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Table 2-1 Correlation of depth-based stem flow (F) and volumetric water content (é,) at each
soil depth in cross-sectional ridge soil.

Table 2-2 Pearson’s correlation (r) of depth-based stem flow (F) and environmental condition
in the greenhouse. R, G, VPD, r,,, T4, and Ts are net radiation, soil heat flux, vapor pressure
deficit, internal crop resistance to vapor transfer, air temperature on the vegetation, and soil
temperature, respectively.

Table 3-1 Physical parameters and soil texture.

Table 4-1 Saturated volumetric water content &, residual volumetric water content &, saturated
hydraulic conductivity Kg, and ¢, n, and | of van Genuchten’s fitting parameters.

Table 4-2 Bulk density, solid phase, and particle density of the experimental field.

Table 4-3 Calibrated soil hydraulic physical parameters by inversed analysis.

Table 4-4 Calibrated soil thermal physical parameters by inversed analysis.

Fig. 1-1 Examples TDR waveforms in distilled water, water-saturated sand, and air-dried sand
with three-rods probe (=0.145 m). La shows an apparent probe length from the beginning to
the end of the probe. V, = 0.66. (referred from; Noborio, 2001)

Fig. 1-2 Examples TDR waveforms in distilled water and NaCl solution with a three-rods probe

(=0.045 m) (referred from; Noborio, 2001).

Fig. 2-1 The amount of irrigated water during measurement period in (a) 2015 and (b) 2017.

Fig. 2-2 Simplified representation of stomatal and aerodynamic resistance for water vapor flow
in Penman-Monteith method.

Fig. 2-3 Correlation of measured voltage with peltier device and net radiation.

Fig. 2-4 Wire connections of thermocouples (Left: Sakuratani, 1981; Right: Steinberg et al.,
1990)

Fig. 2-5 (a) The amount of irrigated water and changes in (b) soil temperature and (c)volumetric
water content at each measurement point from DAT=64 to 71 in 2017. Numbers in legends of
each figure shows soil depth and location in the ridge; 1, 2, and 3: 5 cm soil depth, 4, 5, and
6: 10 cm soil depth, 7, 8, and 9: 20 cm soil depth, 10, 11, and 12: 30 cm soil depth, 1, 4, 7,
and 10: south side of ridge, 2, 5, 8, and 11: center of the ridge, 3, 6, 9, and 12: north side of
ridge. Dashed lines are values measured with ZeRo. agri.

Fig. 2-6 Volumetric water content distribution in cross-sectional ridge soil at 5 pm on day after
transplanted (DAT)=(a) 1, (b) 31, (c) 61, (d) 91, (e) 121, and (f) root distribution on the last
day of measurement period. Black dots show where TDR probes were inserted in (a) to (e).

yellow lines are roots in (f).



Fig. 2-7 Comparison of amount of daily irrigated water, I, and apparent root water uptake, U.
Fig. 2-8 Comparison of amount of daily irrigated water, I, and potential evapotranspiration, ET,,.
Fig. 2-9 Diurnal changes in mass-based stem flow (Fy,) during DAT = 60 to 65.

Fig. 2-10 Diurnal changes in depth-based stem flow (F) and the amount of irrigated water by
ZeRo. agri from day after transplanted (DAT)=60 to 65.

Fig. 2-11 Relative sensitivity coefficient of potential evapotranspiration (ET,) and ET; g0
calculated with 10% decreased net radiation (R,): 90%_R,, soil heat flux (G): 90%_G, vapor
pressure deficit (VPD): 90%_VPD, and internal crop resistance to vapor transfer (r.,):
90%_r,, in the greenhouse.

Fig. 2-12 Relationship between depth-based stem flow (F) and potential evapotranspiration
(ETp).

Fig. 3-1 Comparison of soil temperature and bulk dielectric permittivity of Andisol of each
actual volumetric water content.

Fig. 3-2 Comparison of soil temperature and bulk electrical conductivity of Andisol at each
actual volumetric water content.

Fig. 3-3 Comparison of actual volumetric water content and calibrated volumetric water content.
Error bar indicates + 1 SD (n=94~547).

Fig. 4-1 Changes in measured and calculated volumetric water content with non-calibrated
hydraulic and thermal parameters of at each observation point. Solid lines and plots show
measured values and calculated values, respectively.

Fig. 4-2 Changes in measured and calculated soil temperature with non-calibrated hydraulic and
thermal parameters of at each observation point. Solid lines and plots show measured values
and calculated values, respectively.

Fig. 4-3 Changes in measured and calculated volumetric water content with calibrated hydraulic
and thermal parameters of at each observation point. Upper heat boundary condition was
applied (a) soil temperature at 5 cm depth and (b) 95 °C of hot water from 0 to 150 min as
dirichlet condition, respectively. Solid lines and plots show measured values and calculated
values, respectively.

Fig. 4-4 Changes in measured and calculated soil temperature with calibrated hydraulic and
thermal parameters of at each observation point. Upper heat boundary condition was applied
() soil temperature at 5 cm depth and (b) 95 °C of hot water from 0 to 150 min as dirichlet
condition, respectively. Solid lines and plots show measured values and calculated values,

respectively.



Fig. 4-5 Duration time which soil temperature at each observation point was kept over 55 °C
after hot water application was started. Hot water application was carried out for (a) 90min,
(b) 120 min, (c) 150 min, and (d) 180 min. Legend shows the amount of applied hot water.

Fig. 4-6 Duration time which soil temperature at each observation point was kept over 55 °C
after hot water application was started. Hot water application was carried out for (a) 90min,
(b) 120 min, (c) 150 min, and (d) 180 min before additional tap water application. The
amount of applied hot water was 125 L m™. Legend shows the amount of applied tap water (L
m?).

Fig. 4-7 Changes in calculated soil temperature at (a) 5, (b) 10, (c) 20, (d) 40, and (e) 60 cm soil
depth applied several amount of tap water after hot water application for 120 min. Legends
show the amount of applied tap water (L m). Red arrows in each figure show hot water

application. Dashed lines show 55 °C.
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Fig. 1-1 Examples TDR waveforms in distilled water, water-saturated sand, and air-dried sand
with three-rods probe (=0.145 m). La shows an apparent probe length from the beginning to
the end of the probe. Vp = 0.66. (referred from; Noborio, 2001)
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IZBITDIREZEZ AW TENRELRIE T 27 ETHLEI, 1972), b—h LA
SNERDNSD RN NS | FRBEEE DIV BD, — T, RICEEEE &R A
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T2 EERRD DR LT D, ZEUCIEL, RO —EOBELY 5 2 | EN
IZ R THES LD ENOEWNIREZ R D D HIETHY | ZENSIEIC LD E NI =T
EVEIC DR R E£10% AN T — 52 2 B BN E LTV D (Sakuratani, 1981), £ Ek
IESHEFZEDFE PRI e — 2 — & BE DT 5120 | EHEEERDDILTRVN, b—F— D
Z R G- 2 T DL ZOMMAR TR R L7 D, BRI OZNIREATE T L5 6, %
BUNSOERTRNCT W EEE 2 HILD,

H Bh3 I TR AT MR B THOWLNDZENEL sk NN BT BT 4
D FRNEZ AW THEE SN A E O ZE R A S LITIRE T 20 DLW (TN D, 1998),
TEV) D7 EIL THK RO RKERE O B L Z T HZENHESNTWA (B A 1X Yao et al.,
2001; R fidl5, 1984728, ZKBAINH] T DK 113 HEER R KQERBE MBI 5L Csh.,
ZATHEW T I U TIRIZ KD ORI RS 41 LA B H il <715, Gavande and
Taylor (1967) 1%, Z&A R EIL HEIK 3 BLOKIROWE 72 8 DO RG> TREIND
D, FHOK B I OKKBR B I3 BB L 72 035 BUMZR (L0 R &SRR BIC B 5
LB LT, ZABREZFR(1975) 1T —~ U L FOZR BRI DUV TR AR EE & T3k 55 &
WZH AR, ZNENHIMTERL QWA EE LML, — 5T, /NHB(1993)
(¥ 2OV TREIRE . THIK S B LOKRKEDOZNE LA AR AR ED
BRI R 5L QD2 A DNI LT, ZHOATIFEIL, KERREB IO LEK ) &
INAEBEIZE T B OWTHRDM RPN MLE THHZEZRL TN D,

Wk, B = D AR T AR R E DRV R MR I B W TR R F ) FIEOE
FIFEEL WS TE 7=, LasL., Villareal-Guerrero et al. (2012) (348 BR i 2 3 P i 5%
NIZBWTHR AR~ BT — AR IOHEE S 472 FTREZR R I B T FE 7R R LT
BIRHHEM A L=, £/, Kirnal et al. (2003) <° Prenger et al. (2002)t, i B2~ E
T A —AEI LR MR N O ATREAR S R OHEE IZATRE THHEMIE LT, — 5T, 3%
ERAEFET D0ITDROEE B & — i Biiaa VD ZENEELVA, R
R BT A AR T2 T A= =P BamAbEMETH D, e~
VBT A=A Z I Campbell, 1985; Allen et al., 1998)i%, +453727 = F R GHN7R
VN0 R I RE R 20 ] T & A ST - (Heilman and Brittin, 1989), L2l — %Y
IR~ BT A REG REMRRIS L CEH FTRe Th oL miE SN TR (AT
Zhang et al., 2010), Z DTG TVND, L2 T, M % N0 Al HEAR IS
B2 kB = s BT 4 — AEETEIC O WTHERDBRF LB TH D, LA

i
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EDZENG ABFETIT A B T AT 2B AU ME B E = — g A
NHEIZIBWTUU T O 4 26NN T 5285 BHRELTZ,
i HEERR CHERE S AT A CE SN BRI T DK A
i, B EEIK EHEES Y AT B XD HEK RO
iii. KRREREEIR IO K LN &0 BRI MR
iv. Bl AR = N TR T DR BT o — AL F R BEME
DR EHEE ST AT REZR FE R D BR B S o6 2 IR EE AT

2.2. Jiik

2.2.1. FEBids X OWSEE

FBRIL20154-6 A5 A H 11 H 14 A, 201746 H 7 A5 10 H 27 B £ TRReE R
BRAART O BPE AN R E L 7B AT = — b 7 Z (IF « & =5.5m : 30m)HN B 512
BNTIT o7z, AT ANTRITBOTHRRIG KRR, Hill, IeiREs LI —~
DENITEEZRE R L OHEE L 7=, BHNO HEITM% . & 1Tbi, 11T Sandy
Loam (#) : >V b : K51:=60% : 25% : 15%) T ~>7=, 201546 H 5 H»H 11 A 14 H
FTIEE—~v (B — KB« ¥ ¥ A FEEASH)Z3EF L=, 20174E6 A 7 HH 11
HI9BHBETEHIMEDOE— (E—KES - f =@ —R/Lr « Ly Ry 0 XAl
RS 2R Ulc, AR TR E BN A S ©, IWHHIRA RO E—K
FRZRIERRE L GREH L, £, A —FRlr b by RBELVIIEZ LR ED
TR HREE U=, Bhltk H % (Day after transplanted: DAT)I. 2015 41X 6 H 5 H. 2017
126 H7H%ZDAT=1 & L7-, HENEKRLHEE: > 27 AI1T ZeRo. agri & WV THEK
WELAAT -T2, 2015 445 L O 2017 4F140E 0.8m, £ & 30m O Fik & wAfl 1.15m T 4 A&
NCTe, FAENDEIIANT R ESPATIT/R D K H I 2015 T I 14, 2017 4%
A B 2 L AUR AR 0.15m [HBR T 2 ROFEKT = — 7 A MR EICRRE L, b &
B~ )L F CHIFE A8 LTz, #/KF = — 7 (UniRam CNL, Netafim, Israel)® R U w3
—120.2m [HIfR. HEARRIZETO Y v X—IZBWT—ETh D, B —~ DI 2015
HF6H5HBLV2017 46 A 7 HiZ P Razfl & LTERM%Z 0.4m RO T RfE 2
TEM L7z, 72720, 2017 X Z OB Criild T 2 AKENRELZWE Lo B —~v (¥
— KER) T R ER L, #EKT =2 —7 IO RIS FE T, fbFanc I+ 7
BEKZEM L., Z0 48 Rt OURFEE KR E BEREE KR E Lz, HARIZERRT —
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&, THOEBREKEB LORREOREMEZ b &1, BIEREEKEICR LTRET
HEETHLTH 277, 2015 40 BEAFEE KFEM® m®)iX 2015456 A5 56 H 9
H1%0250, 6 H10 A2°57H 6 HIX0255, 77 7H258H3HIL0270, 8 4H
275 11 A 14 B1%0.320 TH -7z, 2017 4F0 HIEEAREE KR (m® mP) i3 B 20 L
T 0330 ThoTo, HEERITKITKRIEZIEAN LTI L, BEEHIRF. KRtk L O
AR HE O FERE SR O B O b As 2015 4E13 6 H S H225 6 A 9 HE T 050, 6 4 10 H
130.35, 6 4 11 AA*5 11 A 14 A £T0.300, 2017 4FidAkE541 %38 L T 0.200 TH -
7o BRI, KR K OMRIERHE O BRI OB AIRFR O He23 0.200 & 9725 & KRt
DEF A 10 2B L7256, WIERAE O BRI 2 2R L 72, RIIZEnEin
10 fEAR L7z OAT N 2 1 5 & 2 5RKIEIR AL 2 O THRIME AN 2% & 725 X
IICTHEE LTz, HIE IR B i hE Il S 7= 2E 3803 2015 4E7° 73.67 kg 10 2™, 2017 4EA°
3348kg10at TH Y . TNENDOEDOHEKES Fig. 2-1 (T8 LTz, B2 OBkE
1% 2015 4 & 2017 AT K& 22 LA o ooy, JEBI A8 U 72 7K &E 2015 4E73
58020 mm period™, 2017 473 39850 mm period™ T& ¥ | 2015 4 & 2017 4 T#J 20000 mm
period® DZEMNE U7z, Z A% 2015 EOFEKBEE N 2017 £ X 0 & < BEKERRHE A5 F
HINZELS RoTclcdTh 5,

2.2.2. RREGKRER & HIROHE

1RO AR 1T TDR #(Noborio, 2001) %, #iiE 13 T BEGE 2 AW TT —4 1
#— (CR3000, Campbell Scientific Inc., USA) T 10 43 [EkE CTHIE R L O%GLE&k L 7=, TDR ¥
(213 TDR100 (Campbell Scientific Inc., USA), ~/LF 7 L 7 ¥ — (SDMX50, Campbell
Scientific Inc., USA)3 L OEAED TDR 'r— 7 % /=, TDR ¥u— 711 3 # T,
2y FOKXRS, FfRBIOR SIE, ££h 3.2, 20 8 LT 100mm TH -7z, TDR 7
17— 7% JOBE RN, Wl U CEREZ R I8 L CENRE L2 HE Lt —~
VHEKOE B I OEL 0.1m O LHER X 0.05, 0.1, 0.2 B X N0.3m 27 12 ARE L
Too FEBRMLO TIRITOWT TDR VA CHIE L 72 Feah R & AT & /KR o BRI A 1Rk L
7o, FEERHIO T2 EEBRENICR BIF Y . BELR 2mm 55\ Al L7z S A a1
& LTHW, T2 5 28BS KRICHEE L, WA 15em, &S 20cm D7 /L 2 1k
(CHHETR S 2% 15em, RIS RN SRR L RIARIC 72 D K D IS LTz, Th T ORFR
BRI T D HEFEERELNE LT, iFERg & A E ARG, DR ZA(1-1)ICRT,
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0, =453%x1072+231%x107%¢, —4.0x 1072 &2 (1-1)

ZIT, el HIESNZ EEEROFERTH D,

B —~ (B —KER) D T DR DOBK ' A HETE LTz, AKRITHERE~DORME®E L
MR ENZIBIT DB EAINZ D Z N — K TH D, AR TIIELEO FE S %
2GR ThoT-D,. ~ N v 7R T v VARILEIHEL @MKo 72 &)
EL, THREA~ORBEEITEN L, 7o, IRmII~AL T THE L0, ARE
HLEE L2, Lo T, ROWKEUMMAYZILL TORTRTZ LENTE 5,

U=1-270pean (1-2)

2T K EMM A, AGpeam(mm dYIZEFEE KRO A ZLETH Do Abpean IR
KTERIND,

Va emean_erlnean
ABrean = (Te) (1-3)

Z 2T, Va3 A% HHEAFS(0.3 m long x 0.2 m wide x 0.35 m deep=0.021 M%), Ghean & G mean
IXZNEI DAT=1 & i+l DR 5 FFICEBT 2 FERREE KR mPm?), Atixi B & i+l
H o). A l3A2hHZR EFE(0.3 m long x 0.2 m wide =0.06 m?) T 5,

223. RUwy BT 4 —REE O A REAE R OHEE
AREZAR B EE X~y BT 4 —AEIC IV HEE Lz, R A4 TE
T EMNTE D (Campbell, 1985),

Lp BTy = =[5 (R + ©) + 7 ("T—‘”)] (1-4)
T 2T Le IR EMI kg™ ET, 1 X ATREZR R R (mm), AITIEFE AR 2R &I i
DAfL(kg M3 °CY), ATHLIEFHESK(=0.66 hPa °C™), R, A& (W m?), G T
R (Wm?), pl X T, COITHTT 5 KRR DEFIKZE LR (kg m®), o X HIZK
IZBT BRI (kg M), ra (AL oD /K GRS % 225 1 B9 R B (s m™)
T D, ABFTETITMBSH R LOHPEGR RO T T » 7 22O T, HIREIZ A D)
oA IE, MEENSHEND FEzAaL Lz, £, Ak EoKRKILKICxd 5
PUra (TR A RV ABDPNDIZ LTINS TRELRDHP, X~y BT 4
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— Z{EIR, ARSI ST RCE TR TH Y | AR Z RE R — R OEL
LTEZDHTD, reldtnr LIE L(Fig. 2-1), A& rldZnE L TR TRD 7=
(Campbell, 1985),

_ Pa’—Ps _
p=tete (1-5)
In[(zq—d+zy)/zy] In[(z—d+zp)/zy]
= n[(z Zy zzzﬁn z Zn)/Zm (1-6)

T 2T, TOIMEERECC). kidh L~ L EE(=0.4), WA TEHEE (msh), zo i3 EE
ZHE Lo iR E S OFEE (), dITE e AN T z-d 2 AT OSEE & BT, 2y
Lo IFENENE L EH)EICHT HAMER TH D, Campbell (1985)1%LF L hy (m)iZxt
LT, RFEMZME L LT d=0.077h,, 24=0.13h, z,=0.2zy BMER LTV, AW TIZZ
oDl E W, KRKIEpITIRE T (K2 5 BRI 0 I FH T RH
(0-1)% 3 U CFHH L7~ (Campbell, 1985),

exp(31.3716—6014.79/T—0.00792495T)}
1000T

p=RH{ (1-7)
KLADKETIEEp X, (1-7)RUITBWT RHIZ KK OHHEE, TITRIE T (K) 2 -
THHE L7, WA OKRSIEE p X, (1-7)RUTB VT RH=1.0, T 134 m(AZE T
TR M) OIRE T, (K) 2> CTEHE LT,

FACH Bl B IEOMBREE, MR EGE &1 B EO P BRI K OMR EmRE I T
RIENE & VTN ANV T, 7 —# 1 4 —(CR1000, Campbell Scientific inc.,
USA) % FIWC 10 SIS JIE F £ OGRSk U7z, SIRUH EF & Mrp BT AR A 7 L — 238
BTSN —FE Y 2 — (- TF =R )2 e, BRI EH)Z -V THE L
TR L NV F 2B E O CE L7 EEORRE Fig. 2-2 12~ d, JEGE IR 5 I 8
A JEGE 7+ (ATMOS-22, METER Group, Inc., USA) %, FHxHRE, SRS L KR S
)b R & IBE & > —(ATMOS - 14, METER Group, Inc., USA) & HHWTCHIE L., 7
— % 11 77 —(Em50, Meter Group Inc., USA) % FHVNT 10 3 ICFiek L7z, i EgE, i
O R B, A, RiRd K ONREREIL, TDR & v —36 L OBGE R 2 5 S
NIz ZROANY 725K 10m, AEAHRITE 2> 5% 2m OZ W THE L7z, HiZRim
TR 13 IS I TR 3 2 SR IS BR HH L 2 WV O MR T 0, b P A Bl 13
RS 0.05m, MACH R, JEUE, ML, XURB X OKKUEIT RO & S 2m 2k
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WCHIE L7z, JEUEIX, DAT=175 31 £ CEEHREAE 2% E Lo 722, v
== LN AN THIE S 7PN 6 (1998) 0 -2 JEGH (0.6m s™) & v 7=,

2.2.4. ZFHBUNCEAE AW EORE

ARWFZETIE, EBUIERELR, 1982) % WV CENTEZRIE L7z, BN k4
IR D ZEFR D — & — E DB THNEL L 7= I 2K B O BAIRIC & % 2 OFBAL DR FE 5347
ZALEFIH LT, ABELZ RO HMEHETH D, EHOMEE KB OBIIC L 5%
DENLDIRE DS EAIFIAT L7 a— P —2 AN THIE L, ZO—HICEEQ
(W) %5 2 72 BRI AT BRI TRt o (1-8) TR H 415 (Sakuratani, 1981),

Q=0Qf+qu+4qqtar (1-8)

T2 TC, QFARHURIC L o TEIRDO Tift, DX viEikicl W T EmEicimikshd

B (W) \qu& qulIZNZIUREIZ K o TEJRO Bl Tz kbn 58 (W) |
O FEERE 2 B H PO ZE KT~ RPN 5 EE (W) ThD, N(A-8)DAILD Q. qu.
qe B LR g T2 NENH(1-9). (1-10). (1-11) 3 LT TV(1-12) THK T Z £ 23 TX %5 (Sakuratani,
1981).

Qf = CyFsm (Tg — Tu) (1-9)
Ty—Ty,
qu = 1A T (1-10)
Tg—T,
qq = A4~ (1-11)
q, = kE (1-12)

2T eyl TAKDHEE(=4180g" CY. Fon (TEBHMNMOXNTIE(QSsY). Tq& TuldZEH
ZIUINEEALE & B R O2E(CC), LIFEOBERW m™ Ch. A X ORI fE
(M2, T 1% Ty OBE £ 5 AX(M) B O S TOXIR(C). Tg1E Ty DFE LD HAX it
D R CTOXEI(C) E TR EII(V). ks 1 TFEBREREEW VY TH 5, (1-8)122(1-9). (1-10).
B L1222 RAT D L Fa (g™ X

_ ! _ _ '
0-14 (Tu Td)Ax(Td Td) e

(1-13)

F:qm - cw(Ta—Ty)
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L FI D, Steinberg 5 (1990) X EVE X DFERTIEEZE 25 Z LIZ XL - T 3 R THKTe
3R ERE LT (Fig. 2-3), T742bb, (1-1)NFUTO LI IZEETE 5,

. 02 TTOTaTa) 4y o (T cTa) o
e 4@ﬂqu}‘ S l(Ty=Ta) +(Tu-T})}
w 2 2

(1-14)=% Steinberg et al. (1990) DEFRIZHE > CTHF OFEEE WD & |

BH—-AH
A—x_k(CH)

Em = o AHYBH (1-15)

w2

& 72 %, kT Sakuratanie(1999)iZ72 5\, 1 HEIZZ O H Of/MEZ Z N E Az,
Fon (3R S BALOZENTEE Fy(mm s™)I2(1-16)=z L v 5 L7z,

&=£% (1-16)
Z T pulIKROBEMCg M), Al —~ 2 LERICK T A MEEETH D, Al
1 ARDOEMEERORIBLIOEMEVEH SN E—~ ORI VIRE LT,
AT A7 —k oY —iF v OEXOM IRV T HEEREIC L 2 AN
INEL 72D K OIS 20em FREE D 1 @EFTICERE Lo, X DEAEL 16mm Th -
7o AT A7 a—t = 3BEE XM EEIELT-OICENAER 7 4V AGR
V=0T V), e —=F =L ZERHP DD Z R < Te O OWiEE, 0 ks
SHEICE DB — OB T D DTV IBETHWE L, B —F— D
L VHEPESL ZEEBET D20, AT LA7u—k P —Dt—%—T10 08
2 2 Sy EIWHGEIC B LT, ENTED B D &b — X —DENRE 2 bd & ZNOD
BB T 2, BNERICE VINEAEZE T LTH D 1 RE CIREZEN R 2o
7o, WIE T e —% —OInEt 2 53 L nEV% 1 Rl oFk 3 5T -7,

225, BHEELINC KT 5PN & TR RO

Ju
X9 DKV FRIRILCTH D, Fg lTBRESAITI A THEA EOSIE., BAHPROTE S 5cm
HHIE., 212 WESRDG, B L O 12 JIE R DG, DEHEIZHOWTEFHE Y 7
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k= 7 &2 /L (Microsoft Corporation, USA) Z AV CTHHBSIR o #r 21T > 7=, F7z. Fg & ET,
IZDOWTHEKEHAE Y 7 b= 7 &/ (Microsoft Corporation, USA) % F VT H[ElF 3 HT 21T -
7o B EZEREIT Fisher and Yates (1963)(2 L7723 THr - 72,

ET, DEEMATIZ. (1-4)XF DL TH S R, G, fg7=(VPD: Vapor pressure
deficit)(=p.>-p2) 3 L Ot 1 l05F L CTHT o 12, ZNENOESE 15771 10%54 L 7=
ETp oo & HEE L1 DOEE L AL S B2 o 72356 O ET % 2 FExHE 2 515 L7z,

23. fEREBE

2.3.1. THIBIT B EKBEST

Fig. 2-5 |2 2017 4E DK BN RB %7 -7-8 A 9 H (DAT=64)7>5 13 H (DAT=68)IZ45\)
DyEKE, #ilR 3B LOVEFEE KB OLE AR~ #HilRIE A Ficm<leorz, ¥EKIZ A F1iAT
DI, ZNENORSITB T HEFEE K RITZEAEZLL2D o T, HEKITHIR PR
R G K ROEAN B E 5 2 70N ZERALNI 5T,

Fig. 2-6 (a), (b), (c), (A)FBL () (ZEHLZ4 2017 450 DAT 28 1, 31, 61, 91 BL 10 121

D 17 FEOTAMIHE (2315 6, D3 Az~ LTz, DAT=1, 31, 91 3L 121 O 154X 30 cm
2B 56,13 0.36 (M* mP)FLEETdh-7-, DAT=61 O HHEES 30 cm (23175 6,13 0.3 (M
m?3)3 FRE CTh-oTz, JIEHIR 2@ L C HEES 30em (2815 6 ICRE 2 E T2 -T2, &
BT 1 R DPRS 5775 20 em IZERE 0.1m Z HULEL THIZIRIZAGL . HUIEE 6, 1@
ST, O T E B A 8 L CEAD R L0 AN I TS | DAT Dkt & &1 6, ARV ViE
I TR IR 28 o T,

HHERX 30em 1255175 4, 1X DAT=61 |2 W TLORIE BT TRVME TH - 7203, &
FUFERE =TI PIEMMZEBEL UZE—EDE ThH-oT=tE 2 b, LW m
REBIZIS1T D TR D w8 A K ST B3 IR D43 AR A5 S I E CE7=2enE 2
515, Mojid and Cho (2004)1% TDR % AW CRVE 881 B I AR E 2 HEE /I RETHD
ZEAMEL TR R BIIBERE A B OREE L6 I HEERATHORL . RO RITHE
STEEALTHDHEZE X HND,

2.3.2. BB TS 2T AT K B EEKE O
Fig. 2-7 {2 2015 FEOHEEHIMIC BT S | & U O i A R U, | & U 3B ORI 2B
TIHEFIZ B~ Uz, FEEOIH I R OB DOTEE T DIRFEITHY  ABOW K NEE L7
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Mol EBNRINTHHEE 2 5D, Fig. 2-8 12 2015 4EDOFEFHARICI TS | & ET, D ki
ZRUT, ETp (XE I Z 8L T | J0/hSWMETH -7, B —~ v DR _EOIRE O
BN —E TIER Do 7c 2 & TRIR Ta IZB T KR KIRE pa 23, ET, Z it/ Nl L 72
FRRTHDEEZBND, £7-. Fernandez et al., (2010)(3=(1-6) F D AR u 23/ X
72D ZLIZED 1, DE/NETA ET, 2/ NHI T 27K & 700 2 &2 Lz, K
FBrH D HEEE X 30em LV IRWTRBICITEEAZ S GURER AL TWHeD, Fr e
Z U —]U T (E, 2000)12 £ o THK S 785880 138 S 30em L 0 RV g ~B
BT 52 LHIEEAERNWEEZ NS, ZOZ EITHESR T O HEERE S 30cm (2
JORHEEKRENIZIEAE—ETHST-Z ENDLMAREETH D, LR - T, #K
ENTHRBEOIFEA LI —~ Lo THRIRENTZ N EZBRD,

DAT =60 75 65 £ THOXENFRED KM% Fig. 2-9 (2”7, ZWNTEDOZLOE I S EIE
FATHFFE DM (B] 21X Moreshet et al., 1999; Sliber et al., 2005)& B<—E L 7=, B — KBEFD3E
PRI DY — 2 SRS K E TSR D E S BN 72572, Fig. 2-10 12 DAT=61 7>
& DAT=65 (28115 Fy & A B K TR o AT AC L DR K O kAR LTz, Fgld A
WCRELRY KNSR —E DA TH-7=, ZeRo. agri (ZEHHEKEIZH FIZBITS Fy
DEALE B —E LTz,

2.33. ZKHUE & BRETER o BILR

2017 AFOE B H o L E O & E RIZBIT 56, BEOETORHRITBITLH6, D
V& Fg OFBREZE Table 2-1 (TRLTE, Fy 13 HEEWTRIZIS T 26, DELE HHERES
10cm D FFAIZ RO CTH ZARAE B2 272, 6, DFEIES Fg LITA BRI 2272,
Fo CERELSRAT, KR, HR IS IOV A N EOFHBIREA Table 2-2 (TRULTc, ZNTRELS 1 1
A ERFBEN DT, EAYEREE Ry, VPD, KU, HIRB L OVH § & B2 IEOM B,
G IIAERADHMNRH-T-,

THOKESIZBITL6, & Fg ©BZIXIZEAEHBEBGRA 2 >7-, —J7 T, ZeRo.
agri |\ZLDHEK BT Fg LIEFICBLS—E LTz, TNHDOIENG, THEIZEIT56, & Fy i
IR TR IRNE VB IRIC L AW K & ZeRo. agri ICEAEKENELS &L TRY, 11
IKBBENL CThENZ DRI D THAK S BT L HEK /3A 3E # R R
IZRA IO THHEB X BIVD, g LISND/RTA—2— L FyIIIA BB 672, Ry, G
VPD, T, BLN Ty & Fg ITHERENHHZ LITSETTHF9E(Gavande & Taylor(1967); £ [if]©(1984);
JERREZR(19TD)) e — BT D, e & Fy \THHEAD 72 o TR UR I, B =— b AN O JEGEHE D
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FEFINSUAZEAE =B THoT27280 ., Fy IZX T DD/ RTA—2—D BNk )~ T2 728
TH D, ZeRo. agri (ZEDHEKEIT Fg EIEHITELS—E LIz, ZOZEND, BRI
EHEZWOI, JETRE MK T L7z 2 B CTHVEY O W /K B4 5@ U I HEE L7z - TRk
BAREL, (EMEFEEATIZ LN RE T D,

234, EZ—JILN\JRIZEFERUI Y - BT 4 —REDERATREM

2017 O RE M OANT ANIZ I DB BERAFIT6 2 ET, DK iRt ok 22 kA
Fig. 2-11 (R ULTe, JRGEA — & LA E L2 I H H (DAT =0 72°5 31)i%, VPD 55K 0 1, & 10%
B> SHDHE ET, 12T ET, S TAVEHL 6%FR NI KON Uiz, FERIE 7= JmE
ROV E | ETyom®D BIMERA 1T 3BREICLE £572, R, & 10%I8D S 7854
ETp ool 1 225 20%F2 VDL, FRIC 8 AIZKRESEAD LIz, G & 10%HAD S 7256,
ETp s00ld 1 205 20%FLEEHINNL | 4512 8 AICREIEILIZ, Aydin 5 (2015) 1Z-3 -~ -
ETA—AEEZHWTHEE SV ETpld Ry MR EE | SRS K OVEGE DNEIZIEE D3 =0
ZEEME LT, AP TIXET, DEEEIEL R, & GITH L TE, IRUWVTVPD &1y, M3 Ei-o72,
Aydin 5 (2015) AMEFEREATIZ VWA RHE E L SGRIE VPD LG22 83 AIRETH
D728 RO REEERAT OFEREFICHE R THHEB X HALD, ETy D 1y (KT DR fRAT
1, JEGRIZ DAT=1 75 31 £CIXEEME (=0.6 ms™), DAT=32 DLREICHHMEE V25 A
ZAVEIVET, oonel & ETp (THEAT 10%F2 L 36 KON 6% R EE RESFIHR SN2, ZDOTLiT, v
VBT A= AEE AV TET, 2 HEE T, B ik N O EGE R T o722 LT
HEREZ HNDZENEELNZEERLTND,

Fig. 2-12 12 Fy L ET, DBARAE R LT, ABFIETIE Fy & E78 MR S L CRHIL 72, Fol2XFd
% ET, DATRLERROME X 1.42 TH-7-, Morille 5 (2013) 13 fiakfkts T OEMIZONT,
B2 IR G ) A THEE SV ET, L FEABE ORI BIRIZ DWW TEED 72, Morille
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Table 2-1 Correlation of depth-based stem flow (F) and volumetric water content (6,) at each

soil depth in cross-sectional ridge soil.

Soil depth (cm)

Ridge side
5 10 20 30
Left -0.173  -0.199° -0.146 0.056
Center -0.036 -0.184 -0.038 0.145
Right -0.118  -0.005 0.065 0.142
Average -0.154

* P<0.05 (n=548)
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Table 2-2 Pearson’s correlation (r) of depth-based stem flow (F) and environmental condition
in the greenhouse. R, G, VPD, r,,, T4, and Ts are net radiation, soil heat flux, vapor pressure
deficit, internal crop resistance to vapor transfer, air temperature on the vegetation, and soil
temperature, respectively.

R, G VPD rva Ta Ts Solar radiation

r 0.457" -0.515" 0.385" 0.235 0.410" 0.385" 0.429"

*: P<0.05 (n=548)
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Fig. 2-1 The amount of irrigated water during measurement period in (a) 2015 and (b) 2017.
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Fig. 2-2 Simplified representation of stomatal and aerodynamic resistance for water vapor flow

in Penman-Monteith method.
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Fig. 2-3 Correlation of measured voltage with peltier device and net radiation.
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Fig. 2-4 Wire connections of thermocouples (Left: Sakuratani, 1981; Right: Steinberg et al.,
1990)
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Fig. 2-5 (a) The amount of irrigated water and changes in (b) soil temperature and (c)volumetric
water content at each measurement point from DAT=64 to 71 in 2017. Numbers in legends of
each figure shows soil depth and location in the ridge; 1, 2, and 3: 5 cm soil depth, 4, 5, and
6: 10 cm soil depth, 7, 8, and 9: 20 cm soil depth, 10, 11, and 12: 30 cm soil depth, 1, 4, 7,
and 10: south side of ridge, 2, 5, 8, and 11: center of the ridge, 3, 6, 9, and 12: north side of

ridge. Dashed lines are values measured with ZeRo. agri.
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Fig. 2-6 Volumetric water content distribution in cross-sectional ridge soil at 5 pm on day after
transplanted (DAT)=(a) 1, (b) 31, (c) 61, (d) 91, (e) 121, and (f) root distribution on the last
day of measurement period. Black dots show where TDR probes were inserted in (a) to (e).
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Fig. 2-7 Comparison of amount of daily irrigated water, I, and apparent root water uptake, U.
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Fig. 2-9 Diurnal changes in mass-based stem flow (Fy,) during DAT = 60 to 65.

33

65



Depth-based stem flow F,, (mm h'1)
Irrigated water (mm)

0.15

0.12

0.09

0.06

0.03

0.00

@ Depth-based stem flow

Alrrigated water by ZeRo. agri
(&)
i S
@
A
i A ®
e © AOAA A
fAA% o °
4 (€] 5] & e A a [5)
> & ® °
@
T T T . ‘ .. T
61 62 63 64 65
Date (DAT)

66

Fig. 2-10 Diurnal changes in depth-based stem flow (F) and the amount of irrigated water by
ZeRo. agri from day after transplanted (DAT)=60 to 65.
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Fig. 2-11 Relative sensitivity coefficient of potential evapotranspiration (ET,) and ET; g0
calculated with 10% decreased net radiation (R,): 90%_R,, soil heat flux (G): 90%_G, vapor
pressure deficit (VPD): 90%_VPD, and internal crop resistance to vapor transfer (r,,):

90%_r,, in the greenhouse.
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A ARIZHS 1T B B FE IS 4,444,000ha ToH O (BMKFEA, 2017). Ot
43232 ha Th 2, B3 - KM - 167772 & OREEMIT A ARIZIIT 5 REE O 4
Hae bbb, EHIT, MBI HR THE SN TEBY . h~ RPN H IR EDEL
SRR THEE S D, FTo, MBSO 10a M472 0 FiiHIXEHEORN 35 TH VD . F18
APEVED R & L/NARE TR 22T D 2 E WNATRETH D (EMKPES, 2015), 2D LX)
(2 TR AET I RAE S/ N S WIS H B 6T, MR Z BT 5 2 & A ATRE 2R AR ET ER I
T D, N(F & LENTAEPET DT DITIT HERE N D2 T AR5 2 &3
Td DM, MEakFkts O THITMORIEIZH Y | MFFAE O/ O—DIHEIERENFT 5
o,

EEEEZ S 72 b HHRE R OL T, — RIS AFRMEME CTAMIEENC TR &
WEL G2 KEIEHKIZ L - GREITTIREEIZ 2 D720, THERE dIIFER L, BE5EA D
flE& D, Fo, KEIZA ROINERIZEKIND T2, RPN TS B LIRAEIC
12%0 ZD XD HEDOZERHIGRMFN R E K BT D72 0/KH T HERE RN L E L
THARTERWOEIEREENREAE LIZ W, —FH, MHTIZEF ISR Toh 57
O, EAERENE UOdV, T, HEREE A B < 7o s T BN B E R AT
bid,

1989 FEIZE Y MU A— i EENFINS L, T E TER BEHEEAIE LTHVWS
NTERRALA T AN BARZ & TeeEREIT 2005 4, FRE EEIE 2010 4F £ TR 72
FHd 2 RO 7= 3B 1E X372 (UNPN, 1989), % Z T, AL A F AN 5 7
EDORF N B L Ir oz, THEEEITIMEFRIEEE, EWRHEEE. WHERERER
ENDDHALFHEFIEIZZareE s )y XY Ay hRD-D AR EBRHWLND,
LFHITEE T RO RBES S RIS BB 2 KT, WEANHRIE IR AR 5
KBGEGHT , ZAROBZFHT 5 AKIHEL LOBKOBZFI T 280Kk HEHED H
% (¥, 2002), WERAVE TR ITFFICER ST W W2 FEET D AITEKSERIC L D
KEDHTEH L (P and dk, 2002), PEREEREIIZEN TR EERH 5, K
BUHRIIRIGEE R+ 2720 HEORRPKIEICEL SN TWEW I FEHFRH 5
D, HBICHLEREMEN VIR TeH a2 MR IR 6D, KGEWEEITHHRZR L
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M. BRx 2 EEERE RICAZI TH D L HE STV 5 (1, 2002), HHEEFHET D% <
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(F&A, 2002), BIKITEFHI(E A, 2002)0@E A MEAME 35811 1, 2002) 72 & OFFR 72
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b2LE2 N5, BUKOEEIZREOKRBR CHRE I THY | MY e &4 B
AN IRE SN BE 7R\,

Bk HHEN I 70 25 95°CITHREE &7z 100 > 5 200L m? R DBk &+ i
ML T, BUKOBNZ LY BT 21T 9, BUK HHEH R L O 722 BOK B B3R5
DRI ZDIRTES TUND, %A (2009) <IN (2010)1 X EK O B 72 BAn B DT E I SE
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W E ST b B AR LT (A8 & K SR L R o0 KB L 2 AR LA HEE M & b
WaT 17, L, RS K EOHEE IO DI EFE BRI OV T 90 CUT VW HIIRIC
%t 9 AR RETS I TR, R LSRRI RO 3%ITME RS, BA
D 30%LL b BARDMHHUIIS WD TRUIIEFID 47%% 50 5, BUK HHEHRT B A B
O TEHRIETHDT20 . HARICIE AT 2 B8R 1T BT 2 U7 Bk #icti &2k E
FTHZLFIEETHD, £o, TDR IEOIERAFIEITS TS E2ARME ROV THIZED
1T CTE7=(Roth et al., 1990; Pepin et al., 1995; Skierucha (2009)), Or and Wraith (1999)
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EEETDUNEND D EEZ T, Fio, BOKOWEY e B AREEZRET D ETIAN L
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HICET 2HF2E3 % < ATPILTHE D BUKICHW D RA T — b ElZe & O e %
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3.2.1. TDRiEZ W THIE L7 Heif R R R A

MR I ERAR Y A2, WERMEA Table 3-1 (ICE LD 7, BFEE KR (M m?)iL 025
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L=+ A U7, B 0IEBET 95°CITHERF L /- tE IR KRN T BLL 7=, TDR 1%
ZHWTTEO L ER g LERUSEE ECy tZNENDMEOHEEIZHW LN,
T BBV %2 O CHERR Lo iR 36 LOMEIR KN O KR AR E LT, & & ECy 13/ /LA
425 TDR100, 7 —# 124 —CR1000 B L O~ /L F 7L 74 —SDMX50(Z 121
Campbell Scientific Inc., USA)ZHWTHIEL 72, TDR 72—713ry RO KRS, FEBLW
M2 3.2mm, 100mm L 16mm OO Zf HL7-, TDR 7'u—7 (3 #iE i
(Zx L CHRELS, BVEAHIAT L ARG L g iR A LTz, BEa o RFE & K $R13 5
BR AR RN DK 5 D3 TE T D20 EBRAT % TR L O MRS K RITRRENE LD,
ABFFETILFZRBAMARTE SRR TRFOIRFRE KR OFE A M L ORREE k=0, &
L7z,
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3.2.2. BUKHEW T O M5 SRR

FEERIT 2010 RIS RN BESINE o 2 —D B =— T ZARMES TTT 72, B
== Ny AR AT AN ERE S, K S 18m i 5.4m Td - 7=, VI Clay Loam () :
Fhit s L =45% - 31% : 24%) Th o7z, FEFHLO HEOYEME A Table 3-2 12777,
FRARBULFERBA AR 1A VR X 40em £ CTURBE L7270, B B 130 & < @k
DR T,

AT EMAAR A 7—%2HWT B CIZIHAE Lz, UK & FIRAKTHEKKAT =2 —7 (%
Ua, ZZ#NET 7V R —oh)Z o 2 LEATIZ 30em [ C AR A SRR L L
7o BOKIC L 2BV HERF S D o OICHIR B A E=— AT 2] DO B =—/ v — N THE
L7z BE=—by— MIMRAEICHGR SIVZFEKT 2 —7 O L bgiE L, BUKHUf&
THRICT 2a—TORBIEHRE, E=— b — MNIERK T E CHEmEZWE LI EFIC
L7z, BUKiZ8 /3 10 B 14 BEAH 5 150 43T 185 L m #fi L7, UK 7 HANIC
B HEOEBIL SO REE L 1O EIRAKZ 185 Lm2 #fi L7z, E=—/
Z DN FTEBUK OBATBLE) HRER T £ TF — # Bl L OEERLSMNIPAD 7 F
FIZLT,

LA R L e A = 2 TDR(Time Domain Reflectometry)i: & T BUZVE 4 VLT
7 — % 1 77 —(CR3000, Campbell Scientific Ltd., USA) T 2 73 ZHIE « iedk L7, LiEE
P MRIT R S 5em, 10em, 20cm, 30cm, 40cm, 60 cm 35 L T80 cm (2T
HIE L7, TDR 7' 1 — 7 X e |2 okf L CHEELICHR AN L7z, TDREIZ = v R EAY 10cm,
2y RREIFE2S 1.2cm, 2 v REEA 3.6mm @ 37 1 —7 % vz, JEEdbo A D
26 4.5m, HAME 2D 1.35m OALEIZBW o7, HIE Lkah®EsR s [3.3.1TDR
B2 O TRNE L7 A B OB FE] CIRRET 5(2-17)8 L 1Y(2-18):8 2T
IELWMAREE KR EZHEE LT,

3.2.3. HYDRUS-1D # ALV 28K TIEBEED KD B S URABEOH#E

HYDRUS-1D % VN CTEUK H3ETH I 0O 7K 3 36 LOBVE B O FEIMIE I DUV T i &
1T o700 WM 2 IO CREIE L 72K o0 B L OVBARY R/ 85 A— 4 — % T Gt Bl 7 Bk
DA BARE LT, HYDRUS-1D [ZB W THWHILTWD K53 B L OB B O B GR 4 DL
TICHB 2,

3.2.4. KB H
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RE AR FAET AL T IR R T T v 7 AL KKR T T v 7 AT HEFKES
ABLOHTIER L IBEARIZOWTHLEETHIMLERNDH Y | ANEafn LI T 5K
7T 97 A Qo VERIRAK T T v 7 A qu KKK T T v 7 AqDOMTEIND,

Arotal = 9L+ Qv = qin T qir + Qun t Qur

dh aT dh aT
= —Kp(h) (5 + 1) = Kir 3o = Kun 5o — Kur 5 (2-1)

2T, gl EHKIEN AR X HHIRAK T 7 v 7 A(ecmmin™), qur (ZIRE AR K D
WRAK 7 7 v 7 Z(emmin™), quid EFKED AR K BKEK T T v 7 Z(cmmin ™),
Qu I TIRE AR X KRR 7 7 v 7 Z(em min ™), Kipem min ™) & Kip(em minY)idzh &
I EHFOKE ) AL &R ABC K DR KB BN 31T 5 A fafnd KR 3L, Kiw(cm min™)
& Korlem min )= E ik E AR & IR AR X 5 KREBENC T 5 R
I AGRE, h Xk ET (em), TIHRE(K), z 1E R & % 1E &3 5 22 M= (em) T
& % A(2-1) 2 KDOLRAFANTRAT B L ARG BEO KR FRAD LT ORRIZE A b D
(Saito et al., 2006),

307 (h) a oh oT
gt =% [(KLh + Kyp) (a_z + 1) + (Kpr + Kyr) g] (2-2)

2T, 6 136=0+0, TEENDEEIEEAKE(Cem em ) TH Y | QTR DOIEFEE K
Hem3em ) & G ITKRRRDOEREE K L(Cem em ) TH 5,

3.25. Koy BENEE
KFEE KFEOL 177K TS h 1% van Genuchten O T# &% (van Genuchten, 1980),

056,
o(n) = 1% T manpem <0 .

0, h=0

T, O IS AKE (cmPom ), & IXAFAREE AKE (cmiem ). a(cm),
n (FERTC) KRR OTR Z 52 5 FZBEHR TH 5,

THAREF AR X DHARKBENZ 1T D AN KEREL Ky 15 Mualem (1976) D
BRI ATE T V% AV,
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K, = KgS} [1 -(1-s m)m]z (2-4)

T 2T, K 1FERE AR cmmin™), ST AEIFIE, | & m IZEREHTH Y |

I% Mualem (1976)i2 X ¥ 0.5 NEREN TV 5, EEARIC X DikkBENCBIT 5 R

RN AREREL Kir X LU T O CHRE S 415 (Noborio et al., 1996),

d
Kir = Kin (RGur =) (2-5)

Z 2T\ Gy (TR RS OIRFERTT % i IE 3 2 (R R 2 (%7 o) (Nimmo and Miller, 1986).
B 5HREES (kgmin?)Th 5,

yiZEHKOFREES min?), 51 25CIc
BRI Koy B8 KO Kr 13

FHKETI AR K ONEE AR LA KER T T v T ADE
TNETNROXTERIND,

D My,g (2-6)

K, = —p,c ——
vh ppvs rT T

dpys
Kyr = nHr - (2-7)

Z 2T, DIF b okERSIEEARE(CEm P min Y TH D, o 1 THIRK DEEJE (kg m®) T
Pv=1-7.37x10° (T-4) *+3.79x10%(T-4)%, s IZEBFIKAR R FE (kg M) Toe=T'x10°

exp(31.37-6014.79T1-7.92x10°T) L EF SN D, My 1Tk D5y 7B (=0.018015 kg mol™). g

XEAIEE (=9.81 m s RIFEMAEEE (kg cm 2 min 2 mol™? K H, I3AHEE TH 5,
THOKREKIEEARE D FIR TR SN D,

D =14a,D, (2-8)

FE (Millington and Quirk, 1961), a, ITXAAETH D, DJITIRET

Z I T, nlIXAHDE R
REIEERE (cm?min Y Th Y ko TRKEND,

BT DR DK

_ T \2
Do =2.12-1075 (=) (2-9)

KR GRS TH Y . Cassetal. (1984)1ZLL FOXTEFEZ LT,
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4
1=9.5+3% - 85exp {— [(1 + j—fﬁ) %] } (2-10)

2T R R REER D) Tl 5, £, HAHEEE H XL T O K 5 12% S5 (Philip

and de Vries, 1957),

H, = exp |22 (2-11)
BARIREL DIBFERAFIZLL T DX CTFE Z % (Constantz, 1982),
(2-12)

Kr(0) = S22 Krep (6) = iy (6)
1.787 — 0.007T

AT =71 0.03225T
pr=1—737-10"%T — 4)?2 +3.79-1078(T — 4)3

ZIZ T, K BRO K IZENENEIEIREE Teer 36 L OHUR TCONTIIT DIBARIRIL. bt
B L O T2 TR To 38 L OHIE TCONT I T 2 KRS (Pacm™ min ™), e

(TFE KRB DOREMIEETH 5,

3.2.6. E\B#E)
BB @) o i R RIIR AT E 2 B35 (de Vries, 1958),
dCpT 0, @ aT aqLT 9q,T 94y
ot Lo = 5 [MO) 5] = Cu T = € T — Lo 52 (2-13)

ZIZT, G hOBREAR RO M KY), Lo ZHALERRY 72 O KOEIER Gm®)T

b5, LlFkATHZBND,
Lo = Lwpw (2-14)

T 2T, Ly THALE R 72 D O E(=2.501x10%2369.2T) TH 5, Q)T EOEYx
ERMLT]KYTH Y, kA TH S5 (Campbell, 1985),

Ao(8,) = A+ B, — (A — D)exp[—(CH,)E] (2-15)

057 4 1.7304 + 0.9360,n4 2.86.(1—6.)
~ 1-0.746, — 0.496,,, e n
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B =286,
C=1+266,?
D = 0.03 + 0.762
E=4

ZZTon g ¢, BEXUmalZZNENEME, A%, LB IO bSO %
F1, C,(0m® KY)IZEMOBREAS R C,(0 m® KY), EHOREAERE C, I m? K™Y,
SADEEBAARE C,UmM KN ENEFNOERE S REF L -MTHREND,

Cp = Csby + Cy0y, + C,0, (2-16)

3.2.7. BUKHHEWEREO HHC I 2 HIR & RFEE KR O FEHINE & HEEE O ik
KAy M IE van Genuchten (1980)DEF /L2 HIWRIE L=, B AT U A TEE L
7270 Te, BB EN DO EMRIE ER 1% Campbell (1985) D F i 2 W CTHE Uiz, BHREERIEEN
KANZEE LT, ZNENOERI DRI E U, R & 5T 5 £ To+557
A SR8 L C 360 43 & Lz, BUK HEBEFE O RITME LAEKICH D Z EREE L
DD S(F80cem & L, HiFiE» o HEEEE 80 cm £ TIT 1 cm RO R A2 XIS
7o BUHLAIE, LEEZRS 5, 10, 20, 40 35 L UN60cm (TR 7o, SIS D RS
KR & HIR O WIHE I, 0-5 cm, 6-10 cm, 11-20 cm, 21-40 cm, 41-60 cm 33 X Of 61-80 cm
DOEBIH LT, ZRENEEEES S5 & 10em, BEEHES 10 & 20cm, HEEES 20 &
40cm, TEEZRE 40 & 60 cm 6 KNI X 60 & 80 cm (2351 2 FEMIE & HEERE D
I E W THEE LTz, T2 LEIcHWZ6. 6. Ko n, a BELOI X
O T TV A SR B RFD IRV SEERE CEM| L 72 4 FIV 72 (Table 3-3),
K HE LOBBEI O LIGE R R EICBUK A BT 2 72 DR AR & L TH X
T2o KROBEND LIGERSMT ) A ~ R KIE ML LT 025 150 43 % T 0.123
cmmin™, 151 225 360 43 % T O0cmmin® OFEFE L L TH 2 7=, BVdho Fifsi Rt
X7 4 U7 VIRIBERSAELE LTO M5 150 43 F T 95 CoRIRE 5 2 7=,

3.2.8. WRHTIC L 2/37 A —X —OHeE & BAR 7 LRI 28 72 BUK Ui &RORE

WIS & FERSRAEITT4. 2.6 BUK HEEHFERF O THRIZIS1T 2 HUR & (AT E KR DE
HfE EHEE M O] LR TH D, ANFIE TITHE I OHGR 2 HE LR 7272,
BB O FIEREMHEICOWT ZOOHREEZBE LT, —2BIET 1V 7 VAR
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ELTOMD 150 43 E T 95 CORI, 151 235 360 43 £ TN ANDKRKIREZ ., —
DOHIZ02 5 360 3 FETT 4 U7 LRIDO RS 5em (281 Dl 2 5 2 558122
WTHRET L7z, 7272 L. ZoHOBBEO B RA S Z#AH Lha1s, RIS
cm AR & UE L7272, FEE ST 75em 1272573, 0-5em O LA ES 5em 72
FOE., 6225 80cm £TO LT —2OHOEMEUOLE LIRS Lz, THEBEMNE
IR BENCHBPK, BWBENCEr 7 7 v 7 225 27,

BUK HHEHFRRFO HHEER X 0205 60cm £ TO 550 LEIZHIT DR EKE & iR
DFHNEIZHR L Ta, ny K, K& clay, [EFHOEHEVE R C, 3 L OVEAH D RFEEL
R Cy D 6 HD /T A — 5 —Z G fRATIC L0 HEE LTz, BUK WO THO X 9
(CHR S E < 72D & & DK TOBBENZ T 2B/~ T A — 2 — (283 L 7efi
TR T 720, INER(2010)1 X EAFNZE KR EUZ DWW T IRED & < 72 D & MR H R
EXV/NSL 2D 2 L aE Lic, AUFSETIE, Buk HEEHzER O TR 1T 2K
BOMELNT A—F =2 HEET D202, MENHMIH 6 & 6 Tid/e <. van Genuchten
EFETNDT 4T 4 TNTGA=Z—=ThHDa, n, BLOREKFNEDR & D K, 2R
LTc, AHEWITHENEEND LB DN, AR CITAERY S &L 0, BEHEDE
AMEIZIRIE & A ERRZED 2D EUE LTI O RITIZ L R0 T, £, WS
w0 Th DDA OEFIRE R Co bW ORI Lk oTlz, ARGED K
L EDLLRWEAGE L TN O RUITITE /2o 1o, THIEOBEIME OIRERF
PEIZOWT, AEAR EITER TE 213/ BULBIRE L BB RITRE WV E &
N T2, HYDRUS-1D TiZ HHEDOAEIMEIC SV TREKFEZ B E TS 2003, E
HHE 2 B < BEBLARERBEHEOMBL N T A —2 — % HEET H 72D clay. CoB LT C,
ZHEE Lo, AWFZETIE, £ 3K BEVREMEOWIHIE, BV ERr X HYDRUS-1D
CHGZAONTWHEZOIE S LT, KGR NRT A —Z =2 OWTHEIT 2170, 15
B N2 K BN R M DO HEE B 2 O TRV ENVRFE S DU TR 217 - 7o, BUKHL
MO TR 2R & RS KRIIRE ST 2720, Bukidith oKy LW
BRE O T X — 2 — 2 HEE T 2 Wi OFHR ]I 360 4y & L7z,

BOK T HE R 0O HHERE UK 2 RIT, & 2 AL EOHIR AR S s R &I
Lo THIr SN D, AL TIIrms) ImER RSt
(http://www.kanagawa-nessui.co.jp/sakumotu-byogaityu-simetuondo.pdf) = & & 12, HiiE 2
55CLL T 4 R LA bR S 7z & S ITHUK HEEHETE O RS R S 47z &l L7z,
AMFFETIE, WRNTIZ K0 HEE S 7ok K OB ENC BT 2B ST A — 2 — & F]
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LT, &I ERAmE L HmERIC W Th 2 IR E3HERF SR 2 & o
2o BUKOBAT R X OB L, £ 2450 25 300 L m? 33 L OV 90 225 180 4y
& LTz, Ky & BB B ORISR SRATHILE N E L O HAR & & BRI s L7z Bk &=
& LTH R, BUKOREBRLED O+ 72 R 2 R T 2 72012, U2 Buk OB A&
DIEROT= D OFHEREIL 1440 73 & L7z, HUROBN AL HHER S 5, 10, 20, 403
FU60cm & L7z, ZDOfERNG ., @EWUREBUK DA & & HUmRH 2 8% LT,

329, BEAR7 L HEICRI 2B KIEO M HE

[4.33 BAR 7 + IR 2 2BUKEM & ORE] THEE Lok ok LUEER
BOWBL T A — & — & O TEINFEKIEDEIK & FiR/KOBARR M LR LR
T 5, BERGAECHMISGMT42 T [4.33 B2 LIS 20 e Bk Bt B D2
E] THW T A =F =% T, BIFRAKETBUKOR AR ZHIT 52 L2 K
ELTWD T, BUKOMAGREITBVK DL 2 AT T 5 55 B R I BIfR 7o < e b 2 E
L CHEZ B < HEFF CE D RIRDOBETH D 125L m? & Uiz, Buk & & 1EK O &L,
BOKOBAR ROy L0 D722 10 75 50L m? & Uiz, 7K o0 B IR I VB AT o
T HEOKER CBAREEIZR D X912 L, FiEAKDEEIL30CE L,

33. MR LB

3.3.1. TDREZ MW THIE L7z ik R DR B R A

Fig. 3-1 IZZE AN EALDEFE B K RICTRE L 72 i3k L O HFh dE R L HWR O BAfR A R LTz, K
FEE KD AR 0.4 FREEETITHUR D m <R ThIFEERIIE b Uo7, RHEE
KRFEN 0.4 DL EIZ2 2 EHIR DR <R DIZ O THFERIVINELZR0, BEEKERENIZ
FHFFERIT NS 2otz HED 10°CE A D EARTEE KRNE S TH A ERMEEA
EEDBIRVME T T, RS KREHIRD B EXITERREE KRITEV DD - TH HFh
BRNILAEF U257 | HFEERDH TITIELMARE & /KR EHEE TERND
DG o T, ZAUE, IRENELRDEHFEROREIFIHSNAHNNT DT a—T
FDEILRD SOITEFEE KB ENEE DB RELRDHIEDRK Th -7z,

Fig. 3-2 ICENENOERIEE K RICRE LR Lo B SGEE L MR OBRE R L,
R E KRR RFZNS 0.4 FREDOEEHIR S @ <720 BRUREEITREARD | KT E K=
DENEE HIEIS 6T DB RS E O XIIREL o7, KRG KRN 0.4 UL D L&
IR <2 DL BRUSE TR EL g o7o iy G KR EWNFZE B RAREE I/ NE) -
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Too ZNDORERNG BFEE K EEHIE N EHIZE W EZ D FHERITE R E 4 [F
RFICHIE 3228 T, IELWATE G KR G 2 HEE FIRE ChDHEE X T2,

AHFZETIE 25°CO HHIZB I ARG KEE2 IELWVETEE KRG L LT, BRIEKE
& MR AN BN EE BT ORFEE KT/ NI S, XU AR S KRN 0.42
(M MI)EVEWEEIRED EFICHIBERREE O EA BRI EKEBREOIZE /N
&7 | FERAREE ORKAEIZ 60 (MS MM LL R Thotz, ZZT, ARG KR EHITR DY
WX HMNT OERFE G 7K R AR T DL 035, HERIZITHIIR O A3 DTE R X
OHR L B SR 2 AR T DA R SR E M E a2 VAL e U, IELWARES
KGR U TRIE LT HEEE B SR OHEE LT 0T ORFEE K3 6,, Ml Tsk B8LOVFE
SUBEE ECh A=/ B VDY NV N—% W TR /N RIETT 407 40 7 Uiz, BATFICIRRE
GARROREMEREZRT,

il

6, > 0.42: 6, = 6, + 0.0001(Tg; — 25) + 0.000035(60 — EC,) (T — 25)
6, < 0.42:0, = 6, (2-17)

ZIT, G E BT OEFEE KR (M mP), Ty lZHIE(C), EC, ITBAIEEEMS mh) T
B%o QIR OAXTHEE LTz, IR 25 COBEFEE K G & TDR IETRIE LI ER
s DBRIUTLL T DERIZA2 D,

6, = 0.000023 £p,53 — 0.0017g,,5% + 0.0444¢,,5 + 0.0188 (2-18)
R(2-18) D 25 C DA T gps Z BRI T DAMNT DI E R g ITEEHZ HE, H
T ORFEE K FGI1TRQR-19)DIHCFK T LN TED,
6, = 0.000023 &,° — 0.0017¢,2 + 0.0444¢, + 0.0188 (2-19)

SIT, g EHBER TS, ELVRRIE A IHIR O RS A6, % Fig. 33 107
G AREUI B 100 G, |k BIR B E R 6, 4K 2 L i FTRE G,

3.3.2. BUKTEEMER O BEICR T 2 MR & AR KSR O SRANE & HEEE o bk

BUK HIRIEERF O TIRITE W T, BUKOBA IG5 360 01% £ TORIRIITHBIT D
RFEE KR D FERIE & ERE THI KB LOBRBE O T A — & —& Wi
TEAE 2 LLR U T2 (Fig. 3-4), ARRE /KR D FIME & HEE MR TR 2L OB TV
TEMZEENDR Y REL, BEES 5, 10 B LU 20em IZBWTHRIZ KR E oo, FERIO
HIME T HHEE S 5 B L0 20em (28T 0.19mP m®, 2SN DES TiE 04 m* m?
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BRETHY | BREEKEIER & o 7o, FHEIEEVK OB 2 BT 5 & B
SNBIEIC R U R KA B3R & 5em 12380 T 0.40 m® m®, 475 & 10 35 L 18 20em
IZHRNT 050 mP m?, HHER S 40 BEN60em ICB VT 045 m mPREEThH -7, +
HER X 20, 40 33 X O 60em (281 B HEEME O H KL, 2 0.35 m* m®, 0.48 m* m?®
BLOos50m’ m® Thoto, HEEMIZ, THEES 53 L0V 10em (2B TEVUK O i &
BHAE LT D 60 23 FRHE T 0.70 m* m® A8 X CRUKOEA L T L7z 150 50 £ T—ED
A #ERE L7z, HHEE 20, 40 35 KO8 60cm (281 B HEEEIZEVK O HAi & BikG L T
2D, FALEA90, 150 38 L0220 43D ES L7, THEERE 20em (2351 2 HEEMH
TR KBS 72 o 728 I 2 BAR L7z, TR S 40cm 123610 D HEEME I T VK DB
A& BAAG L TH D 360 70tk E CHORME A HERF L7z, TS 60cm (2351 2 HEE B I T2
KOBAIZ LA L T 6 360 0B DI RIECTh - 7=, THES 58 LN 10em 2B\ T,
BOKBABLR D S IR G /K EDR LA ZBRMAT 5 E TORMIC R E 222813 o 7z, 138
RS 20, 40 3 LT 60cm (2T, BUKHEUmBIAA ) B IR E KRN LR Z2BGT 5 %
TORFEIIHEEME & FMEIZ K E 22035 0 | TRWIZEEIIRE D57,

BUK HIIEFERF O TIRITI W T, BUKOBABIE 5 360 01% £ TORIRIITHBIT D
HR D SEHE & HYDRUS-1D OHEEfE 4 Heifk U 72 (Fig. 3-5), HiIR o> EHIE & HEE il L4
EEKRRLIARD & LB UM GEEITK & 2o 1o, FEME O e KB I 58 & 5,
10, 20, 40 F LT 60cm (2FB\V\ T, L4 85, 85, 80, 60 B LN40CTH -7,
TEME D KRBT R S 5, 10, 20, 40 B XL UN60cm I2B W T, £ Eh 85, 72, 53,
0 FBLV29CTHY , HIEES 60cm [ ZHIWIE B AL 2o Tc, HEERE 5em (2

BT DHEEM & FEREO R ARMEITR < —E L=, LS OBLIIEIZ BT 2 HEE X
FERMEIZ LT 15 70 5 25 CREEE R/ NG Cdo o 7, THEE X Sem (236 THEE L5
HMEIC TR B U HEEM O LRI 22 2 12200 TEMMEIZ R TR 2 12 <
7ol

B NECAMFAET 2 A fafn HEIZ BV CHIER & IRFE & 7K EE 0 20 A O K INE & HEE E
T, EHE00 IR 8T HEL ) ~HiF B LAV ERRESNTEY ., FREITA
ARLBENC X DK B8 & IR IS K D BB B OBERIZH H & iz (Heitman et al.,
2008), 2K 13317 D 133813 Heitman et al. (2008) D F2BR (2 e~ TR & 2R FE AR AN E
U, HRmIT 0CEIZRD7e), KREKIREITIRELS 2D, LicnoT, Hk &K
FEE KEOFRIE & HEE A —E L7220 - 727K, Heitman et al. (2008) & [RIERIZ K >
BLOBBHOHGRICOWTKERDEELBE TE RN DZeEZILND,
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w

33, WETIC L 53T A= —DHEE & BAR 7 1B T 2t e BUKEh B oiz

i

T UDICEBENO B RRE 2 BE L, T4 U 7 LRIORGEEREMEE LT 0o H
5 150 43 % T 95°C ORI/, 151 705 360 23 £ Tld T ANO KKIRIE % 5 % 54 (Fig.
36(@) LT 1 V7 VEIORKEERSEMEE LTOD D 3604y & CHEEES 5em 231 2 1
R% 5 2 256 (Fig. 3-6 (b)) & Z i Rimbi fAef & U CHW W CH7-Kkr ks
K OBBBOYI T X —5 — % FHWTHEE L& HIE SIS BT 2 RS K02
g, THES som 2MiFEm S NE L CRHAE AT 7270, HHEHEX 5em 1281 5
R E KRB OREEMIL IR LR TR E 22MEIZ 72 - 72 (Fig. 3-6 (b)), FILEILD ki
BERARMIC DWW T R & 5 om IS ORITE AU I T B A KO S & HEE D
ZIINEL, FREND B GMN TRE 2@ T 0> 72 (Fig. 3-6), 7 4 U 7 L&Y
DRZFEFREA & LT 025 150 43 £ T 95CORIR, 151 75 360 43 £ Tl AT AND
KREIEZ 5 2 586 Fi9.3-71@) T4V 7 LERIORGAEERSLMEE LT0D 3600 F
THEERS 5em IZB1) 2 HIR 2 5 2 5556 (Fig. 3-7 (b)) & i Eh B itk L LT
FIN T SR AT TR 72K 508 K OB B O EL T 2 — & — % FI CHER L 72 450 5
(21T 2 IR DA Z 7~ T, MR OZAL S IRFEE KR DZEA Y &[RRI FEHIE & HEE D
AT NE < ENEND FEEERSFMETRERBEWT R o7, TNUHDRRNBAR
FFE X EEEE S 5em 6k E L OBBEIC O W THEERREL T 57202, T4 U7
LARID RZEER ML LT 00D 150 /9% T 95°COKIR, 151 725 360 70 F TlIw A
NORKIRES 5 2 72,

Table 3-4 |2 ZNZ 1D LJFIZ KT 2 WMHTIC K D KDFHE T A —F —OREE %
Y, KGFHENT A =2 —(X, ab n OFERE LR EMICKRE REIT RN -T2, S
BRERE IR EME S FERUE DK 0.3 205 7.0 5 ThH VW, 1HEE X 5-10cm, 20-40cm I3 &
00 40-60cm @ LB BT 2 HEEMEIZZ L4 011, 5.5 B L3 7ecmh™ & k& 72, +
iR X 0-5cm $8 L Y 10-20cm o LB R B HEEILZ 4124 0,051 B8 LTV 0.54 cmh?
ENEIETH T,

HYDURS-1D TIZ B /AKBREIC DWW TIREN EH42 LB KREII R & < 72 DR EM
EXNHW S LTV 5 (Constanz, 1982), LU, HIED & < 72 o 72 g O K425
IRFEHE X 0 /NS oty KBS (1983)1% HHED W KB AR ICIREZ (LN AT 5
Z L THEERICREARAE L BENEWVIZER CABE KRBT S~ N v I RT
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VUXNAPRKREL LD E WG L, Zhud, Buk HEEEERFO T O X5 IR EL
fERRENE & —FEISE KRB ERIE L 0 /NS 25 AEMER S D Z L2 RIB L
Too Fio. BHIKS MR T 2i0FE TIRIERTIICIE > T R Y v 7 RT v p LR AR
HHHC EAT 256 TOLBIIKALOEEZRI-TH LWVREIRET H, 0k
wﬁ%i74/ﬁ~mk@im&a , 1995) K DU IFFEF IZ R 72 5, TR E 10em

DO LB I 1T 2 g KR DO HEE D FERMEIZ LR TR E < 2o T IR, B4
IKBATHNCAE T T2 7 4 o W —IRIC K 2R EKE DR LS % TDR £ ¥ —2lE LT
TeHictEZ b D,

BUKEATBA6% O HIRIZZ N ZNOESICB WO E L <FHliShz23, 10 056
20CREEDZENAE Uz, IREARLD H D THICIIT 2 KGBEIL, RK L KERTE
5 2 LV SHUCu B (Philip and de Vries, 1957), /K4y E L OB EN I KR KB
(22N TE(2-10) F DO/ KURESREL CHEIE 35 2 & T, FHIfE & Bl s — S 7,
Goh and Noborio (2016)1%. & DIEHEFREL D ARE IFAK IR B ZURICIREE L5 & =
DIES AR TH % & BFRIIZFER L7z, AUFFED I 1T 5 Hld OHEEM & FHRIME DORFE T
ZDENARIC XD KESBEDFEK THD EEZHND,

ARFFECTIE, UK L O O 2 Boat i R AR R T 572010, W 217 - 7=,
WEATIZ K0 ARIE S VT K RS K OBMRRE DR T A — 2 — 2 T HEE A & SEH
EBZLDETH -T2 OO, ERUEICKH L CHEEMEITE/ NI S, LR -T, &
HEOBKEBAT LI RHCHEEMELL LICHIRAE EH S B2 EDNAETHL EEZXD
DT BOK HEEHF OB Y 2B A &2 IRET D1 DICHHFRETH 5 Ll L
72

Table 3-5 [ZBVRrHE/ N T X — Z — D FEME & Wit iC X DB 2R~ d, ZhZh o
T A=H—=IZONTETOESITB W CEUME &R IEMEIZ ST RN T2,

Fig. 3-8 (2 95°C DEK & 4% & 72 Befil s L OVE CHfcAi L 7= B KBRSz B W THE
25 55 CLL L aAERF L7zl 27797, TR S 5 B L0V 10 em (Z361) 5 #liIZ Bk 1L
A & R BfR 72 < 55°C % 4 FMILL bRy L7z, HHETR S 20 em (23617 2 Ml i 38
KOBATENS0Lm2D L & BAikE A 90 38 LTV 120 43127 % & 55°C4 4 BRELL E
HERFC X 2o dz, BUKE WU LI R fIANE Uiy, WO &2 50 Lm? T 5 & BHE I

it 2 55°CLL L CHERF I 2B 2N < 72 5, WUMiFf] 2 90 725 120 43 T1T 9 &, HHEER
S 40cm Z Hi 55°CLA T 4 eI DL BfERF92 2 &1L TE 20, HmiFf 4 150 4370 5
180 31T o &, Wil &% 175 L m?LL BIc$ 25 2 & C, HEERE 40cm % MR 55°CLL 1

51



TA4RFMLL EMERFT 5 Z E S FRECTH D, HAii A 125 Lm? BLE, HOARIERD 2% 180 43
D& x, BB E 10, 20 3 XUV 40cm (231 2 HURIE 15 KL R 55°C UL ChERr S
N5, WATHRMBIOEEAEZ 5 & HHREE 5em (28 THITE 2 55°CLL E & #EFf
TOERHIT, 44000 112 KFH CTh o7z, THEERS 20cm (23 THIIR A 55°CLL L &
Ff U7 RefiE, BRI A% 90, 120, 150 B LM 180 /3D & &, N EH 7.1 15 9.8 IiF
[#], 125775 16.2 I, 14.1 726 22.3 RIS K ON6.7 706 223 IR TH VD, BUKDHL
i E WARRFRIC LD EEH R - & b RE o7,

MR % 55°CLA L C 4 BRI LL EHERF 32 72 D12, T FRT S0 TR & 28 20em £ TO
LA BT R I BIfR 22 < 75 Lm? DLE, THF AR 0 FHEGR S Y 40em £ TOHEAITH
AiIEHE % 150 43D & & 175 Lm? Lh b, HUf e A3 180 43 & & 100 L m™ DK % HiAfi
THUEND D, 7272 L, HHERE R IE 40°CRLE T b IR TR SN D56 132 < (,
2002), FUKIE EFL L 0 D2 B AV THOE LT h TR ER AR X 5]
REtED & %,

334.  BAR7 L HEICRIT DB K EE D wE T

Fig. 3-9 [ZIBINKE/KIEZFT - 72 T3 BV CTHLIE A 55°C UL & #iERE L 7= FFff 2 019,
BUKD I % 125 m? BA L2 R R 2 FiRKOBAEZ 0Lm? & L7z, Buk ok
% 90 53 & L7 & O )Y 55°CLL L THERF S U7 FflIT, HHEPR S 5em (23880 T 4.3
25 5.2 W], BHEE S 10cm (2B T 6.1 25 8.8 FEM, HHEGRE 20cm (235 T 8.8
735 105 BER, RS 40 3 L OV 60cm 128U T 0 KR Td - 72 (Fig. 3-9(a)), kD
AR 2 120 43 & L7236 O #R S 55°CLL L THER: S vz Refflid, 8 & 5em (2
BT 48005 6.3 Bef], HEEZEX 10em 128\ T 6.3 205 10.3 BEfH, 1R S 20cm (2
BT 10576 15.6 BF], 48R & 40 18 L 1V60em (2350 N T 0 BEf] T & - 7= (Fig. 3-9(b)),
BUK D% 150 Sy [N L7z & & 0 TR & 40em (23817 5 iR IX 55°C Ak 2 727 o 72
M. WIRKZBINCTHAT 5 & 12.8 75 20.4 REfEHIE A 55°CLL EHERF L, 180 L72%
BAKDEDZ T E B CLL E &R 5 Rl < 72 o 7= (Fig. 3-9(c)), #vk% 180 47
A L7212 27 IRK 23BN TR L7z & & ITHRE AS 55°CLL R 72 © T2 IR 1T EOK D 7
Z 180 A L7c & & L RE BT o Tz, 22 L BT 2 HIEKOENHZ D &
THEES 5 B LN 10em (2B W T 55 CAEMERFT AR < 725, (Fig. 3-9(d)), #uk
OBATREE A 180 73 & L2 5A . Wi /KOBAMELZ HECT & HEHRE S 5 3 L0 10em (2
B THINE S 55°C 4 LL EAERF L 72 RFM 2N < 72 o 72,

52



Fig. 3-10 IZZNZEN DRI 5 72 5 B O F IR K &2 BOK LB D% AR L 7o
O HEIZB T IR OHEEE O L b A2~ TR S 53 XU 10em (23517 2 HRIXH
K DBATABLA S D & BIITIRT L, Bl KDOENZ VT EHIR IR oo 7z, £
HER X 20, 40 3 LUV 60cm (281 B HIRIZFIRKOBAM B I T EF7 L, Fik
KOBATENZNE EHIRITE < e o7z,

K OBATRFE 2 150 4312 L72RE, BUKO A28 L 72 FRICHE S 55°CLL e & 72
MolcRES Z 55CLL BICT 5 Z &N A[RE Th D, ARWFZEORE RITEMFEKIENBUK D
Fr e AT T DAEL IR AT, RO B O 2 55°CUL L CTHERF T A 7= I F %) T
b5 Z LR Uz, BukE 1250 m? #di L2 %% IS HIRK &2 B IR K T 28554, Bukoit
AARERIT 150 4y & L, WIRK & BINEG 92 2 & CRUKO AR ZHAT2 LW iRV B &
THEHEBOVREZWFGTE D, ZORF, HHERS 5em O IE 55°CLL ETHERF S
HIRFED 4 W& FEID ATREMES & 5 23, HUR 2N IER I @m WG a1 IR I B D RFf b
B 725720 HEEFEOMNRITHMBEE CHLHMHFTE 5 B2 b5,

34, £

BoK 53 OB U 22 BUK OB B 2 14T 5 72912 HYDRUS-1D % AV T it
ATV, FEREA b L8 22K LOBB B OIS X — 2 —ZHEE Uiz, Koy
BROBBE OWE AT A — & —DFRIEZ AV 72 HYDRUS-1D (Z X 2 #EEME & 52l
EIE, AKRDBENZHOWTRE SFRENAE L, BBENIKDBENI L T/ANS WAEREDR
AU e, BUKEHER RO HEICI T D A KSR & iR o SRHIfE 2 VT
HYDRUS-1D ##If L CffET 21T\ e, n, Ks, clay, CoIEONC, D 6 fHD /T X —
B— % HEE Uiz, #EE L7z KW L CHEEMEARIME L v /hs<720, TRVET
HEEMEAERME LV K& < Apodz, THUT, W TIIBUKEANIC & 0 #EAA I b
A U728 C P RIE R A L BRI — NS S e o e le 12 & B 272,
EWLETIET 0 =B EAEL, TRICL D EEREEKED L% TDR &4 —
DEE L7 2 & CTHEABEPREL ol ZEBEZ NS, K LIRS FER L O
BURFE T X — 2 — &R Lo KB & BB OHEEE & FHRE TR R < —B L
Too 722 L BBENZIZZENENORSIZIBNT 10 206 200COREZEN A Uiz, T,
BUKHAIC & b2 BRI R & AR AR A U, KZELRN B 2 E AR RS L
Tofb R, BDVKAKUICE VEIIN 72D B2 b5,

53



HWE LT ANT A =2 —Z2FH L TEKEZ S ESERELRHITHRAM LI L D
HE A 55°CLA 1272 o T2 BRI DWW T & & bz, HifE % 55°CLL T 4 REf L EMERF
% 72 ICIE, HFR GO HHEE S 2% 20 cm £ TOSAITBATRERIC R 22 < 75 Lm? LL
B WHEER GO TEVR S 40 om £ TOHAIEHAAIR 2 150 /3D & X 175 Lm? BLE,
BUAT R AY 180 43 D & % 100 L m? OBUKZ WA T 2 MEN D D, 7272 L. BBHOHE
TEMIT SRS LT HEEERE S 20cm 2BV T 10C, HEES 40em 28V T 10 15D
0CREFE/ NI SN D T2, & 2 EOBUKZHUN L= 86, HBITHEM X v @< 7
B ENEZLNDIZ0, ARG TIRE LIZBUkOHAi BT & HIZHIE T X % AlfetE
H D,

IBIAE K IE DS BK D Fr 2 BAT 9~ 2 JUBR IR HE T RO T O il & 55°CLL £ T
HEFFT 272D TH D Z L &R Lz, #UkE 125 L m? € 150 43 [EIHf L 724125
IR ZBINEAT 5 2 & CRUKO AL ZEAT 5 L0 B L8 £ ¢ HEEEF O R % 1
FFCT&E D,

ARFFETIE Ty 23 55°CLL EI272 D AR 7 +12- 20T TDR i THIE LT g OTRERFIEE
& ZFI AL CTHEE L 72 6, DIRFEM IEXAIR R LT, 136,28 0.4 JVRNEXIE Ty @<
TH 25CD g ERE/RATRIEERAFIEIIFEF I NSA2 D03, 6,75 0.4 L EDEEIT Ty 3
E<72HE 25 COMELN /ISR, G BEWWIEE L0/hSL<72%, EC, 1T TOMRIEE KFRIZD
WT Ty 3 EDRDERERDIEDHZZTRLTZ, 6,05 0.4 IVERWEEMHXILG 3E<RDHITD
IVKRELRY, 6,75 0.4 LL LD L TIR 2 ITMHE DV NS0 D, g ECo BN T ZFIHT22&
T, Q5 ELHEEFRE CHLZ LN BN T,

54



3.5. 5IHCH

Campbell, G. S. 1985. Soil Physics with Basic; Transport Models for Soil-Plant Systems,
Elsevier, New York, de Vries,

Goh E. G. and K. Noborio. 2016. An improved heat flux theory and mathematical equation to
estimate water vapor advection as an alternative to mechanistic enhancement factor, Transp.
Porous Med. 11(2): 331-346.

Heitman, J. L., R. Horton, T. Ren, I. N. Nassar, and D. D. Davis. 2008. A test of coupled soil
heat and water transfer prediction under transient boundary temperature. Soil Sci. Soc. Am. J.,
72, 1197-1207.

AR, 2013, Bk HEEVE RO THEIZIS 1T D8k 2 72 B O 2 k. BTG R PE L5n
3.

INigm 7. 2010. BUK HIEEFEICIIT D TR oK BB ). BRRKFE LR .

Millington, R. J., and J. M. Quirk. 1961. Permeability of porous solids, Trans. Faraday Soc., 57,
1200-1207

Miyamoto T. and J. Chikushi. 2006. Time domain reflectometry calibration for typical upland
soils in Kyushu, Japan. Jpn. Agri. Res. Quart.40(3): 225-231.

Miyamoto T., R. Kobayashi, T. Annaka, and J. Chikushi. 2001. Applicability of multiple length
TDR probes to measure water distribution in an Andisol under different tillage system in
Japan. Soil Till. Res. 60: 91-99.

EIRE. 1995. HAF v T —"UT —DRARICET 78, R AT R,
179:49-56.

Mualem, Y. 1976. A new model for predicting the hydraulic conductivity of unsaturated porous
media, Water Resour. Res., 12(3), 513-522.

HLEEXR, 2002. Bk HEEETE T O L EEoGIHE. B AR E R 2. ppl37-139.

Nimmo, J. R., and E. E. Miller. 1986. The temperature dependence of isothermal moisture vs.
potential characteristics of soils, Soil Sci. Soc. Am. J., 50, 1105-1113.

FERISC. 2002, Bk HHESEE  ZOE L EEEoRE. B AR SRS, pp7-16.

Noborio K. 2001. Measurement of soil water content and electrical conductivity by time domain
reflectometry: a review. Comput. Electron. Agri. 31: 213-237.

Noborio, K., K. J. Mclnnes, and J. L. Heilman. 1996b. Two-dimensional model for water, heat,
and solute transport in furrow-irrigated soil: Il. Field evaluation, Soil Sci. Soc. Am. J., 60,
1010-1021.

55



Tz, 2009. BUKIHERECRIT D R oKy WHE B\OBE). IR R LAL
A K

Or D. and J. M. Wraith. 1999. Temperature effects on soil bulk dielectric permittivity measured
by time domain reflectometry: A physical model. Water Resour. Res. 35, 371-383.

Pepin S., N. J. Livingston, and W. R. Hook. 1995. Temperature-dependent measurement errors
in time domain reflectometry determinations of soil water. Soil Sci. Soc. Am. J. 59: 38-43.

Philip, J. R., and D. A. de Vries. 1957. Moisture movement in porous media under temperature
gradients, Eos Trans. AGU, 38(2), 222-232.

Roth K., R. Schulin, H. Fluhler, and W. Attinger. 1990. Calibration of time domain
reflectometry for water content measurement using a composite dielectric approach. Water
Recour. Res. 26(10): 2267-2273.

Saito, H., J., Simfinek, and B. Mohanty. 2006. Numerical analyses of coupled water, vapor and
heat transport in the vadose zone, Vadose Zone J., 5, 784-800.

Simanek, J., M. Th. Van Genuchten, and M Sejna. 2016. Recent Developments and Applications
of the HYDRUS Computer Software Packages, Vadose Zone J., 15 (7),
d0i:10.2136/vzj2016.04.0033

Skierucha W. 2009. Temperature dependence of time domain reflectometry-measurement soil
dielectric permittivity. J. Plant. Nutr. Soil Sci. 172: 186-193.

van Genuchten, M. Th. 1980. A closed-form equation for predicting the hydraulic conductivity
of unsaturated soils, Soil Sci. Soc. Am. J., 44, 892-898.

REFRN, FELEE5L, /N, 1983, WVE HHED Ky Rt & 2 DR FERAFIEIZ O
T, JSEURHS fAfflt. 22:1-8.

Wraith J. M. and D. Or. 1999. Temperature effects on soil bulk dielectric permittivity measured
by time domain reflectometry: Experimental evidence and hypothesis development. Water
Resour. Res. 35, 361-369.

56



Table 3-1 Physical parameters and soil texture.

Particle density

(Mg m) sand (%) silt (%) clay (%) Soil texture

2.716 45 24 31 clay Loam
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Table 3-2 Bulk density, solid phase, and particle density of the experimental field.

Soil depth Bulk density Solid phase Particle density
(cm) (Mg m*) (m® m*) (Mg m®)
0-5 0.64 0.24
5-10 0.62 0.23
10-20 0.74 0.27 272
20-40 0.66 0.24
40-60 0.63 0.23
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Table 3-3 Saturated volumetric water content &, residual volumetric water content &, saturated

hydraulic conductivity Kg, and ¢, n, and | of van Genuchten’s fitting parameters.

Soil depth o, O a N Ks |
(cm) (m®*m?3) (m*m?3) (cm™) (cm min?h
0-5 0.057 0.757 0.020 1.300 0.131 0.500
5-10 0.061 0.754 0.008 1.310 0.033 0.500
10-20 0.053 0.702 0.050 1.380 0.735 0.500
20-40 0.055 0.744 0.011 1.387 0.851 0.500
40-60 0.047 0.749 0.010 1.350 0.526 0.500
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Table 3-4 Calibrated soil hydraulic physical parameters by inversed analysis.

Soil depth a n K
(cm) measured inversed measured inversed measured inversed
0-5 0.020 0.055 1.30 1.38 0.13 0.051
5-10 0.0080 0.0090 1.31 1.92 0.033 0.11
10-20 0.050 0.0090 1.38 1.54 0.73 0.54
20-40 0.011 0.011 1.39 1.81 0.85 55
40-60 0.010 0.015 1.35 1.46 0.53 3.7
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Table 3-5 Calibrated soil thermal physical parameters by inversed analysis.

Soil depth clay C, Cuw
(cm) Initial inversed Initial inversed Initial inversed
0-5 0.050 8.87E+07 1.62E+08
5-10 0.10 8.44E+07 1.67E+08
10-20 0.10 0.10 6.91E+07 5.78E+06 1.50E+08 1.34E+08
20-40 0.10 2.64E+07 9.64E+07
40-60 0.10 3.77E+06 5.92E+07
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Fig. 3-1 Comparison of soil temperature and bulk dielectric permittivity of Andisol of each

actual volumetric water content.
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Fig. 3-2 Comparison of soil temperature and bulk electrical conductivity of Andisol at each

actual volumetric water content.
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Fig. 3-4 Changes in measured and calculated volumetric water content with non-calibrated
hydraulic and thermal parameters of at each observation point. Solid lines and plots show

measured values and calculated values, respectively.
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_ Hot water application
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Fig. 3-5 Changes in measured and calculated soil temperature with non-calibrated hydraulic and
thermal parameters of at each observation point. Solid lines and plots show measured values

and calculated values, respectively.
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_ Hot water application
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Fig. 3-6 Changes in measured and calculated volumetric water content with calibrated hydraulic
and thermal parameters of at each observation point. Upper heat boundary condition was
applied (a) soil temperature at 5 cm depth and (b) 95 °C of hot water from 0 to 150 min as
dirichlet condition, respectively. Solid lines and plots show measured values and calculated

values, respectively.
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_ Hot water application
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Fig. 3-7 Changes in measured and calculated soil temperature with calibrated hydraulic and
thermal parameters of at each observation point. Upper heat boundary condition was applied
(a) soil temperature at 5 cm depth and (b) 95 °C of hot water from 0 to 150 min as dirichlet
condition, respectively. Solid lines and plots show measured values and calculated values,
respectively.
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Fig. 3-8 Duration time which soil temperature at each observation point was kept over 55 °C
after hot water application was started. Hot water application was carried out for (a) 90min,

(b) 120 min, (c) 150 min, and (d) 180 min. Legend shows the amount of applied hot water.
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A A %N EA%E(300mm long x 200mm wide =6.0 x 10* mm?)
A: ZEOREHT (M)

Ay B =~ LRI % M A (mP)

a; ZMHE (m*m?)

c: Mt

Cw. KDOLEE(=4.180¢g" Ch

Cp: LONREEEREML T? K™Y

Cs: [EFDOREAEEML T? K

Cu: WA DIRFERA R(ML™ T? K™

Cy: KAHDORFEEA B(ML™ T? K™)

Da: IR TIZH T D REFT OKKLILEAE (LT
D: HH ORAEKIEHAREL (LY T

d: Bz

E: EE(V)

ECy: ERAZEE(mS m™Y)

ETp: AIREZRFEHCE (mm)

Fo: R SHALOENTE (mmsh

Fom: B EHN DX NITEE(QSY

fo Ah oy SR (MK )

G: HihEVE R (W m?)

Gur: IR DI EARAT 2 Al 1E T 2 R EARE (K L)
g: E (LT (=9.81 ms™)

H,: FHxHEEE (0-1)

h: 5 3C (m)

h: H7K (L)

I: K E(mm d?)

ki B~ @ (=0.4)

K: BLAZIR S

Ks: fafmd KR (LT
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Kin: THKENABLC K 2 BRAKBEENZ I 5 R aafinds KERE(LT™)
Kot TREE AT & DR AKB BN 31T 5 A Bafnid KARE(LT™)
Kun o THOKIES AR K 2 KESBENC BT 5 ARG AR RE(LTY)
Kor: IREAENC K 2 KEKBENB T 5 RAfd KR E(LT™)
Krer: FEYEIRFE Toor ICB 1T DB AMREL(L T

Kr: HUE TCOWTH T BB AKERE(LTY

ks FEBRERE(W V)

L Bk s

Le: ZAFEIEE(MI kg™

Lo T 07 m—75(m)

Ly: HEALE B 72 ) ORI EN(=2.501x10%-2369.2T)

Lo: HANZARFE Y 72 1 DK DFRIEIEEI m?)

M: HALR S

M. 7K D%y FE(Mmol™)(=0.018015 kg mol™)

m: SEERES

ma: [EAH, A5k KON L PS8R

N: SEBE S (K T)

n: [&AH

Q: E\&E(W)

Q,: MEMIRIZI T LA X (THiE S LD EE (W)

q A

Qo AT Lo TER O RN Kb 2 #E (W)

Qu: EHKIEFABUC L DWIRAK T Z > 7 Z(LT-1)

oo IREEARLIC K DRI T T > 7 A(LT-1)

qr BRI O JFHOEK P~ Kb b & (W)

Qu: B3I K o TEYE D Btz kb 58 (W)

Qe EFKEHNABIC L DKER T 7 v 7 A(LTH

O TEEARIC L DKER T T v 7 A(LTH

R: RMAREE(M L2 T? mol™ K

RH: FHRHIEEE (0-1)

Ro: MlfSH&E (W m?)
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Na! FHAE_EODZKZSGIRIR TR 2 28 10T (s m™)
Na! FHAE_EOZKZSGIEBAT R 2 HEhi(s m™)

Ta: TREHINRAALE _E DR (C)

To: MM (°C)

T HHE(C)

Ty THZHINRFALE T DR (C)

Ty Ty DFNTE D B AX(M)_EFE D 5 TOZEIR(C)
T4 Ty DFNTE 552> B AX(m) Tt D S8 TOZEIE(C)
At i B & i+l B O fIE(d)

U: BT OB OWKE (mmd?h

uw FHIEE (ms™)

Vo A HEEERE (mmd)

V... TDR 70— 7 #& i C S ST FE G D 58 (B E)
2. B %I &3 5 ZEMEEL)

zy: BMTHKT AMER

v EE R A HE R

Zp: JEGRZE L= HEE DD OEE (m)

6. ERADIREE KL LY

O FEBRPIIARTE FEBRAE T RO AT S K E O E1fE(m® m?)

0: ELWAREE ARMm m?)

Abrean: PFEE KD AL e (mm d )

Onean: DAT= | DFRIT 5 IEIZ 51T 2 FEIARREE AKSE (mm® mm™®)

O vean: DAT= i+1 A OZFR(1 5 B 51 2 FEIAFIE AR (mme mm?)
G FINT DIRFEE KR (m® m?)

8: KA DUBREEAREL L)

6: FERIIRRE SRR LY

b BORVIATEE KR LY
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G G ARSRmM? m?)

o FEBRELY

o : BRI DR A EAE

& PIE S A7z TR D IEhE R

¥ Wl it 4k (=0.66 hPa °C™)

v FHKOREEIMT?

¥%: 25°CIZH T 2 REESI(MT?)

p. KRR IRTE (kg m?)

P BRI HE (kg M)

Pl RED KK (kg m)

L R Ta CONTHIT D R DK R KT (kg m?)
oo MIF TR T 5 KFRK L (kg m™®)

o FlAE D KR (0-1)

s BAFIK RS EE(M LY

pui KD E(10°g m™®)

put WERARDEIEM LY

. RASKARHELREL

2 ZOBYRESRW M CY

N8): LOBYRERMLT K™

T SHE D i h

et FEVERFE T l2B T DREMERELM LT T
UT: HBE TCON B 2 REPEARE (M L TY)

A R RSN/ 2R SR R 0D A (kg m™® °C)
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