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Abstract

With the emergence of unmanned marine robots, underwatemecmication systems have received much
attention in recent years. To successfully develop radisewaased communication solutions, it is essential to
understand properties of electromagnetic wave transonisisi seawater. These properties are determined by the
frequency variation of the permittivity of seawater. Exigtmodels for the permittivity of saline water are empitica
ones that best fit experimental data. We propose a physioadlljstic model, similar to the one used in plasma
physics, for the variation of the dielectric constant of evatvith varying frequencies and salinities. Our model is
in excellent agreement with existing empirical fits for fueqcies between 1 and 256 GHz. We use this model to
study the propagation of electromagnetic waves in seawaterexplain that large propagation distances would be
possible at MHz frequencies if the conductivity of seawatecreases at small field strengths due to the hydrogen
bonding of water molecules. However, we were unable to éxyatally verify any reduction in the conductivity
of seawater.
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Frequency, temperature and salinity variation of the
permittivity of Seawater

I. INTRODUCTION guency of electromagnetic waves in a dielectric medium.

XISTING systems for underwater communicatiof€bye assumes that the molecules are free and do not

E largely depend on acoustic technologies. Howevddteract with each other [2], [3] and that the polarization
acoustic communication is riddled with problems inof the dielectric consists of induced and orientation
cluding time-varying multipath propagation and largEomponents.
latencies. Therefore, Al-Shammetaal. claim that radio  When a static electric fiell is applied to a dielectric,
communication is a viable alternative [1]. To understarifl® induced component of polarization is assumed to
the properties of radio wave propagation in seawater it}gve no inertia and almost instantaneously attains a value
essential to know the frequency variation of seawatef$ Pi = co(éc — 1)E. However, the orientation polar-
relative permittivity because the rate of attenuation &Fation rises exponentially to reach a maximum value of
plane electromagnetic waves is a function only of tHBo = €o(¢s — 1)E — ¢o(coo — 1)E att = oco. Therefore,
relative permittivity of the medium. for a static electric fields, the total polarization reaches

However, existing models used for the permittivity oft maximum value oP = ¢(e;—1)E. The time-constant
seawater are empirical ones that best fit experimenta®f the exponentially increasing orientation polarization
data and are not based on a sound physical modglcalled therelaxation time. Also, ¢; and ¢, are the
We propose a model for the permittivity of seawatettatic and infinite frequency relative permittivities of
that is similar to the one used for ionic plasmas. Ifhe dielectric ande is the permittivity of free space.
the following, we briefly review the general theory oft depends on the temperature of the substance and
polarization of dielectrics including Debye’s theory ofS independent of the nature of the electric field and
molecular relaxation. This is followed by a descriptiothe time of application of the field. Note that other
of models that are currently being used to determine tR@rameters such as viscosity and pressure influence
permittivity of fresh and sea water. We then explain odgut. this variation is not studied in the paper. Based on
model, and continue with an evaluation of the mod&p€se assumptions, it can easily be shown (see [2], [3])
including implications on electromagnetic wave propdbat the frequency dependance of the relative permittivity
gation. As will be shown in section VI the predictions of- may be written as
this model disagree with the results of Al-Shamneha 1
al. [1] but agree with the measurements we calculated.
Here, w is the angular frequency of oscillation of the
_ _ _ ~_ electric field. It should be noted that the terms in the
Any dielectric substance placed in an electric fieldyqye equation are functions of the temperaftiref the

undergoes polarization, which involves the appearanggnstance and therefore it is more appropriate to write
of bound charges on the surface of the dielectric. Polafgation (1) as

ization is defined as the dipole moment per unit volume e.(T) — exo(T)
and it may be divided into two categoriésduced and & (w,T) = exo(T) + 2)
orientation polarization [2], [3]. L+ jwr(T)

Debye investigates the contribution of these two forms 1) Dielectric properties of real molecules: Debye’s
of polarizations to the relative permittivity of a dieléctr model is based on the assumption that there are no
substance [4]. In section IV we will introducatomic intermolecular interactions and this simple model does

polarization |eading to a theory more appropriate foF]Ot aCCUrater pl’ediCt the permlttIVIty of real dielecsric

B €5 — €oo
€r(W) = €00 + Tt jor

I[I. POLARIZATION

seawater. Several dielectrics may be better modelled using the
Cole-Cole model [5] which states that the relative per-
A. Debye's Theory mittivity is given by

In the book Polar Molecules [4], Debye explains the
relationship between relative permittivity and the fre-

es(T) — € (T)

fr(waT) = 6C>O(T) + 1+ (ij(T))lfh

3)



where(0 < h < 1. This is an empirical model and doedunctional dependance of the terms in equation (5) on the
not really have a physical basis. There is however aalinity and temperature by fitting polynomial, rational or
interpretation of the Cole-Cole model as the result ekponential functions to experimental data. For example,
a distribution of relaxation times rather than a singleleissneret. al. [12] use the fit

relaxation time. Several fits have been proposed for :
the permittivity of both sea and fresh water based on €s = €5(T,0) - exp(boS + b157 + b2 T'5) (6)

both Debye and Cole-Cole models as explained in thg the static relative permittivity of seawater. Here,
following section. es(T,0) is the static relative permittivity of fresh water
and the constants are evaluated by fitting the best curve
Ill. EXISTING MODELS FOR SEA AND FRESH WATER to experimental data. By the author's own admission,
PERMITTIVITY there is no physical basis for the model (equation (6))
An extensive set of experimental measurements [6lsed. In addition to using the dielectric model of fresh
[9] are available for the permittivity of fresh water. Thevater Ellison et. al. [15], Stogryn et. al. [11] and
dielectric properties of fresh water may be modelled ubleissneret. al. [12] respectively use 30, 13 and 12
ing equ. 1 for frequencies up to 100 GHz [10]. Howeveparameters that are determined from experimental data
for higher frequencies a double-Debye model is found to predict the variation of all the terms in equation (5)
be more appropriate. The double-Debye model is bas&idh temperature and salinity. In contrast, our model
on the assumption that there exists a second polarizatisrnot only physically realistic but also uses only two
process with a different relaxation time and is given bgdditional parameters to describe the dielectric behavior
the equation of seawater.
es(T) — e1(T)
1+ jon(T) @ IV. M ODEL OF SEAWATER PERMITTIVITY
€1(T) — exo(T) Seawater has several dissolved salts and is therefore
1+ jwrs(T) a good conductor. However, increased conduction is
not the only phenomenon that occurs when salts are
dissolved in water. The ions are hydrated to varying

er(w, T) = €0o(T) +

The widely used equations of Lielee al. [10] are based
on such a double-Debye model. Liede al. [10] claim
that their model may be used for frequencies up to 1T|$%<tents (see [16]-{18]).

and may be extended up to 30THz by the inclusion of The hyaration numbq 'S de.flned. as the ”“”.‘ber O.f
vyater molecules in the immediate vicinity of the ion. Itis

two Lorentzian terms. Double-Debye fits for fresh wat% don the d ical behavior of th i lecul
are found in several other papers including Stogeyn . ased on Ihe dynamical DENavior of the water molectiies
in solution that move with the ion as a unit [17]. This

al. [11] and Meissnekst. al. [12]. L -

Until recently, comprehensive models based on exte?hotl;lld _be dls};[.mi?u_lshtid from t‘:hEDOI’de nat; on Pumt_)er h
sive experimental measurements were not freely avaﬁf- € lon which 1S the number of molecules in the
mediate neighborhood of the ion. The coordination

able for seawater. Descriptions used for seawater u .
the early 1990s consisted of works of Stogryn [1 umber depends on the distance of the water molecules
om the ion [17]. It is bigger than the hydration number

and Klein [14]. However, in the last decade and d includ I'th lecules that hvd bonded
half several single and double Debye type models weg¢ Inciudes all ine molectiies that are nydrogen bonde
to the molecules in the immediate vicinity of the ion.

developed by Ellisomt. al. [15], Stogrynet. al. [11] and h del h hat the Deb
Meissneret. al. [12]. The double-Debye model used by € model we propose here assumes that the Debye

Meissneret. al. [12] and Stogrynet. al. [11] is similar model :f Stogrynet.d al. I[ll] ish a(_jeq”uate If_or_ fresr& |
to the fresh water model with the addition of the eﬁe(¥yater. owever, we develop a physically realistic mode

of conductivity on the dielectric constant and may be' t_he Vaf'at!"” in the permittivity of seawater with .
varying salinities and temperatures. There are three basic

differences between sea and fresh water that need to be
er(w,T,8) = exo(T, S) + : considered in order to develop this model.
1+ jwn (T,5) L . )

(5) « The conductivity of water increases with the ad-

(T} 5) —ex(T,5) | o(T5) dition of ions and the increase in conductivity is

1+ jwry (T, S) ol approximately proportional to the number of ions.
Here, S is the salinity of seawater in parts per thousand « The extent of polarization due to the displacement
(ppt). Ellisonet. al. [15] use a single Debye model to of bound charges (i.e. induced and orientation po-
fit to experimental data. All these models evaluate the larization) in seawater depends on its salinity due

written as
GS(T’ S) - 61(T> S)




to the presence of ions. Therefoeg, ¢, andr are and

functions of seawater’s salinity. €1(T) — exo(T)

eb(w,T, S) = EOO(T) +

The static relative permittivitye;, of seawater re- 1+ jwna(T)
duces because all the water molecules that are es(T)(1 — a(T)S) — 1 (T) (7)
in the vicinity of an ion orient themselves with + 1+ jor (T)

:jespect to th_(; lon. W‘; assume that th(—‘ise_ m‘_"eCU‘fms is similar to equation (4) that is used for fresh
0 not contribute to the orientation polarization Ow}ater with the small but significant additional term
)

seawater.IWeI furtEer agsumeh that ;[he nut:nber Qa(T S in accordance with the assumption that the
water molecules t at orient t emselves a out tl%?atic relative permittivity of seawater decreases lityear
dissolved ions is directly proportional to the numb

hy H Id q Shith increasing salinity. The remaining terms in this

of lons. Hence, we would _expeeTS to ecrease equation are assumed to be the same as the one used
linearly with increasing salinity. This assumption '%y Stogrynet. al. [11] to model fresh water

in accordance with the model of Ellis@h al. [15] 1) Evaluation of P We make the following assump-

and furthermore seems reasonable based on {fas in deriving a model for the variation of atomic
physical intuition given above. polarization with frequency.

The effect of the ions on the induced polarizability Seawater is composed of water and several dis-

'j.ﬁd'ﬁ'cu't :)0 ana_lyze. Firstly, e_ac[l] |qan||| gave_a solved ion types, indexed by with massm,; and
ifferent absorption spectrum in the infrared region chargeg:. m; is the total mass of thé" type of ion

anld \.N'” .contrlbu;[]e dlif]ergnt am_ﬂunftrs to r:nduced and all the water molecules in the hydration shell
polarization. Further, the ions will affect the mag- ¢ 1is type of ion.

altude of '_?dﬁced polarization ?f water mollfzctl]les. « The drift velocity of the water molecules is zero and
owever, If the concentration of ions Is small, these o qrift velocities of all other ions are measured

i?ectshmay be ignored. hould be aff q with respect to water.
so, the time constant should not be aftected | 1o gensity of ions is small and so collisions

by the addition of ions. This is becauses based between ions may be ignored and only collisions

on the inertial properties of orientation polarization between neutral water molecules and ions are sig-
and we are assuming that the water molecules that nificant

are oriented about the jons do not contribute to thelf collisions are ignored, the rate of change of the drift

orientation polarization. Also, the inertial forces Or\]/elocity of thei" type of ionv; may be written as

the water molecules that are not near the ions should
not be effected significantly by the presence of ions. N, (@ +v; - vw) = N,;¢,E + N;g;v x B
« In addition to induced and orientation polarization, ot
there exists a third kind of polarization in seawater. + Nim;g — Vp;
Non-uniform distribution of free ions in the waterwhere N; is the number of ions of type per unit
will result in atomic polarization, P;. The contri- volume,p; = N;kT; is the pressure and;m;g gives the
bution of P, to polarization has to be taken intogravitational force. Though not shown explicitly for ease
account in calculating the relative permittivity.  of notation, bothV; andm; are functions of temperature
and salinity. For wavelengths that are large compared to
atomic dimensions, the pressure gradient and the non-
linear v, - Vv; terms may be ignored [19]. Furthermore,
gravitational force is small compared to the force due to
the electric field and can therefore be ignored. Collisions
are incorporated into equation (8) by adding a damping
The model we propose here is based on the one usefin that is proportional ter; and an effective collision
for gaseous plasmas which is composed of positive an;dewfff and we get,
negative ions, electrons and also neutral atoms [19]. N ( ov,;
i1

(8)

A. Polarization of seawater

The total polarization of seawateB may be written ) = Ni¢;E + Nigivi x B

asP = P, + P;. Here, P, is the polarization due to ot i 9
the displacement of bound charges in water molecules — Nimjw; ™" vi

(i.e. induced and orientation polarization) aRg is due If we define the drift displacement; of the i ion by
to the displacement of ions inside water (i.e. atomic or;

polarization). We can writ®, = ¢y xE, wherey = ¢,—1 Vi= o0 (10)



then we can write wherec(T,S) = >, ¢;. Both ¢(T,S) andw(T', S) are
P; = ZNiQiri (11) functions of b(_)th Salinity a}r!d temp_erature because the
_ number N; of ions of typei in solution and the mass
!  of ;th : ith i i
Also, equation (8) may be re-written in terms of drif{”l of ™" type of ion along with its hydration shell are
displacement as unctions of temperature and salinity.
1) Evaluation of «o(T), ¢(T,S) and w7/ (T,S):

8%r; or; . .
Nym; a‘;l — NiqiEJrNiql.% <« B a(T) - S is equal to the fraction of water molecules
¢ t (12) that are oriented towards ions in solution. Let the con-
_ Nimiwfff or; centration of thei’” type ion in water bep; parts per
ot thousand. Now, some fraction, say, of these ions will

For waves with exponential dependance of the forgy gissociated and these are the only ions that contribute
exp{j(kr —wt)}, this equation may be written as  {owards the reduction of the static permittivity of water.

(jw)?pir; = ¢;(BE + jwr; x B) (13) The number of such iond; in 1 Kg of solution is given
where u; = mi{l + j(wfff/w)}. Substituting equa- by Bipi
tion (13) into (11), and ignoring the contribution of the Ni = ” moles (18)

magnetic field, which tends to be small compared to that

of the electric field in non-magnetic materials, we getHere, vi is the atomic mass of thé" type ion. If the
Nog? coordination number of this ion i%;, then the total
1q;

P;=— Z —LE (14) number of water molecules that are oriented about the
;. Hw ith type of ion is N;k;. Therefore the fraction of water
_ . molecules,a(T) - S that are oriented about all the ions
B. The relative permittivity in solution is given by
Now, the total displacement field = ¢¢gE+P s+ P, Nk 0.0183: 0k
Using equations (7) and (14) we get aT)-S=>" 770018 = > % (19)
es(T)(1 = a(T)S) — ex(T) P ' Z
er(w, T, 5) = exo(T) + 1+ jwr (T) Note that we used the fact that the molecular mass of

water is18 g/mole in deriving the last equation.
To evaluatec(T, S), we need to know the hydration
number and not the coordination number of an ion. Let
(15) the hydration number of thé" type of ion beh; and
Substituting the value ofi; from equation (13) we get A, = 6.023¢23 be Avogadro’s number. Then the mass
es(T)(1 — a(T)S) — e1(T) of the it" type of ion and all the water molecules in its

n e(T) —exo(T) Z Nig?
1+ jwn(T) €0 liw?

7

&r(w, T,5) = ex(T) +

1+ jwr (T) hydration shell ism; = (v; + 0.018h;)/A,. Using this
e1(T) — eo(T) and equation (18) we get
1+ jwna(T) o(S,T) = ¢
. 1) = %
— eow?(1 —|—jwl-eff/w) B Niqi2
(16) = 2
where¢; = M4 A2Bipiq?
. - ¥ = Z ‘ (20)
It is however difficult to calculate and measuwéf vi(v; + 0.018h;)

for the individual ions. Therefore, we assume that the ‘

effective collision rate is the same for all the ions and is ;Inglly; be(;?tj;e g}? jloglc conduct|V|tIy IOft V\{[?]ter
equal tow®’f. We can then rewrite equation (16) as o(T,5) ~ cT,S)/w’(T,5) we can calculate the

ratio of w¢//(T, S) to ¢(T, S) using the well established
es(T)(1 — a(T)S) —el(T)  yaiyes of ionic conductivity of water.

& (W, T,5) =ex(T) +

1+ jwr (T) However, the hydration number, coordination number
e1(T) — €x(T) and percentage of dissociation are difficult to ascertain
1+ jwrs(T) accurately from experimentation. For instance, the ex-
(T, S) perimental values for the hydration number of Na+ ions
B cow?(1 + jwel (T, S) Jw) varies from 4-8 [16]. Therefore it was decided thaf")

(17) andc¢(T,S) should be determined using experimentally



lonCIT_ype De'l;'tig(;pt) Here, 8 is the degree of dissociation of NaCl and
Na® 10.76 kcy and ky, are the coordination numbers of Cl and
SO, * 2.712 Na respectively. These numbers are as expected [17].
MgZ* 1.294 Similarly it can be shown that(7’,S) is of the right
TABLE | order of magnitude.
DENSITY AND MOLALITIES OF COMPONENTS OF SEAWATER WITH However, more experimental results over a wider
SALINITY S = 35ppT range of frequencies are required to completely validate

the model and get an accurate value &', S). Such

experiments are particularly important for frequencies

greater than a few hundred gigahertz. High frequency
measured values of the permittivity and then the resultifgeasurements are needed to accurately comypiites)
value for the hydration and coordination numbers t[%causeueff is of the order of 1THz and we require

compared to existing predictions. measurements in this frequency range to accurately de-
terminec(T, S).
V. RESULTS Also, at smaller frequencies seawater behaves as a

It is difficult to experimentally measure the permittivconductor and this can easily be seen by taking the low
ity of seawater for a varying range of frequencies becaugequency limit of equation (17). Then the permittivity
it is extremely lossy. Therefore, it was decided th&gduces to
the validity of the model be ascertained by generating
pseudo-data from the empirical fits to experimental data &(T,5) =
mentioned in section Ill. Figure 1 compares the real a
imaginary parts of permittivity of seawater of our mod
with the fits of Stogryret. al. [11], Meissneret. al. [12],

c(T,S)  o(T,S)

= 24
Jeowwef T (T) Jeow 24)

rﬁﬂs is what one would expect for a good conductor.
Sh fact the low frequency limit of the empirical equa-
tion (5) is identical to the one used in this model. It is

Ellison et. aI.. [.15] and Wentzet. al. [20] for various therefore safe to assume that the model is valid for low
values of salinity and temperature. ¢ :
reguencies.

It is clear from these figures that our model is in ex-
cellent agreement with these fits for frequencies between
1 and 256 GHz. The maximum deviation of our model
from the fits of Stogrynet. al. [11] and Meissneret.
al. [12], is 7.6% and6.9% respectively in the frequency Our model for the permittivity of seawater assumes
range 1-256GHz. The fits of Stogryet. al. [11] and thatitis independent of the applied electric field strength
Meissneret. al. [12] differ by as much ad1.5% in the and is only a function of the temperature and salinity of
same frequency range. Further verification of the modggawater and the frequency of the electromagnetic wave.
comes from the fact that the values@fT’) and¢(T,S) Therefore the rate of attenuation of an electromagnetic
obtained by fitting best curves to pseudo-data are tw@ve in seawater, which depends only on its permittivity,

VI. IMPLICATIONS FOR THE PROPAGATION OF
ELECTROMAGNETIC WAVES

right order of magnitude. We get, is not a function of the distance from a transmitting an-
. tenna. This is in accordance with the classical literature:

a(T) = 0.00314 ppt (1) the articles [22]-[26] indicate that no such change in
¢(T,8) ~ 1x102%.5 C%Kg (22) attenuation occurs as the distance from the transmitting

antenna increases even if the antennas are insulated [26],
detected for bothc(7,S) and «(T). To check that Vﬁ‘] Therefore, we e_zxpect the range in seawater to be
omparable to the skin depth, which is of the order of 0.3
these values are as expected, we need to know the ; .
o ..Mn at a frequency 1 MHz if we assume the conductivity
composition of seawater. Table | shows the densitie

'SUSY seawater to be 4 s/m [28].
of four components of seawater that have the highes owever. Al-Shammaat. al. claim that radio com-

concentrations [21]. o : . )
We note that the only significant elements are Sodiu?r%umca“(.)n over a distance of 100m is possible at MHz
. . . requencies in seawater [1]. Al-Shammaa al. [1]
and Chlorine. Because we are only interested in the orqer

of magnitude of the hydration numbers we assume thg{ther cl_aum that as the distance from' the transmitting
antenna increases, the rate of attenuation of electromag-

seawater only consists of these two components and from. .
y P nr(]a}lc waves reduces greatly. In fact, figures 13 and 14

h lcul val Wi . . ST .
the calculated value aof we get in [1] indicate that there is minimal attenuation once the
Blkcr + kng) = 11.3 (23) distance from the transmitting antenna increases beyond

It should be noted that no temperature dependance
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Fig. 1. Real and Imaginary parts of permittivity as a function of fregyen
3-4 meters. Al-Shammaat. al. [1] explain this reduction Two water molecules hydrogen
in attenuation with increased distance by claiming that I bonded to each other

the conduction current losses may be ignored once the

distance from the transmitting antenna becomes large™™ nd

We believe that such a change in attenuation of 1
electromagnetic waves in seawater could only occur U
if seawater behaves differently at small electric field /
strengths and hence at large propagation distances fronHydrogen
a transmitting antenna. If the conductivity of seawater gong
decreases at small electric field strengths, then, as the
distance from the transmitting antenna increases, the
amplitude of the transmitted electromagnetic wave would
reduce and therefore we would see a reduced rate of
atj[enuatlon' One possible eXpIanatlon. as to why Sea.""aﬁ?f 2. lonsbonded to each other through hydrogen bonded water
might be a poor conductor at small field strengths is ﬁﬁ,ecwes
follows.

lons and their
hydration shells

A positive and a negative ion may lbended to each
other through water molecules that are hydrogen bond@gh frequencies then yellow light would only be visible
to each other (See figure 2). These bonds, if they 8 to 29 cm underwater. But we can see a yellow lamp
exist, will be extremely weak and easy to break apafiuch further than 29 cm in seawater.
Therefore at high electric field strengths, with forces It is hence conceivable that the rate of attenuation
acting in opposite directions on positive and negatiecreases with decreasing field strength. It could well be
ions, these bonds might be broken apart and we wotift such a reduction has not been detected previously
get free positive and negative ions. However, for smadlecause one could not measure extremely small electric
electric field strengths, there would be no free ions fteld strengths until recently. However, with better mea-
conduct and therefore the conductivity might decreasering equipment available now one might be able to
drastically. This would particularly be the case at higheletect small field strengths.
frequencies because with alternating fields, the timeWe decided to experimentally verify if the conductiv-
available to break these weak bonds would be shortity. of seawater changes by using the setup shown in
It is well known that the conductivity of seawater idigure 3. We measured the amplitude Bfl and V2
not constant above a certain frequency. Gabillatd using a lock-in amplifier to calculate the impedance
al. [25] show that if the conductivity was constant foof salt water from the ratid’1 and V2. We used a



of seawater for varying salinities and temperatures. The

< > model derived is in excellent agreement with existing
- - £ Lock-in Ampifier empirical fits to experimental data. Also, the model uses
TVl v2 only two parameters that need to be determined from

experimental data as opposed to more than 10 parameters
= used by most empirical fits. Furthermore, the remaining

parameters in our model have a physical interpretation
Fig. 3. Experimental setup to measure the conductivity of saltwat@pd could hence theoretically be determined by indepen-
dent experiments. Moreover, because our model has a
physical foundation, we are confident that it is valid over

Princeton Applied Research EG & G 5210 amplifier at@ wider parameter (frequency, temperature and salinity)
frequency of 50 KHz and a Stanford Research Systefigge and can be used for extrapolation in regions where
SR844 amplifier at a frequency of 1 MHz. It was decide@o experimental data is available.

that it was unnecessary to use a Wheatstone bridgelhis model however does not predict large propagation
circuit because it is not essential that the impedangistances for electromagnetic waves in seawater in the
be measured accurately. We were only interested figquency range of a few Megahertz as measured by
measuring large changes in impedance as only this wodldShammaa et. al. [1]. We believe that the only pos-
explain the large differences in the rates of attenuatiosible explanation for these large propagation distances is
As a control experiment, at 1 MHz the water cell wathat the conductivity of seawater changes at small field
also replaced by a 820 carbon resistor. strengths due to hydrogen bonding in water. However, we

The electric field strength applied to the water celleasured no change in conductivity for electric fields as
was reduced by increasing the resistance of the variapfgall as12uV/m and 1.5mV/m at frequencies of0
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