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Abstracts To study the wuuniification of $0il moisture throuwmh
miciowave rasmote gsensinw technimues. & test site tasr  bewn
selected in Pune Colleue Asricultural Furm Land: Pyne. ITndia. The
fr-rrosontutivc $0il moisture and Lemreruture verticul ri-ofiles
are Jerived by analvsine the field Jata. A study has been wide on
dielectric and brivhtuess Ltemreratuire models with & view to
select the avrrorriate one. Newton’s esnivalent soil moistura
CEQSM) has been modified by incorrorytlinm !oil- moisture slorme
rarameter to imerove its acouracy. The 3011 textural desmendence
of Microwave emission and renetiation desthr of Microwaves into
moist soil medium hd; been stndied. Finally » methodolosy has been
develored for the selectlion of multifremuencies to extruct soil
moisture and tewreratiure verticel rrofile parameters. Computer
Software packawe hes been deveiored to immslement the wbouve

models. Thus Lhis Farer rPresants 4 consotilated work on wmodeilinu

asrects of Pussive Microwave Rewcte Sensinwp.

1.0 INTRODUCTION

Nicrowave Remote Sennine of 20i) moisture is becominu ohe
of the mador wctivities of research in view of its widg:
arrlicutions (Rao ot al. 19Béal. Uurins the lent one decude,

censiderable wffort is made lo draw seneral conclusions for the

wuantification of soil moisture based on taboraturr and fField
wxreriments. Extension of the urplicability of there conclusions
for the analrsis of A;r?ornn/s«tolltto dats is beins reulised.
Simultanecusly, ¢fforts aire beiny wude Lo develor ilieoretical
moduls to derive Lhe copclusions drawn on the baviv of exparimen—
tal dutsa wnwlvsis. Iho recent research tronQ‘ is to develow

multifremuency wmodels .and  to ortimise srstem rarameters to

maximize Lthe efficiency of data apalvsis wnd interrretation.

Fhroush this eamrar., .n dttamrl is mave L0 review the
riesent sticte of dtvol§rncnt of passive microwave remote sensins
»f %0il moisture and develos models relevent tu a varticular test
site, For this Furross: a test site in Aerimet Observotory.
located in asricultural collese farm land, Pupe. India. is

relected,

Ar w first stery the seail sumrles are collected and are
analvsed in terms of jts rhvsical and chemical rrorarties, One
yYeur datu on soil no:#turo and rhysical lemrerature wverticol
rrofiles have bean studied with 4 view to simulate soit moisture
and temrerature vertical *rofilen, There vrofiles and the =soil

rrorerties are the maior inmruts for the develorment of models.

These results ure rresenied in section 2,

Subsesuentiy, ., detailad study has been made on the
available modeis for the sstimution of dielectrijc constent with «
view to select the suitable model arplicable to the inst site.
From these studies.

:t has been found that the semiemmirical

mode | develored by Dobson et al. (1985) is more seneral  and



arrlicabile to wider ranwe of soll) {axture and Fresuency. The

details of these studier ure discunsed il section 9.

Next 4srect heeds attenlion is the estimation of
Lrishtness tewrerature(YH) under varvine vertical rrorerties of
30il moisture and ehysical temearature. Basicallvys thers are two
caterorier of models namely coheirent (Tounw et al. 197% and
Wilheit 19789) and noncoherent (Burke ot «1.1979). From a detailel
stludy of these models und comPuriscn with the exrerimentutl
resuits, it has been found, in Jenaral, that the coherant models
ure nore-nccurnto thanr noncoherent model, The details of these

studies are summurized in section 4.

Under natural corditions: the scil moitsure vuries with
derth, A3 micromaves penetrete deer into the 30k) medium and sivas
rise to wun intewvruled eFfect of the s0il moisture rrofile, il ix
necessary 1o know the ewuivalent soll muisture which can be used
to rerlace the varvine soll mointure rrofile. Newtion's (1977)
*auivalent soil motsture (EQSM) i3y suemrosed to sarve tLhis
mUrroOse, A detailed study on the validitr of FQsM reveals its
Vimitations and therefore 4 modified EGQSM (MEQSM) has  baean

Suesented whose detaila nie viven in section [

A studry has been made to undarstand the relaltion betwean
#0i) moistures and Lrimhtness temrerature. A comparison ix ualso
made with Lthe exeerimental observations. It has been noticed
that the TP is lineurly derendent on soil moisture at hivher
freauancies whereas low {(TB) s Vineariy derendent on soil

moisture at lower frewuencieb. The outcome uf this study wave the

means 1o identify the freauency rewion suitable for Lhe study of

s30i) moistura. The defails of this work is siven in sevtion &,

The renetration derth of microwuves is studied a5 a

function of s0il moisture. frewuvency. soil texture and ehrsical

temperature. The calcvluted renetration derlhs are. in meneral,
in avreement with the exrarimentatl investivations, The
renetrution demth varies from O tu 10 cm. The detoils of f{his

study is presented in section 7.

It has been vbserved br Schmuswe (1¥80) and Ulaby ot
al. (1979) that the wicrowave emission derendence on sol) texture
can be minimized by exrressing s0il moisture in terms of melcen~
tave of fFieid caravity units, An examinatlion of this aspact hav
beers done in this rurer by derivine the statisticul relutions for
water holdins caracities of scils and usine these relations to
exrress  soll moisture in Lterms of rercentowme of Field curacity.
This study, as can bw swen from section B, raveals that the
expPressing the soil moisture in terms of (my— W) minimizes the
emissivity Jerenden:e on scil texture. Hero Ht is the trans-
mission moisture us defined bLv Wens and Schmuywme (I980),

Finallv a methodolouwy has been develomrad Ffor tha selection
of multifreauencier whose combinution will wive rise to the
estimation of 30il moisture and tameerature msrofile sarameters.
It has been obrerved thut the set of Four fremuencies 1.0, 3.0
6.0 and 30 OHz courlad with one more maasurement at Lthecmal band
will Yead 1o the estimnilon of s0it moisture and voil temreratlure

Frofile rarametors. These asrects are axmplained in secliion 9.



A software muckawe has been develored around in  Louse
1&/32 bit microcomeuter to inelement al) the modely described
above. The ruckese Lias been used extenrively for the last two
vears. Thus this earer sresents o consolidated work ovn msassive

microwave remote sensinp of roil wmoisture.

2.0 REPRESENTATIVE PROFILER OF SOIL MOISTURE AND TEMPERATURE OF
BLACK SOILS OF PUNE

2.1 The Test Bite

To study the above usrects mentioned in introduction,
Pune Asricultural farm land has been rhosen as test site. The
8eil  moiriure and Lemererature dats huve Leen collected from the
Asrimet Observatory Jocuted in the above farm land. Two sets of
three 30il sumrles at two different rluces wnd at three different
derths are analivrsed in terms of rhysical and chemical frrovarties.
The uverare of analvsed results are viven in Tuble % Accor—
dine to the analvsis. the soll of the test aite comes under <lavy
wilh srevieh bluck colour. The unnual rainfull jn this area
ranses from 700 to 1750 mm. The Lemrerature varies from &,13° ©
minimum to 48,9° ¢ o i mum. The dreinewe is slow to medium wnyg
internal drainase is PooV, The crors srown in this land wra

Pulses: cerenls, cotton: suwarcane, raddys Jowur, badra nnd vewe-

tables rotationally.

2.2 Data Cellection and Selection
The Awrimet Derartment collects the vertical m-ofiles of
s0i) moisture and *hysical temreratuyre data rewnlariy. The test

site is speciully Frevared for this wuiroge, The verticaul

R

rrofile of soil moisture i collected once in u week (every
Thursday before BUD rise), fhe sravimetric techniaue is ysed for
the determination of soil woisture. The 20i1 suwmrles are taken
al surface and at darths of /.35, 15.0. 22.5, ‘30.0 and 45.0 cw.
The datu on temmrersture wre collected three timer every dor (0730
hrs.. 1430 hrs 4nd 1730 hrs) At surface and at derths 35,0, 10,0,
15.0: 20.0 and 30.0 cm Urine soil thermomelei s, The data used in
this analvsis belone to the time rPericd of danquv—ﬂoc-nbur 1985
und consists of 52 soil moistore rrofiles and ilOO temreruiyre

rrofiles,

An observution of temreretui-e profiles indicutex that the
dats is consistent. It has also Leen noticed that the variations
in temrerature from dov {o dav wre not qrrrociubig. Therefore,
it was decided to consider only one set of temeeraturs rrofites
in each month (around the middle of every mouth hes been chosen).
Exch set of temrerature rrofiles vonsisle of threse rrofiles at
0730 brs.. 31430 hrs. and 1730 hrs.. resrectivelr, Al  soil

Mmoivture and temrerature esrofiles considered ure wviven in Rao

ot al. (1986b),

2.3 Hedals to rerresent the soil moisture and temperatuyre

rrofile deta

From a careful obrervation of the +0i? mointure rProfiles
shown (n Fis, 2,1, it is clear thai t(he vrofl!,u- in weneral,
follow o nultiruru@qtrr exronentisa) trend with u Finite value wt
the surface.

This can be mathematicaily Ferrasanted a3 Fullows

(Hildebrand. 1958),
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f(z) - P’ + zrd,’."'x' [[;(.z.l (2.1)

Lz
where R is the constant s0il! moistures Afi is the froactionol
chan®e in the soil moisture., ’% is the coefficient of variation
(similor to intilirutsion coefficient) mnd n is the numher of
exronential terms,

The bhivher the value ovf ny the vreatel- the number of
exronential  lerms and so batter Fittine, Howaver. to evaluate
the coefficients of this exrression: there should be o farme
number of remote sansing observations «t dJdifferent frequenies
which is difficult to realize. Theretore: the smaller the tumber
of parameters. balter the feasibility. Considerine itwo axewonen—

tial terms only, eauation (2.1) can be wiitten s ¢

peer = f, + 411 - exeCB2) )« AP (- axr(p z) ) (2.2)
where &' ts  surface $0il moisture. L“ﬁ and nvi—ure conntanls
indicatine the variations in the soil! moisture. A Fow suid
moisture profiles follow the {rend of the slove *9uation.Homever,
most of the s0i) moisture rrofiltes (Fis, 2.1} show a resular trend

in which case Ey. (2.2) cun be furither simrtified to

F (z) = Ps + af a - (g z)) (2.3)

Inn this exrreswion, o[a has no whvsical sisnificance
wxcert  that it rerresents the total chanve in the s0i) moisture
at infinite dJderth. None of the 503l muisture miofiles cul  Le
axtended o infinite deapih. Tharefore, Nioku and Kons (1977)

have normalized the expresrion uriv u derth d and it v Wivenu ust

'
F“’ - Fs + AF -------------- (2.9)

where Af‘ ts  the increment of the soil moisture at 4 demth d

below the surface.

From the study of temeerature rrofiles at 0730 hra.., 1430
hrs.,» and 1730 hrs.. it has been observed that temeerature
rrofiler datu acauired al 0730 hrs., (Fiw. 2.%a) and 1430 hrs..

can be convenientlr fFitted to Lhe followiny axeression 3
Tiz) a To + BT exr ( Yn (2.9)

It has been observed from Fis, (2.3) that thoush Lthere are
voeriations in temreruture at surface and subsurfuce F;r 0730
hrs.s 1430 bhrs.. and 1730 hrsar  wll the rroéilol dWeear to
converse to & constant temeeruture below 20 cm derth. Therefore,
it is convenient to rercesent To <43 a constant temeesrature ot

deerer depths.

The dats aemuired at 1730 hrs.» cun be fFitted to the
followtne exerression becuyse their trend s forreasine and

decraasine wilh derth.

. . ) ] .
Tez) T, + AT}exn(n z) o+ ATlexrtr;f) (2.5}
The terms 7, . &7T,. arT, , Y, anv r;huvo simitar meanins as in

Ew. (2.2).

Usinw least swyare Princirle and bisection methed, the

bast parameters of Fay, (2,4} and (2.5) will be estimated by

o



fittine the soil moisture and temrerature data.

For the calculation of rarometers in the two enponentinl
term esustions (2.2) and (2.6}s Pronv's method (Hildebrans 1936)

hus heen used.

2.4 Data analvsis. results and discussions

A careful observation of individual soil wolyluras
rrofiles indicates that the variation of s01) moisture wiih derth
does not follow anv definite trend. However, 40 cbservation of a
wrour of mrofiles definitelvr indicates « svrtematic trend in the
soll moisture rProfile. Baved an this  concest, 40il moisture
rrofiles wmre wroured and then fitted in w cumhined way tu mel o
sinsle erofile., fhe fitied Profiles with Jashed lines are shown
in Fis. 2.1 as an exumrle, In ftew caser, nome rrofiles wure
fitted individualily due to their conventence in fittine to 4

model .,

Unlike the 30i) moisture rrofiles each tomreruture
rrefile  shows very clear and svstematic trany as shown in Fis.
2. 2u. These curves can be conveuniently fitted 1o the one
exponential function (tEw, 2.5) and the fitted curves are shown in
Fis. 2.2u. Similarly, the tempetuture Profiles gt 1430 bra wise
fFitted to the same *vudtion because their trend follows onae
exronential function. The temreralure rrofiles ut 1730 |y,
however, show incressine gnd Jecireasing btrends, Therefore: thesw

Profiles cun be fitted only with = two exvonenticl term functlion.

2.3 Recomsmended 80i] Moisture ang Temrerature Profiles

The criteria for slectinm rerrexentotive rrofiles wi-e
Lhat these errofiles should remresent 411 rossible vonditiens
intludine extreme conditionk of puil moisture nd temreruture
variations. Thus: one Profile ia chosen rorresronding to the
Towest soil moisture couditions (June). The recond rrofile 4
choswn vorresmronding to the hishest soi) moistures conditions
(Ausust, Sertember). The thard and fourtih rrofiles rerresent the
intermediate 30il moisture conditions. The fifth sojl moisture is
selected to uccount for the sbnormal) situations. The selected
rerresentative wmoisture ercfiles are shown in Fis. 2.4 and the
Furameriers correseonding to thess profiles are dviven in  Talble

2.2(a).

In the cuse of tempearature, iwo rrufiler fre chousen to
indicate the lowest and hivhest possible temrarature erofile qt
0730 hrs.. two rrofiles ute chosen to indicate liishestl ind lowest
rosuible temreralure meofile at 1430 hrs, and one erofile haq
beett chosen to indicate temreruture vuriution at 1730 hrs. Al
the five rerresentative rProfiltes are shown in Fis., 2.5 and the

rarumeienrs of these mrofiles wre shown in Tuhle 2.2¢b).

These rerresentative rrofiles are us«ful for the
calculation of TB wnd thereby the develorment of multifreauency

model.,

3.0 DIELECTRIC CONSTANT MODELS AND DIELECTRIC PROFILES

fhe dielectric censtant | ) is the wlecirical eromeprty

of the wateriuis in the wmicrowave rewion. The dielectric

10



constant of dir scil is of the order of 3 to B in the microwave
region: whereas, for water it is around BO, Different mercentaws
combinutions of water with soil sive risge to u vartution frrom 3
to 20. This ranse of & variation is resronsible for about 100°K
chanve in brishtness Lemrerature (TH). 11 view of this, in this
rarers an  attemet is made tuv studvy and comrare the existing
models forr the commutulion of € with a view to exemine the
arrProfrriate model. Subsemuentlv., the Frevuancy and soil taxture
demendence on £ have Leen investisuied urinw the exumined modet.
Finally, the model has bean imriemented for caluulation of repre-
sentative dielectric conrtant profiles of clar soils of Fune

avricultural farwm land.
3.1 Theoretical models for dislectric constant

Several authors have conducted dielectric constant (€ )
measurements of 30il as « funclion of soil moisture. texture.
bulk densitr: temrerature and freauency and obsaerved Lhat € is
derendent on the ubove rarameters (Hellikainen et al. 1982). Their
obsarvations alsco confirmed that the behaviour of Eis differant
for bound water and forr free water contents of soil medivm. The
exrerimental observations have shown that the Jielectric constant
of roil-wuter medium is an interruted effect of 1he dielwctrice
Frorertinag of soil solid. Free water. bound water and air
constituents in rrorortlion of their volume fructions, T the
rast  few vears, styqral attewrts have besan made to develor Lhe
dielectric constoani models of sorl~water svrtems, The muwiority of

these models examined by Wany and Schinywee (1980) are 4 function

i1

of two constituants such as soil 4olid and water. These models
are inudesyate Lo describe the dislectiric constant rrorerties ut

commplete s0i] moisture soil texture and frasuency ruanse,

Wung and Schmurse (1980) huve BIVen un emPirical  model
which accounts for moist soit constituents sich a4 boumi water,
free water, air and soil solids, Recently, Doubson et al (198%)
and Hallikiinen et a). (198%) have wrorosed three dislaectri:
constant model®s such ws emeiricul., rhrsical and semiemeirical.
The first one is only arrlicable to a rarticular value of frewue-
neve It is nothine but o wolvnomial fittinw of meusured dielec~
tric constant data as a function of %0il moisture and spi?
texture. The second one (ehymical model) reauires an  effective
30il surface area data which iy not readily available wheress the

third cone (semiemrirical model) rewvires & rewdily available data

and accounts for all moist solt constiluents.,

It can be reen thul the emrirical model and nemiempirical
wodel erosrosed by Wans and Su:hmupyue (1980) and QOobson et al,
resrectively are revuired & readily avallulile duta and both of
the models account for the *xParimental obwervations. Therefore.
an altemet is made Lo comrurre these two models in this section.
Wan® and Schausse Model 1 The axeressions for the Jieleciric

constant of moist so0il are miven by 1

Em=z W+ (P-We) Eat (o —P)e“ P Veo W,

with €u= €.+ (&, - éi) Noy
Wi

and €.z W Exr (We W) €u+(P-Wwe) €a , for We7W,

12



with €, = €;+(€w—€"JY

Where W, is the waler content (in voelumetric) und P (=) - fL/ﬂ)
wher e ﬁ.. fL are bulk density, seecific densily of drv soil) is
rorosity. é@' Eu ’ ér v é( are the dielectric constunts of oir,
witer, associated soi) rock:s {ce respeclively, éastqndl for the
dielectric constants of initielly absorbed water. WP, Wy wnd y’

are Lthe wiltine woint, transition moisture and free adiustable

rarameters.

Dobson et &l wmodel 1 1The exrression forr the celculation of
dielectric -:onotant{ll as follows la( g«

=14 ﬂ.}p, (€c-1) +m! €4, —-My
where coefficient g( (20.465) is the sliare factorr und I} derends
on the textural commasition of the soil. The }5 cAn be commulaed

bv

)
» v /l-
B = (| Ber + Peul
)l‘_, = (127,46 ~ 0.319 (Xrund) - 0.1%2 (%elwv) ) /100
{‘C"u (1.33797 ~ 0.603 (Xsand) - 0.16&6 (Zelav) /100
65 &‘%“ Ferresent the dielectric constunt of drv 303 ond  free

watar which can be ralculated by the following ewuations.

W
€, «a.01 +0.4a ) - o082

G—ma = éluar
Ve a2ileT,

- S hch
"“'{Gt PL

~-i3
where ew (= EH,6854 x 10 F/m) is the rermittivity of free sruce

€,{“ ‘é +

e

and f is fresyepcry. Gq#f(uho/-) ls the affaclive conductivity of

13
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water which is wiven bvi

’-5:# - -1.64% + l.‘?39ﬂ — 0.02013 (Arand) + 0.01594 (%clav)

Tw i the relaxation time of waler. ém-md eu“(u 4.9) are
the static (2T § T, << 1) and himh frevwuency (2 Tt F Ty 221}
dielectric constants of water resrectivelr. [he exmressions far
the calculation of Ty and €L, ure wiven us fullows (Stovevne.
19713,
€y = éufr.m “ € LT0 e n
Ty, = TuttN) = 170 b (N T)
S ‘ -4 kg
S+ 4,008 x 10 s]

~ 6,899 x 105 N}

-L -y
N « SL1.707 x 10 * 1.200 » 10
-k
3(N) = 1,000 — 0,253t N + U.IS51 x 10 N
-~
BINsT) » 0.1863 x 10 NT + 1.000 - 0.048%5 N - 0.02967 NV

-4 k]
+ 53.4644 x 10 N

- . -6 3
€,1Tv0) w 87.74 - 0,300087 + %.398 x 107 17« 1.410 x 10 7

T -k iy 3
'Tuott.m = {1.1109 x 10 ~ 3.824 x 10 T+ 4,938 « 10 7T
~§& 3
= 5.09%6 x 10 ¥ ozefr

where T is the water Cameeratuca in dedrews contisrede:s N is Lhe

normality of the solution und 5 ix the salinitvy.
3.2 Commarison of Models

To comrare the models dircussed above: the (ommois runwe
of validity has been chosen in terms of frequency 4 well a4s
soil texture. Thus o detuiled compurison is mude by
calculating the €& valuey at three fremusncies 1.4, 4.0 and 18.0
GH: und by chousine three soil tvres namelys rendvy  loams silt

loam and clavr.,

14



+
Al 1.4 OHz the 1esl reirrt of dirlectric constant ( € ) for

silt  Joam and sandvy loam soils match well for both the models
whereas: for clay soil there is larme difference bLetween two
models. Remardine the imavinary part of the dielevtric uonntqnt(€3
as  the clav content increuses the difference Lelween the models
increases. The trends of the Herendence of £ an ", is same for
both the models (Fipure 3.la - 3.lc). Similar observations have
been observed al 4.0 and 18.0 OH-. AL 4.0 OGHzs they matoeh
Feusonubly well all throush the soijtl moisture runme for silt loam
4nd  sandy Joam whereas for clar the diffarence increases ag the
scil moisture increases. The ﬁllfor @11 Lhiree texiures reatona—
bly malch for both the models. At 18.0 GHz:  there is u  fafrly
vuod awreement Letween the two mudels for sandy loam and pilt
loam s0ils whereas for €lar s0il, ihe difference in 6' of  both
the models increases us the £o0i) moistyre increases, In meneirnl
Wany  and Schawusve model rredict Tower values comrared to that of
Dobson et aj. model. The Frewuencry derendence of € for Loth the
wodels at G.3 m for sandy Todm: silt Toam and clav loam scily
rhows thut the for Wauy ESchmyvse wnd Dolssun et 1. models
rredict more or less same results for wilt loam and sandy loam

soils whereas for clay soil, the difference between the wmodels ;s

considerably hish 411 throush the frawuency ranse (Fim, H.Z(nll?l'i(cﬂ

Thus tt can be concluded thai Loth the modela rradict
more or Jlesys same values above 3 3Hz excert for bhiwh eclavy
content  so0ils. Below 3.0 OHz the Lrends of Q @re in the reverse
direction, Howuver, iLhe trands shown by Dobson et al. awrees

With exrerimental duty (Hallikuinen et al 1985) ond also low

freuuvency mode! rrorosed by Wenw (19890). Thus HDubson ei vl mode)
is more veneral. arplicable in wide fresuency ranse. considarsy
larwe umount of exprerimentul duta wnd hus no wdduntable Free
rarameters. [n view of the above, the Dobson &t al. model has
besrn used to wenerwute Lhe reriresentutive dielectric mofiles of
clary soils of Pune throneh rerresantativea wrofiles of soi)
moisture und lemrerutyre (Fie. 2.4 und 2.9%). The dielectric

Profiles are shewn in Fig. 3.3 arrd—Bvd,

4.0 COMPARISON OF MODELS FOR BRIGHTMNESS TEMPERATURE CALLCULATIONS

Durins the recent vears vongsiderable umount of work has
been carried out on rusmive microwave remote sensine of Lhe noil
moisture both theoretically and axperimentilly (theoretical:
Tswone 1975, Njoku and Kons 1977, Wilheit 1976, Burke et ul.
19791 exrerimentall Newton 1977, Nawton et al. L9832, Wans ot alt.
1982, Schmuswe ot al. 1963), Schnusee and Choudhury (1981) mide
an attemet to comrare all the models for the calculation of
Lrishtnes temreruture (TB). But in their calculation they used
onlry tlhe intarrolated diejectric dJates and dielertric vnnstant
derendence on iemeesrsture wes not considered. In view of Lhis it
is felt necessiry to make a detatled comraritive studvy on Jiffe~
rent TH models by mukins use of the latert dielectric conntant
models and 4lso .syil woisture % Lleweerature represantative

Frofiles of pune test site (Ruv, et. wl. 1986bL).

4.1 Different TB ®odels and their comerarison

It is well known that for a homoreneous medi, emissivity

wan be calculated by usinwe the Fresnel reflection aqudtions
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{Jackson 1962). However: in hatural conditions the soji) mossture
and Lemrerature vury with desth and hence dielectric mofile wlse
varv. lIn this case:; Radiative transfer modeis devetomed by Tesan4s
et ul. (197U), Wilheit (1978) and Burke el «l. (1979) tuke inte
account the varvine eProrerties of the silts with Jderlih. Thess
models lave bLeen develumed based on the strutificaijon ot
a medium (Fiw., 4.1} into nimber of lavers havine constant Jielec—
tric mromrerty foi- ' each taver and muy vary from one  laver to
ancther. The microwave radiation is senertated in the soll medium
dus  to ils temrerature. The umount of enerur thus senerated at
anr  larer is derendant uron the dielactric rroperty (svil
moiriure} wmnd temprerature. As enerey rrorusates usward throumnt
the s0i) volume from its Point of oriwin., it uets raflected and
transmitted at the tnterfute of the lavers ar o funclion of .tbo
difference in dielectric Frorerties of the lavers alons the railh
of wrowapmtion. In addition ws the enersv Cl'onsey Lhe mir-soil
interfiace. 1t is further reduced by the wffective transmission

coefficient of that interface.

There are two arrronches (coherent wnd honcoherent) for
the calculation of the microwave emission from inhomoseneous
medium. The rudiative trunsfer models develomred by Trane et al.
(1975 and Wilheit 1976) are the coharent models, Tsany et aj.
model  is based on the tudiutlive tranefe) formulation of Stowm vn
$1970)  for thermaily and dJielectrically nonhomoseneous . madinm.
Br followins wun arrecach rarallel to that of Storrvyn but usiue
recierrocal errorerties of dvdic Oreaen’s function in the solulicns

of the boundarvy value Froblems  the Lriwhtness temperature of &

\7

stratified medium is solved ans iy siven belowd

N v
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Tat®) = ——- _— = fimexe €2k, ¢ g, - d.u}

b cos®
I goe ity A"
Bpexr ik o) )}
e O l-exel~2Kp (dy - dy)1

" ‘—' !

tﬂ.exr(-ik'et}] [onxr(iK‘fq)j'

{1-exr t-tzk'u (dy 1}

)
ZIK':
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{ la “14
2iK'
« | ‘v '
[ 20 f T (=2K, dg)
. o __t_t Bl *xm t‘ [
cos® &, 'y,

The subscrivi § und & refers to the suantitien in tgo i th laver
of the wmedium and horizontal mulariction resrecltivelr. d iy the
derth below the sur-face of the interfuce betueen the f and !+)
lavers. The Ag» Br, and Th. are wave ampiitudes and are related
to one auother by rrorusation matrices (Konw 1%75). K and K(z
aFe wave vectors in the air and th #0i} laver rasmectively.

In Wilheit model ulso 2041 ix treated &% lsvered med i um.
Solutions of Maxwell-~s *uations and boundary conditions .t
interfeaces ware used to calculute the electric field in  euch
larer, These electric field valiues are usved to calrulate the
eierey fluxes and thus obtain fractionul sbsoretion iF,; Y oin
each laver. 1f TL is the temrerature of the & th Javer, the
taver radiates enerwy equal tv the Product of the flrectional
absormtion (1; } and Learerature (7). Similarly the radiant
eners®y or TB can be culculated for all luvers. The wicrowave

*nission wodel develoed by Burke et al. (1979) is buved on the
|
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sumkline  derih. In wddition to this, the comParisen has alse
assumption of incoherant radiatien. The radiation intensity s

been made with the exrerimental results obtained by Newton at 4l
calculated from the solytion of rudiutive trunsfer esuution. 1lhe

(1977) at 1.4 OHz for nadir look anvle. The calculoted and
radiative tranfer ewauation for warh laver is solved. The tranfer '

experimental normalized TH valuas with EQSM have been shown in
of enersy between luvers is determined by reflectivity from

Fiv. 4.3. It can be seen from the sbove fiwure that normelized 1M
Frasnel eauvation. The suwm of intensitities from N lavers sives the

is  hiwher for the exearimental results than that of theoretical
total brimhtness tewmreruture

rredictions which has been ultvibuled to ervoir in takine
To study the difference in coherent and noucolierent

samrliine Jeeth for the soil moisture estimation. Tharefore, thare
models in detail. theoretical calculations for TA have bean made

is» a need 1o carry out sysiemdtic exrerimenis witis Pl OPer
usint  the veresentative =xojl moisture mi-afiles with a Lemrere-

simuitneous wround truth to piidy the dJderandence of sameiing
ture rrofilm ( see Fis. 2.4 and 2.35) of black so0ils of Pune. (he

derlh 28 u function of moil nodsture und frewyency.
calculeled TH derendence on fresuency for different soil moistiure

and temrerature Profile combinations have been shown in Fiws., 4.2, 5.0 PARAMETERIZATION OF SOIL MO ISTURE

There is o wood asreement amons {he models for wid tanditions.

5.1 Need for a rarameter to rerresent so0il moisture
However, at lower frawuencies ( below 5.0 GHz) coharant and

incoherent modetl rredictionsr are sinnificantly different rarticu— In natural situation. the $0i) moisture is not wuniform
larly for soi) moisture rrofiles with hish sradient. As Far av with demth. In those casess a rroblem arires in interrreling so;l
the simrlicity, commutation Lime wund coincidence of 1B will that moisture information with the esltimates from microwave ata
of exreriments) values are concerned:, Wilheil mode) is Lhe best because the microwuve enerwy is cominy from o1l volume wnd not
one. trom a sinele laver. fherafora, it is necessary to identify a

arameter which will be ewvivalent to the soil mointurre errofile.
4.3 Comrarison with Exrerimental Results
This rarameter will serve 43 4 reference soil moisture in
A commparison has bean made between the TR calculated interrretine Lthe microwave datu.
usine Wilheit wmodel wnd the vulue obtwined exrerimentalliy by

5.2 Definition of different soll moisture rarameters
Schmusae ot al 1974 at 19,35 OHz (Aircraft Exmreriment}, Thare ia

a4 wreut difference befiween theoretical wund wxrerimental results, Several attemrts are mede Lo determine such o raumeter,
This Jifferance mavy be attributed (Lo surface roushnass, Ther are broadly as follguws t

atwmusrheric conditions and  wrrors in the consideiration of the
(a) Enuivalent skin derth moisture content [Lee, 19743

. 17 2a



In this wrrronch: eleciromamnetic altenution Profile of
the soil is caluulaled bused on the rermittivity scofile. Then
the erofile is intewrated to detlermine the skin demth, Finally

“the tauivalent kin derth motsture content is calculated that

would eraduce sume skin demtd.

{b) Attenvated soi) moisture in a skin desth

This prarameter is calcululed by rerformine o weiwhiied

averase of s0i) moisture urto the skin derth. The weishting

function is the attenuution constunt of the sci) from i th lever 1o

the surface as 3iven below @

N ‘
SM (i) exm (=7 of(i))
my = ) (5.1)
Skin derth
where ma - attenuated soil moisture in a skin derth
JCJ) — uttenuvated constunt ut emch faver

SM(i} ~ s0il moisture in «3ch laver

(c) Eauivalent Boil Moisture {EQSM)

Newton (19771 identified a rarometer which irn  known ws
*uivalent so0il moisture (E@SM). This is defined as a weishtey
intewral of the B0il moisture Limes the thermul wicrowave
emission mrrofile. The warameier Lan be exrressed in the foliguwins

manner &

EasH & {30 . (3.2)

1

where SM(}) = soil moisture contenl for the i th laver
TB (i) - brashtness contiibution from i th laver
TH total - total brishthess temrerature contributions at

the surtace

N ~  number of lavers

It may be nuted that the arsroaches (uw) and (L) huve no
direct eFffect on the socil temprerature. Whereas, the emission
process iz s function of rhysical temeeruiure of the nroil.
Therafore: it is aeprrosrjate to vonvider the soil temrerature
into  account while definine Lhe rarumeler. This hur been taken

into account in the definition of Newlon ERSM,

5.3 Validity of Newton’'s EQSM

Accordine to the definition of Newton EQ4M. it is exrecled
that voi) medium should eroduce the same brishiness Lewmreraturs
for all rossible distributlions of soil moisture in the w01l
medium rrovided the EQSM iy constant. The ERSM 13 mainlained al
4 congtlant vulue using linear shiftine arrroach (RHoe et &l, 19674}
for Jifferent voil moisture wrofiles. Thase profiles are shown in

Fiuv. L. 1.

Freayency derendence of EQSM

Fivures 5.2 to O.% rerresent (he TH calculatson o a

function of Profile shape rarameter GF). The data has been
rresenied for-  fremuencies 1.4, 0.0, 19.35  wand H0.0 OGHz
resrectively. It can be seen from the fFisures 0.2 te 5.3 that



the FB varies with P values. Thus  for constant EGSM  the
o

trelative differencer varies from 10 K (at 1.9 OHz and 6.4% soil

fal 30.0 GHz and 20% soil moivwture,

moisture by weiwht) to 1t K

The brielhiiness (emreraivre is also caulcutated using Fresnel s
esvation for constant moisture rrofiles whose value is eavivalant

. - |
(urine JI00" K

to EQSM rhysicul temreraturel,. These velues e

plotted in the same fisures. a Jdifference between TR values
calculuted usinw rrofiles und that of Fresnel ewuution rredictions
usine EQSM goil moisture is referred as abaolute ditference., It
carn  be seen from the fivures 5.2 to 5.9 that the obroluie
differences are considerably hivher than relatjive differences.

These differences decreases asx the frewuyencr INCreuses.
Soil moisture demendence of EasM

It can be wseen From the fivures 5.2 te 5.0  thad ihe
relative as well as absolute differences decreasss as ihe soil
moislure increases. This confirms that estimation of FOSM usinm

Newton“se arrroach is ol ademuately represantine tha agil

moisture dintribution in the roil medium.
Temrerature derendence of EQSM

SumPle calculations have beer rerformed wt 1.4 GH and &t
17.0% soil moisture by weisht to studry the temprrature dependence
of EUSM. Two trmes of Lemperuture mrofites are couridered nomelv
constant temrerature erofiles f(at 280.0. 300.0, 320.0 and 340n )
and  varviny srofiles arelicuble to hlack poilsx of Pune ar
discussed in section 2. It his been ovbsarved that EUSM iy fairly

constant showinw the least derendence on temperature.,

9.7 Modified EGSM

As  rer the anulveis rresented aliove, it ir clearly

broushlout that for constant EOSM the sot! meditm wives rise Lo

different TH vilues for different distribhytion of #0il moislure
in the soil medium. This rroves that EQSM has not Laken inta
sccount wprecisely the dixtribution of soil moisture in the soi]
mediom,

In view of the above dircrerancy an attewmel is made to
modify the EQSM formula by incerrorating either the dieleciric
constant store wilh demth or 20il moisture slore with decth, The

modified EQSM is siven nas follows 1

MEQSM u"L-E _____________

where S:¢ iz store of moisiure wrofile or

rrofile.
5.8 Btudr on the validity of MEQSM

Culculations were wmnde to estimate MEQASM from 1.0 o 0.0
GHz  frewuency ranve for ull rrofiles shuwn in Fie. 5.1, The

results are shown in Fiws. U.2 to %.% for cComPurison with EGSM

rewilictions and also with Freanal emiation rredictions, It can
be seen from Fies. 0.2 10 L.5 that the MEGSM are faur surerier o

those of EQSM. A comparison of TH »redicltad by coherent model
#«nd TH eredicted by Fresnel emuvation usjis MEGSM indicates thad

the MEASM is slishtly undar #stimated leadine to an errar of 3%
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at 1.4 GHz and less than 1% at 30.0 GHz, One of the limitations
of MEQSM is that the model fuils for uniform nroil moisture pro-—
file because of cero slome. However: this Fimitation is not a
meior Problem beceuse the MEGSM chtt be made ewual to uniform soil

moisture itselF.

6.0 BRICHTNESS TEMPERATURE PEPENGENCE ON SOJL MOISTURE AND FREQUENCY

In view of the advantaves/merits of microwave ramote
sensiny  for soil moisture., Newton’s et u! (1980), Wane et al
(1982): Wanw ot al (1983) and Vvas et ul (1985) have conducted a4
series of Ffield experiments to study the relation hetween so0il
Moisiure and TB, From their exrerimental data analrsiss thev
observed « ‘inear relaljon between soil moisture So-i—weistyrcs
and TB in the frewuencr ranse 1.4 and 19.35 GHz. Schwuese ol al.
(1974) wnd Schmusee (1980) snalvsed the airborne 1B duta at
1.4, 19.35 and 37.0 OHz. Thev also observed « linear relation
between TB and suil wmoisture ut 1.4 und 1%.3% GHz. Anelvsing the
data from Ihe sensors on board skviab, Euuleman and Lin (1976)
observed thul there js - non—li;car relationshiv at 1.4 OHz.
Fhus it arrears that there iy a Jiscrampency between Easleman and

Lin «and other investisulors cited whoves revardinue the relution

between brishtness temprerature and soil moisture.,

In view of these difFFeIentes it oming o, it ix felt
nMcessary to rescive the dincrqrunc; observed throush
exrerimentol  data unalysis by devivine the relution between TB
and soi¥ wmoisture theoreticully usinse the recentlvy deveiored
model of liobson et g1, (1985) for- dielectric conrtunt wnd Tuane et

al. (19/35) model for the calrulation of T8 (Rav et i}. L9A7),

A3

From the (heoretical mudels of Nobson st ai, (1985) and

Tsans et al. (1975) it ran be seen that there i A naed  to know

Cthe vertical mrofiles of sl woirture and temerereature and olher

s0il  erorerties. For this Purmose, the soil moisture and g0l

temperature Frofiles siven in Fiv, 2.4 wnd 2.5 bave been used.

6.1 Relation betwsen TB and soil moisture

Usine semiemrirical wodel of Dobeon et al. (198%4%)  for
the calculation of dietectric constant and Tesans ot al. (1975)
mode ]l for the calculution of brishiness temeerature., a sludy lax
bewn made on the relation between brishtness tewmrerature 4nd EQSM
at freauencies ransins from 0.1 to 0.0 OGHz. 1t can be seen from
Fiv. &.1 that the relation between TB and EQSMH is  ressocnably
tinear at hisher freauencies (aliove 20 GHz) and i1t becomes non-
linear was freauency decreases. The linedrity observed over 20,0
GHz is in confirmation with those of Sclimyune ef al. (1974, 1980)
and Vvas et al. (1vas). However, below 19.0 ANz Newton et 41,
(1990), Wanw ¢t al. (1982).  Wans ¢t al. (1983) “ind Schimunve et
al. (1974) lhave found linear relition whereas Easleman and Lin
(1976) found nounlinearity, Thus the »reseut theoreticul jesults
surrort the rredictions of Easlaman and Lin (1v76) below 20 OH:.
When the same date hus been mlotted (Fiw, 6.2) in  semi-lowari-
thmic scale: it is seen that the los (TR ) is linear)y related to
EQSM alrove 1| OHz. The non-linearity sturts arrearing below 1.0

OHz. So it is concluded that the los IB is linearly ralated to

soi) mointure in the frequency rauee above 1.0 GHz,

Relation between TB and Frewuency
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To study the relution betuwewn brivhiness Lemrearature and

microwave freauency Fis, 6.2 hat been welolbted with fresuency

amainst TB us & function of EQSM at 2%, 104  20% und HOL b
weisht, The fisure cleariy demonstrates that as frewuency imire—

ases {he THB  increases.

7.0 PENETRATION DEPTH OF MICROWAVES

One of the ereatest adventeves of microwave remote
sensiny iy the abilily of microewaves to ponelrate deep into the
soil medium. Lhereby wmiviny rise to the meuns For the
auantitaiive estimation of soid moisture. So far, no atiemet has
beers made to study the derendence of microweve renetreation
into tha moist s0ils and the influance of rarameters such a=
soil moisture. asuit texture: 5031 temreratlure und microwave
fraduency on  the renetration Jdesth, fhedse tvyre of studies are

useful foir EFlannine Bround truth collection camraiung and clso to

know urtc whal desth the Yround truth data has to be collacted,

As exrluined eurdier, the brivhiness temrercture recorded
by radiometers erivinates From Jdifferent Tarers of the <o0jl
medium. Usinw the theoretical models (will be discussed Tuter),
calculations wre made to find nul the cumylative percentiue
contribution to Lhe total brivhiness temperature &5 a function uf
devth of sail medium, Mhe followina cirservations have LbLewn made
at 1.4 and 5.0 GHz for clavy svils of Pune.

- This cumulative conkribution increases exeonentially with
derth showine o retulration effect.

74

- The 1ule of increuse in @ functiion of goil moisturres
hivher Lhe soil moisture, hisher the rate of incredse,

T The retcenteve contribution is nonlinecarly derendent on
freauancy and soil moistyre.

As  the rercentasne tontrvibution exronentiul vy derends on
the dJerlh of soil medium. to distinsuish the microwave ability to
renetrute infu soils of different moistuire contents and of
different Ffrequencies. it is necessarr to define ithe erarameter
known as reweliaution demtl hvy introducinuy a cytoff value forr the

rercentadse contribytion.

Thurs: the meneti-ation derth is defined us the derth
from the soil surface urto which the inteswrated contribultion 4§«
(1 - 1/e) times the total coutribution. It wil} turte out o be

63% of the total contribution.

In the followine section. & detailed studvy on  the
derendence of evenetration Jdeelh 4% a function of Mmicromave

frevuencys 30il moitsture, temreratore und {exture have been mude.
7.1 Theoretical Models

The rPercenture contribution (FPC) can be defined as
fFollows 1
I
PERCNTY
PC = A *x 100
B total
where TB(i}) js the contribution of brishtness temperuture of {he
i th laver of thicknweass d,

TB total 4 the (otal brightnegas

iemPerature und N refers 1o the fotad number of luvers al which
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the intesruted rercenluve contribution fo the Lrivhtners temeera-—

ture will be 63% from which P can be calculated as
Pd - N x d

7.2 Pd derendence on poil acisture and frewuency
Usine the wbuve mudel the derih of renetiation is calculuied
i the fresuency ranse 1.0 to 30.0 GHer s0il woisture rande 2.0
to 30.0 (by weiwht rercentave): ltemrerature ropme 780 to 320 K and
for soil textures cluv, silt Toum and sandy Joam,
Fiv., 7.1 shows {he derendence of renstrution derth (Pd) on

esuivalent s0il moisture (EWSM) at differant frequsncies (1.0,

RSy 5.0 7.4, 10,0 and 30.0 (Hz), The remprerentative goil

molsture mrofiles of clar 30il3 af Pune have been uswd for the P

culcylations. For tonveniesnce of egloltine eurh sail moistl e

rrofile is remsresented by tls FUSM av defined earlier, Ay  per

the definition of EQSM:  anvy  soil moislure wrofile con be

resresented by o earameter which will eroduce same the TH Ay that
¢f  orivinal rrufile. It can be seen from the above finure thut

the Pd decreases as Lhe $0il moisture increases ot atll Frnquoncl‘s.
Similartv., 1t can

be seen from Fiw. 7,2 thet Lthe KFd decreares

almost exronentially ay the fremuency increases. The hishast Pd

is of the order of B cm fur §,.0 GHr and 2.0 %so31l mointure Ly

welsit for clay soil,

7.3 Pd derendence on temrerature

To study (he tewererature deorendenuce on 18, a Ccase

study thas been mada for clavy soils 4 “¢il wmoisture content of

% by weiwht. The calculaiions have been mude as & function of
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frewuency for uniturm temmeratyre rrofiles ut 280, 200 and {420 K,
The Fiuw, 7.3 ahows tiat there s an 1nfluenre ot temreriture on Pd.

The difference is MAX UM i-ound 6.0 OHe and decreases on ei1ther

side. Similar trends have baen vbserved for vowrlete 30il mois—

ture ranse also,

7.4 Pd derendence on soll texture

To studvy the texturat derendence of Pd, in addition to

rlay soils the calcutalions are wade for 311t Joam and sandy Voam

s0ilw, It has been observed that the Fd derendence on fresuensy

shows similar t{rends for all 40il textures and Juomricte sgpjd

wmoisture ranne. However s {heir umer1cal valuer wre different.

To study Lthe P4 arendancey an texture with fraauencry and  sgil

moisture. different texturul deutea have been rlotted in Fiws. 7.4

and 7.3, It can bLe seen from Fis. 7.4 that at 15% so0il wolsture

by weinhi, there it ne siwmafFicent texture dependence aliove 10.0

BHz. The texturs} derendence increases at towsr  frequencies.

With resard to (he noil mouisture, the Fd iy different For diffe-

rent lextures althroush the soil weisture ranae. However, e

difference decreauses ws the soil woislure INCI ed ¢S,

From the above sludies, it has bheen observed ihat pPJy
derends on soil moistures soil tempercture. texivre wnd miciowave

frequencr,

8.0 INFLUENCE OF SOIL TEXTURE ON BRIOHTNESS TEMPERATURE
It i3 of wreat roncerns in the context of HICrowave ramote
of $0vil moisture, revardinge the units in whiclh the so11l

Sehsing

moLlsture has to be avpredsed. This erobiam arjsves Jue to  the



different deuremss of gensitivity ot rnorwalized brishtness

temPeritlure to different soil textures, Thus the estimation of
s0il moisture throush miirowave ramole sensing becomes 4 Funi:tion
of 20il texture. Several attemrts luuve wliesudy been mude to find
cui  the manner in which the <oil moisture has to be exvressed so

thet 1he textuyral derenderice on  microwuve emission cun be

micimized.

Ae sarly ur 1977, Newlonr hus indicuted that if the soi}
meistiure 13 expressad in volumetric uniks. the textural effects
on  microwave emission cun be minimized us he Felt {hut the
dieleclric vcomstantl is mainlv derandent on the number of dirvlies
of water molecules in the 5011 medium. Schmuswe (1980) concluded
thal the remresentation ef soll moisture in terms of percentasa
of field carucitly can minimize the textural effect on  microwave
emission on the basis of 4nalvsis af airborne data at 19.35 and
1.4 BHz.  The data hud Leen ucavired over the tert sites coverinu
the  complete ranve of $0il ltoextures, Snbseavantly Hlaby et al
(1981} have conducted a straes of field exreriments to study  the
feasibility of Microwave sensors (active) For Lhe eslimalion of
“e1l moisture. These exreriments were conducted over the sendv
Toam:  clav lLoam and silty clay at 4,94 GH« and the analvais —
had  been curried out exFrescine soil moikture ip terms  of
Fravimelcie and volumentric ety and aormalised field camacitvy.
Finutly thev «could tunt fude that exeressina s50il  moisture ip
terms  of parcentane of FIr' would «liminate Lhe texture «ffect on
backscatterinu Coefficient bui ther have fuswested (hat {here

should  be imer oved model s for the efstimition of fField cAapacity,
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However, Rouse (1?A3) in his theoretical studies concluded that
rerresentatlion of soil moisture in terms ¢f volumeilric units will
minimize the iextural effects and it further increased Lhe diver—
vence between differend textures when it is exrressed in  parcen—
tave of FC.

I view of the different orinions of Kouse (19H3) end
Schiugse (1980), Dobson et al. (1984) falt the nead to Foxxamine
their earlier conclusion (Ulaby et at, 19681)  that the s0il
moislure in rarcentasn of Fio  isx At orltimum choira for
rerresentution of seil meisture. Thery have mads o theoretical

study usinw the axparimental dielectric voenstant dala
(Hullikainen et al, 1985) at 1.4 and 5  OH», considerine  the

comelate ranve of soil texture and the analvsis hay hewn varried
vul exrresrine soil moislure in sruvimelric, volumetric units wnd
rercentase of FC, In their analveis ther obhiervad that bulk
density of so0ils varies with the 501 poisture content, Thev
have finallvy conciuded that exepressing soil moisture in terms of
volumetric wuniis and rercentate of FC will lead to wole or lesy
the same results and additional effurts shanld be devoled to
accurate avantification of {(he true £0il butk densilvy b
vbtatning butk density rancurrent with the sravimetric moisture
determinution in field experiments. Pumealoni el «l. (1%86) have

also  fellt +that the Problem of aliminatling influence of a0il

iexiure ol wicr owave emission has Lo bLe further investijuatied.

In view of the above. it is felt nucessary to axammine the
~roblem in the context of ludian enviironmentat tonditions usinw

Tndiun soil characiaristics. fo examine the Aiove erublem, thesys



is a4 need to khow ithe water retenlion characterystics And their
derendence on poil mhvsical Promerties,
8.1 Water retention characteristics of soils
Some rludier have alreadr been mude (GupPta et wil. 1979)

Btlhimywse ¢t al. 1976, 1980) to tind out the stalistical ralations
Letween water retention churacterislics of sojils (Field ceracity,
wilting eoint and avatlable water) and ehyvsjcal Proverties.
Howevers Uluby et al, (1978.1979) indicuted the inadeswyacy of
exialing mudels and rointed out the need for immrovine the above
wodels, In view of this, wu uttemrt is made to study the water
retention characteristics considering the data of Indian snils.

The Benchmaik Soils India {1982) wives a consolideted duta
on soills of India and their rhysicaly  ochamical and wminerolosical
viorerties. The field caraciily wnd wiltiny point dats forr 20
soils series (mach soil series contain 4 to & samrle  sets  of
data) have been analvsed (Ruo ei ul. 198@d) and the Ffollowinwe

emuations are recomnended,

¥c = 23,6470 - 0.42%9 % SAND + O.1987 & LLAY
wilh ¥ = Q.9761, 67 = 0,0%9452
Fr B 32.1793 - 0.31R4 # SAND + 0.4174 # LAY

with Y = 0.94%0 and G = 0,13732

WF = 6.8322 - 0.0436 % SAND + 0. 1620 @ CLAY
with T = 0,97334 ang T 01555

HF = B.6871 - 0.0680 % SAND + 0.25%70 # ClL.AaY
with ¥ o 0.9246 and e = 0.1773

where SAND  and CLAY stand for reircentave contents «f  sund and

clay respectively in the se1)s, ¢, ¢ are correlation vomfficientl
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and coefficient of variation,

8.2 Test site and data collection

In order 1o carry out {he study {o eliminute the textiure
influence on TH, threa test aites namelr, Asciculture fFarm land
with clary roils, Karjot observaiovery with clavy lowm 20318 and at
Gutri  with sandr clay loam s0ils have bean selected. The $irst
Eile comes under semi arid 20ne, second under heavy rainfall with
o laterite 30ils and the third one  under srbtromsical  humid
climalic zoune. The rhysical wnd chemical mioreilivs of these

$0lls are suomerised in Tabla 8.1,

Usiny the Hollikainen et als (1985) rolviomial wodel. the
dielactrir constant of the soils at  wvarious canstant wsoit
moisture values have been catculiuted, Since the Fresuel
reflaction eauations are valid for smooth and ronsiant  soil
moistlure, the emissivily viiluen huve Leen estimated furr &)1 three
s01ls at Jifferent soil moisture values usinuy the abiowviy
eqvations,

8.3 Textural derendence on microwave emissivity

The analvyis has  been carried out a3 a  funclion of
freuuency exrressine $0il moisture in Pravimetiric (ma 1y volume-—
tric (my )y PFercentags field caracity and the volumetlric s0j}
moaslure reduced by the transition muisture content of so0il. The
transition moisture (Ht )+ above which the dialeciric ronstant of
A0y 301l berins to chow a slees rise har been calculated usinw

the model (Wune and S hmuwus 198G}

HE k- 0.4% WK + 0,18%

34



where WP is wilting roint, which ix estimated from Lhe reuression

equations siven earlier.

Finuyre 8.1 shows {he derendence of emissivity on soii
texture, where the soil moisure is in aravimebric units, The
above Fisure clearly shows the influence of 3001 texture oR
emissivity at freausncies 1.4 GH:. Similar trends have been
observed al B.0 and 18.0 GHa aulso. Fivure 8.2 rerresents  the

derendence of emissivity on soil moisture exrressed in rercantave

of  FC. To exeress so0i) moisture in rercenlune of FC. the
statislical retations siven sarlier have bean ysad, From fivwuyre
B, 2, il is Year that divervence umony the curves belonwine 1o

different texturaes increases when soil meiskure is exrressed in
Fercontaeve of FC. This ix in awr-eement with the obseivativns of

Rouse (1983) and Dobason et al. (1984).

When volumetric soil moisture is druwn  asuinst the
emisvivity values, the textural influenre on *missivily is Founif
to be reduced miruinal 1y, A careful observation of behaviouyr of
Jielectric constant values of 3031 over complete ranse ot 4oi)
moisture shows thet below & terluin 20i) moisture content (Ht Ve
the dielaciric runstant is verr low with Jittle variation as soil
Mol slyre vuries, Whereas above Wy + the dielectric Coustuntl of
Boils rises stmemly with trirease in soil wmoistura, Tha valuyns
of Wy is found to pe differenl for different £0118. bLeinw  hiwh
for clary s0ils and low for sand scils (Wanw and Schmu9sa, 1v80).
This wives a clue Lo conrider thuat “t is Lthe rorameter which has
te be considared for the removal of texiural influences on emis—

sivite, Thus, when volumetlric wyil moisture is reduced Lv “E

3

forr  each 20il itexlure and draun useinst {he emissivity valyes,
the textural influence on emlasivily is minimiznd as can  be
#een  from Fio. 6.3. From thesre theoretical studies, it can  be
coencluded thal the g4 textural influenca on microwave emivsion
can be minimized by exrressinm s0il woistui-e in termm of tmv— Ht}
¥.0 SELECTION OF MULT IFREQUENCIES

Murine the recent vears efforis ure Leins made to exiracti
the soil moisture and Lewrarature erofile rarameter-s usinpg
muftifreaquency microwcre remole sensins amrproaches includiuw  ihe
Jata of  thermal resion. The wethodolouyr adoried s the
sfutistical inversion techimimye. s explnined in reclion 1wo, the
vartical wrofile of soil moisture and temereraturae can be exeras-
sed usinw exmpuneniiul functions. The wumber of sarcmelers to Le
estimated for aach rrofite is three in  number. For afficieni
exiruction of mrofile rarcmeters. there is g need to select the

best suitable microwive frequanciey.

9.2 Criteris for the selection of multirle number of freauencies

As  stated above:. thera are 6 Pirameters to rerresant s0i)
moisture aund temreratyre Frofiles(3 for 301l moistyre wnd 3  for
temrerature mofile), Therefore: to estimate these & rarameters
it is  rewvired to muke the measurement of TH ut minimum of &
freauencies, With tha helr of thermal remote sensinv, the sur-
face soil temreruture cun be estimuted, 1huys reducing the number
of marameters to 5, A stuidy vn the mossible soil moisture pro-
fFiles indicates thef frarticularly under the irvirution condi-
tions) their slose van be considered s constant at least ur tao

the derih of 5 cm, Makine use of this prorer-ty,  the number of
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rarametlers cun be reduced to 4. Therefoier Lthere is a need to
have at least 4 weasurements of B at 4 microwave frasuancies to
estimate these 4 rarameters. These four rurfmeters are surface
soil moisture, sltome of so0il muisture erofile at the surfuace,
chunwe in ehrsical temperuture divided by the surface temrerature
and temrerature erofile shars rarame tar(Njiokuy and Konz 1977),
Here. Lhe eroblem uf selectine fhe multifrenuencisr for

the westimation of the above four raramaters has been considered
i 1wo raris uamely, (1) the selection of multifresuency rense
and {2) the selaction of intermediate frewuencies,
9.3 Critaria for the selection of msultifreauency ranse

The criteria for the selection of microwave frewuency ranie
for the studvy of soil moisture is us followss
= As  far as eossible, it is advantasevus to have a lianar
relution between 20il moisture wnd 1B (or « rurumeter which is
4 simrla  funclion of TB) in the svlactad ranve of wmicrowave
fresuencies. This will facilitate to eusy interrolution for

extraction of infurmation.
— The second criteria is ihe saturation limit of 18 ur o
fFunclion of fremuencr.

Selection of lowest fresusncr Timit

Fis. 4.2 shows the Los (TH) 43 4 function of EQSH gt
different frequencies. Using the least seuure +rincirle, the
curves shown in Fis. 6.2 are fitted to 4 second deurve rolvynomial
us Piven belowt

Lon(1H) o« Ay + a4, SM 4+ uLSH {9.1)

it is waxPected that for Lhe frevuencies for which o linear
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relationshir exisis., the cvenstant a, will turn ocut te¢ be vary

y

swall and therefore the swaller value ot &, i the indicution of
lierarity of the relation. the comruted 4, values are mlotted as
n  function of freauency as shown in fisure 9.1. L can be sewn
from this fivurs that wy remaLns more or less cunsient urte 1 GHz
and  below 1 GHe. 4y  increares sieerly indicating Lhe startine
roint of nunlinearity. fhus from the first criterian for the
selection of fremuencr ranses the lowest fresuencr forr Lhe siuvdy
of soil moisture is 1.0 GHz.
Selection of hisher frewmuencr limit

Fiwure 4.3 shows the T8 as a funciion of frewuenuy 4t
variouws EQ@SM valyes. It can Le seen frum the above fivure that

the TB increases as the #requencr inreases., However, the rate
of increase in 1H  decreaseas with freasuency indicatine L
saturation limit. From the study of these curves. althroush ih=
woil moisture reanwe, il arreurs thul the urrer limit of the
microwave frewusncy can ba arcund 30 GHz,
7.4 Criteria for the selection of interasdiate multifrevuencies
The criterion for Lhe selaction of iniermadiate fremuencies

Cun be as foullowst
1. The frequencies should be selected 1m0 such e wavy thut they
shoutd be the ortimun freausncias althroush the soil wolsture
runse and temPeraiure rannpe.
%. There trewyencies hoyld pive the Lesl estimation of wiofile
PaAr-imeters.

A can be seen From Lhe eurlier discussion, the first and

the laslt Ffrawuencies van be 1.0 and M0 (iHz, Thve following

methodolowy hus been wdomled to find oul the intermedinte
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freauencies.

- The brimshiness foemmeruture vurieas as o tunction of frewuency
as can be seen from fisure 4.3, for the same soil moisture .ang
rhrsicel temmerratyre. Thix vurisation in {he Lrishiners tempera—
ture has been used av a criterian tor the aelaction of interme-—
diate freauenties, Thal wmeans, the difference in brishtners
temrerature between 1.0 and 30 UHz is ewually diviied and  ils

torresrondinn frewuencies have been interroluted., Tuble 9.1 shows
the intervolated multifreswnencies as o function of soil moisture.
Tt cun be seen from the table that the selected freavencies
changses with soil moisture. Thereforae, this mealhodolosy can neot
Le wdorled for the selection of freavencies,

— In the second criterian, inslead of 7TB differances, the
losarithmic TB between 1.0 and 30.0 OHz ditferencer have been
used, That means the losarithmic Jiffurences of T8 is eaually
divided and its corresrondine frewvencies huve Lieen interroleted,
FTable 9.1 shows the intermediate multifresuencias obtuined on the
basis of (his methodolosy. Even in this case (us can Le reen From
table %,1) qlse. the selectad fremuencies wvary with sojl
moisiure. Therefore, 1hese cun not be considered us the owmtimum
frequenciag,

=~ Fis. 7.1 apnd 7.2 show the derendence of Fd on freaueucy ond
30il  moisture, Ip the third areraach the munetration dewth of
mIcrowsves lLas been used as & criterion for fhe selection of
mulbifresuencimy, That g the difference in the renetration
derth  between 1,0 GHz und that of 40.0 UHz is divided into euuy ]

intarvel and the corresroriling freaquenciges have buen intervolated.

aw

Table 9.1 shows the intermediate muttifresuencies ae 2 function
of 201l moisiule based o the this methodolowy, The results are
shown in Fis. 9.1 for victorial view of the vesults, It can be
seen from Fiwe 9.1 that the selecled frequencies remiins  fFuirly
censtant althrouuh the soil motsture ranse above 5 % Ly weight,
The averawe valye of these fremuencies are 1.0: 3.0, 6.0 and
30.0 BHs. 11 mar be noted that thegse frewusncies are obtained for
black woils of Fune test sitve, The wrrlicubiliivy of therne
fremuencies for otter s0il ivres is to ba investivated.

However, 1le constancy of these frewuencies witl, tewmrerature
has to be examined. Finallvy, the selacted freauencies a; s to be
vai'ified for the orlimization in the extraction of Lhe Frofile
rarammiers,

10.0 Conclusions

This  rarer epresenis a consolidated work on the theoreticul
models for the stuydy of soil woitsture throush rassive microwave
temote sensinws technivues. There models ure «wimed at olttaining
tha muliifremuencies that are better suitable for the extraction
of so0il moisture rrofiles tarticularly apelicable to Llack soils
of Pune. The further work in this direction needs to be carriad
out to oriimice the multifrequencies to take inte wccount the
phriical temeerdature variations and also the effect of surface
roughness und vesetation cover, The arrlicability of these
freauencies can pe dudved on the busis of their efficiency in
exiractine the rrofjle rarameterrs throush iuversion tectininye.
This asrect is to be sludied,

A 30fl  ware rackane hus hea develored around inhouse
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conruter (Orion - OO0 MiciocomPruter svsteam ) facilities Vo

torliment all the models discussed in this raper.
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Table 2.9 Phvsical and chemical rrorerties of the Pune test site.

{a) Physic) mromerties.

Derith Sand Silt Clay Moisture Arearent Fore Volume
(Cm. ) * “ % holdine denpity psruce LU UT SR
caracity (wm/ce)
% % %
o-5 13.76 30.34 SN_.90 &41.03 1.47 B3, 36 16,26
3-1% 23.96 32.48 43.55 61.27 1.3%93 5. 10 17.068
1545 17.96 32.89 49,70 63.37 1,325 bi.82 19.16
(b) Chemical rromerties
Derth Satura~ peH rH FLe (&~ mwew./)itre—————m I SAR ESF
(Cm.} tion (raste) (extr— (milli| s e + - ]
3 " att) mhos/ Ca Me Nea HCO; c1
Cm. )
0-3 66.04 7.70 7.8 0.9 2.16 2.34 1,70 4.684 2.4 1.13 0.2
5-13 60.60 7.7G 7.8 0.4 2.18 2.30 1.055 3.20 1.2 1.0v Q.2
15-45 &60.44 7.8 8.0 0.3% 2.17 2.33 1.32% 3.2 1.2 1.%4 0,2
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Table 2,2 Soit Moisture and temrerature Parameters Corresrondine
to Recommended Profjiles

fa) Moisture Profile Parameterss

Profile fg af,  af, pom ') Bl um
2o e ee e TR TR
2. 32.90 -3.20 0.0 24.70 0.0 0.45
3. 2.24 11.40 0.0 a.10 c.o 0. 45
a. 7.60 14,40 0.0 9.00 0.0 0.45
5. 33.20 12,12 5.50 13.44016.0 13.4-i16.0 0.45

(b) Recommended temrerature profile raramelterst

Pro- T'c at’c IS Yien' ) fem™

File ' T

1. 26,20 -17.50 0,00 0.087 o.c

2. 32.20 -8.30 0.00 0.172 0.0

3. 22.80 18.30  0.00 0. 121 ¢.0

4. 33.20 15.49  -7.26 0.102-40.178 0.102+40. 178
5. 24.80 37.80 o0.00 0.081 0.0
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Caplion of Figures.

Figure 2.1 Moisture profiles of August and September

Figure 2.2 Temperature profiles of different dates at 7.30 a.m.
(a) Before fitting (b) After fitting

Figure 2.3 Temperature profiles of a day at different times
Figure 2.4 Recommended represantative soil moisture profiltes
Figqure 2.5 Recommended representative temperature profiles

Figure 3.1 Sail moisture dependence of dielectric constant (€)
at 1.4 GHz calculated by semiempirica) models for (a) Haldi
series (sandy loam) {b) Hathiapathar series (silt taam}
(c) Jambha serijes {clay)

Figure 3,2(a) Frequency dependence of the semiempirical models at
moisture content (m, = 0.3) for Haldi saries

.

Figqure 3.2(h) Freguency dependence of the semiempirical models at
molsture content (my = 0.3) for Hathiapathar series

Figure 3.2(c} Frequency dependence of the semiempirical models at
molsture content (m, = 0,3) for Jambha series

Figure 3.3(c) Representative dielectric constant profiles +or
btack s0il of Pune at 3.0 GHz

Figure 4.1 Concept of straification of a so0il into layers

{Tsang
et al. 1975

Figqure 4.2 Frequency dependence of brightness temperature for
different soil moisture profiles (SMP) with temperature profile 2
combinat ion '

Figure 4.3 Comparison between theoreticl (Wilheit % Burke) and
experimental (Newton 1977) normalized brightness temperature at
1.4 GHz as afunction of EOQSM for pnadir Yook angl e

Figure 5.1 Simulated 501l moisture profites for constant EQSM
(16.4 weight % at .4 GHz)

Figure 5.2 Brightness temperature dependence of P far
of EASM and MEQSM at 1.4 GHz

Figure 5.3 Brightness temperature dependence of F for
of EQSM and MEOSM at 5.0 GHz

Figure 5.4 Brightness temperature dependence of P for
of EQSM and MEQSM at 19.35 GHz

Figure 5.5 Brightness temperature dependence of F for
of EQSM and MEQSM at 30.0 GHz

Figure 6.1 TE vs EGSM (by weight %) for gonstant soi
profile at different frequencies (T = 300%)

Figure &.2 Log(TH) wvs EQSM (by weight %) for con
moisture profile at different frequencies (T = 3007

Figure 6.3 TB vs frequency for constant soil moisture

same values

Same values

same values

same values

' moisture

stant soil

profiles

Figure 7.1 EQSM vs depth of penetration (Pd) for representative

profilles of ctay soils of Pune at different frequnenc:

Figure 7.2 Frequency vs depth of penetration
representative profiles of clay soils of Pune at diff
mo1s5ture conditions (weight %)

Figure 7.3 Frequency vs depth of penetration (Pd) for
s011 physical temperature

Figure 7.4 Frequency vs depth of penetration (Fd) for
s0il textures

Figure 7.5 Sail moisture (SM) vs depth of penet
different soil textures

Fiaure B.l1
angle as a +unction of aravimetric soil mu15ture(ma I,

Figure Bg8.2
angle as a function of %0i) moisture 1n percentage

&
Calculated emissivity at 1.4 GHz and O

Calculated emissivity at 1.4 GHx and «°

(Fd) tor

erent sail

di1f ferent

d1fferent

ration +{or

incident

tnicident
ot  field
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Figure 8.3 Calculated emissivity at 1.4 GHz and Do incident
angle as a function of volumetric soil moisturelmy ).

Figure 8.4 Catculated emissivity at 1.4 GHz and © 1incident
angle as a function of soi! moisture in terms of (my, - Wit .

Figure 9.1 a3 vs frequency for constant soil moisture profile

Figure 2.2 Four frequency models for Pune soil moi1sture profiles
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FIG 24: Recommended representative soil moisture profiles
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Anzlysis of Bhaskara - II Batellite Hiorowave Radiometnr Datp ..
Land Based Btudies

K.B. Rao. B.K. Mohan, P.V¥, Narasimha Rno

Centre of Btudins in Resnurnee Enginmeriun
Irdian Institute of Tachnology., Powatl., Bombay, INDI1A

and

R.L. Karale, K.K. Maruls

All India Boil and Landuse Burvey (Al8 & LUR)

+A.R.1. New Pelhi. INDIA

Rralizing the importance of micrawaor remate cenging, Indis

I »unched Bhaskara - I and 1L nalallitas with micr o
radiometers operating at 19,35, 22.235 and 31.4 GHz. "
brightness temperature (TH) data was acquired during the pepion
Dec 1981 - July 1983 by the radiometsrs onboard Bhaskara 1t.
Even though these frequencies are ideally suited tor atmospaheric
studies. sttempts are made to utilize these data for land based
studies also. in view of extensive coverage over Indian

subcont inent. The results are presented in this paper.
INTRODUCTION

It is well known that microwave remote Bensing har  kevriad
Advantages over o'har remole sansing techniques. Thesa .
broadly, al)l-weather capability. day and night operabil ity n
penatcation Into the soil. These gualitles of microwsve re- 14
Eensors &re ideally suited for continuous assessment ed

monitoring of esrcth resources operationally.

Realising this. India has lsunched. in a big way, a programm-



On microwave remote sensing. A2 a firet step in this direction.
Bhoohara ~ 1 and Il wataellites were launched with MiGTova vy
Paylvudy  opersting «l  freguencies 19.35, 22,235 GHs (Bhagkara
- and 19.3%.  22.4£45, 31.4 OHe ( Bhaukara - II) rcespactivuiy

Bhaskara - I] was l.unched on November 20. 1981 and ocollected T
dats ovec the Indlian wubcont inent for a period of 18 monthe in
325 panses. The spescificationm of the Bhaskara -~ I1 asatellite
microwave cadigmater (BANIR) payload are given in tabl.

(tilization Cell. 1982).

There are two modem of data collection of BAMIR namely,
normal (nonscanning? mode and alternate (scanning) mode. In the
normal mode ths data is collected at four look L 11 P
—5.6? —2.8? 2.B°and b.ﬁu saround nadir along the direction i
the satallite pass. The TB data i acquired for sach spin  ur
the sstsellite since Bhaskara is & #plnning vatsllite. The datae .
raecorded againast each 6pin nummber starting from 1} for wach P,
The wizxe of the radiometer toot print s 125 KM circula,

divwuter. The TB tesolution 16 1 K.

The freqguencies chosen for BAMIR are ideally suited for ..
tutrieval of atmospheric Pacamaters like liquid water conteni st
water vapour (Pandey et al. 1980). Howsver. from the Eiula
(Pasampaloni. 1983). aircraft (Bohmugge, 1974) and satellite ¢ Hao
ot al, 1986¢) sxpariments, it has baen demonstrated that (). ..
fraquencies ocan #lso be used for land based studias. Keupiig,
this in wmind severa) attempts are smade to analyss the BAMIR ..
for the assessment of moil moisture on & largs area bamijs. It

work carried out is mainly the specific case studies, statistical
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analysis, extractica af brracd temporal ciunatures Al general o
of colour TB map. In this paper the rornlts on the anplysic o

EAMIR data have been summarized,

THEORY

The models for tha caleul-tion o1 TR e troadly categori-

into two groups namely, cohecaut CTraug ot oal., 1974, Wikl oo
1978) and noncoherent (Burke et al. 1979). Through a2 detaii: -
investigation (Reso et al. 1987a) it has bewen noticed that ihe

cohsrent models are more accurate compared to noncohersent ones.
From these models it can be seen that there is a need to know the
dielectzic constant (C) and also the vertical profiles of soi}
moisture and tempersture for the calculation of TH. A study was
made (Rao st al. 1987b) to identify the theorstical model for the
astimation of dlelactcic constant. It was concluded from theo
studies that the Dobson model (Dobson et al., 1985) ie wenrs

qenecal and covers s wider range of fragquencies.

A test »ite in the agricultural farm land. Pune (1ndia) uae
nelected for the study of woil moisture and temperature proufilno,
Through a careful aualyris of soll moislure and temperaturc
colleoted over a ymar. the ceprasentative soil moirtuce .0
temperature ptofiles have besn obtained (Rao et al. 1386h:

Ehown in Fig.s 1 and 2.

Using the sabove models on the represantative profiles the "Iit
is oaloulated as a function of fragquency and soll moisture, Tha

results ars {llustrated in Fig.w 3 aud 4. It can be seen [1-m



Fig. 5 that as the freguency increases, the TH Increases.
However, the increase is margina)l in the fregusncy ranges 19 0
GHz. It ocan be seen from Fig. 4 that TB decrsases as the scil
moisture inoreases at all fresgquencies. The average ssnsitivity
of TB to soil moisture is 3 K per percent soil moisture (Reso et

al. 19870).

The penetration depth of miciowaves is calculsted -
function of frequency sand ®cil moisture as i1llustrated in Ei;
(Reo et al. 1987d). It oan bt‘susn from Fig. 5 that {n 1'hr
!toqu.ncf cange considerad here, the penetcation depth im  very

small and particularly responds only to surface moji! moisture

DATA (QUALITY ARSRBSHENT

For gquick observation of the deta., the TR ir plntted »
funotion of the rsdiometwr spin number o8 shown in Fig. 6. fn
observation of #11 the passes data acqguired indioated that the
overall guslity of the dats is good for various applications (Vv
et al. 1987e). Howevet. a careful observation of individo:!
passes dats reveal the following points:

(a) Whensver the satellits psss ocrosses from land to maa o

#8a to land, sharp overshoots and undershoote in TP valuas

sre observed for 19.35 GHz and 31.4 GOHs. This ocan be

attributed to the elsctrical oharacteristios of the
radiometer.

{b) At the begining snd end of the satellite passes, the TB

data exhibited unduly rapid fluctusations in 7TB ~valurr,

These can be asttributed to the data acquisition for area-

outside the visibility sone of the ceveiving station.

{ o) The dats acquirsd by DAMIR during the time 20.00 -—
04.00 hrs of the day is fairly good and the dats soguired
during the rest of the day time is complately noisy for 31.4
OHZ and 22.23% GHx and pactly noisy for 19.35 GHx.

(4) There I8 sn inacoucacy of sbout 100 km in the location
of satellite foot Prints, particuiarly for sscending passes.
(e} The magnitude of TB values 1nc:lll¢l_nlth frequency over
land which i{s in agresment with the theoretical observatione
a8  illustrated in Fig 3. Over mea it is sesn that 22.235
OHs dats departs from this trend. which is due to the
presance of water vapour which has a resonance line at thims

freguenoy,
BPECIFIC CASE STUDIES

From the study of the data of all the passes individusliy,
it has been noticed that inspite of the voarsw resclutiun of the
TB data, it im possible to interpret the changes in TB iﬁ terms
of broad ground featuers such as so0i]l woisture vsristions.
vegetat ion cover differsnces. agroclimetic conditions: and mes
and desert aress. There are seversl passes ;hcruln the
radiometers responded very closely to the changes in the ground
phenomenon (Rao et al. 1987£). Following sre a few examplas to

il1lustrate the same. The ground traces are given in Fig. 7 wand

the TB plots in Fig. 8.
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A. Pssses refarced to Land Deta

(1) PABB 1188: Thims pass passes through the Northern Indian state
of Jammu and Kashair (J&K) acquired at 0034 hrs on 7 Feb. 1982
‘Fig. 8m). A dip in the T data is sesn at ground location
centred at 390 16' latitude snd 71° 23' Longitude The radiometsr

wise TB valuss ate indicsted baslow:

Avarags TB TP at the dip position Decrease in TH

Rl (31.4 GHx) 252 213 ‘ 9
R2 (19,35 Gix) 238 206 30
R3 (22.235 OHs) 251 232 29

An  observation of the complete dats show that the TP valuas are
talrly low 1in the aress of Arabian mes. riss sharply near the
coastal arwas and attain maximum values in Thar desect (Pakistan)
thtough Rann of Kughchh. This trend is valid for all the thrcas
frequancies of the data. Howsver R2 shows lowest values followed
by Rl snd K3 over Acabisn ses aras vwheress over the dessrts the
cesponse by Rl and R3 ia -llqlt similer. The telatively high
values in the desert aceas are attributable to the arensceous
nature of solls. lsck of wsoil moisture and soant thorny
vegatation. The 7B velues show a deolining trend in the sreass
over Puniab plains where coarse locany soils (Oohrepts and Ustalfs)
that are wmostly underirrigsted agrioulture during Fab..
predominate. Further dip in the TB values over the areas of J & K
ia; presusably. due to high organic satter content of brown hill
forest wsoils (Udolls! and the luzurisnt forest vegetation thet

they support. The minimum valuss of TB in all the thres different

fraguancias sze observed over the sress of J & K hills vovercd
with glaciers and snow and register stesady inorsase over cold
desert areas in China.

(2) PAB8 835%: This Pa8S paswes over the Indus river in northe
India to the left of Jammu and Kashwir (Fig., 6b). 7The data was
acquired around 1700 hours on 14 Jan. 1982, A dip in TB has hren
observad at 360 11'  deg. latitude and 720 longitude. In

radiometezrwise TB data are as follows:

Average TB TB at the dip Decreass in 7

R1 (31.4 GHx) 160 244 ié
R2 < 19.35 GHx» 249 240 9
R3 (22.233 GHx) 234 243 12

It can be sssn from figure 4b  that the
TB values (R1) are highast at 40026' NL - 65001' EL in UBBR and
decresse slowly attaining a low valus at 36°11‘ NL. 11°56' BL in
Himachal Pradesh. The low TB valuss over Himachs]l Praadesh ars
partly attributabls to heavy folinge in the conlfsrous forests
during this part of the sesson (14 Jan 1982) and pactly to the
netures of soils which are predominantly Udalfs with minm
inclusions of MAgeupts. Further rise in the TB value over U.P. isn
rejated to the tack of vegetation and dry nature of Light
coloursd alluvial soils (Ochrepts and Pesmmants) low in organic
matter. A little high TB value at 23044' - 86019' over Ran-hi
pPlatesu is not related to scils or vegetation but may pechaps be
explainable on the basis of occurcence of expossd bass rooks.
(3) PABB 32887: This pass passes through Jammu & Kashmir
acquired around 0530 hours on 30 May 1982 (Fig. 8c). A dip in TB
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o o
data is obmervaed sround 36 Z4' latitude and 78 11' longitude. The

data of Rl and R3 are completely noisy. The masn value of R2 is
2350 K and the TB at the dip pomition is 21% K, thus glving a
change of 33 K. Due to Himalayan snow. the cegion whers the dip
is observed is with high soil moisture content which is

responsible for the decrease in TB,

The TB velues ragister decrease over Punisb reflaecting lenrs
amission in Ochrepts and Udalfs compared to light coloured
sandy wsoils of Thar desert and further drop down over snow bound

mountaine of J & KX reaching to minimum in China.

(4). PASBB 3130: The rass is acquired on 15 Juna. 1982 around 7
Hew (Fig., 84). The high values of TB with both the Rl and R2
fregquencies over ths south eastern Bihat atna are attributable to
lack of wegetalon, industrisl activities (mining etoc..) and
dominsnce of wkeletal! nature of solls with low water holding
capacity, A dip in the TB valuse over the Kosi plains 1B related
Yo the hydromorphic nature of the solls (Aquepts angd Agquents).
Minimum TB values are observed over U.P. Himalayss (Sivaliks)
where dense cover of sal vegetalon is prevaleant. Riwe In T8
valuss over sress nesr Bijnor sre agsin due to loak of vagetsion

and dry nature of solls (Octhents, Oochrepts). Bandy and cosrwe

textursl wso!ls (Psssments and Octhents} of Punjab plains show

maximum TB values.

(5) PABB 3065; The data of this pans was acquired on 10 June
1982 around 2300 Hrs (Fig.8a). The TB wvalues ars fairly low over

the western voast region, owing presumably to the praponderance

a
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of denss forest vegetaion of tropioal ever gcesn naturs. A peak
high wvalue of TB is obsecvaed over Telangana reylon which is in
conf izmity with the scanty vegetation of deciduous hature ud
skeletal eoils with low soil moimture content (Haplustalfs and
Rhodustulifs? over this pediplain. Bharp decline in the TB values

over snow bound mountains of Hepal Himalayas, however. doas not

nesd an explanstion,

(8) PABB 2145: The pass iw soguired oh 16 Juns 1982 at 0630
Hrm (Fig. 8f). This Pess shows similar trends in TB values and

represents more or less the wame woilscapes as that of 3130.

(7) PABB 11%8: The pass is soquired on 5 Feb. 1982 st about
0100 Hrs (Fig. 6g). The TB valuss of this pass sre comperable to
that of pass 2867 dasoribed earlier. having similar sollscapas.
The low values over Arabisn sea and coast of gulf of Kuchchh v«
over the Rann of Kuchohh and cegister further gradual rise ows
Barmer ares of Rajasthan where sandy soila (pssmments. orthids)
and thin soruby thorny vegetation predominate. Further decreaur
over Punjab plains corresponds closely with the neture of soii-
exhibiting wmequentinl dJdecrease from Ocrthids to Fluvents aml
Ochrepts through Orthents. As expescted further decresses i+

observed over wnow clad mountains of U, P. flimalayan and Tibe!.

(8) PABB 299: The data of this pass was acquired on 10 Dec.
+]
1981 around 0722 Hrs. {Fig. 6h). The R2 value i= low at 29 16°
o
NL. 78 10' EL (near Dshradun) owing to the soils with biglh

organic matter content (Udolls. Udalfs) and high density of



vegetation with profuse foliage cover that is sapected in tLho
month of Decembsr. The vaiues riss sharply upto 28 51* - 78 37°
near Bijnor and remain uniform upto 2% 31° - 82 0% near
Al lahabad having Ochrepts and Fluvents. These ars mostly
cultivated areas lying fallow during this period of the year.
turther riwe upto 23 233' - 84 09' at Daltongen’ and 20 48' -~ @
35' near Dhankensl relate to lack of vegetation. dcy nature of
soils (Ustalfs, Orthents) with exposed bare rocks at places. The
TB values sharply decline hear Bay of Bengal where deltair
conditions prevail. After reaching a minimum velue over Bay ot
Bangal it shows & 8light rime over tha Andamans having Fluvants

and Orthents under very denss forest cover.

B. Passes around Bri Lanka
{9) PABB 323: This pass is over the middie of Bri Lanka
acquired on 11 Dec 1981 at 2030 hours.

, Avarage TB TB st the psak Increase in TH

"Rl (31.4 GHp) 160 212 44
R2 ¢ 19.33% OHx) 130 194 44
R3 (22.235 oHz) l8a 208 20

The lacrge differance in TB over sea between 19,35 and 22,.23% GHz
is due to the presence of high water vapour content., As the pass
extneds to Sri Lanks land, the differance in TB batwean thess two

frequencies has deccwased considercably.

{10) PaABB 11432: This pass is over Sri Lenka sdiscent to th
earlier pass 323. The data has besen collected on 3 Feb. 19a. .i

about 2330 bours. The average TB differance obssrved here s ol
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the order of 30 K.

(11) PABE 2841: Thim pass is also over Bri Lapks with an
average TB difference of 20 K. & comparison of the thrae PAGR NG
over Bri Lanks indicstes thst. depending on the land port: .o
covared in the resolution cell, the extant of the inocrease of i

varied,

(12) PABB 2836: This pass is going through the middle of '+
Lanka and India soguired on 23 Feb. 1982 at 0145 Hrs. Therafore
it encountere land-sea-land alternately. thus showing wmultipi.

peaks in TB data.

C. Fass over Andamen and Wicohar Islands

(13) PABEB 1146: This pass 1is ovar Andaman. Nioobar islands in
the Bay of Bengal. As the size of these islands i very small,
thers is a diffearence of only 10 X in TB. Thus it indicates that
sven though the ground resclution is extremely poor, the smaller
objeots will be noticsd whensver thare is a very high TB

contrast.

A detailed ground truth survey has to be conducted 1.
anslysa the variations in TB with reference to the groumt

phehomena and arrive at quantitiatve conclusions.

HISTOORAN ANALYSIS

1t may be noted from the above snalyses that Lhe
correlations reported ars only gqualitative in nature and not

quantitative. This is meiniy dus to the coarse rasoclution ot the

1}



system. Thersfors it is felt appropriate to draw some general
cgonclusions also over the complete Indian landmess in view of ilg
cosrse resolution. For this purposs. the data acquized in JFah.
1983 ocomprising 23 pawses have bssn ussd. The ground tracer ¢
thess passes are shown in Fig. 9. 1t can be sean from the abe, -

figure that thers is & good coverage over the Indian subconl i

nent. The dats corresponding to {ndividual radiometsrs are poal-a
saparately and TB histograms ace drawn for each of tlewm, am rh

in Fig.10. It may be noted that tha T8 data corcesponding to ﬂ.ﬂh
havs only considered for sach spin in view of large overlap bl

wean footprints of different lookanglarn,

The TB dats acquired over Himslayan snow/ice regions is
sesparated on the basis of a geographical threshotd. The
histograms shown in the fiuure comptice  thres major peat-
corresponding to sea, land and show/ice data. The atmospher
cortections heve been osrried out for 19.3% Gls data basad., on
the two freguency model developsd by Reo et al. (1983). and
shown in the wame figure. The following obssrvations can be made

trom the histograms (Rso et al. 1984):

a) As the histograme shown symmetrio gaussian—]ike distribu-
tions: the stenderd devistion o of sach of the pesaks is
eptimated and it 3- found to be about 6 K, The temperature
resolution of the radiometer is sbout 1 K. The largu vala.
of © may be attributed to varying conditions of sea aud
atmosphere an the tot;l data used in these analyses i

wprend over 12 days.
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b} The influsnce of atmospheric water vapour on THB s conni
derable over sea compared to over land. This can be noticen
from the shift of the ses peak position in the oorrected
data histograms by about 8 X as compared to the negligible
shift of the land peak.

@) The wpread in the snow/ios data is of the order of 45 K.
This may be due to puertial coverage of land and show reglone
and different stages of wetness of snow. The spread in the
land peak is scound %0 K. It may ba noted that the dats used
for +the histogram is collectad over different times of the
day. Therefore the spresd in the land peak TB wmay ba attei

buted partislly to the changes in physical temperature e

to the changes in the surfage soil moisture conditions,

The TB signatures extracted from these histograms for =ra.

snow/ice regions and moist scils are summarized in Tablae 2.
BROAD TB BIONATURES

As indicated saclier, the BAMIR system has collected TR -
in about 323 passes during the period 1%, 1o9n1 Jane 1989
stativtioal anslysis of the dats indicsted that most of the data
have besen acquirsad during specific time intervalms of the day and
during cectain months of the year. ‘Tabie 3 shows the numher

passes acquired in each intecrval.

Histogrames ars generated for each data set and sround QU
temporal TB mignatures at 19,35, 22,233 and 21.4 GHE pectaining

to broad reglons of land. sea snd show/ice have besn extracted

13



(Rao et =1, 1986a). Statistiocal technigues have besn adopted to
arrive at these signaturss by vareful study of TB data acquired
over the Indian subcontinent. The rasults acre given in Tables 4a-

c. The following can be seen from ths above tablas.

In gensral it has been observed from tables 4a-o that the TR
signatures obtained during 1%00 - 2000 hours have highar 11
values comparsd (o the other timings of the day. This may 1«
partially dus to the higher physical temperatures and pactially
due to lower surface moisture conditions. The TB signatures
during Dec. 1981 - Feb. 1982 and Dec. 1982 — Feb. 1983 ace mor-
loss same. @Gimilarly. the TB signatures of April - June 1982 and
April 1983 - June 1983 also agres with sach other., Moreover ths
TB wignatures of winter sesson are lowsr compared to those of
sumser season. A comparimon of the thres fregquency wignatucos

shows that they are in increasing order of TB.

The comparison of 19.35, 22.235 and 31.4 OHz signatures of
snow/jce (Table 4c) shows that 19.35 GHz dats has lowsr Y
signstures compsced to that of the other fregquencies. Howaver.
the signatures of 32.235 GHs and 31.4 GHs data show more or lass
same wmignatures. The signatures of 3).4 Olls date ars slightly

(sbout 1 X} on the higher side of 22.235 Gilz data.

In general it has bsen observed from Table 4b that the 'rv
sea is highest for 22.235 GHs and lowsst for 19.35 GHz. The 11
signatures of J31.4 Gix dats are in betvween thoss of the otha:r 1.

fragquencies data.
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COLOR T® MAP OF INDIAR SUBCONTINENT - INFERENCE ON
B0IL NOISTURE VARIATIONS

Bo far the analyses of the TB data have besn carried out i
tecrms of wingle individual passss for cocrelating to the grounl
phenomena. 1t s felt that it wouid bs useful to have a two-
dimensional image data for sapping purposes and for batter
interpretadility, By suitably interpriating for data over qr vl
locations not covared. a TB map of the Indian subcontinen' b
gensrated using digit} imnge processing techniqume ap  degr

below.

From the timewipe distributions of the passes am giver -
Table 3, the dsts acquiced during Apcil - Juna 19A2 argund
hours has a good ocographicr] coversge over the lmdian subcr
nant. A gquick appraiwal ot the data indicated that the TB it .
tor 31.4 GH: and 22.235 GHr ware noisy for many of  the
vwhereas the data for 19.35 GHe warg 1 acod yeaa iy labln
Therefore. only thess data were chosen (ur genarating a colour TH
map of the Indian subcontinent (Rao et al., 1986c). it may o
br noted that amang the three fregoenecies, 1,35 Gikp dnin
batter corcelation with sucface moil moisture. Whila genncat -

the TP map, oare is taken to eliminate the noisy data.

The boundary of India snd Srl Lanks is digitized manually
and stored in a rester form in a 400x400 matrix which comsas to a
spatisl resolution of 6' x 6' in tecms of latitude -~ longituda.
The TP data of ail the panses at 19.35 OHs are filled in the
grids acocording the geographic positions. The geographical

distribution of the blank pixels is highly random and so simpls

>
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linear imterpolation technique is mlopted to £il1 the hiank

pixals.

The histogram of the data is snalyzed to note the ranges f

TB for land snd sea pesks. The TB range has been mtretehed

nonlinearly batwsen 0 and 255, Greater attention is given to the
land peak while stretching the data in such a way that ¢i) mont
of the dynamic range is allotted to the land pesk and (i1) the
stretching function is derived from the land psak histogram. Ihe
latitvde - longltude grid with boundary of India and Br{ Lanka ir
auperimposad over the TB datm matrix.

The colout 1B map

produced by gensrating two more data sets as given in Table & and

superimposed on the first sat with differant colours sssigned to
differsnt wets <(using Optronice Colormation photoread/wr ite
GEystem).

A comparison of tha colour ‘1IN map with tha mnti -

retention characteristice of soils revpnts that a broad  gan -

trend does emerges. The cyan colour on the TB map (Fig., }I) e I

bited over the Jammy and Kashmir (J&K) stnta and Trvai balt
'Ittar Prodesh cotrecionds ta the mnflpe » or b bnoorg e vk Leer
high moistuce tetanlion. ‘Ihe regionn of tanhmie haw  axhibit- o
derk blue colours tepresenting maximum mirture,  Libewine
coastal regions nf the countr ¢y corrpe) o lona Ly ad harna
rized by high water cetention hnve aepr et as having  cyion

colours. The dark red colours supposed to be representing ¢h-

rirst conditione have been - whibil. | ooy parta of Hajart) o

onth  central  and southecn patlc of 1hn cotmbry. e dark 0 o
16

colour on the eastern psrt of the country correspond to tha
with low moisture retention st the surfsce.

In contradiction to the agreaments in the wsoil wmoistuce

ratsntion and colour TB map, st certaln places, the black soil

reglons have appasred in dull red and dark grey colours

representing low to moderate moisture conditions. It is worth

mentioning in this context that the colours exhibited by the TB

map represent average values for moisture conditions over Y

broad regions whareas the soll moisture conditions wilhin ' hi.

region may vary widely depending on the Incal phyriograph.

conditions, irrigsiion and saveral other facvtorm.

CONCLUB 10N

This paper presents a consolidated work aon the ur ar
Bhaskara-1I EAMIR dats for land based wtudine. The resati.,
pressnted here demonstrate the capability of 19.35., 22.235 .
3l.4 OGHz for wextracting information on land faatures., «nit
moisture eto. inspite of coarss resolution.
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Table 2: Radiometer Bignatures (TB ir deg. K

. Atmospher ic
Rl no Corzectad R3
¢31.4 GHz) ¢ 19.335GHz) R2{ 19.3% (22.235 GHz)
_ GHz )
1), Complete Dat [ .-
m.um ete Data Sea 1.5 M 7 a2 H 7 134 H 8 182 + &
196 + 3
Land Peak 265 + & 246 + 6 245 + & 260 H 4
2). Bxcluding snow/ice l, - -
Eea Pesak 165 + 7 142 + B 134 + 8 183 + &
Land Peak 265 + 7 246 + 6 245 H 7 260 H 4
3. Bnow/ice regions 228 213 B 215 B 229 -
227
4 Moist moil range 210-27 +H
. . ~-276 211-256 217-261 -
5. Bnow/ice range 217-249 201-245% 198-245 WMWJWMW

Tez.e 1. Balient featurss of Bhaskara - II SAMIR systenm

19.3%5, 22.235, 31. 4

i. Treguency of operstion (GHx)

+
»
@
-
+
v
o

2. Look angles around nadir + +
(for TBE measuremsent )

1K

TB resclution of radiomaters

W

Non-scanning (normal)
Scanning (alternate)

4, Modes of operation

12% Km circular diamster
-] o
(1l lat. X 1 lon. approx}

5. Radiometer foot print size




Table 43. Feak positicr and Sprr. < in TE data over Land (deg. K2

00. 00—04. COhrs.

74,00-08, 00hrs.

15.00-20. O00hrs.

20.00-24,00hrs

Ml

244.(227-25¢4)

257.,(245-2606)
263.,(251-272>
270,(255-282)

252,02235-25T)
260,(236-270)
2635,(215-272)

254, 187-287)
-+ (187-281)

265,(234-274)

267.2735,(248-278)

256,(226-265)
270,(250-280)

271.(243-282)

- ( 228-2%54)
251.(236-266)

248,(220-256)
262,(252-271)
2635,(233-274)

M4

fl 241,246,250,0218-25%;

£2 249,258 234-27])

£3 256,261, 224-272)

i 292,1222-260»

£2 264.(Data has a
spread upto 274 deg k!

£3 269,(242-276)

£l 246,(225-251)

£2 261,(246-268)

£3 262,¢(239-268)

fl 252,(210-25%8)

£2 267,(239-274)

£3 266.(225-277)

256,(232-265)
269,(254-280)

269.¢238-276)

257.0233-262)
272,(251-278)
275,(263-2800

Fpr svery entry:

First value(s): Peak positions; - denotes no peak
Values inside paranthesis: Range of TB

Table 3. Availability of data Passes

Duration 00.00hrs 400hrg i500nrs 200Chcs
to 400hrs to 800hre to 2000hrs tc 2400hrs

Dec. 1981 13 18 22 23

to Feb 1982

April 1982 12 ] 11 20

to Jun 1982

Dec 1982 17 12 - 17

to Feb 1983

Apr. 1983 9 15 14 10

to Jun 1983

Note : The numbers indicate the number of passes during that

spacific

interval

2\

o~



Tabie 4c. Peak position snd Epresd in TB data over Himalayan Srow/lce Regions (deg.
00. 00-04. OOhrs. 04. 00-08, OOhrs. 1%.02-20, OOhrs. 20.00~I. *Dhrs
fl 217,227,233.240 (200-243} =s(215-24]) 227,247.(224-25%4) 220,(2._-250)
Ml £2 Multiple pasks.(219-256) - 234.251,¢=) 228,(2L_--259)
£3 227.244,256.¢(213-259) - ~.(221-269) = (218-204)
£l 219,(205-253) =+{215-257) -.(249-271) = (22:-
M2 £2 232,(222-267) 198.204,¢(211-272) - 249,(2E 52700
£3 231,(2)7-269) - - = (234-271)
£l 213,231.{205-238) -« (219-237) — =, (215-235)
M3 £2 229-243,(223-254) 243,(236-251) - = {226-253)
£3 -, {219-256) - —-— -.(222-253)
f1 243,(223-2%4) 236,244,(232-248) 254.,¢249-265) ~+(228-260)
M4 t2 260.(238-267) - {238-264) - = (247-273)
3 261,(255-268) —_ - 2850,¢245-277)

For every entry:

First value(s):
Values inside

Paranthesis:

Peak positions;

— denotes no peak

Ranges of TB

Table 4b. Paeak position and Spread in TB dats over Sea (dea. K)
00, 00-04. 00hrs. 04.00—08.00hrs. 1T 00-20.00hrs. 20.00-24. 00hrs
- an - 145,¢ 134-185>
(127-475) 142,157, 164( 137-190} 1EF.(139-17D) 5
M1 Mw wmwnwwwmlwwov Multiple peaks(1€2-220) .7~ )84,193¢169-215) pr‘wwwwmwwmw
3 164, 157-183) 161,176 (=) 176. " 162-18&) 167,
fl 136, 154,¢125-180) -, 136-186} ;..m ,umwm‘uﬁ .v._.nplum.: MWM.M MWMH“.@.:
M2 £2 =+ (168~) 175, ¢ 173-190) il ..l.ln_w - .._.qhnn e 100
£3 160, 172,( 133-193) -
- -193)
f1 138.¢127-182) 144.¢136—-173) o pwmwwwwwquuav
M3 £2 178,¢ 168~} 186,196, 172~} - 381202, 175
£3 163, 156-196) —
t1 159.¢ 147184} -.{ 144-181) 163, ( 150-189) wuwmwwwqiwc;u
M4 £2 216,(204=) - ( 186-) “H pmw.anmlwway
3 180,200,¢ 169-217) —_—

For asvery entry:

First valuei(s):

Peak positions;
Valuss inside paranthesis: Range of TB

- deanotes no peak



Table.® Gray Levsl Amsigneents to Red,

Blue and Green Components

ASSIGNED RANGE

ACTUAL RANGE RED BLUE GREEN
120-t18¢ 4-33 254-224 91-
181-230 34~ 224~ 200
231-2%0 233 3 74
291-300 254 4 74
301 o 0 o
1
R
Table 3, Dats Quality of Passes
RADIOMETER <(G/B)
Sr.No.Ocbit HNo. Data Tima R R R
1 2 3
1. 2191 14. 4. 82 7:02 B Gl{ally B
2. 2206 15.4.82 6: 49 B G(all) ally
3. 2221 16. 4,82 6: 36 B G(all) G(all>
4. 2236 17.4.82 6:24 B Glall) GCall)
5. 2251 18.4.82 6:10 B Giall) G(all)
6. 2266 19.4.82 5:56 B & 19,1000 G 19, 100}
7. 2737 20.5,.82 741 B Giall) B
8, 2752 21.5.82 7:31 B Glally B
9. 2767 22.%.82 7:18 B G 12, 1000 B
10. 2782 23.5.82 7:01 B G( 12, 100) B
11. 2812 28.5%.82 6:34 B G(all) B
12. 2827 26.5.82 6:22 B Gtall) B
13. 2841 27.5.82 4:28 8 Glall) B
l4. 2842 27.5.82 6:07 B Hall) -}
15, 2856 28.5.82 4:15 B Giall) B
16 2871 29.5.82 4.01 B Glall) G(all>
17. 2872 29.5.82 3.41 B Glall) B
18. 2887 30.5.87 5.28 B Glall) B
19 2902 3l.5.82 5:11 B Giall) B
20. 3130 15.6.82 6:54 B G 7. 100} a7, 100
21. 3145 16.6.87 6:39 B Giall) Kall9
22. 3160 17.6.82 6:27 B Gall) Glall)
23, 3178 18.6.82 6.13 B Gtall) Gally
K all) : Entire pasms is good
& m,n) ! Data good from spon m to spin n. -
B ! Bad
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