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Development and effectiveness of TDR probe to measure near-surface soil moisture distribution

Yuji ITO!, Jiro CHIKUSHI' , and Hideki MIYAMOTO?

Abstract: To establish a method to monitor the vertical
profile of volumetric water content (0) near soil surface, a
multi-wire profile probe (MWP probe) was designed and
applied to the O-profile observations during the evapora-
tion processes in sand and decomposed granite soil. The
probe consists of eight sets of the 3-wire TDR (time do-
main reflectometry) probes, which are attached to a print-
circuit board with a low permittivity, and is capable of
measuring relative permittivity (&nwp) at intervals of 3 mm.
The relationship between &y, and 6 for sand did not agree
with one derived from Topp equation because the board
had the influence on the &y, measurements. Thus, we
calibrated the probes for sand with different moisture con-
ditions and found that the probes can determine 6 within
acceptable accuracy. In the evaporation processes, the ob-
served O-profiles showed that the moisture contents for
sand at 3 and 6 mm depths locally decreased in the initial
stage of the process, while the moisture contents for de-
composed granite soil uniformly decreased at any depth.
We concluded that the designed MWP probe would be
useful for millimeter-interval measurements of vertical 6-
profiles near soil surface.

Key Words :time domain reflectometry (TDR), relative
permittivity, Topp equation, vertical soil water content pro-
file, soil surface evaporation
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fiiﬁﬁi % B X133 (Nielsen et al., 1995; Hebrard
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THEOKGEOFHINEIZIE, FBEREFRE % ST S A e 5H
3B 5T (Time domain reflectometry: TDR), 8% &
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2006; Bogena et al., 2007). %2> Td, JL4E0D TDR D
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52, 2SSV ADLERE D LRl S A L EE
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55,
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al., 2001; Suleiman and Ritchie, 2003). & ZA2%, ¥ )L b
KK & D kS S E R wib e EOMK e AT
POHREK S NS THEOFISRAE T, hEmE 22
BoKS 72774, T&b%ﬁ%%&%%ﬁ#%&
S, ZORBPHEmTHRLM TRESR EO~ 7 1%k



36 3o Wy

BEZ LT 2R H L. L > T, HEKmET
TORFN K EALDRNERZ B 720121%, L7
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U EOBEFED2S, REFFETIE, 840 TDR 70— 7%
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21 MWP 70— 76 S UHBERATES X7 L

Fig. 1 &, FEZOFEMELZEHATa 774 0T
O—7 (MWP 7u—7) OMAXTH 5. KifFETH
W7: MWP 71— 7%, E& 105 mm, IE 30 mm, EX 2
mm DT AL LRI L ORREERIC, &S 100
mm, & 0.2 mm, EX 0.0l mm OEMIFFEZ 1.4 mm D
PR CHWIAALZD D TH AL, FI7a—71%, &BED
fCb Y I8z 7z 3870 — 7 % 8 #ikF) L 724k
7% (Fig. 1 ® P1 ~P8) L7->TWwah, RRKOI#IZ, 3
MAROBEY &5 7u— TELAME O E > — b N
ELTHATAZEICLD, SMloTu—To—fkfLL
BEEAAEERLECH L, To—-THEOTHEE R
FI B 7DITER - HER (2006) & RO 7P CRIEIE N
L&y Iab—2arizdinid, £7a—-70% >
T Y 7EEE, PROBMME L, SR 1 ~ 2 mm D
HPHNICIRE SN2, L2 > T, MWP 70— 7%+
BICACERICIFAT A2 12X, TG EL &S
O — 7 ORROHFFEOMME, $7%b5 3.2 mm BFEOE
HTHIET A ENTRETDH 5.

K128 25 TDR 70— 7% Wi L ZF BRI
ETIE, 7O9—T7IWTEAT Y TNV ADEZEREE
12 1502C B r — 7 )V 5 A % — (Tektronix) %/ L 7-.
MWP 70— 7125 W\WTix, 8§ #0712 —7% SDMX50
B~ )V F 7 L 7 4 — (Campbell Scientific) %4~ L CTr —
TIT A —\ZER LT, F 7z, WIRMAT - BRAIHIE
7  WinTDR (Or et al., 2004) % H\»C TDR & D ET
W7z & IR 24T o 72 RITCTHR SN B BRSOV A D
LB LDV, HEFERIIIIC L DS b

(BR, 2003).
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TAY —CRET M — 7 VNI BT % BRSOV A
DOHFHEAFREEL (=0.99) TH 5.

81115 (2009)
A 5 100
lol |
a Epoxy resin
o
[sp}
a’ Coaxial cable
B a P1 P2 P3 P4 P5 P6 P7 P8 a
j N O O N -3
! i L ! S
g H el f—i
1.1 0.2 1.4 3.1
Copper wire Layered compound of glass and epoxy resin
(Unit: mm)

Fig. 1 MWP 70— 7O (B IXX A © a-a’ BTIHX).
Schematic diagram of the MWP probe (Diagram B shows a cross
section at the a-a’ line in diagram A).
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MWP 70— 7 OFREEEEZH S 22T 572012, 9
ORI L CTHFEEROWUEZT- 7. WEAOFR
R LT, RERTIE, 24 COBEEK, BEORL L
Iy =, ¥ ) — )RR OIRATEL, Y,
BREAW, BEORLLIY ) =)L E LT, &EK
EDOEEREHDENL 5 T20%, 40 %, 60 %, 80 %,
100% OS5S>0% 7V EHREL, ¥ — )Ltk
MOBRAWIIOWTE, MEOEEILE 1:1 L L7
MEET7.5em, 5 15cm OHEREARIC 9 ok z
Wi7- L, Bt MWP 70— 7% [EE L7, Pl ~
P8 D 8D T — 7T &) KA DHEFEESEE 3 [l
L, TNO OEMCTFIE % KA 5 ik ERE
ELTTU—THICRER L. T, BoHICES
100 mm, EZ12mm OAT L ABEBELZHT 3 4
K70 =72 BV T RO 47 - 7-.

2.3 B OKAHEHEIS L URKIE

MWP 70— 7 % VT O EKEZET 572
W2, WESem, H& 13em D7 7 ) VEIER S 5
LANOHIEIC T O — T R EE L, ZONERIZEE O
i (Krf% 0.15 ~ 0.6 mm: 6 7, Vi) (LR, ik
Y AY—ICHE LA, BORMICEAKEZERET
Wi L, ZBHAKP—RRICIET 2 D% fEo 72, MWP
Ju—7t0 8 Mo T -7 TFELREERILZ. [
Wi, 7o a@BEsital, RELDE X OWEE L
TR DBEEDS, BORREEKEZGHE L7z (LI,
COFEEEFELRT). —HOMER S CIZEHIE
MRS ZEICE Y, R#ERKGEMEIIBITABOILHE
B LG ARE L ORRE T,

2.4 ZFEER

Wh L O~ L OREFMEIC BT 5 HERRE T O
K377 7 A I OREREEALZ /R D 72912, i 10 cm,
B 20cm, B 4em OIELY = — VElOE HIRFE RIS
MWP 70 —7® Pl % L1, P8 & JEKH IC[AL) CTHEE L
7o, T, BEKREMZ VPO E ARG LR E T
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Tablel 3#X.70—7& MWP 7a—712X hilllsE L7z

Pl ZAOLFEE,

5
AH

K, BEORLELIY =)V, ¥ —)EEYHEHORAT, M

Relative permittivities of distilled water, ethanol with different concentrations, ethanol-oil mixture, vegetable oil, and air measured by

the 3-wire and the MWP probes.

Fluid

Relative permittivity

Measured with 3-wire probe Measured with MWP probe
Average* Differences from average
P1 P2 P3 P4 P5 P6 P7 P8
distilled water 80.1 43.7 -10 -06 -03 00 05 -1.1 2.0 04
20%-ethanol solution 68.1 37.1 -07 -07 -04 00 06 —-09 1.8 03
40%-ethanol solution 543 30.3 -07 -05 -02 01 05 —-09 14 03
60%-ethanol solution 41.3 234 -05 -04 -02 00 03 -08 13 0.2
80%-ethanol solution 30.3 17.7 -05 -04 -01 01 04 -07 1.1 0.1
Ethanol 20.8 12.1 -04 -02 -0.1 01 03 —-0.6 08 00
Ethanol-oil mixture 9.2 8.2 -02 -03 -02 -0.1 04 -—-04 08 -0.1
Vegetable oil 3.5 4.8 -02 -01 00 01 02 =03 05 00
Air 1.5 3.6 -01 -01 00 01 01 =03 03 00

* Average is a mean value of the relative permittivities measured by P1 to P8. Ethanol soluthions were made by mixing different mass of ethanol in distilled water. Ethanol

and vegetable oil were mixed in same mass when the mixture was made.

WL, Kofafiael s Lz, fafalkl o ks K5I
WL TRGD#EEZIRL, MWP 70—7 LD 8D 7
O —7C, ZIEMFEICBIT 5 FERGMA ORI %
59MBTHE L. 72, BEoltiknizoll, vt
(CRIfE 0.106 mm LLF 259 %, 0.106 ~ 0.85 mm 7% 63 %,
0.85 ~2mm 2¥28 %) IZBWTDFEEEDFHN %47 - 7.
B L~ T 2 EBRHMORIRIE, ey
21 CBLUH 2 CTHhHo7z. B, 8OTu—70
HWEfI, &% 70—7HhROBEMBMGEOME, T4bbH
FHA2ALHHERS 028, 0.6, 092, 1.24, 1.56, 1.88, 2.2,
2.52 cm DRFEEKRFEEZREFET L DL LT

<RI OWT, BUESE L 7R E ST ORI L
&, SRR Lo~ i, MRS E SOl IcHS L,
i 17 &I W RE 2 Topp o HEIHHIZ & 5
CEDHLNE R o, BAEOWIFE (B 5, 2001) 12X
X, <L L FROFEREEHT PSR
THEY, KFRTHW M E <+ FEOF RS
FydbokEzons, T, HEOWFEREARE
KL OMMRIL, WREEIKR S VARE LR KINIK
TEAZBRETIE, TREOMESCLIEOREL T EnI L
no (JEZE S, 1995; B, 2003), AWFIEICBIT S~
T OERREEREOFMICIE, HikT 200 CTHE S NKIE
Fx w7z,
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Table 1 12, 3,70 —7& MWP 7u—7CillE L
TRHEK, BEORLLIY =), I ) — )Y
PR OFAWL, TPk, ZROLFERLRT. K
O MWP 70— 7 DiEH1Z, Pl ~ P8 TllsE L 72 &iiifk
2T 5 HFEER (3 MOWEIIH T 5 HMAFE) ©
T, BLOZOVHEE L 70— T OHEMEE D%
2= (DT, WEELild) 287,

3T O — T CHE LKA KOLFERRIE, &
WS STV B KD HEEES 80.4 (Kl 20 Tl2HB1F

BE) (ELKRICH, 2008) & —3% L7z, BEORLLT
5 =B LOEROWEMEDS, B4 - H% (2006) Ol
EREREMA—E L. L2 o T, KERD 3 HA T
O — 72 & B MEIE, SRAOIFEELMATHL
TWAHELDEERD.

—7J7, MWP 70— 7|2 L 3 KiffhobFHERE, ©
5 =) R O AR, M, 2R BT,
3MAT =TI LB MEED L RE L NS Do
i, MWP 7’0 — 7 OEBIKE & HaE L T 5 IEFE
BYWOH T A - TR F B PR G AR AN AR L O B
FEIC B2 BIIFL 720 EZOND. [AEOREE
1, SR LT 2D VIEROEEER T 0 — 7 & vz B
DFERR (FAR - H4%, 2006) IZBWTHIHEINTWES,
¥ 72, 70— THZEHG L 22 &R Bl EE DT
¥J Bias (Cosh et al., 2005) &, —0.43 (P1), —0.32 (P2),
—0.14 (P3), 0.05 (P4), 0.30 (P5), —0.59 (P6), 0.98 (P7),
0.14 (P8) TH > 72. Pl ~ P8 DHEFEIIMARE L VI DD
TEIZ—H LRV, K40 70— 7 OMMEAMEE
WCEMEEN b DEER DL, 72770, &£70—T70HlE
E, TO-THIIRIEERIT) 2 LIL), BRIBOKEE
BECMEEKREOUWEICHE L VD DEER D,

3.2 LFAER L HEEKER EDRR

Fig. 2 1%, MWP 710 — 7 CillE L 72 D lLiFER
BREERELE O, B X0 Topp R & BEMHEME R
. MWP 70— 7OfEH 12k LT, Fig. 2 Tl&, JGil
DFAREFICB W THEAED RS /NS o7z P4 LillE
ED b KE - 72 P (Table 1) I AiE R &R L 72,

MWP 7 u — 7 CllE L 72D lETERIE, K&K
AR 012 %8z 5 L, Topp N CTHHE S5 LFHEF
LD H/NEL %Y, Topp & DERII K=&
EHITREL o7z, WIS, RREEKEINO0I2 LD D
INEL B E, MWP 70— 7 CilllE S5 ILiFER,
Topp R Tl S NALFEERL D S RKELARY, 202
FIIOKRGEDOFAE LB ITKE L ho7z, O
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% gﬁ ] - 3.3 (R & KRNI

t 035 - Saturated “Fig. 3 (&, FECRHN Lf:@@m:%@ﬂfﬁ 6, £ (3)
5 030 + AL R L 7R AR Oy OICBE R T (RHEE
5 025 + KEAT0.1 md m3 O & & &7 0 — 7 TR L 7 kA
5 020 + o KRIETIESOW2 000, 2% BTIIEH LK
S 045 t4 o1y N e method (1) BT LRI L, EREIC X AR L5
£ o010+ T Eauaton (8 or P L7z Pl ~ P8 IS 2 (R &K SR O3 “ gt 0 F
E 0.05 T Ly Topp equation J7# RMSE (Root Mean Square Error) 13, 470 — 7|2
2 0.00 AR R R R WY 2 FHET 0007 md m3 Tho7z. L7zno>T

0 5 10 15 20 25 30
Relative permittivity
Fig. 2 W $ 2 b E R LIRE G KRR L DBR.

Relation between relative permittivity and volumetric water con-
tent for sand.
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Fig.3 TR () & MWP 70— 7 (Oyp) 12 & U AL 72
T ORFE &I D L.

Comparison of volumetric water content of sand measured by the
gravimetric method (8;) and the MWP probe (Omwp)-

1, LMo S HO T - 71 bR S C &
76, Topp 2% IV CHRREGKE 2 FIIT 2 = & LK
Ths. L7zt >, Topp Ri2flb s MWP 70—
KT HRIER L LT, ABETIE, Wik S BT
e L AR A OB A SR TR L.

O = allogémp)’ +blogemp e ()

ZZT, Emwp [ MWP 70— 7 Tilllig S o +OHFEE
K, a, b, clETA T ALITNTA=FTHY, Onwp
IF MWP 70— 7 Clll'E SN A ILiFERZ HWwT 3) X
LB SN ARG KETH D, AT, HWES
N7-WOIFER L REEKE L OBBRIZIEDVT, Pl
~P8DIXNT A—% a, b, ¢ BIFHIERAN_FIFEIZLD
AL, %70 — 7129 2IER (Fig. 2 12817 %
FHB L) 21572, 2B, Q) Roxtix, £mE
X4 EDHOEPKICHNTEAEE O—FEIF D5
{, ONTRA—=F EBPET HBEOFEIEDIES D X1
XY B EENINE Do Tz,

& 70— 7 TRl & A A SRR OB &V & v
5.

BAXRBIEICHIZKA2TOT 71 ILDOEAL

Fig. 413, iS04 2 2856 K B 18720 £ 0.28, 0.6,
0.92, 1.24, 1.56, 1.88, 2.2, 2.52 cm DAEFEEKZE DL
B b2 RT. RS 028 BLUN0.6 cm DR EKERIL,
ARG 5 2 BEE O I 20 I L (Fig. 4a), %)
WK DX B2 L bz, —h, #E 1.56
~ 2.52 cm DIRFEE KR, 2 BRI I2B VT L & LS
/INE L (Fig. 4b), I X BAPWALINEh o7z F
7z, K707 7 A (Fig. 4b) 2B\ T3, ZEIEHELL
B, K2 SMEICHREERENMMET L, KEHhSTREIC
M CREBE AT AR ASHEAT T AR T DS HERR S 7z, 12 R
BB, R0 EEASEST L, 168 FEfE#E (1 8 B%)
I EFEEOREEREDR 0 T—E L ko k.

Fig. 5%, W OO 72014772 HIcx§ 5
BREBROERZRT. vV TORREEREL, KEE
2BV TIZIZ—REICIL T L (Fig. 5b), WCEEESNT
FNOECIRATHR O AT IIBIGE S N o7z, BIERIIGD
512G E COME v LOERBEEKEL KT S
& (Fig. 4a, Fig. 5a), FIEIZILEAYIT 0.28 ~1.24 cm
DE (7L =) TIE, Mol EEITKG %% 1H
[IZdH BA%, 1.56 cm DLgE (B T, MEFICKE %
EREFBOON LN ol —H, EFRREBENS 12 ~24
F B oKD O EL, v FOF IR E CEHA E R
L7.

T & 2 ZEFEBIROE W & EBRET L 72 B OWFFE T
X, WEEE T OMERE I ThbLTniand oo,
ol 7 TR HRERL S LA K LR — AT,
DR BT LML  TRATWIZHEA L, #IZEWALET
i, R — A DRFWIPRKEERIZH L Z &N
RENTWA (Hillel, 1977). F 7z, FEOKSFHEHIC
WA L7zt (RBFZETIE, 5~ 12 BrRILE) otk
DWAHEEL, LD b —LDNIHENMEANIZH B Z
&S T A (Suleiman and Ritchie, 2003). A
FENZ BT B L~ T OEFEIEETIL, FEERIF O SRR
WEDRNIZ L ) WFEORMBERGUEVPRZY, 20
BLWohEINLEEZLNLYY, FHIl S 72K
707 7 A NDRREAE, BAEOHZE THRRS N7
EENLD U TR0 S S S BIEO—/EN
RS ZEALOBMAE KM L TV LD E#R 4. Riif)
EOKG T T 7 A NVOFHINZES 2 B0 (72L&
2z 1%, Richards et al., 1956; Bruckler et al., 1988; Inoue et
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- 05 Ju [

<?E 1 12h! —— 0.28 cm (P1)
o A 0.6 cm (P2)
Eoal 0.92 cm (P3)
= ——-—1.24 cm (P4)
‘g 0.3 1 —— 1.56 cm (P5)
o — — 1.88 cm (P6)
Q R

g 021 g.gzcm (P7)

—— 2.52 cm (P8)

Q

g 0.1 7

3

Q ]

> 0.0 -

0 24 48 72 96 120 144 168
Time (h)

(b) Volumetric water content (m®m-3)

0.0 0.1 02 03 04 05
0.0 1

1 1 1 1
24hinterval ines ' TrorThrer
——

0.5

1.0

1.5

Depth (cm)

2.0

2.5

—2— Saturated condition
—8— 35 minutes later
—>— 60 minutes later
—=— 80 minutes later
—<o— 2 hours later
—%— 5 hours later
—=— 12 hours later
—O— 24 hours later
—@— 168 hours later

3.0

Fig. 4 WIS 2 HEEREDOHE T T 7 7 AV ORERFE
L. (a) TREEHIRARE RS, (b) SHEARG 707 7 A )b,
Temporal change in vertical volumetric water content profiles in
sand. (a) Volumetric water content in every depth, (b) Vertical
water content profile.

al., 2001; Suleiman and Ritchie, 2003) Tl%, HWEH» S
DSy F A= Moty T 2 — MVOGHE
ERRELTWDLDNS ., ZO20, HERISHD
THIWEES 0.28 ~ 2.52 cm OFHIE R & L - ABFZ%ED
MR, MO IR XY R 2T E O K
TRT 7 ANVOEHE R L TWDLLDEER L. K5
TRLZIY A= MVHEBEBOKG 7T 7 7 A4 I)VOsHIE
REs, HMEREEFOKFHEOLEIZ MWP 710 —7
PEHRTHLEEZA.

4. E5HY)IC

AWFZEClE, MFEEE FOHELEKS 707 74
VeSS T 572012, 8#o 34X TDR 7Yu—7
% 3.2mm BFEICEE LS Te 7y A v Tu—7
(MWP 7t —7) 281, BB XU~HtLoksy 7o

@
_ 05 _\F\ |
“."E ' 12h! —— 0.28 cm (P1)
5 1 2‘4h ***** 0.6 cm (P2)
E 04 T - 0.92 cm (P3)
§ :v Lo ----1.24 cm (P4)
E 03 { — 1.56 cm (P5)
° iy ! — — 1.88 cm (P6)
2 iy ----22cm(P7)
2 02 3\ 2.52
" I —— 2.52 cm (P8)
9 o |
©
€
=
g 0.0 ] [ R A W WA W A W
0 24 48 72 96 120 144 168
Time (h)
(b) Volumetric water content (m®m-3)
0.0 0.1 0.2 0.3 0.4 0.5
1 1 1 1
0.0 oahintenalines
05 +
10 +
B C
° L
< 15 T
= C
2 C
o C
20 T
25 +
C —a— Saturated condition
30 L —>— 60 minutes later
) —<o— 2 hours later
—x— 5 hours later
——— 12 hours later
—O— 24 hours later
—e— 168 hours later

Fig. 5 ~¥ 2T AR EKROMETT T 7 4V ORE
BE2EAL. (a) REERIMAEEKER, (b) SHIEART TR T 7 1 ).
Temporal change in vertical volumetric water content profiles in
decomposed granite soil. (a) Volumetric water content in every
depth, (b) Vertical water content profile.

7 7 A VERINS S 2 BRI & RS L7z,

MWP 70— 7128\ TId, HiFBEEZNET 5720
DOEBIEAEFEIED T A L TRF VG L ORE
EMCEE SN TV D20, TORBMAR L T 21
HROFBRUEICHELBIIIL. WELLLORS
B L AR EKE & ORIFRIE, Topp K CREAM S L2 4
DRRE —~H LAho722 L2 b, MWP 70— 7 CHll
ELAEERZ Topp ICHEHTAZ LIETE LD
7z L72h7o T, Topp KAt 2 AR &K OFHiIR &
LT, RBFFETIX, MWP 70— 7 Tl L7280l
R LA EREOEIME & DRIRICIED W TR IE
KXz, HoNRIERIZED W TR OFRREKE
ZEHI L 72665, MWP 78 — 7 Cillsg L 725k &k
i, 8HMOTH—TIRTUIIBWTEREIZLSHRL
—H L7z



40 T3 EE

%111 5

(2009)

MWP 70 — 7 CilllsE S 5 LB & Hukk B
EOWTHB LT LOMEREE FOHMEKS 70
77 A &GN L 7oA R, EBRONICEFIREICS o
7B O KL, R ORE & & HITHERBICL - TR
b, K707 74 IVIE, FNEIERR 4L
RL7z. Thbb, v LIIBWTIE, KERETOK
SWPE—ETH - 7225, WIZBWTIE, RHPHES
FIANZ A > THEREZEE L T BB sz, g
12, BIZBIF SIS 028 BLUN0.6 cm O H3EKG I,
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