1 part in 103, and 
only the former need be considered here. The approximate 
dispersion relation for a topographic Rossby wave on a uniformly 
sloping bottom is 

afoul 
to = - (5) 

Ho (r/2q-• 2 ) 

where o: is the topographic slope, Ho is a reference depth, and r/ 
and • are the two wavenumber components. For the large-scale 
topography of the Juan de Fuca Ridge, Ho--2800 m and o:•600 
m/100 km=6x 10 -•. To demonstrate order of magnitude con- 
sistency with the observations, take fo--10 -4 at 45øN and con- 
sider r/--• -- 2rr/1000km -1, yielding ro=2x 10 -s or a period of 87 
hours. The observed phase propagation direction on the east flank 
of the ridge with shallow water on the right is consistent with 
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Fig. 12. Cartoon illustrating Rossby wave behavior given the conservation 
of potential vorticity in equation (4). Figure 12a shows a parcel of fluid at 
equilibrium at latitude Yo in an ocean of constant depth H, so the initial 
potential vorticity is just the planetary value Q = (]•Yo +fo )/H. If the fluid 
is perturbed such that its distribution with latitude is altered, then it will 
acquire relative vorticity • such that the potential vorticity (4) is con- 
served. Equatorward deflection will result in anticlockwise rotation of the 
fluid, while polar motion gives a clockwise sense. This results in a Rossby 
wave motion propagating to the west as show by the large arrows. The 
analogous situation in the presence of topography is shown in Figure 12d. 
A parcel of fluid at equilibrium and distributed along a line of constant 
water depth H o has only a planetary part to the potential vorticity. If a 
perturbation from this situation is hypothesized, then relative vorticity is 
acquired by the changing water depth. If the water gets deeper so that the 
fluid column stretches, then anticlockwise motion results. The result is a 
topographic Rossby wave moving along the bottom contour such that shal- 
low water lies to the right of the direction of phase propagation. 

topographic Rossby wave behavior. It can also be shown that for 
topography such that ot/Ho is bounded, the group velocity will 
change sign at some location in frequency-wavenumber space 
[Huthnance, 1975]. This means that a group velocity zero must 
exist at which no energy propagates but where phase propagation 
is still possible. This suggests a working hypothesis to explain the 
observations: some external source, possibly atmospheric forcing, 
is pumping energy into the ocean at the appropriate spatial scale 
to excite depth-independent or weakly depth-dependent currents. 
This energy is quickly transported away from the forcing region 
except at the resonancelike group velocity minimum, where the 
very long-lived phase propagation necessary to explain the obser- 
vations could occur. 

As a second illustration of the diverse phenomena present in 
the electric field data, Figure 13 shows the Cartesian coherences 
and phases between sites SE3 and SG2, spanning a north-south 
distance of 180 km in the center of the Cascadia Basin. The 

coherence is high at frequencies above 0.03 cph, especially for the 
north component, but there is a fairly complex phase structure due 
to source field effects. The sense of the phase is such that the 
south site (SG2) leads the north one (SE3), and its size increases 
with period. The coherence falls rapidly at frequencies below 
0.02 cph, but a very sharp peak occurs over 0.0035-0.005 cph (8 
to 12 day period) in both electric field components. There is a dis- 
tinct phase associated with both of these peaks, suggesting a 
north-to-south propagating component with a wavelength of about 
1000 km. This peak is seen for several pairs of stations in the 
middle of the basin, but is not clear when either near-ridge or 
near-coast ones are included, although this may indicate interfer- 
ence from unresolved low-frequency components within a spec- 
tral bandwidth of zero frequency. The origin of this propagating 
wave is not known, but it is interesting to speculate about open 
ocean barotropic wave phenomena. Such waves could be 
observed in the absence of topography but would be obscured by 
others having a multiplicity of wavenumbers near the coast or the 
ridge. 
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Fig. 13. Cartesian multiple window coherences and phases for the horizontal electric field at sites SE3 and SG2, spanning the mid- 
dle of the Cascadia Basin from north-to-south. The north electric components are shown in the left panels, while the east ones are 
at the right. The spectra have a time-bandwidth product of 6.5 and 13 prolate data windows were used, yielding about 26 degrees- 
of-freedom per frequency. The zero coherence level is shown by the horizontal dashed line, while the spectral bandwidth is = 
0.0045 cph. A positive phase corresponds to site SG2 leading site SE3. 
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Fig. 14. Cartesian multiple window coherences and phases for the horizontal electric field at sites SF8 and SF3, spanning the mid- 
dle of the Cascadia Basin from east-to-west. The north electric components are shown in the left panels, while the east ones are at 
the right. The spectra have a time-bandwidth product of 6.5 and 13 prolate data windows were used, yielding about 26 degrees- 
of-freedom per frequency. The zero coherence level is shown by the horizontal dashed line, while the spectral bandwidth is = 
0.0045 cph. A positive phase corresponds to site SF3 leading site SF8. 

Figure 14 shows a Cartesian two-point coherence for the east- 
west separated measurements at SF8 and SF3 along the middle 
line of Figure 1. The intersite distance is about 320 km. The 
coherence is high for frequencies above 0.02 cph, falling rapidly 
below this, and never rising above zero for the north electric field. 
The east electric field coherence rises quickly again at low fre- 
quencies. Similar behavior is seen for the north electric field com- 
ponent in Figure 13. This unresolved low-frequency component 
appears at many locations in the EMSLAB data, but it is difficult 
to establish a clear pattern, probably reflecting the presence of 
several independent processes at different frequencies that are 
mixed together during analysis because of resolution problems. A 
longer time series would allow these to be studied. 

Further study of the offshore EMSLAB data for oceanographic 
purposes is certainly warranted. For example, surface wind data 
computed from ship observations are available throughout the 
area and can be used to establish causative relationships, if any, 
between atmospheric forcing and the depth-averaged currents 
measured by the horizontal electric field. There are also five 
seafloor pressure records at sites SE3, SE5, SG2, SG3, and SG4 
that may provide important clues about some of the phenomena 
described here. This report should be regarded only as a prelim- 
inary description of the oceanic effects on the seafloor elec- 
tromagnetic fields during EMSLAB and further, more quantitative 
treatments will be forthcoming. 
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