TR
i X

Original Paper

M ICE T HEMBED R E TIEBEROLEEEEELT-
TEKSBERITEEEKENDESL

SHIZPZ T REEE !

Evaluation of soil water movement and water consumption in crop fields

based on the crop root distribution and daily soil evaporation

Kozue YUGE! and Mitsumasa ANAN!

Abstract: The aim of this study is to evaluate soil water
movement and water consumption in crop fields based on
the crop root distribution and daily soil evaporation. A nu-
merical model based on HYDRUS-1D was introduced to
simulate the soil water movement under different distribu-
tions of crop root. A concept of dual crop coefficient was
used to separately quantify soil evaporation and transpira-
tion for the boundary condition of the soil surface and the
root extraction. Soil evaporation reduction coefficient was
introduced to estimate the soil evaporation reduction with
the decrease of soil water content. Field measurement was
performed in a broccoli field to verify the model assump-
tion. Simulated volumetric water contents near the surface
assuming a uniform root distribution were quite different
from observed data. Hence simulated and measured wa-
ter consumptions according to the soil moisture depletion
method did not agree well. When the root growth process
and the soil evaporation reduction coefficient were taken
in account in the soil water analysis, simulated volumetric
water content and water consumption had good agreement
with the measured ones.

Key Words : soil water depletion method, transpiration,
root extraction, crop coefficient, irrigation facility
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THEKGWAE L X, EEOEIZB W TR EKE
ZEREE L, MESIFICI T D LK DR 8 A
WTIHBKEZEHETSFIETHS. Lo, EHch
A HEHBREIZIIZ OB NETANRINE L LD
W2, ZEHOIEwREE S TWD K5 ZiKicBWn T
IIER ZE OFERLE L 2D, FRINRHELWN ERE
VY, FE 7o, FHREME T R EANEORIETIR S 70
em ETITH ZERHEREN TS, L, ZHLE
CEWTH HEASOEBNEL L5 — A b 5D EEZ
SNDHMN, HHEARDT T v s Ak ERIICRD D Z L1
RO THEELV., BLEXL D, MICIs T 2K REE T
KW ETRD BB, HHKRIEDHERIEIC X
57, FHKSEREDOL I 2L —vaEBTH) I ENE
MThdHEEZLND. MO LEKSEIREIC KX 22
A RIETERIZ, 1EMROBKNZETHND. (EMR
ORAIIVEMIRBEIR DI KR E R EBEZ 5. FHE
FEAEIZ BV T MBI D REFE ST 40 cm &
EZINTODR, EBFHRNCET 5 158K ERE & fig T
T 50X, (FUROAEREEZZETHLERH DL EEXD
ha.

ARFFEIE, PERITFERMAIEA TH 5 HHA SR EIC
i 95 KR EE & LK BN REMEATIC Lo TR
O, HEAKBREZERILTLHIZIEEZHNETHLOTH
5. F7o, EMBOAERHH 7 b N HEmARE N -
BT BHRBRNTRE R ORI R THEEZH O NICT 5
Z L% A$7. HYDRUS-1D (Simtnek et al., 2008) %
EHL, WHICB T 2EMRO SR E 2 88 — T
E L ChBKSENEMNT 21T o 72, LBOK B REMEAT
WZBWT, TEWIR O WK 2 3% E 3 5 BRI L& #oE
EERDLUEND L. BIEOHETIE, KT —4%
HWTRT oy VEFHGRE 2R, LA (FEmfEfE
) SCAVEMRETRIC K D LD WTE L & VT AR EOR T &
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(Norman and Campbell, 1983; Kroes et al., 2008). L 2>
L, 29 LIe/EmEOABICET 27 — & &k L C
BoHZ LixE LY. 2T, FAO (Food and Agriculture
Organization) #3#2% L T\ % Dual crop coefficient O
7 (Allen et al., 1998) ZEH A L, LHEmARHEER X
OAHHEZ B HICoBERILL T, Zhfhz &
BHOBEREEBLOROWAHE L L TH %, T8
RSG5 BHBESRAT ~ D3 FA I DWW CTHREE L 2. Dual crop
coefficient & IV CAAHRUREE & TIEHATSHE 2 BEL,
HYDRUS DTz V72 4iliZ4 720>, Renetal. (2016)
TR ATIER O LEHE RS R A — L DR & A ERE R IZ BT
FREDFHEIC L » T HYDRUS & Wiz H5k4r B L
WoE RO TR ATV, HEMERIEER D KFHERE & INE D
R A G L TWD 2, HHOKG A E~DORE A % H 1Y
& LTeATIZE AN LTl Y 7= 6720, BLEICE 5T
BRI ARFEE KRR OFFE & SR 2 BB
AU THEKRRELFRE L, (EMIROSAN, WAEE &
O LR 2R B DR E OBV HE K BO R ERK R
FAZTREBLZTM LIz, TR RORBEZHET S0
12, 7ay 3 ) =R STV S EIFIC RV T K
SIRTEDRE 24T -7z

2. AL—LarvETILDOEE

\'l
n

IS I T, K0 KSR R EOK B REARAT 21T O 12
i, SRRV RV BLETH D, AEMIERFIRIC
BEs S, <A 7 uiEER TbRD KO REEIZBnT
i, FIG MO EEOK S BENTERET S Z LR TE, IR
T E LTIV D Z &3 TED. S6IT, 14
ERL, A7V 7T —7p &THEmIC—ARICHEREDT
PITWD LS REY T, KRS OBENIHE—K
THMZAELS.

AWFZETIE, BOKBEMD L < IZBEMIC L > TKSY
MG 23 ZE B9 —BRIC T DAL TV 2 M &2 fHE L T
HYDRUS-1D Z4£H L, {EMIRFEORBE D 13K 8
RED P RN KAF T 528 2 34T L 72

HYDRUS-1D Ti%, HHEROKSERETRATRILS

ns.

ZIZT, 0 RREEASR (emP em™3), ¢ B (d), K(h)
D REFEAKEREL (emd™!), A JESKEE (em), z @ 3
& (em), Su(h) : (EROWAEE (cm? ecm 3 d~1) ©
H5.

AT TI, BOEAKHEE T Feddes €7 /L% AV, K
ARV ABIORBRISZEE L TROXTRD 5.

Sa (h) = as, )

Sp = LLR P 3)
ZIT, o KA R L RIC K DWARAAREL, S, 0 AT
YR VEAKREE (emPem 3 AT, T, KT v
ABOEE (emd™!), Lp i BEHES (cm) THD. ol
TE ORI L > TEDLNTWHEHTH Y, Fig. 1
WOR L7238 Y, JEJIKEE h OfERLEE T OKE SITG

CCRETD. ZORIIR LIZESKESCA B REROMHIC
DWNWTIE, BHEOHMIZETIER Z L IERED BTN D
(Feddes et al., 1978).

KREFFE TR L 727 L Ol % Fig. 2 1273, =
DENZR LT AR OWACGRE, 3 (2) 8L UK 3) I
RULTZEY, ZAHGRENORODZENTES. 18R
DERFMFIZONWTIE, KRET —FEHNTHRT vy

R
A LA
!

Bz X5

1

! 1

! 1

4 1
A 1
! 1

! 1

! 1

! 1

T, High

hy R hyy

JE717KER

Fig. 1 1EMAR OB R DN

Schematic view of root water extraction reduction factor.
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Fig. 2 LEKGENBMNTE T L & B SAF.
Schematic view of numerical model of soil moisture move-
ment and boundary conditions.
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NWERFEWCEE # KD, T ae HHRAREE & RO
WHBEERIL LT, BREELH 2712, K7 v vV
FEHOR L (TARFEHALE BTN, ZOHEEITITRE X 72 F
ERS DA, FAO O EUEE TX Penman-Monteith % £
721% FAO Penman-Monteith (5232 R ST\ % (Allen
etal., 1998). —J7, BAEOBITEETIE, AARAOKSR
Sk T CHIE DN HERR STV 5 Penman 7 (1948) 234
T”ENTWB728, AHFFETIXKRI D Penman 112 L -
TRT ¥ v VERBORE 23R, BRGUZRETH
ZtrLi.

_ A Rpet Y
A+7y 1 A+y

ETP f (MZ) (esa 76‘3) 4

ZIT, ETy: KT vy v VEREOEE (mmd™!), Rpe
MU MIm™2) |1 KOEFREER MIkg™!) A :
AR R E RO AR (WPa°C™!) | y: #iEatE% (hPa
°C™) ey : KEKIE (hPa) , ey, : BAFIKIESE (hPa),
fluo) : B 2m 2B % HE uy DB (ms™!) TH 5.

THEE ARG & AEHOHE &2 5l L TRD D FIEE L
T, N @) THELERT v v VAREEOHE IZ/EWI%A
Ba®kl, LAIREREOHPELEZ NN LONRH 5.
L2L, TRNOOEMOAFOERT — % £+ 252
CIXREECH D Z E3Z . 22T, AIFETIE, FAO
MHEZ LTV % Dual crop coefficient O4:& (Allen et al.,
1998) =&AL, WAD LB EMFREDORD D ITKKE
TEMRE Koy 8 K OZEFIRE K. & ENLENRT Ty
WAERFBHEEICR LD Z LIk T, ZABlE T B
THERAARHE E ARk,

T = KET, ®)

E = K.ET, = K; (K. — Ks) ET, (6)

ZIT, KBRS, K ARBAORBTH L. i,
Kep 1 ZEHOFERSCAEBT AT — U Z L IENRE ST
W5, KA NLVAFETIZEBWT, ZABOHE ORI
IVEMIROWAKREDIR TIFHX 2) Lo TEESTHZ L
MNTEDL., ZHUIHKL, K IiZEERNBE-> THWD5EAIE1
ThHHN, LBAKREE, TPl X OIS ORE
WD Z LI K o TRBEEO THOKEA T S 2858
HWEDIKTEZEEITDHZ LN TES (Allenetal., 1998).
TR R ONTUE, RESGICIEIRRIT AR, H
TAIFED TRVMLEICH D7, BHPEKOEEEE
Z7z.

RGFFHEEIZ DWW TIE, WL & E DB TR DK
Btz kR k- T7 o707 LT A (D) I
AJ1 L7z (van Genuchten, 1980) .

9 = 6res+(Bsat_eres)(1+|ah|n)7m (7)

TIT, O BREAEEE AR (cm® ecm™3), Oy : fAFIAK
AR (cm®em™), & (em™), n, miEH (-)
THD. NTA—=4miE, UTORIZE-TRDDHZ &
NTX 5.

1

m=1—— @)
n

RaFZE KR SONTIE, X (7)) o740 v T 4 TR
T A=K L EBENEER TR - 8FE KR E VTR
k> CTHEE LT=.

mA2
KM)K@%PO@)} 9)

ZIT, KaefdfiEkigs (emd b, Atk (—) Tb
5. Se lFRAIC Lo TERB NS,
e_eres

S =— 10
© = Bt — Orer 1o

3. ETILDOREMEDRKEE

3.1 BEEROME

Fig. l TR LTZETNAOZELMEREET D720, JU
INKENOEW L2 F L L-RBRERICTey 2 ) —o
W AR L TEREIT 72, FIORRIZ 50 cm &
L, PIFMOBREREL35cm & Lz, 2B, KESE
THEBEN, TUEAT > T, AES IR TH T,
KEMAEIIBER O E Lz, BEHOES Scm, 15 cm,
25cm, 35cm, 50 cm 35X OV70 cm (2 TDR 188K 4555
(CS-616, Campbell) %33 L, 10 4 Z L IZEMEEKE
FRE L. 2B, INLO@ESE, HEKDEADEIC
Ko THBEKEEZRD HBEORERE & LT, LR
DOFTHREIN TS HDTHSH. Penman EIZHND
R[RET —ZIIRHTOT AL ANLINE L=, 7ok, 8
MH DT A X AXERBLE 55 6 km O HEECALE L
TW5. BHKFF O O 0BT 2011 4 8
A24 Bz L, EBRMEIX9OA 1 B2 10 A 31 H
D2M,ARE LTz,

32 ETILDANGH

THEOKEHAERE LIRS ERU 6 EEIZBWT, 100
cm® OFEHBEZAWTEEEZ T 7L, Ko
PERhRR & faFnE KR A Rz, ek, RI—EEICRW
T3V TR LT, &8 TH O ALK ReE dh
% vy, RETC (van Genuchten et al., 1991) {2 X > T3
(7 ©aBLVn %7z (Table 1). X (9) oA fafn
HARRENE, BonT a & on &FERL - kR
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Table 1 #JEIZIT D THIKSRMEANT A —4.

Parameters of soil hydraulic functions.
= ®E Bufnids kAR Bsat Bres Van Genuchten &5 /L 35 X —#&
- (cm) (cmd™1) (cm? em—3) (cm? ecm—3) a (cm~h n(=) A=)
1 0-10 403.1 0.388 0.088 0.070 1.597 0.5
2 10-20 554.0 0.412 0.094 0.089 1.537 0.5
3 20-30 826.4 0.369 0.109 0.085 1.500 0.5
4 30-40 807.0 0.346 0.052 0.100 1.650 0.5
5 40-60 725.0 0.309 0.039 0.059 2.106 0.5
6 60-80 301.0 0.307 0.03 0.073 1.870 0.5

ZHAWTRD . A ICOWTIARERE KARE DB E il
EHOWCHENRLETH D, A EILEERNIZ Mualem
(1976) OWMEITHEV, ETOBTOS LERELEZ. *
7z, HYDRUS-1D (2 A J39 % 3 i O fe/NEF) KB D kf
il (hCritA) (21X 10° cm Z A L7-.

VEMAR O W KB AMFE Iz > Tk, HYDRUS-1D @
F—=HZ_X=2 %N, Table2 IR L7z7ay a3l —D
AL, BEESIE, EBRETHICIEEL, §ES
40 cm 1 E TEMR B HER SN2l D, TIvE &k
REEL L. 72770, TOARBRIZOWTIIMRT
Ehppolo. £ T, AFMIROEREIZSWTIE, FHEMH
f—& (40cm) E7ZIWHIES Sem b ARBELY
EBELTHREL (Table 3), &7 —ADFEFEFR L EH
FERERT S, ok, (EMRIE, BRELZENOAE
WM (60 H) DI, S 5cm 2>5 40cm £ TEEH—
A 04em ERT B EHELE.

X (5) BLW (6) (ZZEITT-1EMIREL & EVEMEDIRER
[ZOWTIE, FROAEFTAT =Y ZEITENED b T
W5, AEFIETIX, ABE AT — V% Table 4 128 L2
DT L, ZRENICRIT DIEWRE & EETEmIRE %
HZ, Thb0EBNC L > TEBEREERD . £,
FRIEWIMREITHOWTIE, Allenetal. (1998) 2M2ZE L
EFRECE > TAEBFHMTOMEE OEEZRDFEE, 0
~ 1.0 O THEMEICET LTz, 22T, BEKFE
REHE OB ~OM AL EZE L, FE (0.5 ZHE
W28 U CTRA LT —2 3 03845 % (Table
3), FEWPEOFHRMELHERT L L& L.

33MREER

Fig. 3 X% THE O 7= FHfE & Table 3 1277 L
7237 —ATHHAELEBEROLEBEZ R LTS, Fiz,
B RS 3 L OMR 0 WK G BE D% GE (V72 Dual crop
coefficient (2555 < LHEmZRFEHEE 70 © QN ZRBOHE O
AZ(k% Fig. 4 I~ 7. £7, r—A LIZBWTiE, #
S Scm B LTS5 cm QYIRS TERME & DA Mo
F—AL Db REL, TEAKSPEREEKRRECTKTL
TW5. Zhix, EWROBES 20BN 40cm &

BE Lo, WEHEROVEIZB O TERRIZ X 5%k
FRFENCAE L - ThD EEZLND.

=2 2B IO —A 3 DMETHE LR E kR
i, 7= A LTS LEFRBRMGER O 5 cm O FERIED
M EHEZTWD. BTOBRENECTHDHA, Tk
TEMIR DTGB DL, EORRE L TEWROWRKEE
DAIMENEEL D b REDSTFWREENH D, Fz,
9A 18 HMLL 21 HIZMTTE L Eo-MMAamekL T
BY, TOH%, 10 HOERTFRBIEL TS, ZOH
MlcBWTIE, 7—A2 X0 b7 —2R 3 DI% 9 HEAIE

Table 2 ROW KB IMREN AR D /ST A—~.
Parameters for root water extraction reduction factor.

NI A—H [
hy —10
hy —25
h3y —450
h3r, —500
ha —8000

Table 3 {FAAREETIS S OZRFEHRIREL DR AE.
Root distribution and soil evaporation reduction coefficient.

=2 AEMROYTBIRRE VIR O B ATRIE

No. (cm) (cm) Ke
1 40 40 IEEE
40 IHEEE
3 5 40 =& (0.5)

Table 4 1EDET AT — V8 L OVEMIRE OB IE.
Crop growth stages and crop coefficients.

EEAT—T ey AEH M
] 9/1~9/20 9/21 ~ 10/31
Kap 0.15 0.9
K. 0.7 1.0
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4 02 A F40 ¥ 47 02 L 40 &
B ¥ £
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Fig. 3 &g
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Comparison of the simulated and measured soil moisture conditions in each layer.
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Daily changes of transpiration and soil evaporation rates

based on the dual crop coefficient.
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20 AREOHIRN, HEKSOHEMITEMMEL Y b AE
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ENEEELVES, 9 A TS 10 A THIZEIT WK
B/ NS AL o220, ZOROLHKSIRENE
<HEEhZEBZONE., 7B, F—A2 L5 —2X3
DFEFERITIT, BE 15em FTORBRICENL TV L
IRFTIFEAER SN, EE 15em T E TOME
AR L DHENRE L THKGOEBHNBETH D
—J7, RS 25 cm TIIARBIC L D2HBN/NEL 72D LY
Wr4bZ &NTEXD.

HE35cm, 50cm BELOT70 cm (ZBWTIEL, WIh
D —ATHEEMARICRE 22T 72 <, 3S5SemBID
50 cm @ FHEAE 1T E RGO ZEBHEE 2B 2 T D
RE 70 em 2BV, TR OFREIZIZIE—E T
b2DITH L, FHEMEITERFET 2EHmICH Y, £H)
MESELERAY R E . RES TIE, HE 60 cm LIUED B
BHTHEL, MiEoTmREETHH-T-. LY LTV T
ETEKGE OB ENET LItk 25X
RIZHDRT L H IO, BPOWRED X 912k
B bR RICEE CE o lo RS D, Z0
ZEPBEO—RIZRo- B BN, FHEAEICE
W, REEK AN EOF R N D R O I E His
1L 70 cm BHERES N TV DA, ERMETIIFE A EEEH)
DELTHRNI EBRHA LN o T2, BEE~O 15K
S OBENOA A TR L > THIET 5 Z & i3 T
LS, HHKGENRBMRHT 21T 5 2 LT & - TZ ORI
EITHZENTE, WEKEOREBEEZEEIZRET

ZENFRETH D Z LRIz,

A — AOFFEE L FHED RMSE (2 ) F AR
) EEELERE Fig. 5 IORLT0A. ZOKIC
£5E, BESecmBLR15em (ZHOWTiE, ©¥—AX 3
DIRENMO 7 — AW L TRESWZ EBRH LN TH

8.0

6.0 -

4.0 A

2.0

{HEKE (mmd)

0.0 -

5. MO TIE, 77— AMORREDEN TR/ NS V.

4 j:i%j( ﬂ’i‘sz&ézﬁ%ﬂ(g@ ﬂf,

Fig. 3 OFEEKEOFF B LOERFERZ A, +
HK A RANEIZ L - THE LB K EE Fig. 6 128
T HEE, Smm U EOFEEEoBERNL 1 Bk
ARG E &L, ROBERNNAEL DA1H F Ta A
Ll Fig 6Ly, r—x1lZBWCidfhor—=x &
s 5 L, SFERNEIC X o RO 7B K E L FHE R R
EREREPETCTCWDHLZEXRALLTHD. T, 9
H6Bn5H 9 ADOHEEKEOBERZITIFFIZKEN. =
1, Fig. 31T/ L2 Y, FBAEWIEIzRIT 5 11K
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Fig. 5 & HEICBIT DI
DFRFE.

RMSE between simulated and measured volumetric soil
water contents in each layer.
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Fig. 6 HEKEOF T & FHNMED HLE.
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Comparison of the simulated and measured water consumption.
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OB ZBRNCEE S - 72720, HEKEDOEELD
RICEREDHER I o2& 2 bND. —ikiZ, B¥EK

Ffask 2 2 288101, E— VOB KELZE L
THERR B 2 IRET 5238, Z OfEREZ RV ZHE 1%
B KICR 28BN H D L VAD.
TA2BLINT—AZ T HE, F—RX 3 DFEF
BEZ AW EEKEDIZ ) BNERIC L > TROHEE
I E-oTRY, r—22 TITREENELDHER Lo
72, ZAuE, Fig. 3 B XU Fig. SITRL@Y, 2%
IR E R GAFICEAT 2 Z L IC ko T, by 1
KRG DEB DR E RGBT 2 BWRE KR LR
IKHRTHIENTE LD THLEZE2LND. Z

OFEREND Z LIk Y, JHHEREFRIC I 2 R
KA O Y 72 GRS AIREIC A0 D L B X LS.
5. FLH

AR TIL, MHIZBIT A EEKEZ ER(LT 5720
\Z, HYDRUS-1D 4 L C LKy B i L, 1E
YRR O 53 AT, WK R S 2 ON B i 2K B D RR E L
L OREEDENEZ B L. £, EWROER 28K
r—AZREL, Dualcropcoefﬁcient Z VT HOE

JE % T MR ARG FS L OVAR BOH L 1 5 N Ao i
fbL7=. ZhEhn%d LHEEICB I 2ERA S4B X OEY
WOWAEE L LTHx, HHKSEREMITEZITo 7.
RS RO UEEREET D729 K,ﬁ%iﬁ%%%b
T, FREGKEEZEGEIE L. AEHMZE L CEYD
WOWES & —EIZ Lz —ATIE, FBICAEBTOIMICE
D IRFEE RO FRNE & FHRMORRENR K E N &R
RSN, ToZ L XY, FHEEEECS O TSRO
X 40cm & STWD A, L8R BREMT 217
IBTITEMRIR S N Z DOIREICE D E TOAEREBE
THUENRDD EVWZ D, £, EMROAEEZEEL
72 = AZBWTIE, FBICEIT 2 B REOFE
TEIREME & BT 2ERNAE LT, BT, HEED
JBIZRITBEEDKE o2 Z D, BEREMICAD
T 5 THEAFEEE Z BRI o T\ EEX bR
. BHKG ORI REOKTE2EE S H720
T RE AL, ﬁﬁ*#%ﬁEbt.%@ﬁ%,
THOK RO BB ICE < Y, BEEKED
FHEMEAOTRDO KRR E FRIZLHEIZRL<
Ho T,

PLEX Y, RFSETEA LIZFEE AL, BGO
THEAK R, W1 LKA IR RR S K OVERERY 72 K

BT —HEHDH IRy, HHKSERENCEIIL 2
<TH HEKRSEREL FHIT L Z LN TE, HEKSHE
DB L DHBKBEDOERIENAIETHD LV D, &
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