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Abstract— The model expressing the dielectric constant of sea
water at microwave frequencies as a function of salinity and tem-
perature is an important element in remote sensing of sea surface
salinity. It is also important independently as a description of
the physical properties of salt water. A major milestone was the
development in the late 1970s by Klein and Swift of a model based
on laboratory measurements at L- and S-band and a functional
form supported by theory for polar molecules and previous work
on freshwater. Much of the subsequent work has focused on
measurements at higher frequency and determining model para-
meters tuned to apply for applications, such as remote sensing of
sea surface temperature (SST). Interest in the dielectric constant
at 1.4 GHz (L-band) increased again with the development of soil
moisture ocean salinity (SMOS) and Aquarius to measure salinity
from space, but there have been few new measurements at L-band
and often confusion regarding the applicability of new models
at 1.4 GHz. The objective of this article is to compare available
models in the context of how well they represent the dielectric
constant of sea water at 1.4 GHz. Among the criteria applied will
be the recent measurements at the George Washington University
of the dielectric constant at 1.4 GHz.

Index Terms— Dielectric constant, L-band, microwave remote
sensing, ocean salinity, sea water.

I. INTRODUCTION

MODEL for the dielectric constant of water as a function
of salinity and temperature is an essential element in
remote sensing of parameters of the ocean surface, such as
salinity and temperature. The beginning of passive microwave
remote sensing of the oceans in the 1970s [1], [2] increased
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the importance of a good model. A major milestone was the
development of a model for saltwater by Klein and Swift [3]
based on laboratory measurements at L- and S-band and
employing a functional dependence on frequency based on the
response of polar molecules [4], [5]. Most of the work on the
dielectric constant of sea water afterward was done to extend
the model to higher frequencies [6], [7], [8], [9], [10], [11] for
applications, such as remote sensing of sea surface temperature
(SST), but the development of sensors to measure sea surface
salinity (SSS) from space, such as soil moisture ocean salinity
(SMOS) [12], [13] and Aquarius [14], motivated new work
at L-band, including new measurements [15], [16] and new
models [15], [17], [18], [19].

Research on the microwave response of the water mole-
cule [4] established the functional form for the dielectric
constant, and as a result, all the models are similar in their
functional dependence on frequency. Mathematically, they can
all be evaluated at any frequency and they are remarkably
similar from 1 to 100 GHz. The result is a plethora of models
with similar features but fitted to measurements covering a
varying range of frequency, temperature, and salinity. To apply
the models without regard to the limitation set by the data used
in fitting the model can lead to misrepresentation and error in
the retrieval of science products. This is especially the case
in remote sensing of salinity, where high accuracy is required
on both the radiometer (e.g., 0.1 K) and the model for the
dielectric constant (0.25%) [20].

The objective of this article is to take a close look at the
models for the dielectric constant of sea water in the context
of remote sensing of SSS and how well they represent the
dielectric constant of sea water at 1.4 GHz. These are not nec-
essarily identical criteria as some models are tuned to optimize
remote sensing, such as [10], [11], and [19], and others are
tuned to fit laboratory measurements of the dielectric constant
[3], [7], [17]. The success of a model in remote sensing is
not necessarily a measure of its accuracy representing the
dielectric constant of sea water. This is so because empirical
adjustments in the retrieval algorithm can hide errors in the
model for emission from the surface. In the following sections,
nine models reported in the literature for the dielectric constant
of sea water will be compared at 1.4 GHz. It will be clear
that some of the models should not be used at L-band. The
remainder will be compared with the laboratory measurements
at GWU [15], [17] to assess their representation as a function
of temperature and salinity of the dielectric constant of sea
water. In Section II, a brief introduction will be given to the
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functional form of the models of the dielectric constant of
sea water. The models are described in Sections III and IV
and they are compared as a function of frequency and com-
pared at 1.4 GHz as a function of salinity and temperature.
A comparison by model component (e.g., conductivity,
relaxation time, and static limit) is given in Appendix I.
In Section V, the models are compared against the laboratory
measurements at 1.4 GHz. The implications with respect to
remote sensing and the representation of the dielectric constant
of sea water are discussed in Section VL.

II. BACKGROUND: THE MODEL FUNCTION

The dielectric constant of sea water consists of two parts, a
contribution due to orientation and/or distortion of the water
molecule (called “polarization” [5], [21]) and a contribution
due to motion of charge (current). Theory for the polarization
of an ideal polar molecule in a viscous (i.e., damping) medium
was developed by Debye [4] and Somaraju and Trumpf [5],
and experimental evidence supports this solution for water
[22], [23]. All the models discussed here employ this form for
the frequency dependence. About half the models examined
here employ one Debye “resonance’ and half employ a second
resonance as suggested by Stogryn et al. [6] to get a better
fit at higher frequency. Adding salt to water makes the liquid
conducting, necessitating an additional term to account for the
current. The model with two resonances has the following
form:

&g — €1

1+ jor

1 — €00 .o

(1

¢ =éoot 1+ jor, Ja)eo
where f is the frequency, ¢, is the permittivity of vacuum,
and the other parameters, such as conductivity, ¢, relaxation
times, 7; and 75, and static limit, ¢, are to be determined from
measurements. In those models with a single resonance, &; is
replaced by &qo.

Measurements suggest a relaxation time for the first res-
onance near t; = 0.05 ns (near 20 GHz) depending on
temperature [22], [24]. Models employing a second resonance
have resonant frequencies above 100 GHz and for applications
at the low end of the microwave spectrum, for example
at 1.4 GHz for remote sensing of SSS, the first resonance
is dominant. Most models intended for use specifically near
1.4 GHz only include the first Debye resonance term.

Since the model for the dielectric constant should reduce to
fresh water when S = 0, it can be argued that the static term,
&g, can be written in the following form:

es = A(T){1 — B(T)S} )

where A(T) and B(T) are the functions to be determined.
This form was used by Guillou et al. [9] and adopted by
Boutin et al. [19] as suggested by Somaraju and Trumpf [5].
The form was also adopted in the recent model of
Zhou et al. [17] but with B dependent on salinity
li.e., B = B(S, T)]. Zhou et al. [17] found that using this
constraint reduced the number of unknowns and resulted in
a better fit than an earlier model, which attempted a third-
order polynomial in S and 7 for the static term [15].
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The last term in (1) follows from the definition of current:
that is, a macroscopic model with the assumption that the
motion of charge is proportional to the electric field with a
proportionality constant called conductivity, o. The definition
of “practical salinity” in terms of conductivity established
a relationship between salinity, temperature, and conductiv-
ity [25]. Stogryn et al. [6] inverted this definition to establish
the model, o (S, T), needed in (1). This inversion has been
revisited and is available as public code [47]. The models by
Meissner and Wentz [10], [11] and Boutin et al. [19] adopted
this definition, but there is little variation and o (S, T) is very
similar for most models (Appendix I).

The parameter &, is mathematically the limiting value at
f — oo, but the value in this limit is not established and &4,
is treated as a parameter to be determined. It is perhaps the
parameter with most variation among the models discussed
here. Most models have values ranging from 3 to 6 but with
choices ranging from a constant to a function of § and T
(details are in Appendix I).

In the following sections, the models will be compared.
In Section III, they are compared as a function of frequency
and then at 1.4 GHz compared as a function of salinity and
temperature. In Section IV, the models will be compared to
laboratory measurements of the dielectric constant at 1.4 GHz
[15], [17]. The component parts of each model (i.e., relaxation
time, static term, conductivity, and high frequency limit) are
compared as functions of S and 7 in Appendix I.

III. MODELS TO BE COMPARED

The models to be compared are listed in the following in two
categories, those composed of a single Debye resonance and
those using two resonant terms. Generally, those composed
of a single resonance are designed for use near 1.4 GHz and
those with two resonances were intended for use at higher
microwave frequencies. However, there are exceptions, such
as FASTEM [18] and the model of Meissner and Wentz
[10], [11], which use two resonances and are applicable
at 1.4 GHz, and the model by Guillou et al. [9], which
includes a single resonance and was intended for use at higher
frequencies.

A. Models With a Single Resonance

KS: Klein and Swift [3]: Based on laboratory measurements
at 1.43 and 2.65 GHz using a reflection cavity technique by
Ho et al. [26] and Ho and Hall [27]. The data cover a range
of approximately 5 < 7 < 30°C and 4 < S < 35 psu.

BA: Blanch and Aguasca [16]: Based on laboratory mea-
surements at 1.4 GHz over the range of 0.5 < f < 2.5 GHz
using a transmission line method and with salinity and temper-
ature covering the range 0 < S <40psuand 0 < T < 38 °C,
the later in steps of 7 °C.

GW: Zhou et al. [17]: Based on laboratory measurements at
1.4 GHz using a resonant cavity technique at 1.413 GHz and
covering the range 0 < § < 38 psuand —1.5 < T < 35 °C.
This is an extension of earlier work, which fit a polynomial
to the measurements [28].

BV: Boutin et al. [19]: Uses the functional form in (2)
for the static term with A(7T) the freshwater value and
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B(T) tuned to optimize the retrieval from SMOS measured
brightness temperature. The conductivity is as proposed by
Stogryn et al. [6] and McDougall et al. [47], and the relaxation
time, A(7) and the high frequency limit are the S = 0 values
as given by Meissner and Wentz [10], [11]. Tuned to apply at
1.4 GHz and 0 < T < 30 °C and 32 < SSS < 38 psu.

EL: Guillou et al. [9] and Ellison et al. [7]: Based on
measurements from 3 to 20 GHz in 0.85-GHz steps and
covering —2 < T < 30 °C in 1° steps for each of six salinities
23.2, 28.0, 30.024, 35.0, 38.024, and 38.893 psu also with
selected measurements in this range at 23.8, 36.5, and 89 GHz.
Nominal range for model fit: 3 < f <20 GHz, -2 < T <
30 °C, and 20 < S < 40 psu.

B. Models With Two Resonances

MW: Meissner and Wentz [10], [11]: Uses the conductivity
given by Stogryn et al. [6] and the measurements of Ho er al.
[26] and Ho and Hall [27] at L- and S-band and Guillou et
al. [9] at 85 GHz; and the dielectric constant of fresh water
is fitted to laboratory measurements in the frequency range
1.7-410 GHz [29], [30], [31], [32]. The relaxation time and
other parameters have been tuned to improve the fit to special
sensor microwave/imager (SSM/I) and Windsat measured TB
especially near 37 GHz [33], [34]. The range of application
is0 < S <40 psu, 2 < T < 29 °C, and frequencies up
to 90 GHz.

FM: FASTEM-4: Liu et al. [18]: Input data cover the range
—2 <T <30°Cand 0 < § <35 psuand 14 < f <
410 GHz. The model parameters are fitted using measurements
of the dielectric constant as follows: 1) the measurements at
23.8, 36.5, and 89 GHz for a constant salinity of 38.89 psu
and water temperatures of —2 °C, 12 °C, 20 °C, and 30 °C as
reported by Ellison ef al. [7]; 2) the measurements at 1.43 and
2.65 GHz reported by Ho et al. [26] and Ho and Hall [27] used
in the KS model; 3) measurements at 35 psu at frequencies
of 30-105 GHz and at temperatures of —2 °C and 5 < T <
30 °C in steps of 5 °C as reported by Lamkaouchi et al. [35];
and 4) the dielectric constant of fresh water over the frequency
range of 1.7-410 GHz reported by Kaatze and Uhlendorf [29],
Hasted er al. [32], and Ellison et al. [36].

EL2: Ellison [8]: Proposed for range: 0 < T < 30 °C,
0 < SSS < 40 psu, and 0 < freq < 500 GHz for sea water.
This article provides a good review of past work, but the two
models provided (“best fit” and “practical”) are out of bounds
compared to the other models above and it was decided not
to include them here. Uses the Stogryn et al. [6] model for
conductivity.

ST: Stogryn et al. [6]: Based on measurements from 7 to 14
GHz in 1-GHz steps and salinities of 0, 2.09, 3.92, 7.17, 11.2,
15.46, 20.14, 22.47, 31.68, and 35.96 psu and temperatures 0
< T < 30°C in 5° steps. Inverts the definition of salinity [25]
to obtain conductivity as a function of § and T'.

IV. COMPARISON
A. Dependence on Frequency

The models for the dielectric constant of sea water con-
sidered here all have the functional form given by (1) with
one or two resonances. Consequently, it is not surprising that
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Fig. 1. Brightness temperature predicted by each model versus frequency at
nadir with § = 35 psu and 7" = 20 °C. (Top) Full scale and (Bottom) with
expanded scale to show detail below 5 GHz.

the dielectric constant and brightness temperature predicted
by models are very similar as a function of frequency. This
is illustrated in Figs. 1 and 2. Fig. 1 shows the brightness
temperature predicted by the models as a function of frequency
at S = 35 psu and 7 = 20 °C and nadir incidence angle. The
frequency range is 0 < f < 100 GHz on the top and with
better resolution for f < 5 GHz on the bottom. Except for
model BA above 10 GHz, there is not a great difference at
this resolution among the models, although the models with
two Debye resonant terms (ST, MW, and FM) tend to predict
lower TB for f > 20 GHz. Fig. 2 shows the real and imaginary
parts of the dielectric constant predicted by the eight models
as a function of frequency for § = 35 psu and 7 = 20 °C
again with full scale in the top panel and with an expanded
scale for f < 5 GHz in the bottom panel. On the bottom, the
BA model (solid green) stands out from the others. At lower
frequencies (bottom panel), there are noticeable differences in
the real part of the models.

B. Behavior at 1.4 GHz

When the focus is on 1.4 GHz, significant differences are
evident in both the brightness temperature predicted by the
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Fig. 2. Each panel shows the real part (top) and imaginary part (bottom) of
the models versus frequency. (Top) Full scale and (Bottom) with expanded
frequency scale to show detail below 5 GHz.

models and in the dielectric constant itself. This is illustrated
in Figs. 3-5.

Fig. 3 shows the brightness temperature, TB, at nadir pre-
dicted by each model at 1.4 GHz as a function of temperature
(top) for S = 35 psu and as a function of salinity (bottom)
for T = 20 °C. The models differ much more as a function
of temperature than as a function of salinity. The salinity
dependence is primarily in the conductivity, ¢, and static
terms, &, which are compared in Appendix I. The conductivity
(Appendix I, Fig. 8) is almost identical among the models, and
the dependence of &g on salinity is similar and approximately
linear for most models (Appendix I, Fig. 9, bottom). The
relative dependence on S and T shown in Fig. 3 at nadir
is independent of polarization and incidence angle. This is
illustrated in Appendix II, where the brightness temperature is
shown as a function of salinity and temperature at an incidence
angle of 40°.

Fig. 4 shows the same information for the dielectric con-
stant. On the top is shown the real and imaginary parts of the
dielectric constant at S = 35 psu as a function of T and on
the bottom is the dielectric constant for the eight models as
a function of salinity for 7 = 20 °C. The greatest difference
among the models is in the real part of the dielectric constant.
The imaginary parts are very similar because ¢ (S, T') is almost
identical and the salinity dependence in ¢ is similar among
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Fig. 3. Brightness temperature at 1.4 GHz for nadir. (Top) As a function of
temperature for § = 35 psu. (Bottom) As a function of salinity for T = 20 °C.

the models (the major exceptions are models EL and BA:
see Appendix I).

For remote sensing of salinity, an accuracy of TB of
about 0.1 K is required to obtain an accuracy of SSS of
0.2 psu depending on temperature and incidence angle (see
[37, Fig. 1]). It is clear from the top panel in Fig. 3 that
several of the models (e.g., BA, ST, and EL) stand apart from
the others at this level of accuracy. These three models also
appear as outliers in Fig. 4 (top panel) for their dependence
on temperature (i.e., real part of ST and EL and imaginary
part of BA) and in Fig. 4 (bottom panel) for the dependence
on salinity of the real part [i.e., ST (red) and EL (green dash)
models]. The ST and EL models are based on measurements
at higher frequencies and L-band is out of the range of the
data used in the model fit. It is not reasonable to expect them
to fit at 1.4 GHz. Consequently, these two models will be
dropped from further analysis, since the focus is on models
representing the dielectric constant at 1.4 GHz. On the other
hand, the BA model (green solid) was based on measurements
at 1.4 GHz and intended for use in remote sensing of salinity,
but Figs. 1-4 suggest something is amiss. This is especially
obvious in Fig. 3 (top), which shows the brightness tempera-
ture predicted by this model as a function of temperature. It is
also clear from the examination of the component parts of the
models (Appendix I) that the model for conductivity and the
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of temperature for S = 35 psu. (Bottom) Comparison as a function of salinity
for T = 20 °C.

relaxation time associated with the Debye resonance term in
this model are unusual. Consequently, this model will also be
dropped from further analysis.

Fig. 5 shows the brightness temperature as a function of
temperature (top) and salinity (bottom) for the remaining
models. Each of these models advertises applicability at
L-band. Differences in the dependence on temperature (top)
exist that are well in excess of the 0.1-K figure of merit for
remote sensing of salinity (see Fig. 16 in Appendix III). The
differences are greatest for 7 < 20 °C and smallest near 26 °C.
There is much more uniformity in the variation with salinity
(Fig. 5, bottom) and the agreement is good for all values of
salinity. A figure with expanded resolution for salinity typical
of the open ocean, 32 < § < 38 psu, is shown in Appendix III,
where it can be seen that the differences in the dependence on
S are on the order 0.1 K.

Brightness temperature is important because it is the para-
meter measured by satellite remote sensing systems, but it is
not necessarily a good indicator of how well the model actually
represents the dielectric constant of sea water. This is because
the relationship between the dielectric constant and TB is not
unique and given TB one cannot uniquely determine both
the real and imaginary parts of the dielectric constant [38].
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To get a better quantitative assessment of how well these
models represent the dielectric constant of sea water at L-band,
they will be compared in Section V below with laboratory
measurements of the dielectric constant.

V. COMPARISON WITH MEASUREMENTS AT 1.4 GHz

While there has been much work on the dielectric constant
of pure water and several relatively recent reports of measure-
ments of the dielectric constant of sea water at frequencies
associated with remote sensing of SST [6], [7], [9], the
measurements at 1.4 GHz are very limited (see [8], [15]
for a review). The measurements at 1.4 GHz include the
measurements by Ho and Hall [27] used by Klein and Swift [3]
with measurements at 2.85 GHz [26] to develop the KS model.
More recently, measurements were made at the Universitat
Politecnica de Catalunya (UPC) and used to develop the BA
model [16]. Unfortunately, the only public record of this work
is the article by Blanch and Agusca [16]. The data were not
published and the model appears to have issues as discussed
above.

The development of radiometers at 1.4 GHz for remote
sensing of salinity from satellite missions, such as Aquarius/
SAC-D and SMOS, raised the visibility of the need for

Authorized licensed use limited to: Nasa Shared Services Center (NSSC). Downloaded on January 23,2023 at 19:51:06 UTC from IEEE Xplore. Restrictions apply.



4210114

Measured Dielectric C
T T

90 T T
o
85 o] r
5 80 8 s g L 1)
THC 9] fe) y
= B8 o8 g8 & o 9 3 o |
@75} 8 0 & o
© ] 8 (8) g
70 8
65 . . ;
0 5 10 15 20 25 30 35 40
80 F 8 g
g ¢ °
I:CL%. 60 @ % @
840 @8 88 o o o 9
£ o 2 o o
= o]
20 S o [} o]
. I ¢ 9 © ¢ 6 o o
5 0 5 10 15 20 25 30 35 40
Temperature C
5 Measured Dielectric C
85 %9
g
80 o]

Real Part
3 3
[es'e
OO0OC0
[eoseless]
EEReS8888(: )]
[esv/csaun)
(68988 ()]
F CoOCOOMD
Qo0
OCOOaI30

‘ ‘ e
80 009 8 1
o}
560 g é 1
o
gm é E
20 £ 6
5 0 5 10 15 20 25 30 35 40
Salinity PSU

Fig. 6. Measurement of the dielectric constant of sea water as a function
of temperature (Top) and salinity (Bottom). The data are from [Lang et al.,
2015; Table V] and [17, Tables I-III]. Freshwater (S = 0) in red.

accurate measurements of the dielectric constant of sea water
at 1.4 GHz [20], [39]. In response, research at The George
Washington University was started to make a comprehensive
set of measurements at 1.4 GHz [15], [17], [28]. These mea-
surements comprise a wide range of salinity (0 < § < 38 psu)
and temperature (—1.5 < T < 30 °C) and with an emphasis
on values likely to be encountered in the open ocean. This
is a contemporary set of measurements that used a proven
technique (resonant cavity) and takes advantage of modern
microwave instrumentation to achieve high accuracy [15].
Measurements were made at fixed salinity as a function of
temperature at discrete temperatures and salinity. The data
are shown in Fig. 6 as a function of temperature (top) and
as a function of salinity (bottom). The spread in the data in
the top panel represents the dependence of the dielectric on
salinity at each of the temperatures at which measurements
were made and in the bottom panel represents the dependence
on temperature for each salinity used in the measurements. The
measured values of dielectric constant are in [15, Table V]
and [17, Tables I-III]. The complete dataset is available
online at [40].

Rather than comparing the models for the dielectric constant
point by point with the data, an alternative that yields a better
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visualization of the comparison is to compare with an interpo-
lation function that represents this data. This introduces addi-
tional error and the accuracy of the fit, but it permits smooth
curves that allow one to see patterns in how the models com-
pare with the data as a function of temperature and salinity.
The obvious interpolation function for this data is the model
developed by the GWU team [17], which is a best fit to the
data. This is the model GW listed in Section III and discussed
above. It is a fit to the data using the functional form of (1)
with a polynomial in § and 7 for the unknowns, ¢; and o. The
relaxation time was assumed to be the same as for freshwater
and fitted to the measurements (red circles in Fig. 6). The
high-frequency limit was set at 4.9 as recommended by Klein
and Swift [3]. Fortunately, a careful analysis of the accuracy of
the measurements in 2016 was documented [15]. It is assumed
that this is representative although improvements were made
leading to the measurements reported in [17]. In the case
of the real part, the standard deviation (STD) of the total
measurement error is 0.23, and for the imaginary part, the
STD of the total measurement error is 0.26. The STD of
the difference between the GW model and the data at each
point is 0.11 for the real part and 0.29 for the imaginary
part. Assuming that measurement and representation errors are
independent, the net error for representation (square root of the
sum of the squares) is 0.25 for the real part and 0.36 for the
imaginary part. Differences between a particular model under
consideration here and the GW interpolation that are within
one STD (i.e., 20.25 for the real part) will be used here to
suggest good agreement with the data. The differences are
reported in Fig. 7.

Fig. 7 shows the difference between GW and the mod-
els, BV, KS, MW, and FM as a function of temperature
for SSS = 35 psu (top) and as a function of salinity with
SST = 20 °C (bottom). The green dashed horizontal lines
indicate the STD of the combined error of the interpolation
(fit of GW to the data) and the data itself. In general, the fits are
better for the imaginary parts than for the real parts and better
as a function of salinity than as a function of temperature.
As mentioned above, this is a consequence of a great deal of
similarity in how the salinity dependence is included among
the models. In particular, the BV, MW, and FM model all
use the Stogryn [6] inversion of the definition of salinity
or equivalent (see [47]). The GW and KS versions, which
were determined independently using polynomial fits to their
respective data, are almost identical (Appendix I). The largest
variation among the models is in the behavior of the real part
as a function of temperature. This reflects the differences in
how the models included 7 in the parameterization of the
static term, &;.

The best fit of all appears with KS, which also happens
to be the other model based on laboratory measurements at
L-band. The KS model is consistently within the error bounds
in all four panels except for the real part at temperatures
below 5 °C and above 30 °C (top panel), which are tempera-
tures out of the range of the measurements used in developing
the KS model. At temperatures and salinities in the range of
20 < T <30°C and 30 < S < 40 psu, the FM model is
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Fig. 7. Comparison of models for the dielectric constant with the GW model
as a function of (Top) temperature and (Bottom) salinity.

also consistently within the error bounds. This model used
in its development the same measurements at 1.4 GHz by
Ho et al. [26] as used for developing the KS model.

VI. DISCUSSION

Perhaps, it is not surprising that the two models based on
laboratory measurements of the dielectric constant, KS and
GVW, should be close. The two sets of measurements are
completely independent and so are the model fits, although the
two models use the same functional form [(1)] and the same
high-frequency limit, e,c = 4.9 (Appendix I). The agreement
of these two models is a positive indication for both the quality
of the measurements and the quality of the data fits (but
see [15] for more information about the Ho and Hall [27]
data).

In the two models, BV and MW, parameters were tuned to
optimize the science retrieval algorithm by choosing the model
parameters to minimize the differences between radiative
transfer simulations of the brightness temperature and the TB
actually observed by the satellite. These two models are close
to the measurements but diverge in some significant respects.
This is particularly evident in the temperature dependence
of the real part (Fig. 7, top). The BV model was tuned to
optimize the retrieval of salinity from SMOS observations of
brightness temperature at 1.4 GHz. The tuning was done on the
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temperature dependence of the static term [term A(T) in (2)],
which is strongly coupled to the real part. The MW model
is a double Debye resonance model intended to cover a large
range of higher frequencies and the tuning was done to fit the
satellite observations from Windsat and SSM/I in this higher
range and particularly near 37 GHz. The FM model, which
is also a double resonance model intended for use over an
extended range of frequency, uses data at several frequencies
from several sources. The fit at 1.4 GHz is mixed. It fits the
real part well as a function of temperature at 35 psu (Fig. 7,
top panel) but not as well for S < 30 (Fig. 7, bottom panel).
The imaginary part agrees with the measurements well for
20 °C and above (Fig. 7, bottom panel) but not as well at
lower temperatures.

Three of the models in Fig. 7 have been used in remote
sensing of salinity: KS and BV have been used in SMOS
retrievals and MW was used for Aquarius and is now used for
retrieving salinity from soil moisture active passive (SMAP).
In addition, a combination of the MW and KS model has
been used in the combined active passive (CAP) algorithm for
retrievals from Aquarius and SMAP [41]. These models have
been used quite successfully to retrieve salinity. However, this
success does not guarantee that they are a good representation
of the dielectric constant of sea water. For example, the MW
model was used quite successfully to retrieve salinity from
both Aquarius and SMAP [42], but this does not mean it is
the best representation of the dielectric constant of sea water.
On the contrary, except for cold temperatures, KS appears to
be a better fit to the dielectric constant at 1.4 GHz.

The contradiction lies in the realities of the retrieval
algorithm. There are many inputs to the retrieval algorithm
each with associated uncertainty that require adjustments. For
example, the algorithm starts with the best available models
for the sensor antenna and for propagation from the surface
to the sensor and makes adjustment to improve the retrieval
of the science product via iteration with surface truth. This
process can hide deficiencies in models adopted as “known”
input. For example, an SST-dependent bias was noticed in one
of the early versions (Version 3.0) of the retrieval of SSS from
Aquarius [43]. This was corrected with an adjustment to the
surface emissivity used in the retrieval algorithm (see [42]).
The result was a retrieval in excellent agreement with surface
truth and little SST dependent bias, but the source of the error
was not identified. It was later shown that switching models
for the dielectric constant to KS reduced this bias [43]. The
choice of models may well be the source of this error, but it
was not necessary to make a change because of adjustments
made in the retrieval algorithm.

The example above is a reminder that the success of
Aquarius, SMAP, and SMOS in retrieving accurate values of
SSS does not automatically assure that the model used in
the algorithm for the dielectric constant is accurate. On the
other hand, the more accurate the model, the more likely the
retrieval is to be successful and the more potential there is for
improvement of the retrieved SSS. For example, suppose one
had a perfect model for the dielectric constant and encountered
a temperature-dependent bias in the retrieval as occurred
with Aquarius. In this case, having the correct model would
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eliminate this part of the algorithm as a potential source
of error and would direct the research for the root cause
elsewhere. The result likely would be a better understanding
of errors in the retrieval algorithm itself.

The search for a model for the dielectric constant of sea
water at 1.4 GHz accurate enough to promote improvements
in the retrieval of is not yet complete. There are at least
two challenges. One is that making measurements that are
consistent with an accuracy of the salinity product of better
than 0.2 psu is very hard. For example, at nadir, an accuracy
of 0.2 psu corresponds to radiometric accuracy of 0. 1 K
for a measurement at 1.4 GHz (see [37, Fig. 4]). Assum-
ing equal error, A, in the real and imaginary parts of the
dielectric constant, an accuracy of about A = 0.25% in the
measurement of the dielectric constant is required (at 35 psu
and 25 °C) to have an error of less than 0.1 K in TB. The
current measurement accuracy of the GW measurements at this
temperature and salinity is about 0.35% [15]. So, there is yet a
need for improvement, and if the goal is eventually to achieve
0.1 psu, even more progress is needed. The second issue is
the possibility that remote sensing of salinity in the future
will become a multispectral process. The peak sensitivity to
SSS lies below 1.4 GHz [37], and research has been reported
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suggesting that a wideband radiometer operating in the range
0.5-2.0 GHz could enhance the accuracy of the retrieval of
SSS especially in cold water by including frequencies closer
to the peak [44], [45]. Simply applying existing models to
these frequencies does not guarantee their validity, and new
measurements will be needed to determine the coefficients of
models suitable for this range of frequencies with the accuracy
needed to retrieve SSS. Work to address this problem has
already begun [46].

In the meantime, a problem with many models is the use
of the models outside of their range of validity. There are no
physical restrictions, which prevent using any of these models
at any frequency, salinity, or temperature, but all the models
discussed here are based on measurements of a finite range in
S and T and use mathematical functions (usually polynomials)
to fit the unknown parameters to the data in this range. The
fits are unconstrained outside of the range of the data. This
is evident in the case of the KS model. As can be seen in
Fig. 7 (top panel), the real part diverges strongly from the
measurements for high (7 > 30 °C) and low temperatures
(T <5 °C). Using this model for retrievals at low temperature
results in large errors, which have been well documented [43].
Another obvious example is the EL and ST models, which
were built on measurements at frequency above L-band
(minimum frequency of 3 and 7 GHz, respectively).
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Mathematically, there is no problem applying them at 1.4 GHz.
However, they are not representative of the brightness temper-
ature of the ocean surface at 1.4 GHz as the examples in
Figs. 3 and 4 show.

APPENDIX I

All the models discussed in this article have the form of (1),
which has several common parameters that are determined
by fitting the model to observation of the real world. In this
Appendix, the parameters, conductivity, static dielectric con-
stant, the relaxation time of the first resonance, and the high-
frequency limit will be compared.

A. Conductivity, o (S, T)

With the establishment of the practical salinity scale [25],
the definition of salinity was tied to conductivity. Salinity was
defined as a ratio of measured conductivity to that of a standard
solution at a 15 °C and experiments provided conversions
for temperature and pressure [25, eq. (9)]. Stogryn et al. [6]
reported an inversion of this definition to produce an expres-
sion for ¢ (S, T), which is equivalent to a more recent ver-
sion [47]. Most models adhere closely to this definition. This
is illustrated in Fig. 8, which shows the conductivity, o (S, T),
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Fig. 11. First relaxation time as a function of temperature for (Top) freshwater
and (Bottom) for S = 35 psu.

on top as a function of 7 for S = 35 psu and on the bottom as
a function of S for T = 20 °C for each of the models. With
the exception of EL (green dash) and BA (green), there is
very good agreement among the models. The models ST, MW,
and BV use the inversion from the definition for conductivity.
The KS and GW models use a polynomial in S and T
to represent o (S, T) with coefficients that are determined
from their respective measurements of the dielectric constant
(i.e., see [26], [27] in the case of KS and [15], [17] in
the case of GW). The FM model uses the KS expression
for conductivity. The two polynomial fits are in very good
agreement with the definition. This is illustrated in Fig. 9,
which shows the KS and GW expressions for conductivity
together with the expression derived by Stogryn et al. [6] and
used in ST as a function of salinity in the top two panels.
On the top, the differences ST-KS and ST-GW are shown
to make the difference more visible. To put these differences
in context, the change in salinity with conductivity, dS/do,
is plotted in the bottom panel for 7 = 25 °C. A difference of
about 0.03 S/M corresponds to a salinity difference of about
0.2 psu at 35 psu and this temperature (25 °C) and less with
a decrease in salinity. Using the goal of contemporary remote
sensing of SSS from space of an accuracy of 0.2 psu as
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a metric, the models for conductivity determined by model fits
to measurements are in good agreement with the expression
obtained by inverting the definition of salinity (which is a
reassuring result for both measurements and inversion of the
definition).

B. Static Term, &,

The static term, &, is shown in Fig. 10 as a function of T
for § = 35 psu (top) and as a function of § for T = 20 °C
on the bottom. The model, EL, is clearly an outlier and does
not converge to the same value for freshwater (S = 0, bottom
panel) as all the other models. Its temperature dependence
at S = 0 (not shown here) is also much different than that
of the other models. The variation with both salinity and
temperature is approximately linear over the range shown in
Fig. 10, although the BA model (green solid) has a noticeable
curvature in its dependence on salinity (bottom panel). The KS
model is an outlier at very cold and very warm temperatures
(dashed-dotted curve, top panel), but the KS model was based
on measurements for 5 °C < T < 30 °C, and there is no reason
to expect the polynomials fitted to the data to extrapolate well
to temperatures out of this range.

C. Relaxation Time, 7

Comparison is made here only for the relaxation time, 7,
of the first Debye resonance. The resonant frequency, 77,
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Fig. 13. Brightness temperature at 1.4 GHz and 40° incidence angle as a
function of temperature with (Top) S = 35 psu and as a function of salinity
with (Bottom) 77 = 20 °C. In each panel, horizontal polarization is on the
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associated with the second resonance is around 100 GHz and
this term is not important for application near L-band. The
first relaxation time, 7;, for all the models is close to the
freshwater value with a weak or no dependence on salinity.
This is illustrated in Fig. 11, in which 7 is plotted as a function
of temperature for freshwater (S = 0) on top and for SSS =
35 psu on the bottom. In the case of fresh water, all the models
except for BA (green dash) are close together and have a
similar dependence on temperature. The resonant frequency at
20 °C is about 17 GHz and varies with temperature increasing
to about 30 GHz at 40 °C and decreasing to about 10 GHz
at 0 °C. All the models assume a weak dependence on salinity
except for BV and GW, in which 7 is independent of S. This
can be seen by comparing the curves in the panel on the top
(S = 0) with those in the bottom panel of Fig. 11, which
shows 7; as a function of temperature for § = 35 psu.
The dependence on salinity in those models that include a
dependence on SSS is very weak for 7 > 20 °C and increases
at lower temperatures as can be seen in the spread of the curves
in the bottom panel of Fig. 11.

D. High-Frequency Limit, €

The high-frequency limit, e, is shown in Fig. 12 as a
function of SST for freshwater (S = 0) on the top and for sea
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water (SSS = 35 psu) on the bottom. Only the MW model
(red dash) includes a dependence on salinity. In the models
using a single Debye term (KS, GW, BA, BV, and EL),
&0 = €1. Three models, KS, GW, and BA, assume a constant
value, £, = 4.9, which was suggested by Klein and Swift [3].
With the exception of EL (green dash), all of other models
have values close to this but with a small dependence on
temperature.

There appears to be no consensus as to what the dielectric
constant should be at very high frequency, and this parameter
plays the role of a free parameter to be adjusted to improve
the fit. The choice made by model builders appears to depend
on the functional form (one or two Debye terms) chosen for
the dielectric constant. For example, the red curves correspond
to models (ST, MW, and FM) that employ two Debye reso-
nance. On the other hand, the constant, 4.9, and black curve
(BV) correspond to models using a single Debye resonance.
A similar partition depending on the number of Debye terms
is reported by Liebe et al [24] in the case of freshwater. The
values for e, reported by Liebe are consistent with those
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incidence as a function of salinity with expanded scale to show differences.
The differences among the models depend on the value of salinity: (Top) for
32 < § <38 and (Bottom) for 12 < § < 18. The vertical and horizontal scales
have the same resolution in each panel to facilitate comparison.

shown in Fig. 12 (top) with the exception of EL (green dash),
which is an outlier.

When frequency f <« 1.4 GHz, the infinite frequency limit,
£x, has negligible effect on the dielectric constant. In this
case, wt, < wt; K 1, and both &4, and ¢; cancel themselves
in (1). The effect of & is also small at 1.4 GHz, although not
necessarily negligible. For example, using the KS model as an
example and varying €, over the range 3.5 < g5 < 6, which
covers the range of values appearing in the models discussed
here (except for EL), then the change in the imaginary part
(where the change is greatest) is about 0.3%. This is small, but
this is comparable to the accuracy needed to retrieve salinity
at an accuracy of 0.2 psu (see Section VI).

APPENDIX II

Fig. 13 shows the brightness temperature predicted at
1.4 GHz by each of the models for the dielectric constant at
40° incidence angle. The brightness temperature at S = 35 psu
is shown as a function of temperature on the top and TB is
shown at 7 = 20°C as a function of salinity on the bottom.
Horizontal polarization is on the top and vertical polarization
on the bottom in both panels. Fig. 14 shows the same as

Authorized licensed use limited to: Nasa Shared Services Center (NSSC). Downloaded on January 23,2023 at 19:51:06 UTC from IEEE Xplore. Restrictions apply.



4210114

$85= 35 frequency= 1.413 Angle= 0

E
E Ks
£ P ———Mw
S N e N M
0.8 7 =d=eFi
. | | | Tl sT
08 S

04

Brightness Temperature Difference

-5 0 5 10 15 20 25 30 35 40
Temperature Degree C

Fig. 16. Difference in brightness temperature at 1.4 GHz between each model
and the GW model (TBpnodel— TBgw) as a function of temperature for nadir
incidence and SSS = 35 psu.

Fig. 13 but with models ST, EL, and BA removed to permit
enhanced resolution.

APPENDIX III

Figs. 15 and 16 in this Appendix provide additional detail
for the comparison of the models shown in Figs. 3 and 5. The
two panels in Fig. 15 are the same as Fig. 5 (bottom) in the
main text but with an expanded scale to show the differences
among the models in more detail. Each figure shows the
brightness temperature predicted by the selected models at
1.4 GHz and T = 20 °C as a function of salinity. The panel on
top is the same as Fig. 5 but limited to 32 < § < 38 psu and
the panel on the bottom is the same as Fig. 5 but limited to
12 < § <18 psu. The vertical scale resolution is the same in
each panel in Fig. 15 to facilitate comparison. Fig. 16 provides
additional information on the dependence of the models on
SST (see top panel of Fig. 5). Fig. 16 shows the difference
in brightness temperature between each model and the GW
model. The ST and EL models shown in Fig. 3 have been
included in this comparison for completeness. To put the
difference in TB in context, the sensitivity of TB to a change
in SSS at nadir is about 0.5 K/psu at SST = 20 °C and SSS =
35 psu [37], [44]. Thus, a difference of 0.1 K corresponds to
a change of about 0.2 psu, which is the goal of contemporary
remote sensing from space [12], [14].
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