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    Abstract—Measurements have been made at P-band (0.707 

GHz) to construct a model for the dielectric constant of sea water 

and extend the model for the dielectric constant to high salinity 

(50-150 pss).  The measurements are part of research to develop a 

model for the dielectric constant suitable for future wide-

bandwidth remote sensing of salinity and for application to water 

bodies such as the Great Salt Lake with salinity significantly above 

that found in the open ocean.  Measurements have been made at 

temperatures from 2 to 30 oC and salinity from 0 to 138 pss.  The 

data have been fit to a Debye model for the dielectric constant with 

a single resonance as has been employed at L-band (1.413 GHz) 

where remote sensing of salinity is currently done.  Comparison 

with contemporary models developed from data at L-band 

indicates that the L-band model and new P-band model do well at 

both frequencies for salinity less than 50 pss but at higher values 

of salinity the L-band models diverge from the data.  The data has 

also been used to test at high salinity the mathematical relationship 

between salinity and conductivity which is the basis for the 

practical salinity scale (pss). 

 
Index Terms—Dielectric Constant, Sea Water, Microwave, 

Remote Sensing, Sea Surface Salinity 

I. INTRODUCTION 

HE research reported here is part of work to develop a 

model for the dielectric constant of sea water suitable 

for future wide-bandwidth remote sensing of salinity.  

Increasing bandwidth, especially to include frequencies 

below 1.4 GHz (L-band) where remote sensing of salinity is 

currently done, is one way to overcome the limitations of 

reduced sensitivity in cold water [1] [2].  Increased sensitivity 

will improve remote sensing at high latitudes and near melting 

ice which are regions of increasing importance in the era of 

climate change.  Models of the dielectric constant of seawater 

used for remote sensing of salinity [3], [4], [5], [6], [7], [8] are 

based on measurements at L-band and although they are 
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functions of frequency they have not been tested at lower 

frequency.  In the research reported here, the measurement 

technique applied successfully at L-band [3], [9] is applied at 

P-band (0.707 GHz).  P-band was selected for the new 

measurements because it is close to the peak in sensitivity to 

brightness temperature to salinity [7], [1] and could be done 

within the context of the existing hardware.   

   Climate change also impacts inland water bodies such the 

Great Salt Lake in Utah which have salinity much greater than 

encountered in the open ocean.  Salinity in the southern portion 

of the Great Salt Lake is typically 145 pss (and even higher in 

the northern portion) whereas salinity in the global ocean is 

typically on the order of 34 - 36 pss.   Models developed for 

remote sensing of salinity such as that by Klein and Swift [7] 

can fail dramatically for salinity out of the range of the 

measurements on which they were based [10] which is typically 

salinity below 40 pss.   For this reason, it was decided to include 

high values of salinity in the new measurements.  

    Measurements have been completed at salinities of 0, 10, 20, 

30 ,35, 50, 73, 96, 138 pss and temperatures of 2, 5, 10, 15, 20, 

25 and. 30 oC.  The measurements have been made using the 

resonant cavity approach used successfully at L-band [3], [9].   

The L-band measurements were fitted to a Debye model with a 

single resonance.  The same has been done here with the 

measurements at P-band and a model based on the P-band 

measurements that includes high values of salinity will be 

presented (Section III.B).  An important question is the 

frequency dependence of such models (e.g., can a single model 

with one set of parameters be used over this frequency range).  

As a check on the frequency dependence, the model based on 

measurements at P-band will be compared with the model based 

on measurements at L-band and vice-versa.  
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II. MEASUREMENTS 

     The measurements at P-band use the same resonant cavity 

approach that was employed successfully at L-band [3], [9]; 

And except for the cylindrical cavity, which is twice as large 

in diameter, the laboratory setup is the same as used at L-band 

[11], [12]. 

 

A. Measurement Method 

 

   The laboratory setup is shown in Fig. 1.  The system consists 

of a cylindrical cavity designed for transmission-type 

measurements at 0.707 GHz enclosed in a temperature-

controlled water bath plus plumbing to circulate the water and 

inject the salt water.  The salt water is injected through a narrow 

quartz tube placed along the axis of the cylinder [9].  For the 

measurements at P-band, the diameter of the cavity is doubled 

compared to the diameter at L-band, and while the outer 

diameter of the quartz tube remains the same at 3 mm, the inner 

diameter was doubled to 0.2 mm. The cavity's height has been 

kept the same as the L- band height. Keeping the cavity height 

and outside diameter of the quartz tube the same, allowed for 

the reuse of the external glassware from the L-band setup. 

   The temperature of the seawater is controlled using a 

circulator (device at left of the water tank).  The frequency 

response of the cavity system is measured using two microwave 

probes placed in the cavity.  The S21 parameter is measured 

with a network analyzer as the frequency is swept across 

resonance.  This resonant curve is measured with and without 

saltwater flowing in the tube.  The diameter of the inner hole in 

the tube is small so that perturbation theory can be used to 

calculate the change in the resonant curve when seawater is 

introduced. Because the hole is small, the system is under 

pressure to ensure the flow of the sea water.   

     Using perturbation theory, the dielectric constant can be 

determined from the change in the resonant frequency curve 

with and without seawater present [9], [13]: 

 

                  ε′ − 1  =   2C Δf / f                                        (1a)  

                   ε′′       =   C Δ(1/ Q)                   (1b) 

 

where ε’ and ε” are the real and imaginary parts of the dielectric 

constant of sea water, respectively, and where Δf = fo − f is the 

change in the resonant frequency and Δ(1/ Q ) = 1/ Q −1/ Qo is 

the change in the resonant curve (Q is the distance between half-

power points).  The parameter, C, is a calibration coefficient 

that is determined by making a measurement with a liquid with 

a known dielectric constant (methanol in these measurements).  

   The resonant curve is sampled by the network analyzer at 

1600 points over the bandwidth of the sweep.  The sweep is 

repeated 16 times and the results averaged.  Two methods are 

used to determine the f and Q in (1) from this average. One is 

an algorithm provided by the network analyzer for selecting 

points representative of the peak and half-power point.  The 

second is to first fit the sample points with a curve.   In this 

method all the points larger than 4 dB down from the peak are 

selected and fit to a second order polynomial (minimum least 

square fit). The frequency, f, at the peak and the Q are read from 

this curve.   

     This process is repeated with and without salt water in the 

tube.  After each set of measurements, the tube is “washed” with 

distilled water.  The tube is considered clean when the resonant 

frequency returns to the value for an empty tube at the 

temperature being used.  Each measurement is repeated several 

times until a consistent set of real and imaginary parts for the 

dielectric constant are obtained.  Three values are averaged to 

comprise the final result. (See Section 3.2 in [9] for additional 

details.)  The data reported in Tables I-II below were obtained 

with the curve fitting approach and the three values averaged 

were those with the smallest standard deviation.  

   

B.  Sea Water 

 

     The sea water for these experiments was provided by Ocean 

Science International Ltd (OSIL).  For salinity < 40 pss, this is 

“standard” sea water, and the same water as was used in the 

measurements at L-band [9].  For salinity in this range, the 

salinity was measured with an Autosal instrument following 

standard procedure.  This is essentially a conductivity 

measurement.  The instrument measures the ratio of the 

conductivity of the sample to that of a reference and then, given 

the temperature, converts the ratio to salinity using equations 

that have been adopted by international agreement [14], [15].  

These equations are the implementation of the definition of the 

practical salinity scale [16], [14] but they have not been tested 

above 42 pss.   The internationally accepted recommendation 

for higher salinity is to use dilution [14].  This is what was done 

by OSIL to provide samples at higher salinity.  A sample of 

standard water was boiled to remove water and increase the 

salinity to an estimated value of near 150 pss.  This water was 

then diluted with pure water to reach a salinity near 35 pss and 

 
Fig. 1.  Experimental setup for the measurement of the 

dielectric constant of seawater at P-band. The system is 

the same as used at L- band except for the resonant cavity 

which is larger and resonant at 0.707 GHz. 
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the salinity of the diluted water was measured with a calibrated 

instrument design to measure salinity in the range, the Autosal.  

Knowing the original volume and the amount of water added, 

the original salinity could be determined.  This process resulted 

in salinity samples of 49.6, 73.2, 96.1 and 138.2 pss. 

 

C.  Data 

 

     Using the equipment shown in Fig. 1 and the procedure 

described above, measurements were made at temperatures of 

T = 2, 5, 10, 15, 20, 25, and 30 oC and for salinities of S = 0, 

10, 20, 30, 35, 49.5, 73.2, 96.1 and 138.2 pss.  The measured 

values of the real and imaginary part of the dielectric constant 

are listed in Tables I and II. The first column in each table lists 

the temperature of the measurement and the first row gives the 

salinity.  The other rows and columns are the measured real part 

(Table I) and imaginary part (Table II) of the dielectric constant.    

 

 

 III. MODEL FIT 

A. Functional Form 

  

   The dielectric constant of sea water at the long wavelength 

end of the microwave spectrum (i.e., below 2 GHz) has the 

following form [8], [17]: 

 

    𝜀𝑠𝑤 = 𝜀∞(𝑆, 𝑇) +
𝜀𝑠(𝑆,𝑇)−𝜀∞(𝑆,𝑇)

1+𝑗𝜔𝜏𝑠𝑤(𝑆,𝑇)
−

𝑗𝜎(𝑆,𝑇)

𝜔𝜀0
                           (2) 

 

The first two terms represent the effect of polarization of the 

water molecule in the presence of an electromagnetic field as 

derived by [18].  The last term is the contribution of current 

which flows when salt is added to pure water.  In this expression 

ω is the radian frequency and σ is the conductivity of the water.  

Experimental evidence supports this functional form for pure 

water near L-band with a relaxation time, τ, of about 0.01 ns 

(corresponding to about 15 GHz). For higher frequencies, the 

evidence suggests that additional “resonances” are needed [19], 

[20] and for very high frequencies, a series of resonances has 

been suggested [21]. However, the next resonance is near 120 

GHz, and for applications at L-band (1.4 GHz) and below these 

higher order terms are not significant. 

     The problem with fitting (2) to measurements of the 

dielectric constant is that, except for frequency, ω, and εo, all 

of the parameters are unknown.  This includes the first term, ε∞, 

the static term, εs, the relaxation term, τ, and even the 

conductivity, σ.  To limit the number of unknowns, the 

following assumptions will be made: 

 

     (1). The first term ε∞ = 4.9:  Mathematically this term is the 

limit when ω → ∞.  However, the functional form changes as 

the frequency is increased (e.g., other resonances appear) and 

(2) no longer applies well before this limit is reached.  

Conclusive evidence for the value of this parameter does not 

exist.  However, in most models it has a value near 4.9 as 

originally proposed by [7] although some models include a 

temperature dependence [6] and even a temperature and salinity 

dependence [4].  This is essentially a free parameter but obvious 

the choice effects the fit to other parameters. The assumption ε∞ 

= 4.9 made here was also made in the models of [3], [22] which 

use the L-band data obtained using the same apparatus as 

employed here.    

 

     (2).  The relaxation time, τ = τ(0,T):  The relaxation time for 

distilled water, τ(0,T), will be used in the model developed here.  

This assumption has been used successfully in building models 

at L-band [3], [4], [5], [6], [7], and one can argue that the 

relaxation time should be at most weakly dependent on salinity 

[17].  Hence the assumption will be made that: 

 

 τ(S,T) =  τ(0,T)    (3a) 

 

      (3).  Static term, εs(S,T):  In the case of zero salinity, the 

first two terms on the right in (2) are the dielectric constant of 

pure water.  Hence, in the general case when S ≠ 0 the static 

term, εs(S,T) can be written in the form [17]: 

 

 εs(S,T)  =  εs(0,T) [1 + S R(S,T)]   (3b)   

  

where εs(0,T) is the static term in the case of pure water and 

R(S,T) is a function to be determined.  Both εs(0,T) and R(S,T) 

are to be determined by fitting the model to the data.  In the 

fitting to follow polynomials in T or S and T as appropriate will 

be used for these functions. 

 

      (4).  Conductivity, σ(S,T):  Most contemporary models used 

in remote sensing of salinity use an expression for conductivity  

inverted the definition of the practical salinity in terms of 

Table I:  Real Part of the Dielectric Constant:  The first 

column is the temperature (oC) and the first row is the 

salinity (pss). 

 

 
 

                       0           9.9930    20.0040   29.9990   34.9940   49.6480   73.2580   96.1500  138.202 

    2.0000    85.7900   83.5400   81.1600   78.9800   78.2100   76.6700   70.4700   65.5200   57.5800 

    5.0000    84.8800   82.2800   80.1100   78.3500   76.9300   75.1200   69.2700   64.7000   56.8400 

   10.0000   82.7100   80.8700   78.8500   76.9400   75.6300   72.1000   67.0000   63.7100   56.9100 

   15.0000   81.2700   79.2000   77.3600   75.6100   74.0600   71.3900   65.9200   62.9500   54.2300 

   20.0000   79.1200   77.2700   76.8000   73.8100   73.2100   69.5100   65.2700   61.7300   54.5400 

   25.0000   77.6900   76.3600   74.1300   72.2600   71.7500   68.3300   64.1800   60.8000   54.1000 

   30.0000   76.2000   74.9900   72.9400   71.0200   69.2800   66.4600   62.5200   59.5700   52.8100 

 

Table II:  Imaginary Part of the Dielectric Constant:  The 

first column is the temperature (oC) and the first row is the 

salinity (pss). 

 

 
 

                      0     9.993      20.004    29.999     34.994   49.648    73.258    96.150  138.202 

  2.000    -5.940  -30.770  -53.050    -73.690   -83.120 -112.260 -156.030 -190.400 -246.590 

  5.000    -5.360  -32.460  -56.340    -78.400   -89.570 -120.110 -166.550 -205.480 -270.030 

10.000   -4.310  -35.090  -61.970    -88.640 -101.310 -135.190 -187.110 -232.770 -305.420 

15.000   -3.660  -38.980  -69.580    -98.690 -115.220 -150.840 -206.110 -256.920 -321.190 

 20.000   -3.100  -42.030  -76.980 -109.300 -124.320 -168.320 -232.960 -290.050 -380.300 

 25.000   -2.670  -46.280  -84.110 -119.950 -136.410 -184.440 -256.630 -310.380 -420.130 

 30.000   -2.340  -50.250  -92.050 -131.440 -149.240 -202.870 -281.600 -350.470 -459.970 
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conductivity and temperature [16] to form a relationship giving 

conductivity as a function of salinity and temperature.  This 

relationship was improved at low salinity and formally adopted 

by the international community [14].  However, the 

measurements which established this definition only cover 

salinity up to 42 pss.  One of the goals of the research presented 

here is to build a model for the dielectric constant that will apply 

to water bodies with much higher salinity. Consequently, this 

expression will not be used here, and conductivity will be 

treated as parameter to be determined by the measurements.  A 

polynomial in S and T will be used to model σ(S,T) similar to 

the approach employed by [9] and [3] at L-band but in their case 

the data was limited to S < 38 pss.  As a check on the fit, one 

would expect the expression derived for σ(S,T) from the new 

P-band data to be close to that in [14] for S < 40 pss.  Assuming 

this the case, then the values of σ(S,T) at higher salinity can be 

used to check the validity of the conventional expression in [14] 

at salinity larger than 42 pss.   

 

B.  Fitting Model to Data 

 
1)  Distilled water 

     The first step in fitting the model in Eqn 1 to the data is to 

determine the unknown parameters for distilled water: the 

relaxation time, τ(0,T) and the static term, εs(0,T).  The 

procedure adopted here is the same as outlined in [3].  Setting 

σ =0 in (2) and S = 0 in (3b) and with a little bit of rearranging, 

one can solve for the relaxation time in terms of the measured 

values of the real part and imaginary part of the dielectric 

constant.  The result is given in (4a).  Then using this expression 

for τ(0,T) one can solve for the static term, εs(0,T).  This result 

is given in (4b):   

         τ(0,T)    =   ε’’/ (ω ε’ - ε∞)   (4a) 

         εs(0,T)  =    (ε’ - ε∞) (1 + (ω τ(0,T))2 + ε∞  (4b) 

     A third order polynomial in T was selected to represent 

τ(0,T) and εs(0,T).  The Matlab routine, “polyval”, was used to 

determine the coefficients of the polynomial.   An independent 

fit was also made using an MLS solution (pseudo inverse) with 

little difference. In the first step a fit was made for τ(0,T).   An 

additional set of measurements at 35 oC that did not include the 

high values of salinity but did include S = 0 was included only 

for purposes of this fit.  Then the resulting polynomial model 

for τ(0,T) was used in (4b) with the measured real part of the 

dielectric constant for distilled water to obtain a fit for the 

polynomial representing εs(0,T).  The results are: 

      τ(0,T) =   [ 1.7953869 + 0.0695501 T– 0.0017650 T2  

      + 0.0000205 T3 ] 10-11          (5a) 

 

     εs(0,T) =  87.0887057  -  0.4000733 T  +  0.00000083 T2   

                           +  0.00004251 T3                                    (5b) 

 

 

 

 

     The models for τ(0,T) and εs(0,T) are shown in Figs 2-3.  The 

solid curve in Fig. 2 shows the relaxation time, τ(0,T), given in 

(5a) as a function of temperature. For comparison, the 

relaxation time for distilled water obtained using a similar 

procedure applied to the measurements at L-band [3] is given 

by the dashed curve.  In addition, the relaxation time reported 

by [7] and taken from the literature of independent 

measurements of distilled water is shown with the dotted curve.  

The symbols, “o”, represent the P-band data:  the values of 

τ(0,T) obtained from (4a) using the measured values of 

 
 

Fig. 2.  The relaxation time for distilled water.  The solid 

black line is the fit to the P-band data and the symbols, 

“o”, are the data.   The dashed line is the result from the L-

band measurements [3] and the dotted line is the result 

reported by [7]. 

 
 

Fig 3:  Static term for distilled water.  The solid black 

curve is the model and the symbols, “o”, are the data.  

The solid red curve is the static term at L-band from [3]. 
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dielectric constant.  The good agreement of the three curves 

confirms that there is very little variation of the relaxation time 

with frequency over this relatively narrow frequency range and 

is a rough check on the quality of the P-band measurements. 

     Figure 3 shows the static term for distilled water, εs(0,T), 

obtained with the P-band data (5b).  The black curve is the 

model given in (5b) and the symbols, “o” are the values 

obtained from (4b) using the measured values of the dielectric 

constant.   Also plotted for reference (red curve) is the static 

term obtained with the L-band data by [3].   

    

 

  Figure 4 shows the model of the dielectric constant for 

distilled water obtained with these parameters (i.e., (1) with σ = 

0 and the parameters τ(0,T) and εs(0,T) given by (5a) and (5b)) 

together with the measured values of the dielectric constant.  

The top panel is the real part and the bottom panel is the 

imaginary part.  The solid line is the value predicted by the 

model and the symbols are the measured values.    

2)  General Case:  Model with Salinity 

     In the general case of salty water it is necessary to include 

an additional parameter, the conductivity, σ(S,T), and to allow 

for a dependence of the static term on salinity (3b).  To 

accommodate the additional number of unknowns, it has been 

assumed ((3a)) that the relaxation time is independent of 

salinity, and the value for distilled water given in (5a) will be 

used. With this assumptions and following the same procedure 

as for the case of distilled water and described by [3], the real 

and imaginary parts of (1) can be rearranged to obtain solutions 

for the unknown functions, σ(S,T) and R(S,T): 

         R(S,T)  =  ( (ε’ - ε∞ ) (1 + (ω τ)2 ) + ε∞ ) / εs               (6a) 

         σ(S,T)   =  -(ω εo)(ε” + (ω τ) εs  -  ε∞ ) / (1 + (ω τ)2)   (6b) 

where ε’ and ε” are the real and imaginary part of the measured 

dielectric constant, respectively, and εs and τ are the values for 

distilled water.  

     Adopting the reasoning in [3] the following polynomials are 

assumed for the unknown functions, σ(S,T) and R(S,T): 

     σ(S,T)  =  S (qo + q1 T + q2 S + q3 ST + q4 ST2)      (7a) 

     R(S,T)  =      p0 + p1 T + p2 S + p3 ST + p4 S2      (7b) 

     The final step is to solve for the unknown coefficients, [p] 

and [q].  This has been done by equating (6) and (7) using the 

measured values of ε’ and ε” and the corresponding values of S 

and T.  The result is a linear matrix equation for the unknown 

[p] or [q] in the form A P = B where A is a 5 x N matrix where 

N is the number of measurements and P is a 1 x5 matrix of the 

coefficients, [p].   This equation has been solved for the [p] 

using the Matlab function, “pinv” (which is equivalent to an 

MLS solution).  The results are: 

P  =  (242.8975  -0.3911  0.2289  -0.0020  -0.0018)E-5      (8a) 

Q =  (873.5271  290.6078  -15.1077  -0.9691  0.0136)E-5 (8b) 

     Figures 5 and 6 show a comparison of the model (i.e., (2) 

with parameters given by (3), (5), (7) and (8)) with the 

measurements.  Figure 5 reports the comparison of the model 

predictions (solid lines) and the measured values of the 

dielectric constant (symbols) as function of salinity for several 

of the values of temperature included in the measurements.  The 

top panel is the comparison for the real part of the dielectric 

constant and the bottom panel is the comparison of the 

imaginary part. Figure 6 presents the comparison as a function 

of temperature for several values of salinity.  As in Fig. 5 the 

solid lines are the predictions of the model and the symbols are 

the measurements.   The real part is on the top and the imaginary 

part is on the bottom.   

     Two metrics have been computed to give an idea of the 

quality of the fit.  These are the root mean square difference 

(RMSD) between the data and model at the data points and the 

mean absolute percentage error (MAPE) at these points.  As the 

name implies, the MAPE is the average of the absolute value of 

the difference between model and measurement expressed as a 

percentage of the measured value. (See (A.2) in [3] for a 

mathematical definition of the MAPE.)  It is helpful for 

handling differences which cover a very large range of values 

such as occurs with the imaginary part.  

 

 
 

Fig 4:  Comparison of model with measurements for 

distilled water. The solid line represents the prediction of 

the model and the symbol “o” indicated the measured 

value.  Real part on the top and imaginary part on the 

bottom. 
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     The MAPE for the real part is 0.51% and 2.0% for the 

imaginary part, and the RMSD are 3.2 and 0.47 for the real part 

and imaginary part respectively.  These values are larger than 

those reported for the fit to the L-band data [3] but the L-band 

data covered a smaller dynamic range (0 < S < 40 pss) 

compared to (0 < S < 150 pss) for the P-band measurements and 

the L-band data included more measurements especially a low 

temperature.  One feature that the statistics for the two models 

have in common is that the metrics, RMSD and MAPE, for the 

real part are smaller than those for the imaginary part. The 

dynamic range of the imaginary part is larger than that of the 

real part in both data sets which may be part of the reason.  

Another metric, the RMSD expressed as a percentage of the 

measured values, has values comparable to the MAPE in the P-

band data.  These statistics appear to be relatively uniform with 

respect to temperature and salinity (i.e., about the same at low 

temperature as at high temperature and about the same at low 

salinity as at high salinity).     

 

IV. DISCUISSION 

A.  Frequency Dependence 

     Understanding the frequency dependence of the model given 

in (2) is particularly important for future wide bandwidth 

remote sensing of ocean salinity. The functional form of the 

model is based on sound physics:  it is consistent with 

Maxwell’s equations for bulk media and is based on a 

reasonable model for the behavior of a water molecule in the 

presence of an electromagnetic field [17], [18].  It has proven 

successful for remote sensing of salinity at L-band [23], [24], 

[25] and, although there is reason to believe it is not complete 

at high frequencies [20], [8], [4], it should be reasonable for 

lower frequencies such as P-band.  The frequency range in 

recent proposals for wide bandwidth instruments with 

application to this portion of the spectrum is about 0.5 < f < 2.0 

GHz [26], [27].  An important question is whether a single 

 

 
 

Fig 5:  Comparison of model prediction (solid line) with 

measurements (symbol) at P-band. Real part (top) and 

Imaginary part (bottom). The comparison is as a function 

of salinity for a representative selection of values of 

temperature used in the measurements. 

 

 
 

 
Fig 6.  Comparison of model prediction (solid line) with 

measurements (symbol) at P-band.  Real part (top) and 

imaginary part (bottom).  The comparison is as a function 

of temperature for several values of salinity representative 

of those used in the measurements. 
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model (i.e., (2) with one choice of parameters) can cover such 

a frequency range.     

     To obtain insight regarding this question, the model derived 

here from the P-band measurements has been compared with 

the model developed using the same method from the L-band 

measurements.  If the frequency dependence given by the 

functional form in (2) is valid, then it should not mater at what 

frequency the measurements are made and the unknown 

parameters determined from the data.  The parameters 

determined from each set of measurements may be different, 

but a model based on measurements at P-band should be valid 

at L-band and vice-versa.   Both models should give the same 

dielectric constant whether evaluated at P-band or at L-band.  

     This is checked in Figs. 7 and 8.  A comparison of the two 

models both evaluated at L-band is given in Fig. 7 and a 

comparison of the two models with both evaluated at P-band is 

given in Fig. 8.  The comparison is given as function of 

temperature on the top and as a function of salinity on the 

bottom.  In each of these figures the red line represents the 

model derived from the P-band data and the black curves are 

the predictions of the model based on the L-band data.  The 

dotted, dashed and solid lines are for S = 10, 20, 30 pss, 

respectively (top panel) and T = 10, 20, 30 oC, respectively 

(bottom panel).    

In these figures the range of salinity has been limited to 0 < S < 

40 pss because this is the range available in the L-band data.  

The L-band model used in this comparison is that developed by 

[3] which is based on the complete set of the L-band 

measurements produced by the team at the George Washington 

University [3], [9].  It was chosen for comparison because it 

 

 
 

Fig. 7:  The comparison of the two models at P-band as a 

function of temperature for several values of salinity (top) 

and as a function of salinity for several values of 

temperature (bottom).  The red curves are the P-band model 

and the black curves are the L-band model.  In the top panel  

the dotted, dashed and solid curves are for S = 10, 20 and 

30 pss, respectively.  In bottom panel the dotted, dashed 

and solid curves are for T = 10, 20 and 30 oC, 

 

 

 
 

Fig. 8:  The comparison of the two models at P-band as a 

function of temperature for several values of salinity (top) 

and as a function of salinity for several values of 

temperature (bottom).  The red curves are the P-band model 

and the black curves are the L-band model.  In the top panel  

the dotted, dashed and solid curves are for S = 10, 20 and 

30 pss, respectively.  In the bottom panel, the dotted, 

dashed and solid curves are for T = 10, 20 and 30 oC, 

respectively. 
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treats the conductivity, σ(S,T), as an unknown (polynomial) as 

done here with the P-band data.  The P-band model (red) is that 

developed here based on the full range of salinity (i.e., including 

high values).   

     Although the two models are in good agreement whether 

evaluated at L-band (Fig. 7) or P-band (Fig. 8), there are small 

differences (e.g., particularly noticeable at high temperatures).  

However, the RMSD between the two models over this range 

of temperature and salinity is less than the RMSD between the 

P-band model and the data used to derive the model. The RMSD 

for the real part is the same whether the models are evaluated at 

P-band or L-band and although not identical in the case of the 

imaginary part, they are reasonably close. 

B. High Salinity 

     The model of [3] fails at high salinity [10].  This is not a 

surprise because the data used to develop the model did not 

include values of salinity above 40 pss.  An attempt to fix this 

problem was made by [22] by replacing the term for 

conductivity in [3] with the expression derived from the 

definition of practical salinity (i.e., the relationship for σ(S,T) 

given in the “Thermodynamic Equations of Seawater” [14]) and 

then refitting to the data.  This removed the obvious problems 

but there was no way to validate the behavior at high salinity 

because the model was still based on data with S < 40 pss.   

     The new data at P-band provides a chance to test this change.  

The examples in Figs. 7-8 and theory suggest that the model in 

(2) should be valid, at least to first order, at both P-band and L-

band and regardless of the value of salinity.  Hence, the 

modifications made by [22] to the model based on the L-band 

data should also be valid at P-band at all values of salinity.  This 

is true for S < 40.  Replacing the model in [3] with the model in 

[22] in Figs. 7-8 produces no noticeable change.  The two 

models are indistinguishable over this range of salinity.  If the 

change was successful in applying to high salinity also, then the 

model should also compare well with the P-band model when 

the range of salinity is extended to higher values. 

This comparison is shown in Fig. 9 which shows the two 

models as a function of salinity for values of salinity up to 200 

pss and for T = 10, 20 and 30 oC.  The red curves are the P-band 

model and the black curves the modified L-band model.  The 

values of temperature are within the range of the measurements 

used to fit both models.  However, the range of salinity 0 < S < 

200 includes values which are out of the range of the 

measurements (S < 40 pss) used to produce the L-band model.  

That this is a problem is evident whether the models are 

compared at L-band (bottom figure) or at P-band (top figure).  

The difference is most evident in the real part (top panels) 

where it is clear that the two models diverge starting at about S 

= 70 pss.  Since, only the P-band model is based on data in this 

regime, the difference is an indication of a problem in the L-

band model.   

     The biggest difference is in the real part (top panel in each 

figure).  Since the conductivity does not contribute to the real 

part and ε∞ is real, the problem is an issue with the polynomials 

used to model the salinity and temperature dependence of the 

static term, εs, and relaxation coefficient, τ, in the L-band model 

which are only constrained to fit within the range of the data 

(i.e., S < 40 pss).  An example is given the Appendix of another 

recent L-band model which makes a different choice for these 

polynomials (essentially R(S,T) in (3b)) with a good fit for S < 

40 pss but very different but also poor results at high salinity.  

To fix this problem, data is needed at high salinity at L-band.   

C.  Implications to the Model for Conductivity 

     A difference in the imaginary parts of the two models can 

also be seen in Fig 9 beginning at about S = 140 pss although 

this is dependent on temperature.  The difference is a little more 

 

 
Fig. 9:  The fit for all salinity plotted as a function of 

salinity for several values of temperature.  The red curves 

are the P-band model, and the black curves are the L-band 

model.  The dotted, dashed and solid curves are for T = 10, 

20 and 30 oC, respectively.  In the top panel both models 

are evaluated at P-band (0.707 GHz).  In the bottom panel 

both models are evaluated at L-band (1.413 GHz).   
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pronounced in the comparison at P-band (top).  At these values 

of salinity, the imaginary part is dominated by the last term in 

(2) which suggests that the expression for σ(S,T) is the source 

of the discrepancy.   

     The L-band model used in these figures [22] uses the 

expression for σ(S,T) given in the “Thermodynamic Equations 

of Seawater” [14]).  This expression is based on the definition 

of practical salinity, but it has only been validated for S < 40 pss 

[14], [15].  The expression for σ(S,T) from [14] is compared 

with the model derived from the P-band data in Fig. 10.  The 

plot reports the two expressions for conductivity for several 

values of salinity over a range of temperature for which both 

models are valid.  In the case, S < 40, for which both models 

are also valid, the two sets of curves are close.  However, at high 

values of salinity (S > 100) a bias between the two models is 

evident. This bias increases with increasing salinity.  But there 

are also some small differences at low values of salinity, and 

more work is needed to determine if the difference at high 

salinity is significant and an indication of an error in the 

expression for σ(S,T) from [14] at high salinity. 

 

 

V. CONCLUSION 

     At values of salinity commonly encountered in the global 

oceans and lakes (0 < S < 40 pss) the model based on L-band 

data [3] and the model derived here based on the new 

measurements at P-band are comparable and apply equally well 

at either frequency.  This is encouraging and supports the use of 

either model for future wideband remote sensing.  On the other 

hand, small differences are apparent, and more work is needed 

to determine if a model which is based on a combination of the 

L-band and P-band data would be better suited for future wide 

bandwidth remote sensing. 

    Significant differences appear at high values of salinity.  In 

part this is because the polynomials used for the parameters 

(e.g., the static term and conductivity) are not valid 

representations outside of the range of data used to define them.  

One possible improvement is to use the expression for σ(S,T) 

based on the definition of practical salinity [15].  This is 

employed in several contemporary models [8], [6], [4].  

However, the examples in Fig. 9 and 11 show that this is only 

part of the problem and that data including high salinity is 

needed to get the correct fit for the real part. 

     The measurement made here provide a chance to test the 

expression for σ(S,T) given in [15] at high values of salinity.  

Comparing with the P-band measurements at high salinity (e.g., 

Fig 9, 10) suggest that it is a good approximation but there is 

evidence that this expression may not extrapolate accurately for 

salinity greater than about 100 pss. 

APPENDIX 

    Figure 11 illustrates the issue at high salinity with the model 

reported by [6].  This model uses the form in (2) with σ(S,T) 

given by the expression in [14] and with τ and ε∞ the same as 

used in the model by [5].  The expression for the static term, εs. 

has the form given in (3b) with R(S,T) a polynomial chosen to 

fit the L-band data and give a best match to the SMOS satellite 

data. 

 

    In Fig. 11 the P-band model is given by the red curve and the 

model of [6] is represented by the black curve.  Both models are 

evaluated at L-band and plotted a function of salinity for several 

values of temperature.  The agreement of the imaginary part 

 
Fig. 11.  Comparison at L-band of the model from [6] 

(black) and the P-band model (red) as a function of salinity 

for T = 10oC (dotted), 20oC (dashed) and 30oC(solid). 

 
 

Fig 10: Comparison of P-band model for conductivity, 

σ(s,T), with [14].  The comparison is given as a function 

of temperature for several values of salinity.  The solid 

lines are σ from the P-band model and the dashed lines are 

from [14]. 
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(lower panel) is about same as the agreement of the imaginary 

parts in Fig. 8 where a similar comparison is made using the 

model of [22].   The similar behavior is because both models 

use the same expression (i.e., from [14] for the conductivity, 

σ(S,T)), and the conductivity term dominates the imaginary part 

at high salinity.  But the behavior is not similar in the case of 

the real part.  As in Fig. 8, the real part agrees with the P-band 

model for low salinity but diverges for salinity above about 100 

pss.  The form of the divergence from the P-band model is 

different in Figs 8 and 11.  This illustrates that there are many 

choices for the unknown parameters that will fit the data, but 

also many ways for these fits to diverge outside of the range of 

data used to define them.  The way to fix this problem is to 

extend the range of the measurements.   

    The ideal solution for improving the behavior of the L-band 

at high salinity is to obtain new measurements at L-band at high 

salinity and then make a proper fit that includes the values at 

high salinity.  An option is to use the P-band model for cases 

which involve high salinity (e.g., remote sensing with current 

sensors at L-band over water bodies such as the Great Salt 

Lake).   Another option is to combine the data sets and define a 

hybrid model to be used over the entire frequency range 

between L-band and P-band.  This is the subject of on-going 

work. 
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