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New permittivity measurements of seawater

W. Ellison,! A. Balana,! G. Delbos,! K. Lamkaouchi,?
L. Eymard,® C. Guillou,® and C. Prigent*

Abstract. We have measured the permittivity of representative samples of natural
seawater, synthetic seawater, and aqueous NaCl solutions over the frequency range 3-20
GHz, in 0.1-GHz steps and over the temperature range —2°-30°C in 1° steps. Additional
measurements have been made at spot frequencies (23.8, 36.5, and 89 GHz) and at
selected temperatures between —2° and 30°C. The data from these measurements have
allowed us to deduce an interpolation function for (v, ¢, S) in the ranges 2 = v = 20
GHz, —2° = t = 30°C, and 20%0 = S = 40%o with a precision of 1%. If the frequency
range is extended up to 40 GHz, the precision of the interpolation function is about 3%.
The data have also allowed us to compare the permittivities of natural seawater, synthetic

seawater, and aqueous NaCl solution with the same salinities. Natural and synthetic
seawater have the same permittivities within a 1% experimental error estimate. An
aqueous NaCl solution has a significantly different permittivity (up to about 6%
difference, depending upon the frequency and temperature).

1. Introduction

For microwave remote sensing applications over
the ocean using radars and radiometers, a precise
knowledge of the emissivity and reflectivity properties
of the sea surface is required. The dielectric permit-
tivity of seawater (v, ¢, S) for a frequency v,
temperature ¢, and salinity S is a vital parameter in all
models describing the interaction of a wind-rough-
ened sea surface with microwave radiation.

The main objectives of the research program were
to (1) deduce an interpolation function for (v, ¢, §)
with a precision good enough to satisfy the technical
improvements in radiometric sensitivities for use in
radiative transfer models in the frequency range
1-100 GHz and (2) elucidate the role of the ionic
content and the organic matter upon the permittivity
of seawater. An application of the proposed permit-
tivity interpolation model to actual radiometer data is
given by Guillou et al. [this issue].
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2. Literature Data and Current
Permittivity Models for Seawater
and Salt Water

Authors who describe models for the permittivity
of seawater and aqueous saline solutions are Stogryn
[1971], Klein and Swift [1977], and Aggarwal and
Johnston [1988]. The model of Liebe et al [1991] is for
pure water, but it is often used to represent the
permittivity of seawater for frequencies around 100
GHz. The hypothesis is that at high frequencies the
ionic content of seawater plays only a small role and
that there should be very little difference between
seawater and pure water. The validity of this hypoth-
esis depends entirely upon what is considered an
acceptable precision for the permittivity values of
seawater.

The goal of such models is to provide the permit-
tivity and conductivity of seawater at any frequency as
a function of the “salinity” and temperature. Such a
model has to be based upon experimental data. We
have found only three authors who report permittivity
measurements of natural seawater: Ho and Hall
[1973], Ho et al., [1974], and Blue [1980]. The first two
give data for the frequencies 1.43 and 2.653 GHz, the
temperatures 5°, 10°, 20°, and 30°C, and for a repre-
sentative range of salinities. The third reports on
measurements at frequencies of 97, 103.8, 135.6, and
183.3 GHz and over the temperature range 0°-60°C.
However, numerical data are given only for 20°C.

In spite of the small number of authors concerned
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with the dielectric properties of seawater, three im-
portant observations emerge.

1. At 14, 2.653, and around 100 GHz, untreated
(i.e., “as is”) seawater samples do not change their
dielectric properties over a period of several months.
Any ionic changes, due to organic component decom-
position, should be readily visible at the “low” fre-
quencies. No such changes were observed. Thus any
possible biological decomposition seems to have no
effect upon the permittivity.

2. The dielectric properties of seawater depend
only upon the temperature and the inorganic “ionic”
content.

3. At frequencies around 100 GHz the variations
in the ionic content of seawater have a very small
effect upon permittivity.

These observations are also confirmed by our mea-
surements.

In view of the paucity of data for natural seawater,
model makers were forced to use permittivity data of
aqueous solutions of NaCl, KCl, etc. These salts are
important constituents of seawater, and it was reason-
able to suppose that their dielectric behavior was
similar to that of seawater. The authors who gave
numerical data are Cooper [1946], Hasted et al. [1948],
Haggis et al. [1952], Lane and Saxton [1952], Saxton
and Lane [1952], Hasted and El Sabeh [1953], Weiss et
al. [1965], Barthel et al. [1970], Kumar [1979], McAvoy
and Buckmaster [1984], Winsor and Cole [1985], Johri
et al. [1991], Han et al. [1991], and Buchner et al.
[1994]. A critical analysis of these articles is given by
Ellison et al. [1995, 1996b]. The conclusions of this
analysis are that the permittivity measurements of
aqueous ionic solutions are either at a fixed temper-
ature (often 25°C) over a concentration range with
relatively large steps (0.1 N or even 1 N) or at a
variable temperature (often in 10° steps) and at a
unique concentration (or for very few concentra-
tions). Also, most of the data are for frequencies less
than 10 GHz. There are one or two other spot
frequencies (23 GHz, 48 GHz, etc.) in the older and
relatively inaccurate data. The only study over a large
frequency range (5-89 GHz) is that of Buchner et al.
[1994], but this is for an aqueous KF solution at a
temperature of 25°C. The role of KF in seawater is
probably negligible. The typical study, for a given
concentration and temperature, is at two or three
spot frequencies. Finally, there is no comprehensive
study for any aqueous ionic solution for variable
concentration, temperature, and frequency.

For oceanographic purposes the relevant tempera-
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ture range is —2°-30°C, and the relevant concentra-
tion range is 0.5 N to 0.8 N. No published data
correspond to these temperatures and concentra-
tions.

In spite of the lack of experimental data, numerous
authors have attempted spectral analyses under more
or less plausible hypotheses. The standard supposi-
tion is that for a fixed temperature ¢ of an aqueous
saline solution of “salinity” S, the permittivity is
described by a Debye function:

€0~ €x o
+— +j
1 —j27rv 2mve*

e(r,t,5) = ew

where g¢(t, S), €.(f, S) are the static and high-
frequency dielectric constants; 7(t, S) is the relax-
ation time in seconds; £* = 8.8419 X 10712 F/m; o(t,
S) is the ionic conductivity of the disolved salts in
mhos/m; and v is the electromagnetic frequency in
herz.

The Debye parameters gq(¢, S), € (t, S), and (¢,
S) depend upon the temperature ¢ and the concen-
tration S of the ionic salts. This concentration can be
represented in terms of salinity, chlorinity, normality,
etc. We shall use the notion of salinity to measure the
concentration of the ionic salts, i.e., the total weight
of the disolved salts in grams per kilogram of solution.

The parameter e.(¢, S) is, in reality, a “fudge
factor.” It is determined so that the experimental data
fit a Debye function “as best as possible.” If the data
followed exactly a Debye relaxation, then there is a
physical interpretation as the “high-frequency” per-
mittivity, where high frequency is way beyond the
ultraviolet! As real liquids rarely follow a Debye
relaxation over such a large frequency range, the
£x(t, S) obtained by a curve fitting procedure on data
measured at frequencies less than 20 GHz has no
physical significance.

For pure water it is true that over a restricted
frequency range, up to about 40 GHz, it is possible to
obtain very close approximations to the experimental
data via a simple Debye function; the parameters so
obtained will depend upon the temperature (see
Kaatze [1989] and Ellison et al. [1996] for more
detailed information). It is also true that as the
temperature increases (above 25°C) the Debye func-
tion approximates the experimental data more
closely. However, a careful analysis of the mass of
permittivity data for water and recent very precise
measurements by Barthel et al. [1991] suggest that
water does not follow a Debye relaxation over the
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frequency range 0-100 GHz and that the deviation
from Debye behavior is more pronounced as the
temperature decreases to zero. Our measurements of
saline solutions indicate that they also have a behav-
ior similar to that of pure water.

The assumption of a Debye model, together with
relatively few frequency measurements, enables the
extraction of a relaxation time and a static dielectric
constant. Unfortunately, if one uses only two or three
frequencies, the resulting Debye parameters are very
sensitive to experimental errors in the data. For any
individual article in which there are few frequency
measurements, the calculated Debye parameters are
certainly inaccurate. However, a qualitative picture
does emerge, which is probably close to the truth.

For a fixed temperature ¢ and variable salinity S,
the Debye parameters are of the form

Ess01(t, S) = €5 water(t) — 81(1)S,

Tsol(t, S) = Twater(t) = 8,()S

The parameters 8; and 8, depend upon the solute
and the temperature. The approximation seems to
hold for moderate concentrations: 0 < ¢ < 1 mol/L.
The salinity of natural seawater falls in this interval.
For “high” salt concentrations the relation is no
longer linear.

The published numerical data cannot be used to
determine &; and &, as functions of t. However, the
above linear law can be assumed to be valid with
reasonable confidence.

3. Material and Methods

The primary object of the study was to measure the
permittivity of natural seawater samples, collected in
situ. Six types of natural seawater samples, covering
the range of salinities found in the worlds oceans, were
obtained with the help of oceanography colleagues. The
samples came from the Mediterranean (latitude
42°35'35"N, longitude 00°03'13"W, salinity 38.024%0
and latitude 35°00'42"N, longitude 28°24'17"W, salinity
38.893%0); polar waters (latitude 80°00'00"N, longitude
01°34'56"W, salinity 30.255%o); the Atlantic-Gironde
estuary (latitude 45°30'76"N, longitude 00°58'49"W,
salinity 28%o and latitude 45°30'76"N, longitude
00°52'76"W, salinity 23.2%o); and the Mid-Atlantic
(latitude 44°10'30"N, longitude 14°23'16"W, salin-
ity 35.725%o).

Our collection protocol was stringent: Use steril-
ized sample bottles with sealed caps, and keep the
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samples in constant refrigeration at 4°C. A certain
number of the sample bottles were “stabilized” with
an HgCl, solution. This kills any living organisms in
the seawater.

With the original samples under strict control our
intention was to study the effect of the organic
content, storage time, and stabilizing upon the con-
ductivity and permittivity.

The electrical conductivity of all the samples was
measured using a standard conductance meter at
temperatures between —2° and 30°C. The precision of
the measurement was estimated to be about 1%. The
permittivities of all the liquid samples were deduced
by measuring a transmission coefficient of electro-
magnetic waves passing through a measuring cell
containing the liquid trapped between two quartz
windows. The apparatus used in the frequency range
3-20 GHz is “classic” and consists of (1) a Hewlett
Packard 8510B vector network analyzer to measure
transmission coefficients, (2) coaxial transmission
measuring cells, constructed in our laboratory and
designed specifically to optimize the determination of
seawater permittivity, and (3) a custom-built thermo-
static system which controls the temperature of the
measuring cell and liquid sample to *0.01°C. The
experimental precautions which were taken (thick-
ness of the measuring cells, thermal regulation, hu-
midity control, etc.) to obtain a 1% experimental
accuracy are described by Ellison et al. [1996].

For frequencies higher than 20 GHz we used a
free-air propagation transmission method with a vari-
able thickness sample cell. The apparatus used was an
ABmm MVNAS-350 vector network analyzer to mea-
sure transmission coefficients. The measuring cell is a
custom-designed variable-thickness cell. The physical
characteristics can be precisely controlled (tempera-
ture to =0.01°C, thickness of the liquid sample to =1
pm). Technical experimental details of this novel
method, which has an uncertainty of about 3% in the
resulting permittivity values in the frequency range
30-110 GHz, are given by Lamkaouchi et al. [1997].

4. Seawater: Organic Content, Storage
Conditions, and Temporal Stability

The organic content of seawater contains both
dissolved and particulate matter (living cells, “plank-
ton,” etc., as well as solid components). The usual
estimates for the density of the organic content of
seawater [Riley and Skirrow, 1965] for most ocean
areas are in the range 1.50-3.00 g/m>.
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A natural question to ask is, Does the organic
content of natural seawater have a measurable influ-
ence upon its permittivity? To answer this question,
we used samples of Atlantic seawater collected in the
Gironde estuary. The principal chemical species in
the sample corresponds to a typical seawater compo-
sition. Dissolved organic substances contained trace
elements of principally organic nitrogen, phosphorus,
various proteins, amino acids, etc., no doubt originat-
ing from agricultural fertilizers used in the coastal
region. The suspended matter in the sample consisted
of particles of organic origin and particles of inor-
ganic origin. The organic particles included bacteria,
fungi, phytoplankton, zooplankton, and detritus: the
decomposition remains of marine organisms and hu-
mus substances. The inorganic suspensions consisted
of various kinds of mineral particles derived from
rock debris and clay transported by the river water.
Trace elements of various complexes of metals, mer-
cury, cadmium, etc., were detected. The particle sizes
ranged from 1 um up to 50 um. It was estimated that
14% of the particulate suspensions were of organic
origin. The concentration of the particulate suspen-
sion in the sample was 5.75 g/m>.

We measured the permittivity of an untreated
sample within 12 hours of collection, at a temperature
of 20°C in the frequency range 3-20 GHz. Any effect
due to the organic matter should be visible here. The
sample was then filtered to remove all the particulate
matter greater than 1 um and the permittivity remea-
sured. There was no difference, within the 1% exper-
imental error, between the two permittivity values.

As there can be a considerable delay between the
collection of, say, polar seawater and the laboratory
permittivity measurements, an important question to
be answered was, Does the permittivity of the seawa-
ter samples change over time when the samples are
kept in “ideal” conditions (i.e., at 4°C, in the dark,
and in sealed sterile bottles)?

To test the effect of the time element upon the
sample permittivity, we carried out the following two
experiments: (1) Once a month, between June 1995
and June 1996, we opened a fresh bottle of Mediter-
ranean water (salinity 38.024%o0) and measured the
permittivity at 25°C and over the frequency range
3-20 GHz. (2) Using the same opened bottle (kept
stored at 4°C), we also remeasured the permittivity
once a month at 25°C and over the frequency range
3-20 GHz. The measured permittivities were always
the same, within the 1% experimental error.

As we had no a priori reason to suppose that the
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living organisms in seawater would not affect the
permittivity over a timescale of several months we
“stabilized” or “poisoned” several of the seawater
samples with an HgCl, solution when they were
collected. This kills any living organisms in the water.
It was important to find out whether this procedure
was, in fact, necessary and whether it affects the
permittivity of the samples.

Each poisoned seawater bottle sample was com-
pared with an unpoisoned bottle of the same seawater
sample. The conductivity of the poisoned sample was
always slightly higher (about 1%) than the unpoi-
soned bottle. It is possible that this is due to the
chlorine ions introduced in the sample by the HgCl,.
However, the difference is very close to the experi-
mental uncertainty of the conductance meter. The
effect of the poison upon the permittivity was mea-
sured at 25°C and over the frequency range 3-20
GHz. The difference between the permittivities of
poisoned and unpoisoned samples was always less
than 1%, which is within the experimental uncer-
tainty. Thus the conclusions of this investigation are
the following:

1. The influence of the organic content, in quan-
tities which occur in natural conditions, is not detect-
able with our measuring system, which is designed to
have an experimental accuracy of about 1% for
frequencies less than 20 GHz.

2. Seawater samples, stored in the dark at 4°C,
are stable, as far as their permittivity is concerned, for
at least 12 months.

3. It is not necessary to poison the seawater
samples to conserve them for 12 months.

These conclusions are also in accordance with the
observations of Ho and Hall [1973], Ho et al. [1974],
and Blue [1980].

4.1. The Conductivity Data for Seawater

The conductivity of seawater is a function of the
temperature and the salinity. We denote it by a(¢, 5).
For the samples under investigation we have —2° =
t = 30° and 20%0 = S = 40%o. Our intention is to
provide an interpolation function for o(#, S) within
the above ranges for use in the Debye permittivity
interpolation model.

For a fixed temperature and for salinities in the
range 20%o0 = S = 40%o, the conductivity o(¢, S),
in siemens/m, is a linear function of S, as shown in
Figure 1. This linearity over a relatively small salinity
range is reasonable, since the conductivity is propor-
tional to the number of free ions in the water and the
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Figure 1. Conductivity as a function of salinity at four

typical temperatures.

number of free ions is almost directly proportional to
the salinity. For a fixed salinity the variation of the
conductivity as a function of temperature is not
linear. A typical example is shown in Figure 2.

A straightforward regression analysis on our data
for all the seawater samples gives us the interpolation
function for the conductivity of seawater as a function
of the temperature ¢ and salinity S:

o(t, S) = c1(t) + c2(6)S
where
c1(t) = 0.086374 + 0.030606¢ — 0.0004121¢>
c,(t) = 0.077454 + 0.001687¢ + 0.00001937¢2

The average difference between the interpolated and
the measured values of the seawater samples was less

NaCl Solution(35%.)

Conductivity (S:m)

T°C

-5 0 5 10 15 20 25 30

Figure 2. Conductivity of a 35%oc saline solution as a
function of temperature.
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than 1%, which corresponds to the experimental
error of the conductance meter and is perfectly
adequate for use in a permittivity model.

4.2. The Permittivity Data for Seawater

We measured the permittivity of each of the six
natural seawater samples at 201 equally spaced fre-
quencies in the range 3-20 GHz and at 1° tempera-
ture steps in the interval 2°-30°C, with a precision of
about 1%. The permittivities of the same samples
were also measured at 23.8, 36.5, and 89 GHz and at
temperatures of —2°, 12°, 20°, and 30°C, with an
estimated precision of 3%. The raw numerical data
and many graphical representations are given by
Ellison et al. [1996a]. We report the main conclusions
here.

1. For a fixed temperature and a fixed salinity the
permittivity of natural seawater in the frequency
range 3-20 GHz is very closely represented by the
simple Debye model. The average percentage differ-
ence between the measured values and those calcu-
lated from a “best least squares fit” to the Debye
model is always within the 1% experimental uncer-
tainty.

2. For each fixed temperature, the Debye param-
eters 7(t, S), £¢(¢, S) calculated for each of the six
salinities of the seawater samples are linear functions
of §.

Our goal is to obtain polynomial interpolation
functions for (¢, §), e¢(z, S), and e, (¢, S) as
functions of ¢t and S in the Debye model. With these
functions and the interpolation formula for o(¢, §)
given in section 4.1 one can then calculate (v, ¢, §)
for any value of v, ¢, and S in the interpolation ranges.

For frequencies v in the range 3 = v = 20 GHz,
temperatures ¢ in the range —2° < ¢ = 30°C, and
salinities S in the range 20%0 = § = 40%o0, the
permittivity of seawater e(v, ¢, §) is given with a
precision of about 1% by

ego(t, S) — ex(t, )

"(v,t, S) = eult, S) +
€ (V7 ’S) € ( S) 1+47T2V272(t, S)

3 (e9(t, S) — ex(t, $))2wvr(t, S) oft, S)
B 1+ 472272, S)

o'(v, 1, 5) 2mwe*v

where v is the frequency in hertz and ¢* = 8.8419 X
107" F/m.
If we write

go(t, S) =a () + Sa,(t)
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7(t, §) = b(t) + Sby(¢)

then for each ¢ in the interval —2 = ¢ = 30°C we
calculated the coefficients a;(¢) and b;(¢) fori = 1, 2
by a least squares regression analysis. The final step is
to interpolate the parameters a;(t), b;(¢), and c;(¢)
by ad hoc polynomials, as we have no compelling
physical model to use. The results are

a1(¢) = 81.820 — 6.0503 x 10 % — 3.1661 x 10 %2
+3.1097 X 10 733 — 1.1791 x 10 %% + 1.4838
X 10 %3

a,(t) = 0.12544 + 9.4037 X 10 73 — 9.5551 X 10~ %?
+9.0888 X 10733 — 3.6011 X 10 ~%* + 4.7130
X 10783

bq(t) =17.303 — 0.66651¢ + 5.1482 X 10 732 + 1.2145
X 10733 = 5.0325 X 10 t* + 5.8272 X 107 7¢°

by(t) = —6.272 X 1073 + 2.357 X 10 % + 5.075
X 10—4t2 — 6.3983 X 10—5¢t3 + 2.463 X 10—-6¢4
—3.0676 X 10 78>

For each of the different salinities the behavior of
£x(t, §) is similar: a decrease with increasing tem-
perature, up to about 15°C, followed by an increase
with increasing temperature and no dependence upon
S. We pooled all the data and calculated a polynomial
interpolation function for (¢, §). It is

ex(t, S) = 6.4587 — 0.04203¢ — 0.0065881¢>
+0.00064924¢3 — 1.2328 X 10 t* + 5.0433
X 10 78
The conductivity term is given by
a(t,S) =c1(t) + c2(t)S
c1(t) = 0.086374 + 0.030606¢ — 0.0004121¢>

c,(t) = 0.077454 + 0.001687¢ + 0.00001937¢2

4.3. Seawater Permittivity in the Range 20 = v =
37 GHz

The extremely good representation of the permit-
tivity data in the frequency range 3 = v = 20 GHz
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Table 1. Comparison Between Measured and Extrapo-
lated Permittivities at 23.8 GHz and Salinity 38.893

’ ’ ” "

& & & &€
Temperature Extrapolated Measured Extrapolated Measured

-2°C 14,76 15,90 25,00 24,72
12°C 23,00 23,83 32,27 32,07
20°C 28,88 29,13 34,18 34,14
30°C 34,83 35,09 34,13 34,52

(less than 1% difference) means that one can extrap-
olate the model outside this range with perhaps some
loss in precision. We compared the extrapolated
permittivity values with the measured values at 23.8,
36.5, and 89 GHz for the temperatures —2°, 12°, 20°,
and 30°C. The results, at 23.8 and 36.5 GHz, for a
typical salinity are given in Tables 1 and 2.

In all cases the differences between the calculated
and the measured values were, on average, less than
the 3% experimental uncertainty. Since the four
temperatures and the salinities are fairly evenly
spread over realistic seawater values, we feel that the
extrapolated permittivities will be equally valid for
any temperature and salinity in the seawater ranges.
Thus the Debye model given in section 4.2 can be
used to calculate the permittivity of seawater in the
ranges 20 < v = 40 GHz, 20%0 = S = 40%o, and
—2° =t = 30°C with a precision of about 3%.

4.4. Seawater Permittivity at 89 GHz

For a fixed temperature we found no significant
variation of the permittivity of natural seawater as a
function of the salinity in the range 20%0 = § =
40%o0. The measured and extrapolated permittivities
are given in Table 3.

We see that the difference between the measured
and extrapolated values can be as high as 20%, which
is much larger than our supposed 3% experimental
uncertainty. There are two possible causes for this
deviation: (1) The experimental values at 89 GHz are
incorrect. (2) The single Debye relaxation model,

Table 2. Comparison Between Measured and Extrapo-
lated Permittivities at 36.5 GHz and Salinity 38.893

’ ’ " "

£ £ € €
Temperature Extrapolated Measured Extrapolated Measured

-2°C 10,27 10,83 17,36 17,57
12°C 14,43 15,01 24,34 24,24
20°C 18,40 18,91 27,37 27,78
30°C 23,45 23,32 29,02 30,03
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Table 3. Measured and Extrapolated Permittivity of
Seawater at 89 GHz

89 GHz Measured 89 GHz Extrapolated

Temperature g’ g" g g’
30°C 9.46 = 0.28 16.52 = 0.50 11.33 14.81
20°C 8.81 = 0.26 14.25 +0.42 8.78 13.15
12°C 8.09 =024 12.33 £ 0.37 7.51 11.12
-2°C 6.66 =020 9.44 *=0.28 7.17 7.39

established over the frequency range 3-20 GHz, is not
valid for “high” frequencies.

In order to test our experimental method we
measured the permittivity of pure water at frequen-
cies close to 89 GHz and at temperatures for which
there are measurements in the scientific literature.
There are data at 90 GHz (Table 4) for pure water,
reported by Richardson and Sheppard [1991]. Their
claimed experimental error is “about” 3% or 4%.

Our values were always within the claimed experi-
mental errors of these authors, and we feel that our
measurements of saline solutions, which do not differ
substantially from pure water, as far as experimental
difficulties are concerned, are correct within the
claimed error estimate of 3%. The difference be-
tween the extrapolated values and our measured
values for the seawater samples is greater than our
estimated experimental error. We believe that the
single Debye model is not valid for frequencies
greater than 40 GHz.

There is some independent experimental evidence
that for pure water the Debye model is not valid
above 40 GHz. Barthel et al. [1990, 1991, 1992] report
on the necessity of an additional Debye relaxation
term in order to account for the permittivity of pure
water for frequencies up to 90 GHz at a temperature
of 25°C. Earlier, Grant and Sheppard [1974] found

Table 4. Measured and Literature Values of Permittiv-
ity of Pure Water at 90 GHz

Richardson and

PIOM Sheppard [1991]
Tempera-
ture g g g &'
0°C 7.1 9.4 6.7 9.2
20°C 8.5 13.8 8.0 14.0
25°C 8.8 15.3 8.70 15.2
30°C 9.1 16.1 9.4 16.8

PIOM, Laboratoire de Physique des Interactions Ondes-Ma-
tiere.
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that a better fit to the experimental data for the
permittivity of pure water “around” 4°C could be
obtained by invoking a second Debye relaxation term
with a high relaxation frequency. Our measurements
confirm these observations and indicate that the
divergence from Debye behavior is even more pro-
nounced at “low” temperatures, i.e., in seawater
conditions.

4.5. Seawater Permittivity at 89 GHz as a
Function of Temperature

In view of the above observations we cannot give an
adequate interpolation function for (v, ¢, S) over
the frequency range 40 = v = 100 GHz without
having new measured permittivity data. However, we
can give an interpolation function at 89 GHz over the
temperature range —2° < ¢ < 30°C. The variation in
the permittivity of seawater due to salinity changes is
less than 3%, as is the difference between the permit-
tivities of seawater and an aqueous NaCl solution
with a salinity of 35%o. Thus we can combine the
seawater data with the data of Lamkaouchi et al.
[1997], in which the permittivity of such a solution was
measured in 1° steps over the range 0°-25°C. The
resulting interpolation formula, accurate to within
3%, is

£'(89, t) = 6.9637 + 0.049373¢ + 0.0038553¢2
- 0.000090918¢3
£"(89, 1) = 9.9715 + 0.19710¢ — 0.00082745¢2

+ 0.0000064008¢3

5. Seawater, Aqueous NaCl Solutions,
and Synthetic Seawater

An important point which seems never to have
been elucidated in the literature is the relationship
between the permittivity of natural seawater and an
aqueous NaCl solution of the same salinity. In the
current permittivity models the two sets of permittiv-
ity data are usually all mixed together, despite the
observations of Ho and Hall [1973] and Ho et al.
[1974], who found that NaCl solutions and natural
seawater of the same salinity do not have the same
permittivity at 1.43 GHz and 2.653 GHz, and Wey!
[1964], who gives different interpolation functions for
the conductivity of natural seawater and NaCl solu-
tions as a function of temperature and salinity. This
state of affairs was no doubt due to the quasi total
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Table 5. Conductivity as a Function of Temperature

Synthetic NaCl

Temperature Seawater Seawater Solution
30°C 5.672 5.775 5.861
20°C 4.692 4.766 4.787
12°C 3.932 3.994 4.019
0°C 2.868 2.912 2.946
-2°C 2.701 2.745 2.786

Values are in S/m.

lack of permittivity measurements for natural seawa-
ter and the relatively imprecise and sparse permittiv-
ity data for aqueous ionic solutions.

One of our goals was to see whether or not there is
a notable difference between the electric and dielec-
tric properties of natural seawater, aqueous NaCl
solutions, and “synthetic seawater.” We prepared
solutions of synthetic seawater which respected the
proportions of each of the major ionic components of
natural seawater. The permittivities of the synthetic
seawater were then compared with those of natural
seawater and an aqueous NaCl solution of the same
salinity.

The recommended “recipe” for synthetic seawater,
for use in chemical and biological studies, is that given
by Grasshoff [1976]. It is as follows:

Step 1 is to dissolve in 500 mL of distilled water

Substance Mass, g
NaCl 23.9
Na2804 40
KCL 0.7
NaHCO; 0.2
KBr 0.1
H;BO, 0.03
NaF 0.003

Step 2 is to dissolve in 455 mL of distilled water

Substance Mass, g
MgCl,,6H,0 10.8
CaCl,,2H,0 15

Step 3 is to mix the two solutions.

The salinity of the resulting mixture is 35%o. The
results of the conductivity measurements for the three
types of samples are in Table 5.

The conductivity of synthetic seawater is systemat-
ically higher than that of natural seawater. The mean
percentage difference is about 1.5% at all tempera-
tures. This is rather close to the experimental uncer-
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tainty of the conductance meter which we used. This
apparatus has to be calibrated; the calibration is
accurate to 1%, and any error will give a systematic
error in the measured result. This alone could pro-
duce a difference of 1%. Our conclusion is that to
within the limits of our experimental technique, there
is no difference between the conductivity of natural
seawater and synthetic seawater over the temperature
range —2°-30°C.

The conductivity of the aqueous NaCl solution is
significantly higher than that of natural seawater at all
temperatures. The difference varies between 2% and
3%. This is larger than the experimental uncertainty.

We conclude that the conductivity of an aqueous
NacCl solution is between 2% and 3% higher than the
conductivity of a natural seawater sample with the
same salinity. This observation corroborates the work
of Weyl [1964] and Ho and Hall [1973], who found a
similar difference.

The permittivity measurements were in the fre-
quency range 3-20 GHz and over the temperature
range —2°-30°C in 1° steps. At all frequencies and
temperatures the difference between natural and
artificial seawater was within the 1% experimental
uncertainty of our measuring system. We conclude
that natural seawater and synthetic seawater have the
same permittivity over these temperature and fre-
quency ranges. There was a difference between nat-
ural seawater and the aqueous NaCl solution. The
difference was maximum at 3 GHz and in the tem-
perature range 0°-5°C, as can be seen in Figure 3. The
difference in the permittivities was still significant up
to about 10 GHz and rapidly drops to within the
experimental uncertainty for higher frequencies.

As a conclusion to this section, for conductivity
measurements and permittivity measurements in the
frequency range 3-20 GHz and in the temperature
range —2°-30°C, with a claimed experimental preci-
sion of about 1%, we found that (1) there is no
significant difference between natural seawater and
synthetic seawater made using the above standard
recipe and (2) there is a significant difference in the
conductivity and permittivity between natural seawa-
ter and an aqueous NaCl solution of the same salinity.

In view of these observations we suggest that any
future measurements of the permittivity of seawater
can be carried out using synthetic seawater made with
the above recipe. This obviously reduces the cost and
difficulty of obtaining natural seawater from remote
areas. However, if it is ever required to obtain more
precise permittivity measurements for seawater, espe-
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Figure 3. Comparison between the permittivities of natu-
ral seawater, synthetic seawater, and an NaCl solution, at 3
GHz, all with a salinity of 35%o.

cially for frequencies less than 3 GHz, then it will be
necessary to redo a careful comparison between the
synthetic seawater and the natural seawater samples.

6. Conclusion

We have shown that the permittivity (v, ¢, S), of
seawater can be calculated, to within 1%, by a simple
Debye model for the parameter ranges 3 < v < 20
GHz, 20%0 = S = 40%o, and —2° < ¢t = 30°C and
to within 3% over the extended frequency range 20 <
v < 40 GHz.

Our measurements at 89 GHz show that this model
cannot be extrapolated to higher frequencies with an
acceptable accuracy. However, in order to correctly
exploit radar and radiometer data, it is essential to
have precise permittivity measurements of natural
seawater with an accuracy of better than 5% in the
frequency range 40-100 GHz and in the temperature
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range —2°-30°C in 1° steps in order to construct a
more reliable model. Such measurements are in
progress, and we shall report upon this work later.

We have also shown, on the one hand, that for
frequencies between 3 and 10 GHz, there is a signif-
icant difference between the permittivities of natural
seawater and an aqueous NaCl solution of the same
salinity and, on the other hand, there is no significant
difference between the permittivities of natural and
synthetic seawater for frequencies greater than 3
GHz. This means that one does not have to go to the
considerable trouble of collecting actual seawater
samples for permittivity studies greater than 3 GHz.
However, if it is ever necessary to have data which are
more precise than our 1% experimental uncertainty
or for frequencies less than 3 GHz, one should
reconsider the comparison.
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