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Abstract

Precision agriculture (PA) i's an emerging
whil e enhanawised f ireisemecy,e reducing cost s,
environmental | mpaptag. oWmade rasbtad n diyn g ft hseo i |
state variables within the agricwmbakumagl iha

PA. i fhesis explored integr adGrnagyndwet rgaetoipnhc
Radar ( GPR) and EI ectdortooma gnnveetsitci gl ansdeuacstdii osnt p(
variables in a boreal podzolic soil site ir
of ferrashbl gHiesn,r urcdan veffereasi veanadal cesthati ve

sampl ing. Proxies derived famdm)a@pPpRi Edd e | €

(apparent electrical conductivity) provide
water content (SWC), compaction, and salini
environment al assessmeotasséhssthesedfelktn
GP E MI for characterizing soil profiles an
ability to assess spatial variations 1 n sc

| mpl ement ati cerd oEPWt hteedc mnieggueatover comes t h
specific to either technique. Field exper.i
surveys across varying soil conditions acc
Thstudy depdettenpeel s, tested their accuracy
the inteBMhtadpGBRchprtoperteide crtasthbligsat As a
management zones were delineated based on
demonstrated a strong correlwittsinl bsda wgleinn

confirming their compl ementary strengths



effective in detecting subsurface stratifi
reliable estimates of el ectrical conducti
intedr &@PWt echni que proved valwuable in I mpr
properties and state variables and their s
potenti al of GPR and EMI to be applied eff
soirloppgrties and state variambl|lesi lwi m&dnasggme
deci-md kinng i n PA. Further research is enco

their applicability across diverse | andsca



General Summary

Precision agriculture (PA)siss caomogeromdufcar
reducing costs and environmental damage. Tc
to understand how soil i nformati on, i ke w
across agricultural fiyeledkspl ameé d oimrewa sti waee .r
techniques, Ground Penetrating Radar ( GPR)
work together to assess soil i nf opmaxii e .
detailed soil information without digging.
much water is in the soil, how compact it
i mportant for farming and edyi wasmeataéehb:
GPR and EMI compl ement each other in mappir
soi l | ayer s, wat er content, density, and
western Newfoundl and, Can aedsa,, whsiicnhg wEPrRe acn
wi dhrect acalwps$si soof samples to check accu
was especideltleyctg magd sati | |l ayers and soil wa
measuring electrical conductivity, usef ul
techniques together, a more complete pictu
manageng ademdi si ons without the need for di
integrating GPR and EMI i's an effective w
especially in PA. Further work is recommen:
ot hedrsclaapnes and soi |l conditions.
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soi l water contest abpbd€wiedeaviayn hapvelliled met h

proven effective for accurately mapping SW

and SWC (Gal agedara et al MinzQ0 2;KI 20 0z5;2 thHeR i
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slainity, and other soil properties using GI
EMI i s applied in soil studies tosas$finmat e

SWC, compacti on, and tRxdluirtet I(Al & dBrldénf i sedi, |
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SWC, bul k density, and-spempéi at wradc.ielsAsssat § o
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Abstract

Il nformation on the spatiotempor al vari abi
agricultural | andscape S vital to I dent

agricul turepelnkPA)r.atGrnogunrdadar ( GPR) and el e

tehni ques have been applied to assess SOi
spati otemporalkhapteeva leiwlsi ttyn.e Trhuinsd ament al 0 [
GPR and EMI, their applications in soil ¢
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repeated measur ement s, s awignhg,r easnmnd ulawinng bm

spati al covree fagreenvd e ch dyaetoa wi t hin agricul't
widely used to estimate soil water content
broader applications such as estimating SW
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GPR can map soil horizons, the groundwater

GPR and EMI applications in soil studies n«
and EMI to overcome the intrinsicheéeimitat
applications to support PA. Future advance
many soi l properties, states, and hydrolo
management zones and calculate optimal inp

Keyworedse:ctromagnet i c-pedamedturca tiiomng-g ergapdoayrs;d c By

precision agriculture; soil studies

2. 1lntroducti on

An increasing gl obal popul ati on, coupl ed
resul ting i n an agricultural expansi on tc
highlighting the need for t he application

opmiize food productivity. Consequentl vy, agit

natur al l ands into agriculture) and the a
resulted in adverse environmental sompaebs ¢
thereby i1 mpacting the food chain and subse

peopl e, fl Qrudb,etd nad Boanugnbad 2 anni -D& bloew,e n ReOrogl
Go elt al;Shaet02al . , TRO®1O88xcessive use of agrc
accumul ation of har mful chemical Xieatn dalh.e, s
2020)Minimizing the epsovnomhmenhhakaasdcsaosed
and intensification of agriculture may be

str a(Begikees al BongbDa82anni -D& bloew,esn @@y d, 20
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Precision agriculture (PA), supported by v
for managing the agricul tural | andscape on
for increasing agricultur al prroondnoiecrt ti avli tiym pae
and the pr(@EduetRIGchnB | cedtisttiah &t a2 0D@BdJd AgR2Ocul tur
practices such as irrigation, | and prepar
uni formly across the entdoauws ffiiedldds tassaho
However, the spatial and tempor al heterog
effectiveby mmoeimeoatecdg di fferent technol og
geographic i nformati onbassyesdt egnlso b(adl SpPp o s i(t2i)c
(GPS), (3) remote sensing, (4) drones, (5)
and i(fff)erdent proxi mal sensors, (Afubbret ¢ xaad mp,| e
20 1NRi;c®Ni col2®1&f f00).d, Th2e digital technol
coll ect, process, monitor, and map the sy
| andscape. Their purpose is to improve agr
and develop dechAlsi&xmaps ilpGbdeelt daloBKhsh&2apD,;

Kumar2 ®2ammoentd al Myl d@A8@mond M88&Khos!l 2015

Pal |l ettt iand| n8RdWBRr0ilDc,h mi dehtal aleFt ap O@B d , 20
By utilizing the | atest technol ogi es, S uc
machinery, and robotic technol ogi es, t he
agrochemicals for pl ant growth and devel o]
locations within the agricultural (Alubreadadcape
al . ,;BragRovanni -D& bloew,dHaldroegastd al Jar & B8 &he k

al ., MBEOdHamMmqond $8 & mi dehtal ale3t a0 @BODPA of fer s
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sever al benefits, including i mproved soil

and food security, mi ni mi zed soi l and W a
requirements, as well as the oveanmndeewér gge.;s
l eading to | owWkauberoaduBen @daZdrsnis-D& bloeewe n b e
200Hai r&Hammdond a8 @&kt al ShezDal; , TR®& li9gcor por
of spatiotemporal vatiaabisl in@yg keeap piGima j wirt ha
in PA to a new |l evel (HammoentntalffMyImagigdsd & me n

Mul & Ha mmqgnd)9 8 8

The spatiotempor al variability of crop fa
hydrol ogical properti e St adnfd2pdiygderegsleyps iac &
is an efficient ap-pcahbehpt bbn e gonlauhtdi dobns gibhmue
techniques for accurately obtaining the s
hydrol ogi cal pr oc éBsi sneese yar d asndaald Oplr Ppke G 0 &;s

&Hubbar2d@beecken;Vetr esedctk,ecan2.0,0lGRDD A pl met hod:

as soi l sampling and | aborianttoernys i aareg | ycsoisst |
scal espnsumeng, and mainly prov{Bdaeazetwict s
al ., Seao0o@Vd®0Oeecken;\etr eebctk,eanR. 0 0G@M0MaEN| v us

geophysical t eglemipqiyess cs nartheg dred ectri cal

el ectromagneti c -piontdeuncttiigolenn g gbrMal t)m, ch gs erl ddar ( (
pol ari zation, surface nucl eaandag@ies Mmicc r mat
Binéteyal Bl, a2t Oxxl Hub Ba2@Wdrneecken) etHoavlever2o

not al | these techniques are commonly useod
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these geophysical techniques are their c¢omj
initial capital cost . I n addition, they ma
some instruments,spacihf  acBEMteymnkRadoBit @t e
& Br eviOkile BenetdetitoKash@hr® & Kumiamagn g2 0t2He s
geophysical techniques, this article mainl\

emerging el ectromagnetic teexhbhhgquesat notse

variation of soill properties with particul
EMI applications have some advantages in tt
geophysical met hods. Feti extaynpimef hodther ed ei
install ation. Therefore, idctondumsmi ngddaolteh ¢ at¢
applications. On the other hand, the sampl
met hods i s extenst vzomed beyond the ro

The use of GPR and EMI has been extiensdisy el
including forestry, archaeol ogy, engineer.
sci ébocoel &Brtdwi kB8l db al Zaj 28@MMEMa 0 1Mdr eover,
GPR and EMI use indagumeal thdrae fiox uasl DO wd U
properties and st aptoersossucgh @aoibbulclompamrdi toy
exchange capacity ¢€ECent somtitlead i @i yc smli
contenti n(fIWQ)r,ati wat eaplacl diyonogl ascBdtpdas ikO yt 4 ;

Hubbar2ddajl:&0OvVEmam019)

Hui smanf20€08%i ewed the estimation of SWC us

including the reflected wave velocif{yn gro
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borehol es), and surface rdfR20ddtsicars sede fdfi if d
calibration functionsLitw e€B8Q@aimht €l GIWLs alsa n
(20uB@Bdated the rev(iz20MWw)i mHawli sdiamg emodadr.n t e
testi mate SWaavedolr mas nfvelrlsi on, average ef
frequency shift method. (Ré6éedénwtewedZapptorc@
GPR in soil studies, includi ntge xStWCr,e ,s tanad iZ
et (a2l02eyi ewed GPR applications with SWC an
and Br2ud&yi ewed applications of EMI i n so

suab soil salinity, SWC, soil texture, <cl a

The majority of previous rev,wewé hdovwenFoc ats

on estimating SWC. This revi emweibtuirdemeadewson

by summari ziamgea owi caae@plications prseoiilous|
properties and states wusing GPR, EMI |, or
review include soil salinity, bul k density

review aims to provide a comprehensive ove

in soil studies for estimating critical ag
Thchapteeeti ewed-r>e25 ®weraer our nal artbobks, C «
primarily related to the principlasadasdi ap

studrii®gg) .( Met adata anal ysis was cwindhucGPeRdI
and EMI applications in soil stugpiresenGrRr
and summari zed BisBlpe ro€erutra geen ccea ttédeerne | mgppesd v

for the pasit20222)ydyr 3 ef2007ng Do aBGEK EMU mb e
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applications in agriculture basear toinclkeesy wto

support futFurgé2.directions (

This review begins with the general backgrc
met hods, including their theoretiddalcuasmsdekse
GPR and its fundament al principlesclasiwgl
SWC, porosity, compaction, soi l sadndi ty,
capillary fringe reflection. Then,altbng r e
with i1ts applications to, s ®&MWC, stbwdike sd e nisn
compaction, and some applications with mag
insights, synthesis, and critical analysis
presents an overview and highlights areas

2.l ectromagnetic Met hods

Maxwel |l 6s equations mat hemati calBMwawescr i b

—

and rel at edt imeg. u@o s toiptewrt i ve equations que
materi al s, namel vy, (1) electrical conductii

per meash)contgr i ng the Ahean2 ®@0omdDd Mm2ebedf A8 ) .i el ¢

GPR and EMI ar e-stuhrd ames tgewpehd/ snearl itmechniqg
agriculture and EMWwau@dw bl a reXl®&bss htghkgotmau s e

2021)The aduwaretseegeasvooft echni ques include th
| arge area within a short time and with m
repeated measurements at the exact | ocatio

the tragatihodsnaandn rel ati vloywy | RBW le s2pO&lrdat i on
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Wei beral.  GRR9@Bresquhe ghiyF ) VEIFect romagneti c
E MI uses reragueerty (VYWF) el ectromagnetic
Loswvrequencyrangqdehicghfields have different
mat er iealt iprsgp di fferent operationalTamét®ehods

21) .

2.2Theoretical and Empirical Equations anf¢
El ectromagnetic Met hods

2.2TA4appAadbs Equation
Topp €er19&@yvel oped an empiricdlegreeapooygsbr

e g u a(E galn

—=5 .13 F+2. bRGK,-5 .18 d+2+4 . BOKS Eq21
bet ween the soil d0s redmadivel dmetl eiggg rwwat e r (

This relationship was assessed against the
soluble salts, and hysteresis anpdr ofpceund ets:
(Topp et. aTogpgpwEB?8ON i s the most widely ap
equaitn o@PR applications since it is simple,
partially saffur &t sdhCidonwle vteronsi-ni ppaandrhea
clay teqei lapplicability of (RofbBlWebdmitaonaclihadlp

et al Whieté 10I;.. , 1994)

2. 2AdcBi ebs Equation

22



Archfil® 42) devel oped two empirical rel atio

conductypvitsyoi(EWatwpr paterwaten eEa@ctrical

and polioofsipor dus rocks by conducting | abor a
n is thexyotawndatm ams t he cementation expone
devel oped for the resistivity of fully sa

devel oped for par t(lAr cshaited,h alh%edd()pg20080058 g/ N g c K
and HR0,069nd (@GlI0dWemo2dl If6)ed Ar ¢Ehqgi28),Gasp pd g eat ii d

to soil s.

EG=:i"S\%#  Eq22
2.2CtmBl ex Refractive Index Model
The complex refractive -phmhaead moad@ivthehr@ RI M)
aoa) volumetric mixing model. The CRI M eq

descri bekKsads hae fbuirhditdi(BSnr eeltakal i EqA39 7 4)

+ = ByKp 4 1-0 KE + G {SPK Eqg23

'C w) '(a)

The geomet)riisc rfedcattcerd (t o ehectrientiaéei dncol
geometry of the solid phase. Il n GPRwapplic
anwi t h accept(laddlte ad Mow@dZdywas2d@adheashkal . ,

2021)

2.2.1.4 Rhoadesbés Equation

Rhoadtecdl9Odé6Yyel oped a r el gatsi oan sf huinpc t eotnw eoef n S

anav(Exy24):
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EG= R +s EC E(Qg24
where T is the transmission coefficient co
cont ent chamgpged.acEhel kel Ec all s commuedt ed t

mobi bas aitl itqlua dsainlt er f ace.

2.&@r oumalnet rating Radar
2.3Badsic Operating PoreinnectirpalteisngofRaGlraorund

GPR i s -sar neeMa@r oxi mal sensor commonly use
environment dBa kasgrp lail cDaat vi@dBnbsy,a n1 Re 9 n a210dlsl,)
Commercially avail abl e GPR systems use u
frequencies ranging DOaedvsrmnrma MHAB 8tf o4 Ge0Hd0. ,MH
2018)Resol ution and depth of penetration a
wave propagation velocity and wave attenu
properties sulk,lECaszmdhlee r e Dlafvle&din@anl 989 ;

ReynaalOdlK;)i s mainly controlled by the water

permittivity of |iquid water @Oueti¥hahbhms t h
198M™o;pep al., 1980)
0 — E g25

Eq25shows the relationshi/)p Weéweeao wvel obiet
velocity of electromagnetic waves in free
m/ nBavédsnnanlITth®e) penetration depth of GPR i

E®Of subsur faancde tnmeet eorpiea(Bad keadrn afl D@ gl2Aéningdayn
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198Pu;i sentanal Wei ®0&8I;.. ,WH&EOM8EM waves travel t
materi al s, EM energy is | ost as heat throu
in EM wavesncirzasdue gt @mperating frequency ar
called attenuation and, therefore Anmamduces
2 0 OBba; keetr a | Da vé&AONONn7a;nl 8 B D RIOIOGHPR wave attenuat
results from geometrical STphree arde a1@!| uitni oD ¢
increases with increasing deaecrgaefnicryg wawe e\
since the awasvel engt vrel(y propof(t) omald wor ¢
propor ttihoen au esltood ifAnyn,an2 C@s5;si 2YE@Ryr 1999 he

radiatioa @GBRtenneoha is the primary deter:
Ssubsurfiddanmnrnmeaa ed by the radiation emitted
of the pragadieatni drepend on several factors, I
Ssize, agtdadeel ectric properties of the subs
patternafifecaksdo by the dielectrwict hpelhimghée:i

permittiviinya r rreamnurldwerg beam.

The most common GPR system consists of an
source of a particular voltage and frequen
t hat f-degmaéencyadars are also avaidrndlal $ n
referred-domaiars Litaandbedtts al . |, 2004) . They opert
transmitting continuous waves-cowerl ed amealc ic

coupled horn ant-gnopasddomades &P Rfsgprecare ve | y

Fi.p )2.

25



A commonly used GPR system comnsiand afr ¢ ove
(B or mul tipl @&xgerercratves sel aber omagnetic
freqguwemeyndent antenna radiati on psaurtfeame !
interface, and sFuibgs,ur2finagccee i vVAess sahiormmwaaivee di r
(DGW) , refl ected walBa&ketranadl Dgevi@®adaviaend 9 &8y e s
Zhaeg al.  , EMOWdye refl attiaomooandaelyr @aepiceod
el ectrical pKriom ema satp pGHRnat nbgs) of the | ayc¢

boun@areyw 1995)

GPR applications have three main d&dfRa acq
vel escounydi ng, and (BhnamZa@®eéaiatl vardi Davd @7 ;

Annlanln the reimee¢edbbidontpmpreofTixl iamgl Rx anten
antenna eepanbatoam,t eanwdlst atnidobot h antenn
survey @aketctalod,hiZ0Mmixtahdde di ¢ he common off
fixed offset method (FODM)maga @fr otdlue essu bas wr
(Fi.gd p(Annan2Gabagedaakh), Th@®0LPRBRovehebpgod

can be performed -pucsiimtg (t GMP )c omaentohydakiilae c tt ih@n
and refraction (WARR) men cdaoRRle navfdrdoen peadRt hme
otrheby keeping the midpoi nRi.gldtHwevewv etrhe i nwi
WARR met hod, andg oanteexramep |l €) | sakdpt hat oah:
antennai § Rmoved away by i ikcB4em.siofdgeetcit @ vaerst e
the vebaoaodtpng met hods are to estwomayt ¢ rtalve |\

times for different antenna roeflfasteitosn sahnidp tbh
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the squared travel (Atninpaen 2 8B&,e & ntad nnaT BAFOf7S) €
transil lsumiveygtprheaiclegdntd®R Topposite sides of
Under trangieblbt mienatpirem,j |l ing (ZOP) is a qu
zonemobiypagn HIf Rom one station to anoFhgr at
249 .t he -oout $et gathering (MOG)s moamt Dinaet iam
t he arnthemna  RmMoved to multiplecliomargigogs(t
24l n vertical refl,acst ipdm cperdo foinl it fige p (sR & xh,C it

t hbeor ehol e since this method haFsi.adhnyThdvan

data acquisition method and frequency sel e
requi r emendaesn daigpdn ofaise B ketr al . |, 2007; Gal a

2008bj e wa& Glaalnaag,e d2alr1a0 ) .

2. 3Afplicati onrPse noeft r@Grtaunngd Radar in Soil Stu
This section discusses the applications of
SWC, porosity, compaction, salinity, textu
the groundwater table and capillarity.
2.3.2.1 Soil Water Content

SWC estimation is the wevel|l epedn GiPWeddyd pl s €
studi es:scTahe leasrtgemati on and mappi nSWC f t h e
are critical across the agriculturali tlhhands
traditional met hodbhiglEeo|SétCaompalre ,a b@GRRP g iyn qu

provides the information necessary ttloe opt i
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ti ming of crop 1rrigation. According to p
(SWL can be estimated from GPR using vari
velocity method, DGW velocity melddroaholtesa),
surface reflection coefficient method, ave
wavefiarvmer si on (FWI) met hod. Subsurface SWC
of GPR w&yveasr iseisncwei t h SWC akKiAnwmealn@ ©08Yy 28r i
Thwe-ebt abdnd hwiddel vy us gd olpopp pede ad g ma t1i©s88n0J WC
frdm Capagridlmenxse neutron probest i neh ed ogmaaivn
refl ectometry (TDR) aerset i ursae de Hfacewevall i dal 9 9
Gal agedara, e20@abaHub2axB3da | Hui 2&@82uR2&mM 3 ;

I 11 awat halr Wi ] @ @ 280Glaalnaag,e d2arza@ Ov eeimeal)en 199"

Refl ected wave velocity method

The reflected wave velocitvyi nmedteheopderi ssou $ e
However, refl ectors such as isolated objec
time of thewawvdl| eNatdr aladaef |l ectors such a
reflectors such as pipes are point reflect
i nt e(Cracetees al Hub BdAtO 8gl Liet2®A2;an20t@éemeal en
199We;i eeral Wol 119 &l&R;0°tgne,@5)Thawatywor avel ti me o
wave above itshaenermasfulredt amd converted,into r
and is then tuseediMireotddhtul dB8&@é@aBhareuynk020;
et al. , TROOKEl ocity of the reforcmeldt wave o

met hods ( MOM) : CMP or WARR. Whewnt héehdepth!
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wave velocity is estimated irneftlheec tFOGM bbyy td
way travel (20m@pplLiuend tehhe aneme¢bbedduwadee we
conditions, wh{R®eo0 3 odfffrleqgr2 0.0 £E re @a(I®Rit0,1 8 )

and Zhotu2GCadlli.ed it under contr oIWied con
advanced analysis techniques, the faivtetriamge

a hypé&€mubol al l || aua® hal lejeat2 082103 h aeft0 191 ;.. 201
On the ot herWARR dme tChvoPd sa sadrneu latpippllieedof f s et

the depth of the reflecbbitecsi amkaodnpr ¢lo:
met hod -apeastmmeg-i ane(Ld i abeonl Zhadgl a;l . , 202
Steel man drdOaRptdresddtrrrgumaictyi CMP met hod i n

sites to estimate tvwa tvhertthiec arle fvlaercitaaetdi owa vo

compl ete annual cycl e, i ncluding wetting/
met hod for debhasmismimeg | $WCtati ons, as it
availability of refdeiglisravat bap.eci a0RQ) i n

Direct ground wave velocity method

On the ot P&EW dlammdi,t ¥ hmet hod of GPR ¢@afn be U
shall ow (cwemppge)ymdsgtelss wit hout (Gampal goeydianegh .a r
2003 agHeDedédENAl Ljawut20DIlyan20téemeal)Both997

the FOM and MOM can khéerametheodestbmagkosh
t he MOM-ciosrstuimmeng and | abor i(Galsa getdngaala.e, d 2t 0ol
aHui sembnal . , §2dDMdygs thI&9g) Slpleirdhed a met ho:

SWEover a |l aogbiaieg bhre MOM and FOM. I n t|
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decides thaeanmesthnhas sieppablae i on to distinguis
airwavet.heThFeOM i s applied with the decided
effectiavdlayr @oewerarr ®laHu i 2étd @gl .., H20 & @20 Oelt) a l
assessed the accuramapofSWEBEW ol agVBBRat eaa
and the FOM (single tofac8W@nabysmMEARRI Thasce
measur e mén.tosFOokanswhi | B .i0tF7dmss ed on trhe FOM
compared with the TDaRiI tnheotrhso ds.u gTgheesrteefdo rteh,a tt
calibrations, s@(dbB8aadFoppés ap@uacebnal GPR
20Q1)Further mor e, t he aut hor sasssuegsgsensetnetd btehte
el ectromagnetic met Kiordast he EDVE. ha@a | aGgPeRd arias ¢
(2003ad) Hui s man( 288nAdi sBouustseend t haec ci unrpaat restr ainicnee
cal i bration Hwsiensgt i mae e DSWC me tBroard(.e2mMHU3i)s ma
conducted a sensitizwirtoy eamalry sait swa td oho sVARRe nt
measurements. The authors foundthhbhame&RRI =k
shift at zero -pifdlsieng deimheé e & i @telBa&/Ogeg/n 9 int i Vv
anal ysi s. Gd 2P g eas teetd aan accuepdekiamg s
met hodol ogy tvowi @ $it iamatear r®9WC r at e ofwal ess t

content s.

Hui sman 20tb 2uind t hat GPR is an effobvenent t

agricul tural l-easntdisiBéAPaea t cahredd GvReR | wlhihten TDR
accuracy and spati al and tempor alcowndreindIsi, |
such as irrigation and drainage condition
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Ar dekRaOnBubbatr dal Hui 2@&@2al Gal 2gedar 2068a al
20068 pette al ., MiOn@3t, a2010R04d@2dition, SWC var
and rainyssedsedsbwad3h2 @,1 émehk dren 2eat@ Oaeld.i a d .
t hrdeenensi onal soi l water dynamics before
compared SWC estimated from the DGW and f
gravimetric methods as st gmrRddrddg predat italks .s p\&
variability of SWC with the DGW met hod at
frequency antWeinhaesr. m¢HO 26r@ é9rip aaled GPR (450
esti matvwedt BWCDR and volumetric samples and
did not agree well with that of the TDR ar
was reported to be the high signal attenua

conpertgVentherent | dler, 2007)

However, previous studies have alsoisdent.i
chall enging to distinguish the direct ai r
velocity of GPR is high. Theapidlreg, antiei DT
withe direghAtdalRdm@avleagetdaala.Gr o&te08hb.; , TR®O0 3)
effective penetration deptheobsoithet &PtRu rDe
frequency, and wetQhdamgzycaihd) tieoae6, pE@atagsed
200Bai senanal Pal BaoBt.  hit®ddeOpgeneity of the
can produce refl ecti onsadwmhi cwha vien taetrtfeenruea t vei
conductivity, and thendefcorases$s hevi pke-nethrcate

conductive materials 6RB06GYHeH i elday. nG@areaged
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investigate the effectiveteampl ohgadephhao
and dr yl/ayyer tavwondi t i ons . pTlehnee taruatthioorns df eoputnhd
decreases with increasi ngampgleiqruge ndtep tam di swes
t he wav@dleagethaala.Hui2s0ata5nca;l .S p e2rOIDFADR 2e

summari zes stthuedimrseviedlmas ed to the penetrati

estimating SWC.
Transmitted wave velocity method

I n the transmitted waveanwgdiceniyasmearmedpl
borehol es or i n surwaacee pdarsasiimsg, tahnrdo utghhe tdhi
esti mat e (Bti mee ewWc . , 200 2; GaKl | aogt ezmidacrid et 20 1
Wi | e wa& Glaal naag,e d2a@ flab pdtacadl Yyet2 @14 ;1 2 0t2l0e ear | vy
ZOP and MOG nmmeawseudreelnye natpspl i ed. However, usi
waves interfearmrdrwittilc al ¢ fyl g etf-& dalcd ccidt ywazerse s
underesti mate tVWRRVSEWCI nflRedlddrede @004, 200
2009 )VRP requires; omnhys onth & agnead ahods td iasrteu rrbe
|l ow. Across several studi eswag happlriaend mi @ t e
SWgBi néeeyal ., 2002; GCEKl agedafad Yegtt 28I11.9,, 200«
even though the metohedti gaan @t hSSWGdedty zucreda i
(Gal agedara ®&tr odda.c,hal2.0wd B0 1ad;., N20@20) hel e
Wi jewaandan&al @z@H@phi ed the transmitted d
esti mavien &SiWwCed bed agricultur al fields, wh e

surfacerdraedsbeds.
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Surface reflection coefficient met hod

The surface reflecti ogmr ocwoned fGRR etnd ¢ hhreit chwd;
are moved above vgrsoesd, mancedt hea sRWEfolne ¢ thed ¢
wave at the soil surface. The unddeeatlaiilnegd e
and discussed in part(2®0&lhidsetmd tl htoide dLeat nel
reflection coefficient (R) wusing thAe .ampl i
The amplitude of the refl eotrARBHGC ifsr pmstihe o
at the same diEg26Gandd .a sA dtekk@ln3goli | HaMerlelyerand
(20,00Redmam 0e0t2 ,app003e)d t his &@WChoThit® mesthao

more suitable for agricultur adlpampplaindat iromn

management i n very T0hia(Adnglkpam2 O0sloBidlwtelveyer s
practical applicability of the GPR ssairlf ace
moi sture is constrained by its semaiintainy
consistewbltVydi hi ekdl applicationa&a. sMompeé oV eér
assumption of 1D propagation, whliichi tdioreg int

accuracy.

1 U(soip
R=—2L2°"FPg26
1+U(soi|)q

R=" Eq27

ApEC

Average envelope amplitude met hod

When estimating the SWC using the alh@W tvhiet h

direct air wave is often chall (@@ hygp o sTeod a\
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a method to analyze early timedasigonmabi rmenp |
direct airwave and DGW) wit houtthe odisriedcetr i anit
ground waves. I n the AEA met IKKowar iSaWwd oins wa
attributes of the(Pedartliynetli PO® ég i Kudrdtldh)eorf moQ PeR
AEA siensi ti KemnGamdt bhanges in waveform att
ampl igmnudedur ati onKravnd @(Alcdetn ga InBeagtihéetll4al .

20Q7)Pet ti(n2e0l@gipleatedalt.he A&AlI gfti me signal t
in a controll ed fi(e20dd@padnideidt iian ,unkeerrr anraa uert
and Ferr@2@h®Pepl iaeld it woddr th @alone (a2 o e
compar eedarttliwme gn al anadtylse s mEneiitdhdbdand t he

frequency anptloa tmap SWAE haorddmd toluomdls tthaat e bsttr

and weaknesses. Another SAtEWAdgaralsymegaad st h o

(7))

tudy SWC during irrigatiaoreteérrodd 9 mowed itmad

n cl ap(Adgetosal . , H2WdWgr, this dA&EWAe Imep mhedt |
and further research studies adef Nnereadretd ft i

conditions.
Ful I waveform inversion met hod

FWI is a numerical model i ngrameE ®dbdids tt rhial u tried
from a known EM f-wave BM mode¢l ngoat el ad
(Lambat al.. , TROOBM model tries to describe t
sourame.enna(sdPmeadaintmnna{e)acti ons, and the

posskEbnet( 2007K/ ot z620B&0eget Ml £)2 0e1ltOGalkt i ng e
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al(.2017) , and Yu et al. (2023) alpgpmhb cetd eFtWIa l
(20Pa@a08,, 20443t 20k, aMid h2()t2 Oclt2gald. de Mahi eu
(202pplFwed f-oouplied GPR configurations to ec
recentwiyt husdeadd rmerdsBIR f or ekBioghti on soil mo i
i n agri cuWdé&ulraamhh oftd 2 2d)s. (The radar equation
al so gener-fail @ lzdg doortu modm &R DeoGadsgt abham@Ot6;

et al Tr&®@80H%4; , 2013) thereby opening new a
FWI has proven to be a poweirhfudr matwwil ol off r @
data and facilitating automated data proce.
Il imited by the inherent compl exi apdot he he
associated data processing requi rtehme ngEUWas |
agROBOfood project, call ed MI RAGZEOZ?23)r,ant

specifically dedicated radar and sofiasvar e |
been developed (https:// wwwemqpesemR0e.2ccomSe
Consul tin@uetBedalg.l ugi @r02e&rn s e i nAwal veemernatdsa rt heeq uf
i ntr obdyu cleadmb 6 20 #) afl uisenmdl y software platfoc

interf ao®.l Emind mes aveamat ed FMI and the st

data, maxlkciesgiibtl e to both basic users and a
Traditional Icy,eftfheireeftl eadt itohne soi | osnur f ace
the coKtbreawteinnt he soil d&neéeéqukecaikes. bdbweayv
the soil conductivity craafladctoi ch gmbed i fciamit
al .,. 2RAR006) hese | ow frequenciespitheosdostt
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becomes hig&eWu hamd thamp2pposed a new me
mapps migl condungi velf gteigwelnpg gr @w coGRRaamred f ul
inversionThechnimpueo.d wor ks best when t he
conductivi tlyaragree mMadt hobagtt: itshenosennsegtliivgithbyl
frequency r amgeeano ntsh eiart erde tgloamd Cvaag rueeesmeonbtt aw il

from EMI surveys.

2.3S81 P Porosity and Soil Compaction
Soi | porosity indirectly influenceWhe@PR pr
pore spaces are fil IKgd whiitchh wahtaenrg,elsiattt hceh avn

saturation can be used(Gho&&h RIONOHGH, edatt ba |l .0 f
2010aet al Nj mpoQ@@ 0L p,ssdDhOBapcorroes rapn mor e wa't
during saturation (irrigation and bBkghssbt
water wil |l drain quickl@i dbe®28)dhgsaphewynoas
wi || affect the velocity of GPR waves, wh
increases during drainagen cldtaassteu@ibldsgdi ty
wetting and dryingexatrer ddadsseirl ¢ haMi ¢ mopgome
against gravity through <capillary action,
even though the GPR wa¥®¥€sf a@Hiayw2d8iempmoue t o

2001)

Di fferent researchers initially ®@ssadé$oed, s
et al Gho&60 82/0,0baa t al Tur 2,8686BmM0BYwever, a re

met hod to estimate por osiotsy,i |buwlekn ed @ mdiitoyn,

36



using GPR has yet to be deoel spepdormredspact
with both water and air. The relationship
SWCi s crucial when finding the porosity wit
porosity can beveani mat et aikiheadé i HMIG@ m , GP2R 1{
Additionally, under fwilsl ye gsuaatlu rtaot Btrdaet fosmadd!t i
et al ., 20009, Hi Il el , 1998) . Thus, GPR <can

the V&@QWC saturati on.

Due to the difficulty of estimating porosi
ot her geophysical techniques and different
Laboradcdalrg experi ments were condBBRGlase¢e o e:
&S| 2I0,0L6agt al Mpu&8O0OMas2014)saaldef exrphdaliiment
et al Turg®esdDm0oo6) . However, the differences
and | alscmaédtornyeasur ement s must tbhent &t efdi e

condi(Gh m&&l RW,0Mou& €Comas2014)

Tureb620@86)i mated the porosity and <dilalwat
(20&8)i mated the porosity and soil water s
and resistivity techniBgag2ls amsd nhr dKEdsTop@u
22) . Ghoseg amRaAsOHe)wded t he porosityshardd owoi |
subsoi l by devel-9¢@ismi d nt egh it @ dma&PaRhirogi.g h
Meanwhil e (2D@bbdbpbsad. a new metshogi hg GBRger

namely, the cyclic moisture vardiedateiram ntealc hi
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vari akiaod eDi |l water saturati oan ffulolny as aptaurr

state of the soil and&qgdld) ditfoitehdet tgphoer oCGSRItM .e g

Researcherapphlaiveed aGFBR t o assess the effec
compacti on, a serious (Akobsemmade .agr20u9i
AKi nsunma@zWl)t h compadcdddroenags eso,r osansequent |
bul k density and penetr atat em 1 @dkiis$ntsauancneacd ret
et al Wangto1®!I;,. , P2OLBGQUS studies showed tha
attributes, i.e., propa@ai nesoneatmaale. ve20t?t
AKki nsunOnRaldpenat dal My T&® 181, Wa negt0 1abl ;. , M@Od®y er ,

researfcohuenrds a negati ve correlation bet we

compacti onr @einpitkairadseu@tma dle . , A2kOi 1n9s, u, n2n@apd2e] ;
Wangt al ., TBDg46Nhegati ve correlation may b
increased bound water in the -swlidblsa raualtiug

pore water, thereb¥G mdraetatsd mwa ttihdeg @R Rmga
t he waeva tMladnegg al . , AR®DtI6gr reason could be
density increases the EM wave reflection
enew@gywy,e amplitude, and (Wameptt raalt.i,cOn2 Odldbpt ho t o
hand, Ak ients yaiMabdhed Aki nCa®inh)ded t hat GPR
penetrate deepmpacdepdt har eiars t han i n uncon
compacti on, p Kr dbesd rteyg s easn,d VWBHWWCl,e GPR wave Vi
i ncriermacsreeasi ng dehpeA g enmrseautatmealildon, ARD B & unmade

2021
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2.3S81 B Salinity

SoEd s the best par amewnektt oa leBa ké@ithltad; .s 0i2/00
Saar enkledt9d8n a gfriiecl udes@ usrsable mpor al ly unstabl e
changes, mai nl yowithi &aCi, omd,uedr ai nage, | e
fertilizeandpptlherats @Gimlakta ma h € me &OSéc7u;d,i er o
2019)Fdi ¢ mainly measuredexdgirmgt €lecgat cwcrad
EQ ; (2) apparent EQ ec@d)dwsd ielc oaldeicttnive daly ¢
(E @) . The estE®@ati bheofoitheusdgihreg | sadiolr ag ampy!l
standar Knmgthk®d 1 & €urt al®Oo©8) soi l salinity |
Thi s smetnldad-dior stuimmeng, | abori-eusa] eangptosnal
Ther eefloercet,r i c al resistivity, EMI ,aldred nBDR vt
met hdodwever, these alterEGafi veemeubsesdsf pre\
EGOEGAI t deotr fdl, Awad2 0 1a8 ;Ba d &@®a 7a;] . , CoOrlB ,n 20 1¢
LeschR003Wue20@5%,; ,THR&® 2t0hr ee main current fl o
t heeCar e t heolliidgwii d,, an@os ekiLineds, cphh ®R@ B aalte s

al ., . 1B6@Bk@es, the most apprsamrcieatiet mesa stulre
experiencedEIGY spli aptosisodhirse.cttdlyd hutsa mtgi ve me
in the field, and it i s (QdrfwiLre gt b2 0t0AR , me2ads0LE
I n the |iterature, soil salinityEGEGexpres
EGanEHCat differ em@,ERoi |Eduwat at IE€Csf The sol i
phag& (i smpartant property in agricultural

strongly cloayetanhteent o a textur al property
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storage, dpylnaamti cer, o vatnhd.  TEoGk @ tgme rf | wiatnh | $ WEC ,m
meas&EGedmakiexgc dltl eemt surrogate for mapping

(Cor W&iLresch200 3, 2005)

Researchers have ideen®nf GER whae piGePRagat u
applications, Il ncluding in agriculbtuuriaeld so
objects or wutilities EOnedsttirat s gpdmehtGredRtsisaur
due to aAneana@€Ca@aDpi 2WAIEANNaNlI KBIO,ghROO01)

Soils with high c¢clay cohaeata(hi ghE€E&nadnnao
| eading to higher cGRR cshi(Agonmad 0 OBSa;tkeetm ualt .i ,on2 0 0
Cassi 200 However, this l'i mi tB€dmnNnGRR . waye
propagation) can be used as an opportunity

mapping, identifying highly saline areas i

Mi mrosé28tittutdied the influence of siirgriad at i
using di-wWateeentoesaéthtrations. The odutthheer s
GPR reflected wave is inversely predpaarlt.i ol
(204aBpliedttme BRI wmmplitude anal ysfi st met h
E@n GPR wave ampl Kttoandi ansalst wwlam@gtnhthys t he
aut hors found a hE@hdc GPRel afl entAd esthimadepr a
et (2006¢d a numeri cal model ing appnoadahst a
pl astic bottl es KtamHEE&wvna |QPaR ew atvhdeh a&afnfde ltfeo voregd |

wave amplitu&€ rdercag esaes%(.2 0VAL seeBEG@Ed.i ati ons
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applying the waveform compari soinmpned memdt umg

the GPR reflection coefficient met hod.

Il n previous studies, GPR was applasedextcoe sisd:
fertilizers, soil amendments, | eachaettes f r
al(2012, 2¢9tt6di @01vhe effect of i1inbmgdhitlc
| eachate on the GPR responses t haomgdhaelfiirdg
approach. The aut hor s found t hat GPR sig
contaminant concentEG@Gtn onen tdaunei htlaaa t ir npd ruesrsessit
wave di sappearedECempl st @luy (Wi daitaghkdnawmdat i, or
2017)Refl ecteddeaveasmol WHGQ ttan ch cfr eratsh earg r e s
field was sulggestmdif hesdsceouEQGv apataentoinalilny
Ssubsurface amappomtgamisnagi ohe [Memreciceadtwa

20 1Wi;j ewaertd aanlaT $ o R&0Bledcsk e200Bhe R at an inter

as BGentrast incred&Lettucallese IGtPRe way®e,s afn a
| owers the amplitude of theteefaeesi odndenp
condi t i-wanwse ifruMdr si on was successfully wuse

demonstrated by200ailbawte vet, ain field condi
Subsulrdyweri ng, t he i nvepossedpr odbd e mtENTe c 0 et &

becomes challenging.
2.3S81 Kk Hydraulic Properties

As described by the water retention curve

soi |l hydraulic propertie¢Hidde&i8nHesnucbes,u rafsa cC
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permits the char adtagprsiez &tPiIRomfdfer SWE het ipme s
these properties through th@®i méPeid madi ng 28@fl
Zhaetg al. , TRIOZZ2rnequires the-swduplmongtafr et lpe
data processing algorithm with a soil hydri
Richards@uedgquat i ogRdmP9ilnst ahee,02mBu ank ery a&rd aF
(20,04Gassi an( 2@&@nh3y nBli Kloead G&pg/pp et bBbrehol e G
tomographic inversion to monitor the distri
hydraulic propért0OiDdsmot edmbaoehaetacakri zed th
of a | aboratory -wavé GCGBRumcatasingefsildn a
hydrodynamic i nve(rzQ@®mMmt r oodaunctheodt aent -wavtee gr at
el ectr omaegbnehtyider odnydhalmi ¢ i nverse model ing
hydraulic préopet di &P Rf meeasmatemecdt was Thurt h
and applied in thg2008l.d ZIoyah) 2dkbDdmwid.ed a tad
assimilation technigues based on a maxi mum
hydraulic properties and reconstruct cont
promising perspectives for enwironméeseael sé¢
the wutilization of joint GPR and hydrodyn.

chall engi ng, particuwelxdr |l ybeicmutsiee thegr ipau latme

model s i s compl ex and requires a detaile
petrophysical rel ationshi ps, and boundary
2. 3GRotGndwater Table and Capillary Fringe |
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Determining the depthewh)o itshergrcowandwat evatt
becawgmfbDects groundwater recharge, water
accumul ation and transpBssatheapdmielOad; ggr
2016)Capil laawrdy tfhre ngereoundwater table fluct
affecting agmainawletmemal, weatperci ally during t
geophysicasudtrecasi s and seismic and resi
empl oyed ametahoeésnabpi veaditional destruct.i
esti mawts NnQPID appropri at ewrafo sehsalilnm@B @a grpief elr
notestructa viedyg®oenol ettt lael . Kowald &se;y al . |, 200
Ma h moudetadalhPagt2 0dl2y an2 O &5 meRIBinf or mat i on

groundwater tabl egrfdwicntgiadge aanomrduirs nygi ttale t

availability for amnrdops otumrdomad te r c a&cinlt laami intay
agricul tural i nput s.
The soil above (i .e., unsaturated)hawd t he

di fferent SWCs a#id atl @Bweas oh2alv0e6 jdeitftfhelerl egnetk 0 0 6 ;

et al Ngugebth6a;l Oni a8 D8t Topgalomd, , THOB&NDr e,

the corKiatastthda ninterface, the water table
Dooletttdalel | | aodAtt halr &Ng u2y@2n0d!l,.. , NdWOBt)hel es s,
the capillary rise, t het ot rtahnes i un soant ufrraotme dt h:

fringe) is not d4kRatprleadpedil st hg bDhstrumed |
some distance above otnhdg hwatséraptealwlife,t hcee gam

hydrostatic condititomst hd heoislhGy efvxtod v tersgto
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et al;, okbedawi se, It can benr g@lhaet ihwedlryo dwa
conditi on@Benftd Teryeen hscoll O A e e¢s al | ge080; , 201
I 1l awat hat eQni2eRi0Odl;. , TROOAPpp offr itnhgee ciaspip d
satumadetthe bottom is fully saTthuusa,t etdh erteh ei
SWC variation through the c adpeiclrleaarsye sf rfirnogne
bot tkeimmdr eases fr @¢Bha noopD & fojeeblosat bim), 2 &A®D;8)

Becautskei ofheterogeneity, GPR wave reflectic
Bano200oo6]etthkel ge0@b6), , TR®1Bei ght of the

varies with the textdirset r (Pouwmtei 2000 8 gcal bald pc

202Mcol et t bkl getO0OABAB NgufReth6g!l . , 1 1988ar se gr a
(e. g., sand) , it lesscapinid &byt weegmtdsiys and s
sand is sharp;wactoenrs etqatelneg | gant be di stingu

refl eCoswoalsh|l KpwabDe®@y&l Paet2 0dl8.;, CoOilédnsel vy,

capillaritygriasnhisghlisn fTheeefore, it is di
table in clay soilstduktace®, | devcrcoasiimett ad
estimati ofAosangeGP®I ., 1991; Bentley & Tr e
Doolettdle., 2006 ;! IEInaweettshaelt.& a Wal 2@0OARI0.;, 201
2.302h6r Soi l Properties

Ot her than SWC, soil compaction, amd hsaoi | ¢
soi | properties, such aBenseodglTdime x 2Mal 8 ; and

Benecddt ad Mea@6w2al Tog=tRi0AbandaddMb3 )gzmird on

(OQQGomas al Deg Behdtdealt Rya28@8fsalvShe02al,;. ,
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201¥an Bamal ., SadDD2profile stratigraphy s
propevretriecesxsarried out OYI,DIYIridgtx deetl Nearhdl o |
et (210061 dr ® (20,1283 nd NovERD¥Bard swdi.l organi

wer e stpwudita dMiilmkre | by(u2e0.l 1)t al

I n agricultural soil studies, GPR biys tehxet en
estimation of soil salinity, por awirtrye,ntd ryd
being researched. I n addition toheoi tomps ,0f

stratigraphy, and water tabl e magpgringul tThrea
| andscape using GPR will providmaprageméentl

to support PA.

2. Kl ectromagnetic I nduction
2. 4Basic Operating Principles of EIlectroma

The primary electromagnetic propertices tha
Therefore, wi t hout direct contact with th
surf agaemd &Lparent madbp(Al cetsdaslcPpeR®dOBIli ¢ y
BrevixO01Bhree pathways of curr &€riafs efel BGwes td roe
23. 2. 3The i ntEGi pr etoantpil ex @fimd based on seve
soi l salinity, SWC, soi l porosity, bul k de
tempe(Adtiercedal Badeed@ 551 Cor @OLbeOs;c 2 CTO 5 W& n

Scud,i e2®2d&Mi sr 2@Rdbj) msoml Vi se®R&I 2.0E2CL)

i ncreases WwWith imdriesasuswaltleynpextetmycaeabt arn e

of M25accoEd28&agnal. o
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06 BOG Eq28

Q M@ TXTPE AT 8 Eq29

EGneasured at an BQtecaln thempeoB&EuiA2HEW@Yi (1t o t
(Cor wilnes ch2 b2 .&tHendr i clkOXOB®@28, tifs t he temper.

conversion factor.

Il nitially, E MI wa € Cairsce ds ulos engeuaesnutrley stooi | es
properties such as SWC, soil texturandmai nl

sopHDool &Brt ¢éei XVild4dcdhhd i,Paz021)

An EMI sensor primarixcypyi toaxadédFtg()®REet6Wo co
sends tvlag yt hngpe o-vardyiemqaueakbtyernati vadhrcsarren
alternating curvraernyti npgr opdruicneasr ya ntaigmnmeeittihc f i ¢
the conductive subsurface to induce eddy
secondary EM field. The amplitudg amd phhaes
secondary magnarne cr ddedaoddidNHoly 9 8B ) . R.2 .Toh e

rati oHofandeHp is propoE&umdarl Itow tihred wsatbisc

condiatcicoorrsd i R 1t{Mdc N éiled 8 0 ) .

4 H
%#= o SHD Eq210

whevies t he angausl armdhgeegtuiemcpyer meabixh Gty of

H/ mnd S -cicsi |li nstpearci ng ( m) .
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Alt h&gq®dlhG s the most widely ukEkE€df nsoodoet tfhoer

EM field measur ement s, as it i's i mpdleinesnt e
on a series of simplifications, and its ap
Si n-gtna kctoii | ( MC) -t o dftriciqugine y ( MF) are the

available EMI sensors used iFn 33)g.r i M@Fatnud al
sensors havesadndifteirwintty dfepftdhot pnsntasdaddff
characterize di fFfieg8ent MGoOoEMI velkeumess ( have
separationsxcbet wéesubdckoyiTeng)usaurad |RR t wo or
operating frequency to explore dif feaielnt i |
and onei IR operate withi 88 ff@hentdepthbgoéntchihe
MF sensors increases (Awittdéotr dalc De a Soel @ taflr.e qu

2013)

Both MC and MF EMI sensorsVERn(wvpetatal i oo
and vert HE®l (bdopokzent al coplanar) orientat
depths of investigations (FOIBY .i MQ@&Odh di p
i's approxi matelxo0l!l 75 ptaic e @lwéaii 41 padkkediuetme s
t he -dmitle réMcaNceil®@® Q) Current fl ow paths wunder

(WVCRnHCP di ffer. The DOpeomi fEMI dsemanarn g i on

oper at E&€n,andgdoisht rati graphy), operating freq
MF)and coi |l MWCHR eHCtPat iEovnen( t hough theoretic
homogesi@ioluscondi ti ons, the actual DOI under
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changhggi cal and chemi AdIt deptr d & (Cloir@® )0 ¢ an

Scud,i ex019) .

2. 4Agpplications of Electromagnetic I nduct:i
This section discusses the main applicati ol
such as SWC, soil compaction, soil salinit
2.4.2.1 Soill Salinity

The spatial and tempor al variabilitlye of s

assessed and monitored uBGEgr RNiesscdahGb4 ;s |
Far zani aanl Nar gpaew; .. , WRiOlZet )usdoi mees E @nmesai sduer reedd
by EMI as a soil salEiGhietsy i madiec atcomuw,al otslhoe 1
EQ(Cor wiScud,i e2®22) egunalét Nar pe@r val Yaet2020, ,
2015,. 2d4wé¢ver, the aplpil mictad tidoomssea fsTieMl olf a
measlEGemt o soil salinity usecampglfex eanhd mo
Rhoadesd model (1976(MDi &Hk rreeg,roedBAdr|me ttetqluea t |
al ., Ganopégunale. ,FR2OtlMer more, EMI applicatio
requi-specddleacb(Ganijiegtuntad . Ur da@®4&;ag¢ ®s019,;

Akramkbanabv. , 2013)

Sever al studies have been <carried out to
variation by developingGi bpheleégpelscp ®d
andompared two calibration methods, simple
of theEGQGE@asMEGQ@EG.5s The aut horBGefsaumdhtti loants tw

morae cur ate when@espiamaidi dost bh&iGn gl EMdn onte lae
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st udyy Dool i(t20,0el9etmpdale. | i near regression (S
bet we@measured in diffeE@mdadwerpdd uUNitreg viawa
E MI I NstEM3In®&n{single frequen-tygquenndcy®EM3E
instrumentspgaval samdl aempofi@. 3% amiddptomsi,n
the coetleterenPamwiasn >0R90 (p = 0 (D®I)i tftdre
et al. ,Gca2mj0dg(unxded yeetl oapleed mul ti pl e | inear r
to estimate tBEh@ sodli usm laibrsiotrypt(ieosn rati o (S
UsiEngg The aut hor $vaflouuensd wehraet Ot.h%l Rand 0. 93
MLR model estimate@ ahdPraleheame Reared0. 89 ai
0.05) bet ween the ahWdRtmedeneasstiematSAR f or

(Ganjegunal., 2013).

Geostatistical methods such as opdedacy khi
spati al and tempor al vari EGdafh&kofamkenhosgal
al ., N2aojedr wl Yaet20a&I1.;, A 2r0elccent study researc
salinity 4$4aipse t meGeeianseanm eaf using an EMI se
applied a 2D hydrod2dacabaemsd el , b WHIBBYSI der
water contents and sol ut & htalwceva e retl rad ti iooan g r )~
EGandAGwas 0.88 (p = 0.001) and méblwed i he

measuring so-whtisrarliigia (Degd Catr dsamdl .t , 2021) .
2.4.2.2 Soil Water Content

SWC &l ay a significanthveaoli a Ez@&m esbtipatgrei b ut

research studies mapped tEhGa ndp &StWCa It 00 ri ntvesrs
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the i nfluence of SWCE@AdI| &Es,a mwhB & h adnyansakmi
et al.,Ba988) on the findings by the above
devel oppdcsifie rel &iGaaods BAWRsdeobrefafive en2018,;
et al Bre2dk&; Rob2ehite6gl . , TRO1Bat est researc
model i ng MppgheeatalsaelsSh aektd 7a;]l Tare@O02a2;Zar 2020,

et altp 2620Mmattd&a SWC from

KachanogqKi9g8thdalct esdt ad ef iexlpcer i ment to deter
among spati &l vawWwC,atamd ss woifl textur.@hien ar e
authors found that the spatialE@MaRri @tvdh. o
An additional experi ment eval uataesd wehd iams]
shall ow hydr,asuwlcihc acson3WQG i amad water anmabl e ¢
temporal B@r iaatdi drheofautmB@wass floouwn du ntdheart ctohl et
condi(Ai oesdal ., Adi0Obi)onal ly, the duration
irrigatmaygy ehnhf ém@omvceer tahesAdrite epadi.gd200§)
di fferent so(k9Pp6e6Bopevedkaeli akaEGaned atth e ns
SWC and found aobki §WEG 0 Aamtt hiempadtudy compa
var i aotFEGuindyer wetonadnd idornys and evaluated the
cont ent (PaenddrPeSridEit | lad . , THR&® fadJgutnhdo rssi g n iIEfGi cant |
val ues during the wet EGag3WC Twaes cfoaured attd ok
two times greater in wet dandci(RPOe.dxErg i | £ a0
et al ., ERIO16urveys were BQvsaa i @driroine du naetr f

drought (wetting and drying) (20da8@&bwwedns hiah
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flooding increB@ey ndacuciteag atl ke ymo@aadd | i t y
tobhe absence of soil moi sture dE@@WVIC cand The
MF EMI sensors) was developed égBaddeewaabh lbat e
2018)Lirneegarressi on model s were developed f ol
separ ataallt horShd ound the highestEGmeadiuctidng
by an ME&nsMtr O.RF9), rather t h%n Ot(Blarde wd an
et al. , H@QWdad8¢gr ,cawiitbhr aa imenw met 20d8 y Rlodbp eck t a
nolini near rel atioasdGme dbed wementSSWCf r om an N\

deeper depths, whb¥lkk was al so influenced

Hezarjari b(i2GhHe dcSoailreedtlr i cal resi s-838tyoi ty al
devel gpesifec rel & Gaodshhpst bealveawmiatiniarb| e
the upper 0.60 m of the soil profrielsei.s tAicwiotr
techniqgue gave a highRerOco7yefari wmeaedot fail
content. In contrast, EMI prov0 .defs adamhd5er
for vertical and hor(Hepat&&oiubdehb0 CGHY, werveesrp, e
Hut hPaott2om®7ydi ed t he soil water extractic
wi ElGand found a good cor EG(Rti®n9 hle.t we@inl
di stredut mani odasdehNi swhizét i) c(Mit s&oFa d hi201 4)

fields were carriaehiacht showeg BMI asens at €
(R 0. 70BGmesiisrug e metnh es rwoAiltht idaoor{fef.0 de@t earl mi n e d
the accuracy of ERkmeaosuredatsiomg ban wd€@nEMI

measured using TaOdr ounnodneirc dtirfefaetrneenntt s (dait
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nitrogen, and phoaodspnhdarnogu sof. tTheei E@&EWERrdy wa
correlation wvaried boatnhd swpaast i chd p e n daenndt toenn
properties, such as soicbntdektane, pbat Entdies

changes in 1T onic strengeat(meaetddeatr fafil f. f, e 2&rt8)

Advanced el ectromagnetic model s, coofnfbsi ente d
measur ement s, can be used to reconsMliruct
measur emeB@&Gs Tohfi ssomelt hod all ows for t he esHt

depths using mat hemat i esaple cEn@weed (Mo ipaedta € d t

al ., Shaiuktatal Tareg02a2;Zar2022d;, , TsP&20 )0t empor
variability of SWCwasn aggegxddcddu gnanvgeat sfigoap 1
of 4diampksGal a{Moghaedtasal . , TRO1AWt hor s sl haopwseed t
met hod is beneficial to use when identifyi:
soi l wat gvio glhyaedhiarsad s , | 2 04 @ pH Qreerl astteudd yt,0 S WC

potato tulert api ¢ |dthaeanrd nob@e It hf car mat hemat i c

(Tareg al. ,TR&2YWdgaanseter si on al gorithm Bw@s appl
of soil | caty etr lse tsOPAEQL rissadtde mp o r a | management
dry co(Shiatuekbantal . , | RO2EME ssti mayed SWC compe

with neutron probe meanudi ¢ memtss fwont hwete aars

0.74 and 0. ©h,auekiastple.ct 1 2@2 %)

No empirical or theoretical model SoNC r el at
accuratEBGy Tfhreomr el at EGasnldi S WCe tdvegemsdosi | on S

properties, states, and-sppecfifcccrhégbidracd a
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(Al t deotr fafl Mar 20 & id;] Tur R &dlt7 aaulb. , Sipt@& 2 ¥ i ¢ e mpi
relationships [E€Gaweenapbbe®8WG &d&ndear i n mo:
Breet kal Cal aéD6al RpbPesbml Tur ROdLtR aailb.. 202
At the samstudmes bdavewshown that the rele
|l inear whenot heheaS\abtidsatrtfyg g IKachaeds ki . |,
198Bgbientetal ., Haw&8gr, SWC maps cB@td be
undershandpati al and tempor al variability
we a knoyd,er at el y, BOQGAIst de@mfagfl v , wB2d0dle@ta 2020 ; 201
Frie®@maMarténeal Mj sRdADhi2Reéety al Saeg003;

al . ,. 20009)
2.4BAI B Density and Soil Compacti on

The potE@asala efoxy to estimate the spati
compaction/ bul k density [IEd&s sbeenf usntcudioend
compact i on/(Arudtki9eth2)YPsietvy ous re&&ancheasteswed
soi | coimpcarc@Ba sods &nt ohGaALRambetgoal8HoeR &20;al . ,
2010)Gal amhbo(ggdovesd & | uat ed the pot ent isaelnswofr st |
determine the compacted andas omnmserivMdd Itil qat
EGvalues in compacted earoemsac(t rAdGaadddeida gt t dle
(20é2al uated tEhGmemostue retdi &lr oaf EdMo mp ac teisd n mia
considering the influencEGmda sSWW@amrelndea eadu tch

soi | compaction under | ow SWRAIlIGaoadieDlLlanhs (
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Be

st

pe
be

20

Ot

et

et

De

20

sson( 2e0t@ uaxFlc.overed no cl ear correE@itn on be
wly plowed | and due to signifiddanmtecearti a
udy also found that theE@wiwtals mmwlakg dban sic
netration resistance, even though the s
t we@amd cl alRemdbnabkbniTR®O®22Yt hors suggested
cl axovemtsermtompar ati vel y sdmpgahctt ivoanr,i aa n do

bsuhreftaecreogeneity (due E&mseasuoe fKReawdbsal d, al

22)
. 402hédr Soi l Properties
her than SWC, soilEGmaeasaoreéeg, uandgeciEMiaoba

ti mate and map the spatial anadntletmpeolrial

al JphBebth g | PedPaafraeit| lad Rea20dabRpbPR2A&28n
al Rpdekgg@ead Vit R8LERA OM DO@ADEWet | al ., 201
Benetdealt o hkeBte Bg| Rob2 @@ dbmal Ren2oatd| &l , ,
VAt hataatb, ,CRODBigguad , ,arpdHAEgwet | al ., 201
hnestonal Vit Re@®dmad.. , 2008)
. 4Agpa&drent Magnetic Susceptibility
st EMI applicati onsEGme assouirle nsetnuiMspel S8 ocaw eev e
s the potenti al to be used in relfagwon t
i studies haveMSb(etprhas®endatagd whinbg i s
asured by commonly aMol abbel EME dehsomji

mbeoefr magneti c mi ner al s present and I s p
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magheaoneentMaateird 98 86) mEG &M&I soal so influenc
l ayering, portoesxttwr,e,sa®M,r aandn,natur al and
(Sadat chtaraim.Shi 2C2ad;Heg ka2r020., WOi2nlg met al t
Sadatcha(amg@epdiaed the dEBubBI sgegndCtiawnidt WFO
sensSohrisr.zadi t a(b2a0r? tlaynddi eHle csko i | drainage char:
usiMiggunder different drainage cMIWaltuesnsi;n |
poorly sainai pedfiles wedrai hower |l t paonfi hesel
(20220 phgdi cochemical properties, such as

EGanM&reporting a potenMGahdr EEGtaondsOMp be

I n soil studies related to agriculBased t h
on the influence of seveE@!| tdheilrepradpoemtsil
interrelated soil properties are compl ex.

EGanMSsi multaneousl!| y; therefore, the appl

expawded future research.

2.%ynthesis and Critical Analysis

According to the Iliterature reviewed 1in

‘N

estimating soil properties awd3sBhoes wHien
number of studies conducted using GPR and
analysis considered the five most widely &
salinity, soil compaction, soil Ctesxtuarmhe/ cslo
state most assessed using GPR (>600 studi

42. 09 %) , &8585 o2Mn iICompared to GPR, there ¢

55



studies presetnhtati nustehde tlhiet eerMalt utreesh micegu ¢ )h ew
E MI i nstrumentE@eadurcds itsheonsiilder eFd.gt o be
21l early highlights the | ack of studies

compaction, soil texture, and OM using eit

Fig.sRowd the percentages of studi €ki g.f ea

2.1and ugimg )EMIhB@E were conductedPfRrom 1

met hod, mo s t studies that were conwndeurcet ed \
related to other soil proper tFiiegs. )a@mdl ishteat e
ot her hand, hi gher percentages oft het udvioes

properties of SWC (40. 29 %) and spu@i g.al ini
2. 031b Fur tFhgr.md2reed,dl y shows that thetBMI t ec
|l iterature to cover a wide range of soil

content, and OM/ OC), wunl-o&keut hen GP Rkhnéeegwb nd
concomitant l inks related to soil studi es
during the paxt22)5 areeaarssh wmiOign)2t W@ tthe rrme snps
to the use of t he KGPR DtRe cch neaqhoesiipe dzfdC s >¢c s 0
artehe five mostFiagited Wdaywortchsos(e f oECt he E

SEG>SWC > soil salkingty2.>12brigationo (

Not many studies have been carrieésoutmad @mkt
soi l properties( 20td0 hsptaarteeds . ENf® 3 ed R Rt S
and GPR velocity) of the SWC of thrseiel tdi f f

| oam. The authors found that the veélbothey \
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SWC variat EGwatihamni drh.e | nE@ré a & thrr eerdeCrBti st ecsf,
correl ated well with the DGWVECREBI|IBuelitlyer mom
among these three sites, both i1 nstr{dmgnt s
et al.De B&hk)Me2omappeadlthe spatial vari ati
GPR, &Md ,geostatistical techniques. I n t hi
the texitlure and GPR to detectthédespaiildalhova
SWGvas studied by combining GPR data and E
Thaut hors found that data from GPR and EMI
estitnhaet eSWC t hr ough g é€Boasrechat a 5 Dé¢ c B ® nedte¢ eahlh.o,q u
2019)The reviewed theei ampore aemphasi 2de | n:
GPR data and geosttahtel sde¢ g tciarhattieocnhnofquebhe i 8
variation of soi l propmet éi eands WOMi O&s t B8WQ®,1
i nformation neBhadatat al PDepB@hR&tdRrAL O, .2012,
Jonar d26dBawed the potential of GPR and EMI
of di fferent tillage practices, including
reducdd ageMogh d\(s2 k&N aally.ze-wavbej buht i nvel
GPRNnd EMI data fo+tayecedssoutti Sgegvewal i ny
studinced,udi ng data fusion methods and seque

bet ween GPR and EMI were illustrat.ed and d

Previous studies in the |iterature show th
and disadvantages whda&dabd3 . cGRmBsi s ocsmmbnlsy

estimating SWC because&amde 3IJWCE ats ombDhi psilo
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i nf |l ubeyn coetdher factors, resulting in relatiyv
EMI & absr oader range of appl i E@eiaocsnusr ecdo nbpya rEe
i s afbfyeontudd i pl e factors, as mentioned abov

esti msaotiilngproperties anpecitfat @sc aleicksastita@an®

Nevelradsdhs, even in the absence of such calib
asvaluable tool for ma pdpeil n gn edit $ mign arta n|a @ ie Iir
Regarodihreg soi l properties, GPR is stild]l I n
EMI theaesn shown to work well i n clayey soil

condusdiilve. Researchers have reported that
dat a praoncde ssnitreg pretations than EMI. The ad
high ccaopsittsal and t he need for highly skil

interprehéadat gze

2. Bummary and Future Directions

GPR and EMI have been successfully applied
and their spatial and tempor al vari-abil it
destructive nature of GPR and EMlppolfifceatsi osr
to the agricultural | andscape, such as the
|l abor, and provide more extensive spatial
spati al vari-abdif éi éeyg¢edvi d &t lagee otfCroanghiatr iea n alo
measurements, GPR and EMI applications in
(including a higher penetration depth and \

the frequency, antenatai srepatTlhus onma@amidn g 03 ¢
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to EM 6aandK)GPRedhni ques in the agricultura

the spatiotempor al variability of soi l pr
information is fundamental to obtain the ir
zones i sPlAppowhtere the application rate, a

i nputs and their management can be optimiz

SWC &dr e the two maind | ueinlci pmar &GRRt earnnsd  E Ml
widely used fori ®®8Ebkeabi mahednwanhtd differe
processing methodse;ctt ggvanidn wlawee vel oci ty,
transill uminatiwawvemetrmodnvamdi ball and thei
soil types undeiflfhdi apptencbatcondpti &M$. i s ¢
has been testedsdiolr ®alti maty,ngaBdNCa few ot 'l
some EMI studisesveawé conserdeftaded soil pr
ti nMehhe esti masoboh eofopeheres such as soil
content, soiloobpggantcccamaboeryr/ soil pH, and
addition to soidudlydasauwatcempriopleditmg@scapac
water repell encryduanidvihtyyr awdgiimg both techr
Additionally,GRRheanktspdhstavmfiioeudeaes fdree ent
properties, ewearmptelrdu gl alele ttdilyesxset By edr t bn
Future directioeguofeERI facdsGBR the estim
soi | propertiwad hginmulhteamegauscluf t ur al |l andsc

PA.
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Th

pr
b a

r example, the influence of diffeament soc
ve propagation (GPR) wunder heteabgeneaus
tting and drying, plowing and csohopua cdt iboen
vestigated. Most research stuwdieeprenandu
ese two techniques have beethhcoondbcmedel
proaches by only consideri ngewdhreem orn & ofme
the actual field applicatiisommoafe tchoerspd et

terogeneous under natural camdi madagédec

i fferent soi l properties andhotudtdesbheon utr

vestigated under variable fitethd 0nDendssbsahl
formation to enhance the prediand onhaicrc
riability in both spatiabl aonodaPeblhdbdatap
curacy can be further enhanced austiinfg cd daV
telligence by incorporating hetefriogledeou

nditions.

e main disadvantages of these -ttiwne tcathai

ocessing and interpretation ofcomopsutt eaf |
seadmmer ci al solutions are progressively
ttp:// www. gprsense. com, actemseeGRBRMEABI D
vensi@aaddi ti on to SWAT (soil, water, and

ceesed5 March 2023) -haki mgriomomgrci delcti wn

chhas regarditreg fweartiidhblzeer, seed, soil an
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anglreci si on water management . Both the GPR
evdrhough the operating principles of t he
i nt egtrhaggsiengt wo techniques can provide the i
assesevagal soil properties at once by ame
wi t hoft htate ot her. Thus, the future directio
teupport PA needs to f ocus toengrraetsieocanr cbhy qcuoen

both techniquesdé similarities, differences
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Tablk 2.
Compari son -fbreetqweeemncylroamdehicghel ectromagnet.

DescriptioitLoswrequency Hi ¢&erequency I

El ectromagneGr otpmredetrati.

Operating 11100 kHz 18600 MHz
range
Domi nant ctConduction c¢Di spl aaredneandn
cursent
Operation 1EM inductiorWave propagat
(Strefnhgthe (Refl ection,
el ectromagnesattering)

Primary phyEl ectrical cDielectric pe

property

6 2



Tabl2z 2.
Summary of the ef f epcetnievter adteipntgh roafd atrh ed igrreocutr

Freque Soil ty Effective Source
( MHz)
200 Silty ¢l a0i0. 10 (Wet Chanzy( 299 &)
Condition)
200 Aeol i an s0il1.20 van Over mee
(Podzolic (1997)
50 Aeolian s0i3.00 va@ver meerer
(Podzolic (1997)
900 Clay to 100.20 Hubbar,d (20 (
450 Sandy |l o0oa0i0. 20 (Wet Gal aged,ar@2
Condition)
450 Sandy |l o0a00. 11 (Wet Grote(20023a)
sandy cl aCondition)
0io. 14 (Dry
Condition)
900 Sandy | o0a0i0. 07 (Wet Grote ¢e(t20a0l3
sandy cl aCondition)
0io0. 10 (Dry
Condition)
100 Sandy | o0a0i0. 85 (A) *Galagedar a
0io.50 (B) (2005¢)
200 Sandy | o0a0i0. 38 (A) *Gal agedar a
0io.26 (B) (2005¢c)
450 Sandy | o0a0i0. 26 (A) *Gal agedar a
0io. 16 (B) (2005¢c¢)
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900 Sandy | oa00.13 (A) *Galagedar a
0io. 09 (B) (2005¢c)
250 Sand 0i0. 15 Pal | av(i2 0e0t9)
400 Loamy soi 0.M020 (WeThiti mak,or a
Condition) (2016)
0.0 30 (Dr
Condition)
* Model |l i ndrReowletrs iwwat |oaweerr ;drBy | ayer

6 4



Tabl3® 2.

Grotprmredetrating radar (GPR) and el ectromagn

perspectives for agricultural applications
Aspect GPR E MI
SWC estimate SWCKipby estimate SWC by
EG
relati onskhnampd b@Wr el ati onseh@am db eS
guite independenis affected by
properties as soillaglicoint

temperature and

does not +seeguiferequirepeai i te

cal i bration
Soil slack of studies well studied
Ot hseori | ack of studies EGdepends on se:
properproperties therefore, di ff

EGt o other soil
Mappinprovi eree shoilgut i on detect roots, |
| ayerssoil structure, zones, and grou

groundwater tablindirectly by m
architecture by soEG even thoug

refl ections i muclhower t han C
I nfl uewor ks wel | i n sawor ks werilch ns @i
soi l tconductive soil sconductive soil

di fficulties (e.difficul-tiebfb (n
depth)riaoahcdmag/ osoil s

conductive soil s
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Field

survey

Mul ti p
dept h
sensin
Depth

penetr

Set Up

oper at

l nstru
cost
Dat a

proces

has contamirioss®uno contact 1 ssu
(groecuonudp !l i ngh wsSOIIi Nstrument i s g
surfaces (e.g., above the groun

sense mul ti pl e dsense different depths with differe
frequencies and frequencies, intecoil spacings, anc
(

di recwagepundf | coilorientation

antennas shoul d sensedifferent depths

i nvestigat e de e psimultaneously compared tothe
resolution or shGPR

hi gher resolutio

may clheal | engit ®g hf relativelystraightforward for non

i ndi vidual s wi t htechnical individuals without
geophysics knowl advanced geophysical knowledge

wi ttHneewest techn

automated roboti

i ssue

relatively expenrelatively affordable compared f
E MI GPR

requires sophistbadiad a processi

processintg@ragmetcinterpretation
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Fig.Gr2opredhet rating radar ( GP®R)Yplsaid \
( GPiIRnst ruyme8t Pat hd cwmmlagd @&nt eaninras

Lambot)

Ground

Air Surface

— Air Wave
— Ground Wave

—* Critically Refracted Wave

Soil —* Reflected Wave
Layer 1

—* Refracted Wave
Soil
Layer 2

Fi g33.R2y pat hspeonfetgrractuinndg radar ( GPR
| ayer smad dvihfifcehrent dielectric per

et (210.03)
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Ground
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Soil
Layer 1

Interface

Soil
Layer 2

Borehol

Fi gdDa&t.a acqui sition methods in grot

Ground
Surface

Soll
Layer 1

fixed offsetspolm)t , caghmhoenvirmkidd ect i on
of f set profiling, (e) mul tiple off:

mehtods (modi fied from Liu et al. (2

B Moisture
0.0397
0.0685
0.0973

[ o1z

M 0.155

B o.1s4

Moo

o=

ot

Fi g.Hi2gesol uti on soil moi s-bar aem&pPR
wave inversion (FWI) in an agricul

Lambot) .
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Increasing coil seperation —»

Tx Rx 1 Rx 2 Rx 3
. . €3 €O 5
o - Ground Surface

Increasing depth

l Sub surface

bl C
l:l Sampling Volume

Tx Rx
o A

Ground Surface
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l \ 1 Sub surface
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Abstract

Geophysical me-pboesr &t kemggradad ( GPR) and
(EMI) oddstrr motnesel uhi gh al t er nlahtiisv esd ufdor as
to understand subsurface stratifications i
GP E MI technique and soil sampl ing. The GP
findings. They provided 1insi ghtad icmotnadutch &
textural changes, and stratifioatihensodeét e
The assessed soil properties revealledOt he
m dept h. The study highlight seMIhet opoitceerttii

subsurface stratification in boreal podzol

Keywar dEsMI dept@&P R ndveeprfghe osplhiycseisc g1 nt eghai igoe

subsurface stratigraphy
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3.1 lIntroduction

Neamur face geophysical -peeaehnaguaes Faar g
el ectromagnetic induction (EMIt)o heassd@® imamer ¢
properties and dthaet eagvarciudlbluepalecli amdnc d me

(Pat hir @2naBatendli.fyi sg rawh s ugetfsraaataiidfsi saoai thico ra |

estimating soil pr ase mtgi ege o rh g slertaadti et ti wanitain al
soil coring, or open pit excavation, has b
insights into soil characteristics, includ
ion concEnva&@dameom@BBowever, these methods
intensi ve, di srupscake anfot mai ten. t GPRoOam
these | imitationsinbgaspvyeviwgphghchesdpanoanl

and deeper( Dpadn eB@rOagtili;odBawn,ids® 8 9; ZRajh2ucnpawmn§

2019

GPR emi-tsedqiiagrhcy el ectromagneteinccrawaveasg Iismt

i mages through the scattering, reflection,
el ectrical properties of subsurface mat er
conductivity (EC), affeet i GPRuwaved pbypwagi

texture, compaci{Dawfissand®EOIEUMII edisfaflutsses pr i
i nto t heevgarlouvantde i nduced secondary fields e
correlated to soil yyomwmdeirt icoom,t einé x taunnrde ,s t
1980). GPR is widely used tbhaasngs s edval s vrref

EQZaj 2&0lvegm20)LNevertheless, there is a | ack
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aspect concerning EMI, except for studies
on podzol s toprepéei maeéee and!| tshtiast e a svppeadtab |
underexpl ored. The synergistic applicatior

framework for elucidating the spati0dl3) di st

especially in situations where traditional
Building on the demonstrated potential of
soi l anal ysi s, these techniques provide ¢

requiring extensive excavation oralsasmbpil el &
ecozones and are unique entities character

parent material$exteseldt songl&SmigRficldler sEvradces

& Came,rl®dmB5) . Podzolic soil mroo fi izloens fwe dthu rv
characteristics. Consequently, unraveling
horizons presents challenges and opportuni
variability, pertinerbtl essoi | properties, an

This study ai med-EtMd useec hinn tgeugersatteod cGRAR act ¢

in a specific site in Newfoundland. The o0b
of basic soil properties wusing htaflytiamma
characterize soil stratification patterns
and EMI. This wil| provide insights into t

of these specifitchd et madagasglrel addainnhgges, of
i ntegr aGRRI oBEvMelr traditioneaelxpdmmglsi ngomebhbd

identifying subsurface stratification in b
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3.Met hodol ogy

Soi l profiles were characterized at a stud
Research Station in Pasadena, Newfoundl anc
study site is a fallow grassland. oA ,12anm b
five locations (A, B, C, D, and E) were sel

the enti i gltaudy pl ot

Di sturbed and undisturbed soil sampl es wer
0.60 m de dtOK0 .aA0XEWWO06H0mM | dgasstyBgBb) was d
using tdheggyi mgemet hod on wundisturbed sampl e
including percentages of sanandsiOMosf | @ d
ignition method), were determined using di

met hods.

Descriptive statistics were used on soil S
sand, si | t, cl ay, OM percentages, and BD.
0.30 mwayw a@amal ysis of variance (ANOVA) ctaes
di ffelemrcese0@pen shallow (0 to 0.30 m) an

depths. The wvariability of basic soil prop

Both GPR and EMI surveys were conducted at
t hxdire@Etigoh 3GP® data were collected as a
center frequency GPR tr anasndducXaf t(waurl es elErKK.O
Data were processed, and 2D depth slices ar

prepared for every 0.30 m depth interval uj
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based on the strengths of the reflected en

prepared along the same survey Ilines in acf
observe the underlying | ayering. EMhddat a
horizont al copl amai ng o4daloimot E&ht ast-8mosncsr (C

EXPLORERGF instrument s, €kzecthr Rrarpaygoe ¢ ncQy woi ft
kHz. The EMI seoaebl bpacthgee(Caitlkrl= 0.32
Coi3l = 1.18 m) , whi ch produce Si x I ntegr
El ectromagnetic dept h i nwvneerassiuornesd weeprpea rpernotd
conducBEQ@vidtay a( dupi oge $ hiengpoesmpl oyi nEgG t he C
depth inversions were carried out at every

inversion profiles were plotted.

3. RBesults and Discussion

Soil sample data nEBOperated agleat of hgrmeamh
OM (0 to 0.60 m depthWw Wwélde 982) 5%10NZ %9 7T %K
(NO.91%), and 3.8% (N2.05%), respectively.
of the soi’( N@ad45).6Afl ctmhe data sets were

and Skewnessway 2ANQVA) S5¢xnlteowed t hat sand,

percentages, and BD w=eaeé<usl.gins)f i bowatnvi@d@ntds H
0.30 m) and deeper (0.30 to 0.60 m) depths
bet ween shallow and deeper depths in grave

is mainly due to soil textural differences
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Except for the BD, all the other propertie
variability of different propiemttilee tveadarhiy
optimize the comparison of each property
shall ow sand represented in the radar pl ot
deeper swande%yé&hedradar plots ©ONMowashht ghhbi
at shall ow depths compared tasdeepérifgdepB8b
3.1bMoreover, the sand percentage increase
clay percentagesfFidgcafosl@tdewt ekRtdept hcl as s
and deeper soil syweamd cd aarsds,i (Fri egsdp Hlitsd lildwaadniy ¢

soil properties revealed the existence of

previous study at the same site reported t|
and aowetleld sandy soil 7l myddptimovatDhUd3®) mtt ¢
The higher sand content is attributed to tbF
of sandy parent al mat erials and gl aci al a

| aboratory analysis showed sindniDf 30amt atha

(7]

ampling |l ocations, highlighting the chang

hori zon.

The GPR radargrams identified the upper bol
the | ower bounda(Fy gat. 3&E2a)rhcer mo4@, mt he r a
demonstrates the spatial wvariation of this
depth slices from GPR show that reflectio

indicating a @@Emnigf ar3nWwah&qni Ic olmpywern ng t hese d
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refl ections begi nO.t6o0 amp pselairc & ,r osnt & ahcei [0y. 3i0On t
strongest reflections apfie2a0edn wihilkckmetsise
a subsequent di saprped@bankcMl ode prtehf |iencvt e rosniso |
thflemegyer soil profile, representing E&n AH t
values were | ow and graduaEGwal mes ewsrea obd

atl m, followed by a gma d d&Rilt§Rde cA esasne lwairt hp :

was evident in all depth inversion profile:
the strength of the | ayer around 1 m varie
GPR and EMI reveal a simil arsppeatdyaan, ar caaudn

0.30 to 1.40 m, dépchl!li Fedt hefmeceéei ons wer
within the identified | agiemil ar tthe GiP&K mhiag
patches found in the EMI depth inversion ¢
|l ayer could be a cemented gravel |l ayer, t
Podzolic soils wher e Ineual cahAtped e(asSome,Rdl1lsl ; and
Eva&€amerl®Bbhese accumul ati ons, particul ar
i ncrease gdclhhanpsuoield ¢ oEG@ he surface | ayers. I
gravelagcatnhdeE€Curt hehe iamcawemsleat idaure dfo itons,
hard soil | ayers prevented sampling beyond
of -destructive geophysical met hods such ac
stratigraphy. The cesuil t medfeddPR tasmadh nE Mjlu e
provided insights into the spatial vari abi

profile, which are valwuable considerations

128



Using integrated GPR and EMI techniques f ol
Il imitations. The effectivenessuotleGPRIi gbhne&
conditions due to the attenuation of radail
environment a.c cCAddaittei aregltlhy ,i nver-quahi utgi dgt
which can be challenging to obtain consi si
conditions, affecting the trhed iiabheéneryt loyf It
samdch soils can | imit the effectiveness o
As an initial step, this study primarily
necessity for furthervetddiasahal yacbudadqg
t echntiggrureasnce soi |l character i Zlahteisen ds midhmau

suggest the need for a more comprehensive

potenti al ofE Ml nhttneggruaetse df o GPR t udying soil pr
Al t hough this study focuses on a | imited
|l ocation to | arger vertical and horizont al
insights into soil profiles withoety, néebds

approach could be further expanded but not
table and capillary fringe, identifying he

across different soils and | andscapes.

3.80onclsasion

This study investigated soil profile charac
using geophysical techniques (GPR and EMI)

m) and geophysical data (up tochad%gmnhgslbov
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profiles (distinct soil stratification) wi
with distinct soil | ayers through strong r e
the advantages -doefstusiicng vehgeseoephygercdalratet
met hods and highlights their potenti al app

in soil profiles, including boreal podzoli
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CHAPTERo4enti al-PehetGrauinneg Radar to

El ectromagnetic I nduction for Shall o
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Abstract
Gr owpredhetrating radar ( GPR) and el ectromai
determine and map soil water content (SWC)
provides a straightforward epteicmdtiiconcadfi b

mai mlayyed easmcapei measurements such as ti me

However, there is a significant difference
poismctal e TDR measurements. This study ai me:(
esti ntawd nign the agricultural | andscape by |

provided by GPR. Appar @ntf reolneati rimudEdli cemdw

dielectric constant from GPR with two cent

collected as soil proxies along with TDR
devel oped under irri gat eidonc owadsi tcioonndsu catnedd tuf
moi sture conditions. Correlations were ass
wit h-dekDRved SWCs. Simple |inear regression
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EMI and GPR data to predict SWC. Strong po
bet ween the proxies-c(O0GRR sgpmcitnlge (DOh Br2t am) ic
measur eda,dSsawCa. fEEGom vertical and hori zont al
coi l spacings were selected to develop SLR
GPR 500 MHz frequency showed a>hiDgfié) ¢Eoeff
coil orientations of EMI. Resul tag eslEdMwe d otr
shall ow SWC estimati on (BoMid twi BaViGednyer édNew @
effectively wertiifmadd dwiSWCsGPRvhi ch coul d be
conditions in the study area. Further rese
model evaluation by incoriplormar aarge ttenres v(aga

powater conductivity, and sikiGresaktionshn) pt

Key wo rAdsp:ar ent el ect;rHlceaclt r o madn e tGiroiutiyh d u c

penetr a;tSiamgp | r axdy8d ovioll uwmeet;Rre diontt iemn model

4 IIntroducti on

The variability of soil water content (SWC) is significant both in space and time, and it
plays acrucial role in maintaining healthy soil ecosysteRealtime monitoring of SWC

is vital for agriculture as it controlwater balance ithevadose zone, plant grondimd crop
yield, nutrient absorption, angbil health(Vereecken et al2008,2016; Wijewardana &
Galagedara, 2010Furthermore, SWC controls physical (eenetration resistance, soil
temperature, and saturation), chemical (sgl salinity, nitrogen mineralization, soil pH),
and biological (e.gmicrobial activity) soil properties, states and processes that affect plant

growth(Robinson et al., 2008In precision agriculture, spatial and temporal variability of
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SWC is crucial to managg resources for optimizing crop yields with minimum inputs and

scheduling irrigation.

SWC estimationranges fromlarge scales over several kilometers usiegnote sensing
approaches (e.gsatellite dronesand airborne remote sensjntgp smaliscale point
measurementge.g., soil sampling and sensors like Time Domain Reflectometry (TDR))
coveringa few centimeers (Robinson et al., 2008; Turkeltaub et al., 2022; Vereecken et
al., 2014) Groundpenetrating radar (GPR) and electromagnetic induction (EMI) are near
surface geophysicaéchniqueghat utilize electromagnetic field¥hesemethods can be
used to assess and map spatial and temporal variability of SWThese two techniques
fall between remote sensing and pesntle measurementBinley et al., 2015; Doolittle

& Brevik, 2014; Huisman et al., 2003; Klotzsche et al., 200®)reover, GPR and EMI
are nondestructiveJabou and timesaving, and cosgffective SWC estimation methods,
thereby offering additional benefits over standard met iddslittle & Brevik, 2014 Liu

et al., 2019Pathirana et al., 2023-urthermore, GPR and EMI provide highresolution
information with a more extensive spatial coverage withrgégrenced data to estimate
and map the SWC in the agricultural landscéfletzsche et al., 2018; Robinson et al.,

2008; Hubbard & Rubin, 2005; Toy et al., 2010)

GPR uses higifrequency electromagnetic wavessgally in the range df01 3600 MH2),
while EMI usesrelatively low-frequencyranges (sually in the range of i 100 kH2
(Davis & Annan, 1989Klotzsche et al., 2018EMI and GPR responses are primarily
related to subsurfaadectricalparameters whereby mainly the dielectric constantdkd

apparent electrical conductivity (ECare the proxies measured by GPR and EMI,
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respectively(Annan, 2005; Doolittle & Brevik, 2014JGPRbased SWC estimation has
been widely used in agricultural research. The/duesvary from 1 (air) to 80 (water),
with all other materials falling within this range. Therefotiee K; of soil is mainly
controlled by the SW(EDavis & Annan, 1989; Topp et al., 198@WC influences the
propagation wave velocity of GPR sirtbe velocity varies with K(Annan, 2005)In GPR
applicationsthe Topp equation isftenused to estimate SWitom K; (Topp et al., 1980)
Direct ground wave velocityVpcw), reflected wave velocitytransmitted wave velocity
and reflection amplitudesreusedto assess volumetric SWC with GFRevious studies
estimatecand mapped the spatial and temporal variability of shaBWwC (< 50 cmwith

GPR \bew and validated successfully with standard methods such as TDR and-thermo
gravimetric method¢Chanzy et al., 1996; Galagedara et al., 2003a; Grote et al., 2010;
Huisman et al., 2001; Ardekani, 2013dvanced fullwave modelling and radar data
inversion enable automated and e soil moisture mappin@vinet et al., 2012; Wu et

al., 2019, 2022) While EMI measures the E®f the subsurfacsoil, which is a weighted
average value of the bubioil EC of the solid and solution conductivitieger aspecific
sensing deptihange The sensing depth and sampling voluane depenénton the coil
orientations vertical coplanar (VCP) and horizontal coplanar (HCP), artdr-coil
spadngsof the transmitter antthereceiver{McNeill, 1980). SWGstrongly influence&C,,
thereforeempirical regression modedse ofterdeveloped between E@easured by EMI

and SWC (Altdorff et al., 2017; Badewa et al., 2018; Brevik et al., 2006; Kachanoski et
al., 1998; Martini et al., 2017a; Robinet et al., 20T8)e majority of studies show site
specific linear empiricatelationshig between the SWC andC, (Brevik et al., 2006;

Calamita et al., 2013Robinson et al., 201 Z;urkeltaub et al., 2022Mensahet al., 2023a,
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20230, with fewer showing nottinear relationshipgKkachanoski et al., 1998; Robinet et
al., 2018) BesidesSWC, soil EG dependson otherparametersincluding soil texture,
temperature bulk density/porosity porewater electricalconductivity and mineralogy
(Altdorff et al., 2017; Friedman, 2005; Martini et al., 2017b; Robinet et al., 2018)
Therefore, SWC predictions with E@re complex andrequiresite-specific calibration

(Altdorff et al., 2017; Turkeltaub et al., 2022)

TDR has been commonly used as a standard m

SWC during the past two decades. Similar t ¢

Krand pr ovisdceasl ea npeoaisnutr e ment over the | engt
of the probe since it uses guided waves (J
TDR covers a relatively smaller sampfi G&Rv
and EMI depending on the system cornkfiingur at
2005; Ferr® et al ., 1996) . Il n addition, T

s masliclal e di sturbance affecting microscale w

is difficult i n most fielbdeyxomdithen®/ appl
range. Nevertheless, TDR probes are wusuall
to capture the SWC variability with vari ol
feature is highly valmpaollad ffdrucit maé¢ $stoingati
agricul tural | andscape.

The sampling volumef EMI and pointscale TDR measuremerdee different(Fig. 4.1).
Thus, spatial scale heterogeneity of measured SWC varies between the two ni@thods

example, a relatively large sample volume of EMI gives an average SWC over the footprint
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and sampling depth. In contrast, TDR captures the ssualé heterogeneity of SWEig.

4.1). In thisrespectmany sampling locations and depths are needed with thesespalat
measurements to represent the spatial coverage of EMI (sampling depth and footprint) and
for developing and evaluating accurate -specific prediction model This ground
truthing process is often tediotdisne-consumingand destructiveOn the other han@PR

has the advantagef directly relaing the radar wave (either direct or reflected wave)
velocity to SWC changesvithout usingempirical relationships/sitgpecific calibrations

like EMI (Steelman & Endres, 2011)oy et al. (2010examinedthe temporal variation

of SWC with EG and \bew in three texturally different study sitéBhey compared EMI

and GPR and founthat EC, (R%<0.75)and \bew (R?<0.90) correlate well with the
thermoegravimetric method at the silt loam site compared to the sand and sandy loam sites
(Toy et al., 2010)Generally, he lower accuracy of the EGWC relationship in coarse

textured soils compared to fhtextured soils could potentially explain this observation.

Compared to th@oint-scalemeasurements, both EMhd GPR can cover multiple depths
without any disturbanceMulti-coil and multifrequency EMI sensors with VCP and HCP
coil orientationscan cover different samplinglepths (McNeill, 1980). As for GPR,
sampling depth increases with decreasing the operating frequ@&mnan, 2005)
However EMI can sensdifferent depths simultaneously compared to the @R&n using
multi-coil or multi-frequency sensors. In addition, EMI can also provide key soil
information other than SWC, such as soil salinity, porosity, and clay content, which are
essential for decisiemaking in precision agriculturéAdditionally, when conducting

surveys on agricultural lands with crops;gnound GPR encounters contact issues known
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as grounecoupling. This problem is absent in effround GPR and EMI techniques, as
these instruments are positioned at a distance above the grmwelver, it is important

to note that ofiground GPR primarily captures surface reflections in agricultural fields,
typically sensitive to the top 50 cm of soil depthpending on the frequency ranéu &

Lambot, 2022)

Considering these factorthis studyhypothesizeshat GPR can basedto calibrate EMI
for accurate estimation of SWQherefore, the calibration model would cover a larger
sampling volume than the poiatale measurementEhis novel approach facilitatethe
developmentof SWC prediction models to estimate and repatial (vertical and horizontal
scales) andemporal variability of SWC noedestructively.This study ained to develop
and evaluate calibratiomodels for EMI to estimate SWC using GRR ground truth
Accordingly, the specific objectives of this studsereto (1) correlate twgroxies K, from
on-ground GPRand EGfrom EMI, with SWC measured froMDR (SWGrpr); (2) assess
the accuracy of GPR estimated SWC (Sain order to calibrate and evaluate EMI; and
(3) develop and evaluate calibration modelsEMI to estimate SWC, using GPR. This
study developed sispecific predictive regression modelsetweenSWCspr and EMI
measurement$o predict SWC Hereafter these predictive regression models will be

referred to aScalibratior'.

4 Met hodol ogy
4. 2SSt uAryea

The study was conducted at the Western Agr

Brook, Pasadena, (49U04Nj20njN,Fi5q) )38 MBi5ajWw)i
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managed by the Department of Fisheries, F
Newf oundl and and Labrador, Canada. The sit
activity during the past i@igbt mydapth @het
|l oamy sand (sand = 83.0 % (N1.25)n= s2i5)t, =
soil organic matter contenrt 2(5dr,y amals & hlea saiv:
density isn=1.2%) @N@&.mBl; Accordiagsibi ¢atei Cn
| oamy sand soil at the studied site is ¢c
Classification Working Group, 1998).

4. 2FRPel d Data Collection

Two different data acquisition approaches
cali bration of-grBMindus@PRy mehteh oadn under back
conditions; and (2) evalwuation of the cali
A3 m I 6 m area was selected ,feotrhrtehee tcianeisb |
area was selected for the evaluation.

Under the irrigation, 20 mm of fresh water
shower head to the calibration study areal
to increase the SWC by 10 % from thhe Foraank gr
O to 0.20 m depth was <considered since i/
vegetation, atmosphere, and human activiti
infiltration. Additionally, tmkhaldeowearooh I
to support precision agriculture. GPR and
conducted in two stages in the calibratior
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( BKG) ; and (2) after the end of 1irrigation

an adjacent area next to the <calibrated ar
applicability of the regressiodemotbésndeu
SWC variability. Systeurp cfoomrf i MIr aan do nGPRaR dd as
were the same in calibration and model eva

EMI surveys were conducted-cionlc&Mlii sensdrmw
MI NI EXPLORER, GF instrument s, Czech Republ
The instrument has one transmitter -ccoiill an
spacings (offset 1 = 0.32 m, offset 2 = 0.7
were carried out for VCP ancdoiHCPs pcaociiln gosr ia
orientations resulted i n sdatsaeAptpengri &t eFd gd e
A.)L. The dept h croa2d gaen dc o3v eirse do ebyyond t he scop
of this study. Therefore, coils 2 and 3 we
wafsactatybrBtedr to each survey, the instr.!
of 30 min. Gihvietnle mpheersa @b @si ty ( Gui de for
conductivity mappiGRgiasdr omewmgspphypa instr
measurements was anticipat ed.s Rwrnisn g tteme | sy
out wusing a handle with an average height ¢
conducted all the surveys to maintain a ¢
conducted at 0.5 m intertvlad sXsdiarectnigord rioea
survey |l ines for Ftilge) dlaBthbdi 8t saonvdgt ai ses

dat aF is¢8th . (
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GPR data were collected by employing 500 I

transducers (Pul seEKKOPro, SensofMabdaled Soft

GPR survey |l ines were carried out in fixed
starting from the 0.5 m Iine in the X dir
cal i bratiFo#43@admd sreitnd survey | inesFifor the

43bh. Acéliebdat edFiTeDRd SsceonustorTDR 3 5,&p8ait Ir ulkho i
Technol ogi es, )wintdb. Whimepgr Sheatlesngt h was u:
and measurements were taken-pdtotf iiwme tshel eccatl
data set. Three measurements were taken at

TDR val ue aftaroneacoh rlooucghl y coveRki g.Hned GPaR an

4. 2D3a8tPaocessing

The subsurface electrical properties are a
therefore, tahvea | me @ s uwietdnh EQUI were first c
di fferences in @26#®r(efdt. 1s)i 288nécs EWKR@) ) i n
calibration data set AndNe v.i)sy ae xEp@ne sdsaetda &
reference t eABpe BytHudd a2, 2Fasured at an
tempet(EQurcean be comaer 2B@WCOCdarhwi rECand Les

Sheets and Hendfit sc ktxh e 1t9e9mp e r athuerree conver si

Q M T XTPEg MAT 8 Eqg. 4.1

06 GBS Eq. 4.2
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GPR data were corrected for the time zero
dewow filters and gain functions. The dire
the GPR processing softwareds assicitteidespi c
( Yoo . Then, rweasspecxcalioveEgdz d whsirsegt he speed

el ectromagnetic wiav@.s3 im/ nshe( Amrnean ,s p2akcksy) .

was calcul ated using the petrophys(Eqgal rel
4.4

0 —_— Eq. 4.3
YOO u& pm C®C PTMU UB® PTMUL T PTO Egqg. 4. 4

Variograms were fi-cddrede dithad a bhée stteiGipietreadt u3 W
data. Variogram fitting parameters and ord
interpoedmad eIWECmaps. Data points were digit
EGand SWC data for statistical anal ysi s. F
selected for digitizing based on the TDR d
data points were digitized in Ohe W dintecti

in all the SQSFGBR .survey Il ine

Samplind) deept @ascél cul ated for Hg.fg4eoendge ciGPF

by Gal agedara et al. (2005). This equation
wet and dry conditions. Subsequently, it w;
sandy soil s (Grote et al ., n2e&€1@he TBheaedigq
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predominantly cont ai nsq.medr 5 tthhe nwaWe |% mdt s,

using the operation frequency and propagat

O mnpuvigit oy Eq. 4.5

4. 2Sdatistical Analysis

Oneway analysi s-wafy AWNOIVAhcéeefbBewere carrie
data set to see the treatment ¢gf fasmat )GPiRr r(iKc
witht+&WCThe null hypothesis was that the gr

at the 0.05 significance | evel

Correlation analyses wepgrgandaproeidesutr dmet
estimated frrepn dOdD MHFGNHznd KEMOm( ECIi | 1 ve
copl anar, (aw@P hor i zon)t)alc oclol pelcatneadr d(uHGP g t |
stages in the Fdal)i.bArPdtiimanimpan entsedngl ysi s (
to select significant variables befokre carr
and SWC estimated feodpmaGBR2500NMMEZ & BBLI | 1
daa of two coidanodr iHeOWPtraotm oEnMsl (WeGR pl ot t ed.
results, the best correlated coil orientat

furtherFiaddpl ysi s (

Il n this -essttuidggt 6&aP RSWC was wused to calibrate
SWGEpavi t hd &Ca. Ther ed sotriema tt embd s ZaRAEE FBOWER r e

compared twdshngWChe 1:1 1|ine.
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Regression models wer e gdeavteal ospeetds wandn GFR
based on the -wa&yUuANGVA,f ctohrer ednaet i on anal ys
approach wused in thig( EMIludnye asausr etd9 avalt ihb rC
met hods have a sampling volume scméwhSWCSI
measured with TODRwaShaeoefosed $WCdevel op r
EG The developed regression modedraindere t}
naturislt ume conditions (model evaluation da
GPRsti matedpreadndtEeEMlI SWCs were tested st at
RMSE, and Linds concorBagg¢edddbltrehatsbatce:

were done at theU5=%0 p0Bpability |level (

4 RBesults and Discussion
4. 3Abhal yVarsi aonfvear aaldiDat ay of

The null hypothesis assumed that the mean
equal . According wayt ANOVYAsull hes mmvfalhuande) loinge!
| ower than the OTa®b322s i ghoinfsiecqaunetntll eyv, elt h(e n
rejected, signifying thathanwode wddi aneiamrs ke
group and wi tvhailruet he diricaguaperrd Beh adm . t1MWe )F i n

(Tabl . 4Therefore, t he mean ddaitfaf egethcat i sh
significance | evel. The | etters (a, b) I no
BKG and EOI based Tam4ZZhe WIrahe the tagpoptls ed |
increased from BKGrtoro KEOdmdonkberatedeas SWED ¢

the other hand, wjadns o ncnrceraesaisregs JWQ&E,| aBG t a
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2010) sarwdPits(hPowed an increasitmg appénedi nr
Accor di awalyy , ANONVA s howerd: o £ty MOWP@ n dd HiC&

significantly differed from BKG to EOI in

4. 3C@rrelBat wé&®milNat €Eant enfPr oaxnide s

Correl ati onsprabnedt wpereonx iSeSWw¢C f r om GPR and EMI s
and directions for the calibratémmd gdddt a s ¢
showed strong positikore acsoraxgmdttoesdcd i b hgh
corret ati@n8K{Ge )p WO.tGNORODWID ar e2dlo t-0 (Kv 80A2e¢ p
<O 0OQF(g.) .4 Axkcording toaperear aolasyi sda avii ¢ 1, S
(Altdorff et al., 2017; Cal andiyt, a:¥eate edllCP, 2
also showed strong posbr i VieeesHGRedatai ohnisgh
corretati Oway®@O(Qp with SWCTDR a@ mparOe d7 9t7g

val<o®dQFi(g),4a6d both correl at ipwmd uaer)e< s0t. alts

4. 3PBi nCiopmplonent Anal ysi s

The PCA biplot effectively illustrates and
(PC1 and PC2), which together explain 87. 2°
stage (BKG and EOI) are grouped paliogelpyal t
component scores, while the different stag
Fi 47) . I n paritd cauHargctBKrG zed by rel atively
di splays relatively hiRKihgegy. PLEAl schees @édN
( SWGr SME SswWe HCPand) VpOPoj ected i n the same

i ndicating a posi tFivge) .cAoRTrretl hae ri nmonr ew,i tthh ePsCel
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closer proximity to each oFhgry , danhus Sturson

their selection for the devel opment of reg

4. 3Vdl umsSaciWatc€ant Esntti mated from GPR and TDR

The scatter plots androrhred r&@&Wone bsoit chn s5 0De tM
(SWGo?R 0.95) and 226°6R MHA3()SWeveal ed high &
t hat GPR provides a Fvali.dd ABshiigiadri oamc codr aSc
agreement with stoheulld 1lbéidee of o S&Ccompar ab
500 MHz ant e+pptah awii tthh aSWo f aFi2g5.0. 4ME&z | auwlt setn
sampling depth fior1SPR 6003 MMy (6 relativ.
sampl i ndg0.dz®@trmh) .(00n the other hand, the san

MHz iq.035 N O0.04 m) ins trhel aTtDiRv eslaym phbisagnhge rd etpht

SWerpare close to each other at | ow water <co
soil M0ayerm)( bbecomes wetteld. 2 hna ni St0Ohvé&e tdneagnsk r
dry because the applied water amount i's n

instruments record a)n. aSiemaget val deegdmul lka
and due to averaging over the sampling de|
compared to TDR @OmRd am@0 5MHWz MGRR s@Mmpl i ng de
MHz, the top half i §i gt wWhiele rlkResut-¢ést she

esti mated SWCs are accurate and can be wuse

4. 3DBvel opBiempllicodRegr e Moide h s

Based on t heaye aNOWVA, otopbnel ati osmandamCPPCA

measura,ddt ECwere selected to develop simple
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SWeoand SWCSLR model s and tTheeblra méitda.i |4sn9ar e
general, SLR model ssodededEhtpwea d biithgalmme it hRWC c
SWesfTabl ¢. 4Speci fshbemdowgd BWgherERKponses fr

shallow dhepdh$CPWER 24che SWC

The intercept of the SLR model represents
According to the developed SLR moded.s32 i nt e
mS/ m) . The EC of dry sand is zero in prin
(2005) reported it to be around 0.01 mS/ m.
sand percentag@&80($and Thbentéot e, the studi
intercept<vat ee@®efdOmI/Im) coul d rbteaiancsc espitlatb |

clay, and the soil is not completely dry.

4. 3EG6al uatGinplicod¢Regr e Moideh s

Evaluation of devel oped SLR model s reveal
devel oped model i's |l ow andpdedi ated BWeEm
underesti matpdediwht ¢ HWCPs were overesti ma
estimated SWC in bothi $.004 Mt iarbd |28y MKz h
compared to SWCs predicted from EMI using
VCP 3s50and, 28fdCs .and.)LD Box and whisker plots
VCPpredicted: SWGsndl WdePnderestiimaeddcaed 18K
(HGPsoo HCRooveresti matwadh dwisS{G ¢ hed SWE i t i ona
the RMSE of the GPR estimated vs. Eamid pred

HCPpredicted SWCssoavmd hS5Woitgl PSWC i nds concol
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correlation coefficient s hesmeidmat epdo 0§ W& ga nec

predicted SWC for allFitgh® . devel oped SLR mo

Mor eover, descrlTiapdevev esalatt sati cshe ncal i br a
datasets exhibit different ranges. The di s
variability observed in the evalwuation are

(N= 260) in the Teavwdideursstpipeem ddbit.2.i gEhe (eval ua

area haso@WMWhvghieabil ity and | ower bul k den
area. | so@Mdcaomtoemnt i s hi d@gthheart cihn |sahyaelrl)o w wdh
deptbsasi st of I nocfr emassn cdhgamdnogmasel . Consec

SWeoexceedszsp SOMC MHz representing shall ow de
depth), as shall ow theptdhagpecapascs tygr ¢htaear d

natur al conditions in the studied site.

| f tdheSWE an&pdS&8We a higher correlation, t}
(with small angle between variabl es)£ICn th
predicted SWCs did not corredal. a&teegiael!l fwiomh
|l ine and prediction accuracy 1S not aaccept
depends not only on the SWC but al so on o
porosity/bulk denswatyer sel bctekEalrehAbtaddrfp
et al., 2017; Friedman, 2005; Martini et al
temperature corrections were applied; henc
or no effect on the devel capdedd t $lIoR, anndh e med

cultivation activities such as tillage dur
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bul k density could be alEGueledtionbhbi ptablekEkc

influenced more bywbahersobhduekxtureyand pab

According to whlae flai merat coeasi .@ndblteirnfba

conditions and in |l ow EC soils (Altdorff e
sets, theavmelausseues ésdndgECr anged from O to 4 mS
|l ow values and variability. Furthermore, I

but also in previous r esearccoh Ic oadAnddecgtuebdh cayt
E MI I nsttr thmaesn tbse ein  c o ns i s/tad rutelsy asmhdo wehde i tr h avt,
relatively | ow (Altdorff et al., 2018, 202/
repor ivead uBG bel ow 6 mS/ m, except for the w
and Turkeltaub etl5aldgd( m&2mM) repgppecedvel y.
Robinson et al . (2012) reported values up
the spatial awangahgohrom ECto 120 mS/ m. Cal
hi ghevalElCeshandvaiigability ranging from O
(2012) observed values reaching as high as
soils. According to Martini e tw hals. a( 2h0i 1g7hbe)

i nfl uenadeéramn SBMCyc caunldd EbGe changed with SWC

2003, 2005). In the studied site, the cl ay
high (82 %). I n | ight of these observati ol
consi derfdhuleenvooen gefCeBE@eci ally in | ow EC soi

Corwin and VLestchhef n@206068s 28008§¢est a nadanced

SWC relationship in such soil conditions.
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| n hstsudy, t he eaxwvtarl amesl|l yanldow hEe€Cr | i mited r
guantitative analysis and calibratliea o E
data points clustering in regression mode
exacer bat edavimy utelrse dluew tHa mloe sreedwdced JiIAdM &

201T7Thresearch did not exddtoa eduehet d ntvlea s @

higwwal ity data for all dadielr neogpeaeci rcgps sa e rm
|l ayering with TDR and GPR were not incl ud:¢
under the assumption of soil homogeneity.

Building upon the establ i shetdhsdsardtye x ta,ki tnh e

| aboratory experi ment on boreal podkzel i c

findings. Future research shoul daaanidm St W i n
conditions, iaval weisnglhi gseresBE@ntial to de
to different soil textures, scales, and cl

robust regression models suitabhbsudyrf adaee:s
' i mitations dwel ues tahned Itome iEC | i mited rang
more compr ehensi veTlhfeutsutradsy xtveersd ii g tti loenr sr. e
cover a broader spectru-thept hcdatdnat pposeandr
including calibration, scdathvericSvom, Hamel i etv

enhance the tdmepVelcabpprnoychfin varied soil

| n contrast, under sal i ne conditions, E MI
conductivity rather than SWC. On the ot het

under hi gh saline conditions. Therefore,
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' imitations and applicability of these pre
addi tion, GPR is also an indifeathdmdthlteadf

precise time picking and thorough data pro

EMI . This study was conducted with defaul't
antedabbp(4F@ture investigations shoul d ex|
out the best configuration, adurgat evittihmd&Mpi
especially in dry conditions, to distinguli

wave travescal eneer Somas | mi gh-sc dlee aapppbit adt e
though i mproving predicthi omi ldccneaeysiitmt

mini mize these |Iimitations inherent to ind

On the other hand, GPR esti matReeds pOWG easl nods
i ,edirect ground wave tpepmvehabhgmewahtd, chha
(Annan, 2005) . Thouddp eenMils noena sue war aHC ot h
mentionedapakadvet eBECSWC does not refdbelkd on
not only be due to change of SWC) . Ther e
considered when esti matidamg SWady essipteecsi au sl iyr
Undeurahbhtconditions in a highly heterogene
interrelated, and model prediction accurac
the combined effect of soil properlts etshatFu
are rich in sand, in contrast to EMI met ho

but also other i mporgant $eilhepesparyi ¢
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models to multiple |Iinear regression model

as Archieds | aw and Rhoadeb6s equation (Arcl

The representation of the sampling vol ume
The GPR and EMI approxi mated as half of
documented previously (Galagedara et al .,
comant sensitivity over depth, whereas GPI
i ncr Appexnd(i x )F.i gHo we vAe rl, HCP sensitivity b
increasing andppbedi de)e.r ghhadeadph. dn Tahbel ecal c
4 . Shows the considered sampling volumes of
covers a |l arger samplTabbg¢ veTheereftthmne, tGRR

potenti al to cover a broader range of EMIAG

TDR.

4 . CGoncl usions

Thi s stu@daynduaEs€CdprKoxi es of GPR and EMI , rescfg
and assess regression models for SWC estim
MHz and 500 MHz, along with two EMI coil or
coi l S pacrirnegl,atwed ewictoh ea€tpk AmMmoery amesei via
Kr2sor %00 MW CPanddiHCPI ayed strong posrbd ilvre arod e re
tmeet the desiredtoempkobdgdddptbi tangeand
regression model devel opment for txbarsd stud
SWEoo exhibited satisf akvtaolruyd s®dd ur aicnyd i wiatt

potential suitability for calibrating EMI t
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VCPand HGCR h s&WOmonstrat?edl heghéhaR those o
SWEso Nevertheless, during the evaluation p

expected to predict SWCs &tgrom EMI using th

This study introduces a novel approach, th

GPR in calibrating EMI for SWC estimation.

comparedsdal eoofmMR measur ements, -avdsnuenh ngr e
when covering the | arge sampling areas req
can be a valuable tool for EMI cali bratio
research is required to eluci daitreg twnhar iedtf iea
i n soil trexcthurseos d9sxjlJashi @mdECandscapes char
and SWC variabil i ttyhuen™hrirs twaitliilG®Rorf tert ihlkeu tBd k1
and to i mprove the calibration and evaluat
The subsurface exhibits a complex interpl
alongside SWC in natur al environments. Th e

identification of management zones drouciialr,i
it i s i mperative to consider t hima k icrognb i n
i nformation. Future research endeavors sho

evaluate how this comhamederdlleectn tomé |SoveCa d

and other significant soi | properties and
di fferent geophysical or standard met hods,
estimating the spatial and d eanmprodiatli ovmas i vait
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agricultural | andscape. Such advancements

precision agriculture.
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Tabll 4.

Grotpmedetrating radar (GPR) settings under

Settings 250 MHz 500 MHz
Antenna separ 0.38 m 0.23 m
Ant ennsai zse ep 0.05 m 0.05 m
Ti me window 100 ns 50 ns
Sampling inte 0.4 ns 0.2 ns
Stacking 32 32
Gai n Autgai n Autgai n
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Tablz 4.

Resul t swagf ammd ysi s of variance (ANOVA) ar

refl ectometry ( TDR) measur ed soi l water

penetrating radar (GPR) and el ectromagneti

afteriendgati on (EOI ).

Data set n Me aBlhK G Me alEhOl Fv al vpval ue

SWep{ cm/ m30 9.385 18218 30.0¢<0.0a
Krsoo 30 5.45 9.7 9 55. 7¢<0.0a
Kr 250 30 5.314 6.83 14.9:0.001
VCH mS/ m) 30 0 .69 1 .4% 8.06 0.008
HCR mS/ m) 30 1.23 2 .93 295. ¢<0 .0

ninumber of-vabmplbésapipity value.
The mean difference i srnisi=gmi.fli96ant at the

The |l etters (a, b) indicate significant di

on the Tukeyobs test.
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Tabl3® 4.

Sl ope, intercept, and ?coef fithieendtevefi ogetde

regression model s.

Slope I nt er c eR?

SWeoand iVCP 0.0915 0.0494 071
SWeoand HCP 0. 1382 0.3138 080
SWgsand iVCP 0.1220 -0. 0860 047

SWgsand HCP 0. 1998 0.0759 051

All 4 SLRsmatdesisg migfpvlaylaing <0. 05)
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Tabl4e 4.

Descriptive statistics of studied variabl e

Vari abl € Calibration d Evaluation da

Mi nMaxMea StancMi nMaxMeaIlSt anc

devi ¢ devi ¢
SWEop c m/ 3. 20. 12. 5. 16.25. 21. 1.
SWesp c m/ 3. 17. 10. 3. 9. 23. 15. 3.
VCP(mS/ m O 2 1 0. 1 2 1 0
HCP( mS/ m 0 3 2 0 3. 4 3 0
SWe€pg cm/ 4. 27. 13. 6 . - - - -
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Tabl® 4.

Approxi mate sampling depths and vgiltowmed of
penetrating radar (GPR), and el ectromagnet
Sensor Sampling d Approxi mat ¢

vol um® (¢

TDR 00. 20 9(C
GPROO MHz 00.%19 173
GPR 250 MH 0-0.%35 975
EMI YCP 00. 25* 4109
EMI HCP 00. 50* 1676

* Approxi mate values.
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Tx Electromagnetic Induction (EMI) Rx

Time domain

- TDR sampling volume
reflectometry (TDR) S pling

L Emi sampling volume

Fig. Rédlprlesentation of the different !

(EMI') and nefmee dtoonmetnry ( TDR) .

. Western Agriculture Center
and Research Station

Canada

Newfoundland

Fi g2 The study site |l ocated at the We

Pasadena, Newfoundland, Canada (49A 0
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data set

Calibration
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data set
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regression models
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correlation correlation
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Principal component analysis
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Select data
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CHAPTERDNS:egr at epde nGrtoruantd ng Radar
El ectromagnetic |ddsttrtuochi Oef Appaoho
Soi |l Bul k Density in Boreal P

Sashi ni P atSh® braasnfa eMia nLoaknabroatr a f, a Mukrt iastth rCahpeielm

Christinha ISamesahman! Gal agedar a

aSSchool of Science and the Environ@Gemner Men
Br ook, Newfoundl and, Canada
bBEararhd Life I nstitute, Uni versi ti@leaatehol i

Bel gi um

*Corr es p o nedpisnpga tahuitrhaonra @mu n . c a

Abstract

Tillage and soil compaction affect soil prc
soi |l heal t h, hydrodynamics, and crop grow
traditional met hods, such as soffi ciaept i
scaling up from plot to fi el dpesrceatlreast.i nGe oP

(GPR) and Electromagnetic I nduction (EMI)

properties and state vari abJVerscadme atghre cluil mi

of traditional methods. Hbevetvreugt iav eley eagicil
density changes related to tillage and soli
influence of soil Cc 0 mpnascetsi oinn obno r@RaR apnodd zEON

devel op and evaluate prediction models to

The experiment was c¢ondutcdxetdu rbegyd csoanpla cu s inmgg
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GPR data were collected to ¢detamrdmitimme tdhe esc
wave ampdcipt, ucd onAmewai stunr eEdMlappar ent ej ectr i
under three compaction | evels (no, f,our an
Apcwanda,aEnCd t he averagdge. ol m depshtgt of hOee
were tested. A Random Forest (RF) regressic
significant variables for prledilctme@gr buédgr

(SLR and MLR, respectively)aamddaksd were ¢

Ssubsequently evaluated. Results reveal ed =
bul k density and geophysical data across t
devel opment , SLR?>na. a8 ,R arhd wtelde Rmo d e | eva

mean square ersofThibé stOdywdhigglimi ghts t he
E MI for-debBéermomi ve prediction roafl bualnkd sd e
However, further research iIs needed to exj

approach across varying water contents, el

KeywaApgpipar ent el ectbroirceaall cpagoaddzedc ¢iccly i;sitoyi |c on st

randomsbotesobmpaction

5. 1lntroducti on

Socbmpaction is a major issue in sustainab
resul ts from heavy farming machinery, | a
(Akinsunmade et dllo.ef e202%29; aBat ey,0120060 Hanxi
Haynes, 20e0t4 ; alNawad20alg2e) .and soi l compacti o

properties, including bulk density, por os i
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20

gr
Sc

Th

ch as infiltration andGadardai,n a2g0el 2(; A kD en sMionr
17, 2019; Kar e2022; , N2wWw&2B; etReal et 2012
ocesses subsequently I mpact state wvaria
turation and soil salinity. Ultimately,
riables advecactsiedrys aliy ekt mistoiimg faainr and w
trient uptake, and i ncreasiang irnepseidsatnacnec. e
ads to increased surface runoff and soil
owt h, and yield (Batey & Mc-Reinziet abDO0G6;

hméckal ., 2022; Nawaz et al ., 2012).

e traditional met hods commonly wused to

asurement of soil bul k density wusing und
netration resistance. Determining-soil

nsuming procedumeensrequieffogt & adacmad eon | )
asurements. The accuracy of soil sampl i n.
the operatordés expertise, paritdrtuilmrid go
nd, gravel, and stones ( Meng et al .,

asurement s ;i nbteeinnrsg vree saomdr adefef ¢ rliDn gs opdi rptr o f
sceptible to the influence sofnabotbh atshe
riations in soil water content (Krzic et
meRuwi z et al ., 2018) . Consequently, accur

solution across agricultural | andscapes
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Neasmurface electromagnetic g@genphyaitc alg tradh
and el ectromagnetic 4dedatctuicomveEMENfeaxttfievret

means of assessing and comprehendiwcagl $ar bl

fields. The majority of previous research
(Badewa et al ., 2018; Gal agedara et al ., 2
2003; Klotzsche et al., 2018,; ilnaemb oett eatl .a,l
Pathirana et al., 2024; Wu et al., 2019) a
al ., 2016, Corwin & Lesch, 2014; Doolittl e
al ., 2013, Wi j ewardana et Hdweve2r(01l7t)h eursei nig

research emphasis on using GPR or EMI for

estimations as indicators of soil compact:i
Recent studies have wutilized GPR to assess
machinery in agricultural fields and have
wave amplitude and compaction (Akinsunmade
Wang et al ., 2016) . l ncreasing soil bul k d
sur face, reducing wav e energy transmitted
(Akinsunmade, 2021; Akinsunmade et ad., 20:

how compaction affects fHhean@PR WL elfeicntdriincg
relationship betwhem GSWMEp aectmao meandadt okhst ant
revi ewed GPR data processing and analysis

bul k density in forest soil s.
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With respect to EMI applicationg, vial glesr weary
reported under compacted conditionsanand a
bul k deGasadiy, (A012,; Brevik & Fenton, 2004;
et al . (2020) obser vevdal siiegn ibfeit oneeretnl yc odm pfafce
compacted areas in silty c¢clay soil s, whi | e
correl ati oa@manibetowe &n dE@Si ty. Howewas, oAspD¥
bet wegandEQG | ay content, thereby suggesting
the small er eff eSdahmhmeéotfk aslo.i |( 2cOo2n2p)a crte poonr.t e d
bet weeamdE®ul k density in the subsoili, but

30 cm) plowed | ayer. By empl oyi ng -Rwaiczhiente |

al . (2024) identified three -dompgantced)zomaese
EMI signatures, whicth @adt gned well with me
Jonard et al. (2013) explored the effectiyv
di fferent tillage practices on SWC in silt

practices notably affect penetlraayteirosn, raensd sC

i's more sensitive to these changes than EI

significantly influence GPR measurements bl
techniques for optimizinglagr i200ull3t)ur al ma n
Theoretical and empirical model s, includin

Refractive I ndex Model (CRI M) (Birchak et ¢
proxies npofamfGlP REMIKACFEG i ed st 0 asvoirle | mdress iEtCy (

Il n contrast, CRiAcM amnlgews wti it ant sloull k pWr osi ty
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which is also related to variations in bul

potentially infer soil compaction and bul k
Whil e the aforementioned studies provide e
responses, however | imited studies conduct
notestructively in the agriculturalul kands

density corr edaamtde SWCi timfleaneraedb@ e $ mEGRR K

EG soi l physical properties sensed by GPF
Therefore, they can serve as proxiesedf or b
byraknds, E@epending on frequency and refl ecti
2014; Lambot et al., 2006; Wu & Lambot, 20
bul k density prediction by | everaging the
i ntr odnuocveesl aa p p r-doeascthr utcot irveny esti mating s

density by integrating EMI and GPR data afi

l evel s. Mapping soil compacti on eing ,crawsc ideaele
tillage of compacted | ayers requires subst
maps of soil compaction could reduce energ

compacted areas (Freelandaeh amproi¥@98) heTl
bul k density predict-iohermededebiysieoambdl|l ing

and agricul tur al practices.

The dhtypoy hehsaitzepsr edi cti ve model s for soil b
EGandipKoxies from EMI and GPR, respective

ampl i topgef ( dr@veRPR.I | goal of this study was
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notestructive predictive capability of pre
using GPRAcodr cEiMIgl y, the specadssesobijRetin
soi | compact, ipddy @amdGCGEBRIr(essppbO@nses i n boreal
(P devel op anddesvtarl waattiev e hper endoinct i ve capabi

determine soil bul k density using GPR and

5. Materi al and Met hod

5.2Study Area

The study was conducted in a newly plowed
and Resear da@3thaN,i %@ §BW), Pasadena, Newf.
Canada, which i s managed by the Departmen

Government of NewfoundRFiaGld. aBasiLabsaidlorpr €
0i0. 30 m depth of theéablledAedonrmdiemg are Wghe e
classification, the | oamy sand soihlumatc t he

podzol (Soi |l Classification Working Group,

5.2 EXperi Gempadcti on
The experiment al pl ots were prepamasd diomet h

using a moldboard plow and a disk harrow

collection, the plots were manually plowed
l ong). Grasses and rocks were resmowgdamani
SForceful overturning and mashing of the soil under

195



I n this experiment, a 3 m x 8 m ar ed owas S ¢

(Fig).5F2el d data were coll ected under thr e
(l abeled as NP, after plowing), 2) after f
(10P), totalling 14 roller passesctedthsipme
a wdtiéeded | awn roller with an averadge mass

(Fig) .5E3MI and GPR survempl andoluhectsitoandede

at each compaction | evel of NP, 4P and 10P.

5. 2FBel d Data Coll ecti on

Continudussl maudereys were conductedousi EYlI a
sensoriM{ RMPXPLORER, GF instruments, aBrno,

datFa g() .5.TMhe EMI s encsooirl hsapsa ctihnrgese (iCuotielr 1 :

m, and Coi l 3: 1.18 m). It can be eimpl oyec
VCP and hori td@Ppr] whbhbipthnproduces six inte
Guedfor el ectromagnetic condiu@R i vins$tyr umemnpt
Mc Nei ll ,s1980dy pPphimarily focused on shal |l
both soil sampling and the dept hadaft a5 0 0 o H
VCP and HCP measur emecnaisl astp atchien gs h(o0r.t3e2s t m)
However, the VCP data from EMI coil 1 show
exclusion from subsequent anal ysaisnedOndryd t
henceforth considegr 8kfasethdemsaswregd EGe

for a minimum of 30 min to ensdrenpepatate

stability of the CMD MINIEXPLORERt({Shdrt
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mapping andGFomoagtapimgnt s), n o amenassturruenmeennttasl
was expected. During the surveys, the inst
with an average height of 0.20 m above the

surveys to maintain aFicgp.n.s5.s4a&)nt i nstrumen

GPR data were collected using a 500 MHz cer
Sensors and Software I nc.F,igM) $siMbsawmgan ar
point (CMP) survey approach was usedyto obt
and direct groweyW ataveawlkl|loccatyi ¢rv. CMP dat
Y locations (1, 3, 5, and 7 m) along each o
(Fi g.. 5T'h2zil)s met hod resulted inpthepdoll edtoit
12 GPR datasets for each compaction | evel

(default wvalue), with subsequent antenna r
receiver antennas adjustedt aged. 06mmr eaeld ¢

reaching a final antenna separation of 0.8

Undi sturbed soil sampl es were cFoilg.ec.ed ir
| aboratory gravimetric bul kiOdelrs int)y detpdrhm
i0. 20 m) andio0de3p0t hm)3. (Wn.d2i0st ur bderdi esdoAalt clo0r5e
for 24 h, and then they were weighed. The

mass of dry soil by the volume of the soil

5. 2P4mr oc e sGa mmph yd3hit caa |

Soi ki €Caffected by soil temperatur eEG whi ch

data were cMr(EGpedstng26he soil temper atu
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di fferent compaci) on4 P&y 24asn7d AIROERY 1(92 68d 31

5)2 (Sheets and Hendri ckx, 1995, u. S. Salin

06 08 Eq. 5.1

Q ™M T XTPE8 MAOT 8 Eq. 5.2

wheE®3§ she electrical conductivity at 25 AC;

fti s the temperature conversion factor.

ECGi s the electrical condut¢ttivity measured e

Class post maps werecprepatdtadaw@nd usmperlt:
negative valwues and filter outamaps | wer €.
devel oped for each compaction | evel (NP, 4
a grid resolution of approximately O0.081
dat aset. Dat a poi nd mapfsr ommerientextpod att edl Ik
corresponding sampling |l ocations of soil S

Fi g.) 5.02r subsequent analysis.

Il n GPR data, the direct ground wave travel
softwareds assisted pick processing tool
separati owWsew(tAnmam,d 2the5) . HKiwas, caheul atpéd:

the r &gt Bon:
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wheaies the speed of electromagnetic waves i

SWCs wer e calkEaqdulnactoerdp oursaitrKg{ gop !l ewl att ed 1 9E€

YOO u& pm G PTMU UB® pTMU T pTU Egqg. 4

't 1 snowdrntgh t hat the wuse of Toppbds equation
estimation due to its simplification, part
this study. However, these errors armea gene

field conditions and do not significantly

GPRerivednKaddi tion, GPRpdw aweerse weircek epd .ot t

5. 2D&ta Analysis

Descriptive statistics weay araldy 4ios -asfs ewsa®|
way ANOVA) was conducted on the entire dat
10P), to assess the significant sdiKo®&erence
SWC estimated ghbp,omarGd® Rmg&SWCr ed soil bul k de
was that the group means of NP, 4P, and 10|
Correlation analyses wer e c ardreinesd tiduwet3 Oboeft W
m deptd) (WBOQ h proxies from GPR and EMI . B o x
variability of bulk density, and the percert

the effect of compaction on the bulk densi

Random forest (RF)-learaisgpaftgosedhmadieiveeé
trees. I n this study, the RF regression ap|
EMI, facilitating the devel opmelnk doddnggietgy.e:

model s were constructed by changing the nul
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the robustness of wvariable i mportance rank
The met hodol ogsyt epnvporlovceeds sa: tIwo a boot strapp
used to grow each tree, I ntr oducorntga ndciev eorfs
each predictor wvariable was calcul ated by

when the values of t hat vari abl e were rand

constant. The variable i mportiamceacsclt oRE smavc
all owing the ranking of wvariables based on
prediction. This approach provided aacompr
ory) Kand vacy adbrleesmgqsAt influential in predic

dat aset .

Based on the results of RF, simple |inear
(MLR) models were developed wusing the most
density. Variance inflation factorRe@VYleRB)siw
model s were developed using 24 data points
and model evaluation was conducted with 12
compaction | evel. Data fromoalplortahreae i mmo
devel opment and evaluation of the regressi
density. The data for developing and eval
selected in the NP; t hen,het hdeP eaxnadc t 1 0 Po.c aDe
regression models were applied to the eval

regression models was evaluated by compari
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This comparison was conducted using a 1:1 |

a ttwoitt edt .

5 RBesults and Discussion
5. 3VAri abbDdtia pamotdy Yasi ahce

Descriptive st atrseso wB8asbI®Rd WhHhen dadmasieder i ng
dat a, the ranmgesofcoB@Wer anidve&kl y hiagmern htehar
studied dataset. All the datasetandvelleewme s

<2) .

According-way ANOVANneresults, phel) peobdbbabil itt
vari ables were |l ess than the 0.05 signific
rejected, indicating Tallte¢ nda&FBuaelsl enxepal nasi n&a
variation between the groupvadmude wist hhiing htelre
Feritviadiue (3. 28) i n the datasets. Therefore
dataset wunder the 0.05 signifdi caande cloanwpalc.t
mean values increatall eachesdowiahdg tdae asafs
compaction on GPRAppdns@)Mx The pbDumlsey t(est r
significant di fferendessmi rEMbulblket weersi tNyWP, a
However, there is no significant differenc
Abcw andecprpSSWCNeverthel ess, there i1s a signi
compaction {NMmMpaenhdompmpoéd4P and 10P)wayevel s

ANOVA resul t s, al | the variables responded
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5.3Vari abBdlilepsot Ap pMiQoemp act i on

The box plot shows theumder abht eéycFoifgp.ane & b |
5.%a As expected, NP marked the | owest bu
increased from NP to 4P and then frFoing.4P t
5d. On the othrewrarhanmndonthiecBPases with afj
(Fi 95 p as the depth 1 (upper depths) has | o
NP. With the applied compactionfouppededtep

based variability was mimhiighd®l. in 10P compa

Bul k density increased across all three te
10P. Depth 1 showed the highest percentage
% froml@OP, tas expected, compar pob . bee deptl h
compaction affects all depths due to appl
compaction diminishes with the depth. Furt
NP to 4P in depths 1 and 2 tthamifrom 4mPet
| oosely packed, making it easier to compac
already undergone comp&cugi)o.b.Tcda hp &€ rocue n trangd ¢

in depth 3 remained consistent, with 7.8 %

5.3C8rrelAadai pais

Al'l the correl atc odsiieftrweme nGPRY)E raBnill EEMD ) a
significadt=apr @ab®PBi 1% t((y |l evel. Theamel at i
proxies from EMI and GPR showed strong pos

coefficient (0503 n dhe Kanse ewpedftiheansB&P R, showed v
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= 0.72 (p = 0.000) and rFig.®@.bW) aPp the. O60E
hand, r = 0.89 (p = 0.000)EG6amewsenetdhtr ame

(Fig..5.6¢)

5. 3Rd4ndbBom est

By consideri ng -lbionteha rl ibneehaarv i aonrgs ,m wtintkdee dR Fv arl aic
insights into the faofosegiilnbulué&ndengithe |
vari abl es egmenass wreeade dysiEnCg E MI emerged as tl
prediction of sodslhobmeldk tden dhii tgyh esitn ane albC i n
t orakh bchhFi g.) .5. Fwurt her more, in the RF regres
Krwas found to be pbw(Fg hge .5thh@smncyreohsasd abf oA pr
used to assess the reliability of the devel
and npordeedli cted bul k densities along the 1:
mod el i n predicting nscaiuldebdu Fpkag denbestTatres RV $ B

of the prediction?3was found to be 0.11 g/c

5. 3DBvel opbmemeReprfe dVioide h s

Based on the variable i mportance ofaaR& regr
Krdata were selected to deveTalpl & .h®Tid RS laR
mo d e | devel.cheodewi taht hEaghh eérh aR wa s (Hel/led ope
54) . The VI F o<f5 tfheer MiloRtl hiES& ndi cating ¢t he
mul ti col Idierpearrdietnt ofari abl es. Additionall vy,

hi ghYandRl ower RMSE compared Tablth.e5.devel op
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t he

red

Aft

EGal uatiimaRemrf edVoide h s

evaluation of the developed Il inear re
uracy of these models is satisfactory, \
und t hFa gl):.15 TIi®ieneco(mpari son between the
ression models and the measured bul k de
m the 1:1 |line at O0.05 significance | e\
sured bBEATalIHOEPNSTHBgse r eseultthsy eree w eeqglr etshsa t
|l d predict soil bul k density accuratel.y
sured budpk edle tdietdy buE® density showed t

m whi

el

t

S

hr

ed

ed

l e it3fwarsprkk.di4t@ldcrmul k density. On
showed the | owe’somBMBEdvabueheft ol
ee regression models wunderesti mat e
excedriign)y. 51.T8%e gRMINE so bssted dvye4f) g /ncsm h i

t he RMSEs observed in the other bul

ns under various | and use condition
nsidering a 3phamessiybtpmofil @. as ce
nd air), the quantities of solid an
during compaction with idgpplliedd proal
ecreases during compacti on, l eadi ng
uction in porosity with increasing

by 7.5 c¢cm (from A&l R2a ttrop pbe nBd)icxm) fr

he roller passes, mi ner al particl es
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whil e the amount of wat er remains constant
and clay content per wunit vol ume  ramndnpEBC ed

which facilitates electrical conductivity

This study introduces a novel approach by

and EMI responses, rather than focusing on
responses. As the initial step, eertaiemarlicinh
was conducted on a speci-podzaobit¢t $gipl, ol

relatively higher percentages of sand and

soi |l s. GPR and EMI responses ark pal mart )
br oaddme,astitC ements rely on several soil pro
soil texture/ mineralogy, and soil organic

the experi ment , aatnhde SW¥Cr ivaab iuleist ywacssf oBbG er v ec
with a narrow range. Due to the | ow values
i mpact of SWC on the soil compaction and,

With | ow vaagainab iSW@tayski@ni kke v responded stro
compaction. I n high salinity or SWC envirol

soil salinity or SWC states, with mini mal

Il n both calibrati otnhsasud ye walsweatvieadn rded taa g evte

vari abi |l pgvtayl uens tnmeeaseElcCr ed by EMI . tihper e Senbt e

study but also in previous rese@airlchamcadnchwlc
frequency EMI instrumeataes candi stienntley Iv
observed (Altdorff et al ., 2018, 2020; Bad
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Given this established ctohsitseixity, twheé chomatr eol

to be a | aboratory experiment on boreal p o
of our findings. Despite f avcailnuge st haen dp rtihneairr
rantglset udy | ays the foundation for more com

an initial step, the presa&mna, swhidlye asnab ye e u
should expand on the pabtponge&adwppcedclabsyg
techniques, including cali badatiaorfyoanomedrd

2019) to enhanctehneohvee | a papplpircoaabcihl iitny dafver se

Mor eover, soi/l compaction varies across di
contents, | imiting the responses and appl:i
textures (Hamza and Ander son, 2IePeébr) at iFwe tf
establ i sh and refine prediction model s u
applicability across varying scenarios. The

petrophysical r elgath winks hd eprss @ tngvéod ovri ansgi OERC, a
water electrical conductivity across vario
approach is necessary to advance this nov
predicting soi-dedut kc tdiewmesli ya,y vsaebrovaibnige s oi |

assessment tool over the agricultural | and

5.Gonclsasion
I n thisafgstourdyEMIEC alran gpewirtom tGPR, K wer e emp
predict soil bulk density, a key indndator

Abcwy and BMlir esp@nded effectively to applie
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positive correl atdoonREanwdiotnh fnoeraessutr erde géDes si

EGas the most i mportant variable for,predi:
andechrom GPR, |l eading to more accurate bul
Addi tionally, simple and multiple Iinear I

predictions using twoapr®@x5@xs. aChneegue mti lg

E MI have emergedeasd rpurcd mive frifgecmone | d dhiee sa,d v

assessing | arger sampl e -vyodluene sne a Mhrn ¢é me nttr:
essential for calibrating predictive model
extending soil bul k dgmsictuy teis tail matainamrs capre

This study demoafsrtamtEMf ta&hmd GBRtbhafkCef fecti
soil bulk density, showing strong correlati
proved sufficient for soil bul k density as
GPR dat a, particul arloyf ftemredugH i JhR monge lov ¢
accuracy by incorporating SWC, whiachThpel ays
combined use of EMI and @RRBtprucwicdieed ag prbarl
density estimati on, with GPR contributing

needed to refine prediction models wunder d

Given t hgstndb GGPPR BEn@asur ements are influence
conditions, response variations across di f
Additionally, differences in soil compacti
emplying these geophysi ceasle tfeacchtnoirgsuewi | IEXIp
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optimizing the integrated use of EMI and

applications.

208



Tablk 5.

Basic soil pxpepermemsabfsthe show t
Soi l property Mean value (NSt a
Sand ( %) 87.6% (N 0.94)
Silt (%) 8.9% (N 1.509)
Clay ( %) 3.5% (N 1.009)
Soil textural classLoamy sand
Gravel (% by weight31.6 % (N 2.04)
Sootganic matter cc4.77 % (N 0.70)
basi s)

Number of samples n = 12.
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Tablz 5.

Descriptive statistics of studied variabl e

Vari abl Mi nMax Mea St ancMedi eéKurt Skewr

devi ¢

SWGEp %) 9. 224. 17. 3.67 18.82-0.11-0.67
Kr 5.512. 9.51.81 10.0C-0.24-0.50
ApewW mV) 421119 8881549 9097 0.98 -0.74
EG(mMS/ mO0O.01.20.60.36 0.70 -1.35-0.12

BReo)g/c0.91.6 1.30.17 1.32 -0.98-0.10

Sampl e m=unBbberi,ncluding 12 from each compact
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Tabl3® 5.

Resul twagpfaoankysis o

f variance (ANOVA) and

four passads e(rdR)enampdasses (10P) at the 0.05

Variabln MeamMP MeamPMearnOIFval Lpval

BDRsd g/ c361.21

Kr 367. 739

1.%33

9. $52

SWGrH %) 3614.21118.%8

Abcw mMV) 367687

90148

EG(mS/ n360. 1%890. 702

1.%8 53. 15<0.0Qa
10.87919. 9:<0.0a
20.M6619. 97<0.0a
99836 9. 49 <0.0a

0.948182. 4:<0.0a

nNinumber of-vahbhmpplodabi

row indicate

a

pity vaPudithiffehens:

significant difference bet we

The mean di fference
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Tabl4e 5.

Regr escguatni ons, coeffi®i,emtoodf meatne rsmiuraa tei

pval ue and variance inflation factor (VI F)

Regression Equa R RMSE (gpval VIF

BRBs~=1.043 +2 0.4 80 0. 075 <0 .0
BRBs~= 0.7840 + 063 0.090 <0 .0
BRzso= 0.93 ++00083 0.062 <00 KT2.60

EG EGi2. 6
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Tabl%® 5.

Summary of statistical comparison of measu

model s (at O0.05 signifi caamcde 20elv)e.l ; degr ee

Regressiontaicuiat S ope Deviation fr

BDsoE G 0. 084 NS No
B -3 oK 0. 703 NS N o
BDRseKra nEHG 0. 583 NS No
BDRsoi average bul.kAppaseéenty, elE€ctri cal conduc
el ectromagnetic indedcticomi ¢ EMIonst &nt esti

penetrating fibddasi GGPR)caNSs.
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2 P ‘»Study area

Western Agriculture Center
and Research Station

Newfouhdland

Figl,.The study site | ocated at the We

Pasadena, Newf oundl and, Canada.
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X Direction — >

O GPR CMP survey and
soil sampling locations
- - - - EMI survey lines

Fig. F5.e2.d schematic showing the dat
i nduction {PEMIXragi ognd asdap| ecGBPRpd=En

four passes (4P) and ten passes (10F
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Fi 3.Soi |l compaction (4Pi ahdd1l10O®Wnuso
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(b
Fi §4 Fi el d data dcao)l | elcd dtorno nuasginnegt i ¢ i

mode,(bl)langpewmred r ati ng r amdigogo i(n&GP RMe tchoon
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5.Mppendi ces

Ap p e nld
8
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N P
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Fi g A. Compaction effect on a) appar e

el ectromagnetic i nduct igornoeEvd t)r atnidn

under no passes (NP) and after 10 ro
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