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Transport and heat flux of the Florida Current at
27° N derived from cross-stream voltages and
profiling data: theory and observations

By J.C. LARSEN

Pacific Marine Environmental Laboratory, National Oceanic and Atmospheric
Admanastration, Seattle, Washington 98115, U.S.A.

A

A Y
\\ \\\
P

<,
i Contents
é E PAGE
M= Notation 170
- 5 1. Introduction 171
T O 2. Electromagnetic theory 173
— o (@) Local rnotion-induced voltages 173
— (b) Motion-induced electric currents 176
52 (¢) Circuit model of electric currents 178
EQ (d) Voltage attenuation by the electric currents 185
85 . (e) Voltage-transport equation 185
aZ O (f) Electric field 189
92 (9) Robinson voltage equation 189
E§ 3. Transport estimates 190
Sl (@) Profiling measurements 190
(b) Voltage measurements 196
(c) Voltage corrections 201
(d) Tidal variation 210
(e) Conversion of voltage to transport 210
~ (f) Voltage-derived transports compared with other estimates 218
4. Electromagnetic results 221
(@) Conductance of sediments 221
(b) Tidal induced electric currents 222
(¢) Tidal downstream wavelengths 223
5. Oceanographic results 223
P (@) Temporal variability in the volume transport 223
T (b) Heat flux 229
»—l\ ~ 6. Conclusions 231
< References 233
P
olm
(=4 g The variability in the volume transport of the Florida Current at 27° N has been
43N @) observed from the voltage measured between a point 16 km east of Jupiter Inlet,
O Florida and Settlement Point, Grand Bahama Island by the use of an abandoned
=w communications cable. The voltage is caused by the separation of electric charges in

the ocean that are caused by the Florida Current crossing the Earth’s magnetic field
(motional induction), by the electric currents induced in the ocean caused by time
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170 J. C. Larsen

varying ionospheric and magnetospheric electric currents (geomagnetic induction),
and by the voltage bias between the cable—ocean contacts caused by differences in the
temperature, salinity and electrochemical state of the contacts. The geomagnetic-
induced voltage was removed by the use of shore-based magnetic data and transfer
functions. Changes in the voltage bias of the cable—ocean contact at Settlement Point
were minimized by the use of a silver-silver-chloride electrode. The comparison of
the daily mean motion-induced voltages with 137 daily profiling-derived transports,
yields a voltage calibration factor of 24.42+0.56 Sv V™!, a correlation squared of
0.94, and a root mean square misfit of 0.77 Sv (1 Sv = 10° m? s7!). The misfit is
consistent with an error of 0.9 Sv in the voltage-derived transport estimated from
the velocity and temperature profiling data, the electric current effects, and the
profiling derived transport error. Hence the voltages accurately monitor the
transport variations.

The mean voltage-derived transports for the Florida Current at 27° N is
32.3+3.2Sv based on 4862 daily mean values from 1969 to 1990. The annual
variation has a range of 4.4 Sv. There is no evidence since 1969 for any long-term
trend in the transport but there are numerous shorter term variations as large as
15 Sv lasting from days to months. The mean northward heat flux is 1.304+0.13 PW
derived from 130 days of profiling the velocity and temperature of the Florida
Current and assuming the North Atlantic has a southward, velocity-weighted
temperature of 9.4 °C. The variations in heat flux are, essentially, due to the
variations in transport because the velocity weighted temperature estimated by the
profiling data has a nearly constant value of 19.1+0.6°C.

Notation

The following is a list of symbols frequently used in the text.

x,Y,2 rectangular coordinates with origin at the Florida coast for x horizontal
and perpendicular to the stream, y downstream and parallel to the stream,
and z vertically up from the sea surface

x, distance of nth profiling site from Florida Coast

L width of strait

X stream width

Y downstream wavelength

H H, water depth, effective water depth

V downstream velocity

A cross-sectional area of strait

A cross-stream voltage

C, Oy voltage and tidal calibration factors

W, w cable weighting factor, horizontal vector cable weighting factor

0,0,0 in situ temperature, strait temperature, flow temperature

S, 8,8 salinity, strait salinity, flow salinity

og,0 electrical conductivity of the ocean, and the sediments and conducting
crust

I, I* electric currents in the sediments and conducting crust, and in the land

and ocean outside the stream
7,7, Ty  volume transport, time varying temperature flux, time varying salinity
flux

Phil. Trans. R. Soc. Lond. A (1992)
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Florida Current transport and heat flux 171
B horizontal electric field
F, magnitude of vertical component of Earth’s magnetic field

7,7, 7% conductance of the ocean, sediments and conducting crust; the sediments
and conducting crust; and the land areas

v conductance ratio equal to the conductance of the ocean divided by the

_ conductance of the ocean, sediments and conducting crust

() depth-averaged value equal to H(x)™'[°y,, ()dz for H# 0 and zero
otherwise

) velocity-weighted value equal to

[H(x) V()] [*px () Vix, 2, t) dz for HV # 0 and zero otherwise
< time-averaged value

€ relative change in seawater conductivity due to changes in temperature
and salinity
e* relative change in cross-stream voltage due to electric current I*

1. Introduction

The Florida Current is a major contributor to the circulation of the North Atlantic
and to the transport of heat from the equator to higher latitudes (Hall & Bryden
1982). Monitoring the transport variations will therefore provide an important time
series for the verification of ocean circulation models and for the study of climate
variability.

Cross-stream voltages are equal to a spatial integral over the flow and are
observable on a continuous basis. They can provide, for suitable cable positions,
accurate estimates of the variations in transport. Current meter mooring and
profiling observations require, however, a dense sampling in time and space for
accurate transport measurements. They are, therefore, generally not feasible for
monitoring transport but are extremely valuable for evaluating the cable site and for
calibrating the voltages.

Recordings of the voltage variations across the Straits of Florida began in 1969
and ended in 1974 (Sanford 1982) making use of an abandoned cable between Jupiter
Inlet, Florida and Settlement Point, Grand Bahama Island (figure 1). The recordings
were then resumed in late 1981 as part of the Subtropical Atlantic Climate Studies
program (sTAcs). The voltages since 1981 have been measured between the exposed,
centre copper conductor of the abandoned cable at the cable break, 16 km east of
Jupiter Inlet and a silver—silver-chloride electrode at Settlement Point. Nearly 14
years of data have been obtained.

The purpose of this paper is to describe the procedures used to reduce the observed
cross-stream voltages to daily mean transports, to give a physical interpretation of
the different terms that can produce temporal variations in the cross-stream
voltages, to experimentally justify the linear relation used to convert voltage to
transport, and to describe the temporal variations in the transport and heat flux of
the Florida Current.

The problems that have discouraged the use of voltage measurements for
monitoring transport variations have been: the contamination of the voltages by
geomagnetic-induced variations; the lack of independent estimates of the transport
variations for determining the voltage calibration factor and for validating the
voltage-transport relation; the instability of the cable—ocean contacts; the possible
sensitivity of the voltages to meanders of the stream ; the role of the electric currents ;

Phil. Trans. R. Soc. Lond. A (1992)
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Figure 1. Cables connect Key West to Havana, West Palm Beach to Eight Mile Rock, Jupiter
Inlet to BK, and BK to Settlement Point (solid lines). Profiling sections are from Key West to
Matanzas, Miami to Bimini and Jupiter Inlet to Grand Bahama Island. Tides stations have been
at Key West, Havana, Miami, Cat Cay and Settlement Point. Axis of Florida Current is dashed line
with arrows. Depth in fathoms.

and the influence of the conducting sediments and crust. Section 2 derives the
voltage-transport equation used for the interpretation of the motion-induced
voltages. Section 3 discusses the profiling-derived transports and temperatures of the
Florida Current. These are used to estimate the error in the voltage-derived
transports. This section also describes the various voltage measurements made
across the Straits of Florida; discusses the corrections needed to reduce the voltages
to the daily mean, motion-induced voltages; and estimates the voltage calibration
factors and voltage bias of the various voltage time series. The voltage-derived
transports are then compared with the current meter mooring derived transports,

Phil. Trans. R. Soc. Lond. A (1992)
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Florida Current transport and heat flux 173

the sea level data, and the general circulation model transports driven by monthly
winds over the Atlantic. Section 4 gives estimates of the conductance of the
sediments, the tidal induced horizontal electric currents and the tidal downstream
wavelengths. Section 5 describes the various temporal variations found in the
Florida Current transports and estimates the heat flux of the Florida Current.

2. Electromagnetic theory

The electromagnetic theory of motional induction applied to ocean streams has been
developed over the past 40 years by Stommel (1948), Longuet-Higgins (1949),
Malkus & Stern (1952), Longuet-Higgins et al. (1954), Wertheim (1954), Cox et al.
(1970), Larsen (1968, 1973), Sanford (1971, 1982), Sanford & Schmitz (1971), Sanford
& Flick (1975), Robinson (1976, 1977), Baines & Bell (1987), Larsen & Sanford (1985),
Spain & Sanford (1987) and Chave & Luther (1990).

These studies show that the voltage A¢ measured between the two cable—ocean
contacts consists of three time-varying parts

Ag(t) = Ady (1) + Ad(t) + Ay (D). (2.1)

The motion-induced voltage A¢g,, is caused by the separation of electric charges in the
ocean that are caused by the Florida Current crossing the Earth’s magnetic field.
These charges concentrate along the gradients in the conductivity and fluid motion
and create a cross-stream electric field. If the charges are not uniform in the
downstream direction, then a downstream electric field is also created. The
geomagnetic-induced voltage Ag,, is caused by electric currents induced in the ocean
by the time varying horizontal electric currents in the ionosphere and magnetosphere.
The bias voltage A¢, is caused by the differences and changes in the temperature,
salinity and electrochemical state of the cable-ocean contacts.

(@) Local motion-induced voltages
The motion-induced voltages can be split into two parts (Sanford 1971) as

Ady(t) = Ady(t) + A, (1), (2.2)

where A¢,, is the local motion-induced voltage caused by the fluid motion near the
cable and A¢, is caused by the horizontal electric current I*. It is created by
a downstream electric field due to downstream changes in the direction and speed of
the fluid motion, changes in the conductivity and topography of the ocean and
sediments, or by remote fluid motion. The interpretation of A¢, therefore requires a
study of the fluid motion over a region surrounding the cable—ocean contacts
(Sanford 1971; Robinson 1976; Baines & Bell 1987).

(i) Sanford voltage equation
The local motion-induced, cross-stream voltages for wide ocean streams (Sanford
1971) is

Ad(t) = JL [F (x)/7(z, )] fo o(x,z,t) Vix,zt)dzde (2.20)
—H(x)

(]

that can be written as
L

Ap(t) = J [F,(x) 6(x, t)/7(x, t)] H(x) V(x,t)dx (2.3)

0

Phil. Trans. R. Soc. Lond. A (1992)
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174 J. C. Larsen

where L is the width of the strait at the cable location. The various terms in (2.3) are:
F,, the magnitude of the vertical component of the Earth’s magnetic field;

0
V(x,t) = H(x)‘lf Vi(z,z,t)dz, (2.4)
H(x)
the depth-averaged downstream velocity;

G, t) = [H(x) V(x, t)]! fo o(x,z,t) V(x,2,t) dz, (2.5)

the time-dependent, velocity-weighted value of the conductivity o of the ocean;
T(x,t) = o(x, t) H(x)+ 7' (x) (2.6)

the time-dependent conductance of the ocean, sediments and upper conducting
crust; &, the time-dependent, depth-averaged conductivity of the ocean; and 7/, the
conductance of the sediments and upper conducting crust beneath the ocean down
to a resistive zone at depth H’. Throughout this paper the use of the term sediments
by itself implies the sediments and the conducting crust beneath the sediments.

The Sanford voltage equation (2.2a) assumes that the downstream spatial
wavelengths Y of the time varying fluid motion, the depth, the conductivity, and the
Earth’s magnetic field, are all much larger than the stream width X. The vertical
velocity and horizontal component of the Karth’s magnetic field can then be
ignored. Equation (2.2a) also assumes that the frequency and spatial scales are small
so that self and mutual induction can be ignored. This assumption is valid for most
ocean currents excluding deep ocean tides and basin-wide planetary motions (Larsen
1968 ; Chave & Luther 1990). Finally, equation (2.2 a) assumes that the stream is wide
compared with the depth H’ of the resistive zone but not so wide that the amount
of electric current flowing into the resistive zone cannot be ignored. The resistive
zone can then be approximated by an insulator.

Recent evidence in the eastern Pacific (Cox et al. 1986; Chave et al. 1990) indicates
that a highly resistive zone occurs beneath the ocean crust at a depth of 7 km with
a conductivity smaller than ¢” = 1 x 107® S m ™! and layer thickness H” ~ 30 km. The
analysis of the electric current by the circuit model in §2¢ shows that the resistive
zone approximates an insulator if the stream width is smaller than

Ximax = 2l(0/0”) Hy H' .

It has the value X , ~ 13400 km for the open ocean where oy~ 3Sm™ is a
typical ocean conductivity and H, ~ 5 km is a typical ocean depth and the value
Xipax & 5250 km for the Straits of Florida where oy = 4.6 Sm™ and H, = 0.5 km.
Thus equation (2.2a) can be used for most ocean streams as they are usually
much wider than 7 km and much narrower than 5000 km. Then the attenuation of
the local motion-induced voltage by the electric current depends only on the ocean
and sediment conductances.

In summary, the Sanford voltage equation (2.2a) states that there is a cross-stream
voltage that depends on the depth-averaged velocity, the vertical component of the
Earth’s magnetic field, the stream width, the electrical conductivity of the ocean,
and the conductance of the sediments above a resistive zone approximated by an
insulator. If F (x) & (x,t)/7(x,t) is a constant then the cross-stream voltages will be
related to the transport via the depth-averaged velocity. The depth-averaged

Phil. Trans. R. Soc. Lond. A (1992)
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velocity could be called the barotropic component of the velocity, but this term
should not be used in motion induction studies because there are different commonly
used definitions of barotropic (Rosenfeld et al. 1989). For a two-layered ocean, she
states: ‘The baroclinic velocity is defined as the upper layer minus the lower layer
velocity. The barotropic velocity may be defined as either the lower layer velocity V,,
the depth-averaged velocity (V,H,+V,H,)/(H,+H,), or the amplitude of the
external mode (V, H,+V,H,)/H, where V and H are the velocity and layer depths,
respectively, and the subscripts 1 and 2 refer to the upper and lower layers.” The use
of the first definition for barotropic velocity in motional induction studies implies,
incorrectly, that the voltages will be zero if the bottom layer has zero velocity.

(it) Time-varying temperature and salinity

The factor &(x,t)/7(x,¢) in (2.3) has a constant part and a time varying part
derived as follows. The temporal variations in the depth-average conductivity of
seawater can be approximated by

F(x,t) = ogil +a,[0(x, t)—0,]+ ag[S(x, t) — S, I} (2.7)

where (7) represents the depth averaged value, for example,

O(x,t) = H(x)™* fo O(x,2,t)dz
H(x)

for H # 0 and zero otherwise. Here 6, and §; will be called, respectively, the mean
strait temperature and the mean strait salinity. They are derived from 6, = {(6) and

8, = (8 where L o
‘1f f O(x, 2, t) dz dx
0 J-H@)

L (o
and S(t) =A_1f f S(x, z,t) dz dx
0 J-H@

are, respectively, the time varying strait temperature and strait salinity, 4 is the
cross-sectional area of the strait, and { ) represents the time-averaged value.
The velocity-weighted conductivity can be approximated by

G, t) = Foll +d,[0(x, 1) — 0]+ as[S(x, 1) — S, - (2.8)
where (%) represents the vertical, velocity-weighted value, for example,
o _ 0
O(x,t) = [H(x) V(x, t)]‘lj O0(x,2,t) V(ix,2,t)dz
H(z)

for HV # 0 and zero otherwise. Here d, and S, will be called, respectively, the mean
flow temperature and the mean flow sahnlty They are derived from 0 = (0> and
S, = (8> where

0~(t) = Tglj j O(x,z,t) V(x,z,t)dzdx
H(x)

L ("0
and Sty = To‘lj j S(x,z,t) V(x, 2, t) dzdx
H(x)

are, respectively, the time varying flow temperature and flow salinity and 7j is the
mean transport.

Phil. Trans. R. Soc. Lond. A (1992)
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176 J. C. Larsen

The empirical relation between temperature, salinity and conductivity (Fofonoff
& Millard 1983) yield estimates of the temperature coefficient a, and the salinity
coefficient ag that lie within the limits

0.021 < a, < 0.025 mV °C™! and 0.025 < ag < 0.026 mV ppt—*

for 10 <0 <20°C, 34 <8 < 36 ppt, and 0 < pressure < 800 decibart. Since the
temperature and salinity variations will be small, the coefficients will be treated here
as constants defined by the mean temperature, salinity, and pressure.

The conductance of the ocean and sediments, combining (2.6) and (2.7), becomes

7(x, 8) = [1+v(x)e(x, )] [0y H(x) +7'(x)}, (2.9)
where e(w,t) = a,[0(x, t)—0,]+ ag[S(x, 1) —S,]

represents the relative change in the depth-averaged conductivity due to temperature
and salinity changes and

v(x) = o H(x) /oy H(x)+7'()] (2.10)
is the conductance of the ocean divided by the conductance of the ocean and
sediments. Since v(x) < 1 because 7 > 0 and ¢(x, ) <€ 1 because a, and ag are small,
the term e(x,¢) can be approximated by

e(t) = a,[0(t) = 0,1+ as[S(t) —S,] (2.11)
and v(x) by the cross-stream average v,. The effective water depth H, is defined by
vo = 0o Hy/[0g Hy+10), (2.12)

where 7( is the average conductance of the sediments. The conductance can then be
approximated by (. _ {1 4y e(t)] [0 H(z) + 7' ()] (2.13)

(iii) Local motion-induced voltage

The local motion-induced voltage equation (2.3), making use of (2.8) and (2.13),
becomes

L
Ap,(t) = [1+v, e(t)]_lf W(x) H(x)[V(x, t)+a, Vy(x, t)+ds Vs(x, t)]dx  (2.14)
0
for v(x)e(x, t) = vye(t), where
W(x) = 6o F ()]0, H(x)+7'(x)] (2.15)
is the cable weighting factor
~ O ~
Vy(z,t) = H(x)‘lf [O(x, 2,t) —0,] V(x, 2,t) dz
—H(z)
is the time variation in the depth-averaged, temperature times velocity, and
0
Vy(x,t) = H(x)_lf [S(x, 2, t) —S,] V(x, 2, t) dz
—H(z)
is the time variation in the depth-averaged, salinity times velocity.

(b) Motion-induced electric currents

The interpretation of the motion-induced voltages in terms of the fluid motion is
complicated by the presence of electric currents. For example, the mean Jupiter Inlet

t 1 bar = 10° Pa.
Phil. Trans. R. Soc. Lond. A (1992)
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Florida Current transport and heat flux 177

Figure 2. A sketch of horizontal (I*) and vertical (I') electric currents (lines with arrows), electric
charges (4+ and —), and fluid motion (broad arrows). F, is vertical magnetic field. Crust includes
sediments beneath ocean.

minus Settlement Point voltage without the electric currents is estimated to be 2.8 V
but is observed to be 1.3 V owing to the shunting effect of the electric currents.

The electric currents caused by motional induction are sketched in figure 2. The
source for these electric currents is the separation of electric charges in the ocean
caused by the stream crossing the Earth’s magnetic field. These charges concentrate
along the boundaries of the stream and produce a cross-stream electric field that
results in an electric current /” flowing in a vertical closed loop connected to the
stream. These electric currents return beneath the stream through the conducting
region of thickness H’ situated above the highly resistive zone. They do not extend
horizontally out beyond the stream and therefore do not produce an electric field at
land sites.

The downstream changes in the electric charges caused by downstream changes in
velocity or conductivity generates a downstream electric field that produces an
electric current /* flowing in a horizontal closed loop connected to the stream. These
electric currents flow outside the ocean stream by a horizontal distance roughly equal
to Y, the wavelength of the downstream variations, and will therefore produce an
electric field at land sites within a distance Y from the stream. Thus I7* for the deep
ocean tides extends far into the continents because Y has an ocean-wide dimension.
This explains why tidal-induced [* are seen in the electric field at Tucson (Larsen
1980).

The horizontal electric current I* is related to the fluid motion by Ohm’s law for
a moving conductor. For a wide stream, it becomes

I/ = E—(F,¢/t)H(k x V), (2.16)

where k is the unit vector in the vertical up direction, 7 is the conductance of the

ocean and sediments, and 0
I*(x,y,t) = f *(x,y,2,t)dz
—H’

is the vertical integral of the electric current density i* down to the insulating zone
within the crust. This expression, from which (2.3) can be derived, assumes that the
horizontal electric field E is uniform from the sea surface to the insulating zone
because the stream is wide compared with the depth to the resistive zone and that
the resistive zone can be approximated by an insulator because the stream is not too
wide.

Phil. Trans. R. Soc. Lond. A (1992)
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178 J. C. Larsen

Taking the curl of equation (2.16) and letting I* = —Iéngﬁ where V is the
horizontal gradient operator and ¢ is the electric current stream function, (2.16)

becomes V- (V¢/T) _ V[(Fz &/T)HV] (2.17)

where self and mutual induction effects have been ignored. Solutions of (2.17) show
that I'* is related to a spatial integral over the term on the right-hand side of (2.17),
the electric current source (Sanford 1971; Chave & Luther 1990). Since the long
wavelength approximation of fluid continuity, V- (HV) = —2¢/0t, is valid for wide
ocean streams where { is the sea level displacement, the electric current source can

b itt S _
¢ wiitten as —(F.6/7) 0/t + HV -V(F, & /7).
For constant o, 77, and F,, one has & = o and the electric current source becomes
—(vE,/H)dL/ot—v*E, V-V (In H),

where v = ol /7. Thus I* is generated by temporal changes in the sea level, and by
downstream spatial changes in the water depth, the vertical Karth’s magnetic field,
the conductivity of the ocean, and the conductance of the sediments. If the
conducting sediments are thick, then v < 1 and the effect of downstream changes in
the water depth will be reduced. Thus voltage sites over highly conducting sediments
are less contaminated by the effects of I*.

The cross-stream voltage caused by the electric current /* is given by

L [
1 (w’t)dx

Ap,(t) = —L ) (2.18)
based on (2.23). Substituting (2.13) into (2.18) yields
L
A, (1) = —[1+V06(t)]‘lf %dx (2.19)

for v(x)e(x, t) = vye(t).
(€) Circuit model of electric currents

The effect of the electric currents I” and /* on the voltage between the cable—ocean
contacts A and B can be evaluated by an equivalent resistive circuit (figure 3) that
models the Florida Current by an ocean stream having a nearly rectangular cross
section of width X and depth

H,(x) = H, [1 —{2(x—X,)/X — 1}

for H,(x) < H(x) or H,(x) = H(x) otherwise for X, < x < X+ X, a flow conductivity
&,y , and a velocity V, constant in the cross-stream direction but variable in the down-
stream direction with wavelength Y'; the strait by a depth H, and conductivity o,;
the coastal shelf by a layer of width Xy, depth Hg, and conductivity og; the land area
by a surface layer of conductance 7*; the sediments beneath the strait by a layer of
conductance 7;; and the resistive crust beneath the sediment and land area by an
insulating halfspace. The fixed parameters for the Jupiter Inlet to Settlement Point
(JI-SP) circuit model are: X = 60 km, H,, = 600 m, 5, =4.8Sm™, oy =4.6 Sm?,
Xg=8km, Hg=15m, 7;=19008, 7% =7008S, and F,= 41100 nT. The fixed
parameters for the Key West to Havana (KW-HYV) circuit model are: X = 80 km,
H, =600m, 6=48Sm™, oy=4.1Sm™", Xy =30km, Hg =102 m, 7, = 1400 S,
7% =700 S, and F, = 43200 nT.

Phil. Trans. R. Soc. Lond. A (1992)
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Figure 3. Circuit model of the motion-induced electric currents, where the &s are voltage sources,
the Rs are resistors, the Is are electric currents, L =land, S = shelf, and B = ocean east of
stream.

The resistive elements of the circuit (figure 3), for a stream width, X, large
compared with the depth, H,, and a downstream wavelength, Y, large compared
with the stream width, are equal to the length of the electric current path divided by
the cross-sectional area of the electric current and the conductivity of the medium
(see Longuet-Higgins et al. 1954 ; Sanford & Flick 1975). Thus the ocean resistance
is approximated by R =2X/(Yo,H,) for the ocean electric currents I flowing
horizontally across the stream. The sediment resistance is R" = 2X /(Y 7;) for the
sediment electric currents I’ flowing horizontally in the cross-stream direction
beneath the stream. The shelf resistance is R¥ = (Y/2X,)/(0, Hs+ 1) for the shelf
electric currents [¥ flowing parallel to the stream. The land resistance is
R¥ =mn/2r*+(2Xg/Y)/(0, Hg+71;) for the land electric currents /§ flowing hori-
zontally in the cross-shelf direction and then into the land in a semi-circular path.
The resistance of the ocean east or south of the stream is R§ for electric currents I*.

When the stream is very wide, then the cross-stream voltages experience an
additional attenuation caused by the electric currents that pass through the resistive
zone and into the conducting mantle. The resistive zone has a circuit resistance
approximated by R” = 8H” /(6" XY) for the electric currents flowing vertically through
the resistive zone. Relative to the ocean resistance, one has R/R” = (X/X )% where
X pun = 2[(0,/0”) Hy H'J. The resistive zone then approximates an insulator when
R/R” < 1, that is, when X < X ... Because 0, =4.6Sm™, ¢"=1x10°Sm™,
H,=0.5km, and H” =30 km, then X, ~ 5250 km. Thus if X =100 km, then
R/R” = 3.6 x 107* and the resistive zone clearly approximates an insulator. The resis-
tive zone is therefore taken as an insulator for the circuit model.

The voltage source & in figure 3 is equal to the cross-stream voltage when 7;= 0.
Ignoring temperature and salinity flux variations, it is determined from

Xt X
8 =d,F, V"f oo H(zx)]™* H, () dx (2.20)

Xo

for the stream lying between X, and X+ X and the water depths H(x) derived by a
taut cubic spline fit to the Malloy and Hurley bathymetry. These agree quite well
with recent depth soundings (figure 4a).

The local motion-induced voltage (2.3) between points A and B, ignoring time
variations in the temperature and salinity, is

A¢L = gL
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Figure 4. Channel depth H(x) and relative cable weighting factor W/W,— 1. (a) Channel depth east
of Jupiter Inlet to Grand Bahama Island from Malloy and Hurley map (solid curve) and 1990
sounding for 1518 m 5! sound speed (dots). Fit confirms accuracy of map. (b) Relative weighting
factor east of Jupiter Inlet for oy = 4.6 Sm™, 77 = 1900 S, and W, = 0.52. (¢) Channel depth south
of Key West to Cuba. (d) Relative weighting factor south of Key West for ¢, =4.1Sm™
T, = 1400 S, and W, = 0.34.

)

X )+ X

where &, =d,F, VOJ (oo H(x)+ 7] H (%) dz (2.21)
XO

is determined from (2.3) for a constant sediment conductance 7 .

In general |£|/|6] < 1 because of the attenuation of the cross-stream voltage by
I'. This ratio will be used to represent the conductance ratio v, = |&,|/|&| for the
circuit model. Then Ad, —

PrL=v,&

and the effective ocean depth for the circuit model is given by

Hy = (19/00) (1/vy—1)""

The cross-stream voltage caused by I* (2.19) is

Xg+X

Ap, = —I*f [0 H(x)+75] ' da, (2.22)

0
because I* can be approximated locally by a value independent of x since the
downstream wavelengths are large compared with the stream width. The effective
shelf depth Hy is then defined by
Xs

(o0 Bt il = X [y B4y o

0

Phil. Trans. R. Soc. Lond. A (1992)
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Florida Current transport and heat flux 181
and the effective ocean depth H, is defined by

X+ X
oy Hi+71]7t = X;lf oo H(x)+ 7] da.

Xg
Thus (2.22) can be written as
Ap; = —I*[Xs/(0g Hs+70) + X /(09 H, +10)],
or, in terms of the effective ocean depth H,,
Ap; = —I*[Xs/(og Hy+70) +v, X, /(00 H,)],

where v; = a,H,/(0,H,;+7;) is a pseudo conductance ratio because H; is not, in
general, equal to H,. The circuit model therefore only approximates the voltage
effects of I*.

The motion-induced voltage between points A and B when I* # 0 can be written
as

Ap, = (1—e*)y, 8. (2.23)
The cross-stream voltage caused by I* is then
Ap, = —¢*1, &, (2.24)
where e*=v R/R* (1+v,R/R*)™

summarizes the voltage effects of I*. The term R* = R¥ R¥/(R¥+ R¥) is the total
resistance of the shelf and land. If R* = 0, then ¢* = 1 and if R* = oo, then ¢* = 0.
Thus 0 < ¢* <1 and 0 < A¢,, < v, & provided the stream lies between the points A
and B. Thus if ¢* = 1 then I* completely shorts out the cross-stream voltage and if
¢* < 1 then the voltage effects of I* disappear. This only occurs if the sediments are
highly conducting so that v, < 1 or if the wavelength is very large compared with the
stream width, that is, ¥ > 47* X/(no, H,), so that R/R* < 1.

The attenuation of the cross-stream voltage A¢, by I’ is v, when I* = 0 and is

found, when I* # 0 to b
ound, when # o be V= vy (L —y).

Hence the attenuation of the cross-stream voltage by I” depends in general on the
sediment conductance and on the value of e*.
The voltage calibration factor C'= T;/A¢,, is

0= (1—c9)" T/6y, (2.25)
transport where the
X+ X
T, = Vof H, (@) de.
XO
The tidal calibration factor is
Cr=1—e")1 /8 (2.26)
for tidal transport 7, = 4 V, and tidal voltage source

L
Ep=0,F, VOJ oo H(x)+ 73] H(x) d, (2.27)

0
based on (2.2) for H,(x) = H(x) and X = L. The tidal calibration factor computed for

Phil. Trans. R. Soc. Lond. A (1992)
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182 J. C. Larsen

the JI-SP model with ¢* = 0 is C; = 23.6 Sv V711 and for the KW-HV model it is
Cr=37.28v V™.
The analytical expression for ¢* when Xg =0 is

e* = [1+(nY/4X) (oo Hy+70)/7%]".

Hence the reduction in the cross-stream voltage by I* is dependent on X and Y. Since
these will, in general, be time varying, the voltage calibration factor C can only be
a time independent constant if ¢* < 1 or if ¢* is a constant.

The onshore electric field £* caused by I* is found to be

E* = 2(r*R*Y)™1 (1 —e*) v, 6. (2.28)

Hence the electric field calibration factor C* =7T,/E* in terms of the voltage
calibration factor C' is % — L% RV (.

The analytical expression for C* when Xg = 0 is
C* =Y C. (2.29)

Thus the electric field calibration factor C* is strongly dependent on ¥ which means
that the onshore electric field measurements cannot, in general, be used to monitor
transport variations. One exception is the observation of the tidal flow from a shore
electric field site (Harvey et al. 1977) because Y is then be a time independent
constant for each tidal constituent.

(i) Downstream wavelength effects

The value of ¢* for different downstream wavelengths Y are estimated for the
JI-SP voltages, the Cable Break minus Settlement Point voltages (16-SP), the
KW-HV and the Florida shelf break minus Havana voltages (30-HV) when the
stream is outside the shelf region (table 1). The e* for the JI-SP and KW-HV
voltages are found by moving the cable—ocean contact A along the path Rf (figure 3).

As the cable-ocean contacts A and B move away from the edge of the stream or
Y decreases, the electric current effect ¢* increases and the observed voltage A,
decreases. If the cable—ocean contacts A and B are both greater than a distance Y
from the edge of the stream, then ¢* ~ 1 and the voltage A¢, between A and B is
reduced to zero because I* essentially shorts out the voltage within a band of
approximately width Y surrounding the stream. One way to visualize the attenuation
is to consider the distribution of electric charges in figure 2 after subtracting the
electric charges due to the mean flow. Then the electric charges created by the time
varying flow will have a downstream distribution that alternates between positive
and negative values over the distance Y. If the cable—ocean contacts are close to the
edges of the stream, then the voltage is due to the nearby electric charges since the
distant electric charges can be ignored. If the cable-ocean contracts are much farther
than Y from the stream, then the voltages due to the electric charges of one sign will
be cancelled by the voltages due to the electric charges of the opposite sign. Thus
voltages observed from long cables cannot observe the transport variations of narrow
streams if the cable-ocean contacts are a distance much greater than Y from the
edges of the stream.

The effect of I* on the 16-SP and 30-HV voltages is, however, small for

1 In this paper, 1 Sv = 10° m® s7. The Sverdrup (Sv) was proposed by Dunbar (1962).

Phil. Trans. R. Soc. Lond. A (1992)
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Table 1. Dependency of ¢* on downstream wavelength Y for Jupiter Inlet minus Settlement Point
(JI-SP), Florida shelf break minus Settlement Point (16-SP), Key West minus Havana (KW-HV),
Florida shelf break minus Havana (30-HV) voltages when the stream is outside the Florida shelf region

Y/km JI-SP 16-SP KW-HV 30-HV

100 0.28 0.22 0.48 0.31
200 0.13 0.10 0.25 0.15
300 0.09 0.06 0.17 0.10
500 0.05 0.03 0.10 0.05
1000 0.02 0.02 0.05 0.03

A
A
P 9

/\
e \

//\

A

—

S

= — Y > 300 km (table 1) because the cable—ocean contacts are close to the edges of the

2 23 stream and the cable—ocean contact on the Florida side is outside the shelf break.
o The KW-HYV voltages are much more sensitive to /* and hence changes in ¥ because

E o of the wide shelf region (30 km) south of Key West.

— 8 The results of the circuit model show that /* becomes smaller when the sediments

become more conducting, when the continental regions become more resistive, and
when the downstream wavelength Y become larger. The voltage effect of I* can never
be eliminated, however, because Y will always be finite since the time variations in
transport will have a finite propagation speed and the region surrounding the stream
will always be conducting. The voltage effect of I* can be minimized, however, if the
cable—ocean contacts are on opposite sides of the stream and close to the edges of the
stream but outside the coastal shelf region.
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(i1) Meandering effects

Estimates of the voltage changes caused by meanders of the stream can be assessed
by introducing a lateral shift in the stream axis. This causes the calibration factor ¢
to vary because of changes in the cable weighting factor W and in the electric current
factor e*.

Figure 4b, d shows the relative cable weighting factor W/W,—1 as a function of the
cross-strait position for the circuit model parameters where W is the cross-strait
average that has the value W, = 0.52 for JI-SP and W, = 0.34 for KW-HV. This
figure shows the importance of locating the cable-ocean contacts outside the shelf
regions. For the JI-SP model |W/W,—1] < 0.33 for 17.3 km <z < 91.5 km and for
the KW-HV model, |W/W,—1]| <0.52 for 29.2km < x < 145.7km. Hence the
KW-HYV voltages will be more sensitive to meanders than the JI-SP voltages.

For the JI-SP model with I* = 0, the values of C';; ¢p, for cable—ocean contacts at
0 and 93 km, and (4 gp, for cable-ocean contacts at 16 and 93 km, are: Uy gp =
22.0Sv V™! and (4 ¢p = 22.6 Sv V! when the stream lies between 8 and 68 km
(stream axis = 38 km); Cj; gp = C15.5p = 23.2 Sv V7! when the stream lies between
18 and 78 km (stream axis =48 km); and Cj; gp = C16.gp = 24.1 Sv V™! when the
stream lies between 28 and 88 km (stream axis = 58 km). There is thus a 5.5%
reduction in O ¢p and a 2.7% reduction in €', g, from the nominal value 23.2 Sv V™!
when the stream moves onshore by 10 km and a 3.9% increase in Cy; gp and C\4 gp
when the stream moves offshore by 10 km. Hence the meandering induced variability
is +4.8% for O}, gp and +3.3% for (', sp when there is a + 10 km lateral shift in the
stream. The corresponding errors in the voltage-derived transports are, respectively,
+1.6 Sv and +1.1 Sv for a mean transport of 32.3 Sv. Thus the JI-SP and 16-SP
voltages are relatively insensitive to meanders.
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Table 2. Dependency of calibration factor C' on downstream wavelength Y and position of stream axis
x for Jupiter Inlet minus Settlement Point (JI-SP) and Key West minus Havana (KW-HV) voltages

C(JI-SP)/(Sv V1) C(KW-HV)/(Sv V1)
A A
Y/km x=38km x=48km ¢=58km x=50km x="70km x =90 km
100 31.3 32.8 31.6 414 58.2 60.3
200 25.7 26.9 27.3 31.5 40.4 46.8
300 24.2 25.5 26.2 27.8 35.3 424
500 23.2 24.5 25.3 25.5 32.3 39.2
1000 22.6 23.8 24.7 24.1 30.4 37.1

For the KW-HV model with /* =0, the values of Cyy gy, for cable-ocean
contacts at 0 and 150 km, and C,, v, for cable-ocean contacts at 30 and 150 km,
are: Cygyw gy = 22.98v V7' and Oy v = 26.1 Sv V7! when the stream lies between
10 and 90 km (stream axis =50 km); Cxw gy = Cso v = 28.9Sv V™! when the
stream lies between 30 and 110 km (stream axis = 70 km); and Cyy v = Cs0 gy =
35.4Sv V7! when the stream lies between 50 and 130 km (stream axis = 90 km).
There is thus a 26.2 % reduction in Cyw gy and a 10.7% reduction in Oy, 4 from the
nominal value 28.9 Sv V™! when the stream moves onshore by 20 km and a 22.5%
increase in Cygy yy and Cyy yy when the stream moves offshore by 20 km. Hence the
meandering-induced variability is +27.3% for Oy ;v and +17.8% for Oy, 1y when
there is a +20 km lateral shift in the stream. The corresponding errors in the voltage-
derived transport are, respectively, +7.58v and +4.8 Sv for a mean transport of
27.3 Sv. Thus the KW-HV and 30-HV voltages are sensitive to meanders.

For the JI-SP model with I* # 0, a lateral shift of the stream axis from 38 km
to 48 km and 58 km eastward from the Florida coast for ¥ = 300 km changes ¢* from
0.09 to 0.09 and 0.08, and C from 24.2Sv V' to 25.5S8v V™! and 26.2Sv V1!
respectively. The JI-SP voltages are therefore relatively insensitive to changes in Y
when Y > 300 km because ¢* < 0.1. The value of the calibration factor C' varies by
+7.4% for Y > 300 km and a +10 km lateral shift in the stream (table 2). This
corresponds to a voltage-derived transport error of +2.4 Sv. The JI-SP and 16-SP
voltages are therefore relatively insensitive to both meanders and changes in the
down stream wavelengths and the value of e¢* is relatively insensitive to meanders.

For the KW-—HV model with I* # 0, a lateral shift of the stream axis from 50 km
to 70 km and 90 km southward from the Key West shelf break for ¥ = 300 km
changes ¢* from 0.18 to 0.18 and 0.16, and C' from 27.8 Sv V! to 35.3 Sv V! and
42.4 Sv V! respectively. The values of ¢* are much larger for the KW-HV voltages
than for the JI-SP voltages which indicates that the KW-HV voltages are more
sensitive to I* than the JI-SP voltages. The calibration factor varies by +27.5% for
a +20 km lateral shift in the stream when ¥ > 300 km (table 2). This corresponds to a
voltage-derived transport error of +7.5 Sv. Hence the KW-HV voltages are much
more sensitive to meanders and changes in the downstream wavelengths than the
JI-SP voltages. The value of ¢* is, however, relatively insensitive to meanders.

In summary, the circuit model shows the following. (1) The dominant effect, of the
meanders is to change the calibration factor C' while the electric current effect ¢*
remains relatively constant for a fixed Y. Hence estimates of the voltage meandering
effect can be obtained by simply considering the Sanford voltage equation (2.2a) and
ignoring the effects of the electric current I*. (2) The BK—SP voltages are suitable for

Phil. Trans. R. Soc. Lond. A (1992)
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monitoring transport variations because the errors in the voltage-derived transports
are expected to be less than + 1 Sv. (3) The KW-HV voltages may not be suitable for
monitoring transport because the calibration factor decreases significantly when the
Florida Current moves closer to Florida and increases significantly when the Florida
Current moves away from Florida. The meanders could cause a +28 % variability in
the calibration factor which would lead to errors in the voltage-derived transports of
+8 Sv. Moving the cable—ocean contact from Key West to 30 km from Key West
would reduce the errors in the voltage-derived transports to +5 Sv, which is not as
small as one would like. Before the sensitivity of the KW-HYV voltages to meanders
can be accurately assessed, however, the dimension of the stream and the
conductance of the sediments need to be determined.

(d) Voltage attenuation by the electric currents
The local motion-induced voltage is
Apy, =1 +vye) v, & (2.30)

when the conductivity variation ¢ is included. Expanding the voltage source term &
into normal modes &, such that

& = & pm >

1

M=

-

HYE

where &, corresponds to X,, = X/n for the cross-stream width X and Y,, = Y/m for
the maximum downstream wavelength Y, the electric current voltage A¢; (2.24) for
the n and m normal mode is

A¢1nm =—(1+ Voe)—l Vo 6;'z<m & um
when the conductivity variation e is included. The total voltage A¢g, is

N M
A¢I = —(1+v, 6)_1 DIEDH 6‘:mgnm

n=1m=1
Thus A¢; can be related to the voltage source term by
Ap; = —(14+vye)te*p, &, (2.31)
where é* is the source-weighted value given by
N M
=81y XY ek Epm-
n=1m=1
The motion-induced voltages are then related to the local voltage source term by
Ady = (1+vye) (1 —€%) &, (2.32)
for &, =v,8.
(e) Voltage-transport equation
The motion-induced voltage Ag,, (2.32), for the local voltage source

L
&y = J Wix) H(x) [V(x,t)+d, Vy(w, t) +ds Vg(x, £)] da,
0
given by (2.14), is related to the volume transport via the voltage-transport equation

C) Ay (1) = T(0) + Topm (1) + iy Ty(t) +is Ts(0), (2.33)
Phil. Trans. R. Soc. Lond. A (1992)
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where Ot) = [L+ vy e(t)] [1—%(t)] " Wyt (2.34)

is the voltage calibration factor,
L
W, = To‘lf W(x)H(x) < V(x,¢) > dz (2.35)
0

is the velocity-weighted value of the cable weighting factor, V is the depth-averaged
velocity,

1) = JLH(x) V(x,t)dx (2.36)
0
is the volume transport with mean 7,
Ty(t) = JLH(x) Vy(x, t) da (2.37)
0
is the time varying temperature flux,
Ty(t) = fL H(x) Vy(x,t)de (2.38)
0
is the time varying salinity flux, and
Tyt = JLH(x) [W(x)/ W, — 1] V(x,t)dx (2.39)
0

is the voltage meandering effect related to the relative weighting factor W(x)/W,—1
times the depth-averaged velocity V. The terms

a, f LH(w) [W(x)/Wy—1] Vy(, t) da

and d fLH(x) [W(x)/ W, — 1] Vy(x, t) da

have been dropped because they are small.

The relation (2.33) between the voltage and the transport is nonlinear because the
calibration factor €' depends on ¢ and €*. These have temporal variations caused by,
respectively, variations in the temperature and salinity of the ocean and variations
in the downstream wavelength. The voltage calibration factor will only have a

constant value Oy = (1—&%) 1 ;1 (2.40)
if the temperature and salinity variations are small so that ¢ can be neglected, if the
wavelengths of the time variations are relatively large and constant, and if the cable
ocean contacts are close to the edges of the stream so that é* can be approximated
by a small constant & .

(i) Meanders

The voltage variations caused by meanders of the Florida Current can be assessed
by separating the depth-averaged velocity into two parts as

V(x,t) = a(t) < V(x) > +V,(x,t), (2.41)
where a(t) is the amplitude modulation of the time- and depth-averaged velocity

Phil. Trans. R. Soc. Lond. A (1992)
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Florida Current transport and heat flux 187
(V(x)> and V,(x,t) is the depth-averaged meandering part. The transport is then
cqual to T(t) = alt) Ty+ T, ), (2.42)

where «(t) is the amplitude modulation of the mean transport T, and 7),(¢) is the
transport of the meanders. The voltage meandering effect 7,,,, then reduces to

Tym(t) = fLH(%) [W(w)/Wy— 1] V(e t) dee (2.43)

that is a function of the meandering velocities alone because the contribution of
a(t){V(x)) vanishes for W, defined by (2.35). Thus 7),,, is related to the spatial cross-
stream correlation between the changes in the relative transport weighting factor
and the meandering part of the depth-averaged velocity.

The amplitude modulation «(t) is found from the profiling data by a spatial least
squares fit between {V(x))> and the depth-averaged velocities V(x,t). It is given by

aft) = JLH(x) V(x,t)(V(x))dx/fLH(xKV(x)}Z dx (2.44)
for {af(t)) = 1. ’ ’

(i1) Tidal variation :

The voltage-transport equation (2.33) can be used to interpret tidal flow in straits
or estuaries but not in the deep ocean, where self and mutual induction effects can
no longer be ignored (Chave & Luther 1990). For tidal flow in straits, V(x, z,¢) = Vy(¢),
6, = 0,, and S, = S,, and thus d@, Ty(t) +d, T\(t) = e(t) Ty(t), where Ty(t) = AVy(t) is the
tidal transport and 7, = 0 because there is no meandering effect. The voltage-
transport equation then becomes the voltage-tidal equation

Co(t) Ady(t) = Ty(t), (2.45)
where the tidal calibration factor is
Cp(t) = [1+vee®)][1+e@)] L —e*@)] Wt (2.46)

for v(x)e(x,t) = vye(t) and "
W, = Alf H(x) W(x)dx
0
is the cross-stream spatial average of the cable weighting factor. The ratio C,/C,,
from (2.34) and (2.46) for ¢ = 0, is
Cn/C = [(1=&%)/(L=e*)] (Wy/ Wy). (2.47)

Hence Cy, will not, in general, be equal to C, because W, # W,, and &* # e*.
(iii) Transatlantic voltages

The voltage-transport equation for transatlantic voltage measurements reduces to

C6) Ay (1) = Ty () + @y Ty(t)

because 7y will be small and 7' can be neglected because the transport into the
Atlantic via the Bering Straits is small.
The voltage-transport equation in terms of the heat flux @ is

Ct) Agy(t) = T,y () + @y (pC) 1 QA1), (2.48)
Phil. Trans. R. Soc. Lond. A (1992)
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where the time varying heat flux , in terms of the time varying temperature flux,
is given by
S QO = pC, 10,

for p, the density, and €', the specific heat per constant pressure.

The voltage calibration factor €' for the North Atlantic is estimated to be
100 Sv V71 for &* =0 and d,(pC,)" is estimated to be 5.1 S8v PW™! for pC, =
0.00409 PW °C! Sv ! (Cox & Smith 1959). Hence a change of 1 PW in heat flux will
cause a 51 mV change in voltage that is readily detectable. The cable weighting
factor W (2.15) will be relatively constant in an east—west direction across the
Atlantic and the time variations in the ocean conductivity are likely to be small. If
the flow is broadscaled, then the effects of meanders and I* will be small and it might
then be possible to use east—west transatlantic cables for monitoring the broad scaled
meridional heat flux variations.

(iv) Hstuaries
The time dependent conductance of the ocean and sediments (2.6) in an estuary
T(@,t) = o (2, t) [H(2)+ {(H)] +7'(2) (2.49)

includes the variations in sea level {. For small temperature, salinity and sea level
variations the conductance can be approximated, in a manner similar to deriving

BBV DY ) = [y o0) 4 vot L +6(0)) £0)/ Hy ) [0 Hi) + 7 @)1, (2.50)
The voltage-transport equation then becomes
O(t) Ay (t) = T(t) + i To(0) (2.51)

because meandering effects and temperature flux can be ignored as they are likely to
be small for most estuaries. The voltage calibration factor is

C = [1+vyetvy(l+e) (C/Hy) [1—E¥ W, (2.52)
For barotropic tidal flow, the voltage-tidal equation (2.45) has the tidal calibration
factor Co = [(14v,6)(1+6) 2+, L/ H [1—e*] L Wy, (2.53)

Thus the calibration factors ¢' and Cy, will vary due to changes in the sea level { and
changes in the term e caused by changes in salinity.

Monitoring the salt flux in an estuary might be accomplished in the following
manner. Observations of the tidal-induced voltages will yield estimates of the
changes in the tidal calibration factor C'; and these changes could be used to estimate
changes in the voltage calibration factor C. These changes could then be interpreted
as changes in salinity via the term ¢ if the sea level variations are also observed and
the conductance ratio v, determined from resistivity studies. The cross-stream
voltages, corrected for temporal changes in the calibration factor €, will then yield
estimates of the changes in the salt flux 7§ provided the fresh water influx 7' is
simultaneously observed. Whether it will be possible to accurately monitor salt flux
in an estuary by this method will depend on the magnitude of the voltage variations,
on the accuracy of the tidal variations determined from short record lengths, and on
whether the voltage effects of /* can be ignored.

Phil. Trans. R. Soc. Lond. A (1992)
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(f) Blectric field

Short span electric field devices have been used to observe geomagnetic- and
motion-induced electric fields in the ocean (Cox 1980 ; Lilley et al. 1986 ; Filloux 1987 ;
Luther et al. 1987 ; Chave et al. 1989). The motion-induced electric field £ in the cross-
stream direction for wide streams is related to the fluid motion by

E(x,t) = [(x) Hx)+7"(2)] [ — 6(x) F,(x) H(x) Vi, t)+1%(x, t)], (2.54)

which is based on (2.16) where I* is the electric current in the cross-stream direction.

The electric field £ beneath a strong ocean stream will therefore be related to the
depth-averaged velocity ¥ modified by I* but E observed outside the stream will
only be related to I'*. If the boundary of the stream is known or can be determined,
then £ measured just outside the stream can be used to remove the effects of 7* from
FE measured beneath the stream because [* in the cross-stream direction will
essentially be independent of x for downstream wavelengths large compared with the
stream width.

The low frequency, geomagnetic-induced electric fields are related, by Ohm’s law,
to the geomagnetic-induced electric currents I by

E(x,t) = [o(x) H(x)+ 7 ()] 1 (x,1). (2.55)

(g) Robinson wvoltage equation

The theory for the interpretation of motion-induced voltages between widespread
cable—ocean contacts in the ocean has been developed by Robinson (1976, 1977).
He derived an expression for the voltage that is a spatial integral over the fluid

velocity V
Ag, = fff W - Vdxdydz. (2.56)

This expression includes the effects of I'* but ignores the effects of self and mutual
induction. The vector cable weighting factor is W’ = Fxi’, where F is the Earth’s
magnetic field and i’ is the virtual electric current density produced in the ocean
by the injection of a current of unit strength from the cable ends. The spatial
distribution of the virtual electric current is derived from i’ = — o V¢’ for a layered
Earth, where the potential ¢’ is the numerical solution of V- (oV¢’) = ¢ for ¢ zero
everywhere except at the cable—ocean contacts. Solutions have been found for
cables spanning the Irish Sea (Robinson 1976), the English Channel (Robinson 1977)
and the Tasman Sea (Baines & Bell 1987).

The Robinson equation can be reduced to a surface integral when the cable length
and the stream width are large compared with the ocean depth. The horizontal
electric field caused by the virtual electric current is then approximately uniform
over the water column and the virtual horizontal electric current becomes i = ¢E’,
where E’ is the depth-averaged, virtual horizontal electric field. The Robinson
equation then reduces to

A¢V 1—I_VO JJ}Ix y .’l’ 1) '.V(x’y7t)+dﬁ IZy(%Z/J)"‘“S I7S(x>y7t)]dxdy

(2.57)

for a linear expansion of seawater conductivity about the mean temperature and
salinity. The term on the right-hand side of (2.57) is the horizontal vector form of the

Phil. Trans. R. Soc. Lond. A (1992)
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voltage source for (2.14) with a vector cable weighting factor W=g¢,FxFE'.
Equation (2.57) is, basically, the two-dimensional version of the local motion-
induced voltage (2.14) combined with the voltage effects of the motion-induced
electric currents (2.19).

3. Transport estimates
(a) Profiling Measurements
(i) Transport

Transports of the Florida Current estimated by velocity profiling data collected
before the stacs program include 85 days (1964-1970) without tidal correction
(Niiler & Richardson 1973) and 41 days (1974) with tidal correction (Brooks 1979)
from Miami, Florida to Bimini Island, and 13 days (1972) of profiling data to 200 m
depths without tidal correction (Brooks & Niiler 1975) from Key West, Florida to
35 km north of Matanzas, Cuba. Profiling data from locations north of Jupiter Inlet
and between Miami and Key West have been excluded.

The profiling-derived velocities were obtained by a freely falling dropsonde
described by Richardson & Schmitz (1965). The data were then integrated hori-
zontally to produce the transports. All the published values are plotted in figure 5a
along with the 95% confidence limits derived from the monthly range in transport
for the 1981-1990 voltage-derived transport of the Florida Current east of Jupiter
Inlet. The partial transports by Brooks & Niiler (1975) have been multiplied by the
factor 1.22 and increased by 5 Sv to compare them with the transport east of Jupiter
Inlet. One sees that most of the profiling-derived transports lie within the range of
the voltage-derived transport except for some low values between October and
January. Because of these low values, the Niiler & Richardson (1973) annual
variation (figure 5a) is inconsistent with the annual cycle derived from the voltage-
derived transports. These low values could be caused by errors or by undersampling
but an alternative explanation is that the transport east of Miami is smaller than the
transport east of Jupiter Inlet due to flow into the Straits via the Northwest
Providence Channel north of Miami. This flow could add a few Sverdrups to the
profiling-derived transports east of Miami making them more consistent with the
range in the voltage-derived transports east of Jupiter Inlet.

The recent profiling estimates of the transport for the Florida Current east of
Jupiter Inlet started with the sTacs program and consists of 130 days of velocity
and temperature data from 19 different cruises (1982-1984) obtained by a profiling
device (Pegasus) tracked by two bottom acoustic transponders at nine sites (table 3)
approximately 10 km apart (Leaman et al. 1987) and 14 days (1985-1990) obtained,
at the same sites, by the velocity profiler in the dropsonde mode. The variations in
these transports, corrected for the barotropic tidal velocity, are consistent with the
range in the voltage-derived transports (figure 5b). It is clear, however, that the
number of profiling-derived transports is still not sufficient to accurately determine
the annual variation in the transport.

The profiling-derived transports for the stacs program were computed from the
depth-averaged velocities observed at the nine sites in the following manner. (1) The
barotropic tidal velocity, based on the tidal constituents estimated from the hourly
mean voltages and applying a tidal calibration factor, was first removed from each
depth-averaged velocity value. (2) Missing depth-averaged velocity values were then
filled by a linear time interpolation for gaps less than three days and extrapolated
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Figure 5. Profiling-derived transports. (a) 1964-1974 transports east of Miami (dots) and partial
transports south of Key West times 1.22 plus 5 Sv (circles). Values are mostly consistent with the
95 % confidence limits based on the 1981-1990 BK—SP voltage-derived transports (pair of dashed
curves) but the annual variation (solid curve) from Niiler & Richardson (1973) is inconsistent with
the 1982-1990 profiling-derived transports and the 1981-1990 voltage-derived transports. (b)
1982-1990 transports east of Jupiter Inlet. Values are consistent with the 95% confidence limits.
Solid curve is annual variation based on the 1981-1990 voltage-derived transports.
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Table 3. Jupiter Inlet to Grand Bahama Island profiling site locations x,,, depths H ,, weights A, depth-
averaged and velocity-weighted conductivities &, and &,, least squares estimated weights U,, and

estimates of sediment and wpper crustal conductance 7, and 7,5 (Spain & Sanford 1987) forn =1, ...,9

THE ROYAL
SOCIETY

3% sites

4= noox/km H/mA,/km?e,/Sm)E,/SmY) U, osd o 7/) std/S)  76/()

82 5 1 129 121 1.03 5.02 5.28 0.37  0.47

0‘2 2 19.7 225 1.81 4.74 5.13 1.48 048 2050 980 1630

=< 3 28.1 363  3.30 4.59 4.98 0.86  0.39 3570 2270 2560

E E 4 377 503 4.26 4.50 4.81 1.66  0.53 340 800 3070
5 454 612 6.14 4.47 4.73 0.88 0.31 2120 1650 3170
6 56.6 763 7.81 4.40 4.72 094 0.21 1150 980 2560
7 66.3 705 7.19 4.59 4.84 0.96 0.34 1280 1520 2800
8 77.0 634  6.31 4.75 4.87 0.65 0.33 3710 3240 2740
9 86.2 523 5.46 4.97 4.95 0.77  0.23 3200 1670 3220

one day beyond for gaps greater than three days. (3) Daily mean velocities were then
constructed by a linear interpolation in time between the values. (4) The remaining
missing values were then filled, for those days that had at least one observation, by
a linear interpolation in space between the nearest sites having at least one observed
velocity. Weights ranging from 0 to 9 were then assigned to each daily mean
transport equal to the number of sites occupied for that day. The values with zero

g weights were then excluded. In all there were 144 daily mean transports based on 743
—~ observed depth-averaged values, 446 time interpolated values, and 125 spatially
> interpolated values.

§ > The volume transport 0 o, 5

O H Tt =% H(x) V(x,t), dx

m E n=1Jz,_,

O . . . L

TO is computed for the depth H(x) given by a cubic spline fit to the bottom topography
~ and the depth-averaged velocity V(z,t) assumed to be linearly related to the observed

profiling velocities V(x,,t) by
V(.%‘, t) = (xn_xn—l)_l[(xn _—x) V(xn—l’ t) + (x_xn—l) V(xns t)]

for z,_, < xz < z,, where x, is on the western side of the strait, x,, is on the eastern
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Figure 6. Profiling-derived transports east of Jupiter Inlet. (a) Transport per kilometre width.
Range in values is similar at each site. (b) Depth-averaged velocity. Largest range in values are near
Florida. (¢) Channel depth east of Jupiter Inlet to Grand Bahama TIsland.

Figure 7. Profiling-derived temperatures east of Jupiter Inlet. (@) Flow temperature. (b) Strait
temperature. Values are smaller than the flow temperature. The range in values is similar for both
temperatures with largest range near Florida. (c) Channel depth east of Jupiter Inlet to Grand
Bahama Island.

side of the strait, V(x,,t) = V(x,,t) and V(x,,t) = V(xy, ¢). The computed transport is
then related to the observed depth-averaged velocities by

9
)= % 4, V(x,.t) (3.1
n=1
for weights 4,,n =1,...,9 (table 3) derived by evaluating integrals over H(x) and
xH(x). Leaman et al. (1987), in their processing of the profiling data, estimate the
error in the profiling-derived transport to be 0.4 Sv.

The largest range in the depth-averaged velocity (figure 6) occurs in the shallow
coastal region but the transport per kilometre width, H(x,) V(z,,t) for n =1, ...,9,
has a maximum value in the central portion of the strait with a range in values
similar at each site except for the coastal site where the range is much smaller. Thus
the coastal site makes only a small contribution to the temporal variations in the
total transport and therefore the total transport variations can be observed with the
cable-ocean contacts lying outside the Florida shelf region.

(ii) Temperature

The strait temperature and the flow temperature have a similar range in values at
each site (figure 7) with the largest range occurring in the shallow coastal region. The
strait temperature () and the flow temperature 6(t) (see §2a(ii)) are slightly
warmer from July to November (figure 8) but the large day-to-day variability makes
it impossible to accurately determine the annual variation. The mean strait and

Phil. Trans. R. Soc. Lond. A (1992)
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Figure 8. 1982-1985 profiling-derived temperatures. Dots are flow temperature and circles are
strait temperature. The flow temperature is warmer than the strait temperature. The temperatures
are slightly warmer from June to November, but the largest variations occur on a day-to-day
timescale.

flow temperatures are 6, = 16.88+0.66°C and 6§, = 19.10+0.63°C. Hence the
Florida Current is, on average, 2.39+0.91 °C warmer than the strait temperature.

The strait conductivity, for 6,=16.9°C and S, =36 ppt is, empirically,
0,=460Sm™" with a temperature coefficient a,=0.022°C™" and a salinity
coefficient a, = 0.025 ppt~. The flow conductivity, for §, = 19.1 °C and S, = 36.0 ppt,
is &) = 4.83 S m™' with coefficients @, = 0.022 °C~! and dg = 0.025 ppt™'. Hence the
conductivity ratio is &,/o, = 1.050.

(ii1) Meanders

The meandering part of the transport per kilometre width, H(z,)V,,(x,,t) for
n=1,...,9 has a range of 0.3 Sv km™! (figure 9a) that is similar to the range in the
total transport per kilometre width, H(x,)V(z,,t) at each site (figure 6a). The
transport 7], (1) of the meanders has, however, a root mean square (rms) deviation of
0.53 Sv that is small compared with the rms deviation of 3.13 Sv for the total
transport 7'(¢) (figure 10a).

A measure of the ‘transport efficiency’, defined here as the cross-stream variance
of a(t){V(x)> divided by the cross-stream variance of V(x,t), is given, for the

profiling data, by

9 9 9 -1
YAl = X A4, V(xn,t)<7(xn)>[ X A, Vi, 1) X An<17(xn)>2] (3.2)

S A, Vi, )XV (@,)5) D AV ()2
n=1

The term y? is, in fact, the spatial correlation squared between V(x,t) and {V(z)).
Thus when y? = 1 there is no meandering and when y* = 0 the flow is dominated by
the meandering of the stream.

The 144 days of profiling-derived, depth-averaged velocities yield a median
transport efficiency of 0.26. Johns & Schott (1987), in an analysis of the current meter
data from an array of five subsurface moorings approximately 20 km apart with four
instruments per mooring, find a transport efficiency, defined slightly differently by
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Figure 9. Profiling-derived meanders east of Jupiter Inlet. (@) Meandering transport per kilometre
width. (b) Voltage meandering effect per kilometre width. It has a much smaller range in values

than the range in the meandering transports. (¢) Channel depth east of Jupiter Inlet to Grand
Bahama Island.

them, that is generally less than 0.2. Thus the transport efficiency is even smaller for
the velocities than for the depth-averaged velocities. This explains why it is not
possible to compute accurate transport estimates of the Florida Current from a few
current meter moorings. All five moorings are needed.

(iv) Hstimated error in voltage-derived transports

The error in the voltage-derived transport, caused by various non-transport terms
in the voltage-transport equation (2.33) and variations in the voltage calibration
factor (2.34), can be estimated by making use of the profiling data and the circuit
model. The various sources of error are as follows. (1) The term 7},,,. The profiling
data yield values that are usually smaller than 1 Sv (figure 10b) with a rms
deviation of 0.45Sv. The voltage meandering effect per kilometre width,
[W(xn)/WO—l]H(xn) Vo(@,,t) for n = 1,...,9, yields a range in values that is smaller
than 0.1 Sv km™" (figure 9b). This is much smaller than the range in values for the
meanders H(x,) V,,(x,,t) except for the site closest to Florida. Thus the meandering
effects on the BK—SP voltages are small because the cable-ocean contact lies outside
the shallow shelf region. (2) The term d,7} for d, = 0.022 °C™*. The profiling data
yield values that are usually smaller than 1 Sv (figure 106) with a rms deviation
of 0.47 Sv. (3) The term e. The profiling data yield values that are usually smaller
than 1% (figure 10¢) with a rms deviation of 0.7%. This corresponds to an error of
+0.23 Sv in the voltage-derived transports for mean transport 32.3 Sv. (4) The term

aJ H(x) [W(x)/ Wy —1] V@, 1) dx

dropped in the voltage-transport equation. The profiling data yield a rms deviation
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Figure 10. Profiling-derived estimates of errors in the voltage-derived transport. (a) Transport
minus 32.3 Sv (dots) and transport of meanders 7}, (circles). (b) Temperature flux d,7, (dots) and

voltage meandering effect 7, (circles). (c) ¢ (dots) as percent changes in calibration factor. The
volume transport has the largest variation; the variation of all other terms are negligible.

of only 0.07 Sv. (5) The term 7§. It was not observed but its effect is expected to be
small because dg is small and the variations in salinity are expected to be small. (6)
The term é*. Tts value is estimated by the circuit model, to be smaller than 0.1 for
the BK—SP voltages. If 300 km < Y < 500 km, then 0.06 < é* < 0.03 (table 1) and
the estimated error in é* is +£0.015. This corresponds to an error of +0.48 Sv in the
voltage-derived transports for a mean transport of 32.3 Sv.

In summary, the terms 7, , 1), €, and €* yield rms deviations of 0.45, 0.47, 0.23,
0.48 Sv and a total rms deviation of 0.84 Sv. These deviations and the total deviation
are 1.4%, 1.5%, 0.7%, 1.5%, 2.1% of the mean transport 32.3 Sv. These are small
compared with the deviation in the transport that is 3.13 Sv on 9.7% of the mean.
Hence the BK-SP cross-stream voltages can be used to determine the transport
variations with an accuracy of +0.8 Sv.

The voltage-transport equation for the Straits of Florida east of Jupiter Inlet thus
reduces to a simple linear relation between voltage and transport

CoAdy(t) = T(1), (3.3)
with a constant voltage calibration factor €, = (1—&¥)"' Wy* (2.40).
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Table 4. Voltage difference between different electrodes relative to Ag—AgCl (B, 1) for various
durations in hours
(B = basement of cable station, L = lagoon, 1 = first electrode, and 2 = second electrode.)

bias (mV) std (mV) hours electrode
—0.1 1.8 41405  Ag-AgCI(B,2)
—48.9 3.9 53170  Ag-AgCl(L)
221.9 20.9 6475  Cu(B)
P 323.6 32.90 2443  Pb(B)
<] 570.7 13.9 11804  Pb-PbCI(B, 1)
_ 559.9 5.9 7793 Pb-PbCI(B, 2)
< 401.7 131.2 60225  armour—copper
— ,
Lrror measured relative to armour—co er contact.
@) — * KB d relative t pp tact
2
= Q)
O (b) Voltage measurements
= w

The first attempt to observe motion-induced voltages was made by Faraday (1832)
who recorded the voltage between two copper plates suspended on opposite ends of
the Waterloo Bridge. Erratic variations in voltage made it impossible for him to
detect the tidal motion in the Thames but he predicted that the Gulf Stream should
produce a measurable signal. He assumed that the erratic variations were caused by
electrode noise but these variations may have been caused by geomagnetic-induced
voltages since his observations were probably made during the period of sunspot
maximum (1827-1831).

PHILOSOPHICAL
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(i) Key West minus Havana voltages

The first observations of the Florida Current induced voltages were made from
1952 to 1961 by recording the Key West minus Havana (KW-HYV) voltages by the
use of a telephone cable when it was not in service during weekends (Wertheim 1954 ;
Stommel 1957, 1959, 1961; Broida 1962, 1963) (figure 1). The distance is about
170 km and the cable is orientated 111° east of the stream direction. Only 491 daily
mean values were obtained. Good agreement was found in 1952 between five months
of voltage variations and sea level difference between Key West and Havana
(Wertheim 1954) which means that the voltage variations seemed to be tracking the
transport variations. The Key West tide station was discontinued at the end of 1952
so no further comparisons could be made. During the first two years (1952-1953)
there were some large voltage variations lasting from days to months that were
congsidered to be unrealistically large and rapid by Schmitz & Richardson (1968) and
Wunsch et al. (1969). They therefore judged the KW-HYV voltages to be hopelessly
contaminated by the meandering of the Florida Current and concluded that this was
not a suitable site for voltage measurements of transport. This caused most
oceanographers to ignore voltage measurements as a means for monitoring transport
variations.

The circuit model of the meandering effects for /* = 0 (§2¢) shows that the error
in the voltage-derived transport could be as large as +27 % for the KW-HV voltages
if the stream meanders by +20 km whereas it is only +3 % for the BK—SP voltages
if the stream meanders by 410 km. The voltage meandering effect estimated from
the profiling data (§3a) is +1.4% for the BK—SP voltage-derived transports, which
shows that the circuit model gives a reasonable estimate of the meandering effect.
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The voltage meandering effect is therefore expected to be a significant problem for
the KW-HYV voltages.

The evaluation of the KW-HYV voltages for monitoring transport is complicated,
however, by the following. (1) The transport variations were not determined by an
independent method and therefore the voltage calibration factor, the bias voltage,
and the cross-stream spatial distribution of the depth-averaged velocity are
unknown. (2) The voltages were so sparsely sampled that the daily changes in
transport were undersampled. The day-to-day changes are now known to be
significant. (3) The geomagnetic-induced variation was hand filtered. (4) The bias
voltage drifted during April 1958 by an amount estimated to be +560 mV which is
equivalent to a 14.4 Sv change. Such a large change was most likely caused by the
Ag-AgCl electrode at the cable—ocean contact near Florida changing to copper
because the electrode went bad. Sanford observed, for example, a change of
+620 mV in the Jupiter Inlet minus Settlement Point voltage when an Ag—-AgCl
electrode disappeared at Jupiter Inlet. The observed ¢n situ voltage difference
between various types of electrodes (table 4) also shows that there can be a voltage
bias of nearly one volt between different types of electrodes. (5) The conductance of
the sediments and the stream’s cross-sectional dimensions are unknown and this
increases the uncertainty in the model estimates of the voltage changes caused by
meanders and horizontal electric currents.

In an attempt to better understand and evaluate the KW-HV voltages, the
original strip chart recordings of the voltage variations for one month in 1970 and 10
months during 1972-1973 were obtained from Sanford. Hourly time marks were
determined by assuming the chart speed was constant between the time marks
entered on the record. Hourly mean values were then determined by the slope
technique (Larsen 1974). The time marks were then checked and corrected by
comparing the voltage variations with the geomagnetic-induced voltages based on
the magnetic variations recorded at San Juan, Puerto Rico and Fredericksburg,
Virginia (see §3¢). The corrections amount to, at most, a 1.7 h shift for the last month
of data when timing marks had not been entered.

(ii) Jupiter Inlet minus Settlement Point voltages

The Jupiter Inlet minus Settlement Point JI-SP voltages were recorded from 1969
to 1974 (Sanford 1892) by the use of a submarine co-axial communication cable
(figure 1) installed in 1954. The distance is about 113 km and the cable is orientated
97° east of the stream direction. The coaxial cable is made up of an inner copper
conductor, an insulating layer of polyethylene, a laminated outer copper conductor,
a layer of jute serving, armour wires, and a layer of jute and tar. The armour and
outer copper conductor are therefore in contact with seawater. A description of the
shore facilities is given by Sanford (1982).

Sanford (1982) felt that recording the JI-SP voltages would reduce the meandering
effects because the Straits of Florida is so much narrower east of Jupiter Inlet than
south of Key West. An analysis of voltage measurements by the method of towed
electrodes (Sanford & Schmitz 1971) also showed that the electrical measurements
between Miami and Bimini could determine transport to within an uncertainty of
10% of the mean. Sanford suspended his JI-SP voltage measurements in 1974
because of equipment failure.

The JI-SP voltages recorded between January 1970 and October 1972 were hand-
filtered by Sanford (1982) to remove the geomagnetic-induced variations and were
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then analysed by him to extract the annual variation. In this paper objective values
of the hourly mean JI-SP voltages were determined by use of the slope technique
(Larsen 1974) applied to the original 1969 to 1974 strip chart recordings. The timing
marks were then checked and corrected by a comparison with the geomagnetic-
induced voltages and the tidal variation.

(iii) Jupiter Inlet minus Cable Break and Cable Break minus Settlement Point
voltages

Recordings of the Jupiter Inlet minus Settlement Point voltages were started
again in December 1981. The cable had been broken, however, in shallow water near
Florida during or after 1974. Two attempts in 1981 and 1982 were, however,
unsuccessful in repairing the break. Fault localization and insulation tests were then
carried out yielding the following conclusions. (1) The break is 16.6 km of cable east
of Jupiter Inlet and 98.9 km of cable west of Settlement Point. Since the distance
between Jupiter Inlet and Settlement Point is 113 km, the distance from Settlement
Point to the break is 96.7 km and the distance from Jupiter Inlet to the break is
16.3 km. (2) The break is complete. (3) The centre conductor and its surrounding
polyethylene dielectric, excluding the break, is electrically sound. (4) The mechanical
strength of the cable resides in its armour wires. Since the cable has aged it is no
longer capable of being handled by a cable ship.

Owing to the cable break, the Jupiter Inlet minus cable break (JI-BK) voltages
were recorded at Jupiter Inlet and the cable break minus Settlement Point (BK—-SP)
voltages were recorded at Settlement Point (figure 1). The sum of the two voltage
measurements will be equal to the JI-SP voltages since the cable—ocean contacts are
similar because the cable-ocean contacts at Jupiter Inlet and Settlement Point were
initially the outer copper conductor of the coaxial cable and the cable—ocean contacts
at the cable break were the exposed, inner copper conductor of the cable. The mean
JI-BK plus BK-SP voltage was found to be about 1.3V which agrees with the
earlier mean JI-SP voltage when the cable was intact. The bias for the combined
voltages will therefore be small but there may be a significant bias voltage for the
individual JI-BK and BK-SP voltages because of electrochemical differences
between the outer copper conductor and the exposed, inner copper conductor.

Recordings of the JI-BK and BK-SP voltages were initially made by a battery
powered, digital Lycor recorder that printed hourly mean values. The times of the
hourly values were then checked by a comparison with the geomagnetic-induced
voltages based on the magnetic variations at San Juan and Fredericksburg and by
a comparison with the tidal variation estimated by ten-day sections. The cable-ocean
contact at Settlement Point was changed in January 1984 from the outer copper
conductor of the cable to a Ag—AgCl electrode placed beneath the cable station in the
basement 2.5 m by 2.5 m flooded with 0.6 m of seawater of 27.7 ppt salinity. The
Ag-AgCl electrode is therefore in good electrical contact with the open ocean and
provides a cable-ocean contact superior to the outer copper conductor of the cable.
A new recorder, installed in November 1984 and powered by solar cells, generated
hourly mean values from one minute filtered samples of the voltage. This recorder
consisted of a pair of differential amplifiers used at a gain of one with a bias current
of 25 pA and a long-term stability of 10 uV a™. The noise is therefore well below the
desired 1 mV accuracy of the voltage measurements. The hourly mean values along

with temperature and various battery checks were transmitted via a satellite data
link.
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Figure 11. Sample of BK-SP observed voltages. (@) Observed voltages. (b) Estimated geomagnetic-
induced voltages. (c) Estimated tidal variation. (d) Voltages corrected for geomagnetic-induced
voltages, tidal variation, and outliers. Note that the corrected voltages are much smoother than
the observed voltages verifying the validity of the corrections.
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Figure 12. Samples of east JI-BK electric field. (a) Observed field. (b) Estimated geomagnetic-
induced field. (¢) Estimated tidal variation. (d) Corrected electric field. The geomagnetic-induced
variation dominates.
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The recordings of the voltages at Jupiter Inlet were discontinued in November
1987 because it became clear that the JI-BK voltages showed little relationship to
changes in the total transport or to changes in the partial transport near Florida as
derived from the near-shore velocity profiling data. It was also clear that the voltage-
derived transports could be more accurately determined from the BK-SP voltages
alone. In October 1985 a clean cable cut was made to improve the cable-ocean
contact at the cable break for the BK-SP voltages. The cut shortened the BK-SP
cable by an amount estimated to be less than 0.5km. A magnetic station was
installed at Settlement Point in June 1988 and the observed hourly mean magnetic
values were transmitted by satellite.

The cable broke in deep water (640 m) and 33.6 km from Settlement Point on 29
November 1990. This is most likely due to mechanical aging because of the advanced
age (37 years) of the cable. The depth precludes a man made fault and points, rather,
to corrosion and chafing as the cause of the fault. This means that the cable is likely
to be in such a mechanically weakened condition that it is not feasible to repair it.

A sample of the BK-SP voltage variations is given in figure 11 @ and a sample of the
JI-BK variations, converted to east electric field by dividing the JI-BK voltage by
the distance 16.3 km, is given in figure 12a.

(iv) West Palm Beach minus Kight Mile Rock voltages

The West Palm Beach, Florida minus Eight Mile Rock, Grand Bahama Island
(WP-EM) voltages (figure 1) have been observed by recording the power voltage and
power current on an in-service, undersea telephone cable that makes ocean contact
near West Palm Beach and Eight Mile Rock (Larsen 1991). This cable, installed in
1972, has 11 repeaters and is located about 25 km south of the Jupiter Inlet to
Settlement Point cable. The recorders are similar to those used to record the JI-BK
and BK-SP voltages.

The essential elements of an in-service, undersea telephone cable for voltage
measurements are: submarine cable, repeaters, power supply, power separation
filters and cable sea—earth grounds. The telephone transmission enters and leaves the
cable via the power separation filters at the cable ends and is amplified by the
repeaters powered by a shore based power station supplying a nearly constant
electric current. This current flows down the cable via the inner copper conductor
and returns through the ocean via the sea—earth grounds near the cable stations. It
is the existence of the sea—earth grounds and the nearly constant power current that
makes it possible to deduce the variations in the motion-induced voltages between
the sea—earth grounds by accurately recording the power voltage and current
variations. The time variations in these voltages, after applying various corrections
(Larsen 1991), determines the transport variations but not the mean transport,
because of the large, approximately 360 V offset caused by the power current. The
monthly mean values of the WP-EM voltage-derived transport are estimated to
have an accuracy of 1 Sv (Larsen 1991). This makes the monthly mean values
acceptable for transport estimates.

(v) Canal 18 electric field

The voltage effects of the electric currents I* was observed at an electric field land
station, C18, installed 12.5 km due west from the Florida coast and 1 km south of
Jupiter Inlet (figure 1) at a junction in Canal 18 serving as a drainage system for the
area and for maintaining a fresh water barrier to salt water intrusion. The voltages
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Figure 13. East C18 electric field. (a) Observed field. (b) Estimated geomagnetic-induced field. (c)
Estimated tidal variation. (d) Corrected electric field. The variations are much larger in the east
C18 than in the east JI-BK electric field.

Figure 14. North C18 electric field. (a) Observed field. (b) Estimated geomagnetic-induced field. (c)
Estimated tidal variation. (d) Corrected electric field. The geomagnetic-induced variation is
smaller in the north C18 than in the east C18 electric field because of the large east—west
conductivity contrast between the ocean and land.

were measured between two pairs of Ag—AgCl electrodes: one pair along the west leg
of Canal 18 in a direction 91° NE with a 817 m spread and the other pair along the
east leg of Canal 18 in a direction 176° east of north with a 880 m spread. The
recorders were similar to those used for recording the JI-BK and BK-SP voltages.
The electric field was determined from the negative of the voltage divided by the
distance between the electrodes. The electric field was then transformed into north
and east components. The station was maintained for two years but only 200 days
of hourly values were recovered due to a severe lightning problem that caused the
recording system to repeatedly fail and the electrodes to drift after the system failed.
The east component, after removing the long period drift of the electrodes, is given
in figure 13a and the north component is given in figure 14a. Note that the
geomagnetic-induced variation is significantly larger in the east component than in
the north component. This is due to the large east—west conductivity contrast
between the ocean and land.
(¢) Voltage corrections

The power spectrum of the observed hourly 1981-1990 BK-SP voltages (ﬁgure 15a)
shows spectral peaks at 1, 2 and 3 cpd and variations that generally increase in
intensity with decreasing frequency. The power spectrum of the geomagnetic-
induced voltages (figure 15b) shows that the geomagnetic-induced variation is an
important part of the observed voltages for frequencies greater than 0.2 cpd and
especially for frequencies at 1, 2 and 3 cpd because of the large solar diurnal
variation. The geomagnetic- 1nduoed voltages must therefore be removed from the
observed hourly voltages in order to determine the hourly motion-induced voltages.

Phil. Trans. R. Soc. Lond. A (1992)
8 Vol. 338. A


http://rsta.royalsocietypublishing.org/

A
A

r

A

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

AN
\
) \

/

A
(

a

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

202 J. C. Larsen
141 @& () ()
S
E
oD 8
°

5 -
—838 —6.3 —3.8—-88 —6.3 —-3.8 —-88 —6.3 —3.8 —88 —6.3 -38
log Hz log Hz log Hz log Hz

Figure 15. Power spectra of hourly BK-SP voltages against common logarithm of frequency in
Hertz. (a) Observed voltages. (b) Geomagnetic-induced voltages. (¢) Voltages minus geomagnetic-
induced voltages. (d) Voltages minus tidal variation, geomagnetic-induced variation, and outliers.
Pair of dashed curves (top right panel) are 95 % conﬁdence limits that apply to all spectra. The
removal of the tidal and geomagnetic-induced variations yields a very smooth residual spectrum.

The various voltage corrections needed for determining the motion-induced voltages
are discussed in the following sections.

(i) Geomagnetic-induced voltages

The voltage variations induced in the ocean by the time varying ionospheric and
magnetospheric electric currents can easily mask the motion-induced voltages for
frequencies greater than 0.2 cpd and especially for the tidal-induced voltages having
frequencies near 1 and 2 cpd (figure 15b). This has been a serious problem for the
earlier voltage measurements but experimental evidence presented here shows that
it is possible to remove most of the geomagnetic-induced voltages by applying
transfer functions to hourly magnetic variations observed at land sites within
100 km of the voltage measurements. This method works because the ionospheric
electric currents are coherent over distances much larger than 100 km if the voltage
and magnetic sites are outside the auroral zone and away from the magnetic dip
equator.

The geomagnetic-induced voltages can also be removed by the use of hourly
magnetic variations observed at sites 1000 km or more from the voltage site because
the hourly variations, after removing the solar variations, are dominated by the
disturbed storm time variations (D) that are globally coherent (Chapman & Bartels
1940). The solar diurnal variation has to be filtered out because it has a large spatial
gradient modulated by a large annual variation. The K, and S, tidal constituents are
therefore lost because they have, respectively, frequencies 1.0027 and 2.0000 cpd,
that are similar to the frequencies of the solar diurnal variation.

The transfer functions, used to convert the magnetic variations to the
geomagnetic-induced voltages, are defined in the frequency and wavenumber
domain by the magnetotelluric relation

E(w, k) = Z(w, k) Bw, k), (3.4)

where £ is the electric field, B is the magnetic field, w is the radian frequency, k is
the horizontal vector wavenumber, and Z is the magnetotelluric transfer function.
Experience shows that the small wavenumber approximation, Z(w, k) ~ Z(w,0), is
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Tigure 16. The geomagnetic transfer function as a non-dimensional value ( ,uo/w Z(w,0) against

the common logarithm of the frequency for the Settlement Point magnetxc field in the direction
19.9 east of north where g, is the magnetic permeability of free space and  is the radian frequency.
The pairs of curves are the 95% confidence limits for the real (a) and the imaginary (b) parts.
Dashed curves are real and imaginary parts of the transfer function for the best fitting one
dimensional conductivity model.

valid for magnetic sites close to the voltage measurements or for D, variations at
remote magnetic sites. The approximation is, however, not valid for solar diurnal
variations at remote sites because of time variations in k.

The geomagnetic-induced voltage is given by

AD,(w,y) = —fL E(w,xz,y)dx, (3.5)

0
where Ew,x,y) = Z(w,0)B(w, z,y) (3.6)

that is the inverse spatial transform of (3.4) for the small wavenumber
approximation. The geomagnetic-induced voltage is then

AD;(w) = T(w) B(w), (3.7)
where 7T'(w) = —Z(w,0)/L, and

L
B(w) = L_IJ B(w,x,y)dz (3.8)
0
is the magnetic field averaged along the cable. The geomagnetic-induced voltage for
two magnetic components is given by

AD(w) = T (w) By (w) + Ty(w) By(w), (3.9)

where B, and B, are approximated by the horizontal magnetic components at one
site or by the magnetic components at two different remote sites and the 7} and 7,
are the transfer functions. The time series of the geomagnetic-induced voltages
A (1) is then given by the inverse Fourier transform of A® ,(w).

The transfer functions are determined in the following manner. Theory and
experimental evidence (Larsen 1989) indicates that the magnetotelluric transfer
function Z(w,0) will be a smooth, continuous function of frequency that can be
represented by

Z(,0) = D() Zyp(), (3.10)
N-1

where Zipw) = —iw ¥ a,[b,—iw] '—iway, (3.11)
n=1

is the transfer function for a one dimensional (1D) conductivity model with a, > 0,
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b, = 0,i=+/—1, and fields proportional to exp (—iwt) (Weidelt 1972 ; Parker 1980);
and M
Dw)= XY d,2u/w;—1)*! (3.12)
n=1

is the distortion function that smoothly transforms the 1D transfer function to the
observed transfer function. The w; is the Nyquist frequency. Generally M < 10 is
sufficient.

The distortion function D is found iteratively, for an initial Z,,, by a robust least
squares method that yields weighted residuals that are nearly independent and
identically distributed in the frequency and time domain (Larsen 1989). A new Z,,
is then generated from the a,s and b,s for n =1, ..., N derived by the D* inversion
algorithm (Parker & Whaler 1981) of the estimated transfer function given by (3.10).
The process is then repeated for five iterations. The representation of the transfer
function by (3.10) is important because it allows the iterative process to converge to
the 1D representation if most of the data are consistent with a 1D interpretation. The
transfer function for the Settlement Point magnetic data is shown in figure 16. It
indicates a 1D model for frequencies smaller than 1 cpd.

Samples of the hourly geomagnetic-induced variations for the BK-SP, JI-BK,
and C18 data (figures 11b, 12b, 13b and 14b) show that the geomagnetic-induced
voltages are a significant part of the variations in the BK-SP voltages and a major
part of the variations in the C18 and JI-BK electric field data. The power spectrum
(figure 15b) of the BK-SP geomagnetic-induced voltages show that the diurnal
variation has strong spectral peaks at 1, 2 and 3 cpd and that the geomagnetic-
induced voltages are important for frequencies greater than 0.2 cpd. The removal of
the geomagnetic-induced voltages is therefore necessary to determine accurately the
tidal and day-to-day variations.

(ii) Geomagnetic secular change

The magnitude of the vertical magnetic field for the Straits of Florida has
decreased by 100 nT' per year over the past two decades. It had a magnitude of
F, = 41100 nT at the end of 1981 for Jupiter Inlet. Since the voltage calibration factor
is proportional to the magnitude of the vertical magnetic field, this secular change
has caused a 2% decrease in the magnitude of the voltage variations over the past
eight years. This decrease is removed by multiplying the motion-induced voltages by
a factor inversely proportional to the secular change in F,.

(iii) Contact potentials

The most important experimental detail that affects the accuracy of long-term
voltage measurements is the stability of the cable-ocean contacts. This depends on
the type of electrode used and on the thermal and chemical changes at the electrodes.
The voltage difference between a pair of similar electrodes in seawater is mainly a
function of temperature and salinity (Sanford 1967) that can be written as

Ady = ¢(0,,8,) = $(0,,5,), (3.13)

where 6 and S are, respectively, the temperature and salinity at electrodes 1 and 2.
The voltage difference, for the usually small temperature and salinity differences in
the ocean, can then be approximated by the linear relation

Apy & By(0,—0,) + Bs(S,—1,), (3.14)
Phil. Trans. R. Soc. Lond. A (1992)
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where i, and f are, respectively, the temperature and salinity coefficients for a pair
of electrodes.

Silver—silver-chloride (Ag-AgCl) electrodes are a class of electrodes called reference
electrodes where the metal is in equilibrium with a saturated solution of a slightly
soluble salt. They have been used extensively in the ocean (Filloux 1987). The
coefficients for Ag—AgCl electrodes in seawater can be approximated (Sanford 1967)

by By~ a+b(0,—0,) (3.15)
and pex —c0,/8,, (3.16)
where experimentally

a=0.315mV°C?, b5=0.035mV°C? and ¢=0.0612mV ppt!

(Sanford 1967). Thus 8, ~ 0.35mV °C™' and f; & —0.51 mV ppt~! for 6,—6, = 1 °C,
0, = 298 K and S, = 36 ppt.

The voltage variations caused by the effects of temperature and salinity variations
on the type of Ag-AgCl electrodes used at Settlement Point and described by Filloux
(1987) were determined by experiments carried out on three Ag—AgCl electrodes in
an 80 gallon tank containing seawater and a reference Ag—AgCl electrode in an 80
gallon tank containing a NaCl solution of 35 ppt. The tanks were connected by a salt
bridge consisting of a 1.2 cm diameter plastic tube. The voltage variations of the three
different electrodes in the seawater tank relative to the electrode in the NaCl tank
were measured for various temperatures and salinities of the seawater tank over a
temperature range 4.6 °C to 40.0 °C and salinity range 4.7 ppt to 36.7 ppt. There was
no significant difference between the three electrodes and the experimental results
yielded coefficients a = 0.525+0.093mV °C™! and b = —0.0077+0.0039 mV °C~2 for
temperatures between 10 °C and 34 °C. These coefficients appear to be independent
of salinity variations.

The temperature coefficient is thus f, = 0.517 mV °C~! for a temperature difference
of 1 °C. This temperature coefficient combines the temperature effects caused by the
Ag-AgCl:seawater junction potential and the thermocouple effect of the Cu:Ag
junction potential where the electrode is spliced onto the copper wire leading to the
recorder. The effects of the liquid:liquid junction potential within the salt bridge is
not expected to be important.

The experimental results yielded a salinity coefficient

B, = —1.145+0.035mV ppt~!

for salinities between 6.9 ppt and 36.7 ppt. The salinity coefficient appears to be
independent of temperature variations.

The above experimental results are only approximately consistent with the results
of Sanford (1967) but show, nevertheless, that the temperature- and salinity-induced
voltage variation in A¢,, for the Ag—AgCl electrodes will be less than a few millivolts
if the variation in the temperature difference between the electrodes is less than a few
degrees Celsius and if the variation in the salinity between the electrodes is less than
a few ppt salinity. Thus the temperature and salinity effects on the cable—ocean
contacts can be ignored for long cables in the deep ocean provided Ag—AgCl
electrodes are used. In estuaries the observed voltages will be much smaller because
the cable lengths and transports are smaller. The temperature and salinity effects on
the electrodes then become very important which means that the Ag-AgCl electrodes
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Figure 17. The hourly mean voltage difference observed (@) between two similar Ag—AgCl electrodes
and (b) between a copper wire and a Ag—AgCl electrode. The electrodes were in the seawater
basement of the cable station at Settlement Point. The error in the transport (bottom curve for (a)
and (b)) is derived by multiplying the voltages by the voltage calibration factor for the BK-SP
voltages. The Ag—AgCl electrode provides an excellent cable—ocean contact but the copper wire
does not.

should be buried or placed in wells to reduce the variability in the temperature and
salinity at the electrodes.

Different types of metal-seawater contacts have been tested at Settlement Point
for various durations to evaluate the stability of the outer copper conductor, the
inner copper conductor, and other types of electrodes (table 4). Two Ag-AgCl
electrodes, two Pb—PbCl electrodes, a Cu wire, and a Pb wire were therefore placed
in the seawater basement of the cable station, and an Ag—AgCl electrode placed in
anearby lagoon. The latter electrode was connected to the electrodes in the basement
by a cable installed in the 1970s by Sanford. The voltages between these electrodes,
including the outer copper conductor at Settlement Point, were recorded relative to
a common Ag—AgCl electrode in the basement.

A summary of the experimental results (table 4) is as follows. (1) The small
standard deviations between the Ag—AgCl electrodes, less than 4 mV, indicate that
the Ag—AgCl electrode makes the best cable-ocean contact with a long-term drift less
than 9 mV (figure 17a). This corresponds to a transport error of 0.2 Sv for a voltage
calibration factor of 24.42 Sv V~'. The rms deviation of 1.8 mV (table 4) corresponds
to a transport error of +0.04 Sv. (2) The Pb wire is unacceptable. (3) The Pb—PbC(l
electrodes were initially quite good but started to drift when the plaster of paris that
encased the Pb—PbCl electrode disintegrated after a few months of immersion in
seawater. (4) Copper is not a good choice because the long term changes were as large
as 112 mV relative to Ag-AgCl (figure 17b). The use of copper would therefore yield
an unacceptable transport error of 2.7 Sv. The rms deviation of 20.9 mV corresponds
to a transport error of +0.5 Sv. (5) The outer copper conductor at Settlement Point
relative to copper (table 4) was 180 mV which indicates that this contact is mainly
copper. It showed, however, erratic changes of 200 mV compared with the Ag—AgCl
electrode. This indicates that the outer copper conductor at Settlement Point was
changing from copper to a mixture of armour and copper which means the outer
copper conductor is a bi-metal armour—copper contact and is therefore unacceptable
as a cable-ocean contact.
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Figure 18. BK-SP voltage corrections. (a) Observed voltages minus tidal and geomagnetic-induced
variations. Transport from velocity profiling data is converted to voltages (circles) by dividing by
the voltage calibration factor. (b) Estimated offsets and outliers in cable—ocean contact potential.
(¢) Corrected voltages. The offsets have clearly been removed.

(iv) Armour—copper contact potential

The outer copper conductor of the coaxial cable was used as the cable-ocean
contact at Settlement Point and Jupiter Inlet for the JI-SP and JI-BK voltages and
initially for the BK—SP voltages. The outer copper conductor compared to a bare
copper wire in the basement seawater of the cable station at Jupiter Inlet in 1981 was
observed to give a voltage difference comparable in magnitude to the voltage of
+670 mV observed between copper and armour in salt water of salinity 34.2 ppt and
room temperature. Thus the cable—ocean contact at Jupiter Inlet at this time was
mainly the steel armour surrounding the coaxial cable and not the outer copper
conductor as one might have thought. Thus the outer copper conductor at Jupiter
Inlet was in contact with the armour which makes this a bi-metal armour—copper
contact. There may therefore be significant electrode noise in the JI-SP and JI-BK
voltages.

The cable-ocean contact for the BK-SP voltages at the cable break was the
exposed inner copper conductor. Unfortunately, the copper conductor also appeared
to be intermittently in contact with the armour, resulting in abrupt voltage offsets of
magnitude 100 mV to 440 mV from 3 March 1983 until 1 October 1985. These
changes in the voltage are consistent with the 700 mV difference in contact potential
inferred between copper and pure iron from tabulated oxidation potentials. The
offsets ceased when a clean cut was made in the cable near the cable break on
1 October 1985, but reoccurred from 10 October 1988 to 20 April 1990. The sections
of data with the most offsets occurred from 3 March 1983 to 25 January 1984, 6
March 1985 to 1 October 1985, and 5 July 1989 to 20 April 1990. A sample of the
offsets (figure 184, b) shows that the offsets consist of an abrupt decrease followed by
an offset lasting from a few hours to several days and then terminated by an abrupt
return of approximately the same magnitude. A visual inspection of the cable break
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Figure 19. Amplitude spectra of the observed minus geomagnetic induced and solar diurnal
variations. (a) C18 electric field normal to Straits. (b) C18 electric field parallel to Straits. (¢c) JI-BK
voltages. (d) BK-SP voltages. The diurnal constituents are not present in the C18 normal electric
field and in the JI-BK voltages but are prominent in the BK-SP voltages.

Table 5. Well determined tidal constituents for BK—SP voltages, 8 December 1981 to 29 November
1990, for 10 (356 day) sections

comp amp (mV)  std (mV) spread (mV) G/deg std/deg  spread/deg

Q, 9.92 0.13 0.86 82.2 0.8 5.7
0, 43.22 0.14 2.27 93.6 0.2 5.7
N, 10.74 0.11 0.80 220.1 0.6 6.0
M, 41.86 0.12 0.59 236.0 0.2 0.8

from a submersible showed that the cable break consisted of a tangled mixture of
armour and cable confirming the existence of a bi-metal contact.

To locate, estimate and remove these abrupt offsets in the voltages, the
geomagnetic-induced and tidal variations were first removed. The spikes in the
magnitude squared of the first difference of the voltages were then identified at the
95 % confidence level. These spikes were called simple outliers if they clustered in
groups of six or less or called offsets otherwise. The magnitude of the offset was then
objectively computed by a least squares fit of a sloping straight line to the voltages
observed before and after the offset. The offsets were then matched as pairs so that
a decrease was always followed by an increase of the same magnitude to prevent any
spurious long-term trend. A sample of the correctioned voltages compared with the
voltage inferred from the velocity profiling data (figure 18¢) shows that the
corrections have removed the offsets. The JI-BK voltages were also corrected in a
similar manner since they were found to be contaminated by erratic changes in the
armour—copper contact.

The offsets occurring from October 1988 to April 1990 in the BK-SP voltages
have been fewer in number but the offsets have not been as abrupt. This makes it
more difficult to accurately remove them. The profiling-derived transports in June
1990 were therefore used to establish the long terms bias voltage. The uncertainty
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Table 6. Well-determined tidal constituents for JI-BK wvoltages, 8§ December 1981 to 21 February
1985, for 3 (355 day) sections
(Cable length 16.3 km.)

comp amp (mV) std (mV) spread (mV) G/deg std/deg spread/deg

@, 0.43 0.07 0.32 125.1 9.9 57.2
0, 0.21 0.09 0.40 75.9 25.0 113.4
N, 1.09 0.07 0.25 108.4 3.6 9.4
M, 3.97 0.09 0.63 108.0 1.2 2.3

Table 7. Well-determined tidal constituents for JI-SP voltages, 12 March 1969 to 21 July 1974, for
7 (365 day) sections
(Cable length 113 km.)

comp amp (mV) std (mV) spread (mV) G/deg std/deg spread/deg

@, 10.18 0.14 0.74 77.7 0.8 5.8
0, 44.26 0.20 1.25 89.8 0.3 3.5
N, 9.31 0.15 0.66 212.3 0.9 3.9
M, 38.56 0.22 1.17 229.1 0.3 1.9

Table 8. Well-determined tidal constituents for C18 electric field normal to Straits, 10 November
1982 to 4 May 1983, for 1 (176 day) section

comp amp (mV km™) std (mV km™) G/deg std/deg

Q, 0.026 0.008 125.3 17.9
0, 0.049 0.008 250.5 9.8
N, 0.296 0.008 86.8 1.6
M, 0.668 0.008 116.6 0.7

Table 9. Well-determined tidal constituents for C18 electric field parallel to Straits, 10 November
1982 to 4 May 1983, for 1 (176 day) section

comp amp (mV km™) std (mV km™) G/deg std/deg

Q, 0.056 0.008 139.2 8.3
0, 0.169 0.008 91.0 2.8
N, 0.201 0.009 103.8 2.5
M, 0.477 0.009 146.6 1.0

Table 10. Well-determined tidal constituents for KW—HV wvoltages, 27 April 1972 to 24 March 1973,
for 1 (332 day) section
(Cable length 170 km.)

std (mV) G/deg std/deg

comp amp (mV)

Q, 17.44 0.38 778 1.3
0, 80.83 0.44 904 0.3
N, 31.90 0.45 266.3 0.8
M, 141.81 0.52 283.7 0.2
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Table 11. Bias voltage adjustments

bias (mV) std (mV) profiling days dates and comments

—409 27 39 8 Dec 1981 to 15 Dec 1982
cable then disturbed during attempted cable repair
—352 31 39 16 Dec 1982 to 17 Sep 1983
cable then disturbed during attempted cable repair
—373 29 15 18 Sep 1983 to 10 Jan 1984
Ag—AgCl electrode then attached at Settlement Point
404 28 30 11 Jan 1984 to 1 Oct 1985
clean cable cut on 2 Oct 1985
348 39 10 3 Oct 1985 to 10 Oct 1988
offset then started again
524 11 4 11 Oct 1988 to 29 Nov 1990

remaining in the bias of the voltage from July 1989 to February 1990 is probably less
than 100 mV or a few Sverdrups based on a comparison with the WP-EM voltage-
derived transports.
(@) Tidal variation

The tidal variation is a major part of the hourly variations in the BK-SP voltages
(figure 11¢) with numerous tidal constituents near 1 and 2cpd (figure 19d).
Observations of these tidal variations are used to estimate the tidal velocity needed
to correct the profiling velocities, to evaluate the stability of the calibration factor,
to estimate the temporal changes in the conductance of the strait, and to estimate
and explain the tidal-induced electric current /*.

The largest tidal constituents that are well separated in frequency from the 1 and
2 ¢pd frequencies of the solar diurnal variation, for time series longer than a month,
are the @,, O,, N, and M, constituents. These have frequencies 0.8932, 0.9295, 1.8960
and 1.9323 cpd respectively. Estimates of the amplitude and phase of these
constituents for the BK—SP, JI-BK, JI-SP, east C18, north C18, and KW-HV data
are given in tables 5, 6, 7, 8, 9 and 10, respectively, along with the rms standard
deviation based on the continuum in a 0.6 cpd band width about the constituent
frequency and the spread in the estimates based on the rms standard deviation of the
estimated tidal constituents from overlapping 355-day sections of data relative to
their long-term mean.

(e) Conversion of voltage to transport

The voltage calibration factor C is estimated from the relation C,A¢, () = T'(¢)
(3.3), where 7 are the profiling derived transports, and A¢,, are the motion-induced
voltages derived from A¢, = Ap—A¢,—A¢,. The A¢ are the observed voltages,
A¢. are the estimated geomagnetic-induced voltages, and A¢, are the estimated
corrections to the voltage bias. The calibration factor ( is determined by a robust
least squares method (Larsen 1989) to improve the statistical significance of the
estimated calibration factor, the voltage bias and the error in these estimates.

(i) Cable Break minus Settlement Point voltages

The voltage calibration factor, based on 137 daily mean profiling-derived transport
values, is found to be Cj = 24.4240.56 Sv V™! and the mean voltage bias is {A¢,>
= —36+31 mV after removing the voltage offsets and changes in the bias caused by
changes in the cable-ocean contacts for six sections of data (table 11), the
geomagnetic-induced voltages, the tidal variations, and the secular change in F,. The
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Figure 20. Comparison of different daily mean transports (crosses) excluding outliers (circles). (a)
Comparison of 137 transports derived from the BK—SP voltage and the velocity profiling data.
Correlation squared is 0.94, rms misfit is 0.77 Sv and calibration factor is 24.42+0.56 Sv V1. (b)
Comparison of 115 transports derived from current meter and the velocity profiling data.
Correlation squared is 0.75 and rms misfit is 1.6 Sv. (¢) Comparison of 703 transports derived from
the BK—SP voltages and the current meter mooring data. Correlation squared is 0.73, rms misfit
is 1.7 Sv, and calibration factor is 23.96+0.50 Sv V1. (d) Comparison of 115 transports derived
from the KW-HV and the JI-SP voltages. Correlation squared is 0.61, rms misfit is 2.3 Sv, and
calibration factor is 26.0+ 1.7 Sv V1. The highest correlation and smallest misfit occurs between
the BK-SP voltage-derived transports and the profiling-derived transports.

geomagnetic-induced voltage was based on transfer functions and magnetic data
from San Juan and Fredericksburg for 1981 to 1988 and magnetic data from
Settlement Point for 1988 to 1990. The error in C; is +2.3% and corresponds to a
voltage-derived transport error of +0.74 Sv for mean transport 32.3 Sv.

The BK-SP voltage-derived transports C, A¢, compared with the profiling-
derived transports (figure 20a) yield a correlation squared of 0.94 and a rms misfit of
0.77 Sv. This small misfit is consistent with the 0.93 Sv error based on the 0.84 Sv
error in the voltage-derived transport estimated by the profiling data (§3a), the
circuit model (§2¢), and the estimated 0.4 Sv error in the profiling-derived transports.
This confirms that the BK-SP voltage variations can be used to monitor the
transport variations with an accuracy of +0.8 Sv.

The BK—SP cable was shortened in October 1985 by an amount less than 0.5 km.
A comparison of the dominant tidal constituents in BK—SP before and after October
1985 showed that the amplitude of the M, constituent was reduced by 4.8+0.5%,
with no significant phase change. The voltage variations after the cable cut were
therefore multiplied by the factor 1.048. This 4.8% adjustment is much larger than
the 0.3% change in the tidal calibration factor computed by (2.46) for a simple
change in length assuming a constant ¢* and e = 0. The larger change in the
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Figure 21. Percentage variation in the amplitude of the (a) O, tidal and (b) M, constituents,
relative to their long-term average, by 369-day sections advanced by 30-day increments. The
vertical bars span two standard deviations. The dots are the percentage variation in the tidal
calibration factor inferred from monthly means of the strait temperature based on the profiling
temperatures. The stability of the M, and O, constituents shows that the tidal calibration factor
is constant to within a few percent.
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Figure 22. Hourly mean BK-SP voltages in transport units for €, = 24.42 Sv V1. (a) Uncorrected
values. (b) Geomagnetic-induced variations. (¢) Tidal variation. (d) Corrected values. Removing
the tidal and geomagnetic-induced variations has significantly smoothed the hourly mean values.

calibration factor can be accounted for, however, by increasing e¢* by 0.04. The well
determined tidal constituents for the entire corrected BK—SP voltages are given in
table 5.

The tidal calibration factor is Cp = 26.03 Sv V™! derived from C, by the use of
(2.47) where W,/W, = 1.066 based on the profiling data and the circuit model with
e* = ¢* assumed. The amplitude of the M, and O, tidal constituents in the BK-SP
voltages by 369-day sections advanced by 30 days shows variations that are less than
+2% of the long-term mean (figure 21). Thus the tidal calibration factor, Cy,
varies by less than +2% over eight years. The changes that do occur could be
caused by changes in the temperature of the Straits of Florida but the +1.4% error
in the M, constituent makes it impossible to deduce the temperature variations with
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Figure 23. Daily mean transport derived from the BK-SP voltages (solid line), the velocity
profiling data east of Jupiter Inlet (dots), and the 40 h low passed current meter data east of Jupiter
Inlet (dotted line). The annual variation (dashed line) is based on the 1981-1990 BK—-SP voltage-
derived transport. The yearly mean is listed to the right of each yearly segment. The three different
estimates of the transport are in good agreement.
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Figure 24. Daily mean transports derived from the BK-SP voltages (solid line) and the velocity
profiling data east of Jupiter Inlet (dots) for 1981 to 1985. The annual variation (dashed line) is
based on the 1981 to 1990 BK-SP voltage-derived transport. The yearly mean is listed to the right
of each yearly segment.
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Figure 25. Daily mean transports derived from the BK-SP voltages (solid line), from the velocity
profiling data east of Jupiter Inlet (dots), and from the WP-EM voltages (dotted line) for 1981 to
1990. The annual variation (dashed line) is based on the 1981 to 1990 BK-SP voltage-derived
transport. The yearly means are listed to the right of each yearly segment.

an accuracy smaller than 1 °C. This is much larger than the 0.6 °C rms deviation
found in the profiling temperature data from the Straits of Florida. There is,
therefore, only a superficial agreement between the observed changes in the tidal
amplitude and the monthly changes inferred from the temperature variations (figure
21). The relative constancy of the tidal calibration factor provides, however,
additional confirmation on the accuracy of the BK—SP voltage-derived transports.

The tidal and geomagnetic-induced variations converted to transport units (figure
22) show that these variations dominate the hourly mean values. For the daily mean
values, however, the tidal variations vanish but the geomagnetic-induced variations
continue to be significant.

The daily mean transports estimated from the BK-SP voltages for 1982 to 1984
are plotted on an expanded scale in figure 23 and all the transports are plotted in
figures 24 and 25 together with the annual variation derived from nearly nine years
of transport variations. There may be a bias of several Sverdrups in the voltage-
derived transports from July 1989 to February 1990 due to an uncertainty in the
offset corrections. The mean voltage-derived transport is 32.3 +3.0 Sv based on 3124
daily values.

(i) Jupiter Inlet minus Settlement Point voltages

Since there were no profiling-derived transport values east of Jupiter Inlet from
1969 to 1974, the voltage calibration factor for the JI-SP voltages, was set equal to
the voltage calibration factor for the BK—-SP voltages times a calibration correction
factor based on the tidal variation. Daily mean values were computed after removing
the geomagnetic-induced voltages, the tidal variation, and the secular change in F,.
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Figure 26. Daily mean transports derived from JI-SP voltages (solid line), KW-HYV voltages plus
5 Sv (dotted line), velocity profiling data east of Miami (dots), and velocity profiling data south of
Key West (circles). Annual variation (dashed line) based on the 1969-1974 JI-SP voltage-derived
transport values. Agreement between the different estimates, although reasonable, is not as good
for JI-SP as for BK-SP. The yearly mean is listed to the right of each yearly segment.

The geomagnetic-induced voltages were based on transfer functions and magnetic
data from San Juan and Fredericksburg.

Estimates of the calibration correction factor are given by the tidal constituents
estimated for the BK—SP voltages divided by the tidal constituents estimated for the
JI-BK plus BK-SP voltages (tables 6 and 5). The correction factors for the (,, O,
N,, M,) tidal constituents are (0.97+0.01, 0.995+0.005, 1.0340.01, 1.059+0.003)
with phase differences (—1.6+0.6,0.1+0.2,5.6 +£0.5, 4.5 +0.2) degrees respectively.
Hence the correction factor is nearly unity with no phase shift for the diurnal
constituents but differs from unity for the semi-diurnal constituents because I* is
larger for the semi-diurnal constituents than for the diurnal constituents (§45). The
circuit model (§2¢) yields a correction factor of 0.97. Since the estimates are all
approximately one, the calibration correction factor is taken to be unity. Thus the
calibration factor for the JI-SP voltages is set equal to 24.42 Sv V™! which is the
calibration factor for the BK—SP voltages. The JI-SP voltage-derived transports
have then been adjusted to give a mean transport of 32.3 Sv since the bias in the
JI-SP voltages is unknown. This amounts to a mean voltage bias correction of
(Apy> = —212mV.

The variations in the JI-SP voltage-derived transports compare quite well, at
times, with the variations in the profiling-derived transport east of Miami (figure 26)
but at other times there are large discrepancies. Most of the discrepancy are low
values in the profiling-derived transports. The discrepancy could be caused by errors
in the voltages and velocity profiling data, by possible transport into the Straits via
the Northwest Providence Channel south of Grand Bahama Island, or by the tidal
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Figure 27. Hourly mean KW-HYV voltages in transport units for C; = 26.0 Sv V1. (a) Uncorrected
values. (b) Geomagnetic-induced variation. (¢) Tidal variation. (d) Corrected values. The tidal and
geomagnetic-induced corrections are much larger for KW-HV than for BK-SP.

variation that was not removed from the profiling data except for the 1974 velocity
profiling data. For example, not removing the tidal variation from the 1982—-1988
profiling data increased the misfit between the BK—SP voltage-derived transports
and the profiling-derived transports by 18 %.
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(iii) Key West minus Havana voltages

Since there were no profiling-derived transport values south of Key West, the
voltage calibration factor for the 1972 to 1973 KW-HV voltages was based on the
comparison of the KW-HV voltages with the JI-SP voltage-derived transports. The
geomagnetic-induced voltages were based on the transfer functions derived for the
hourly mean 1972 to 1973 KW-HV voltages and the magnetic data from San Juan
and Fredericksburg. The tidal constituents are given in table 10. The hourly mean
values of the geomagnetic-induced and tidal variations, converted to transports
show that these variations (figure 275, ¢) are approximately three times larger for the
hourly mean KW-HYV transports than for the hourly mean BK—-SP transports (figure
22b,¢). It is therefore important to remove the geomagnetic-induced voltages from
the KW-HV voltages.

A comparison of the 1972 to 1973 KW-HV daily mean, motion-induced voltages
with the JI-SP voltage-derived transports (figure 20d) yields a calibration factor of
Cy=26.01+1.7Sv V71, a correlation squared of 0.61, and a rms misfit of 2.3 Sv. The
calibration factor is consistent with the 25.6 Sv V™! assumed by Wertheim (1954) and
the values estimated by the circuit model (§2¢). The value C; = 26.0 Sv V™! was
therefore used to convert the KW-HV voltage to transport. Velocity profiling
observations (K. D. Leaman, personal communication) indicate that the transport
past Key West is less than the transport past Jupiter Inlet because of flow into the
Straits via the Old Bahama Channel north of Cuba and the Northwest Providence
Channel south of Grand Bahama Island. The mean KW-HV voltage-derived
transports were therefore adjusted to 27.3 Sv which is an arbitrary 5 Sv less than
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Fig. 28. Monthly mean transports derived from BK-SP voltages (solid curve) compared with the
monthly mean transports derived from: (a) mooring data; (b)) Haulover sea level; (c) sea level
difference based on Cat Cay minus Haulover merged with Settlement Point minus Lake Worth sea
level; (d) WP-EM voltages; (¢) and NORDA model driven by monthly winds for transports
multiplied by 1.52 and increased by 3.7 Sv (bottom dashed curve). Sea level differences, WP-EM
voltages, and mooring data give the best agreement with the BK-SP voltage-derived transports.

the mean BK-SP voltage-derived transport of 32.3 Sv. The mean voltage bias is
(A¢yy> = —371 mV. The transport variations derived from the 1972 to 1973
KW-HYV voltages for ¢, =26.0Sv V™! and increased by 5 Sv are found to be in
reasonably good agreement with the transport variations derived from the 1969 to
1974 JI-SP voltages (figure 26).

The 1952 to 1961 KW-HV published voltage-derived transports (Stommel 1957,
1959, 1961; Broida 1962, 1963) have been revised by removing the daily mean
geomagnetic-induced voltages, the tidal variation, and the secular change in F,, and
then applying the calibration factor C, = 26.0Sv V-'. The geomagnetic-induced
voltages were based on the magnetic data from San Juan alone because the
Fredericksburg site was not installed until 1956. The tidal variation was based on the
tidal constituents from the 1972 to 1973 KW-HV voltages. The daily mean of the
geomagnetle -induced variation lies between —5 Sv and 7 Sv with a rms deviation of
0.9 Sv and the daily mean of the tidal variation lies between —0.4 Sv and 0.4 Sv with
a rms deviation of 0.2Sv. Thus the geomagnetic-induced variation can be an
important part of the daily mean estimates of transport but the tidal variation is
not. The electrode drift occurring in April 1958 was also removed and the mean trans-
port was then adjusted to yield 27.3 Sv. The mean voltage bias correction is
(Ady> = —18mV.

Because the KW-HV voltages are sensitive to meanders that could cause a + 28 %
uncertainty in the calibration factor, the KW-HV voltage-derived transport may
have an uncertainty as large as +8 Sv. They are therefore only marginally useful.
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(iv) West Palm Beach minus Eight Mile Rock voltages

The voltage calibration factor for the WP—EM voltages is 13.8 0.4 Sv V™! (Larsen
1991) based on comparing the daily mean WP-EM voltages with the daily mean
BK-SP voltage-derived transports. The correlation squared between the daily mean
values is 0.56 and the correlation squared between the monthly mean values is 0.75.
The WP-EM voltage-derived transports were then adjusted so that the mean
WP-EM and BK-SP voltages yield the same mean transport.

The WP-EM voltage-derived transports compare favourably, on the long term,
with the BK-SP voltage derived transports (figure 25) which means that the
WP-EM voltages are reasonably well determined. The monthly mean WP-EM
voltage-derived transports have an accuracy of 1 Sv that is adequate for monitoring
the transport of the Florida Current (figure 28e).

(v) Jupiter Inlet minus Cable Break voltages and Canal 18 electric field

A comparison of the motion-induced JI-BK voltages with the profiling derived
transports on the shelf east of Jupiter Inlet yields a correlation squared of only 0.07
and a negative voltage calibration factor —0.035+0.005Sv V™', This indicates that
the JI-BK voltages are unrelated to the transport on the shelf. A comparison of the
JI-BK voltages with the BK-SP voltage-derived transports yields a correlation
squared of 0.22 and a negative calibration factor of —0.13140.006 Sv V~'. Thus the
JI-BK voltages are essentially unrelated to the total transport and are, in fact, out
of phase with the BK—SP voltages. This suggests that the variations in the JI-BK
voltages are caused by the variations in the electric current /*. Hence the JI-BK
voltages are not suitable for monitoring the transport variations.

A comparison of the motion-induced C18 electric field normal to the Straits at
Jupiter Inlet with the BK-SP voltage-derived transports yields a correlation
squared of only 0.14. Since this component of C18 electric field is caused by I* flowing
perpendicular to the stream, the electric field-transport calibration factor C* (2.28)
will be proportional to Y. Thus the small correlation must be caused by variations
in Y that are unrelated to variations in the transport. The motion-induced C18
electric field parallel to the Straits at Jupiter Inlet is caused by I* flowing parallel to
the Straits. Since these include I* generated by remote open ocean sources, the C18
electric field parallel to the Straits will not be directly related to the locally generated
I*. Hence neither components of the shore-based C18 electric field are suitable for
monitoring the transport variations.

(f) Voltage-derived transports compared with other estimates
(i) Current meter moorings

Two years (1982-1984) of transport variations east of Jupiter Inlet have been
determined from five subsurface current meter moorings approximately 20 km apart
with four instruments per mooring (Schott et al. 1988; Johns & Schott 1987). The
profiling velocities were used to extrapolate the mooring velocities to the surface to
obtain the total transport, because the current meters were deeper than 150 m and
therefore only sampled 50 % of the transport.

The comparison of 703 daily mean BK-SP voltages with the current meter
mooring derived transports (figure 20c¢) gives a voltage calibration factor of
23.92+0.50 Sv V1. This is consistent with the calibration factor 24.42 +0.56 Sv V™!
based on the BK-SP voltages and profiling-derived transports. The correlation
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Figure 29. Comparison of various monthly mean transport values (crosses) excluding outliers
(circles). (@) Comparison of 36 transport values derived from the Cat Cay minus Haulover sea level
and the BK-SP voltages. Correlation squared is 0.53, rms misfit is 1.5 Sv, and calibration factor is
24.9+3.1Sv m™. (b) Comparison of 32 transport values derived from the Settlement Point minus
Lake Worth sea level and the BK—-SP voltages. Correlation squared is 0.47, rms misfit is 1.6 Sv, and
calibration factor is 30.9+4.4Sv m™. (¢) Comparison of 77 transport values derived from the
Haulover sea level and the BK—SP voltages. Correlation squared is 0.15, rms misfit is 2.3 Sv, and
calibration factor is —25.0+3.2Sv m™. (d) Comparison of 53 transport values derived from the
~NorDA model values and the BK-SP voltages. Correlation squared is 0.34 and rms misfit is 1.9 Sv.
The variations in the sea level difference correlate better with the voltage-derived transports than
the Florida sea level alone.

squared is 0.73 and the rms misfit is 1.74 Sv. The comparison of the mooring-derived
transports with the profiling-derived transports (figure 20b) yields a correlation
squared of 0.75, a rms misfit of 1.62 Sv, and a calibration factor of 1.0140.05. The
smaller correlations and larger rms misfits for the mooring derived transports
indicate that these transport estimates are slightly less accurate than the trans-
ports derived from the profiling data and the voltages. The mooring derived
transports show, for example, a slightly larger daily variation compared to the
transports derived from the voltages (figure 23). This is probably due to baroclinic
tidal variations not having been completely removed by the vertical averaging of the
current meter mooring data. The variations in the monthly mean mooring-derived
transports are found, however, to be in excellent agreement (figure 28) with the
voltage-derived transports.

In summary, the excellent agreement between the transports derived from the
velocity profiling data, the current meter mooring data, and the BK-SP voltages
(figure 23) show that these three independent methods for estimating the transport
are in excellent agreement. For example, the large 8 Sv change in transport that
occurred in June 1982 was accurately tracked by all three estimates of the transport.
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(i1) Sea level

Sea level variations are related to the transport variations if the variations in the
surface flow are correlated with the variations in transport. To determine whether
sea level variations are related to transport variations, the sea level differences
between Settlement Point, and Lake Worth, Florida, and between Cat Cay, Grand
Bahama Island and Haulover, Florida have been compared with the voltage-derived
transports. The comparison between the daily mean values for the 1982-1985 Cat Cay
minus Haulover sea level difference and the voltage-derived transports yields a
correlation squared of 0.44, a rms misfit of 2.6 Sv, and a calibration factor of
27.74+0.7Sv m™! and, for the 1986-1988 Settlement Point minus Lake Worth sea
level difference, a correlation squared of 0.47, a rms misfit of 2.4 Sv, and a calibration
factor of 28.840.7 Sv m L. These correlations are much smaller than the correlation
between the transports derived from the voltages, profiling, and current meter
mooring data. Sea level at Haulover alone yields a correlation squared of 0.22, a rms
misfit of 3.4Sv, and a calibration factor of —28.14+0.6 Sv m™'. Thus the daily mean
values of sea level or sea level difference are not very useful for monitoring the daily
mean transport. These results agree with Maul et al. (1990).

A comparison of the monthly mean values for the 1982-1985 Cat Cay minus
Haulover sea level differences yields a correlation squared of 0.53, a rms misfit of
1.5 Sv, and a calibration factor of 24.94 3.1 Sv m™! (figure 29a) and, for the 1986-1988
Settlement Point minus Lake Worth sea level differences, a correlation squared of
0.47, a rms misfit of 1.6 Sv, and calibration factor of 30.9+4.4 Sv m™* (figure 29b). A
comparison of the monthly mean sea level variations at Haulover with the voltage
derived transports yields a correlation squared of only 0.17, a rms misfit of 2.3 Sv,
and a calibration factor of —25.0+3.2Sv m™! (figure 29¢). The monthly mean
transports derived from the sea level differences (figure 28c¢) shows that they
sometimes track the voltage-derived transports very well but at other times the
discrepancy can be as large as 5 Sv. The reasons for the misfit between the sea level
difference and the transport may be due to eddies that form along the Florida coast,
to lateral shifts in the Florida Current which cause the surface velocity to change
because of bottom topography or to changes in the baroclinic structure of the stream.

In summary, the monthly mean sea level difference across the Straits of Florida
near Jupiter Inlet or Miami provide monthly mean estimates of transports with a rms
accuracy of 1.5S8v but with discrepancies as large as 5 Sv. The monthly mean
transport derived from sea level at Haulover alone (figure 28b) shows an even larger
misfit with discrepancies as large as 10 Sv. Sea level therefore gives an inferior
estimate of the transport compared with the voltage-derived transports.

(i1) Model tramsport

A 1.5 layer general circulation model developed by the Naval Ocean Research and
Development Activity (NORDA) (see Rosenfeld et al. (1989) for details of model) was
spun up by the seasonal winds based on 20 years of Hellerman and Rosenstein winds
and 1977-1980 Fleet Numerical Oceanography Center (FNoc) winds. The model was
then driven by the monthly mean rxoc winds from 1982 to 1986. The model-
derived monthly mean transports for the Straits of Florida, compared with the
voltage-derived monthly mean transports (figure 29d), yield a correlation squared of
0.34 and a rms misfit of 1.9 Sv. The model transports are too small which requires
multiplying them by 1.52 and adding 3.7 Sv to make the model-derived transport
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have a mean value of 32.3 Sv. A comparison of the monthly mean values of the
rescaled model transport and the voltage-derived transport (figure 28¢) shows that
the variations in the model transport have some similarity to the variations in the
voltage-derived transport.

4. Electromagnetic results

Even though the C18 and JI-BK electric fields cannot be used to monitor the
transport, they provide valuable information about the conductance of the sediments
beneath (18 and JI-BK, the tidal induced electric current 7*, and the downstream
wavelengths of the tidal constituents.

(a) Conductance of sediments

The motion-induced voltage Ag,, , for constant values of sediment conductance 7,
beneath BK-SP, conductivities o, and &,, electric current effect €%, and magnitude
of the vertical magnetic field F,, is given by

L
Ay (l) = (1= %6, F, f (oo H() + 74 Ha) Ve, 1) da (4.1)
0
based on (2.2a) and (2.32) for ¢ = 0. The time average of (4.1) can be written as

L
f [og H(x) + 7] H(z){ V() dw = T[(1— &%) &, F, Co] ™ (4.2)
0

making use of €y {A¢, > = T,. The conductance 7; can then be estimated by making
use of the profiling derived velocity {¥V(x)), the water depth H(x), the observed mean
transport 7, = 32.3 Sv, the conductivity values oy = 4.60 Sm™" and ¢, =4.83Sm™!
based on the observed temperatures, the calibration factor €y = 24.42 £0.56 Sv VL
the magnitude of the vertical magnetic field ¥ = 41100 nT, and an assumed electric
current effect é* = 0.1.

The value of 7, = 1880+ 150 S was found by successive iterations of (4.2). The
average conductivity of the sediments beneath the Straits of Florida east of the cable
break is thus o = 0.47+0.04 S m™" if the sediments are 4 km thick as inferred from
seismic data for this region (Emery & Uchupi 1984). This relatively high value of the
conductivity indicates that the sediments are saturated with seawater. The sediment
conductance beneath KW-HV is estimated to be 7, = 1410 S based on a conductivity
of 0, = 0.47S m™! and a sediment thickness of 3 km inferred from seismic evidence
(Emery & Uchupi 1984).

The conductances beneath JI-BK and C18 relative to the conductance beneath
BK-SP are derived from the geomagnetic-induced variations estimated by taking
first differences of the time series and removing the tidal variation. An analysis of
the electric field components at C18 with the magnetic field components at Jupiter
Inlet indicates that the component of the C18 along the direction 102.8° east of
north is normal to the Straits east of Jupiter Inlet. The comparison of the C18
electric field normal to the Straits with the BK-SP and JI-BK voltages divided
by the cable lengths yields the ratios Hgz/Egk gp = 7.034£0.059 and
Eoys/Eyrpx = 3.256440.035. These ratios are related to the conductance ratios
between the sites by (2.55). Hence

Bes/Epxse = Tc1s/To and  Beyg/Ejyp i = Teis/Trrnx
and the sediment conductances are 7j; px = 1670480 S and 7¢,, = 680130 S for
Phil. Trans. R. Soc. Lond. A (1992)
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7o = 1880 £ 150 S. The value of 7;_gx agrees with the Spain & Sanford (1987) estimate
of 16304163 S near the Florida coast.

The value of 75 gk indicates that the sediments are 3.6 km deep near the Florida
coast for oj =0.47Sm™'. This is consistent with the seismic evidence that the
sediments close to Florida are less thick (Emery & Uchupi 1984). The value of ¢4
indicates that the sediments beneath the C18 land site, for 3.6 km thickness, have an
average conductivity of ¢’ = 0.19 S m~*. The smaller conductance of the sediments
beneath the land site is due, presumably, to less seawater content and accounts for
the onshore electric field normal to the Straits being larger than the offshore electric
field normal to the Straits.

The conductance of the sediments beneath each profiling site can be estimated by

'L
Ady(8) = (1 —6~*)sz F(x) [o(x) H(x) +7'(2)] " H(x) V(x, t) dz (4.3)
0
modified from (4.1) to allow for variable conductivities and conductance but
constant F, and €*, and € = 0. Then for C;A¢, (t) = 7(t) and a linear interpolation of
the profiling velocities, one has

T)y= X A4,U,V(x,,1) (4.4)

1

e

that is similar to (3.1) except for the weights
U,=0C,(1—¢e*F,6,[c,H,+1,]", (4.5)

where ¢, (7, H,+1,]! approximates &(x)[d(x) H(x)+7"(x)]™"

The weights U, for the n = 1, ...,9 profiling sites are found by a least squares fit
between the BK—SP voltage-derived transports 7'(t) and the depth-averaged profiling
velocities V(x,, t) for C; = 24.42 Sv V™ and water depths H(x). The small value of U,
indicates that the BK-SP voltages are not sensitive to the velocity variations near
the Florida coast because the cable break is 16 km offshore. The n = 1 site will
therefore be ignored. The conductances 7, for n = 2,...,9 (table 3) are derived from
(4.5) for F, = 41100 nT and é* = 0.1. The depths H,, conductivities &,,¢,, and U,
are listed in table 3. The estimates of 7, on the western and eastern sides (table 3)
agree with the estimates 7/,4 by Spain & Sanford (1987) but the estimates in the
central part » =4,...,7 are much smaller. The agreement is considered adequate,
however, because the errors in the estimates of 7, are quite large due to the poorly
determined U,. In fact, the large errors in the estimates of U, show that one can
assume that U, = 1 for nearly all the sites, which means that the sediments can be
approximated by a layer of constant conductance 7j.

(b) Tidal induced electric currents

A comparison of the tidal variation in the JI-BK and C18 data shows that the tidal
constituents in the JI-BK voltages (table 6) are nearly in phase with the tidal
constituents in the C18 electric field normal to the Straits (table 8). This means that
the JI-BK tidal voltages are dominated by the voltage effects of I*. The actual
amount of the tidal-induced electric current 7* in the JI-BK and BK-SP voltages
can be estimated from the C18 electric field normal to the Straits because the electric
current I* perpendicular to the stream is essentially continuous, that is, I*(x, t) = I*(t);
the tidal flow is uniform, V(z,¢) = V(t); and &, = o, . The value of ¢* is then estimated
by the use of (2.54).
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The estimated values of ¢* for the BK—SP tidal constituents (Q,, O,, N,, M,) are
(0.036 £0.021, 0.060 £0.004, 0.142 +0.016, 0.105+40.005) and the e¢* for the JI-BK
tidal constituents are (0.0840.16,0.744+0.12,2.02+0.45, 1.67 +0. 19). Thus the tidal
constituents in the BK-SP voltages are almost free of the effects of I*, but the tidal
constituents in the JI-BK voltages are strongly dependent on I*, especially for the
semi-diurnal constituents. A value of e* greater than unity for JI-BK indicates that
I* is caused by fluid motions outside the region spanned by JI-BK.

The small values of ¢* for the tidal motion in the BK-SP voltage, generally less
than 10 % for the dominant tidal constituents, suggests that the voltage effect of I*
will also be small for the non-tidal, motion-induced BK-SP voltages.

(¢) Tidal downstream wavelengths

The C18 electric field normal to the Straits and the JI-BK voltages are observed
to have diurnal tidal constituents that are small compared to the semi-diurnal
constituents (figure 194, ¢) but the BK—SP voltages are observed to have diurnal and
semi-diurnal tidal constituents that are of nearly equal magnitude (figure 19d). The
small diurnal variations in C18 normal and JI-BK has the following explanation.

The phase difference between the BK—-SP and KW-HV voltages for the (@, O, N,,
M,) tidal constituents (tables 5 and 10) are (4.5+2.1, 3.240.5, —46.2+1.4,
—47.710.4) degrees. Hence the diurnal tidal variations are nearly in phase between
the two sites but the semi-diurnal variations are not. Since the (18 electric field E*
normal to the Straits is due to I*, it is proportional to the transport divided by the
downstream wavelength (2.28). Thus a smaller £* means a larger Y for a given
transport. The ratio of the wavelengths between the different tidal constituents is
then Y,/Y, = (A¢, E¥)/(Ap,ETF) where the A¢gs are the tidal amplitudes for the
BK-SP voltages (table 5) and the E*s are the tidal amplitudes for the (18 electric
field normal to the Straits (table 8). The estimated ratios of the wavelengths are
Y(@)/YM,) =612, Y(0,)/YM,) =14+2, and Y(N,)/YM,) = 0.584+0.02. The
values of these ratios show that the downstream wavelengths are much larger for the
diurnal than for the semi-diurnal constituents. Thus the diurnal variation in C18
normal to the Straits and in the JI-BK voltages are much smaller than the semi-
diurnal variation because Y is much larger for the diurnal than for the semi-diurnal
tidal variation.

5. Oceanographic results

The analysis in the preceding sections showed that the cross-stream voltages
between the cable break 16 km east of Jupiter Inlet and Settlement Point can be
used to monitor the transport variations of the Florida Current at 27° N with an
error smaller than +0.8 Sv. Over 14 years of daily mean values of the transport have
been obtained from 1969 to 1974 and 1981 to 1990, which makes this a unique
oceanographic time series. This section gives an overview of the transport variations.

(@) Temporal variability in the volume transport
The frequency content of the transport variations in the Florida Current from 1981
to 1990 has been estimated by comparing the spectra of the daily mean transports for
93 segments of 500 days duration, where each segment is advanced 30 days compared
to the previous segment. Each time segment was detrended and then multiplied by
a T prolate window. The 95 % confidence interval is 0.4 for the lowest frequency band
and is 0.2 for the highest frequency band. The common logarithm of the spectra for
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Figure 30. Monthly changes in the power spectra of the transports (bottom left panel) relative to
its long term average derived from the 1981 to 1990 BK-SP daily mean voltages (top panel) for
500-day sections multiplied by a m prolate window and advanced by 30-day increments. The
common logarithm of the spectrum for each section divided by the averaged spectra (right panel)
are contoured by 0.2 increments (bottom left panel) that are equivalent to a 20 % change in the
spectra relative to the average spectrum and roughly equivalent to the 95% confidence interval.
Solid contours are positive and dashed contours are negative. The spectral values vary between
—100 % and 80 %.
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Figure 31. Superposition of yearly segments of daily mean transports. () 1981 to 1990 BK-SP
voltage-derived transports. (b) 1969 to 1974 JI-SP voltage-derived transports. (c) 1952 to 1961 and
1972 to 1973 KW-HYV voltage-derived transports. 95 % confidence limits (pair of dashed curves)
are based on monthly means. Annual variation (solid smooth curve) is based on frequencies 1, 2 and
3 cpy. The BK-SP and JI-SP voltage-derived transport values have a similar spread in values and
similar annual cycle.
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each segment divided by the average spectrum are plotted (figure 30) at a contour
interval of 0.2 that is roughly equivalent to a 20 % change in the spectrum.

The changes in the spectra as a function of time (figure 30) show that the variations
are not locked to the yearly cycle, that the changes range from —100 to 60 %, that
the largest variations occur in the frequency range 0.14 to 0.5 cpd (2-day to 7-day
periods), and that the annual variation is relatively constant.

(i) Events

The daily transport variations (figures 23-26) contain events that are as large as
10 Sv over time spans as small as a few days. The event during June 1982 showed,
for example, an increase of 8 Sv over seven days. The event during October 1987
showed a decrease of 10 Sv over six days.

The superposition of the 10 yearly segments of the 1981-1990 BK-SP voltage-
derived transports (figure 31 a) shows that the transport has a range of 10.8 Sv at the
95 % confidence level. Thus a few yearly segments of the transport cannot give a
reliable estimate of the transport or its variability. A similar sized range of 9.6 Sv in
transport is found for the 1969-1974 JI-SP voltage-derived transports (figure 31b).

The KW-HYV voltage-derived transports yield a range of 14.8 Sv (figure 31¢) for
a voltage calibration factor Cy = 26.0 Sv V~'. The variation in the daily values is
about 37 % larger than the variation in the BK—SP voltage-derived daily transports.
The large variability in the KW-HV voltage-derived transports compared with the
BK-SP voltage-derived transports and the fairly low correlation squared of 0.61
between the KW-HV and JI-SP voltages for 1972-1973 suggests that the KW-HV
voltages are contaminated by meanders flowing across the wide shelf south of Key
West. These will increase the variability in the KW-HV voltages and reduce the
correlation between the KW-HV and BK-SP voltages.

The circuit model (§2¢) indicates that meandering effects could cause the
calibration factor to be as small as 22.9 Sv V™!, This would reduce the range in daily
mean KW-HYV voltage-derived transports to 13.0 Sv. Thus, despite the uncertainties
in the calibration factor for the KW-HYV voltages, the variability of transport east of
Jupiter Inlet appears to be smaller than the variability in the transport south of Key
West by at least 20%. This indicates that the transport variations undergo a
downstream transformation. The downstream decrease in the variations could be
caused by some of the variations leaving the Straits via the Old Bahama Channel and
the Northwest Providence Channel, or by a nonlinear damping of the variations as
the velocity of the stream increases downstream due to the shoaling and narrowing
of the Straits. An increase in downstream velocity is known to promote a decrease
in the turbulent energy (Hinze 1975).

(i) Tidal variation

Continuity of the tidal transport between Key West and Jupiter Inlet, including
sea level changes as deduced from Key West and Jupiter Inlet, indicate that
continuity is only satisfied if the tidal calibration factor for the KW-HV voltages has
the value C', = 13.0 Sv V! for the diurnal constituents and the value €y, = 9.1 Sy V!
for the semi-diurnal constituents. These values are unrealistically small compared
with the estimated value Cp = 37.2 Sv V! derived by the circuit model (§2¢). Thus
the Straits of Florida between Key West and Jupiter Inlet cannot be treated as a
closed channel.

The transport values through Old Bahama Channel north of Cuba and the
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Table 12. Seasonal variation in transport and heat flux of the Florida Current east of Jupiter Inlet
based on 19691974 and 1981-1990 voltage-derived transport
(Heat flux assumes constant flow temperature 6.,— 60y, = 9.61 °C.)

month  days transport (Sv) std (Sv) heat flux (PW) std (PW)

Jan 378 31.2 2.6 1.23 0.10
Feb 303 32.3 2.7 1.28 0.11
Mar 364 31.3 3.2 1.24 0.12
Apr 374 32.0 2.8 1.27 0.11
May 364 32.0 2.5 1.26 0.10
Jun 345 32.9 2.9 1.30 0.12
Jul 378 34.5 2.3 1.37 0.09
Aug 362 34.6 2.2 1.37 0.09
Sep 303 33.6 2.8 1.33 0.11
Oct 301 31.3 3.5 1.24 0.14
Nov 330 29.9 3.3 1.18 0.13
Dec 390 31.2 3.0 1.23 0.12
mean 4170 32.2 2.8 1.27 0.11

Sverdrup

J AJ OJ AJ O JAJ O1J AJ O
month

Figure 32. Annual variation in transport based on frequencies 1, 2 and 3 cpy. (a) 1981 to 1990

BK-SP voltages (solid curve), 1969 to 1974 JI-SP voltages (dashed curve), 1952 to 1961 KW-HV

voltages (dotted curve). (b)) cME model transport (solid curve), NorDA model transport (long
dashed curve), ac model transport (short dashed curve), Kiel model transport (dotted curve).

Northwest Providence channel south of Grand Bahama Island for the tidal
constituents (¢),, 0,, N,, M,) are estimated by continuity to be (0.2, 1.1, 0.9, 4.1) Sv
for C'p = 26.0 Sv V7! applied to the KW-HV voltage whereas the tidal transport
values east of Jupiter Inlet are (0.26, 1.15,0.28, 1.11) Sv. Thus the semi-diurnal tidal
transport through the side channel appears to exceed the semi-diurnal tidal
transport east of Jupiter Inlet. The combined cross-sectional area of these side
channels is estimated to be 41 km?. This is nearly equal to the cross-sectional area of
43.3 km? for the Straits east of Jupiter Inlet. It is thus possible for a significant
amount of tidal transport to exit the Straits of Florida through the Old Bahama
Channel and Northwest Providence Channel. The existence of these side channels
could therefore explain why the non-tidal transport variations east of Jupiter Inlet
are different from the transport variations south of Key West.

(iii) Seasonal and annual variations

The seasonal variation, based on the monthly mean values of the BK-SP and
JI-SP voltage-derived transports, has a 4.6 Sv range with a maximum transport of
34.5 Sv in July and August and a minimum transport of 29.9 Sv in November (table
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Figure 33. Monthly mean BK-SP voltage-derived transports. (a) Monthly mean values. (b) Annual
variation. (¢) Monthly mean values minus annual variation. (d) Mean and standard deviation of
yearly segments advanced by six-month increments (bars). The long-term linear change in the
transport is —0.4+1.0 Sv.
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Figure 34. Monthly mean JI-SP voltage-derived transports. (¢) Monthly mean values. (b) Annual
variation. (¢) Monthly mean values minus annual variation. (d) Mean and standard deviation of
yearly segments (bars). The long-term linear change in the transport is 0.5+0.5 Sv.

12). The annual variation (figure 32a), determined by a robust least squares fit of the
frequencies 1, 2 and 3 cpy to the voltage-derived transports, has a range of 4.4 Sv for
the BK-SP voltage-derived transports, a range of 4.4 Sv for the JI-SP voltage-
derived transports, and a range of 2.2 Sv for the KW-HYV voltage-derived transports.
Thus the annual variation is the same for the BK-SP and JI-SP voltage-derived
transports but is larger than the annual variation south of Key West by at least 47 %
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Figure 35. Monthly mean KW-HV voltage-derived transports for C;, = 26.0 Sv V1. (a) Monthly
mean values. (b) Annual variation. (¢) Monthly mean values minus annual variation. (d ) Mean and
standard deviation of yearly segments (bars). The long-term linear change in the transport is
—0.243.0 Sv. The estimated transport variations south of Key West are larger than the transport
variations east of Jupiter Inlet.

even if the annual variation is assumed to be confined to the central part of the
Florida Straits and therefore has a maximum calibration factor of 35.4 Sv V™1 (§2¢).

The annual variation in transport east of Jupiter Inlet compared with the NorDA
model, Anderson—Corry model (Anderson & Corry 1985) community modelling effort
(Bryan & Holland 1989), and the Kiel model (Boning et al. 1991) (figure 32b) shows
that the NorpA, Anderson—-Corry (AC), and community modelling effort (cmE)
transports are about 25% too small but that the timing of the minimum and
maximum values are in agreement. The seasonal variation in the Kiel model
transports are about 40 % too large with the maximum occurring about one month
earlier than the observed maximum. The Kiel model is the same as the cME model
but it is driven by a revised climatological wind based on a revised drag coefficient
(20 % smaller) and an improved conversion of the Beaufort scale to winds (Boning
et al. 1991). The AC and cME model transports are nearly identical but are
inconsistent with the observed springtime value of the annual variation. The NORDA
and Kiel model transports are, however, in closer agreement with the observed
springtime values. The conclusion is that all the models need improvements.

The annual variation in the transport south of Key West (figure 32a) has a smaller
range and smaller springtime transports than the transport east of Jupiter Inlet.
This suggests that the annual variation in transport may have a downstream
transformation caused by an annual variation in the transports of a few Sverdrups
through the Northwest Providence Channel or the Old Bahama Channel. Inter-
estingly, the AC and cME models yield an annual transport variation that is
consistent in amplitude and phase with the annual variation in the voltage-derived
transport south of Key West (figure 32).
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Figure 36. Profiling-derived heat flux for the Straits of Florida east of Jupiter Inlet, assuming the
southward flow in the North Atlantic has a constant flow temperature of 9.4 °C. (a) Estimated heat
flux per kilometre width. (b) Channel depth east of Jupiter Inlet to Grand Bahama Island.
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Figure 37. Profiling-derived transport and heat flux listed sequentially with data gaps
excluded. There is no apparent long term change in the heat flux from 1982 to 1985.

(iv) Mean and long-term trend

The annual mean of the transport for 1981 to 1990 (figure 33d), 1969 to 1974 (figure
34d), and 1952 to 1961 (figure 35d) indicates that the long-term change in transport
is less than 0.5 Sv for each time series. A comparison of the profiling-derived
transport between 1969-1974 and 1982-1984 together with the spread in values for
the 1981-1990 voltage-derived transports (figure 5) suggests that the mean transport
east of Miami could be a few Sverdrups smaller than the transport east of Jupiter
Inlet. This could be caused by an inadequate sampling of transport or by a
downstream increase in the transport due to flow through the Northwest Providence
channel.

The mean transport east of Jupiter Inlet, after removing the annual variation, is
32.3+3.2Sv and the median value is 32.4 Sv based on 4862 daily values from the
1969 to 1990 voltage-derived transports.

(b) Heat flux
The heat flux into the North Atlantic can be summarized by
Q) = pCly [Orc(t) = Oxa I TO), (5.1)

where g(t) is the flow temperature of the northward moving Florida Current, 19~N A(0) 18
the flow temperature of the southward moving North Atlantic east of the Straits of
Florida, and 7'(t) is the transport of the Florida Current. It is assumed here that 0y,
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Figure 38. Profiling-derived heat flux estimates assuming the southward flow in the North Atlantic
has a constant flow temperature of 9.4 °C. (¢) Heat flux based on time varying flow temperature
and transport of Florida Current. (b) Heat flux based on a constant flow temperature of 19.1 °C for
Florida Current and a time varying transport. The consistency of the two different estimates
confirms the assumption of a constant flow temperature for the Florida Current. Pair of dashed
curves are 95% confidence limits based on the 1981-1990 voltage-derived heat flux.

has the constant value 9.43 °C. This value is derived from the heat flux estimated for
the Atlantic (Molinari ef al. 1990). The factor pC, is essentially a constant equal to
0.00409 PW °C~* Sv ! (Cox & Smith 1959). The heat flux estimates and conductivity
values are based on ¢n situ temperatures. Estimates of the total energy flux are based
on potential temperatures (Bryan 1962) but since the Florida Current is shallow the
difference between in situ and potential temperature will be small and negligible.

The flow temperature observed at the various profiling sites (figure 7a) shows that
most of the temperature variations occur in the coastal region but that the dominant
contribution to the heat flux per kilometre width comes from the central portion of
the Florida Current (figure 36a). Hence it is only necessary to observe the heat flux
variations from the central portion of the stream. The profiling data yield a flow
temperature of 19.10+0.63 °C and a strait temperature of 16.88+0.66 °C (§3a). The
Florida Current is therefore a warm current of nearly constant temperature (figure
8) which means that the variations in heat flux are caused mainly by variations in
the volume transport. The heat flux can therefore be approximated by

Q(t) = pO, [0 —Ox A 17(1), (5.2)

where Opo— 0y, is a constant equal to 9.61 °C = 19.10—9.43 °C.

The mean heat flux estimated by (5.1) and (5.2) for 130 days of profiling data from
1982-19851is 1.30 +0.13 PW and 1.30 4+ 0.12 PW respectively. The correlation squared
between the variations in the two heat flux estimates is 0.64 and the rms misfit is
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0.08 PW. Thus (5.2) for a constant Florida Current flow temperature is a reasonably
good approximation of (5.1). The heat flux by (5.2) for the 1981-1990 voltage-
derived transports is 1.27 £0.15 PW for mean transport 32.3 Sv. The above estimates
of the mean heat flux agree with the 1.22 PW heat flux determined by Hall & Bryden
(1982) and the 1.21+0.34 PW determined by Molinari ef al. (1990). A sequential plot
of the profiling-derived heat flux, with data gaps excluded (figure 37), shows that
there is no long-term trend. Most of the variability occurs on a timescale of a few
days.

The seasonal variation in the heat flux is barely detectable (figure 38) with a
suggestion of slightly higher heat flux occurring during September and slightly
smaller values occurring from November through March. This is consistent with the
seasonal variation in heat flux based on the voltage-derived transports (table 12) but
is not consistent with the seasonal heat flux variation derived by Molinari et al.
(1990). Their heat flux estimates imply that 6, — 6y, has a range of 7.8 °C and a rms
deviation of 2.3°C. This seems excessively large and is probably caused by
uncertainty in their estimate of the heat flux for the geostrophic baroclinic motion.
Their baroclinic heat flux estimates account for about 70 % of the estimated rms
deviation in Opo— 0Oy, -

The effect of changes in heat flux on the North Atlantic can be evaluated by
estimating the temperature change in the North Atlantic corresponding to a typical
Florida Current transport variation, assuming the Florida Current mixes with the
North Atlantic surface waters down to the thermocline. A transport change of AT,
for a duration of Af at a constant flow temperature difference of — 6y, will then
produce a temperature change in the North Atlantic Ocean of

A = AT [éFC - 5NA] At/ V,,

where V,, is the volume of the near surface water. If the Florida Current mixes with
the water of the North Atlantic lying between 35.5 and 36.0 ppt, then this volume is
approximately 10° latitude by 80° longitude by 100 m depth yielding V,, =
8 x 10™ m?. Thus if AT = 10 Sv for At = 30 days, then A8 = 0.3 °C; if AT = 5 Sv for
At = 4 months, then A = 0.6 °C; and if AT = 1 Sv for At = 1 year, then A§ = 0.4 °C.
These crude estimates suggest that the observed changes in the transport of the
Florida Current could cause significant climatic changes in the North Atlantic if this
heat is transferred to the atmosphere and not recirculated,

6. Conclusions

Obgervations of the voltage across the Straits of Florida at 27° N yield estimates
of the transport variations with a rms accuracy of 0.8 Sv that is consistent with the
error estimate of 0.9 Sv based on the profiling data and the circuit model. The voltage
calibration factor for the BK—-SP voltages is €, = 24.424+0.56 Sv V™! based on a
comparison of the voltages with the profiling-derived transports.

The excellent agreement found between the transport variations derived from the
voltages, the velocity profiling data, and the current meter data shows that the
voltage variations caused by the meandering of the Florida Current are not
important at 27° N. This is because the cable weighting factor is relatively constant
across the stream (figure 46,d). The BK-SP voltages can therefore be used for long
term monitoring of the transport variations.

The meandering of the Florida Current makes it impossible to monitor the
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transport by a few current meter moorings and the variations in the downstream
wavelengths of the flow make it impossible to monitor the transport by a shore-based
electric field site.

The KW-HYV site is likely to be contaminated by meanders due to the wide shelf
south of Key West. Model studies show that the meandering effect can be reduced
somewhat if the Key West cable-ocean contact is moved out beyond the 30 km wide
shelf. The wide channel and variable bathymetry requires, however, an array of
shortspan voltage measurements to remove the spatially varying cable weighting
factor W so that accurate transport measurements can be made.

The interpretation of the motion-induced voltages is facilitated because the theory
is expressed in terms of the velocity weighted temperature, salinity and conductivity.
This yields the voltage-transport equation (2.33) that is interpretable in terms of
volume transport, temperature flux, and salinity flux; and a voltage calibration
factor C (2.34) with an error interpretable in terms of changes in the temperature,
salinity, and electric currents through the terms e and é*, where ¢ is caused by time
changes in the temperature and salinity of sea water and é* is caused by the
horizontal electric currents /* that depend critically on the downstream wavelength
of the transport variations. The calibration factor will therefore only be a time
invariant constant when the variations of the temperature and salinity of the Straits
of Florida are small and when the downstream wavelengths are relatively time
invariant and much larger than the stream width.

The experimental results show that the best cross-stream voltage sites are those,
such as the BK—-SP site, where the stream is locally straight over a nearly uniform
bottom topography, the sediment conductance is relatively large, the voltages are
measured perpendicular to the stream, the cable—ocean contacts are close to the
boundaries of the stream but outside the shelf regions, and the cable—ocean contacts
are Ag—AgCl electrodes.

Voltages measured from a long cable will not be suitable for observing the transport
variations of narrow streams when the cable-ocean contacts are far from the edges
of the stream because the horizontal electric current /* will short out the voltage
variations. Voltages from a long cable may be useful, however, for observing
variations in volume transport and heat flux of broad scale flows.

A comparison of the tidal variations in the cross-stream voltages and the electric
field from a land site indicates that there are significant differences in /* between the
diurnal and semi-diurnal constituents. The /* is much smaller for the diurnal
constituents because its downstream wavelength is much larger than the downstream
wavelength for the semi-diurnal constituents. The effect of /* for the dominant tidal
constituents is, however, less than 10+ 1% for the BK-SP voltages indicating that
the voltage effect of /* is probably minor for the BK—SP voltage-derived transport.
The voltage effect of I* dominates the JI-BK voltages, however, which means that
I* needs to be considered when interpreting ocean electric fields measured in regions
adjacent to strong ocean streams.

The various wind-generated general circulation models yield annual variations
that are only roughly consistent with the annual variation in the voltage-derived
transport of the Florida Current east of Jupiter Inlet at 27° N. This indicates the
need for further improvements in the models and the wind estimates. The annual
variation in transport south of Key West appears to be different but more
observations are needed of the KW-HV voltages together with profiling derived
transports before the transport variations south of Key West can be accurately
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established. The accuracy of transports derived from the KW-HV voltages are
likely, however, to be inferior to the transports derived from the BK-SP voltages
because the KW-HYV voltages are likely to be contaminated by meandering effects.

The mean voltage-derived transport east of Jupiter Inlet is 32.3+ 3.2 Sv based on
4862 daily mean values from 1969 to 1990. There has been no detectable trend to
within +0.5 Sv over the past two decades. The seasonal variation has a range of
4.4 Sv, which is only 14 % of the mean. The transport is, however, highly variable on
shorter timescales with month-to-month changes as large as 15 Sv or 50 % of the
mean. The tidal transport has a maximum range of 7 Sv and the constituents O,, K,
and M, each have a range of about 2 Sv in transport.

The heat flux is 1.27+0.15 PW based on the mean transport of 32.3 Sv, a Florida
Current flow temperature of 19.1°C, and a North Atlantic flow temperature of
9.43 °C. This value is consistent with the heat flux of 1.30+0.13 PW based on 130
days of profiling temperature and velocity. Because the flow temperature has a nearly
constant value of 19.10+0.62°C, the heat flux variations are caused mostly by
transport variations.

Despite the uncertainty in the KW-HYV voltage calibration factor, the voltage-
derived transport variations south of Key West and east of Jupiter Inlet show that
the variation in the daily values decreases downstream by at least 20% and the
annual variation increases downstream by at least 47 %.

This project was successful because of the dedicated support of numerous co-workers. I thank Tom
Sanford for lending me his Jupiter Inlet minus Settlement Point 1969-1974 and Key West minus
Havana 1972-1973 voltage recordings, Mark Bushell, Robert Molinari and Kevin Leaman for the
use of their profiling data, Rainer Zantopp and Friedrich Schott for their transport values derived
from the mooring data, George Maul and Dennis Mayer for their sea level data, Dana Thompson
for the NorpA model transports of the Florida Current, Claus Boning for model seasonal
transports of the Florida Current, William Woodward, Hugh Milburn, Roy Newman and Alex
Nakamura for engineering support, Ansley Manke for programming support, Dai McClurg and
Agusta Flosadottir for reviewing the manuscript, and Allison McLean and Ryan Whitney for
typing the manuscript.
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