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MEASUREMENTS OF THE DIELECTRIC PROPERTIES

OF SEA WATER AT 1.43 GHz

by

W. W. Ho, A. W. Love and M. J. Van Melle

Members of the Technical Staff

Rockwell International Corporation

1.0 INTRODUCTION

It has been shown in previous work that one of the necessary criteria

for absolute measurement of ocean surface properties by microwave radiometry

is that the dielectric properties of sea water be accurately known at the

frequency of observation [1], The results of an in-depth study carried out

in the past [2], which involved all aspects of the problem concerning the
v>

remote sensing of surface temperature of the world s oceans with an S-band

microwave radiometer, have shown that in the absence of severe sea surface

state conditions, measurements can be made which are accurate to 0.1 K in

brightness temperature or 0.3 K in molecular temperature. It is the purpose

of this study to extend the measurements of dielectric properties of sea

water samples to L-band frequencies and to apply the lajboratpry experimental

results to calculate ocean surface emissivities as a function of chlorinity

and temperature. In this frequency region it is expected that the brightness

temperature will be more sensitive to surface chlorinity than to the molecular

temperature of the sea surface over fairly wide ranges of chlorinity and tem-

perature values. For this reason, the results are also interpreted in light

of possible application for the remote measurements of sea surface chlorinity.



All measurements were carried out at a frequency of 1.43 GHz, and over

the temperature range of 5 C to 30 C. Since the variation in the dielectric

properties of sea water can be related uniquely to the sodium chloride con-

centration alone and is independent of geographical location, the samples

used were collected only at limited locations where the chlorinity varied

from 2 o/oo to 20 o/oo. For purposes of comparison, and also to provide a

check on the absolute accuracy of the measurements, the dielectric properties

of distilled water and of pure sodium chloride solutions whose concentration

varied from 0.3N to 0.7N, were also measured over the same temperature range.

A detailed analysis of the results indicates that the measured values

are accurate to better than 0.2% in e1 and 0.4% in e" which in turn implies

that the calculated brightness temperatures as a function of temperature and

chlorinity are accurate to better than 0.2 K.^



2.0 EXPERIMENTAL TECHNIQUE AND APPARATUS

The method used to measure the real and imaginary parts of the dielectric

constants (e? and e") of the samples was similar to that employed previously

for the S-band measurements. A sample of known volume is introduced into a

high Q TM resonant cavity by means of a capillary tube. The dielectric

constants e1 and e" are measured by determining respectively the shift in the

cavity resonant frequency and the change in the quality factor, Q, of the

cavity. Since a detailed description has been reported elsewhere [1], this

report merely summarizes some of the pertinent expressions and indicates those

necessary modifications made in the apparatus for working at 1.43 GHz.

The expressions relating the dielectric constants to the measured para-

meters of a TM cavity, for a sample introduced along the axis of the cavity

in a lossless cylindrical sample tube, are given by

6 = [vo/2J1
2(xo)](e;-D(r1/r3)

2
i

• A(1/QQ) = [J1
2(x0)T

1[es" (r1/r3)
2],

and . e"/(e '-!) = (v /26\A(1/Q ),
s s \ /

where v .is the resonant frequency of the cavity with the empty sample tube

in place, 6 is the frequency shift due to the sample, e ' and e " are the
S o

dielectric constants of the sample material, r.. and r are respectively the

radius of the sample and the radius of the cavity, A(1/Q ) is the change in

the unloaded quality factor, Q , of the cavity, and J1 (x ) is the value of

the Bessel function J (x) at the first-zero of;J (x).

As was the case for the previous work at S-band, all measurements were

made relative to distilled water. Aside from the obvious advantage that all

systematic errors tend to cancel, there is -the-^additional factor that at

1.43 GHz, the dielectric loss in distilled water is relatively small so that

much larger sample tubes, whose volume can be measured to higher accuracy,

can be used. This in turn implies that higher precision can be achieved in

the absolute measurements of the dielectric constants.

An assembly drawing of the cavity is shown in Figure 1. The main body

was constructed of oxygen-free copper and a water jacket was soldered to the

outside of the cavity for precision temperature control. Coupling to the

cavity was achieved via a coaxial loop whose location and approximate
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dimensions are shown in Figure 2. The loop size was adjusted so that a

coupling coefficient of better than 99% was achieved for the empty cavity.

The quartz sample tubes were centered along the axis of the cavity by .means

of a set of precision-machined teflon plugs. Provision was made to tune the

resonant frequency of the cavity by means of a micrometer screw with a 2.5 cm

total travel. Since it was required that measurements be made at temperatures

below ambient, all joints were either sealed with rubber 0-rings or with press-

fit teflon plugs, and the cavity was always flushed with dry nitrogen through

the small opening shown in Figure 1 before each set of measurements in order

to prevent water vapor condensation. The cavity was placed in a foamed,

insulated enclosure and the temperature of the assembly was controlled with

circulating water from an external constant-temperature water bath. The cavity

temperature was monitored with a set of thermistors embedded in the cavity

body. These measurements indicated stability to be better than 0.03 C.

The sample tube was fixed in position as shown in Figure 1, and water

samples were introduced and removed from the capillary section within the

cavity by applying compressed dry nitrogen at the inlet. The tube was flush-

ed with distilled water several times after each measurement and then dried

with nitrogen to insure that no contamination of the sample could take place

due to residues from the previous run. Typical change in the resonant fre-

quency for dry tube measurements during the course of a few hours is of the

order of 1 kHz, or 7 parts in 10 , indicating excellent repeatability and

stability. This is only slightly larger than the change due to typical

observed systematic temperature drift over the same time period. Measure-

ments carried out for the same sample, while repeating the sample handling

procedure outlined above, agree to within j^ 0.3 kHz, corresponding to a

measurement accuracy of better than 6.1% in e' for most ~cases.~~~°~ =~

A complete schematic diagram of the electronic equipment and microwave

components used in the measurements is shown in Figure 3. Since at L-band,

the transmission characteristics of coaxial components approach those of

waveguide devices, for convenience coaxial components were used throughout.

The frequency generation and power-levelling scheme is similar to that used

in previous work at S-band, as are the basic modulation and phase-locking

techniques.
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For resonant frequency measurements, the frequency-modulated microwave

power reflected from the cavity is detected by the crystal diode and the

modulation-component of the output is measured with a lock-in detector/

amplifier. When the modulation is small compared to the width of the cavity

resonance, the signal is proportional to the derivative of the resonance

curve and the output at the resonant frequency is zero. The output of the

lock-in amplifier is then used to control the frequency of the microwave

oscillator in a feedback loop so that the oscillator is always at the reso-

nant frequency of the cavity. This output is directly measured with a

frequency counter. The measurements were found to be accurate to + 100 Hz.

For attenuation measurements, the variable attenuator was calibrated

at the end of each series of measurements with a. substitution-type RF

attenuation calibrator. The variable directional coupler was set at 64 db

and the signal from the coupled port was mixed with the output of a local

oscillator whose frequency was set to give a difference frequency equal to

the IF frequency of the Attenuator Calibrator (30.44 MHz). The difference

signal is then amplified by a low noise linear preamplifier and applied to

the input of the attenuation calibrator. A 11 db attenuator pad was found

necessary to prevent saturation and non-linearity. The microwave variable

attenuator was initially set at a convenient reference setting and the

calibrator was nulled by inserting a known IF attenuation. An increase

or decrease in the microwave variable attenuator setting is then directly

measured by resetting the calibrator for null indication. The repeatibility

of the setting was found to be + 0.02 db, and the calibration for the micro-

wave attenuator over a period of weeks changed by at most 0.04 db.



3.0 RESULTS

3.1 Sample Preparation and Analysis

Sea water samples, and sodium chloride solutions from 0.3N to 0,7N pre-

pared with distilled water, were analyzed to an accuracy of 0.3% with a

silver nitrate titration method. Sea water samples of low chlorinity were

obtained from various locations in the Chesapeake Bay area. High chlorinity

samples were obtained from the coastal waters of southern California. The

Chesapeake Bay samples were also analyzed for salinity with a conductivity

bridge method by Old Dominion University. The results of the two methods of

analysis are compared in Table 1. As can be seen, the average difference

between the two sets of results is of the order of 0.5%, with the conductivity

method giving consistently lower values of chlorinity. This discrepancy is

possibly due to the difference in experimental method, or perhaps to sample

evaporation with time, since, due to shipping from the east coast, the titra-

tion measurements were carried out several weeks after the conductivity

measurements. For consistency, the titration values were used in the sub-

sequent data analysis since all dielectric measurements were performed nearly

concurrently with the titration of the samples.

3.2 Empty Cavity Measurements

Measurements were performed on the resonant frequency and the Q factor

of the empty cavity as a function of temperature. At 20 C, the resonant

frequency was found to be 1430.677 MHz which corresponds to an effective

diameter of 16.04036 cm. The diameter of the cavity as measured by a

caliper was 16.048 + .003 cm, indicating agreement to within 0.05%. The

fractional change in resonant frequency with temperature was found to be

approximately 1.55 x 10 per degree centigrade and is linear over the

range of measurements. This value is consistent with the thermal expansion

coefficient of oxygen-free copper.

. The Q of the empty cavity, measured by the standard method previously

reported, [1], was found to be 20,435 at 5 C, 20,367 at 10 C, 20,000 at 20 C,

and 19,858 at 30 C. The repeatibility of the measurements was found to be

better than 0.2%. The theoretical Q of the cavity is calculated to be

24,000 at 20 C or 20% higher than the actual measured Q. This agreement

is good by microwave standards since microscopic surface irregularities



Table 1 Comparison of Chlorinity Values

Sample

No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

*Large er

Chlorinity from

• titration (°/oo)

13.94

13.23

12.99

11.97

11.08

9.93

8.30

7.87'

6.99

4.57

2.27̂

0.224

18.72

19.25

19.50

ror in measurement due

Chlorinity from

Conductivity ( /oo)

13.84

13.22

12.91

11.89

10.97

9.886

8.256

7.856

6.973

4.523

2.266

0.667

not measured

not measured

not measured

to low chlorinity.

°/o Difference

0.72

0.08

0.62

0.67

1.00

0.44

0.53

0.18

0.24

1.00

0.18

*

10



never allow attainment of surface conductivities as high as those calculated

from the DC conductivity of the metal. The decrease of Q corresponds well

with the decrease of conductivity with increasing temperature.

3.3 Distilled Water Measurements

The frequency shift and the change in Q of the cavity were measured for

distilled water at 5 C, 10 C, 20 C, and 30 C with a variety of different size

sample tubes. Both triple-distilled water and de-ionized water were used

with no measurable difference in the results. For the shift measurements,

the data obtained for different sample tubes agreed very well with each

other, i.e. the ratio of the frequency shift at each temperature for two

different size sample tubes was a constant to within 0.05%, the constant

being the ratio of the volumes of the two sample tubes. For optimal sensi-

tivity, the sample tube size was chosen such that the frequency shifts were

of the order of 1.2 MHz with a corresponding decrease in Q by about a factor

of 4 (^ 5000), The Q of the cavity was measured to an accuracy of + 0.15%.

The volume of the sample was measured by two different methods. After

a full set of data was obtained, the sample tube was removed from the cavity

and cut at the exact positions corresponding to the inner boundary walls of

the cavity. The tube was then mounted in a constant temperature ice/water

bath fixture as shown in Figure 4. The sample tube was then filled with a ,

standard IN KC1 solution whose conductivity is accurately known, and the

resistance of the KCl solution contained in the sample tube was measured

with an A.C. bridge. For the sample tube diameter and length in question

the resistance was of the order of lOOKft. The resistance of the empty tube,

as measured by trapping a section of air in the capillary sample tube was of

the order of 1000 megohms and stray effects occurring between the ends of the

capillary tube and the platinum electrodes were found to be negligble (less

than 10 n). The length of the tube was measured with a travelling microscope

to better than 0.05% and the resistance values were measured to better than
4

1 part in 10 .

For a uniform cross-sectional area tube of length £ filled with a

conductor of conductance K, the volume of the sample is related to its

total resistance R by, '

11
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For extremely non-uniform tubes, the above method breaks down in deter-

mining the volume of the sample since the result will more heavily weight

the smaller cross-sectional areas, and the volume measured will be smaller

than the true volume of the sample. It can be shown, for a sample tube of

uniform taper whose cross-sectional area varies as A = A +A..JI, that the

measured volume V is related to the true volume V by the expression
m o

V /V = 1 + -r|- (x2-x3 + )
o m 12

where x = (A, £ )/A , and I is the length of the tube,
l o o o

For x = 0.05, i.e. a 5% taper in the tube, the error introduced is of

the order of only 0.02% whereas for a 10% taper, the error is of the order

0.08%.

Since for the present application, the sample tubes used were chosen

for non-uniformity of less than 5%, the above method is well-suited to the

measurements and the probable error introduced should be at least less than

0.05%.

After the above measurement was performed on the sample tube, the tube

diameter was measured directly by potting the tube in epoxy and sectioning

it into approximately 10 pieces. Each end was photographed and a certified

scale was used to compute the magnification factor. The photographs were

measured and an average value was computed for the cross-sectional area.

The two results, when compared, agreed to within 0.05% which is approx-

imately the uncertainty expected for the second method. For the calculation

of the absolute values of e1 and e", an average value from the results of

the two measurements was used.

The results for e1 and e" are tabulated in Table 2 and plotted in

Figures 5 and 6. They are consistent with previous measurements by other

workers as well as being in good agreement with the values calculated from

the data deduced by Hasted with a "constraint filtering program" which

utilizes all the available data on water at all frequencies [3], The

agreement in e' is within 0.2%, while the value of e" is slightly lower

(about 2%) than the calculated values. This is not very surprising since

the calculated value for e" is, to first order, linear in the relaxation

time which is only determined to 2nd place accuracy by Hasted's method.

13



The dashed-dot line in Figure 5 is the static, or DC value, for the

dielectric constant of distilled water.

3.4 e' Measurements for NaC& Solutions and Sea Water

The real part of the dielectric constant was determined by measuring

the frequency shift due to the sample in a given sample tube and then compar-

ing it to the shift produced by distilled water in the same tube. Different

size tubes were used for different samples, depending on the chlorinity of

the sample. The results of these relative measurements are shown in

Figures 7, 8, 9, and 10. As was found to be the case at S-band, the data

can be fitted accurately over the entire range of chlorinity* with a

straight line, with the sea water data shifted slightly from that for NaC£

solutions.

The data were least-square fitted to expressions of the form,

1 -1) = a 4- a, x
s o 1

where x is the chlorinity in /oo, e1 is the dielectric constant for distill-w
ed water and e' that for the sample.

S

Table 2 e1 and e" for Distilled Water as a Function

of Temperature

Temperature

5 C

10 C

' 20 C

30 C

e'

84.54

82.96

79.56

76.14

e"

10.742

8.888

6.285

4.783

*Sea water is usually characterized, not by chlorinity, but by salinity,

defined by, Salinity in °/oo » 0.03 + 1.805 (Chlorinity in °/oo).

14
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Table 3 Values for the Coefficients a and a, as
o 1

Functions of Temperature

Temp. .

5 C

10 C

20 C

30 C

a
o

1.0040

1.0015

1.0017

1.0016

Aa
o

0.0007

0.0008

0.0007

0.0007

al

5.67xlO~3

5.56xlO~3

5.50xlO~3

5.14xlO~3

Aal

5xlO~5

7xlO~5

6x1 0~5

6xlO~5

RMS deviation of data
points from best fit
value

0.0009

0.0010

0.0010

0.0010

The results for a and a, at each of the four temperatures under con-
o 1

sideration are tabulated in Table 3 together with the estimated errors. As

can be seen, the rms deviation of the data points from the values computed

from the best-fit expressions are of the order of 0.1%. The temperature

dependence of a is shown in Figure 11.

It is interesting to note that the values of e' do not reduce to the

value obtained for distilled water when extrapolated to zero chlorinity,

i.e. the a coefficients are not exactly equal to unity. This is most
o

probably due to the fact that the samples used were, for the most part,

obtained from brackish water rather than by diluting sea water with distilled

water. It is well known that the relative concentration of the various ions

in coastal water regions near rivers does not stay constant as is the- case

for the open ocean. In particular, the sulfate and nitrate concentration

tends to increase in relation to the chloride ions.

A similar effect was noticed for brackish water samples in the S-band

work.

3.5 e" Measurements for NaCft Solutions and Sea Water

The dielectric losses were measured by observing the changes in Q of

the cavity from that for the empty cavity. The sample size was chosen such

that the measured Q was in the range from 3000 to 7000. The results were

then used,, in conjunction with the observed frequency shift obtained for

each sample while using the same sample tube, to calculate the quantity

21
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As the conductivity contribution to the dielectric loss varies inversely

with frequency, the values for e" at 1.43 GHz are quite large and, in cases

of high chlorinity, exceed those for e1. This condition imposes conflicting

requirements in the measurements since the sample tube size cannot always be

chosen such that the accuracy for both the frequency shift and Q measurements

are simultaneously maximized. Consequently, the uncertainty in the measured

dielectric losses is somewhat larger than that for e1.

The results of these measurements are shown in Figures 12 and 13, and

the relatively larger scatter in the data points reflects the above mention-

ed difficulty.

As can be seen from the graphs, good linear fit in chlorinity is again

obtained, with the sea water data showing slightly more dielectric loss than

that for NaCJl solutions of equivalent chlorinity.

A least square fit was made to an expression of the form,

The results for c and c, together with their error estimates are given in
o 1

Table 4.

The temperature dependence of the coefficient c and c1 are shown in

Figure 14, together with the corresponding values of c obtained for distill-

.ed water. As in the case for e1, it can be seen that the sea water samples

at zero chlorinity give a slightly larger dielectric loss than those for

distilled water.

Table 4 Coefficients c and c, as Functions of Temperature
o 1

Temp.

5 C

10 C

20 C

30 C

c
o

0.1368

0.1178

0.0864

0.0653

Ac
o

0.0041

0.0035

0.0033

0.0052

Cl

0.02765

0.03282

0.04391

0.05809

AC1

3.4xlO~4

3.2xlO~4

2.8xlO~4

4.5xlO~4

RMS deviation of data
points from best fit
value

5.4xlO~3

5.9xlO"3

5.1xlO~3

9.2xlO~3
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4.0 EMISSIVITY AND BRIGHTNESS TEMPERATURE CALCULATIONS

The emissivity for radiation viewed normal to a smooth dielectric surface

is given by

1 - (e)'e = 1 -
1 +

where e is the complex dielectric constant of the surface material.

The brightness temperature T is then given by
B

TB = eT.

The emissivity and brightness temperature can be computed directly for

sea water from the data given in Tables 2, 3, and 4, for conditions under

which the present experiments were carried out. For this purpose, it is

more convenient to rewrite the sea water expressions for e' and e" in the

form,

e'(x,T) = (e'+a 4a x-l)/(a +a.x)
W O JL O _L

e"(x,T) = (c +c x)(e'-l)/(a +a-x)
O 1 W O 1

where e1 is the real part of the dielectric constant for distilled water at
w

temperature T, x is the chlorinity in o/oo, and all other parameters are as

previously defined.

It is noted in these expressions that all quantities are functions only

of temperature, whose values can be obtained, within the range of validity

of the experimental data, by fitting the values given in Tables 3 and 4 to

expressions involving the temperature alone. These fits are strictly

empirical but the results obtained are consistent with the expected

accuracy of the measurements and hence may be used in subsequent calcula-

tions without introducing any additional error.

The expressions obtained for these parameters and coefficients are;

e1 = 85.98 - 0.271T - 3.70 x 10~3T2 + 6.0 x 10~5T3
w

e" = 13.03 - 0.5062T + 9.91 x 10~3T2 - 7.3 x 10~5T3
w

a = 1.0022
o

a = 0.005786 - 1.96 x 10~5T

27



c = 0.1564 - 4.12 x 10"3T + 2.07 x 10~5T2 + 5.13 x 10"?T3
o

c-ĵ  = 0.02231 + 1.105 x 10~3T - 9.63 x 10~6T2 + 4.18 x 10~?T3

where the temperature is in degrees centigrade (i.e. Celsius).

The above expressions have been used to calculate the emissivity as a

function of salinity at each of the four experimental temperatures, 5, 10,

20 and 30 C, and at two interpolated temperatures, 15 and 25 C. The results

are given in Table 5 which also includes columns for chlorinity and for

brightness temperature. Both emissivity and brightness temperature values

have been rounded off to the third significant figure.

The same information given in Table 5 is presented in graphical form in

Figures 15, 16 and 17. Inspection of the latter two families of curves shows

that brightness temperature is only weakly dependent on physical temperature

for salinities in the range of 20 to 40 o/oo.
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Figure 15 Emissivity Versus Sea Temperature with Salinity
as a Parameter
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