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‘Evaluauond of frequencres for sea surface tcmperature
ﬁ‘and sahmty mcasurements usmg passrve

; mrcrowave radwmeters
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ABSTRACT Theoreucal mvestrgatrons have been carrred out: for
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proper choxce of frequen«y

cies for measuring sea surface temperature and - salinity, wrth passive chrowave Radiometers. The '

brightness, temperature and emlsswrty has_been calculated usmg an improved .model for ‘the dielec-
This was developed by Klein et al. (1977) for frequencies below the

* tric constant of sea water.

s -band A simple model of air-water interface, neglecting the atmospheric ' contribution has been -
- used in this study. It was found that -multifrequency microwave radiometer operating between 1 to
3. or 4GHz is surtable for simultaneous measurement of sea surface temperature and salinity. For
measurement- of only sea surface temperature, - frequencies between 4 to 7GHz,. with an optimum
*E‘requency around’ 4.5GHz should be considered. Additional experimental investigation is needed to
justify the use of frequencies below 10GHz for sea surface. temperature measurement because of

”the atmOSpherlc contrtbutron ‘to the brightness’ temperature. : Lo :

The ‘need for accurate expenmental measurement of drelectrlc constants has been pomted out, b
keeplng in vrew the accuracy of present day microwave radlometers o : o

ek ‘Introductwn L

It is recog;msed that the measurement of sea
‘surface temperature is an. 1mportant requrrement :
for investigations in meteorolugy and oceano-
graphy. Values of salinity, in addition to sea sur-
face temperature, are useful for the study of cir- -

‘culation over estuaries, tracing river outflow and . ,
: g 0y 3“ K in. me]oecular temperature. A

‘]for studymg ocean freezmg processes.

Infrared Radrometers have been used from

. Nimbus Satellites to measure . sea surface tem-

~ perature with some success (Smith et al. 1970).
~_ But, they suffer degradation from rain cloud,
sun g[rtter, water vapour and ‘aerosols. It has ,

- now become possible to avoid these diffculties to
a greater extent by using passive microwave

 radiometers. The resolution of the satellite borne

. radiometers are poor but much nnproved when '

L used on an crdft

To measure sea surface temperature and sah-*;
mty with a passive microwave radiometer, the
emissivity of the sea surface must be known;
~depends upon the
dielectric propertlee of the sea ‘water. The imple-
ng of sea,f:‘

~ accurately. This, ‘in turn,

1rnentat10n of passrve mrcrowave«~ s

that in the absence of rough sea surface condi-
tions, measurements could be made which were

derive statistical fits to the dielectric parameters.
Their quoted accuracies seem madequate to

- meters. Keeping this in view, Klein ef al. (1977)
have reexamined Stogryns results and some of
_the recent measurements. They drived new
‘gressron fits for dielectric ‘parameters, which wrll
,prcmde the brightness ‘temperature t

o

surface temperature, and other ocean surfacef’j i

 properties, placés stringent requirements on the
~accuracy with which the dielectric' properties of
~ sea water must be known at the operating fre-

quency. The study by Hidy et al. (1972) shows':" -

accurate to  0.1°K  brightness temperature, and"?f ‘

Measurements of dielectric Constauts havej

~ been made by Ho et al. (1973-74) at Sand L
- band frequencies, keeping in view the accuracy
tequired for interpreting microwave radiometric

~ data. But, the earlier measurements of dielectric

constants have been used by’ Stogryn (1971) to

match the capability of modern microwave radi

3“1{ at frequencres below X'b

" In this paper the followmg calculatrens and
drscussxons are. presented
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- (i) The dielectric' properties of water as

~ a function of salinity and temperature,
observing frequency, polarisation and
loek angle,

(ii) The brightness temperature of a- calm
sea based on these dielectric properties,
as a function of salinity and tempera-
ture frequency, polarisation and look
angle;~

(iii) Accuracy - requirements for dielectric
constant measurements,

(iv) Comments on

present experimental
methods. : :

The above results have been used in a simple

model of air-water interface (neglecting atmos-
pheric effects,” to investigate the range of fre-
‘quencies suitable for temperature and salinity
measurements with passive microwave radio-
meters. .

For accurate retrieval of sea surface tempera-
ture and salinity, the effect of atmospheric emis-
sion/absorption, cosmic background, sky emis-
sion and antenna pattern correction, should be
considered. The effect of surface wind, producing
roughness and foam (whitecaps at high yield
speed > 7m/sec), on brightness temperature is

complicated by the fact that it depends on air-
the duration and -

sea temperature difference,
fetch of the wind as well as on the history of the
wave spectrum of the sea. A satisfactory analyti-
cal expression is not available, and empirical re-
lations (Hollinger 1975) are wused to estimate
the increase in brightness temperature due to
ocean roughness. This is added to the bright-
ness temperature calculated for idealised calm
sea condition. Hollinger (1973) studies micro-
wave properties of ‘a calm sea based on dielec-
tric parameters taken from Saxton and Lane
(1962). : ‘

2. Method of computation of dielectric properties

The complex dielectric constant of sea water at
microwave frequencies is adequately described
. by the Debye (1920) expression : ‘

. €g—E€

R b D 1)

) I Hwr we,
where, o = 2nf (f in Hertz)
 €p = 4.9, dielectric constant at infinite
frequency, :

¢, = static dielectric constant,

o = ionic conductivity in mhos/metre,

+ ==relaxation time in seconds,

€; = permittivity of free space,

= 8.854x 10712 )

The above Eqn. (1) can be rewritten in the -
following form;

e, S 1 mjer o
€7 €°°‘+1+jwr 1l —fwr Jweo
—., - € —€p o7 (eg—e,,)
® l+w21'?‘ J| 1+w272
G Y
-+ we, ] = € —j¢ (1.1)

where ¢ and ¢” are real and imaginary parts
of the dielectric constant and is given by

€€,

€’,_—__e°° + mz—' (1.2)
v_ (es—ey) ot o '
= TFwqs T wey - (13)

The static dielectric constant, relaxation time and
conductivity are functions of salinity and tempera-
ture. To calculate the dielectric properties of water
for any combination of salinity and temperature,
the following regression equation given by Klein
et al. (1977) were used. '

The regression equation for ionic conductivity
of sea water is : ‘

o(T, §) = o(25, §) exp (— AB) )
A=25—T @.1
B =2.033X10~12-1.266 X 10—4A
42,464 1078 A2— S(1.849 X 105

—2.551 X107 A+42.551 X 1078 A 2)
2.2

and ¢(25, §)= §(0.182521 —1.46192x10™3 § -

2.09324x 1078 §2 —1.28205 x

10-752) (2.3)

where T is the temperature in degrees centigrade
and S is salinity in parts per thousand.

The specific form of the polynomial fit for sfatic
dielectric constant is given by
&(T.S) = 5(T) a(S,T) » (3)

where €,(T) =87.134—1.949x 10~ T—1.276
X1072724-2.491 X 10473 (3.4)

and a(S,T) = 1.000+}1.613x10~5 ST—3.656

X 10785--3.210 10552 — 4,232
x10-788 (3.2)

for modelling relaxation time, Klein er al. have
used Stogryn’s expression, after converting nor-
mality into salinity by : :

7(S,T) = 7(T;0) b(S,T) @




e where 1-(T 0) is the pure Water value of the rela-

xatlon tlme, whose regress:on equatxon is :

—6.086 X 10—137 -
+1 104><10"14T2—-8 11x

L amd ks T) =1.000-2, sgpxloteT—T.6%
A S x10t§—7.760x 1076 52

+1. 105)(10‘“3 .5’3
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. effects), by
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@
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3. Method of computahon of emisswity and brightness

o For frequencies balow 10 GI—Iz the contnbutxon
= from surface to the brightness tempeiature T is
- maximum and is gwen (neglectmg atmospherlc

e |

~ where the dependence of emxssthy on surface

 roughness has been omitted. Tp and T are in
 degree’s Kelvin, R is the Fresnel’s reﬁectxon €0~

- efficient for air water interface and e is the emissi- - i
~ vity, which for smooth, calm sea water is gwen :

L by (Holhnger 1973, H1dy et al. 1972)

e = 1—--1Rk12

2 = 1 e ‘vaz
L lo—wrtdl
* . ;where’ ‘R}‘[ [(P +("')2 +qz]

op= 0080

S

pyp L —pt e —g
T [P (e T

Kk"

6

. | ,(5».2) |

(5 4) L

o The subscrxpts h and y refer to the «honzontal and

~ vertical linearly polarised component of the radia-
- tion, when the electric field vector is perpendicular

- or parallel to the plane of incidence, 0 i is the look

¢ a.ngle and the vanables p and ‘¢ are
- - o L1 " %
e [{ (W 1>+e}_

+<e+p =) ]%

o ey ]%“

!R},lg A 1Rv

b

©5

O

" : Therefore, for nadxr lookmg ca.se y.==1 and L

o ‘Hence, the emlssmty ‘can be calcu]ated by (I-dey

: 1——»\/@: e
1+ve

- wa,tar wSQ]

- must be less than 1.

SEA SDRFACE TEMPERATURE D SALINITY MEASUREMENTS oM

o For 0> 0, Rh‘ and R, should be computed - "
o separately and TBy and TBy will be corresponding

 brightness temperatures. Here e is the complex

dielectric constant of sea water at microwave o
frequencles, whose imaginary part include the

contribution from any dc conduct1v1ty of thegﬂ o
medmm ; ; o

i 4 Accuracy of dnelectm eonstant measnrements

 The practmal resolution and accuracy that a’ |
- passive microwave radiometer has achieved, have

put a stringment requirement on the accuracy with

: - which dielectric constants should be measured for
' measuring sea surface tempera.ture aud salu:uty
; vananons ‘ .

The emlssxvxty for normal mcxdence is gwen by :

1 m»\/e

o= | 3V

V where the seconi term is the fresnel reﬂectmn ce- -
efficient and e is the complex dielectric constant.
:, Takmg 1egar1thms of both mdes, and dxﬁ‘erentxat-"f“

,mg e
: “36,’ l+ ‘\/e f i
‘ ._..%G-'Uz (l _{‘_‘\/‘5 )M%emllz (1 -———'\/E)

(1+\/e)

‘-‘smce e>>1

8 (lme)Real 53/2 ;

, since emml()3 [typwa,l value of € at 10°C af 832 "" :

ol 30 x10-3 (8¢ +3¢”) (72)
‘andfor T*-300°K " e
ATm04 (5 + 5P K

ay

- For ATB to be less than 0 4°K (Se 48y
: ‘For present day radio-
. meters ATB '<0.1°K is within the state of the
“art and ¢ and ¢” should be measured with an

«accuracy of better tha.n 0.1-0. 2 pet cent &

5, Comments on the experimental methods of dielec-~ S

o mc constant measurements

There are  different methods (Von I—hppelf“i"'

1961 ‘Montgomery 1947) for the measure; ent o
“of dlelectnc constant of solutions, but the ca
- perturbatmn techmque 1s cux:rently used by the,
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Fig. 1. Brightness temperature (°K) versus calm sea sur-

face temperature (°C} at normal incidence for

-various saligities at frequency of 1 to 4 GHz

1 10-20 ppt
2 2030 ppt
3 30-40ppt

Fig. 3.
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Effect of salitity change (various ranges) on

* brightness temperature at frequency 1 GHz
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Fig. 2. Calculated brightness temperature (°K) for a sea

surface temperature of 25°C at various salinities
for frequencies from 1 to 10 GHz
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Fig. 4. Calculated brightness temperature (°K) for a sea

surface salinity of 35 ppt at various temperaturas
for frequencies from 1 to 10 GHz.
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10 Hz. ,

~ sample tube of small, but known volume, is inser-

. ted. along the axis of a cylindrical cavity excited in

 the TM 010 mode. Form measurements of

. accuracy with- this method is 0.1-0.2° per cent.

- surface phenomenon, Iaboratory “investigations

seasons of the year. It may be worthwhile to

. point out that laboratory simulation of sea water
~ with different normalacy Nacl solution in water ?.
~ will not give the same value of the dielectric

~constant, because of the‘presence of addluouul‘ ' ture from 5° to 40°C for 35 ppt salinity. We

ions in. sea water S
6. Results and Discussmns

" Fig. 1 shows the vamatxou of bnghtness tem-
perature with molecular sea surface temperature

~br1ghtness temperature is more sensitive to sali-

(°K) versus calm sea surface temperal
30 ppt salinity for dnﬁ‘erent ftequancles i'rom 1 1o

: Na,uonal Bureau Of Stdndards Thls prov1des re-
sults which meet the accuracy requn'ements of

perature with frequency from 1 to 10 GHz for
most microwave radiometers. In this technique a

~ different values of salinity from 5 to 40 ppt for
_a particular sea surface
- from the graph the change in brightness tempera -
~ ture is- more prominent for frequencies between‘j

“the shift of resonant frequency, and change in = “1 to 2 GHz than between 2103 GHz. .
. quality factor Q of the cavity, the value of the

dielectric constant can be determined. The quotedug’ : ture due to chan ge in salinity at 25°C from fre-

- quencies from 1 to 10 GHz. The three curves .
~have been drawn far salinity range 10-20 ppt,

In Vlew of the rowm ini erest and ca abilit ,
growing, int B ©20-30 ppt and 30-40 ppt. Depending upon th

o of passive microwave radiometers to sense ocean

should be initiated to measure diclectric cons-
tants of actual sea water from the Bay of Bengal, .
~Arbian. Sea and Indlan ‘Ocean during different

and other design consideration any frequency
~ between 1 to 4 GHz preferably between 1 to

e ;;keepmg the accuracy requlrement in conmdefr
. atlon A o .

for different values of sen surface sahmty The
~ temperature range is from 5° to 40°C in steps
of 5°C, with salinity variations from 5 to 40

- pptin sfeps of 5 ppt. The. bnghtness temperature
~ has been calculdted for a nadir view for frequen-

~cies from 1 to 10 GHz. It is observed that the - ,  perature with sea surface temperature for different

 frequencies and 30 ppt salinity. At 1 GHz, ‘the
~output is less sensitive to temperature varia Ions“’ V
~and the sensitivity increases with frequ
i greater than 2 GHZ Flg 6 shows the chang

- nity for lower frequencxes below 3 to 4 GHz and
. she - latlou for frequencne "f,hlgher than .

ture (°C) at

Flg 5 shOWS the varlatlon of bnghtness tem-

tunpemture.  As seen

 Fig. 3 shows the change in brlghtness temper&“

achievable resolution ~of microwave radiometer

3 GHz can be selected for sahmty measurement

Flg 4 shows the vamatxon of brnghtness tem .
perature with frequencies for different ‘temper

observe that frequencies below 3 to 4 GHz are .

also sensitive to temperature Consequently for
 salinity determination the temperature variation
~ needs to be taken into account, and it cannot be
- measured-independently. ’Ihus, a two frequency
radiometer between 1 'to 3 or 4 GHz may be

~used for both sea surfuce tempetature and salinity
:measurement’s

Fig. 5 shows the varxauon of bnghtness tem

o
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Fig. 6, Effect of temperature change (various ranges)'
L on brightness temperature for frequencies from
‘ 1to 10 GHz. ‘ '
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Fig, 7  Calm sea surface emissivity versus sea surface Fig. 8. Calculated horizontal polarisation brightness
" temperature (°K, at 35 ppt salinity for different - temperature (°K) versus look angle at a sea surface
Hz' ‘ temperature of 20°C, salinity 35 ppt or frequen-

cies from 1 to 6 GHz
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Fig. 9. Calculated vertical-polarisation-brightness tempe-
: rature. (°K) versus look angle at a sea surfa:ce\
-temperature of 20 °C, salinity 35 ppt for frequencies

from 1 to 7 GHz.

brightness temperature with temperature change
for different frequencies and “for temperature
ranges of 10-20, 20-30 and 30-40°C, where a
“constant salinity of 30 ppt has been assumed.

An examination of Figs. 4, 5, 6 indicates that

for temperature measurements alone, frequencies

between 4 to 7 GHz can be selected, with an
optimum frequency around 4 GHz for tempera-
ture ranges upto 40°C. However, if atmospheric
corrections can be properly taken care of, other
frequencies up to 18 GHz could as well be used
~ for their determination, the choice will then
~depend upon the accuracy requirement and the
range of temperature variation expected.

Fig. 7 is the variation of emissivity with tem-
perature at different frequencies for 35" ppt
salinity. We see that specular emissivity for fre-
- quency between 4 and 9 GHz and temperature
range 290°—313° K is almost temperature inde-
independent. Such a characteristic may be em-
ployed for designing a radiometer as a good sea
water temperature sensor, once the surface

roughness effect and atmospheric attenuation are
compensated. o '

Figs. 8 and 9 show variation of brightness
temperature for horizontal and vertical polari-
sation with look angle for different frequencies

from 1 to 10 GHz. Figs. 8 and 9 indicate that

salinity.

for horizontal polarisation 7zm decreases with
look angle and becomes evident only after an
angle greater than 20°C. The maximum change
occurs around 70°. Fig. 9 shows that T pe
increases exponentiallgl with - look angle,‘ with a
maximum around 70 ° . Thus for vertical polari-
sation, the change in Tpy is more than that for
horizontal polarisation, for the same look angle
range. This result could be utilized in the design
of microwave radiometers.

7. Conclusions

: (l)k A model to calculatg dielectric parameters

_ developed by Klein et al. (1977) has been used.
_The need for accurate measurement of dielectnc :

constant has been brought out.

(2) Brightness temperature and emissivity .
have been calculated with the new model and
their dependence on salinity, temperature, fres
quency, look angle has been studied. A simple
model of brightness - temperature, neglecting
atmospheric effects has been used in the study.

(3) We find that a multi-frequency microwave
radiometer could be used with frequency bet-
ween 1 and 3 or 4 GHz. for simultaneous
measurement of sea surface temperature and
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(4) For measurement of sea surface tem-
perature alone, a frequency between 4 and 7 GHz
could be used with an optimum frequency around
4 GHez. It has yet to be established that how far
frequencies higher than 7 GHz are suitable for
remote measurement of sea surface temperature
and with what accuracy, by proper comparison
of sea truth with aircraft flights.
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