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1 TIEEALEERER
Upward flow in the soil layer
2 BREATRERER
Downward flow in the bedrock
3 EEMTOKR
Groundwater flow in the bedrock
4 BEWMTKOAE~DRH
Exfiltration of the bedrock
groundwater flow to the river
5: LIEMATRHERER
Downward flow in the soil layer
6 TIRMEAO— BT KR
Ephemeral flow in the soil layer
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(b) Ephemeral flow in the bedrock
5 8 R— b UHIREAR

Infiltration excess overland flow
9 : IRERO TEEADZE

8 Infiltration of overland flow to the
soil layer
A

10 : LIEFERFIC & 2HRADRM
Saturation excess overland flow

1M BEMTROTEEADRH

Exfiltration of the groundwater flow

to the soil layer
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Fig. 1 Schematic showing runoff mechanisms for a
mountainous catchment.

(a) Non-rain period. (b) Period when the soil layer is
sufficiently wet because of the large amount of cumulative
rainfall. Broken, solid, and dotted arrows respectively
indicate vertical-flow system components, those in the
downslope-flow system, and interchange flows between
upper and lower layers.
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L2L, BRSO ERE L, Freeze (1972) #°
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EARANREOEE L TH D (4, 2018).
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Do 7272 R O 13 BRI R O B R o4
PHCIEE) b hnrol. Bz, EENDOHER
DB T B L) RO AT S, O MICERE
LaTNERsRwe LTY, mlarSmasZLs L
ZWHIBIZ BT, AR OHEE, Bkt o
FMAREBA I 2 5. FW 2, — Bl IR
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WZHARTHAUSK T D IWPLO/N S VXA TIRD KA
BIKmAET LT (&5, 2005). ZD720,
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ROKFEE LIRS CHAMIES L CEo N5
Bl s L oBE ML 2, (1) Kok
) 70 b BEBERE O L IEE 212,

— B ARBIAIKRETIL, A ZDRE L MBIZTE
HARE VS, KABIZEANI 2 > THHTKT
728, MNOFEEREB LT % 5 %\, ASHl
WRETOKRALDEZ(RS L9 7% T ) Twiihs
FEDPHFAET AHY (Beven and Germann, 2013), 5&ii
RETOELLZRHEZER L EIZIEHEND L
ZFIND ZAAREHTETIE, KAbEEALZYHLEOR
W IS WERNIHLET S, T4 XL
FEENORE CHEBSELIK TS5,
BHIZEREROFAL, DY M) 7 AR ET
LN —DFEHPLEA e AL DN TED.

L7285 T, Bl &ETRNOBENZILL 7z &
E, FNICL RN R EEEKEOZLIT)
F ¥ — AR OIHCEDOR RN & o THIEREHNIRTER
L, HEBLEOIREOEEZT] XTI
b (4%, 1982). FEWKE, Tani et al. (2020) TlZ,
WEBLTHBTH->TH, Mo & 11
J@CTdhoTh, SHEROREFN TOEE IR
25, (1) ROBRISEVEFE & & HGRE o RBR
PESNTWS. DEDXHI2, SR & AR
DRI R R O#EC I, THESEO G &S
TEHGREE 2 LET 2 289 Ik L CHRER 7 2
ERIZTDOTHA.

WIEHICET 283K BoMTE LT, (1) Ko
efp e D &9 Wy EE % Bk L w3 o5 et
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B S ZDMED0.6 1T T B & DOfE % T,
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Irole (I - AR, 1988 RS, 2016). LavL
FHE K SCF OB R S bh b X )12, ki

PAERZMTEEL AN A LAPMERTZE 2T
Z LIFBFEMTIE ARV (McDonnell, 1990; Montgomery
et al., 2009; Twasaki et al., 2015). F 7z, {@EF-E=EA
OREH T ROFENDHIL T p=1127% % & DIEfHN
BEZ TR REL, p<I TR SN IFRIELI A L
LEMERWEZ) LT LML ASINTELD (F
A - #HK, 1979 ; Harman and Sivapalan, 2009), HkK
THIB B BT AR A R A HHTELIZIEE ST
W,

6 ¥p ORI EFLROTAUIKD L 25 L2
Z212xF L, Tani er al. (2020) &, fEFERTIEZAR 80
ERIIBWTpDEIRETEELEMLELTNE. £
ST EY, Wkt E, LIEOHAKEEICED
LiEy, (Ao (5) NEEh, LERBO
Xt BOAEHL 534 O o IR L2 xS 9 A AKEE O il % B
g %) offixtEIcx T2 E T EEORSOILT
EFRLTWD, ZLT, TOSHFREVIZEpI/NE
LY, INSVITEPHRNITEDL T EZHLEMIZL
7o, BIZAE, HERBOESHE LS, HfiEEz
LOHFMIIECWE LR EOV 4 XDKE VB
LG IIBICHNT, Y14 20N SWEBIZE
O H— A H Ly, OHTESIKE VD, s
KL pS 1L DEIZ 7 T, W BT 5 IR
AN S =T, HEWEESE L Th N,
TEBAENI LR EL pA/INEL o T, M
TEENRREVE W) L) RS TFHEEINS,

3. MERBICEI(REETIVHAROESR
DR L C&72 X912, Tanieral (2020) Tig,
[BRIMMEIAKE A2 L7205 TRIBIRED L
o T E, AEMIC—ER SN ICEET S, £
OB NTIE, BEM 2 6 ARG I~ O A i
PR EEo (1) RTRETE 20, ToWH
RILIE ) F v — XKD T X B HERDIREIC
HhH] TEHIRENT., FITEHRIE, HERSB
F B A O N — AIZE L i€ TV
(vadose zone runoff model, LUF VZETILOMHR%
HW2) ZEETLILIIL:. ZOEINE, HiE
PEYER HEE OF S OWIREHRII T TRIR E T
MTExH2ETH5S.

F7o, LVEERRA Y NELT, KLETORH
WgE L ET VIR DOBICHEAE T H2RKRELRF Y v T2
TEELSCTELMREELTIRFE L. il 7V

KL - AREIRFESEE H36% 6515 (2023)

S, AR EZHEES L7200 FETH L
b2 b 56, SIS LT, Bk oT
AN Z AN wABRL X9 &3 5 HSANTFZE & BER 126
T AHMBDOISEEH /2 mHET VOREIZL ST
IVRERCTFEIL X9 &3 2 TMIFZE B 4 O
Fe N — T AT S B - 72 (4, 2021).
CORES ORI, KL - KEIRFEEDT1988 412
RSN EELZHEOVEDOTH -2 L EEI13H
fEL TV, MIHRICETNLEF L WREENE
MWET ML LIZS Wiz, FRFEBEIRINT
V25 (Sivapalan, 2003 ; 4%, 2016). Z I TAGHILT
&, BT 5 VZET V2 /N OBIH 7 — & 128
TAHZTTIE AL, ToMMARKEE, [/t s
A BEEOBIIIERE X GHLEL I LT, T
BIZET 2 ERARL L & LT

MEES L LT, s cod ki IS EIc B
VT % BHECOEFRSR OB R, TN 0 RGE E T O
HFBREOMELEDIIICEZL LD, PRI TE
B, HREISK LT, FEiEO S T ORI
H Y — 27 oEEE% %2 8 L 72 &3 D Asano et
al. (2020) (2L 2W9E0 0 EERIERMS RO N5,
Thbb, E—7AREHOEMITEY LT 5
CLIZEoTALTEY, FoBIMKERLZEICFHT
DEMIIZEAE RO ESN. 29T 5
& WA EICSREREIC L - T, E—27 0N
EFIERMEIZL > T, ENEIENZENDHT &
W27 5, FERIIC, WO E D% CEETTIO
AL, B EENL WTNOREICRIZTTR
RANENE W) ZEPRIRBENS, bEAAS
COBUT — 8 SR L T L S EDBELD
W/ 2 o S & LT, BRI A E kR
B IR L CEFHT IR & E ORI O R L
SRR BB R L T 5 VZET IV 2R 5 B
HICBUAERIKREVEEZTIEZTVWA.

0. WET VOB

1. REEFIVORSESS

1L 35 00 SR 1R & ERR & R 9 4 it R 0
FAREFLRTE—11E, BRRICOWT, BEH
TG & Vo o fEREEIC L b R ) e LTA
5723 TiE %, EBETROMNLOM I
MSH BT EREHRL THAIAN TS, EBEOH
PRI & ST, MIEET IV OEM X L2725
NI ALNESET. 22T, MERENRN—2R

S 25



J. Japan Soc. Hydrol. and Water Resour.Vol. 36, No.1, 2023

WZL72VZETFIVIZ, COBMZREERZ S0 X
YN SR 2 H % 3T 5.

HA® X 9 B8R o 1o T, Kl
B NI ENIC X > TR 2 88l 2 27 2 WIR D,
FKMNZHEMRTERE S H 0, A LS 2B TR O K
JAAL RS CRAIT T A A& A A L T\ b, Vadose
zone L MHIEN D L HIB L, A4 M% KL T
% ik ) 3& L T\ % (Hopmans and van Genuchten,
2005). ZDO—J, AULEEIIFRETIC L B 0%
BRI L, BHNIZEWEKRREZHERL TV
EEZLND.

VZETFNTIE, 29 L8 TEEE 22
TOKOH) & % fijis b L, 1IERE & ALE o
AT H DA LT THL T RS R 2 [2HEK
s, HEREEEIRAEICENE LR E SIZEMA
A L CHREA LR L wE LT, R oE
SUAETH D EAET D, EBIIE, Pk %hE%
Bz ThN /2L LCh, BEMBBEATR S W E#TK
WA LS L, REgf 2SR ENC R L 5 T
EAROELLESDEAT L EEZ R TIUER S 7%
V. L7, AT OE S OEEIEH  EFT
LETIWVLEDIRETH 5.

A CTVZETIVTIE, il <18k oW ik
WBHETHLEMWET S, Z9 T 5L BIHEOH
Iz 7% ->T, FIATIZHERO ) $ Vil E)
SSEUIRAEICEET S, Tk XMERTE L THE
R WERPLE LD L) RhDLDOT, ZoH
KT I TSI E 2 2 ReERH B, Lo L, i
S OIEKIZET 2K TH 5 —2012 R
T LI, FERIREDIGNL L Tn» b EEESR O
DIFEAEDPFERIMBEE TORNLT, FHHITE

D FERRKERESEHSUL @ TERERELAHE O REALELSTRRE
Isolation of the full-wet-  Connection of the full-wet- Full-wet-condition area
condition area

condition area covering the entire catchment

=2 CRIIFEEEINC &b 49 eAREIRE (FERIR
R8) Lo XD G b A7z R
K OB
Fig. 2 Schematic showing expansion of the source area from
the viewpoint of the connection of full-wet-condition
area in response to increased cumulative rainfall.

LB O/NAFEICR SN L, MW RN L T
CLEMREPREAIOL VB TQDOAT—T L%
D, BRI EGISA o TW . Z DL EE
X, HBRHEBIZSWMISES 2B R 7T
5N TEDY, threshold X connectivity D& Ak
ST ARG 2B 2 R CUEH S 41T & 72 (Tani,
1997; Tromp-van Meerveld and McDonnell, 2006;
Lehman et al., 2007; Anderson et al., 2009) .

Tani et al. (2020) Tlt, B—2@RT &9 %—
FEBCT N BT 5 WA T 3o TV 57,
FNUHDOAT =T Th-ThH, EREICR -7
K2 BT 2 80 RIC & o TRIEEID A S0
AN AN, —EEGHHOYE L E L Ty
B, 7275, VZETFTVCIHERIR ORI RKIL L T
VR, BRI L T 72 SE R XS B
AL, EFSEE LTIR L Tw A B
W52 ElETELR V., FITRBLTIE, —ER
SN E BRI  VZET VA @M L, &
RSN B Ui R EE & BT R & T s 2 ke
5, WCHEGEILIGERIC T A e & T &
Iz L7

ST, VZEFNVTIIHEARCELR) T &2k
L, SYEFMOTAUINE, A& BRI L 7R,
HHIEI I AR ELEFHYOMY AL L & @il
TLLDUHFHETSH. Lo, BETIY 7 A
\ZHZIEH 30 > TWTh, KABLZ @D T
BREERIEL, B LD SRIREIC R e
%< (Noguchi et al., 1997, Liang et al., 2009; Beven
and Germann, 2013), Z O 5% BAR L 72 #Hi i H €
FNORFEDHASNT WD (Dusek ef al., 2012).
LAL, TEEO~ MY 7 RS 5 7% BINNE
Bl CRBIREBIC > T LED &, BWNIEIELY IR
HE THRPPIMEAD E V) HTIE, KADEEE
TaHNb 1S M) 7 ADFE IR K RIIH
Usixins Ll d. 22 CVZET IV E W
LEMIIZBWTIE, KALORETEELL, L0
EWEICS EEN T 1Y MY 7 ATOHEAR
AR EEET 2 RETHI LT

AT, RIS, R & E A K S
N5, L2aL, %251 L7 Mettman Ridge #tERHb O
Yuoks (CB1) T3 (Anderson ef al., 1997), AR
SCCHR ) M RIS T b 2 9 A 07208 (Iwasaki
et al., 2015), HIEK L TOMWE DX B 2 @7 H O
AU T 5 Z 3T Ly #EgTid v, 3%
DL, INLORBTOBINICL S L, AfLisaz
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Mt o T, BT~ 7: HIEE IR 2 -
72 IR ASKE R AN HAZ DO 2 A3 Tt & 54828
WRTHBEEEAMLTVD EEZ ZITE LS
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INEEREBL, FHE &S & KR eI
BT, HEROTNOGFITEERSEMFIIE S
EME L7

2. FEEFILOTILVIY X L
VZETFVDOT VT ALEZH—3IRT. ATy
TOIZBWTEZRITHI RIS i 22TV 2 25, Hh
T E o & i % & S it ek o 5E %
EZ, TOKED S OHKEEL AT v 7O HE
REANRZEFFHICL > TCROL. RICAT v 7OT
TS AR O O EE & FTE T 525, EFR O
NOFREZEH L TWEDOT, HIEBER S OHE
IR EE & B s ek TR 96 2 & TR B 2

O TEEREEORBAIHERE |=
EX:E

KL - AREIRFESEE H36% 6515 (2023)

Db, Tz, BEMIEEORBIEENOZH
2200 B TSR, Ttk o 1B X ok
oA & RIEW N & e

M—-3@D A7 v FIZBT 5EERTOEEIL,
LU HERT T A ICERICEV I ZHE LT
79, LERICBITA2ME—RIITEEIITT S
F = ARUTEKD X H 12EIT B,

o (@) @

ZIT, KWEEKBRE, CIZILKGERE (=doldy),
YIIET KR, (3B TH L. F72, zillEE S %
WEMICEE FMEZIEET 5. MEmMOBERSEM
EEMRE r 2 52 5.

I=r 4)

CZZT, fIIRET Iy 7 ATH .

EFF O FEAUZFEA T B L3RG 2 & OPEAK TR EE
i, PEREOHERICBVWTZOREROE S (2
LT LIRS TOTRET T v 7 AfIZEHELVWET
L. HANO TR ORE S OSAPBEMTH DL ET

ELLIERE
Thick soil layer

\ J

Estimate the distribution of soil-
layer depth in the catchment.

® BIRSOTRFISVIRNZOBEEEOL

BN SOHKE LTERARBANRAT S EH
ZLTRELATES L, RELSOREEEE
HET 5.
Regard the downward flux at a depth in the soil
column as the drainage rate from the soil layer with
the corresponding thickness, and calculate the
runoff rate from the catchment by integrating the
drainage rate over the entire catchment.

%

BEREDTAETS VI RERDS.

@ TAHIZERICRODTERICS T 2METEMEEFEN D

Obtain the downward flux through the calculation of vertical
unsaturated flow in the downward infinite soil column.

M-3 VZEFTLVOT VT XL
Fig. 3 Algorithm of the VZ model.
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W, o o ilEEL, R-3D0A7 v 73
VR LIS, B TOHKEREE 2 AR TR
BT HIETHEATE .

KT, HIEWEE L U CLE R R & Ek
Bk, 4 b bR E KR L ERREK Dy Ik
35 RE ML (Kosugi, 1996) % v, i
FNKONTERENL.

In (y/y)

9—(9s9r)Q[ +0, (5)

o

12 2
K=K, [Q {_11'1 (IZ/WM)}] x [Q iiln (l;//l//m) + a}] (6)

22T, 6, 038N OFEAMREEKE, Y, ol
XFHOE I AR C 5% & 7z IR BRAR O th LB L RIS
T BRI K OB O ER S, K3 RAE K
¥, QRAIEBGAEETH 5.

BAEGFHAL, TIEYHFAICB TR CAAENT
% HYDRUS 1D (Simfinek et al., 2013) % w7z,
PR E L TORMEIEHEN IR O T,
FEX10mOHERICBWTFOKmER &M L
T, L VEEIEET 5% (HYDRUS 1D O free
drainage e f 5 1F) %5 2 72 LT, BHEEMIR A2 R
S DFEDPIET I Eb > T W L ZERL
72, EEHMORBAIZ25 emE Lz, $72, gk
DEZDOZEMGAHATREIC L > THELZENEST
0D, FNZENROFIEAOBEH ORI, RES
FERR = Ve U S ) : 1 < o O 711 =7 il S o 7

0. X GRGEIROAK SR

KL TEH3IOORBIZ BT RETLDT
HEARH AR D . T 72, B OO S8
TENTS BB A XY S OBEIZOWTHHEL B
&7z,

1. B/ OWUHFMEKEERR (TY)

¥ LNUAAMAHEKREM (TY) &, 17.27 haodt
B (KT) & BT 2 22.61 ha DEFAHIE (MN)
2B, WILTHERRO EELHICAEST S, WO
D7 W F R SRS BT B B OB D B
IR D72DIT1937THFICHEE S N, BTE O AR A
WFZERTRITE ST I & - CORSCBM S kR S LT B
(B—4) (& - MW, 2012 3, 2014). EREKE
131,220 mm, FFH5RIZ13.5CTH A, Miso

K ia A<, BEE - RESAEOHERST
HDHH, KTD30 %R é MNDOF4 %13 AR &
HoTWh, AEREGEOFTHSSE @RS H D,
EIESNE F OB G DS VKT H28.4°, L WES
N238 Lo TWA, WTNOWE TH LI+
B D clay loam T, 1B ITATERS ORI TH 3 <,
WA O TEVy (Tani, 1997 : #IH - 44, 2016).

19864121, MN LIS O TPt 7 o 75 B 2 p i
THAHSLOTIHIZ6 mDE & DEKEBEHIHRITS
R AER, WEBNAER Sz sLTiE,
HHED»S TEIZHT TOSETHRT Y ¥ A —
ZIZ X D EJIKEOBE b TNz (M—5) (Tani,
1997). #HiiK(X42.7 m, WFHI34.6°, Vs RL L
500 m?, TR THE S IIHS0ecm TH S,

B O BRI AN OB R —6 1R Y. 7
B, KR EE & ST R EE A 5 BT 2 FE
X, BABOKIZ b ED, bk F 27 i
WEONA RO 7T 7O NN ERTENE Ak
L, ET#EK LN Far g 7128wt
HY BN B ARIS 05 & A T HE S 2 IR CRER 2 & ol
FTLHEER (A, 1979). 29 L2kt
WOGHEER T 20T, BRI Fu s s
EEIEE R L IR 512H 72> T, ERROTET
SEES N IR R A VZET VTR S
TEHBREE LN Z 72

200 300 m
-4 TYDOHFX
Fig. 4 Map of TY.
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WHENEL”BBELA100 mm L ) /NS w2 b (K—=6). 7272L, RIMHEORKERA XY FTO
O, KT EL, BIERTOREEEIRED BRIk EIX, SL, KT, MNOJEIZHTHI/NE
WEIZLDIESDENHILOD, BIWHEOKE % { 7% AME[MA%H % (Tani, 1997).

ANY NTE, F2C B 2RSS L VWED K—6121%, KL THWOLN/Z2 DDA X

BRGNS SN B HE, Tabb, —EfiasH MZBIT 2 B E & FMEKmtEoBERb R L
MI2SH 5N, ZHIEKT, MN, SLIZHlEL Twb TWwh. Tanietal. (2020) THHWVH7Z19874:7
HoOMHBHO A Xy~ (TY1) F3iEd<To
FLHIEREE & SLTOENKED 7 — 7 HME SN T W
LN, 197649 H ORI L 54 N2 b (TY2) (&
KT & MNOFHBRED 7 — ¥ 2B FHTE 5. »
ITNLEHIIHIZ A XY N TH LD, FERA N
MEEL F LOR—TITIRT LI, TY2ETYI
LN LA BN KE V. KT & MNTIERINW
100 mmFEEE, SLTId70 mmAEEE Tl - St
KR MARIIRE Sl >THBY, ZRDREEE
IKTEHICHL S ENDKREDIREL Lo TVD T &N
bhb (K—6).

KT, SLOHTFH#EEIX, 50 cmBEED D) Vg
~Stream channel BOTHNAEREDORILE L R->TBY, LTiERE
P CORTRTHIOT SOOI VR AP, (RSSO, LB ORI H B3 TIRKAL 2 E LT,

=5 0 5 10 m 15 KA EAR ESN DL EEZ S5 TWwb (Tani,
-5 MNNO#HHSL O TIERIHIC BT 27~ 2% 1997). ZALIZA L C, KT - MN DA 0 His T

gzzzﬁﬁ . &, MNOFE L - i (B—-4020) THbIL
Fig. 5 Loc;;on of t:,nsiometer:kin thecpr?oﬁle ozsoil layer on AR T JE PRERREBETL L (I -
4y, 2016), HARBZE CEHAWREZ HIERBOFE S

the hillslope (SL) in MN.
Numbers represent depths in centimeters from the ground (&, FHERER S TETIE2s mAREE, RS 5 1
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Tani and Abe (1987), Tani (1997) % —&fck%:
Fig. 6 Relation between the total rainfall and the total storm runoff for KT, MN, and SL in TY.

gi is the initial runoff rate. Lines show the respective relations between cumulative rainfall and cumulative storm-runoff for
storm events.

Modified based on work by Tani and Abe (1987) and Tani (1997).
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FK—1 BENA N b OBE
Table 1 List of storm events.
Total ' l\gil‘x;mum Mﬁxin}um Total Maximflt{m
Event Storm . Duration -hour ourly runo
D Catighmani event rasiiEl rainfall rainfall” et rate
mm h mm mm h mm h”' mm h’!
KT 54.7 2.30
TY1 MN Jul, 1987 131.5 131 52.0 14.5 47.7 1.40
SL 69.2 4.00
KT 276.8 9.10
TY2 Sep, 1976 374.9 121 141.7 14.3
MN 246.2 6.30
KIEX S‘E‘;}(‘)flz‘spe 1981 1640 3 164.0 79.8 153.2 76.50
KI1 KI Aug, 1982 348.9 58 295.0 30.0 173.7 14.90
KI12 KI Jul, 2006 341.3 180 86.0 13.7 125.8 4.10
Ubper weit 74.1 0.68
MREX - May, 1992 276.6 166 40.7 2.0
Lower weir 76.1 0.69
for CB1 ) .
Catchment
MRI1 including Nov, 1996 2922 112 167.0 23.4 - —
CB1%

Y — 7 G B EE LRI S R O die Ko
Maximum rainfall intensity in response to the maximum runoff rate
CB1 L TUBED ¥ 0 RE % & b7tk

—_
=

2

=

Total catchment including CB1 and its immediately west zero-order catchment

FIE S LE D 72 D FIRANTE

No data due to an occurrence of landslide

3

z
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10 1000

100 10
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B—-7 VZETFVEHEIZH SNz Kot sk
(a) KBy & RREEKEO DR (b) TRy
& BIRREK DR
Fig. 7 Soil physical properties used for VZ model
application.

e
P

Panel a shows the relation of 6 (volumetric water content) to
i (pressure head). Panel b shows the relation of K (hydraulic
conductivity) to 3.

2. TOX ) hEEREOEWE ARG T, e
FZOREREOHEIZ LT L (V. 32H).
VZE TNV OFHEIZ 723185 O 3O R
EERFETR-7TER-21I2F LD L. TN,
Tani et al. (2020) TSBEZDOUT LN/ DTH 5.

30 TR

F-2 HRBHOIIEIIBITLIBROINT X—F DfE

Table 2 Parameter values of Kosugi's model for soils at each

study site
Site 0, 05 ¥ cm o K,cms™!
TY" 0.230 0.370 -20.0 1.60 5.0 X 107
K1% 0.212 0.507 -9.4 1.34 1.9 X 10"
MR? 0.180 0.500 -25.0 0.80 3.4 X 107

1) #/ FILARAREK SR i
Tatsunokuchi-yama Experimental Watershed
2) A AKSCER Bt
Kiryu Experimental Watershed
3) CBI ¥itJ8 % & & Mettman Ridge {5
Mettman Ridge Study Site including CB1 catchment

2. WEKXHEM (KI)

R L DO FERE M AL E S A R A LA R 5 o 1
LliHiE, 2o TAMIEENC & o TR S L 7zidy
WAL 5 T/, AL TRORREZFFMT 5 2 &
FELZHME LT, FURFARPENIZERNC L 5K
B2 REREY ) — & — & L CI9704E 2 & flth
Sz, LIS, MR EM &/ AR EE
L 72 AR AR BRI (5.99 ha, KI) (2B T,
FAME— - KRFEN - R S 2 0 HFZE A R
B S, HMAKCEHITRIT 25 RR s H o T
W3 (K—8) (#ik, 1984 ; #HIS, 1987 : Ohte et
al., 1995 | Kosugi et al., 2013 ; Sakabe et al., 2021
Katsuyama et al., 2021). KIDF-FEKEIL 1,678 mm,
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O : KIEX 251723581 (Plot 2)
Fig. 8 Map of KI.
[: location (Plot 2) at which KIEX was conducted.

FEFRIRIE, 134T TH 5.

Bl o 7 v — 7k, KLt ekic bz - T
618 Hh TR T LIS & 2 TR OJE & D25 Ah &
WoE LT (25 mPl Lo s AR L %)
(Katsuyama and Nagano, unpublished), 0.25 mZ%|AD
EBAAICE LD, FHE06SmEiEEL T2
(Iwasaki et al., 2020). —#DHEARFHAIZIL L TH T
WIHHE, 1917 4FEO LT ILFRA L TR F Rtk O ffaw
W 2s, TR IR BRI E T B NI X
FwizofZ bl s ns (%, 1987). £72, 1
IR R R B Sl L 7- B 2saiie s
RSN AEAERO L MICIE CHERE L T8
D, SREO)FEEFLE D N TR P ERET
Wn, F70, EBREITEC TR LERETH S
72, 7% ) OmOWAKDI LRI T TrE L CE
TEE IR T A 2 L8, TCICREM e K E A 7
EllE o THLMIENTW D (Katsuyama ef al.,
2005; 2010; Twasaki ez al., 2015).

KIZ BT 5 RN OB I~ O BLA i1 %2 B —9
IRT. B—60® /L& 220
PR CE D, 1 DIXBEWR AT OISR & 5
MUK EOIE S D XAV E T &, $ 9 1213,
HENEAKE 2o THENO—EBIZHIKGT T 12
RSN, —ERSHEABN W ETH

KL - AREIRFESEE H36% 6515 (2023)

0 e
/
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Katsuyama ef al. (2008) % —Bei%s

Fig. 9 Relations between the total rainfall and the total storm
runoff for KI.

¢: and lines are the same as those in Fig. 6.
Modified based on work by Katsuyama et al. (2008).

L. E—=9121E, 2200MA XY MZBIT SR
M & BIMPFKEHEORBBRLIRL TS, wih
OMHFEDHIES D XD WKIDEGHFEIIR D 7o
L2RERERLTEBY, TYD XD Z2WHiERT
EUREC Y (Il

VZETZNV @M, H il S8R T
AROISED TSN TV 5 19824E8 A OB &
LHBEORENA N b (K1) (5, 1988), &
JHOY T RA (WS) TIEJI7KIH 0 IR 22 [ 4347 A3t
EEN TV 5200647 B ORI O/ A X2 b
(K12) (Katsura et al., 2014) ZR%E L7z (F]#—1).
B, WSt (240 m*) OFHIE, FHAME, I
g OFHE S EENEN28 m, 23.4°, 70 cmTH
% (Kosugi et al., 2006). F7-, Tkt ik
ROFE EIZE & 50 cm D 3B 753 5 /N Plot 2
(@3 m, £&3m, EFAE32. K—-8%M) CTirb
N NTHER B (KIEX) OKH S, 1983) 12VZ
ETNWVEBH L, HEBWHEMZZ & TOET IV O
M E R L7,

VZE TNV ORHEI T 7 3O RAERE & Bk
FEMElL, KIEX D& T, WSIZBIT 5 TR OHR
H (Katsura et al., 2014) =7z (B—7, &—2).
JEALAE A O~ ISR T 5 B K IR O 2 b
BHEOH#MAE R L T05D.
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3. Mettman Ridge &#B&# (MR)

KEF L TN =B HIZ B A Mettman
Ridge ikBRH (MR) (1 HARREEO BB A B 1 A0 L
TBY, FREAREIZF 1,500 mm TH S (Torres et al.,
1998). #kEfHITIZ, W.E. Dietrich - D.R. Montgomery
w) =& — & U CREM 2 K SCHUIZ S 7R 392 )it S A
T&72 (B—10) (Montgomery et al., 1997). $§l2, ¥
B 40° D ZNE 7 860 m® DX IR LI O CB1 T
i, I. 1TERLALHIC, FH1.65 mm h! O
NILBENAY19924E5 H27TH 256 H4HIZ»FTTH
BIRRGE S AL, BEAKCCHIERSRE SN &5
VIR E UL, 1996 4F 11 BICHIBE DK & 72 B 2RI
WA XY IAHY, CBINOEREMHEEI X > TR
HIEEN D F CTCOHEELRKLT = DML N2
&£ TH5 (Montgomery et al., 2009). KL TlE, =
DONTREMFER (MREX) & HiEFSEA X2 b (MR1)
OBEFERAZTIHL, VZET VOB AL

T, MR 1.24 ha Tl, 626 TOLERD
JEEATRE SN T025 mAATOEHIAIZE LD
LNTEY, Z05M20.25 mAEiio H §VEsH»
52m<l HWETIZhZ>TWD (Schmidt, 1999).
COTEREOTENI KRR S DD HEHTH D
A, EALIE, BRICESELE, RELE o e
&2 > Tw5b (Anderson et al., 1997).

CBI I T o & O Tl Tl a bae s he g L /-
T & 7 B, TEER OB E &AL IE D HR
HAELTWE, 22T, ullED/z02200%
AIEATRNT Sz, FIE TSR S 7z R

-10 MROHIZK
Montgomery et al. (1997) % —HBdiZs
Fig. 10 Map of MR.
Modified based on work by Montgomery et al. (1997).

32 e

CB1 O LIEE D5 OFHE (Qy) %, 15m FitlZik
o TFRBE TOREE () ZHELT
W5, HEOMOEEIZIZCBI OVEHEIZH 5 1k
B OmH L ERL TWAD (I—10), WD
YR O I D & O X T RHE & 0 L2
W) ICEEIE N F0zo, HREERNO MR O
YAk, LR L D) TR O ERE RO AA TR
Tl E N, WEOREAEHE, THEOXY O XKED
TEREPOSOBERET ST AW EIERELARTR
X% 5 7%\, 2B, MREXIECBIFitlsi~ 0 A TR
EERTH L5, MEOREAF2CB IO M
W BIRETH D .

2T, BUIMEEZE T 272912, MREX O#]
PSR A — 1R $. Bl &Rl 2R3 —11
(a) &, ANTREMBIAAT3 HIE, w285 L7 LD 4
VRS 2 - O I WHEO FEE I L Tw < 25,
ZOHBIZIZIZTEFRBIZETLIEEZR LTV A,
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Fig. 11 Comparison of runoff rate calculated using the VZ

model and that observed for a sprinkler experiment

(MREX) in CB1 of MR.

Panel a shows the observed rainfall intensity and the
observed and calculated runoff rates. Qu and Q; respectively
represent the observed runoff rates from the upper and lower
weirs, whereas Q.p and Q.c respectively denote the runoff
rates calculated using the investigated and linear distributions
of soil-layer depth. Panel b was shown to clarify the
comparison of runoff rates. A different symbol was used for
Qcc from that shown in panel a. Panel ¢ shows observed
hydraulic heads at nest 5-4. Panel d shows the calculated
hydraulic head. Numbers represent depths from the ground
surface.
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Data for the rainfall and runoff were obtained through the
courtesy of Dr. Suzanne P. Anderson. Panel ¢ shows a scan of
Figure 18 presented by Ebel et al. (2007).
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Fig. 12 Comparison of the runoff rate calculated using the
VZ model with observed data for an artificial rainfall
experiment on a small hillslope in KI.

Panel a shows the observed rainfall intensities and observed
and calculated runoff rates. Panel b shows calculated pressure
heads. Numbers represent depths from the ground surface.

Panel b shows a scan of Figure 7 presented by Ohta et al.
(1983).
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Fig. 13 Comparison of calculated runoff rate by the VZ
model with that observed for the storm of November
1996 (MR1) in MR when a landslide was initiated in
CBI.

Panel a shows observed rainfall intensity and runoff rate from

the upper weir. Panel b shows observed and calculated runoff

rates. Qu, Or, Ocp, and Qcc are the same as those in Fig. 11.

Panel ¢ shows the calculated hydraulic heads. Numbers

represent depths from the ground surface.

Observed rainfall and runoff show scans of Figures 3 and 9

presented by Montgomery ez al. (2009).
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Fig. 14 Comparison of the runoff rate calculated using the VZ model with that observed for a storm in August 1987 (TY1) in

KT, MN, and SL in TY.

Panel a shows the observed rainfall intensity and runoff rates. Panel b shows the observed and calculated runoff rates. Panel ¢
shows ratios of observed runoff rate to that calculated. Panels d-g show observed pressure heads. Panel h shows the pressure
head values at the deepest point of each observation site. Panel i shows the calculated pressure heads. Numbers represent depths
from the ground surface.
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Fig. 16 Comparison of the runoff rate calculated using the

VZ model with that observed for a storm in August
1982 (KI1) in KI.

Panel a shows observed rainfall intensities and observed and
calculated runoff rates. Panel b shows the observed and
calculated runoff rates. Qp, is the observed runoff rate. Q.p,
and Q.c respectively denote the observed runoff rates
calculated using the investigated and linear distributions of
soil-layer depth. Panel ¢ shows the calculated pressure heads.
Numbers represent depths from the ground surface.
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Symbols are the same as those in Fig. 16.
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Reevaluating the Runoff Mechanisms of Small Mountainous Catchments
by Applying a New Storm-Runoff Model Based on the Vertical Unsaturated Flow
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A new runoff model was proposed based on the results of a study in which storm runoff responses were
determined mainly from vertical unsaturated flow. Application of this model to three small mountainous catchments
yielded good results for storm-runoff responses. These results suggest that soil-layer depth and soil physical properties
play dominant roles in storm runoff responses. Runoff mechanisms were reevaluated based on model-application
results and earlier observation studies. The variable source area concept was examined first: the runoff rate was quite
low when the areas with wet condition in the entire soil layer were still horizontally isolated, but a high rate was
achieved after the wet areas became mutually connected. A good simulation result obtained from the model
application until landslide occurrence in a zero-order catchment suggests that presumably vertical water flow strongly
affects storm runoff responses because the high groundwater drainage capacity is sufficient to maintain soil layer
stability for several hundreds of years. Observed storm runoff rates from a weathered granite catchment with a large
storage capacity in the bedrock were well simulated by about half of the rate calculated using the runoff model. This
result suggests that the storm runoff response through the downslope flow might derive from the lower zone of

catchment where the vertical unsaturated flow was intercepted by the shallow groundwater.

Key words : downslope flow, runoff contribution area, runoff mechanism, storm runoff model, vertical unsaturated

flow



