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Runoff Characteristics of Subsurface Flow
from Forested Hillslopes in Headwaters

By Yoshiyuki IsHiI*
Kokusai Kogyo Co., Ltd.
( Received November 24, 1989 )

Subsurface flows were measured at an experimental plot of forested hillslope in a headwater
basin, 0.93 km? in area, in order to examine rapid responses of subsurface flows to rainfall through the
soil mantle. Measurements of 13 events of rainstorms show that “overbedrock subsurface flow” is a
predominant lateral flow through a permeable layer of the base of soil mantle. A runoff process of
the overbedrock subsurface flow is as follows : the rainwater flowing in the base of humus soil
percolates partly through the vertical pathways, which deliver the water to the surface of bedrock
rapidly ; then saturated gravity flow is formed at the base of soil mantle.

The hydrographs of the overbedrock subsurface flow exhibit gradual recession in contrast with
steep rising limb. As this characteristics cannot be expressed by applications of Darcy’s law, a fine
layered structure of hydraulic conductivity is considered about the flow through the permeable layer ;
resulting from eluviation by overbedrock subsurface flow for long years, a highly permeable layer is
formed over less permeable weathered surface of the bedrock. Then, hydraulic conductivity of the
whole permeable layer increases with increasing flow depth, because of rising contribution of highly
permeable layer. On the basis of above consideration, the kinematic flow approximation which has
been used for an expression of non-linearity of the runoff phenomena can be adopted to the flow
conforming to Darcy’s law. Calculated hydrographs of the flow represent a good agreement with the
observed ones. And an optimal value of the exponent p, which relates the flow depth to the discharge
of subsurface flow per unit width of the slope, was estimated as nearly 0.6. This fact indicates that
the depth of flow is sufficiently thin as compared with the flow width, like a sheet flow through porous
media.

Furthermore, calculations of streamflow hydrographs based on the models of simplified rectangu-
lar basins show that the quick responses of streamflow to rainfall in the headwater basin is mainly
due to the overbedrock subsurface flow.
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FERRPCREEIC TS 2 LGB 2 AE~DEREERHA» L X0 T 5 &, BKREEKRT 5 BVIEE
(quick flow) & AR DMEFFRE & 7 5B WIEE (slow flow) & {20F 575, Horton (1933)
EHEED> S ORERRFICHEB L, RiERRY L0 5 RFEMLHERERK & L T quick flow %K
L, BEBKIHTKKE % - T slow flow # BT % &£ v Hortonian overland flow o
BaZzmL, La L, B4, EEEKRRICET 284 ToOMKEFRZEEOEERR TIZ,
Hortonian overland flow O AR ENT, BEVWiRBEEFrEE LT, T2 EhERL T
% subsurface flowick »TL 72583 N5 2 EHH LB NT A (Fletcher et al, 1954 ;
Kirkby and Chorley, 1967 ; Troendle, 1971 ; Tanaka et al., 1982 7; ).

Subsurface flow |22 Tix Chorley (1978), Ward (1984), Nakaoetal. (1987) ik~ T
FHHICHRAIN T BY, & MAE, W, WEZL OB L TERLERE L5 2
AU LN T3, Nakaoetal (1987) i3, subsurface flow iR EHRIEDY, T 15 D FRBE
HOHEHENERTH 5 ILERE N FKIE1IE (soil mantle) DHEEICERICELEL Twd e L,
E~OE RS 5, D AMEMEM TR (anisotropic subsurface flow), 2)fgfisbkiam i
(saturated overland flow), 3)#7E#EHTF K% (homogeneous groundwater flow) o 3 F%!C
KL T3,

HAOM KL E S S E42BE 1 ~ 2 mo soil mantle 574 { >, subsurface flow » &8
WG E & LT, BEELORBEKELE L TONHEM T KEIRKLESRTHEL, 20
W g ZZTIdPRII (1986) L EERIC HAREH T KM (overbedrock subsurface flow) &
0935,

FERD PR TIE, FEfA SIS E 5 WAKEHF AL black box & L TR FEV % (H
WHENTEY, w—ERBIELERE | 725 kinematic wave i3 (5 5 VW ITEERBGE) 5B -
7z (KA, 1955, K-, 1962). LA L, SEORIVIHRERE L Thb UEGBRED A
HENTWz,

ARFFE T3, FHIEEME 1 km? BEOFEREBIC BV CEAER M T KRS & 5 L ILESTE O HN
PEBEIL, ZORFECTE~DETBRICOWTEEBICEL 2REE2NZ, BWRBIcE?
sR{ subsurface flow DFLHBRE 4 EET 5,

II. WWESERERHIZ 357 % subsurface flow OEA

1. RKRRHERBOBE

MHILBE R IC 81 5B ORWRBIGE 2582 2oiz, LEERLIRG RN, B Bk
OB KRN s % B & |, subsurface flow DBLIMELN 2 FH L 72, EBRHUIFIET o P
Lk D EER 21 km 6B L, WEER&IS 0.93 km?, (WS OB DENT 267, SHEIZE XK
GO¥E L EEE 1 mLTo soil mantle 7@y, bRz =V, €3, Y745 #27, 7
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Fig.1 Topographic map of the Hiyamizu River Basin, the point chain line indicated
the divide on measured site of river discharge.

Left bank Right bank

Fig.2 Cross sectional profile of the valley floor at the experimental
hillslope plot.

W Y TEREN, TERFELTC7=¥YThs (Fig ).

EEMTIE, Fig 1ioRT AMUSORKICEEOTEH L 72 WM RIS ARIET (i EF 2R
2IE L, AMUFEASS SR 2 BRI L2, BKEIE, 5S4 500 m? (B i)
CEEEIHA B ERERNC & - TEEL 2.

AMLE X )% 70 Mmoo i AHE K% (OFIHE) TI3, subsurface flow i % Bl
i, B1m, HE1m, BTE 1.5 MOBREEET 2. 2 OEOKKRKS Fig. 21
TRE A%, STEE 110 m, RFESE 45° 024 T, %% to soil mantle 3£ F 0 WIEHE I
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Fig.3 Schematic diagram of installation of the plot.

PIRAES DA S URRETH S, BAE TR, BELVEEETESE O 0 m BB LU
soil mantle 1) 60 cm iz, TE80cm, BITEZ 20cm DTN I =7 248 %H5 cmZELAA, F
7z, BEF20cmiEN) TIFTCEASZ NN DIEEERIT 2. TNENOES L FEET 5 subsur-
face flow (IR U BAECHEICEs, E=—NBF 2 —7C3 EniEEMicEEX R L 72 (Fig. 3),
IOWMETIE, FNFNDOEED L FHT 5 subsurface flow %, HFEIZEWHH 5 IEIC =G H!
Tk, FREHTKE, EEETMBT KN E L,

BABRL D LF 3.5 mBLr16.5 moME Rz, Fig. 3Ic@E®/RT & )i tensiometer &
HWIBET 2L, BEKOEFH2FANL L L LIC, HE1IMORBEZHIZEL 2,

BEMEICBIT 2 25 DHIEHEIZ, tensiometer & MBS IZ FIRBTHWEN 7 4 — L F A E
Viz, BEEPHIRER RN BRET AR > S —NBIFERKOE 2 T 8EL 7
TUINEENCENFNIHEL, &I ILEERFEEERER R BEMFIRRED RSN
NS S A

2. Subsurface flow OEFHIFESR

BEIEANEL B - 2 TSR IED/2 1985 £ 4 APEIL D, 10 ARZE CoHBEKE L, @
NweE, BAEs D B 3.5 moy 8 suction, BEFHEWTAREN HFEXEMER Fig. 4 1c/RL
7o, BEEHOKLISE, WHREZWLLiciEKL, EOBMICHL T—EcEKkL L, BU
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Fig.4 Seasonal variations of rainfall, river discharge, suction heads of the soil and discharge of the

overbedrock subsurface flow during the observation period from April to October, 1985.

BRI BT OBMAE R 2305, BAMICIZEERER T AR TREAIIIE A LEER 52 L2 b,

EERHOMIKEIZE & LTRSS & N 8Bl LT % slow flow THER 3

N, LEEEMRT K E L T 5 subsurface flow NDEFS5 (34 7% \»,

43 suction 12, 5 F LI, soil mantle DERILICE - CHEIET 5, 7 R0 L T

121~ 2 BRRICRAES R U6, BEKNE
B BEEHERL T3, 1984 Fic5iEHK-T
1985 £ L BICFA DUt » 2 7esd, 8 Ak
1213 —700~—800cmH, Oz F TEEHE
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1 Hic B 8513 8512 & % 98.5 mm ) (& F{
WEH ol FHIEEEICEEL, BRI
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mL 7z,

WkiRIE, Bkiso# 1.2 km Ei(Fig.
Loy XENHE ) DESRFAERY 5 DFEKE K
FELTw5b, KEDLPKMEF THOER
MR kETibs Fig. 5icm L 72, BMEL

2/s
30

discharge

River

0 T T 1
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Fig.5 Longitudinal variations of river discharge
in the Hiyamizu River.
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Fig. 6 Quick responses of subsurface flows to rainfall and variations of suction heads and soil
temperatures (Runoff No.1—4).
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Fig.7 Quick responses of subsurface flows to rainfall and variations of suction heads and soil
temperatures (Runoff No. 5—8).



(a) (b)
13 14 15
o & K 1 ‘9 A q 1 f-l 7 1 1? L !l,
- = 2
@ 8
- E 4
€ 'i 22.6 mm
2 T e
mm/hr
8
end/mi
3 600 i Runoft No.10
enbmin Runoft No.g ] overbedrock
.- subsurface flow
L °
3 800-{ g
= t
° 2
9 e00- L 8
o -}
[ @
2
2 400 L
3
7
overbedrock
200+ subsurface flow L i..’.
3
<
]
3
T T T T T T T T T T T T T T T T T T T T
° om0
=70 8 -~
2 e e e ——— e
8 Quod ™ R i
3- w -
T 3 I
»
®
5 "
2
-2 o c o 6 12 18 0 6 12 8 0
T 5 13 14 15
(e L
@ £ A October , 1985
° T T T T T T T T T T T T T T T
[ 8 12 18 [} 8 12 18 o []
7 8
October , 198§
(c) (e)
0] 1 L1 11 11 2.1 .t 04 -L | -] 11 1 1 1 11
= L = 24
s 2
3 - = 4
| ¢ 11.5mm .s 10 mm
- . - c 6
mm/he B mm/hy
3 00
H calmin Runoff No.11 enbmin Runoff No.13
- z
o
@ g0 - = overbedrock
g \ L ° subsurface flow
T N overbedrock 8
3 aubsurface flow g
@ a0 - t
a 5
3 4 - 2
é 3
T T ) T T T 1 T T T T
8 0 e 12 18 o [ 12
17 18
T T T T T T T LIS ¥ T ¥ L) ¥ ¥ T

(d)

Rainfall

Subsurface flow

o] TR I S S Y Y OO ST T W
2+ I I . B
7 15 mm r
L o
mm/hr
L]
eni/min
Runoft No.12 r
200~ o
100+ =
overbedrock
- subsurface flow L
T T T T T T T T L] T T T T ¥ T
12 18 ] ] 12 18 0 [} 12
22 23 24

October , 1985

November,1985

Fig.8 Quick responses of subsurface flows to

rainfall and variations of suction heads and
soil temperatures (Runoff No. 9—13).



RIS IC 3317 B Subsurface Flow o> )8 8 shi 9

Table 1. Results of quick responses to rainfall during the observation
period from October 1984 to November 1985.

Runoff Rainfall Subsurface flow Stream flow
No. Total Maximum)| Duration Total Peak Runoff | Time | Total Peak Runoff | Time
precipitation | intensity outflow | discharge | ratio lag runoff | discharge | ratio lag
mm | mm/hr hrs. mm | cm®/min % | hos. mm L/s % | hrs.
1 28 7 15 2.0 370 7.3 6.2 0.88 35 3.1 3
2 22 4 21 1.1 220 4.9 4.2 0.35 18 1.6 3
3 48 8 21 0.48 60 1.0 9.7 1.0 40 2.1 1
(0.03) (1) (0) :
4 20.5 15.5 8 0 0 0 - 0.33 39 1.6 1
(0.005) (13) (0)
5 35.5 6 27 0.04 2.4 0.12 {11~12] 0.79 26 2.2 1
6 98.5 26.5 11 - >70X103 - 2.5 - 500~1000 - 2
7 50.5 6.5 44 8.1 880 16.1 3.3 1.8 32 3.6 2.5
8 42 10 32 1.7 130 4.1 3.0 0.79 34 1.9 1.5
9 52.5 8.5 41 11.7 830 22.3 1.5 2.23 42 5.7 2
10 22.5 4 14 4.8 620 21.4 5.7 0.72 23 3.2 4.5
11 11.5 4.5 4 0.93 110 8.1 8.7 0.19 15 1.7 3
12 15 3.5 18 1.8 230 11.8 4.0 0.30 19 2.0 2
13 10 4 6 1.9 390 19.2 6.0 - - - -

(REEMR), REEHI (RER), E0idk#] MER) BIUKDSAKE (K oREELE R
bk, WTENOBE LK TICHEWCIT R BIMEmIc D D, BEERS 5 0 slow flow D il
EIERWICE L WERS TV,

SEERAVE T, 1984 F£10 A4 5 1985 £ 11 A F CoWIfEIC 13 oy storm runoff # 422 5 =
EHSTE . B L - E, subsurface flow iR E, 1 suction, MUEDEEE L% Fig.
6~Fig. 8 |2/RL 72, Moo L3 suction & HURIZBEIE L Y 175 3.5 mo@lERHR T, Ald 20 cm
%, BiZ40cmiE, Ciz60cmBENEILTH S, F7z, Runoff No.11~No. 13 ZFRBHETIC &
LHEIBTREN;&, EEHE » subsurface flow HEIZ DWW THLRL 72,

Soil mantle AR KN HE D—FlH* Runoff No. 1 (Fig. 6a) T, 28 mm DfEmIzxiL THt
EDFILZEEFZHE T KRN 2288 S 1, peak FHEiZ 370 cm?/min T4 - 7z, Hydrograph
12, HKEEDELABEKEBIC T 55077 728, peak Bt CIEN#MEZRL T3, HIFE
suction {3, FERMMT RRNFEICHILLHIRIE CRED S MEIZ AEATRA L, wetting
front DT 5773, LA L, HIEIZI: wetting front DB TICES Bz RS e,

Fig. 6¢ (38K T HHHE] (Runoff No. 3) ¢, ME CIIRBH T AKR»ETREL, £
&0 8 RERLBN CHEEREM T KA L 722, MBS ERMOENIT A E vDY, Runoff No. 1
EREBRIC OB TL BEREWM T AR ERT 5, Lo L, BWE 48 mm i2xf L T peak &3
60 cm*/min T, HHEFFFL (S, LFEsuctioniz—600cmH, O LeL VEHRL T
), wetting front DT R 3BT R LN b - 7.

BBIB) 0 tp T R 7B H° Runoff No. 4 ¢, £ suction #*—-800 cmH, O & Mg T
2B, BTSRRI AH T 1 C15.5mm o Ly S Rtk L 72, HEORIUTIER-HT
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KEED A HHEM & 13FFEEICEM I N (Fig. 6d), = 95 LHlsEs 2Bk, T8 8imc
ERLZDTIVDEDPKREL, BREFANDREVEDN I, olzleh B2 L5,

FERIC 8 9 13 suction DIGEL ST L LB T W2 & h s, HERD L DZEKIISHREFR
MRS BL TER(EEEE I N TV EEZ LN A, TBIERTHIICE
EREHTKFEDOHRHBEIVNE 20, BIRICEC E XV DANKEL LB HBERPEEER
HETELLEY, 208 CBEBER»>E2 5L, AEERIPED A TRTI L HIE
T, MNLBBREROVEEZ DL HBIE NS,

13 #iloy storm runoff DREFIRFME & IWEME B L I D FRHFFE % £ LT Table 1iz/RL
72, BEFRER] 138 suction 2 —300 cmH, O LI E 2 @K, LT 2ERRELEZ 2L,
Runoff No. 3~5 5 & tf No. 8 2"z REEN B T, MiZIBEREDHITH 5, Subsurface flow (3
2L A EHTEREI T KROADEET, R TRL 2B R/ T RRTH 5, Soil
mantle A53EH IR L 2BHAI, bT ISR T KR RE L 72720 T, FRBHTFKFEIZE <
BRIZNT, subsurface flow & L TEB L O EREH T KK TH S, 72, BEE@MMTAK
ROFHIZ, HRKETRRBRIVE QCERMOBNIKRE (L 2niIcx L, HEHRE TR
THERAIKRE CEADNE G B &) — iR A 5. FREES subsurface flow (2 ke
stream flow #5247 ) /NS vaps, storm runoff B RO (LA SR 2 I SR TH
5, EEETHT AR FHHEIGEREIZEINIC HNTARE WD, RO SBHE I I
~NEEBRAFH ) soil mantle 27 FE 1 m T, WHHNTE» L NECHIZEL Tz Z EXREEH
Z6N5, B, IOWMRTIIRBEL, MTE2EPRRE L4220 L BORBIGE %77 sub-

surface flow DFHE L MNE THRAE L 2E & FEL, RERBIMEB L UMW TRD L
9 12K 72, HHE I hydrograph o kES % fER iR CHEBLL , SR DR IR EE E Tl 5
HERKBRIOSZERTHY, ZofL ) EROERB L OEHTR T Z A2 E#EES Bui
moKRTEHE YL Lz, 510, BEERENEL Y RRRESSHATRECHRELRHESEE L7,
% 72, M)l hydrograph i3, peak B§  TIIHIMHRE A 5 KF#RE 515, peak i3 2N fh HF
LSBKIEMORL 2 M CTREBRTHEY, 2NonERL ) EBoTEEEZRWiBoRKHE
EEZ, RBEETRELRHSE L.

3. BuUk=ER

Subsurface flow {3, EEHT AN, HEERBTARKEL WO EILEETZRNLTHHDT,
Darcy Blic§E5 ¥ 2 b s, 22T, REERENREKENEKREE RMD 2o, 1985 4
10 BioBOKEBR 2 EMi L 72, = ooy 188 suction 13 Bill% o L5 3.5 mEEFE T—150
emH, O #5%L, soil mantle |[34% 0 iE - 72K EICH - 7o, HOKIZBRZEO L 1.8 maO BRI
SEMESI & BEIC, X 90emig20cmich 720 81.5 [ K%k 39455 2 7. Z U
LD LT 700 mm/hr (2R T B,

13 Fig. 9 0 & 512, BokBts L V4 15 4B TRERT T KR 2250 L 722, Soil
mantle MO HHEB DB BRI ZE L e HOWEEIC S 525, RIEKBNOTRTEREZ fia0



12 " HF F 2

BHLODLRHOELE THOEM  HHIBROETHREL, BEREOEKFKEL L T10 cm/s
RENEL 1872, —75, soil mantle M:EKFREIZENRABRS S 0.6 X107 cm/s L KDH L, Th
ITHAND E AR 2 HIRREEARRELSKE WY,

HRER S & UBUKERD LWL H & % - T RERER T KFENEPiBRE L, Fig 10 (08
CFRT, WEESLEEL WKL, EKEORVGEREETZRT T 2.8 TR A Eh
HEICEBERERIGERL, TIABRTEEL TRBES EERENEET S, 20k ) TEE
KEEDHLH S, EEEZHRTRESEMENGE L GAIE~FET 5.

. EAREHTKFOREFE

1. KhoERAER .
I FE M T KA Darcy Bl $& 5 #2F0 Qiﬁx&
Ehws %2 5 & (Fig 1), ERE Lo i
Darcy B2 ()R TREN S, T2, HENK
KIERFEDORNDEET 5 EELLNBND 3
T, B KT THRVWERORZQR TE Bedrock

25,
oh .
qg=—kh (a—xcosﬁ—smﬂ) (1)
oh oq
st %4 _
ot + ox weosd @) Fig. 11 Schematic model on the runoff process

- e . of the overbedrock subsurface flow.
I, qIREUES D e, RIEKRE

B, hIEEOHERAMNIC L - 72 KGR, 0 IRTEIERA, SIIAMEHE, widEEERr LR
FBEER, IR THAZIEE ALCHEEE ¢ 3BETHL. b, Bt rRERmRE
TEKFEAPEL R LB, AEEBOHFELERORNTH L EEEEL, 22 TlEER
T T K % BEKE T K s 52 5.

(1), 2)3N& 0, Dupuit-Forchheimer o3 fllic #40§ 5 &, WNAOBEBEHEX L L TRRNE1E2
(Henderson and Wooding, 1964 ; Childs, 1971),

oh 2 oh . . Oh
S—ét— —kcosﬁ—aT (h )—ksm¢9—8—x—+wcosﬁ (3)

ox’
v, ¥4, Darcy Bz,

q=kh siné {4)

TERIN, W L@ kinematic wave 2 1% 515, % 2 ¢, kinematic wave f##%(3)5,
DI E L THFICEYITH 20 L) 2 RETL 72,
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fBHIZT 5728, ARZ6G)RIC, WBLUQREFORD L JiIcERTILL, ORDEFEIC L
L&, ()R kinematic wave % H&s | 72,
oH 2 oH aH
oT ~ ax Hax) lox th 5)
Q=2H
8H 2Q (6)
o7 Tax h

2T, X, H, A, QRRENFNDRD & ) L ERITER,

F72, (

discharge , Q/A

Relative

X=x/L
H=2h/(Ltang)

A =4wcosd/ (ksin?8)
Q=4qcos8/ (kLsin?6)

SIRDWH M L /R EMHIIORTH 2 12,

H(X, 0)=0, T=0
H(0, T)=0, T>0
H(1, T)=0, T>0

Ltk TH 5,

Calculation of

3H _ 3 3H
0.8 a—T-—X(H—)-Z + A
kinematic wave
0.6 =5 / approximation
) 0.05
1
0.4 . 95
1‘1
0.2+ 5
0.0 T T T }
0.0 0.2 0.4 0.6 0.8
Nondimensional time T

Fig. 12

Comparison of hydrographs calculated from Egs. (5) and (6).



14 " oHEF Z

T TT1T1TTT T Ll LI 1 1 rm1rrrrrrry T T rrrTrT

W=7 WwW=14 w:=28
60 w : Recharge intensity 7]

(mm/hr)

40 |

Slope angle , 0 (°)

o L i L1l 1 ) 1AL i 1t 1 A1 3 ) 11}1) l 1 L) 1 111

1072 10°' 10° 10

Hydraulic conductivity , k (cm/s)

Fig.13 Relations of slope angle to hydraulic conductivity for different values of
richarge intensity, each line indicated the case of 2 =0.1 in Eq. (7).

HLHM(T =0.3), —EENEEQ) »'d - 1235E5DFHEREH Fig. 12 T, K#h* kinematic
wave fi#, MO ZNFIA=0.05 0.1, 0.5, 1, S5DHFADERDBETH 5. b % HET
&, MRIGEER A D0 LUTTHIULHHSELDIRD Lo LMK E s, NREHNT,
WER w=7, 14, 28mm/hr DFAND A =1 & % 25 KGRE (k) L HEGEHA (0) DBEEE
Fig. 1312R¢ 4%, DR L HIC < { 7% 5 DIFHTEERHE B KIGHDVNE WBED, HDHW
BEEEVKREWEATH S, EBBIZ 6=45, £=10""cm/s TH % /2%, 10 mm/hr LI ED i
DD TLH4EPDRN LD, Leh - TLkIE, BERmMT KK HE % kinematic
wave & ATk .

& 2 AT, EFREM T KT hydrograph i3, BAKIBDZEIL A EAKEIC TR 55 TH
eV, EMHENRE S -, Larl, BEFRRZWOBL 0N TEZ S L,

J dx _ ksing Ry
EsyEdiiied 2= 5 PLET

dh _ wcosé
LY, BEIOMRIERE do/dt OKBIC L D EET—EBICL b, Zokd, dEr»rLK:s
hydrograph |3 x4## & % 1), FEHEICEIS %~ (Fig. 14a),

—%, #€ko kinematic wave i T3, HBROBNZRUERLEL, EHb L KHEEOR

BRATRIN T,
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A=KQ* 1) z%@a
w

24 _ 2Q _
ERr w
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72720, ARRRBowEtE, QIXKE, g1
HURBRLDOBMBEAZTH L., BKd
Manning Blicfit 5 & $4E, K BV p i,

{ K =[n'/{K;**(sing) "?}]? "
p=13/(3+2 2) (b)

B, 22U, IS OMERE, sing
THORE, KKBXUO 2z 3HEBOEER LT

i A OBRL2RTEET,
t
R=K, A* 13
Fig. 14 TIllustrative comparison of calcu-
PLEELHETH L, I ITLTRETRNEO R lated hydrographs conforming to
_ Darcy’s law (a) and Manning’ -
Bci, Ki=1/b (b E), 2=1Th5. tion (b, @ anning s eqna

B L4, ILESAE oW ERIK S £ 2,
), MRICBVWTHERAR  2AYNE wis, RBORE Q % q 2B XH2 Tz, HEHREE
ELCHMNRRB CE2 58, R=h=A %30T, QORICBWT K =1, z=1 &7 )12,

{ K= (n//sin8)" n
»=0.6

TEREND, ZZiT, n3IMEOMERY, sind IMEDETHS. 10, (XL,

p de _ 97" da__w
FrILiR = oK 20 et d = K cosé 15

L, WEIDEIBENE dx/dt iz g b h OB TH A HKE hic £V E(EL, Fig. 1dbn k5
25t 8 53K % hydrograph iR IEMHEZ & 2 2. Lo L, EBoOME ORI ER RE L £
FE DT, SIEERPZE > TEPL 50T, Manning 8l % BV 320 TIEEREICAIL
T,

% 2T, s Darcy BliCf€vy, L#» L, hydrograph 7sfE 4 BE A ik § 2 ##E 2 KIS RRRS
T35,
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EREHIEL 5.

Zh kS L TEAEERMEICII, Fig 15128
RHNCTRL 72 & 5 B AKMED Roe 5 M % = Fig.15 Schematic illustration for permeable soil
BREEITERIN TR EEI LML, 2D layer at the boundary between the soil mantle
e, BEREWTAROKR T2, B 0 o pedrock
BEXEDBELTRBOES KL %), ORDFLEERFER e KREL KB,

k={(h—h) kit ho ko}/ b (16)

Zie, hBEREOEE, kIFERBOBKRS, b HELTEOBKRETH S,
2T, WREMRTEL, ki hOBRKLE LR,

-
—

g=k(h) h sinf )

k(h) h=ah? (19

ZDGBENEFNN L ERHORNIL, ZNFREIRN WX TREINS,

h=K, g* (19
oh 9q
1 20,
S ot o wcosfd @0)

ZZIT, @k BRREBOEH, K BLUuplienth,
{KOZ{ 1/(asing) }*
p=1/8

@n

Thad, K=K,- S rtid, 19, i25ERn kinematic wave 342 & 2B & & FHEIC %
D,

] dx _ ql—P
R o= 1o

dg _ _w
dt = pKgP!

D ET, cosé 22
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2. BEEREMTKAENKHCETE

12 L HIIBEBORBIEEG o Runoff No. 1, No. 10 oW T@RZ5EL, BRI - &S
KE M T Kifio> hydrograph &b RKEAT 2L ) % p & K #RITHBRO LTk,

Runoff No. 1 it &# R % Fig 16 IR T, SRR L OBREHEER w i, BEIERTEEIC
FERFRER T KRDOTBE () 7.5% %R T5 2, SHERZIZET L2NCET 2:BEMNM (1)
2EZ, Wz 120 B L7, BEOBEMEERIZ305cE D, K=1.3, p=0.6 0k & ic&H
fEEITi3—5L 7.

B, BAIE 7z hydrograph @ 9 &, BKDFE L < W 3022 % 55 0FmliE, Bwiidie
ELLTERL T Loz, 22T, 58 ¢85 L7z hydrograph i i3 B L T WD iE
&L CTRLZ, %k Runoff No. 10 5L f No. 32 oW T HRETH 5.

Runoff No. 10 »#l#* Fig. 17 T, w i3 Runoff No. 1 & A 81 TOFHHE 17%, 12 i
2507 CE 272, BAME L DBEESEIIRLR4E 5D, No. 1 LEL K=1.3, p=0.6 ZH\, »74"
RWiER %1572,

Uk 2#iciil: K=1.3, p=0.6 %52, BBLU0RIZL ), KELEKRENBEFREE
MIZERHR S 237 A—2 LT Fig 181 L2, S=0.1 2{iET % &, BRI 2 EEEREH
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Fig.16 Comparison of observed and calculated hydrographs of the subsurface flow
for Runoff No. 1.
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Fig.17 Comparison of observed and calculated hydrographs of the subsurface flow
for Runoff No. 10.
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Fig.18 Relations of hydraulic conductivity to water depth in
the case of K=1.3 and p=0.6.
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RIEL > B LIZIT—3T 5,

KICEHEH O Runoff No. 312 oWTEHELA, MERIIZNT ToOfl L RS o B
#0.8%, BEHEFKEM 43057 TEH 2 72, #HRIZ K=1.3, p=0.7TFig. 190 & 5% - 72, Soil
mantle AR L 72 72 HEARMOBRBICHM L B L, BEFHTEEHOB L D KEL o7,
T2, 0L 0.7 ERRPKRELC L7t K125 L, KB EEKBEHRDOBERICIZTAE LA V.,
L7ehss T, WML R E v B 2RI TOREREH T KR REIGESY, B
AEAL, MUBIZIIFE CEREOFIEIC L > TETZ 22 WHEE % - 72,

bk Hic, ek T RROREEFEIZ, EREREMICB 5B KENRL M2 /8
BEXEZDZLICE-T, TREBATESL LS Ik - 72,
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Fig.19 Comparison of observed and calculated hydrographs of the subsurface flow
for Runoff No. 3.
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Fig. 20 Relationship between hydraulic radius and cross sectional area of the rivers

in the mountainous basin of Toyohira River.

MODEL 2

MODEL 1
I
! A
j,e
L
A; drainage area v
L. channel length
B: slope length
6, slope incline
A L B ]
knf m m
MODEL 1 0.93 1320 350 26°
T 055 | 1320 210 29°
MODEL 2 I 0.08 520 80 36
N 016 740 110 22°
NV 014 550 130 18°

Fig.21 Watershed models simplified rectangular basins.
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Fig.23 Comparison of observed and calculated hydrographs of stream flow for
Runoff No. 10.
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57, B2 TIHUTRF L HE LB,
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52 EDHIBHL 72,
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