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2) FREEIL, NEEEZQ010) @ B V FEIREAT.OKY v a RSB D098, WAk 22 4F
FEIS K BRAFFEil el e . 34-39

3)  /IsE, BRI, /NEE Z(2012) 1 1/50 AFLKEEIZIS T 5 E A V TS T.O RN R OB
a5 63 (Al EA TSR EGT RS Eﬁ@iga\ 66-69
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(IEKERD 5 H i/ KERMXICEH T 5B TRV — eI seE DiRst

HSTITBAENESE « B EERINAS SRS A T2t !
RMOKIES RMKERN &R
OEARE, Al B, TR, B

1 1XCsIC

Rl - B3 - EAEAGHE (BMUKEER, 2010) TlE, 2020 FEF TICRAEBRIBERZRE 50%IC
51& EF2EMEEHENMETENT VS, TOEKDOIZHICIE, /KEZIZ U E T B EHIOF] R
O ENRAIRTH O, EEREORDIES IR TIZER I R N OfERDEEROFETH 5.
F 1z, SURZEIANOGIGOB SN BIE, FRDEDEMIKFE B BN T HIRERNE A X OHEHH
PRI AT TR SR D HAD KD S5NTW S (EMOKER, 2008).

IR SRR IC 350 T, FHHEKESREDTRIL D= DI R Y THVER SN TV, K, Wl -
AN S OH/KIC K > THEM SN TV BRI T, HERFEHE OO X ME SRS AT XD
PEHHIROBLEA S, R THEHADIEDIHBE S NS E T XIVF— DR EEN TV 5.

BKED TN TV A HIKICB O T, Ry 7% AN TE0m) 1 5 OBUKZ ) Tldixsl,
2 LSRUHE TS OEUKS, ToblvoH A 7% E MBI R/KiIED b OFEMH/KOMIGE STV 5.
BEDIKIFTHAT S 2 FEPEHI X Chai s F/KE T Z TR E S 5 eI, BUKIROBUKSE T 72# &
Uiz ECHUKDNER B IET 208N 5. TS (1995) &, XL, HEETL, HrkeE3E
Bk & 9 % W IR N RRHNS R U T, $REE HlRE Z2 W CTBUKSERIC IS U Te g 7a 7k
FHEZIER L, BIROKFS X T LOBEICOWTHER L. BT X 2 /KR o5 &
LTIE, &0 - ik (2006) AYIRIKIR TR I O KRR X I BT, R 7B B kO
Tz D OBKEHNH] & Z Ul S Wi /@R EOKkOFERIAS M Uiz, £z, HES (2001)
REREDS (1998) 1F, WHERHE/IRE CH/KIEMOFREZ I E 2 OKERZERELL, KEE
AN ERER U, Nk - 5B (1992) 1%, HBKEEEEES KRS AT WS IBDTRAE R
BREZEam LTz, TOX I, HKEEMOEHUKIRIC X 2 FKEHE O =7 filmh S OREHE
BLOCHRENTWAS. LML, TXRIVF—OE S5 H/KEHORELZ kA - HHIE L 2R,

AL T, FkEEEHIX T 5 HE) X Z x50, B0 M/KOFFE & IO 2L/ 7 1h
ERNZAE ZH S MCT % & L &I, FIKIHRIC B T3 )V F—2ME/KE T4 5. X
Tz, BKHEFC BT 2B T RIVF—OMERITIEICDOWT, HIKFERO N & Z8h b A S
NEMINKRZHERT 5 & LI, R TIC K 25K EHE Lh 5 OHUKIC X B EEO/KIRICHKAT
T % A4S0 U CTKIROFEAL NS X % FZKIHE T 3 )L F— DO fai T fEME 2 Mt 9 5.

2 REHMXOEE

HEP)IE, KIETH 2/l L& 1,110 m) hSEEMICES
ATIEE 42.2 km D)1 T, 201.7 km® OFREK RS2 H 9 % (G,
2011 ; X 1. FEAVNE WJIBEE S Wz, BEkAH->TE
T ICHKLTUES TS, BROMIHEIZ DA FEO+
WEOHIFTH -7z, TDizsd, HEIRRWVOUIL/ g, &L,
BV (BT, HEFHTOKHH 250650, KR E L
THE L, HH T, BKiizZHEes 2 EE 0 EEKREED
1974 FEICHE T U, 1994 FEIC5E 7 UTe (HEP) 1 EEZSE/ KR EE2ERT, 1994).

B HE) RS2 0255 1 (D%, HEP)IIX) 1%, Fhmb
i T 52.1 km*> UK 49.9 km?, Ml 22km*) TH B (HE)IIEZEK
FIFZ2EAR, 1994). HEFIHIXIC 313 Bk A7 LOWEZ X 2 X 1: BEJIFIR O E
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WRT. EFERICERE S NIEREX L, 1BE56.0m, IRE370m DOV —2 8w 77 ¢ )U% L
T, Bk EIZ 4.6 x10°m’ THB. HEIARINB X LR OEABNTIEHET 9 DO E T
MREINTWVDS (9B 5 DIFEEFRHEICKD). T, BEROHELHEtE /KR E UTHHT
5. TNOTHEBAET SRR, FEEW (AmEE 84.5m) MEDR Y THKIHKIFST 5. H
B OIS ERIE S N5 1 Bk 5, SR EZERRD 2 DOWMEIKERIC K > Tl
KMNISEKENS. BRSO \EHNOZSHIDA R TH D, TNDEDOZEMTIEMoES
BKEERIARIE L T Wb, — 7, ZERROMKIE EFROE FRT, B ailm, HERDNSRTH D,
FoER, HIER, H4ROBKEE R TXD EROZGHANEHIKE NG, TOZERROEK
VAT LICOWTIE, K3 ICHEERT. N5 EROZEHDZE < OETIFZERRICK 587K
CHHE L (B ER LE AR Oif57Z2KEE LTWD. &, TNHOKFY AT L,
BE, HE)IRE Tt XA FEICEB L T %
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3 HIRAEE
3.1 BEBICEIT HKFEDE

B NRELL T BIKOBEEZDRT VT v)b (TE/KE) ZHHEd 2 7DIC, BPLORES X
Ze GRS AT L (GIS) LTI B L &8I, MGOEICHET S ERZM 595, [#H
XHilE, MF—FETIERL<, EEMPEEREORBMNERICEH TS [DKER) NHEERR] TBBX
ZHEN, DD, ELEGERER LRI Ay a7 —% CER 214 T TH] £z I'#
DD MEz Hds R I 89 %. {HL, Bing Maps (http://www.bing.com/maps/)
DI BB ZSEIC, HOEMIBETROKEIERNL, BHTHEEDIEMAS. ERENT
BEZORY S, RY TVNICH ZEMBHIXAER (5 m Xy o B £720E 110 m Xy
Va (&) DAY Y a R EOEEO 2595, WAFET 5581 5 m DED%
AT %. 2N OFRBHINKITEROZWOKE T, BEX [50m Ay > o BEE) | ZHVS.

7z, HE)IXGEHE—EmmX (HEEREKRE2ERT, 1986) ICHDE, RESHICHIT 5
IKIED S DEUKKRREZ K 1 DX S ICHFEL, TORFEEREZIER LIZRY 159 5.

11 HE)IBXIC 3B % Z24x O HUKARRED 7%

ID HUKERRE 1D HUKERRE

0 S2AsHhsY 9 ZER%R - FEETL - £8)IJHESH»D
1 1Bk (ER) #h0 10 ZEER - /NEFHIERDN D

2 ZERRMERING/KTHEND 11 ZBER - BZMHER D O

3 ZBEER - AORHEEEE THD O 12 EEXLEEH»D

4 ZEYR - WAEEEE THD O 13 /NHEEEE THE»MD

5 bz ARy TN D 14 SIS THMD

6 R - M - BIFFEEE THD O 15 7=oitiEh o

7 ZER - EESFEHE THEMO 16 ZE&R - TIHEHD D

8 ZBR - BJEFEE THEND 17 ZEER - BRATHERD D

3.2 IR TOKMBDOEE

HEF R BT, B OKF> 27 LOERICH 2> T, X LOWIKESIH
L, BkEGORUKER &R ZERHH E LTl L T\ 5. AW TIE, 2009 FEOE
MHRETIC, XL, HEL, BKEEGICBI2BUKEDORZtEZ DT LD, Tz, £ 1
DZASHOBUKAERED AT L1, DK EIC 5D 2 5/KEEMADIKZE G ZE T 5.

3.3 KEDOBESICEL S I XIVF—HRThROTE

I & o TEME NI KFEES K O/KHEOBIR Z R E 2 T, 2atho/Kigz Hids Uk
B ORIV F—HRREIR 2 G 5. BARICIE, SKkEDPSEUKTEZBEZH LTV E
WO EED T, FHIATRENZEZR L TRD 5 /32— Ol TiEERESTS 1 1) HilDF F,
2) ZEERDZEHD S B, HE)IAADSHUK L TV A2 (ID: 3, 445, 6) 1BV THKEE
Bz HEIAD S, W IkEz ZBEROZAEHNC B SIE (D: 9—-8) ICEsy, 3) JFEH
B LICHD %324 (ID: 9) OkiFEZ 2T IK TV, W ciykaz e H ) [5E e T
D 24 (ID: 3) ICELSY, 4) SEESFEEE LI 232551 (D: 7) O7KiEZ 2 THIK TV,
TR T 45K &R e 440 H B LEE E THM O ICldsy, 5) BIFT « oMETEE TIC D 232481 (ID: 6) D
IKIRZ 2 TR TRV, ROV IchkEZz 4 HE) 3 E THED D ISRy, S S OFELD /3%
— N B B XD KEEMANOAFE G & BB O/KmZ2 =4 & U M#E/KEZEE L, <
NS ICHESG LR C TRERMBL VY- UTHRT 2. &, MO0, W"Ih50
BUKICHIBRIZ RN EAGET 5. 245 4 & 5 13HE LT, SO HHED S OBUKIZHEE T 5.

¥z, BKEBMOERT RIVF—Z2HRT % 720 D—RNEFRICOW T EMETT .
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4 R
4.1 ERXEDESEBUKKEDD R

FEHXIC B B EGXE OS2 K 4 1R, Tz, HEIHXKGHE—fEEX (52
SEIKFIFZERT, 1986) 1ICHD < M OBUKMRED /772X 5 1C/RT .

BEiZDES (m)
83 - 100 B 21 - 260

101 - 120 B 26 - 250
121 - 140 B 25 - 500
141 - 160 Il 5o -3

[ 161 - 180 2 -3
P 151 - 200 I 3+ - 360
P 201 - 220 B 361 - 550
B 221 - 240 B s - 200

0 15 3 6 9 12
4 1 PAEHIKIC 3503 2 Bk 00 /)

Mo T lkm
0 15 3 6 9 12

5 L IREHKIC BT B BISOBUKERRED /04 (HUKERAE D FH ID 133K 1 ISHHE)
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42 BIKEHDSDEUKEDEEE FZHMICH T HHKEBRNDKEEE

ER L E FROEE TICHT 2 BUKER/KMOHZH#K 6 1<R9. 8 HOHEENICHHEE T
TOHRUKEMNEAL, ZHUclEo TERESX LOBGRE KL TOKMMERL, 9 AIIZFEKiE
W ETELTWS. 2009 4F 8 HOBKEX LB XU FFHROEE T, 75 TICHE 1 Bk
I BHEUKED 30 79 & ORFZ L2 X 7 1R9. 8 HRREICEUKED A 2 AR Tld E &
F o KRN GERENTWVS. 8 H 24 HA'S 28 HE TORIIC 0.5 mm DL EDORKIZEEHRENT
WL, BRSO KIED S DBEUKDNED LTS, g, S A D BRI x>
72 T &R MMM OKIRMNIRIMEDN > T2 Lic kB e A BN S. BHUKEDZWHRICB VLT,
BIFT, 2R, S O EEE TORUKEE, FHEBUKREISE 1.0 m’ s i THER L T 5.
BUKKERED 774H (3R 1) T kiC, 4 ADDS 9 HEX TOWERTKRIC 5 2 HKEMANOKIFE G
BER2ITRT. Fiz, B (2009 4) I B 5/KEEMANDIKRIZE G OZER 74 72 K 8 IT/RT .
LB, A OMEEE TICHED 3235 TR 2SR O/KISMBINIZ L DO TH D, BrKEEREA
DIRAFEEIAR. AR D FFRICH 2 ZEEREMD O D228 :11E, H/KBEEANDIKAFE D E .

1.8 320

1.6 SRR s5m| 310
;\14 '~'\_~ ‘-‘.--\'d-_. "%"B-*ffi%7k1ﬁEL3_(-)?1rn_' 300
o BES Lok T eemehm T
T 1.2 ~ e 290
e '\ . - —_~
@ 1 A e e - SE/KEAZRS EL 279.6 m 2&)5
2 08 [ i — ARk E I
- ’ “ —— EEERIUKE 4
2 o6 ¥ IS | f LHETIERDKE | 260
= \n — BEIYLEIKE

04 =P n — BESLBRE |20

0.2 H) *V i 240

0 tﬂj - - : — 230
2009/4/1 2009/6/1 2009/8/1 2009/10M1 2009/121 2010/21 2010/4/1

6 L X LKA, BUk, RUKEEDCIC MO FEZRIHE TOBUKEOFERHERS

3.0
— BEALEUKE — A RIRKE
— BEERIUKE ZHBFIIEFIUKE
__ 25 ;\ - -E1ER (BER) BUKkE —$H18B (2HBR) BKE ——
m‘t/) v 0 !\Il W 1\ in " ‘-\v. |||_.
€ Mt )0 on R, LA i
Ill\lﬂl] 2.0 " I o, T T o p J
L} > 1 1 - 1 - -
-)'é _— ! “{ y I' ! l\ ; ""\ JI n, ‘\"‘ |l' : \ﬂ -, \
=4 \ ~ 5, ~ M |
B 15 - JQ S e
s . MK
~N !
LY 10 L | w VRV ‘..«WMAM A
lM M‘
0.5 o ] g
i | = |

0.0

81 83 8/5 87 89 811 813 815 8/17 8119 8/21 823 8/25 8/27 8/29 8/31
X7 EX L, FROTEZEHE L, 51 BEKESORUKEORZE (2009 4 8 H)
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X 2 T HKIEE & NBUK D IS ARATF S % 5225 T DOF/KIFNDIRIFEI S (2009 )

ID Hukfem Bk O Geitia) )i oS tias

3 9.1x10°m® 02% eHE)57KkT 99.8% AR HET g E 1
4+5  88x10°m’ 04% T « WHEIKT 99.6% THAEHE 1.

6 10.0x10°m® 122% HIFTEE 9 37K T 87.8% BIFT « WMAEEHE T
7 88x10°m’ 31.6% H2EHHT — 3 58KHR — BHAR 684% FH{ESFIHE L

8  42x10°m’ 373% H3IBXKR - F35HHET 62.7% JSfEFEHE T

9 13x10°m® 77.0% %f 4 58K% 23.0% JHEHE T

2 3 DK FHid ) U723 B OB KN OIRLFE & & KIS R 2 MR T 3 )L — OfE

D INZ—1 INZ—2 INZ—/3 INZ—/ 4 INZ—25
3 0.2% 0.0% 11.2% 30.9% 13.7%
4+5 0.4% 0.0% 0.4% 0.4% 0.4%

6 12.2% 0.0% 12.2% 12.2% 0.0%
7 31.6% 31.6% 31.6% 0.0% 31.6%
8 37.3% 60.4% 37.3% 37.3% 37.3%
9 77.0% 100.0% 0.0% 77.0% 77.0%
MEIZRLVF— 8.07x10°MJ 865x10°MJ  5.09x10°MJ  7.11 x 10°MJ  7.52 x 10° MJ

4.3 IKEROBEDICKBMEKEREDE(L

B/ SZ—2 1005 5 L TICHE > TKIFZHR D 7900 12358 DB /KEEANOKAFEIG L, TO
ARG LKA DWW THER & NI KR B T E TR )V F— D E 2 X 3 ITRT .
i T )VF—OFFRICHB VT, | FEIC G S 2 kO E 2 A7k E &2 asmiE (H
T E22EKFIEEZERT, 1986) A5 1,610 mm EREL TWA. iz, /82— 1 ) &/83%—
Y5 DB BN THEKEERIC RE L I BB T IV F—D R EZNFNX9 L X 10117 .

BKEB~DEKEFES
[ ] REHE
0-1%
1-20%
Bl 20-60%
Bl 60-95%
Bl 95-100%

Moo I Tkm
0 15 3 6 9 12

8  AHEHIXIC 51T 2 M OFKEEUANDIRAFE S (2009 47)
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5 E8
51 HIKEBRICRS I XIVF—HIRDORTREM

TKIFFFAC D IC K B AE T3V F—ORSETOHERRSE (& 3) »5, HUKkEZHKIC K> THE
I 2D0THNETHRED FHROIEI DI RINF—DRETHEENERTEETENTES.

K\J BKEBRIDELNMEIRILF—
-0.1 (MJ m2)

0.1-0.2
[ 0.2-05
B 05-1.0
Bl 1.0-15
Bl 1520
Bl 2025

rJu T km
0 15 3 6 9 12

9 LS Z—2 1 DG B OBKRERIC R E 7 AHE T 3V F— D774

r\) BKERICREGMET S ILF—
-0.1 (MJ m?)

0.1-0.2
[ 0.2-05
B 05-1.0
Bl 1015
Bl 1520
Bl 2025

rJu T lkm
0 15 3 6 9 12

10 © Flids3/ 82— 5 OB EOHKERIC B E R ATE T3 )L F— D70
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2= 31, AR & R OZAMOB/KERE ) Z W) DK TS il 7= TH D, K&
BRIV F—Hiiz FiAD 20, MR OTIKIEIFFIT/NE SHRELE DT HUKIE RIAD
BV, FENICEREETH S, N 2—2 41, RARNDHE)INCETRS 2Ma03241T
P/KEEM D ZHIS 2R TH D, HIESNZHKEDRE WD, TNRETOKZEARNNS
ERTEZDNMEL D, NZ— 5108, HENPFRE D241 THKEER ) 2 RS 2% T
HY, K67%DTIIVF—HIEMNRIAENS. LML, K6ITRT KD ITEER LOKFRAReR
ICERANE L, K 7 IR K S ICHHE TOHUKED ik A RO FIHEIELTWS. HIC,
P HEBUKEDZEHIC DN TIEIKMMEDRIE L FEET 5. D7, HIEEICIE NG OBl 729
TTTCERVD, SEROMEEHICBNTERT S L3R THS EEDNS.

MR LN DITIRE LTS, BHFORMHEORMIFMH A TH S EA NS, Kk,
EMEIC K BRIV F— R Z A 2 T2 DIC B i Re R RIEEETH 5.

5.2 {IEKIEIC K BFHMED EIREM & S & DERE

AWFETIE, GIS ZFIH U TGOS L/KIFICBE T 2 1ERZ LA L, FhziIkEERIC
BTN E/KEEEHER U C, JKIEZ B L2 & OBk 3oV F—HRO n]REM: & it U Tz,
ARWFEDFEE, Ay Y afe & B, 235 BU 2 5KENDKIFEG L Vo BB N
727 —R7IIC U TGIS THET 22D T, /KT IXIVF—fEkO7zdDE L L TETH D,
O KERHIXIC & FEHMETH S L EZ BN .

ARWFEDHIETIE, BKEBIC B T )V F—% B S b RS > T\, BHEIC
Z<hbhwiisd 5. HIZIX, BKREOERD SHEHO7Z28 THKEICHIVAA TV 3551
[t & O & EOHIS FE TRDRA EITFENTWE T IckD. Fiz, BKETORIIKIESD Fik
DK OFHFEMAN DM H DB S ZE I N TV, EHEEICE 2 TEBRICHIKDIZ0HIC
AL KGR [ X NSRS U CiiT 3 % T & C, K O EREICEI UK 3RV F—DEEN
AIREIC R %, I 51, SRIOFETIE, WIHh 5 OEUKICHIFRZ T TWhinL. EEIIEm I
EORFO/KFMEDORIEN R T 2D T, INEZHKISME L TEET DT EDREICKS.

6 BbYlc
ARG TIEKIEDOFHE S X B KT 3V F Rk OFHE it 2 iR Uiz, BEEO X b OFERD
e, Tx)bF—, KEH, MREHL EEGNERBLDOMEIT A2 ENEHEETHS.

HEE | AWIFEORMIC DT, AR B XIC R EEZER 2RI L L i, #HEICE
RIEFHIZ 7213 CH BB OB Z KA ZWelRnTz, TSR UTESHL LT 5.

5| A3k

HEFJ KRR (1986) @ HEF)I|DEZEKR, 8p.

KSR (1994) @ OOWDOHIERE, 444p.

RERRE, FHORAMA, AULFEE, HAKE (1995) @ ERUKIRZ DKM 350 % Fd /KR A B —
ZHNNERZFH E UT—, /KX - IKEJRERE, 8(1), pp.101-109.

bu%%ﬁﬂz, BB (1992) @ HBEKEEROBHICERT 5N 55K ORI OMET. B3 T A7
R, 186, pp.55-64.

JEMOKEER (2008) © fEM/KEE S HUBRIRI LR SRAS S HEIE, 41p.

EMOKES (2010) @ B - 22 - EANEARGHE, 43p.

WEIR (2011) : HEF) 1 Om]) & T2, http://www.pref.shiga.jp/h/y-doboku/kasensabo/kasen/hinogawa/hinogawa
top.html (2012 4F 11 A 11 HE%D)

FHfRHESE, )11, HEEEH] o01) @ WKEEEHIKIC 351 2 BUK GBS O @ B LICBI 3 219 —&
BERE - B2 & LT, KRR, 451), pp.69-114.

B, SKEE, HAXRME, IR (1998) @ KA AT LZFIH UTansiEs, B EARYE
A%, 66(12), pp.1217-1222.

AORZ, EEBE (2006) © FERHIKOZEE MDA /KX IC 350 2 FH7KOBd > ERIRIC 52 % 504,
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Experiment of Critical Swimming Speed of Oryzias latipes latipes

®oOo5E Wl OET
SLHT RS R A MR 24, T 036-8561  SAHT T SCHHT3

1LIZC®HIZ

KHEHENZIE, N2 a v (Misgurnus anguillicaudatus), 7 ¥4 (Carassius sp), 7~ A (Silurus
asotus), A% 71 (Oryzias latipes latipe) 72 & OFSENAER L, KEIZHAKBEHEKE 2 & DR
KERZB LU TCINOOMOFEIGCELLE LTI TWS., 2070, B HE OERE
RERET DD O—>2 & U T/KHEHADRFEKER EKHZEKAAEOREINER ST
W5, JKHEAGERN O ,mm&m%k;%%ﬂiﬁétwﬁ$m (KN O & B
L. LEEmoT, KEMEZH ETX 25X AENOFGEIZE L ThS%E T 50 01EKEN 25
B L TR 20ERS Y, KHREOHHII RS TS (BANREREHE ¥ —, 2010). —
Wiz, FIEOKBE G CITAROEKRE ) O TR (1~5F0R) Fft L T k< I M TS
B2 b RS BRI L Tk S 2 X CTE s ENRIE L L THW LR TV D

AR TIIKBEREZRAT 2 N0 Y L, TEKIEIINTHNE INDAX D ExtHR L
L7=. fﬁﬁ@iﬁzﬁﬁb \ZBA9 % F%E1%, Tsukamoto et al. (1975) DHFFE, S (1999) X B/ &
7B L AR A~OB FiRBR, S5 (2001) O X X OFEKATENCEET 2 KR, A X DA%
BIGEIEICBE T 058 (Fir s, 2003 ; fH D, 2005) 235, Zhbickd e, AFVITE
S TERIRTERITIS~20en/sFEE N RA T 5 Z LRl T D, L LR s, KEHGE
BXIGE L T HRRD A X T OMUEEEIZ DO W T REANRH 5.

KR L 136057 I Fife L ClFK T & DIRRDEE & L TEE S (Brett et al., 1958), 6057 &
VWD R 132 < OBFFEBNIC L B AL % R 22 JIERFRNC K45 (Blaxter, 1967). £72, &K
WU OREIZ DWW TIE, Rt O HEZ 607 HIIC L TV D b DD, BIEEIC K-> TTERY
ENR->TWD. 2O, Brett (1964) XA bEGKEEE (Critical Swimming Speed, L FCSS &
) 2HEL TS, CSSIE, 1RIOEKFERT, Mz dH 2N 5605 M I & (BRI Ik D
, AU Z T, LS D & X ORKEKEE L EHRIND. CSSOFANIMD
FEIZHARTESTHY, G (1991) % - Mg (2011) & ZOEEAFHWLTWD. £
T, AR TIIA X I OCSSHEKBUEE & Red &b Lie. KfEIIA X I DOCSS%E EEMIC
RS 272D DWFEKERZF L, BELRELALTL LD THDH.

2. EREE

ARIFEFRTIL, BANOFEBREANTEM L7z, EBREEIL, Y~ AHROEFEKERE B 55
B (R - g, 2011) ERICHDOEH W, RAKEEETEO®H 5~ /) A —5 —fF& OFKFE (i
35cm* B X 30cm * £ X 55em) CEAT 7 U Ao/ NE FEKE (BE 15cm - 5 S 15em + B &
100cm) (BAF, KB EFRT) THEKS N TR Y, EHEHBEE CHENTZEE RICHEE & HITK
AR E STV D (Figd). KEEO EFsm iR DR S 0.2cm « £ X 3.0cm OFEHT 7 U v
AN K BRI 1711 2.5em [HIFRC 5 B, Rl I3oKERHET H oA 7 — 23 5. £70, KK
WO E - TNz B AV 2mm>x2mm OFEEIE A5 T, #0032 O8I O 50em X[ TlEk TE 5.
WK OPERA DOWEKENE A HFE T 2728, KEOER & A FRMBEC HEM EORERNH 5.

FERIZH W AKIT I VR E LIKEKT, KEH DO TROITKIENS 1 HOKFR T TR
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THALEME (HAV : 2mmx2mm)

L
/O : (E/E,ib\ : 2mmx2mm)
#71 <G
BTHA [ F ; \1
N H — !
o B WA — g
o 7Tk |_ Wk X 5 5em _.\
—’:IU ikt : 'y
B : <!
D)t: _— E - - : L~
: T\
\ / i b
s T Vi ]Ll
1
AN DR (G4 // pe—
Ocm 25cm

15.0emx 75 5 15.0em X & X 100ecmp BB 7 7 Y LK K

Fig.1 ZEHRILE DO

TRET/AKFE ISR KR 83, KRN T—EKNMICER LA S, Bkail TARBNZTIL, FHOKET
TREBORT ARG IEER T H L AT LT > T 5.

3. ERAZLERIEH

FEERITL 2011 4FED 11 H - FAIZKEE QW 2 2t S8 T 2 [BlfT 5 72 (Table 1) . F2523% 513 Run
TR LI BET HIHIL 10~30cm s™ Z2485E L, EEREFIZK PR > 7 O G 8 & Jr KRR AL,
BELOURE 7 — D CTHlIET L CEFEIE Lz, KEIZOWT, B3 2REFWHDFE D 7= DifFvk
X O % ¥~ A MO FEBR TT CICFH SN Z W TRIET 5728, HERX R O FEEK
%~ AHEFOER & [FERIZ 6.5~7.5cm O & Uiz, FEBUKIRIE, A X B OWFEKIZKEE 72
WK DT 22~ 25 CIZRET L CHlE L7-.

WPk IR, B ERE HIZUDISKKOFEEZ 2em-s” FEEEIC L TEAL, iz 6~10 2
WX A, BoFRERS L. 20k, RINRETKD T KB 1 1] H O Wi 5
# (Table 1, FHUIGEIFEZIR) 12725 X512, THOEE S — N & PKIEORKHZFRE L, it
NZEEFEIREE L, kS, EEADNEKERS 1 [BIE OUH T 60 /3 fEl5evk L5 E, BFEH
(2, BRI A I S, ZEBIR L. LT, Ak KMIicB W THER L T
Wk CTE T, HRE TTFHROMTIED < F TOEBEDKELRE OBEpk RER] & Wi -3 2 FHl L
7=.

T, KBEFEOWG 1.4m & EJ50Tm OESICRE LT VXNV ET AN AT TRAL Ok
VKENAE 2 2 WRTHIIT R « G0 L, FBEbk BEBE C OWEpk KB NIZ BT B BEIK AL E & Ji 7. 45
VK EXBE O Wr i TR, B P O WEIKATH I KB R CARBMIEIC L » TiREZ I Lz (1 [
IZHOE 5 [EHE L, 2 ONYfEAE W) KX OFAUIRERIZ /2 5 O T, #EKXE MO L -
Hg - R 3 HLR OSERIKVED B Wi i A R oD 72 HRE TRROMITIR Y fHn iz 2 47
DR - BEERE (T, KESHT) - K& - RIEZRE Lo, FZERICHE L2 @E@IE 1 EIRY ©
Wk e L. 723, B —E ¢5Smm O 2 #hERRIEFT (ACM—250—A, 7L v 7 &ET, HIE
FEEE @ £2%) CilEvkH o aFvk R o pE & —EHEE L, BEEOFME (R - i, 2011)
L DOfEREITo T2,

4. HER (A 5H)
A B ITNIAMEEGIZIES A LTS . ERRICHW MG (A X 0) 13, BBXEHmoh
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Table 1 ZZERH L ERIIMFB IO LA XD

fakfe (A¥ ) kKR OB R (7V,) emes™) kiR

EBAN TUN T AR R LK H
(cm) (cm) 1 2 3 4 5 (F)  (C)
201 14F
Run.l-1 2.6 22
Run.1-2 2.7 2.3
Run.1-3 2.7 2.2
WAITH pni-4 27 2.2 1.1 181 b 280 i1 b o363 237
Run.1-5 3.0 2.5 ’ ’
Run.1-6 2.1 2.6
Run2-1 26 21 )
Run2-2 3.2 2.5
Run.2-3 2.6 2.2 3
Run.2-4 2.4 2.0
Run2-5 2.8 22
AR i - 115 - 23
Run2-7 26 2.1
Run.2-8 2.6 2.1
Run.2-9 2.5 2.1
Run2-10 2.5 2.1 ) )
& &t 16 (&)
EE 2.6 2.2

) 1B BEOAE L, 6043 IFEEK S 8 7= K B Wi P ik & f5 5.

Oy (AR L) OEL~DOHAN - KE TSN b 02 M ~72. ERTITEE 16 2D
AZ T HFEH L= (Table1). (KEHA X1, 2.0~2.6cm (CE¥HAEE 22cm) ThHD.

5. ERFEKEE (CSS) METEAZE

SEBRTIE, Table LIR$ X 9 (Wi P (Vm) 10~12cm-s" 225 BAMA L, #236045 B5Eik
TE7HEA1E, SOICHHAZ14~18, 28, 30~36cm-s ONEICHEI EE7-. 60457RICSS (Veocss)
(D)X TEE S Brett, 1964), Viaxeol L6077 T FEIK TE 72 e KOTEIH,  VinaxtE Vinaxeo & 0 3 <,
ADIEP T TIROMIZIR D AN T L E ST iiiE, TidVaal T DK (s) THD.

73 FICSS = Vinax6o T (Vinax— Vinaxeo) X T/3,600 1)

F72, ()RR TCSSOEEITIE, VmEFRNS, [Fl—OEBRERE Of - I, 2011) THHIS
N TN DKL OFEY (Table2) ZHEAH L7-.

6. EERFERLER
6.1 EKEBREOREBREDETE
WEVKIEREI N O S K IEIE22~24°C T - 7= (Table 12 /R) . I L 72 X & 1 OFEKIX N O1T8)

BED, AXHITVmR10em: s FLEE TIRFEA EWICmT CTREATEAL L7223 Bk X % B HIc
WPk LT3, D 5 2emAR £ TOIRHIK IR 2k T 55650 H-o7-. WmbH (2001)
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D ESFZIZT L, BEORIIR B S 2 W ITHEFIE CRi—FIICF A Tk 287 A o
7o, 2B OWEKITENE, b (2001) O A X OFEFITEEBR LB L TN D. —JF, miZ
NEVE< AL, FNECHEKRKBEZ B HRICHERL TV XX 7T S ICKBRIEENS 1.5~
2cmE T EKBEIED 5 2emE i £ TOMIM A HEFNZ & D WVIIR— I A TR L T2, 0
5, FRHCIMEEMS CTHDLREREN LR S, VIR E A2 N biliElk Lz, Z OWFKIT
BOMAIE, PTA D (2003) D A Z T OFEKFEBRCY ~ A HEFORG TR ER OR - INEE, 2011)
B L TR, PRIESEH & Wi N T b E R ORIk AR A LilEk T D 2 E D,

F T, AXTDOCSSOBEEIZHN D ADTEIKIED PRI HOWNWT. ¥~ AHERDOER)NSTT
\ZAF T DE b 7ol bkiIsk 0 7K B WRIEE VT 15 & /KB S T ST 15 % 5 8O T2 s 40 A 3R 8 H LTV 5 D
T, ZH O OFHEME & R L - el vk s o FiE &2 . B lEKEEFS O Vi Table 200 X 9
(1210~19cm*s™ & 72 > 7= (Table 2).

Table 2 60 4y [ i S ko

i fez B O BB 6043 fHICSS
gﬂésﬁ%% {Egjﬁ#?ﬁ%)\ 1 2 3 4 5 Vmax Vmax60 T CSS
(=0 (cm*s ) (s) (cm+s )

KiE(CC) 244 233 224 233 25.1

Runl o mes) 10 11 11 14 19
Run.1-1 3,016 -
Run.1-2 3,600 3,600 475 111 1
Rund-3 o 3,600 3,600 3,600 3,600 217 14 11 120 I
Run.1-4 3,600 3,600 3,600 3,600 250 14 11 120 11
Run.1-5 3,600 3,600 3,600 3,600 692 19 14 540 15
Run.1-6 3,600 3,600 3,600 3,600 809 19 14 720 15
AKIR(CC) 226 221
Rz emes 10 11
Run.2-1 3,600 2,155 10 11 2175 10
Run.2-2 3,600 2,660 11 10 2,640 11
Run.2-3 3,600 3,154 1110 3,120 11
Run.2—4 3,600 3,154 1110 3,120 11
Run2-5 o 3,600 3,154 1110 3,120 11
Run.2-6 3,600 3,154 1110 3,120 11
Run.2-7 3,600 3,154 1110 3,120 11
Run.2-8 3,600 3,154 1110 3,120 11
Run.2-9 3,600 3,154 11 10 3,120 11
Run.2-10 3,600 3,154 11 10 3,120 11

6.2 E@SRiEKERE (CSS)

Table 2 (%, Table 1 DFEERF SIZxE L2 G R 16 RO A X 1 OB EBROFEREZFEH LI D
Th 5. RITITFWEGKBLPE DO KIR &7 U Te. FlEvk B & KIRIE, ZiZEi 2~5 Bef, 22.1~25.1C
Thb.

(1) > B EEIE D 60 43 CSS #FH L7 (Table 2). AZFEBRTHLER L7= X & 4 D 60 43 CSS
IX, 10~15cm+s™ L7210, CSS AR & DGR % Fig2 |2 Lz, KL, v~ A MM (R - Nk,
2011) DFERBAEDLETRLE. B A XD 60 53] CSS ERE & OBREZHAD & IKEH
FA NSNS DO, FBEEOMICIEOBZENRZ T NS, Wb (2001) O A X OWEKITEIE
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BRD, BRENNSRZ =TI 18cm s, KERZN—TTiE 22cm-s" L TR TEIT 5
fHIAAFRD B, ZIE Y A XTI E - TLRERVEHEIT 15~20cm/s FREENBR CTh 5 Z & Rl
I TWA. Tsukamoto et al. (1975) IZANEE 2.2cm DEKEE TRA X H K S8, KIE 25°COEAE
TYEHEE 3.0cm D A X I OKHEEE L dem-s! Th otz L LT 5. EEIEE O AN
oD O THEHBEIIZIR TE 200, ARFEER TlX Tsukamoto et al.(1975) D EBREIZ L TRE 722
LR b0D, Hih (2001) OFEBRB LKA (2007) OEEE LTO 13em s’ CEHEE
2.7cm, PNFE2.5cm O KEE THEER, /K 24.2~245C) ITEWVETH 5.

F72, CSSIFAE (BL:cm) OfFETHRIN, 6053 CSS % (Veocss/BL) THT L, D
WL 43~59BL s & 7o 7m. EEOELEE 2.2cm D Veocss/BL (& 5.1BL-s" (fEHE(RE 0.4)
T o= SRR 5.7cm DY~ AHFA (5.5BLs”) & 1K E 5.4cm @D = 2 W 4 (Oncorhynchus kisutch)

(5.5 BL*s™) + 6.9cm DX=W %4 (Oncorhynchus nerka nerka) (5.1BL-s") (Brettetal., 1958) & (T
ERILCTHS.

7272, FHMEAE S DI O TAR E L EREMKGE L T — X 2 BT OLERSDH. T,
A LT DRREEELIEDFIEIZ OV, b AART & il E o H A TIHiEWA RN D
ZELHEIN TS (Kawajiri, M. et al,, 2009). Z D Z &b, HIFTHIOWEKEET DZERIZHS
WTHABRRFEMA DMERH D .

50 @ AXH
o -~ AHEf (SR Nk, 2011)
~—~~ 40 - %O O O
o o 00°
\583 30 o ©°
&
wn O
G 20 t o
I - o©
R be
8 10 | e
0 I 1 1 1 1 I |
1.0 20 30 40 50 60 7.0 8.0
#HE  (cm)

Fig.2 60 /3 CSS &R E & DBif%

1. £EOH

AF T ExtGifa e Lz & EOKBMEOKFHIET 2 BEHELA LT LI EE2HE L
T, A X T OEG TR I B 2 KR A BN O KB C/NUE TR AKE 2 O CfTo 7
ZDFER, A X B O 60 Hy M RBEHGEE BT 2 — MR ES5 Z LN TE .

(1) KIR 22.1~251COEMETHHA S NI E 2.0~2.6cm CE¥EE 2.2cm) DA X 71D 60 43
G RO GRS 1X, 10~15cm-s” Th o 7-.
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(2) 60 73 CSS % (Vocss/BL) TF L7z LI, 4.3~59BL-s"' T, 2EEDOFHEKE 2.2em
? Veocss/BL 1% 5.1BL-s" (B 0.4) ’G%Oﬁ VR 5.7cm O~ A HEf (5.5BL-s™)
ERE 5.4cm O X % (Oncorhynchus kisutch) (5.5 BL-s 1 6.9cm D= (Oncorhynchus
nerka nerka) (5.1BL+s") (Brettetal., 1958) *IFIEF L TH-o7-.

ks, FHUMEEBN D2 O TEE & b EREGT D TETH D, AFERZAT O IR LILHT
RPREFEMBEEY SMREOFAERRNDIIH 2 We2nz, 2 ZIZiE L Th & 0
LET.
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A stochastic population dynamics model for sustainability assessment

in two adjacent habitats
(B3 L= 2 £ RO F R A se 4 EHE DO - O DR BUERBK I A T I VI XETIL)

1. Introduction

Population dynamics in habitats under stochastic
disturbances has been discussed in the literature that
relates quasi-stationarity to stochastic processes
(Nasell, 2001; Lebreton et al, 2007). However,
Unami et al (2012) shows that sustainability of
population in habitats is well-defined as stationarity
of the stochastic processes over an infinite time
horizon, since it is mathematically stated as the
existence of a non-trivial steady solution to the
Kolmogorov’s forward equation (KFE) associated to
the governing stochastic differential equations
(SDEs). A method is proposed here to compute such
a non-trivial steady solution to the KFE for cases of
two adjacent habitats. Application to a real world
problem is demonstrated, considering Phoxinus
oxycephalus jouyi as the target fish species. Field
surveys are conducted to identify the values of
model parameters. Then, the effect of a hydraulic
structure fragmenting habitats is assessed in terms of
the steady probability density function.

2. Stochastic population dynamics model
A stochastic model representing population
dynamics in two adjacent habitats is given by

dN, = {1, (K, = Ny )= tty + by it,N, } N,dt
+o,N,dB,
dN, = {rl (Kl _Nl)_;ul +b10/10N0}N1dl
+o,N,dB,
where ¢ is the time, subscript i represents the habitat 7,

N, is the population, 7 is the growth rate

i

)

coefficient of population, K, is the -carrying

capacity of the habitat, x is the migration

coefficient, b, is the migration success rate from the

habitat j to the habitat i , o, is the volatility, and B,
is the one-dimensional Brownian motion. The
growth rate coefficient multiplied by the carrying
capacity is an unimpeded growth rate.
Applying the It6’s formula to the logarithm
functions
X, =logN,, 2
(1) is transformed into
{dXO =V,dt + o,dB,

A 3
, =Vdt+0o,dB,

OYosuke Mibuta, Koichi Unami, Masayuki Fujihara
Graduate School of Agriculture, Kyoto University

where
o?
Vo =1Ky — 14 _TO_I?)QXO "'bol,ule)(r)(0
: . @

O, X, Xo-X,
Vi=nK —-n _7_’16 L+ bpe

and (3) is summarized as the system of SDEs
dX = Vdt + odB, (&)

X, V, o, 0
where X = , V= , O= , and
X, v 0 o

The probability that X is found in a subset
G of R* provided that X =¢ is observed at the

time 7<t is denoted by P= P(r,&,t,G) . A
probability density function p= p(r,@,t,x) is
defined so as to satisfy
P(r,&,t,G):Ip(r,i,t,x)dx. (6)
G

Then, the KFE associated with (5) govern p as

P SO0y O (o )
a+,-Z( (Vip) axz(zpﬁ_o’ )

t ox, .
which is a parabolic partial differential equation.
The stochastic process X is stationary provided that
the KFE (7) has a non-trivial steady solution in
Cr (Rz) . It is sufficient for p to be a steady

solution of (7) to satisfy

~ |5 P
ox, \ 2

Vp= . ®)

Ofa
ox, 2p

Henceforth, o, is assumed to be constant. Then, (8)

is reduced to
2,
o

Vp=Up= 9
p=Up w p €]

o

which can be solved in any direction s as

a—p:s~Up.

os

(10)
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3. Application to an agricultural drainage canal

An agricultural drainage canal is considered as a set
of fish habitats. A by-pass system fragmenting the
canal is temporally installed, to create two adjacent
habitats for less migratory fish species such as P
oxycephalus jouyi, whose unimpeded growth rate is
assumed to be 0.50 year". The upstream and the
downstream sides of the by-pass system are referred
to as the habitats 0 and 1, respectively. As a result of
field surveys, the carrying capacities are estimated
as K, =0.1 kg and K, =0.2 kg. Accordingly, the

growth rate coefficients are setas 7, = 5.0 kg 'year™

and =25 kg'year'. It is assumed that the

S -12
volatilities are constants as o, =0, =0.1 year .

The upstream end of the canal is a dead end, while
its downstream end is connected to a river, whose
turbidity is out of the fish species’ preference. The
by-pass system is assumed not to disturb
downstream migration from the habitat 0 to the
habitat 1. Therefore, the parameter values
dominating migration are set as z, =0.01 year”

and b, =1.0, however, two Cases A and B, where

the by-pass system is installed or not, respectively,
are considered with the parameter values shown in
Table 1.

Table 1 Values of 1 and b, for two Cases

!ﬁ bOl
Case A (with by-pass) 0.01 0.0
Case B (without by-pass) 0.02 1.0

For each Case, the ordinary differential equation
(10) is numerically solved toward 120 radial
directions every 3 degrees, starting from the zero of
(4). The results are shown in Figs. 1 and 2 for Cases
A and B, respectively. The zeros of (4) are

(-2.33,-1.63) and (-2.26,—1.65) for Cases A and

B, respectively. Such a situation that population is
small in the upstream habitat 0 while it is large in the
downstream habitat 1 is more common in Case A.
This is in accordance with intuition. However, it
seems that the by-pass structure least affects the
overall sustainability of the fish population.

4. Conclusions

The stochastic population dynamics model with 10
parameters is proposed to assess sustainability of the
fish population in two adjacent habitats. The
computational method for the steady probability
density function is applicable to analogous problems
of higher dimensions, since it does not directly solve
a partial differential equation of higher dimensions.
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Mk ZEZEBEL-BHEK2 RTRAROHELICET HHE
On the Simplification of Two-Dimensional Flow Calculation of Paddy Water
Surrounding Rice Plants

oRATER R Ot SERE  ACRARE
oKIMURA Masaomi, KOUKETSU Hikaru, IIDA Toshiaki and KUBO Naritaka

1. [FL®IC

FREAKBICH T 2 HEAKDOTHEND Y 2 =2 L —3 9 0%, AKBNOKESAROTHEISC, B
Bt Wi/ 8 e EOBRE TR O O R L U CHEEAREE Z R, iR KO I,
KEDEE em~+2 cm BREOIEFICE BV 2R ITM RN TH 0, HERICH RIS
T AT EZZ T CRATPWICIEITL TS W) FEEET 5.

HEAKDOYE 2R TH Y I 2 b—a i, #EA v 20ERF#HMO R TREL
2 EEHOT I —F HiERDDE VD, T, KEANICHEET LI TR TCOmMKEHE
Ay vallXYVHARLARRETRE L, MKRFEL OO Z i O Ext Gk &
HHDTHDH. ZOHE, TNUThORMKETY T BiriKOHAOBMEMIE S, X
EHBDOAEL 2T, FREEOTESAM 7 &2 FMICHET 22 R WRETH D,
LInLeds, SHEA Yy Va2 BB IEFICEZL R, FRaXIRERRbD LR >TLE
9. Bl x X, 30a OFEHEXHEAKBENIC 1EEY720 SSHOBETRMAE L 2T LN TWSHY
A, 1ENORKEOREIL 50,000 12K 5. ZNHLTRTEFHHEA Y2 THHEL, fKHE
OB Oy % A v v 2 208 L CTRADOEMEHE 21T 5 01X, EFICHENE N &
TN THS.

LI 1207 T a—F Kk, BEREZEOEER FZHV, FEA vy oA X2 KRE
<L (ImWAFRE), HEAKOHRA~G X IMHEROEEL~ =0 7 OMEREICE X2
THMNFHEZITOBOTHDL. ZHLHLOLEICIE, FHEa XA METOMBEZIZE A LRI
THREEZNTHAD. LIAN, MEKEIY IR O T 2155 2 L IX4 AR R AR
ThoH. £, KBNOWEIZLZEEZ~=0 7 OHEREKICNESE DT <
FET LN, ZA6OHNL EDOET NV EHEKDOWNUBITICEHATHIERVWON, S5
i, oS T 5 HmE, HEAKOKBHRFRAOGFMIZL > T, HERKEZ E0 X
VB EEDMENHDLDN, Vol EARRHTHY, HETHD.

Thebb, KH1IENOHBEAKDOMMNRERAZHME L I 2 —va VIRV ERET L
WIZE, RCBF 2 28 EOT7 7o —FOELLLARAKRTHD. AFIETIE, 2 FED
HEZNENO/EEZENL, UTOL)RPIEOHETFEEZREL, Rtz A2 5.

O3m WHREOHEKZMAEL, HEEBENOT X TOMKEHEA v a2 L KRB

LCEEZITY UhA v v aitB). ZZTEEZABA v 220, EMER AR
AKEEICLVHEEZITO bO L T4, EHRBEMPEOLN %I, FFEFEKT RO Im
V5 OFFICER L, KEBIO2 FHOREOELME, KMiailzEHL, b
DiEZEEIZ2 HmO~=v 7 OMERKEHRET L. U EOBREL, iR, ko

WR KPP RZREEAMA 2SR Graduate School of Agricultural and Life Sciences, The University of
Tokyo F—"7— F : WE/AK, Fii2 RKuuEMEFR, AREME, REESME (FDS )
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FI D J5 18] 2 B B — NS S TATW, Im PU 5 O SEISIC 380 B it B X OV ] & KL
ERBROBRRESS.

@1 EFOKHBEKZ Im WHBREOHEKR A vy va2llgBL, £A4AvvaTEOTH
BT AERE I, FER L ORIANICE U CHEREZ B SN b HE 21T 9 (K
Ay vadB), TOFHEICLY, MASHERKICKIETEENEE SN, KBHA
DRFBRTN D3 MR EFELND.

CQROOHATEK LIEZKA Yy 2T L, EFBELEWVWA Yy VaZTEIC 1 DBET 5.
HEHAY V2B 2KEBLOMEOQICL 2 EBRELZEIC, ¥ I —HEKZMT
MZ 7z 3m WHREOHEB T/HMA vy v adtBE21To. ZOHEIZLY, FRICEEL
72 1m WG RN O, FERE OO 5 m OFEMAHEE T 5.

2. E@AREK

AW T, HEAKOYm2 R iinzd Rz HENNE LT, (HDXNoEKk TR ZHEH
T 5. 2B, UFTRABNOEAREIZIM/NTHDL DL L, KERIZEBIT 2N ZRE
T 5.

U, E F 50 (1)
UIZRGEERZ bV, Eldx FEWEERZ bL, Fidy FABHE~NZ b, Sidms LA
X7 MLTHY, TNZENIEFRKICRT RS ZFFD.

h uh vh 0
U=|uh|> E=|u’h +%gh2 > F= uvh > S=| ghS,, (2)
vh uvh v+ % gh’ ghs,,

T, RIIKEE, wlix GATE, vidy HmiE, g XENIERE, S, SplkthEn
x, yHMOBEBBEBARTHY, ~=27RXREAVTUTO X ) I 5.

Sx T e > Iy = JXIB 3)
nI~v=v 7 0OMERETHD.
QREEEOREREQ THEOL, T RAORWMELZHA WD &, RO RN

N"FEHND.
)
;§@£+%@mwﬁﬁﬂzﬂ (4)

ZIZT, 0Q IIMAEARE Q OBERM, dSIE QNOB/NERE, dL1XoQ EO/NRS R S
n=(ny, )L dL KT 250 & OBEAIERZ A THD. G nlXoQ & LM T I iE i
THMERZ MLZERLTEY, ®RADO X I IcE£IND.

G-n=E-n+F-n, (5)
77, WHEANZ MV Gn DY 2478 C 36 RD L S IckEN, zoEAM I LEA
N7 e, Bl o= (gh)' P EHVWTEAEN(T), QRDEIIcRKREND.

d(G -n)

Cn:T:A'nl‘FB'nz (6)

47



A =un +vn,+c, X =unm+vn,, A =un+vn,—c (7)

1 0 1

e = u+cn, |» e’ = —cn, |» e’ = u—cn, (8)
v+cn, cn, v—cn,
ZIZT, A BIEENENUTEIRTEIRE L FOYaEITHTHDS.
5 0 1 0 5 0 0 1
A:—E: —ut+c® 2u 0 B:—Fz —uv Vo ou %)
ou ou s
—uv vV o u —u"+c- 0 2v

3. FBERFHRKEE

ZITHE, FIONRAy AR THWAEHILFIETH D, WRESEEE (FDSIE) &
MW IR &R A IRIERTE (BT, Kl s, 2002) (25WT, ZOFEB LT LA
URXAZMEICIRNRS., ZOAF— 501, SEIEhFEME, R L TEEER, B&
ORI ER & OB TN TEY, TOAEMERRINTND (TF L A5, 2000; &
o, 2001 ; Bkl s, 2002 ; AiTEF 5 2003).
- FHIRIAFE RIS X 5 BEEL

Fig. 1 (2”3 & 57, GHESEREHESH LB/ =AF iz Q& L, ELjic
B2 UDOREHEE U;, BV jomEEE S ET5E, BMAEKRE Q2B 5@RIXko &
IR DERD.

d

5(UJ.SJ.)+ {, (G n)dL+ [sds =0 (10)
A 20 12 Euler BhfRIEZ W5 &, (100X )Xo X 9 1Tkt s 5.

U =u —?{iﬂj (G n)dL+ Lst} (11)

n [XEEI AT v 7&K 5, At ITFFHAAECTH L. 612, (ID)XF o' B E W HA
T BHANY FADFIE, BEFEG 0, & BV TRAD X 5 BRI S 5.

{,Gn)=3{1,(G;n,) (12)

k=1

k(E1230)FE NV j 2T 2EARE RTESTHD.
SRR AN bV OB AL

A#FIETIE, (12)2H OEKEHRHK G, -n, DFEAM
2, @R EfEEo 1> TH D FDS ik (Roe,
1981) ZFIHT 5. HENSLELE L, BETS
A ERTERT L, BIERHKZ KD 50Tk D X
IR D.

k‘h' cell face

s

1 1~ |+ |~
Gk'nk:E(GR+GL)'nk_ERk‘Ak‘Rk1(UR_UL) (13)

ZIT, RIZC,OEAFRY b e EFIpS L
LCRSHBEHITS, AIX C, OEAE 21 O Fig.1 A KR O
SHE Z kAR ISR ORI AT TH S, i &
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fPL7Z8E, BV L, ROFERBICE T HEEZZEKRL, LT O Roe D F¥MEZ H TR
BT 5.

7= \/E”L +\/E”R

h, +hy,

_ \/ZVL +\/E"R

. V= , T= (14)
I+ I+, i
- BEEH LAY MLV BERE
(DXFOLEDE 3 HOFHIL, kKDL 51T, BAVERBICHT 2 EEARS, , §, %
HWTIT 9.
3 S,N S 3 NON
[sds=> 28, =2>| ghS,, (15)
i o 3 3ial ~%
gthy .
ZZT, h=(h+h)2 TH5D.

- BRI

ARG KD FHEEEOER LICHEEL, BRARKEZN L CHET HEE LN 2D
BA, UTFICRT LI R GETHBORBE LV RICEREZH5Z THEZITI LD LT 5.
(a) ¥t OB S

H 7K O -0 2 IRIEitld, WIZHR TH D EBZ X TR WY, MABERSEME, s R
L bz, KEE, FRITHEMERE, >50VEHEEOBEBRROVTANEH XD LER
5. KERDPGZONTEEAIZE, 1)XE S EI2E/L R OFHE ug = (ur, VR)ZRIET
5.

hy =h,, ug-n =u,_-n,+2c, —c;) (16)
AN IE R & g, NG 2 HAILEBEAITE, (16 E DR TH 5 (1) A2 BT fig < =
Lok, KELHEEZRD S .

g’ —(u, - my +2¢ )ey” —gg, =0 (17)
KR EBAEREORBANGEZ ONTHEICE, (1) NEEDbETMIZ LTk, &
VR DK ERERFOND.

(b) B 5 R

Non-Slip & i 52 5t O 35 51213 (18)3, Slip BEHEHE R O A 121X (19U LV &L R DAKEE

ELMHEE G2 DHbDET5H.

R
Vr VL

hR _ hL, (URJ _ _n12 +n22 —22}’lln22 (ULJ (19)
Vg =2nn, n —-n, \L

4. BRITEH
BIETRELEFHAEFIEDO S B, OTRARZ/NA Y & 25t R OB RS>V THH
T %. Fig2 (ZR-3 & 9 et (y#hJrm) 3m, A (x @5 m) 4m OFIEEHREBRZHE L,
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1m

Fig.2 JEJE &t 5 fHlk Fig.3 GFEEBH R 1m MY J7 56 i85

NECRHKAZEE L, WEMOERN 0.lm THHIENAFKE 0.2m R TIESEE L,
RN EEFNT 5 1A% & b ERT 5. ERHEER OMEERZ RV, WKL 72
DAt R A FEARA v v a VA X 2em D ZA A v v 2 \THRT L. FER R R I O A
(x=0m) % L &EEER (¢, =0.0001, 0.0005, 0.001m?/s), £l (x=4m) % F itk
s (h,=0.1m), k¥ (y=3m) BLOTH (y=0m) % Slip BEHiSER, FMREEK L O
B % Non-Slip BEmIRER & 32, SREOMMSEHEICIE, T XTOEMTIBWTKIE h =
0.1m, 3 X OUWEAHENIRIRE ¢ \CHE T 2 HE ug=qu/ he 52 TBE, v=2 7 OME
&% n=0.05, FEEIZ 208 At =0.0025s TN EFICR D ETHEEZIT- -,
PR T %, HIEHEEE R RO Sy B o 72 1m W5 OfEK (Fig3) [CEH L, Z
O REIEN O FBKGE B, ¥ x iR g, EE y i v, d KO & il 7 f KR A B I,
n BT RKIRAE L, # B LT, 22T, EEmRERZ bla=(a,v)& o pk T A & i
a (0<a<90) [deglb EFT DH. D%, QOXZEZHANWT Eqth MmO~ =27 OHERE
ng ny RO,

— 1 — 1
— h 2/3 ¢ R — h 2/3 n 20
e \/|ﬁ|(z7 cosa —vsina) & \/|ﬁ|(z7 sina +vcosa) 20

U EDFIEZ, xdiie c#ORTAEY 6 MEICA(LIETITY, WM EMERKE DM
a7, x-c ok T /A L, BHPFEERNOH S L OEFEELE Table 1 1278
T, 2B, Fig2 BEXOFig3 IR LEZHERA y v ald, xEMORTANI0EDLETDY
DTH5.

Table 1 x#hi-cdhopkI /A L, WMEHABEBEN O SEBS L OEREEK

xBEH-CEHDRETA [deg] #i = ERH
(a) 0 27,308 48,304
(b) 5 27,067 47,822
(c) 10 27,074 47,836
() 20 26,904 47,518
(e) 30 27,148 47,984
() 45 27,250 48,254
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5. #BEBLUER

gn % 0.001m*/s & L7- & T OEFMITB T 5, W EE %o 1m MU J57 E % E 2 0k
W7 B L u OSAORET % Figd ([T, x Bi-E SO T AR K E < R DI, JHET
72 iRk 2 EE L, KRESEITLTWDAHETR I DN ZD.

Fig.4 FHHfEIE T e 0~ 7 kv A
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Table 2 x#i-CfiORT AN 0ETH D & & DO ARENIETRE & HELRK

¢n [m%/s] h [m] u [m/s] I ne
0.0001 0.10000104 9.772E-04 6.342E-07 0.175
0.005 0.10002550 4.888E-03 1.579E-05 0.175
0.001 0.10010160 9.772E-03 6.276E-05 0.175

Table 3 Jii A Bi{ZHE B3 ¢, = 0.001m%/s Th 5 & & D x fifi—& fih o a4 & MR

x-¢ [deg] h [m] u [m/s] v [m/s] o [deg] I I, ng n,
5 0.10010090 9.48E-03 3.81E-04 87.3 7.57E-06 6.06E-05 0.288 0.177
10 0.10010770 9.33E-03 -8.83E-05 79.5 1.68E-05 6.82E-05 0.221 0.193
20 0.10012250 9.33E-03 -1.08E-04 69.3 2.98E-05 6.62E-05 0.212 0.194
30 0.10012010 9.12E-03 -8.18E-05 59.5 3.72E-05 5.45E-05 0.202 0.188
45 0.10012420 9.94E-03 1.76E-04 46.0 6.24E-05 4.83E-05 0.206 0.178

xHEI-CHIORTHN OOETHL L X0,

Im DU N O F B A, EREE, M % [ e,
FEAR SR & A MALHEVE B & OBIIR % Table ggfim .
20277, T XD, Im 85 EENOME 020 | o« s+ 8 2
L, Lo TR AEEfLTY P - -
RN ENRDRD. 010

AN ETEZ ¢, = 0.00Im%/s & L72 0.05

LED, xEh-cHhOR T A L Sy T O 0.00
~ =2 7 ORI ng, n, OBIF % Table 3 0 15 30 45 60 75 90
R, E7, Figs HWEIA o & on ony O vil®) [deg]
BMGERL TS, HEAREDD L, 2 F Fig.5 ¥ a & HERK ns g,

] OMERENIH TR T DR TR AN
oo LInLReRs, a=45E2H0E 350G MHE2MWE L T RWRE, HEMRKORED
FHEORES oo,

SBIE, Ay vaEROTER X ORHAERSMEO G 277 215 L, Table2, Table3
R LTEREREZRIET 2. S50, BohfREe2 b &g, MMk > THEMRKZEL
SERNOERA Y V2 TORNFREEZITY, 1| EKARNORBURIBLOSmME2RD 5T
ETh5D.

5 & Xk

BOILE— B 5 (2002) : FEMEER T2 AWV AREEEICE S 1 RBL O 2 RIEEFH 2 Kotk
e 7 v, LARFEEFHICLE, 705, 31-43.

THELRA J=—)L ¥ 5(2000): FDS k& AWt KiK O MEE T L, LARSZSH CHE, 656, 73-82.
ERARE 5(2001) : FEMBERK T2 HOTZARKBIEICESS Pl 2 Kol KBEEE T Vv, KI%ER
C4E, 45, 895-900.

AT 57 EA 5 (2003) : FEAEIE RS 7 A RIERFE R X 2 KFIHEE Y B D i Ol E 5, &A% £, 6,
857-864.

Roe, P. L. (1981): Approximate Riemann solvers, parameter vectors, and difference schemes, J. Comput. Phs.,
43(2), 357-372.
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QREEBETIVERW-BHEBEKEERVRECET HH%K
Study on Fishery Resources Conservation in the Ariake Sea Using a Two-Dimensional
Convective-Dispersion Model

OMMEE, FafiE”, FEBHE", moE"
Toshinori Tabata, Kazuaki Hiramatsu, Masayoshi Harada and Shinji Fukuda

1. [FC&HIC

FUNPEEINALE S DA RMEE, AR TR EN R AERRER L, BEE0NE M D, A
WECIE, R elf3ERENVE SN CERY, FHC VOBIECT U, XA 7 X%0 "M EOHEEN KA
IATOITWD. LA L, IEFEZOMEHIESREO RN R E et & 70> TR Y, AW TR
GBRBE DT « ZENLACRD DT, FIMEOBRBERENFK OBL i EREE LT, 7 Vo
HHIRFSNDMEDR T L, “HEREROBEA D03 HT Hivs.

—MEZ, BER ) OAFICE, WEEOMRS LOREBHOMENEE TH D L Wbl Tns.
L TAN, BIEORRAFIZIE, /) Bk DS S8 SR E SIVTW D TEIRAAAEL, DX 57
e PR 2 S IOE M RO | TETR O SRR MAG OIS T L 720, AMHEOHBUHEZNT TNWD 2 &
DS TS, 22T, REEOUHAIETH DI 12> HEE - HURIZ IS T b o0 Al - 548
WS D /U BIERIRR D RO E IOV COKEE T L &2 W THEEA T 7=

—J7, “KEITEHEO EEUKEY TH D Z LITNA T, KEEUHSECEE F O KR OIENE
bl D EmEAKEZH - TR, HlEREOREEE 2 5 LT KEEROFEIIZEE THD. Hg,
VHAED H A XEEORDITEE OB LTV Z EN RSN TRY (DHE, 2004), AHE
DIEEBRREOWEIIEOE L N 2D, £ 2T, A 7 XEIROBIEIZT 7= 2h=:1) e I B BE Dk
BB TDIOOME I 2 b—a 8 LT, XA 7 XRENEOHFIES T 1T 7.

2. HEVIAL—PavETIL
2.1 2 RTEEETIL

AHFFETIE 2 IoTHEEET VA& W, [T /0K R 3 %It Reynolds 2 L O3 kot

SLRIEROT R A KRS NSRS TH 2 ik, UTFOXITREN5.

on 0 0
—+—Ulh+n)i+—V h+n)=0
ot ax{ ( 77)} Gy{( 77)} (1)
2 2 D A
a_U+Ua_U+ 8_U= _g@"‘vh alzj+azU + 1 Ti_Tﬂ_TLXA“et_ px ““pole (2)
ot Ox oy Ox Ox oy) h+nl p p P P
’ ? 4 Al D Aoe
6_V+U6_V+V6_V=_fU_ga_77+Vh 9 12/+an + 1 Ti_h_z-]“y net ey’ pol (3)
ot Ox oy Oy ox® 0°y) h+nlp p P P
oS oS oS 0o os| o oS
h+n)—+Ulh+n)—+Vih+n)—=—<h+n)K, —r+—1(h+n)K, —
(h+m)—+U(h+n)— (7ﬂ® &{(fﬂh&} @% n)hw} ()

22T, hIIKE (m), n 13OKGE (m), ¢ IR (), U, V idx, y FOBAMETGE (ms), p (308
HEE kg/m’), £132 U A UARE (57, g IXEAIHE (m/s”), &= (5, &) [OKAEEAWIES Nm?),

SN RFERFBE A EIRER R FHE,/ Graduate School of Bioresource and Bioenvironmental Sciences, Kyushu University
SN R IREEPE R A PR,/ Faculty of Agriculture, Kyushu University
F—U— N AUREERE, BiERE), ) Rk, 24 7 s/l
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%= (fy, @) IZEITAMBIST (N/m?),  SIIKEFELOHESY (psu) THD. £77, w& K Itnz
MACEH B OIREREI RS (mfs) LB HERE (m¥s) THY, T 5 OFHIZIL Smagorinsky €5
L (Smagorinsky, 1963) & V2. EHIT, Awld A v ¥ 2 NOKEIZ S HREOHEFEL, Ay (T 1M &

720 OSHE, 6= (q, n,) 13/ UHEIC X 2 HALEES
720 OIS (NmD), D= Dy Dyy) 13—ADIAE
WZEDEPT (N) Thd. VB O,
J UL ZNE X Z D ZIEOEPIO DB S, 0 B&
VD, I L W BETE 5.

1 2
L= EpCfW ®)

1
D, = 5 pC,dAW? (6)

2T, GlE U M HEREURER, wITEiE (=Jut v mis),
Co I XMAEEHIREL, dIISFEDERE (=0.05m), Az 1334k
OARFE (m) THY h+y (YT, ) HERIUREK
X7V OFERIZE D B, KD (2004) 12 LAudEE
$& 85mm & 280mm [Zxf L CENEI C=0.01, 0.021 TH
L. LILR S, /U OREEGWITZE DR~ Tl
WOl TELELTHDLIEWD, V2 b— =3 I
(2% 2 el A i oK BV BN o & — - BN
FFZERAT D O FEHERRAN 19 FEpT CTF 5 [RI9E0E L7z / U BER D
FHARE R A FLT, FOFED 160mm (2592 2 U HEH
PURE IR L v R, C=0.014 LRRELZ. —
05, FIRHEH RS, LA 2 AR E OBIRIZ LY, CeL
LERE LT,

KRR OSEfRE L LT, KEEE A v T— R
Ay v 2 RICEE S EICAIRENEZ M Lz, d@ipio
AFo L ONEEN RO ZE53 BB DUV T Leap Frog 14
2 KD EEBREIC RSN —05, HorOBsoT
FEXOBAERIEIZIE, B & e 2 5B L CHD %
9 split-operator approach Z3EA L, ZiLH D753 A F— L
& LTENEILUTOPIA £ & ADIEZ Wz, £,
RS L LT, WOV TSR ORE Y 5
v AZ¥nr &% Neumann B %, FidlZ oW TIE/ >~
AV FERMEZNENRO. RIS T O T
DB EE L 70 5 FEAERZIE, I (2004) 12X %
wet-and-dry scheme |Z Land Mask BE#(ZA 8 AT 5 FiEz H
W TR BN OIBII 1T 572, S BICEESEMEE LT,
WRIEHTE, e, BUE, #HRMmES, B8EL0 Y
B O XS OFT — 2 2R Lz, T V0K
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AR, faRd I KL OV R ORFFEHEEAIC K 5 18 MR DBLANE R 2 v 7z,

2008 4= 11 A 28 B 3:20 Okl THERE) OTI8IkE KON~ kL% Fig.1 12759, wet-and-dry scheme
&0 BLETIEE, BRI & VR > S I X TR A RAHCHBLL Q5. Fig2 1x
11 A 28 H 9:00~11 A 29 H 8:00 (KIS (Z331F 2 FHAME & FHEM OB L ORI 2 i L= b o
ThHD. WRBARFEIRENG O, £72, Figd ([CFEBIOMES (psu) OEMIE & FHRMEORZA
bR BTN TH TR TOMAIZIW T R FHRMEN S iz, BLEX Y, FEOFRAET,
W7 b Vi KOS IEBIC R L THBIMEO RN I 2 L— g UETLDMEE TE 2.

2.2 /) DEZRRBILEE

7 VOAMEDRRD—>L LT, MKH D DIN (BB ORTIART oD, BT
HIESTS U DEELOIREL LCLERH Y, ZOMEINNENEE 7 ) oaEbidbiane sn, L
fEITHEZK D DIN (x5t L CTROFBEZRT (s, 2007). 07, 7V OBELOERBHIIIESR
WEHETHDLZ ENNND. £ 2T, Bl BEIR (1983) (12X % 7 U OZEHRFULHEE &K+ D DIN Cp
(nmol/7) DBIRNEZEAL, /Y DORAIREESWVOIEES LTHW:

%% =9.95x102CLIW s 7)

ZIT, NiZ/VOEREGHEE (2), 3R (), WIkieE (ms) 29 ARG R T ok
H1O DIN &N BRI ZRd (i D, 2007). €2, 2 KTHBEET VTR LSO
BAED S DIN Z2HEE L, FHREE & 0T (7) O ERFEEZFHH L.
2.3 A4 ZEXFHEHEDEH

B A T XOFFBENAET, %S DI 2R CRERICEER L, TOHRMSENY A 7 XHH - K
KOERG L7 D. AW TIE,  Euler-Lagrange 5% H
UWNE DTG E DB T o2, bbb, 2 IRCHEE
7T X 5 Buler (/2B DT — 2 H 6, NIRRT
L BIR LT H A T X OV % Lagrange HIZIEHR L 7-.
ZOYE, (n+1) KA T v FI230 L PNLIRiEhe 10
A G ™y D) 13X () BEERT v FITBIT HALE
@,y ™) ZRONTKRTREIND.

x) = x") L U gt + a2Ddt 8)
Y = ) L W gry B2 Dt 9)

22T, UVikx,y FroiliiE (ms), o, BIEN(0,1)
OIEMEL, DIFFLFIEERE (nYs) Th 5. HLFHLEK
%45 D DFLEIZ 1T Smagorinsky €7 /L (Smagorinsky, 1963)
Tz FRlER AL D ONTERERIR 2R E L, =
L YV EDEFALIE 2 B85 2 & C, kL7
PYEOBEEHSARHEE T D Z ENFREL 72D,
3. /) BERROREREDIRE
BIHREBIZILMN D 7V X% Figd 12, =D/ Y
HADBLEFEE % Figs 1. FIKFORX EFXITENR
TIEMOKPEREL, RENIEEOR A OXEEE T % . Fig.s
LA 2 ) KBGO 5 BRI 2 ) it Figs / )BOEBZE (m/10,000m?)

- 1800 ~ 2000

‘ 1600 ~ 1800 800 ~ 100
1400 ~ 1600 600 ~ 800
1200 ~ 1400 400 ~ 600

1000 ~ 1200 BN 200 ~ 400
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ROBLEBENHA LB EX05. 7 ) OFFEZEBWT, +o /2 iliits Offelk & SesiEoitis
EWVIORAICSID L, ZD XD 7 U Bk O
BB D206 V) OAFICH L TRDEEL KITT
LD EEZ LIS, fER ORI, RN
J ) I ~OW) I FHRABDA K E W20, SEoft
KM < 2 U OEFELRFEAE LIS WEEIKE B 2 b
TW5. L Laess, irFEmidRaicisnes 2 Vo
EEBWENFAELTRBY, 29 L/ U RO
BERENFEAE 2> TNDZENEBEXLND. £ZT,
AR A g & Uiz /U Al OfdE ke LT 5
DDUF VA EIERRL, B b OERFEULEDOIINFE
#X(7) TR, VR O REEdE OV T
EEWITHET L7z, £7, Casel T, Fig6 |~ L9
(AR A X OB BT/ U B XEE W@ L olg
IR &0, s Lo E SR ) RO T mIs
B, WIRAKOBR B AE T RLE~ & B E 21T
Sfc. & AT, EEMO 7 VEITIE VDS 1/~
MH720 4 TRV IZEE SV TWD DI LT, @l b
BICIE 5 PR ICREE S TWD. 22T, /NE &I,
J U HE%E 4 5% <L 5 FINCELE Uiz 2 Y o5
PLTHD. T, Case2 TiE, fRMEAZISUNT 1 /)N
S5FRD )6 4 BBk ~DEH Z{T-7. F7-, Case3 T
I3 Case2 & [A] URESC/NHEZ BN D 10%H IR L 7=
X HIZ, Figd | IRTHEMAX 50 s UL, 2o
(220 fERETE L LARE /NI A 30% M1 L 723556 % Cased,
Case5 & L7c. 7z, kO T & ORI ARH 3572
WIZ V) K% Fig7 (29 7 DO TIZH¥E L,
TV 7 Z L OERFEUCEDENL) D OMEINZE A RO T-.
Fig.8 |Z Case2 |Z331F D B RIFULEHINZR DA 2 7-d .
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%‘éj(% < , / U %ﬁlﬁjﬁgﬁii 1 /J\FEﬁ 4 EIJE'E ) b Area3 20.11% 1.54% 0.85% -0.07% 0.07%
U OREIC LV LR EHECHD D Arcad -0.02% 0.97% 0.50% -0.06% 0.08%
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BT HARNEZOFEENIREWIZH 90 T -0.15% 0.09% 0.04% 0.01% 0.01%
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IR DOKRBRENKE R T —~D—D LT
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1,000m3 & Wit T b D,
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& LCHENE LRFEFESTRAILTW D, [EHEOR GBI E EN 2 RRKOWITH D & &btk
HEERTH D, ROERIE Vaal JII T, L VT FTEOEH) « INRAT LT Zh
D& LEEEHEO—HA Zo)lofiicEE£nsd, £72, VY MIMATRY U FEFIeT%
PRI E T [E R TH 5,

TR RN D 72N & & BB LT, KEDOEILb RERMEE > TWnD, ATEHEKDIED
PLILPEAK (AR - BOHEWE) YR EE O R\ R K O~ DR BEN A LN D,

X2 BE7 7V oK

B3 KekEmST 2 BERE1 ZEW)I ()

4 Free Basic Water
EEIC LD L7 7V DIZBWTLERRIEIKIZT 78 ATE D AAOEIGIE 91%, A7
BAERRRIZT 7 B ATEDANADEIRIT TT% L SN TND D, T2 TIE, BBIKIZK > TED3E
REIZ DUV T 7z 0,
7 7 VAT, BEZERE A~ L TAETEIZMEAR R R 72 KRCER IS DOV THUE L 72 B0
HENEHE SN TW5D, KIZESL Tl, Water Service Act (Act No.108, 1997) @5 3 $(DI2iE,
[Everyone has a right of access to basic water supply and basic sanitation.] & &V, BARKHY
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(21X, 2001 40 National Free Basic Water Strategy (28T, T _XTOFEEE I 1K
72V 6m3 £ TOAREBHRITHEE] LT,

ZOP—v 20O EIRDILIE, DWA (Department of Water Affairs) @ 2012 45 H 31 Afto
BRTIERE1IDOLHIITR->TWD 9, fBAKKRG -0 235t
RTHHOTI - THERKORTRT (AnTR<Ty  R1 Free Basic Water DRHR

FEAERDLER), EEOV D 91%ITIT KR < T Households Total Poor

H, 86%EMADEHMMEEZ R L TWS, HARRIZZIDFK Total 13,106,206 [5,839,848
\Z381F % Poor 1%, AL 800 7> K (8000 1) LLF % Served [11,284,3255,054,454
B9, L2oL, BEIW O0oERH 5, % 86.10% | 86.55%

(1) y—rRDAkHE
P—ERILU T D 4 BFEHICIX I SN TS 9,
Above RDP : Household have access to "in-house’ or ‘in-yard" water supply connections.
at RDP : The infrastructure necessary to supply 25 litres of potable water per person
per day supplied within 200 metres of a household and with a minimum flow of 10
litres per minute (in the case of communal water points) or 6 000 litres of potable
water supplied per formal connection per month (in the case of yard or house
connections).
Below RDP : Household have access to infrastructure but at a BELOW RDP standard
e.g.Standpipe > 200m
No Infrastructure : Household have no access to any infrastructure i.e. those people that
still drink unsafe water from a dam, spring, river or receives water from vending
(e.g. trucking) projects.
HSMOKY VI EBBATHET VEATELE NI DL, —ERINTND L WNH)RED
2, ES THENRWRAKPALNE X, LI RERDO), BEXIELND, F72, fKDOHE
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Th s,
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2003 FETIFZFHEED 3T% ~DFAKNEREBIZDIZ) hlrsh T 5 L OWELH D 9, KIIT
BARK AL TIMTEMLENT-FTETHDL DO LR — F OLHMHENH D, N E L TidHdf
P 7e Bl (iR OMRAE L EBLOM ) BEF O TVWD, ZOMBEIZOWTIES R T Tk
72 < AKREHIZE D B HATE HEKAEEZETe) D 80% DEENARELETH L L OfEfL H 5,
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D 95% 2D, 77 U W ROE =4, BIEZRE() OHAir#E)s 3348 A& 5D TEY,
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5 Caledon - Modder Water Transfer
Bloemfontein 33 X OV O JED I O KT N O -8 L TE 72728, Orange JI| EItiEli KO X
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e— ateeshed |
@ Pumpiryg stalion .

. 1
Waber purfication works ‘
Irdamationad border [

o

X4 Caledon—Modder Water Transfer Scheme?
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6 Lesotho Highlands Water Project (LHWP)

PHASE IA
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Mohale Dam (145m) |:| Phase 1A: 16.8m?3/s
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BRI 25 TR B 2 FLUE R O ok L K BRFPE O R AR

Measurements of wettabilities and hydraulic properties of WRP-mixed porous media

SRR @ hom

TR LG AIIIER N 18 - BRI 1B

1 [XCHIZ

HVET, BHAENERD (LR, BEYERD) 127 o bR SE
&% (CE,(CE,),(CH,),SiCl, ) & FI TR KL L 72
HO (BEAKD) LAEHERD AR © 72 EI A CTIRG L2 1LE
BER (LU, IRAW) IZRIL T, KR AR, R
OB, KIFAED 3 SORIVEIEEL, fafniEK
FRH, A RERRE D 2 SO KBREEE ORI EE1T>T
7M. 22T, EERORDVICE T UERE S 72
KO HF7AE — X (GB) ikt L T LRl tEfs
TE LK ELAF DRI EETT).

2 HH

FEHERD ORI 1T 212~250pum LENTHEOE, Fhi
TUVKRIES 200pm DHFAE—X (BLF, #5%E GB) % H]
W BEYE GB IZ7 ARIRFLE AR TR K A
fHELIEDOZEEK GB &35, Zo#H/K GB LAEHE GB
EOBEEIREAEDN 0% (BEHE GB), 25%, 50%, 75%,
100% (# 7Kk GB) DiEA GB Z1ERL, LT DERZTT
9. ZORE, REHEEZRIOIIEHETH.

=1 BEERLFE
BE=E (%) 0 25 50 75 100
HEEE (glem’) | 1.60 | 1.58 1.58 1.56 1.54
3 HIEIEE

3-1 KiFR AR

AR 12 ARE TR SRR R T i T L7k AN iR A
HETICHELIFEHTHY, #AREORELR T
EBZHINTWD., FKEBEAT2 M E OVEMREICE
DEEKMENZELTHZELHY, KR AR KM%
DL EME R TIELL ThHiEb s, A ER THK
WD T=DIZ W27 bR FBCE I T AL —X
DFREEALFHNFE B L TNDIZ8, KD FERE 28
{BIT7enEE 2 B Tna.

Dekker - Ritsema (2000) 1%, 7K{i#iz ARERTIZ L > CHE
IKPEDFREEZLL T D 5 D253 TWAEL
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(1) 5s i . wettable

(2) 5-60s: slightly water-repellent

(3) 60-600s: strongly water-repellent

(4) 600-3600s: severely water-repellent

(5)3600s LA L : extremely water-repellent

N 4.8 cm B 2.0 em O T Z7UVIEIZ, #lRLT-
B RE LR Z Oz, v~/ VU a2
VT 50pl DK% 3 TS N5, ZHE LD KR A
RATHETORMAZREL, £ 0 RAEZ KRR A
&35,

3-2 RATOEA

HEfR A 1T D72 ER O R 1 oD [EIAR SRR 1 25 AR
FTHEDILZN). KEDOEFA A 90° LW/hSnhex
DYVEITHKYE, 90° KV REWLBUKIEEWDNS.
WD ITRED TG, il % ORLF- R I OHEflH T
137, BIRLIR IR E L CTO BT Ol 2N RESH,
WLAIVEDFRIEEIND . BT oHefi 4 W& 355
1£1Z1, Sessile Drop 1£X° 90° % gk /115, BE AL
DHDHMN, T2 T, Sessile Drop £z FHWTHNTO
el A2 E T 5.

Sessile Drop £ T, o7 T 7V ARIZH @ T —7
ZARD, WRLIRE % 2-3 om’ OEfICHEE, 35 B
RIS Z, B L TORWRL 2 IRV ERS. ZOEE
Z 2 [TV, W7 —7 EICEEIORPRL 1 23— 8 /3
BHLELOEERT 5. 2L T, v /rv UV TET
DEBE A TED 50pl OKZERH FL, BERENSTY
ZH AT THge LTo g a2 IV T, AT o %
HIES 2.

F77, 21 (2006) (2 kDL, Wbl 6, 0,54
T2 2 FIHDOWYRL - DNEEEIG m % TIAET HLED
RaNF oA 013 Cassie X&EAWT, (DD Loz
FHHZEBHES TN,

cosf=| 1-—— cos b, +lcos«92 (1)
100 100

3-3 KZEAE
RN BT, W@ O HEO IO AFEREA
RIS, FRRIENENTDHERANEAETDS. Z



DIKDFADFEA T HEMEZ KR AEEN, ZOHE
A, BEOHEICHILIETED. T, @E O+
Boga, KRAEITAEERY, #KME L3I ETE
L. 22T, IEETRENEAT L6 OKEE
BEL, KIBAJEET D, ARNRRBENEAT LR
BHE, BIROKDFHEBRNOKRAEEZHEETD.

WRMEEHER LU KR ZFFONEE 1.7cm T 27YL
FIfEs, #B% 5~10cm FEIEL, /KZVEWERFZEUE
FHIDELZINR2NINAR—=R—=T gV 2 —THED. &
LG, AKBEEHR I EFSETVE, KBABEZ-T-
KEZAKIZANEET .
3-4 K RERYE

HE AR BE D BB~ DA KRR S B FREN B DO HEK
BRI BT 2K REE A D AEIE CIIE T 5. NN
48 cm B 4.0 cm OT7 7V VHE A =— VT —T %
FAWTIRK 80 em A E A, ka2 FEHE 5. WKiE
T, SRS CRUBH A2 & K 24cm E£TK
HIZANS. HEKBE T, Ak E AW TEZEET

AREHEAIRIL 7%, EARNM ARSI THEKRSE 2.
LR, BN EAZII6L, POl =
ZRELEKEERDD.
3-5 fAMEKFRE

MR 23K TR SN T= 2 FLUE BEAR DK D LT o
P v L, KELKEE h (=E ) /KEE + AL KEH) D4
B2l 95209 Darcy HIZHWTEL FOIIITET
EEND.

v=—KVh )
ZIT, G KR K 1FRQ)O IR THS.
iRk AV CEZE IR TR A R fI L7214, EZKNLTE
TR KRB HIE 5.

4 BERER
AR LR D A S B REAZX 112, i
PEFEHE L BTN KR SR OFE A £ 2 1R T. 72720,

-60 d ‘ ‘ | . 0 | | I I
P ‘ ‘ | e 0% ™ [ I I & 0%
; | | | e 25% 0 % - — - -~~~ — — |7 — @ 25%
-40 I e 50% — L | | | 50%
: | | | 75% _60—.;.——‘————|————|—— 75% —
~ 20 b e ! ! ! 100% = € .. : : : 100%
520 F " - - - = - g = — = = = 3
= D [ [ [ [ I e e e il it
a5 k - jar} » .
£ N [ [ I e | £ [ I I [
5 » [ ]
=~ 0 | | ® | & | v_40____\____|____|____‘ _____
k- \ \ TS 2 L. | I
m [ [ I * 9 = ‘ * I *
2 [ [ I [ L e el i A, I
A i il el e iy 2 ‘ I Pt
£ | | | | Sl oL e
Pu | | | | A ! | | o e
0 - - - - == == = — — ‘ I 1 c® ey
[ [ I [ AG - s P e
| | | | [ I I » 8,
60 | | | | 0 | 1 1 v
00 0.1 02 03 04 05 00 01 02 03 04 05
Volumetric Water Content (-) Volumetric Water Content (-)
(a) #E7KIBTE (b) HEKiIBFE
1: GB DK 4FIEBIHR
# 2. GB DN HIEIZELAaMBE KRB DOEAE
BEE KFEZABME (s) BEMNTOEME (°) KBAE (cm) | BEFNEKFZEL (10 %cr/s)
0% 0 38.7+5.8 -24 1.97+0.006
25% >3600 72.6+1.7 -5 1.91+0.010
50% >3600 104.6£5.7 10.3 1.68+0.010
75% >3600 110.5£3.7 10.5 1.63+0.010
100% >3600 119.8+£2.8 14.5 1.71+0.014
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KBANEPADIEIZ725H 0 (0%, 25%) (3% AKEFRD
ARG R IR Z B W TIRFE B KD 2% A B R To L&
DIESIKIADEZ KR AEELTZ.

KR AR OIZIES GB 134T extremely
water-repellent (273 FHS DS, AT ORI, X
ORI FEE DO AGEFR N SIR AR 50%LL L3 g K

TG ZEN D, BT Ol N K& BT
T, KIRAESHINL T 0HEK GB OIRA A

TIERERTREDLZ LN 0D, FEKEOH OS5
B 25%& 50%DIZHDZ D05,

RER 50%E 75%I256 B 458, o,
ARANEDITVMEZ RLTEY, AWK K
SRFERBROFE R EB XL TD.

Koy PR Bl AR 2 FLA L KB FE CIXIR G R 3 3L
BRI K PEZ R L TV A8, BiKIB R TIXIRG E
50%L EDOBDTHK G ERFFL TWDIEN D15,

W KRR S KR AR T BRI~ DEfil A A3 FE 7

-60

0%
25%
50%
75%
100%

40 °

-20

20

Pressure Head (cmH,0)
(=]

40

60

0.1 0.2 0.3 0.4

Volumetric Water Content (-)
(a) Aa7KiaHE

0.0 0.5

BB ZHNTNDM,
BT T KPR BRI TR
TD.

TIFEAEREINIRNZEN

5 REWLEDLLE

AR R FBTHY, EHERZH VNG
(2011) D FE B R4 B OFE RA L THDE, W
SOMDOFIERNDHDIEN D,

T@V\?%(zoll)@;“%?ﬁ?»—&%ﬂz&%s WoRd. R UE

WERWZGEITIREE 50%E 75%D NI AMED
HIEOEEH N Z%p”é}:%&%éﬂﬂ\ém L BlDH T AE
— A& AW FEZBRTIX 25%E 5S0%DRIAFET D, A
TAE—RAD I INEKNEE R TR OIRA EDNED
W, KRR T2 20 0% TO BT OBl 2

FEHERD LY REL, HTAE — R IHEYER T L~ THEK
PEDRSNSWZENRR THD EHENEND.
-80
. e 0%
00 2 o 25%
o 50%
-60 | . 75%
100%
6; -50 + ‘z..ﬁ
£ X
= 40 | P o
S ®¢ o,
f, -30 t '}l o
a ‘)> ..
4 ®5 ©
£ 20 | £
5 -
-10 | ot
[ A
0 ~
0.0 0.1 02 03 0.4 0.5

Volumetric Water Content (-)

(b) Pkt

2: KRR (PTG, 2011)

= 3 RERDOHBNIHEREAMBEKRHORAE (FTRL, 2011)

Ba® KFERAEE (s) EATOEmA () KZEAE (cm) EARNBEKEE (10 °cm/s)
0% 0 148%1.9 -31.8 1.93+0.14

25% >3600 56.4%0.9 237 1.89£0.56

50% >3600 73.8%+3.7 -13.2 1.97£0.50

75% >3600 106.0+0.6 7.0 2.02+0.53

100% >3600 119.7%£23 12.0 191+ 021
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Cassie Z)ZHWTIREG GB Ol EHEE T 5L
& 4 DI B. EERENE W2 EBRTlE Cassie 2\
(DT> THEfR A DR FE LSHEE SV TOD S, BT A
E— XTI, EREEHEE I IR ERENH DI LN
D, T, FKENTHDO MY S TFE 3 DRk 1
LR DR A DD GB O EAEIEIZEK S
DHDEBZLND.

F 4: Cassie I KD EMABDOHTE

GB FEAERD
RER | FEMEC) | HEEMEE) | FFHEC) | #HEEEC)
0% 38.7 38.7 14.8 14.8
25% 72.6 62.5 56.4 53.1
50% 104.6 81.8 73.8 76.4
75% 1105 100.2 106.0 97.5
100% 119.8 119.8 119.7 119.7

PEABFRIZBIL T, ARYEW TIRRA FRITER7R<
FRED K REFHR NGO, GB TILIRAH
\RTF LT K R B R S SN D ZED S H o T,

RS AR L T, B CIXIEIE—ET
HHDIZHL T, GB TIHRE DI T HIZHONT,
BRI T AE DA LN, FTo, FEHERD
TIE, BARREBEOREER 2L R E D o728,
GB TILIZHSXITTEALE ATz,

89

6 Lo

HTAE — R KB ZAT T2 b D& L TH
W, ZAUVEBRD S R LK B E A I E LT,
ST OBl DK R B BITREE 25%
& 50%DMICHHZENRE T, ZIUT, KRR
BT AKS R DR Bt — BT 5.

EAVER D AT A — R IAEHERD T L~ THRPED
JNZEND, IBRAFENIV/NINGE THE KL R
FTIER M oT. LU AT OBAICEB T
Cassie DROHETEHE LW ohoT-. F77,
GB T, HEAKRBFRICI T DK PR FF RO R FR R
I, IRE R T DD RBEE .

B 3

[1] PPN —ER5(2011) 7 AL IR FE SRR O
PEFRER L KB, H23 JRERAT TP Ra;

R 54, pp.164-165

HMEF(2009) BRI ORIE AR, EARFEE 64
IR R TR 2, pp335-336

Dekker, L. W. and C. J. Ritsema (2000) Wetting
patterns and moisture variability in water repellent
Dutch soils, 231-232,
pp-148-164.

IR (2006) FEAMERDEODANERREE LK
SYHREVE, HEOWENE, 102, pp.79-86.

(2]

(3]

Journal of Hydrology,

(4]



BOKELIRICE T 2BMEENZERE LIKEBROETIVE
SUERKEARABEIR LR Oss el - 1T 85 - s E

11FC&lc

K HBOAEG RS TRE SN TED, K
WK RIFRESINC K B IE DL B R E DRV IZERE
KX EEORmERTZENMELEZ>TWVWS. F
7o, BOKMEHEAANOKIZBEICHB VT, R IRE
THBHT 4 VH—WDIERE NS ENHENTE
D, MR OTARIC K 2 NKERDMEL 72> T
AY-RSE

—fRic, LR EDZ AL EHBIADDORERZ L
9 B AT Richards A, #fiBhl& LT+
HOKERRR M O IRFFRFIE & ARIRLEKIRED 113
Brooks-Corey €7 /L% van Genuchten-Mualem &
TIWEENRHVENEZ EHZW. LML, TNHED
THOKEEREEICBE T % € 7 )VIZ BT AR IR RE,
DX D EFIREBICH T 5 ke e ORRITH D,
TIN5 DETIVTIFHERIRAED 2 FLE IR O [ A
I DO—ERMWIA « FEIRAR I TEENZ SN T LN
BhhHEKEERT LRI TEARVESbNTVS 2.
& IL, FIRAE T HREMNARETS DA UK
PEHETE, Rb IR ER M REE O O Z
NEOREWD, T4 VH—RZET VLT BIC
&, BUIHNRHS R EERT B EARETH B Bl

T kR U T LB AN DIRIE, I &b bR &l
B ZIRANBIGIE, BIIFANICH B & ARHIC
XoTHLUS. ZALEBIANORLEIRERZ LT 72
®IT, Hassanizadeh - Gray (1993) I &> T, BEE
CRINEORGRE L THNEEEOBEZINERE N
T35, COMERITIE, BEWARKRO—ER7 DA -
HRARHICE ZHZ 5N 5B NOTHRNE E 5 BRI
BLZ BNV LRIVY BRI R)VF—DEREICAN
bNTW5. TR, BkiEtEhokiiiezkd
Xh A E U TEINEE 2% U7z Richards :X
ZHWT, BEETVOENELZITS.

2 XEHRER
2-1PMEERE

BINEE I~ 7 0 @imin b BRI ORI 22 b
ZHWTEEINS Z EARENTUVS (Hassanizadeh
et al., 2002).

0s

T =YD (1)

T CTT, 7IIENMRE, s IXBIRNE, ¢ IEWER, o 1
BINEEL, p XEEIREICH S L LIz EDEK
JHTH D, KD van Genuchten TF )V & DEE
JE-FARIE DBMRRIC K > TREINS. BRIGRE « 1&
Hassanizadeh et al. (2002) *® Dautov et al. (2002),
DiCarlo et al. (2008) 7% &I & > THA REABIED

90

REINTWVSH,
OB ERIT 5.

T = To[t) — o} (2)

TTT, 19, %o, YR EFNFNTERFED/INT A—
Z2THD, Yo WKEAEICHYET S, £z, [|L =
max(-,0) TH 3.
2-2 Richards =

LA EBAN ORIN-AEIRIRERIE, Darcy O
HilZ2 AR ANUC R THRSR U 7248 1E Darcy HilZ2 v
T, XD Richards XN TEXINSE. FOFE—XTTE
FIVELTD X517k %.

W _ 0 (v 0K
ot 9z 0z

C T TlZ Dautov et al. (2002)

0z (3)

TTT, OIAEEKE, 2 38ESmOMERE, Kl
RIFE KR TH B, BHE D Richards A& DEN
&, FEJUKBUCEINEETEZHVWTWAEHTH 5.
BOKYE B ORI REFRIE L, BUKGEFE Tldos s
D TEORIKEIE & AT, WrkiBiE TR AN
EETELZ LW RENHZ D> TS
7. 22T, MEPRRIED B E- BRI DRIRI ik
BT van Genuchten EFIIVERWS. Fiz, WK
WIRDKDRFREE, MEORES M2
DOFUKMELE E BOKETEBO RN FO#EMAN S,
van Genuchten E7 /)L FWVTERT T EHITN - 1
#i (2010) ICK>TRENTNS.
o ik FE

1

T (aalpe)™ @

o MrkiEfe

1 coshr

(1 (awlpl)e)™ (60893p> )
T TT, sq EBUKGEBRICIH 2 801E, s, dTRoKE
FICBU B, oL EBUKMELEO R 0Bl
fy, 08 EBYKMEHEO AT ORERA, a., n., m.
3 ZNZFN van Genuchten ETIVDIST A —ZTH
5. MMEEXFD « EHUKEIE d F 723 TokEiE w
Ve

AEFIERREICIE, DURO Mualem &7 )V 72
Hd%.

sw(p) =

K = Kk, (s) = s/ {1- (1~ Si/m*)m* }2
(6)

(7)




TTT, se FAMBINE, 0, & 0, 1 3ZNTNIEIA
BEE/kR, BMAREKRTHS.

DLEDRIThA T, O b & MR E TS
BB G U e BE ST & IS 09 2 FIHISAT
G A%,

SBEETIV

DT, BINEEFEDX (1) & Richards = (3)
2N LTV TS FIEZRT. K (3) &, KM
ZEELUTHNEBEEE L ABES K2 ZTRAH
Richards R'CH S DT, Celia et al. (1990) I &3
{&IE Picard iEIC & > T, RIS A2 EENZD
%, MM IEAREDE THEIL T 5. COFE
&0, HERFICHET 25IRRENERENS &
WRENTNS.

BB L ICBT B ERBEEKE 00 LHNEE T
Pt, RIKE H = ¢t — 2 BEEAITH S & L, Bl
t+1DZFNEDEEZRD % & ZD Picard HEIC B
FRFEOKRORLEEE m £T5. LIFTIE, &
LR flTHLT, fm= b, b95, BRdEE
N7z Richards 1K (3) &, HREATHI A ZHNTRDO K
IICEKES.

0t+1 _ 0t
A (8)

TCZT, 6, H ZMHEEKELR2KEICEHT ST b
VTHS. £l K (1) 22 (4), (5) DBIFREH
[ ANEN

+A@HH™ ! =0

0P _
DEICEFLTHEL. 2T, 7 =7(ps) &7
5.
oSTEP 1

K (9) &b, prtt ZLUTOX S IR RS, -
3), (4), (7) 75 g7+ &R 3.

m—+1 _ t

ro,om omy P p:m_m+1 1
s = v = p (10)
oSTEP 2
ROYIEFFERZE H™ L ITDOWTHRL .
A(0m+l)Hm+1 +D’m+1H’m+1
9m+1 _ Ht
_ m+1 t
= D" H - T (11)

TTT, DML 4 ITDVTONRY RV (91 —
0t)/(At) DERIEDIETH S .

(wAt +7(0mpt

Dm+l _ Sx (pm+1) i
F(O") + At

At dy

(12)
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PUED TNz WA 2Ti7e 3 £ THRO K LitHZ
1195, B0 UidoKkiis, BiKEfEoy] o &2
fibzwv. SHiNT, 9T — 0t > 10e 5513,

ZOHIKTOE AT YT AMIDEZZEDLET 5.

4% ¢S

Bk LEBIC B 28BS 12 Z B U o kBHE
DETFIVOERET> T2, T T T, BUkMETEEIC
WS NSRRI T 28 Uz, Bkt g
LTHEMTHZ0EEREZE L TRMmD TV
REHRDB.

SEHR
[1] DeBano, L.F. (2000) Water repellency in soils:
a histrical overview, Journal of Hydrology, 231-
232, pp.4-32.

[2] Hassanizadeh, S., and W. Gray (1993) Thermo-
dynamics Basis of Capillary Pressure in Porous
Media, Water Resour. Res.,44,W02406.
Nieber, J., A. Sheshukov, A. Egorov,
R. Dautov (2003) Non-equilibrium model for
gravity-driven fingering in water repellent soils,
Soil Water Repellency, chap.23, pp.245-257.
Hassanizadeh, S.M., M.A. Celia, and H.K. Dahle
(2002) Dynamic effect in the capillary pressure-

and

(3]

(4]

saturation relationship and its impacts on unsat-
urated flow, Vadose Zone Journal, 1, pp.38-58.
Dautov, R.Z.,A.G. Ggorov, J.L. Nieber, and
AY. Sheshukov (2002)
dimensional gravity-driven unstable
Proc. CMWR2002 Conf., 1, pp.9-16.
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Witelski (2008) Nonmonotonic traveling wave

(5]
Simulation of two-
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(6]

solutions of infiltration in to porous media, Wa-
ter Resour. Res., 39(9), pp.1483-1496.
Ninomiya, N. (2010) Fundamental Hydraulic
Properties of Water Repellent Sand, Graduate
thesis of WRE, Kyoto Univ.
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equation for predicting the hydraulic conductiv-
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model for soil water characteristics of hydropho-
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BFR%R Y b7 =0 FinzeE R LIEKRROEE

1 1FC&IT

BEKREUZH % F L F o RO ZLERADE
TEHRMETH D, T2 AL DRI
BENTWVWAS. ThET, X 7uEfifTaE/KEN
KT 25k mEnTna M —%, GHEk
B THEOFGE, x fi7x & OBISHEINC X 2 [EIBRKS
WO RS NS X5k B, Ko Irmixl
T, MRNORNZERE R T 2088175
X oTERBL kDR 70kt D LIFED
2okt DEDESHBNEA T —IVDETIVE
LT, 2w I—=2EFIHHB U,

oy MU= BT ISR O D 115
R 7 DIEFEAERIC X - T E N5 BRSO EBRE 2
D75 KU INGEKEERIC K DB LIz DT
Ho, ZAEBATICET 3 BKEBOHEEE X O
EEBGK R 2 BT 2TV E LTH
WHNTE . BEDO Ry U= &7 )RR Y
A AR LR F-OB N2 EE U TR REHREEZ B
B9 5 &I, WHOZMHEICE T 2EETE
ZEREN ) & LT KOBENC I H U CE/KIREE#EE
T25EDTHB 0L AkED, BEKBERENISE
TRl B 2 HEREMF L IHIVKEZER L TREZ
HAEITREEDTH SN, ZTDOX IO P dx
INTWVERV. £ T, KU TEER*®Y hT—
TICBOTHNENIC B 25 KHNEERB L
ETIWEHAWT, ZRFEIcEOERRICEE L
DOFEERD 2 T L THEKREEHTT 5.
2 BERY FTO—VETIV
2-1 EIKBENEF

AWZETIE, #%ibd BimnUcBid 2 e bz il

RINTRIN AT

A TATIATIATIAL

AL

Outflow ‘%
li

1:[BR*xy hU—7DETIE

FERZZERAAGS OF R &4
FUEREERARGRR AR PT — B8 - R 52

b5 IEREETEETHS EREL, &
DITHETIRICHE S LI T TR DS & Uz kR

NI—JETIWVERHATS KD, iz, 7N
DAL X CHHIE I ARICEE DIERE & U TR E
LIEMABEBIUHREEZEL TithbhsE DT
5.

2-2 BKEFRNICHBITZEDRE L ABEK

HRHRSGDOZ {IIEDFMTHATES TN
5. ZnEMZ FdORR Ry N T — 7 BT IV
B9 B EROTNUCHLIRT % L EERIRNOEZRTH
B, R, WMADOSERICOWCREZIREL
B UIEniNBEEESEL CENTE, ThEsOH
ELTERRNCBIT 2B ¢ 2185 2 &V TE
% (6],

¢ =¢p+¢°UT + ¢! (1)
TTT, ¢ SEEEEBOIEEL, #OVT EIRHERSIN
B, oM IETRAEBDINBEETHS. CDKIICLT
BoNiz ¢ ZERNCT B XD RiREZRDBH T LT
EFIRETOET IV T 28 EDEZTVE T
x5.

PEEE 2 INBIEL ¢ (& Darcy-Weisbach DU K-
TROENZBEITIT 2 BEERIOKEORBTH
%. TTTIE, JKESBDHERUHEIC & 2 HHITKEAIZ
EELEVEDETS.

b5 =Y rilaile? @

(3

N
N
2]

i L; 4

B %’ /\’L B -gei (3)
THY, N 3EiICBT 2 BEBRIOKERETH D,
BENORNIERTHS L LTS, di(= 2r;) &
B, L 3EORE, ¢ Jiim, g 3EIINEE,
Rei(: qZLZ/’lT?"gy) Ci l//f/]bx“ﬁﬁlfa'éé

TR INBE R OUT 13 B AATR I A 5 KSR
DIMTH%.

K

#OUT — Z ROUT LOUT (4)
J J
J
22T, hOUT HRHIE j OTHIEIC B B Ak,
VT BIRHERTH 5.
TRHES D ILBEEL o™ (& B ARTR AU S T AKEAD

MTHs.
N =" mNgN (5)
k
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TTT, hWNWRAE k OMAIB 227k, ¢ i
MARETDH 5.

2-3 PAERAIICHITZEST

BB ICBWT, LUIFOEREFFRIDD 7D.

doar=> gt (6)
j k

CCTT, ¢" W EmAma i \DORARE, " E9HE
i i DB OFHIRETH 5.
2-4 R/IMERBEDREE

—f%ic, By FT—21E, i & BN
DAL OARIERIC I B IKBEADORNL 012725 &
9 Kirchhoff DIEHIN S, JERHEEN TRERZFRK
9 % Hardy Cross {2V S N5 T &2V, [
v P =N TIE, 2AEBURICTHN D HTI7K
P ZFOZELDOBERIC K > Ty NT—I LT
hTll, Xy NIT—UWKRHBICRZ LD, I
RO XK S RN WS L RS 5. I745b
B, [R*xY FY—IFNE, REOWE ¢ Z2ARHA
ZEE LT, filRIZEM (6) b & TN (1) 72
IMET ZEgE(ERIEE 725, T T T, TOmKS
S & Db E S 75 > Y a R gL 2

WCKIET 5.
2-5 BIKGEDHEE
TEHARBEIC B 28K IR K B %Y h T —
I mnsiiE Q ORI, LFOXSIck%.
Q_ A
4= A @
T T,
Q:qu()UT (: quIcN> . AH = pOVT _ pIN
J k
(8)

THY, QIIEHIRETOET I EAANDFIHE (7
A&, ARBZALUEBAOKITR, AH IZFTOERH
ANODIKEHAETH O, ZFEBHRICH D ZIKEEAIC
MI49 %, AL ZRFEALDERHOOERTH, £
LEHADOE T TH 5.
3 EAG

FEHERD CRIFR%Y 0.2 mm) 7z ZFLEBUAD 5L
KLU, HEMN 0.2 mm OB R 7RO v
NI — 2 lERT B, Fie, iFlOKREEE, 134
2 mm DEFERE TS, ORI rocan, 12
MRS 0sta(= armean) DIERIDMHITHED EREL,
Box-Muller I K> CTHEKT 5. T TlE, BRO
SEEICBI LT, 0.020 mm A5 0.050 mm & TH%Y
0.005 mm TZ{LETEH 73@D &, EHERFAICBEL
T, aZ 00505 FT0.1IDEPLIZ6ED
D, FF42 380 D4R L BHER A DA S DR ThE
BE1TS. SHAEDEICENT, 10 BORITEIT
VY, BIKIRE DN LT R A2 KRD B .

FIRDORERAS D NTFEKIFEO T L AR 2 X
2, 3ITRT. BOYENKZLERBIIONT, BKF
BERKELL BB DB, EREIMNEWD (0.035
mm U F) L&EiF, EROEZSDETDFEIIZILA
EZFIROD, BENKEL %5 5D D0
DR Z L ETT0B T Egh 5. wHEL
FREHERD OB /KRB, 1.93 x102cm/s TH 5 17
D, RETIVLHEE SN 28 OFHM LRI
0.035 5 0.040 mm FRETH S LV A 5.

K [x107 ems]

_—N 8

7
6
5
4
3
2
1
0

25 04
2005

X 2 : BRI DT

oy, [x107° cm/s)
6.0

- 50

4.0

3.0

£ 20

110

0.0

B 3 1 BRI DR E R

4 L&

2 LE AR DEIBR A D RN 2 B K
T—=r7mNne LTETIELT. [BR*x Y hT—2
ik, HEOFERZ RIS & LB O RIME
e LTEbl, 57509 2 RERBIE TR
5. TOETIVEHRNVT, BHEROBEKGEEZ
HEHTE5Z hREN. MERRNUCHLTE,
COETNZHEHAL TN ZLHRETHD.
sEH
[1] van Genuchten (1980) Soil Sci. Soc. Am. J., 44,
pp-892-898. [2] Peng et al. (2012) J.Hydrology, 472-
473, pp.254-261. [3] Hiopert (2011) WRR, 47, W09508.
[4] Reeves and Celia (1996) WRR, 32, pp.2345-2358.
[5] Joekar-Niasar and Hassanizadeh (2012) Science and
Technology, 42, pp.1895-1976. [6] JER (2008) Excel T
i < B &R TR, TEHER. [7] TINS5 (2011) F
JiK 23 SRS LA R R SR, pp.164-165.
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NFEZRVTEBRROEERRDET UL

1iECsHIC

—fic, TR E DL ALUEBAD K Z /KIS DU
% L HEBANTEEHSNREAET S, T OLHRITHERA
B TEH, WA K U & HE O =AH O S OH B AEH
WK DRETHBIRTHS.

INET, FELITHUKER T2 52 LEEERD
BKIFEDOHEEICEA L T, CA (Cellular Automaton)
ETNVZEHWTHEET IV TH % Kozeny-Carman
DfERE LU EREZf T TE R M —), &
DY EETIVE LT, LB (Lattice Boltzman)
ERN TR EZRAWTHBEA 7 — IV TOIKDOFRN
T MO TE TS 23 L Lad
5, TNH RN ZMNGE LTED, HEoHn
MRETH A PR NZRNGRE LIzEDIRIEEA
ERSNZV. RIS TIE, HiFiED MPS (Moving
Particle Semi-implicit) # 4 ZHWT, Rafnifin
FHEHTACEEHNET S.

K12 CEALEBAN OEMIR Z M5 51 bz >
TEHE EBBRNICE T 28 mOhnENERE L
%%, HHEEZ & DOWHNOFRICBWT, £mEHD
ICBI L Tid CSF (Continuum Surface Force) &7 )
MMEIEENTED B, kirEcdERMErEREh
TW3 O UL, CSFEFVCIBEmOBNEAE
FKHTEGRNT &0, AT LB K UKEO iR
DOFEIHIC B C EMERIEhTwE L F7z,
BLFERT >+ )7 iV TR R TR DO
MZETIULT B 5L IRESNTED, EEBSRO
BEAZENTOS B,

T T CIRERmMENBI BN 2R AR T > v
WEROWSFEZRAL, KOREFEOL X710 &~
ABHED—NETx> TV 3L EEARDBIBRNDE
EHRREHEET A 2HELT 5.

2ETIV
2-1 ZEeAfEN

Z LB BA DRI O AT IEEME RN & 7%
T TE, HaFERIZLITRO X S ki & i
RN IEERFHI TR EINS.

Dp

=0 1
Tt (1)
D 1 1

ﬁItL = —;Vp—&- vWiu+ g+ ;O‘Iién (2)

TTT, pld&RE, ¢ IIRRE, wdidiNy M, pld
5, v I 3EREERE, g WEIIEEXT ML, o

FERZRRAES OB sk
FIRRARZGLENFERE T 08 - I 1

GERmERS, < ZKEOME, 6 FELmEINEHmD
R T BRTT2DDTIVEZBEE, nldFEme T
B JTOHENNY bV THB. Fiz, D/Dt I13FH
M THY, 752V aiETHIRTIETE, NT
HADBE 23 H T % O THRE R RIS S 2
FE3imn

2-2 MPS %

MPS EICEBWT, KiF i BT EEH ¢ DLl E S
TIVT VU TFDOX S IcEKEINS.

d — &

< V(/) >, = - Z LJ _ (z; TijWij (3)
n &5 Iri

2d
2 _
<V >;= o - (¢ — bi)wij (4)
JEQ;
ZCT,
Tij =X; —&; (5)

Te 1
wij = w(| 7ij |) = 175 |
0

Do riy [Py
N = JEQ; (7)

>

JEQ;
THO, dIFZERIOTE, Q; 1TRT i OFEEE r.
WO, jIZZDOHICEENZR T, 72720, i H
BIER< 6D 5. o 3R 10 OFERE, w(r) I$E
AR, n® EHUER TEERIE T, — ISR E
DK PBE T 0 5 57 B T (V8 DR 750 =
W5, kit i ORTEEEE n; I FDOXSICEDE
ns.

ni= Y w(|ri|) (8)
JEQ;
ZORITKD L, W FEEEEIT KBS OR 7T
WEHRRIOR T & kRTINS K72 %, 22T, BEZEE
BT ZRAWTELIZD, BEAEPZERT S LI
X0, BEED S OR FEEENDF 50 2 E KT 5 T
&T, B A TEANME RIEOR FEE L5 K5
195, chickD, UTOXDK S IFRE B(< 1)
EHWT, Rt i KEICHZDEShEHET ST
EINTES.

n; < 5”0 9)
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2-3RFRARTvIVA
RIAEIIPEEmM OB N 2RI T 5781, N
WICEBATEZRT YUY IV O E LT TFORXEHNS.

1 3 1
B(r) = 5(r = 50+ 57 — 122

T TT r IR PRI, O YR R, Pt
KRR T VoY VOB TH S, Kt i W, K
FHRT VY VIC Ko ThI T § 52T BKRTV
)X, LFOLSIcERENS.

dq)(Tij)

(10)

F;; = —Cqx g i (11)
ZCT,
Tij
- 12
nl] |"'ij | ( )

THD, Cr FHRAMTFEOET > v VR TH .
Kt i BEHOR T 52 2 E7 2> v b, &
(11) DEHTHY, UFDXSIckENnD.

F,=) F;
JEQ

RiMES) o WHNREED O OFBHIT RI)VF—
ERITTENTES. DFED, RAEICEALONDT
FIVF—RBEEHZES DICKHERTIIVF—TH D,
CNRKIF G EEHT DI ERHRHEEETHS.
AETIVOEE, KTy v )VINSHs > T thH
WNEBEEEDDICRBERI VT —LE5T M5,
RT V¥ v UG E KR OBFREE 2 LW T
x5, rr(< Pt BiNTALEICH BRI T LRI 2
GIEBET DICRE LR W5 &,

(13)

Wij = / .Fijd’l“ = Cff@(’l“*) (14)
THBHT M5, Wik S OWAZT I EEEd DI
BIALH W 13, Rz E ATZHROmERZZ T
*L QX, QY g@‘% (1_).1

Wg = Z Z Wi = 2Soy¢
1€Qx JEQY
ThHO, ThFEmFE 25 KEZANSHHBIZ IV
F—ICHYT 5. ch& D, RTV¥ v ) URBIELIT
DX TRDOZZENTES.

(15)

Cy = 2S0¢ (16)
> a(ry )
1€Qx JEQY
2-4 BEmDSHNE

Kok ) o &R ORI Young OXUC K >
TEEINS.

(17)

0s — 0ts — 0pcosf =0

T T Tos, o op EFNENERORMERS, FEA-
WA OR RS, WAORAEITHS.

X (15) LFABRIC LT, Wrmks S OREMA- R 2
5| ZHEd DICHEIRALH Wi 1,

Wfs = (Uf + o5 — Ufs)S (18)

£7%%. Young O (17) & (15) « (18) 5, Wg
& Wi OBRDLLTDE S ICE56N%.
I;//f; = %(1 + cos0)
CCT, EMA-RARBIORT Vo v VR Z C,x &9
5E, Cg & Cg DERIZUTDX S IR 3.
g;s = %(1 + cos0)
2-5 B5REHETT
SMAC (Simplified MAC) % & [AlIBk7x B2 75 fiF
BaERHT 5. I%b5, EIERFEH (2) O
I, I, RAEENEDS, KOTHEZ BHICEHR
L, KirORONMEZRSD S, HRirRFEH & FE45
B R ENBESIORT Y Vi BB
flpd TLICK-T, MEDBIERZRL, B Lk
TONEZEHTS. LEOFIHZ#HEDIKI T LI
XoT, W27,
3FLHD
ZALEBHMRIC B B AN Z MPS £ TatR
57O, Kimk/IPEEROBNMEZER L ToEX
e hi PR T Vv V2T e, 5%, A
YIRBMVIIRZEDEEFHRMNHEHTEE L%
R LTz TR ORI R 21TV, EKERERIK
SRR EO~ 7 uaftoHE 2 HIET .

2EXH

(1] T, A, T, R, SRR (2011) BEKMREZHE
BUADZEIKIEICBET % CA ZWVWZET UL, AL 23 )R
RUKEERFE AR s s, pp.22-23.

[2] Hilpert (2011) Determination of dimensional flow

(19)

(20)

fields in hydrogeologcal settings via the MRT lattice-
Boltzman method, WRR, 47, W09508.

[3] Hu and Adams (2006) A multi-phase SPH method
for macroscopic and mesoscopic flow, J. Comp.
Physics, 213, pp.844-863.

[4] BUEE— (2005) KiTi%, ALH, p.144.

[5] Brackbill, Kothe, and Zemach (1992) A contin-
uum method for modeling surface tension, J. Comp.
Physics, 100, pp.335-354.

[6] Nomura, Koshizuka, Oka and Obata (2001) Numeri-
cal analysis of droplet breakup behavior using partiacle
method, J. Nucl. Sci. & Tech., 38, pp.1057-1064.

[7] 3, MR, A (2007) MPS iEic B0 B hi TR T >
¥y VRV RERESET IV, Trans. JSCES, 0021.
[8] [, 1&3, Sk (2009) MPS JEIC & % EMEBISMAT,
HABM A 25 22 A R, 22, No.613.
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1 RITERKRABXOYEETIVICE T 2HHEIEOBEIEF &
SR RFBRAHIER OEMFE « FRHF— - BRI IE

1. [FC®IZ
MRV 31T 2 KA K A A Ol B4 2 E ' AICFHE - TR 5729121, mnsEo AT
MBBEL L 70 % . MIFRGITE MRmELE TH D, BROFEM R ERIITIEHKEZOE L I Uit
ETILOEANEE LV (Koh er al, 2012; Park er al, 2009). & Z A0, %9 LI=ET /WIEREK
fEFHE 2 X NEET 570, WAEEZ RS —F, WAGRKEGRICEBT 2561201, #KE
ZARE LIz K2R (SWEs) QAN RHTH S, L b, WIHIEKEEDLIIZ,
FEE D EJ S %A LRy NI — RO EE BT DIAVDFENT IR L TIE, 1R ILD SWEs (1-D SWEs)
TR IMTZDZENZ . LN L72RN 5, 1-D SWEs OBUEAFH T, WHRIRERL, Kk
WHEDHMERE, FEFETE - FE—HRITIHE, KBS OB O, KM AW, Wi, KESR, &
B L OHk e EH < OWREERES . ZAVET, 1-D SWEs OFEFRICK L TiE, ARZE
571£(FDM) (Garcia-Navarro et al, 1999), A BR{&FE{£(FVM) (Toro and Garcia-Navarro, 2007), A RZEHR
{£(FEM) (Knock and Ryrie, 1994), #% - Boltzmann 7% (Van Thang et al, 2010) <°#71-1£ (Chang et al,
2011) 72 &, KA AT TEDSBIR SN CE 72, FH O, i FEEXITHEY%E Galerkin FEM, iE#)
FERUCJE L FVM Z 3@ L7- 3£ 5 /v (FEVM &7 /L) (Unami and Alam, 2012), AU 3
W2 FVM £ 7 /W(DFVM &7 V) (& « %, 2012) ZBR%E U, &FE 0 KRR I CEH LC & 7.
AMFFETIL, 1-D SWEs (S 22 BUEE 7 /L OBIFIZ AT T, DFVM £ 7 /L OHLIRIZ S
WTHRETT 5. &<, BUEET NV OREMECEHDFHFENEE A B 2 HERICETE & 7 2 e
ORI E OB L TIEIZOWT, 7 A METEIZ X W RFEET 5.

2. 1 RuixKRAER
2.1 XEAHEX

IEVEDIRKEEZFE N5 1 IRIEH72 K TEAUE 1-D SWEs (Cunge et al, 1980) Trtik&isd. 1-D
SWEs i, i H R

04,00 _
o o ! M)
IR IEE) 2
00 o(po__, ,0m_
o +8x( A ] e 8 @

MOAERREID. Z2UZ, ¢ IXEFEA, x 13K -7 1 IROTEERE, A lZ@KWrEfd, O 1ditE, ¢ &
KM RS HT- 0 OIEH AR, n 13KAL, B 13 Coriolis #%3, g 1XE/INHEEE, S, % Manning
DEEARE TH 5. T 2T, EEIHREAQ)ICB W TR AL X 5 4RE (Morris, 1979) 135
JE L 720N, KEEMEIZAE U 2 KIS bxthi LB BERAFRIZ B 2 12561203, 2ainaz—E8L
T D eIz, W odEg R Tl < FEHR

J‘Qng(y,r)T%_?dx"';Zlanr,j +ZQB =J.QﬂB(y,r)qu 3)
ERAWSHREY TH L. Z 218, QITERKE 77 7 & LTHEZBNDJHHT 1 IRICH/KEHE (Yoshioka
et al, 2012), T=2—1; TKiEbE, B(y,r)iZyeQor-ifF (11) THY, B(y.r) DESINTHO
BOTELEEROLOL TS, Ti, vIKEHEE B(y.r) DRAERORE, 0% )& O
HCOTEE, Y0, HEIRQN By r) ICE ENBERATHE SN ARROBRE, o, 14 KEIZH
5 x BRI & 2R /RT A— 4 Tl V), % B DASHEL T x BB B(y,r) DIV E Tlo BHIAIE

o,=1, TN TH o, =-1 LT 2. KEDOTERPRNGEITIL, GWI(DITIRE S D, ik

TAQ) THW RO EAIE, Bt/ BI7#230 (Yoshioka, 2012) 72 & DBEJIAWRAF O R
SRR L THESTH 5.
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. Vertex
Reach

> x abscissa
Intersection

1: B(y,r) O

2.2 DFW ET/)L

Hifg R & EE Q) DR S5 1-D SWEs OFEFHHIZIZ, DEVM E5 /L % i
T 5. RETNTIIKNMy L& Q ZRMAEL L L, i 523 IL Ik 1-(Voronoi diagram)
(Mishev, 1998) k¢, E#) HRRNQ)ILEFH 7 L CEEBILT 5. KA 7 1 ZRIRAIZERE 72 X5 1 ]
B, W& QIXX D EEEIE L T 5. WKWTHFE A 1Z5 BN T 1 IRBEIE D8 k& St
TIEAREFEZ AT 5. @ RIS U0 R HbZ e S 720, E8 IR T 72 Froude
BOMZEE L- R b2 i, Tseng (1999) 1272 5\, BRI 1T /KIENIER 12/ WAL
T D RENVEZ IR T D 72D DN 2 7Bl b 2 fa 3. RERIMETTICIX 4 YIS Runge-Kutta {512 8 5
seeikE AT 5. 728, ARET /LTI Total Variation diminishing (TVD) {LALEE Z1T 720,
DFVM E7/MZOWTIE, FEUEX AR, fEENC 7RI, FEBRHKEE To X LRERE
(U.S. Corps of Engineers, 1960; Bellos et al, 1992), RKKFG/ERHIZ A1 5% B fE UK M T D
Ut (Unami and Alam, 2012) 72 & ORFEREICKT T 5 BAF R BN HER I TWD. £/, &M
5 (Submitted) 1%, DFVM &7 /MZEI HEENE T T v 7 AOFHITFIEIZOWT, #Ha ED X AR
HERBEIZEDSWTIERF 21T > T D RBFE T, DFVM E7 VIS x, i 7 R o e i) 2 42
FAL LZ2WBHEET /L (DFVM2 ET V) IZOWTHRETT 5. ZOEAE, BEETH Y 2R 54
RF A 7 ZIHRAGENT 1 IRGFER AR MR $ % . Donea et a. (1987) 1%, ¥ Galerkin FEM (Z
BV ORI RADRRIEZ LT 2 &, b L7256 & i U CIEMER BRI G b D
LA LTV D. DFVM2 E7 /MZOWT HEBRODIRPEON L b D EEZ BND.

3. ¥R MHEIRE

BUEE T L O FE E KRN ~DBERPEIZ DN T, ZMAKIKICAE US4 AR, ks
W ET DA & ITRETT 5.
3.1 ZAMKKRIZEL 34 LARIERIE

Sanders (2001) 23R K 512, FEFEEWrIE KRS CIIKmNE T 235 KOL 7 \ITIEAF L, HRWrm K O
La Ll U CEERH AN R L 22 D, L <, ZAERmE K CIRKENE T 23 KIRIZHE9 5 7
D, KEEBEFICB W TEMEF AR RLZE L2 DT v, 22 TlE, &S 2000 (m)DEERD 22V K
REMKEETOX LAREREEZ S 2 5. KEWIITRIAS KR EA 2 550 “ AR L3 5. KET
RN H DPFET DB DL L, & L EFIKEE 10 (m) & 5. # A FifkiEE LT 1 (m)
(Case DB-W) & 0 (m) (Case DB-D) ® 2 #Y0 #& % 5. #TFHMBIZA=1 (m), WFEIZRIBRIX
At=0.01(s) & TN ELSRET S, K2 1%, % Case (21T DK & Wi FfiE O ez &
fEMTAE (Chen et al, 2012) ZR~d . 15 DAVICEAEREIL, TR Z BAFIZHBLL T\ 5. & <IZ, DFVM
ETIVOEAEfRIL TVD AL ZAT > TRV S B O T8RS 2 5 £ 70\, £/, Case DB-W T
IEHENIZ DFVM2 £ 7 VDO N EEE 2R R A2 LTnad. LarL7e» b, Case DB-D TlEFk
AN\ T DFVM2 &7 /WIC K D5l fiR O K BREE R CHUEIREY 23 5842 U, EEFHRE ORhE s A=

97



U7z, EEIREBEOJFIRIEL, DFVM2 £ 7 /L Tl 5RO RFIEIZ 230> 5 B BATHI A Xt M)
DIEEMETH Y, ZOWITHOHEFIENR LT L HHERF SNz Tho EE2 LD, REkICIE
L SN E BT % A9 5 FEVM ©5 /L% Case DB-D [CfH L7235A1C b, il HRE O
DAELT. 7ok, FHEEWHE/KEICA T 5 2EMEICK L TIEL, DFVM2, FEVM E7 /L& 12
K& 7R < BfffiR 2 J5H U7e.

DN, KBITEEN G 55512250V, DFVM 7 /UIZE L CORMET 5. FIHISMH1X Case
DB-D L [fl—& L, B TFRIFRIZ Ax =10 (m)& 3 5. Manning £2%n & LTI, 0.01 (s/m"?), 0.02 (s/m"?),
0.03 (s/m"), 0.04 (sym"™ D 438V & 2 5. ZZTIE, Ac=1 (m)& UT=EAEfR A2 fRATR & 7707
342, % n OEIZR L] 10 (s), 20 (s), 30 (), 40 (s), 50 (s) TOKETE DA HF AL F 2 7~
B O BIERRIE 7 0 v MRS AT STV AR, BEEE 2 & £ FKIEOHEANEE TR
e L TWAD. Eiz, HEREmKEOS S (Szymkiewicz, 2010; Delestre et al, in press) & [RIERIZ,
Manning f#En DR EL R BI1FET 1 MG OEENMET LKIARSGIE S 705, 7ok, B
T 2 BB L7255 5120, KERBE R CEEIREY 3 3848 L CEMERH R MlfE T 5. BLEMN D,
FEFTEWIE D /KBEE R 2B/ T 2 AU xt3 5, Hi F RO RIIE 2 & b U= B L FiE0fR
hE7R & QN BEERIE O 2 1 7 BB L IR O MBEMEA R S vz,

3.2 FFEMET DR

IIET, HEx 2 ERAKRAVUCXKT 5 1-D SWEs OEMEFREFI 23 HE ST d s, Wi, &<
FHii A W E9 5 BERIC B9 A lI3 72 v (Yost and Rao, 1998; Bourdarias and Gerbi, 2007). & Z
TiE, EBRHO—FREWIHRARKICBWT, SRS 25O Ttz S%E T2 2L TET
7o B (Unami and Alam, 2012) (Z%F3 2 F8LME) 5, FEVM % & 80&E 7 /L O M 2 a3
%. KEOWEIX 0.600 (m), £ S1320 (m), ARLIE0.01 (m/m)TdH 5. Manning F50% 0.01 (s/m'?) &
HESINTWD. HEFRRIZA=0.01 (m), FEHZESFRIZAI=0.005 (s)& T 5. FIHLIREEZ KGR
0.026 (m) DL E L, FIHIREZ =0 (s)IZKEE Titdna S PA%ET 5. 40%, BETT T KB KA
FEOFER 27779, DFVM2 &5/, FEVM &5 /L& bR 7 b0 2 b OLE %2 BAFICHHR L T
%. DFVM &7 /L CIE& 12 Mo b U C b sk Fiidail CRENS A2 RY , BEst B omkien 4
U7 2B REE RO -2 7 2 & Fi ORI (Bellemare et al, 1990; Bermudez and Vazquez,
1993) IZOWTHRITEATo 72D, FET &S RUREMEM % 5 2 7-. B, Shiiad b3
LBk 5, i RO R A IEE LT 2 BEB L IR O AL R STz,

12 12
" —— Exact ol | Exact
R Computed DFVM) | | | Computed (DFVM)
E gL N e Computed (DFVM2) - g [ | ooooeee Computed (DFVM2)
£ L
3o al
]
2 1
G L < 4L
s ¢ s
2+ 2+
o L L L L 0 " L L L
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Distance (m) Distance (m)
12 30
— Exact 25 —— Exact
00— ... Computed (DFVM) [ ] eeeeene Computed (DFVM)
= 8l 20 +
£ €5
¥t E
St Q
2 -]
. L < 10 |
s ¢ 2
2+ 5L
0 L L L L 0 L L Il
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Distance (m) Distance (m)

2 BEEORVWKIRIZIIT 57 LHAERIBEOFHRERER (LB ; Case DB-W, 1=50 (s), FEt;Case
DB-D, /=30 (s))
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1)
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N

—— Analytical —— Analytical

W< | Computed (DFVM) L e N u v v U P Computed (DFVM)
E & g 8
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=
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s 4| s 4t
B B

2 [ % ®, N 2 [
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0 —— Analytical —— Analytical

L — s e U P Computed (DFVM) L N\ R W P Computed (DFVM)
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g‘ 6 § 6 L
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8
5 4| 8 4|
B B

2+ 2+

0 s ‘ E0 0 E Y 0 ‘ ‘ e lily .
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X3 : BEOLHLHKKICRE T DS LABEREORMER (EBAE ; n=001 (sm'”), LEBEA;
n=002 (sm”), FTEAE ; n=0.03 (sm'"), FEBH ; n=004 (sm"))

Observed wave front 50(s)|40(s) |30(s) [20(s) |10(s)
0.20
ré\ 0.15 ch b ’ .
E annel bottom B <
§ \\\
m .
005 |- DFVM2 \\\\\\f
- FEVM
0.00 1 1 1 1
0 4 8 12 16 20

Distance (m)
B4 4« S a0 b3 D Bell OFEF LA R

4. BHYIc

AHFFETIE, DFVM &7 VO PLIRCA TR A K FRAVENT ~ D HPEIZ DUV T, 1 RGeS S
BEK TSt 21T o712, T ORISR, ik R OBBEICE T L 2 T SN k0, BdlEfgo
MWENAREMC R -T2 bDE b Z LR ENT. LIS, KEWrm A IEER DK R 24
T HPAVTKT Uit RO REIEOE LN, W2 AT DRIkt U CIIEEF b H %)
ThD I EDNRBEINTZ. £z, KW NIEFEIE D D/KEEBER 2/ 3 2 i xh3 2 BEEEO Y-
P 22 BB L THEO ML BEMED VR S 72, RO Z & 2%, BRKEMEIZ I 1T 5 EKIIZ OV TH Wz
HHDEELZLND.

1-D SWEs & &l HFEA BRI 2 85A121E, KIEOFIEAMESCHERMENER SN D, DT
», DFVM &7 /WZ DWW BEIENT 21T 2 5, &0 b AR T4 & L L o i nga
B e 70 X5 a1, g RO BRI T 2 EER RO BAHEL 2550 L5 X
bNd. EHEE, RPTER KRR Z B LI RN b7 v 3 XA (Kawahara et al,
1982; Yue, 1989) A2 4U1E, DFVM BTV ORhRMEZER 5 Z & D WILAEDR IS b.
F£72, DFVM &7 /VI3KF: 2 IRIED SWEs ~ EHEIR T &, BUEIL 1 IRTTAYZR AL D A Tldie < K
2 RITEDWAUZEET DA HIT> TV D,
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Optimal strategies for water pumping from shallow aquifer
in Bangladeshi floodplain
(N T ST aRERICE T HEBUH T KO REZKEER)

ORyota Kuwano, Faculty of Agriculture, Kyoto University
A.HM.B. Alam, K. Unami, M. Fujihara, Graduate School of Agriculture, Kyoto University

1. Introduction

Floodplains are extending over the most part of
Bangladesh, where the contrast between wet and dry
seasons is significant. Submergence of vast areas is
the common phenomena during the wet seasons,
while there is almost no natural surface water avail-
able during the dry seasons. Though the recent in-
troduction of groundwater irrigation using shallow
tube wells has dramatically increased agricultural
production in dry seasons, groundwater depletion
and resulting hazardous problems have been report-
ed (Shahid and Hazarika, 2010; Rahman and
Mahbub, 2012). The over-exploitation of ground-
water is also suspected to be one of the main causes
of deteriorating floodplain ecosystems, which are
the habitats for fish being the major protein-source
for the inhabitants (Mamun, 2010).

To establish sustainable groundwater irriga-
tion in the dry seasons of Bangladesh, it would be
advisable that operation of irrigation pumps should
follow scientifically rationalized rules feeding back
monitored groundwater levels. Here, based on the
framework of stochastic control, optimal strategies
maximizing the quantity of irrigation water without
causing water hazards are deduced. A stochastic
differential equation (SDE) model is proposed for
the groundwater level of an ideal aquifer, and a per-
formance index evaluating the quantity of irrigation
water is set up. Then, the Hamilton-Jacobi-Bellman
(HJB) equation governing the optimal rate of
pumping that maximizes the performance index
becomes a parabolic partial differential equation
(Dksendal, 2007). The HJB equation is numerically
solved with the upwind finite element scheme pro-
posed by Unami et al (2010).

2. Formulation of stochastic control problem
The ordinary differential equation describing the

level A of groundwater is conventionally given as
dh

—=Mh,—-h)—u 1

o (hy —h) )]
with the domain constraining the range of 4 as

hmin < h < hmax (2)

where /

max

is the maximum ground water level not

causing flooding, /4

i 1S the minimum groundwater
level that the pump can operate, /4, is the equilibri-

um level of groundwater, and « is the pumping
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rate. Then, the stochastic counterpart of (1), consid-
ering A evolving with the time as a stochastic pro-
cess h=h(t)=h(t,w) foranevent e, is written as
a SDE

dh =b(t,h,u)dt + o(t,h,u)dB, 3)
where b is the drift coefficient, o is the volatility,
and B, is the one-dimensional Brown motion, im-
plying that the pump discharge rate of flow is also
regarded as a stochastic process # on the same
probability space. The drift coefficient b and the
volatility o are assumed to be of the forms

b(t,hyu) = (hy — h) — u(t,h) )
and
o(t,hu) = o(t,hel " (5)

respectively. Another two-dimensional stochastic

process X, = (s +1,h(s+ t)) is governed by
dr
dX, = (6)
bdt + odB,
s
with X, =x= (h(s)J . For a fixed bounded

two-dimensional domain G containing x, the first
exit time 7, is defined as

7, =infit|1>0,X, ¢ G} . 7)

Then the performance index J“(x) to be maxim-
ized is set as

J'(x) = E* [ jOTG (X, ,u,)dt] ®)

where f is the profit rate function in G, and E*
represents the expectation with respect to the prob-
ability law of B, starting at the point where X =x.
The stochastic control problem is to find an optimal
control u” =u'(x,w) inaset A of admissible con-
trol such that

®(x) =supJ“(x)=J" (x). )
ueA

If the control u is restricted to Markov controls
which are of the form u =u(7,h(t,®)), then the HIB

equation gives the optimal control u" as

f(x,u’) + [ D= sup{f(x,u) +L“CD} =0
ueA

where the operator L is defined as

(10)



0 1 ,,0
L'=—+b " . 11
os (”)ah 27 (b
3. Computational examples
A test case is formulated with
h -h
fGe,hy=f(hy=he™ =he' , (12)
A=[0,0,.]=[0,0.1], (13)
and
G =(0,T)% (P> ) =(0,20)%(0,10) . (14)

The volatility o is assumed to be a constant unity.
To fulfill (10), »* and ® have to satisfy

oD 1, 00 "
+h —h—u)—+—0e¢" —+h
( )6h 27 T as)
=0
and
oo
C>0,—<0
o [eroie
u =10 (C<oaip>oj (16)
oh
log(%aa%j (Otherwise)
where
o’ O
C=——. 17
2 oW (17

For the parabolic partial differential equation (15),
the terminal condition

®|_,=0 (18)
and the boundary conditions
O (A, ) = DM, ) =0 19)

are imposed.

20 _9 r 2 3 4 5 6 7 8 9

18 _
16 _
14 _
12 _

t 10_

0.00 002 0.04 0.06 0.08 0.10
Fig.1 Optimal control strategies for pumping rate
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Fig. 2 Supremum values of the performance index
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The numerical results are shown in Figs. 1 and
2. The subdomain of the groundwater level where
the pump should operate expands as the time
evolves. Almost equal values of the performance
index can be achieved unless the groundwater level

does not fall below the equilibrium level /4, .

4. Conclusions

The optimal strategies for pumping rate are numer-
ically obtained with the achieved performance in-
dex. The model parameters are going to be identified
in the context of a study site in the northern part of
Dhaka Division, Bangladesh.
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An autonomous runoff model using stochastic differential equations

oAbul Hasan Md Badiul Alam, Misato Ryo, Koichi Unami, Masayuki Fujihara

1. Introduction

Conventional hydrology considers runoff processes
in a basin as the input-output relationship generating
water flows from the precipitation, which is
stochastic. An alternative novel approach is to
model the output water flows exclusively, so that the
statistics of the runoff processes are well
reproduced. An autonomous runoff model is
developed here to represent the level of stored water
in a micro rainwater harvesting system. The model
consists of two stochastic differential equations
(SDEs), so that a zero-reverting process triggers
events of rainwater harvesting. Chiang et al (1995)
gives an analogous example of a couple of SDEs
where one stochastic process unilaterally affects the
other. The model parameters are identified from the
data observed in the micro rainwater harvesting
system.

2. Micro rainwater harvesting system

The micro rainwater harvesting system is a field plot
developed in the water resources engineering
experimental station of Kyoto University. The

Graduate School of Agriculture, Kyoto University

station is located at the coordinates 35 29 23 N 135
21 57 E on Maizuru Bay, the Sea of Japan. The
system is circular in horizontal shape, and its vertical
cross section is shown in Fig. 1. A plastic bucket
filled with gravel is buried at the center to collect
rainwater, which is harvested by an inclined water
repellent sand (WRS) layer. The water stored in the
plastic bucket can be withdrawn from an outlet
located at the level of datum. A drain, which is a
steel pipe, is installed at the top of the plastic bucket,
which is located 0.15 m above the outlet. A water
level sensor is set at the bottom of the plastic bucket.
Saltwater is introduced from the sea to surround the
system, so that salinity serves as a tracer. Withdrawn
water from the system is stored in a tank to be
readily available for irrigation of plants grown on
the system.

The level of the stored water was logged every
10 minutes during the period from 13:00 June 25th,
2012 through 11:10 October 23rd, 2012. There were
16 rainfall events that recharge the plastic bucket.
The stored water was completely withdrawn every
seven days interval.

Saltwater

Plastic bucket

Fig. 1

3. Model description
The autonomous runoff model, which govern two

stochastic processes X, and Y , consists of two
SDEs

dx, =r(X,.Y,) X,dt+ o dB; €))
and
dY, =-Y,dt+o,dB’ )
with
r(X,.Y)=—-a— fmax(X,-K_,0)
+7 max (|Y,|—Ky,0) )
and
7=rsen(X,) X v 4
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Concrete basement floor

Vertical cross-section of the micro rainwater harvesting system

where ., B, 7, K,, K,, X

max 2

O

x

and o, are

constant parameters, B and B are independent
Browninan motions, sgn denotets the signum
function, and y denotes the indicator function. The

stochastic process X, represents the level of the
stored water and exerted by the stochastic term
o dB’ of the SDE (1). Decay of X, due to
evapotranspiration is dominated by the parameters

o and B when X, is small and large, respectively,
and the parameter K  is their threshold. The

parameter X
prescribed by the level of the drain. The other

is the upper limit of X,, which is



stochastic process Y, is zero-reverting and exerted

by the stochastic term o dB;" of the SDE (2). Water
recharge occurs when Y is situated outside of the

domain (—K},,K},).

4. Identification of model parameters
The value of the parameter X, is identified as

0.15 (m) that is the level of the drain.
A dry spell in the model is defined as a period

such that |Yt| <K, . From the observed data, it can be

seen that the decay process of X, is dominantly
deterministic during the dry spells. Therefore, the

volatility o, is chosen as small as 10~ (mrday ™).

Then, the parameters «, £, and K are identified
as follows, neglecting the stochastic term o dB," of

the SDE (1). When X, <K _, the SDE (1) results in

the ordinary differential equation
dx,
—=—alX,. 5
& : (%)
On the other hand, when X, > K, assuming that £
is significantly larger than « , the SDE (1) results in
the ordinary differential equation

dx
o B(X,-K)X 6
5 = AKX KX, (©)
from which
1-K, /X,
log|—=—L|=—pBK ¢ 7
¢/ Tk /X, PK, N

is obtained. Application of the least square method
to the observed data yields the best fitting to (7)

when K =0.055 (m) and =60 (m'-day").
Since the decay rate —dX,/dr is estimated at
4.02x107 (mrday’) when X, =K, =0.055, the
parameter ¢ is identified as 0.073 (day™).

The basic properties of SDEs are summarized

in the textbook by @Oksendal (2007) and utilized
here. The SDE (2) is the Langevin equation, and it is
known that E[Y]=exp(-¢)Y, and Var[¥,] =
o’ _

Ty(l—exp(—m)). The first exit time 7 from the

domain (—Ky,Ky) is expected to be

E[e]= - (o(K,)-0(1) ®

y

where

() =fe><p((y7—22j{fe><p(—(yf—:}dy}dy. ©)

In the observed data an event R; of recharge is

defined as the period starting at # =7, and lasting for

the duration D,. The stochastic process Y, hits the
boundary of the domain (—K K y) at each 7; from
the inside of it. At =T, +D,, Y, is about to leave

the boundary that it hit at 7 =7;, though it obeys to

E[Y,., |=exp(-D,)K, (10)
and
var[¥,., ] :%(1— exp(-2D,)). (11)
Therefore,
El:((l - exp(—Dl. )) Ky )2}
2 (12)

o
=—2(1-exp(-2D,
S-(1-exp(-2D))
and thus the parameters K, and o, are related as

2
O-—i:E 2(1-exp(-D,)) a3
Kﬁ 1—exp(—2Dl.)

For the series T,,...,T}, , the expectation E[r] of

the first exit time from any initial time is evaluated
as

1
i 27 —TH)ZL'" - (14)
1 Zm—mf
T, -T, 2
which is equated as
2 1 (7: _TH)Z
2(o(k)-000) 5 X

assuming that Y, starts from the origin at the initial

time. From the observed data, the right hand sides of
(13) and (15) are statistically evaluated as 0.343 and
6.24, respectively. Using the bisection method, (13)

and (15) are computed as (Ky,ay) =(3.14,1.84) .

5. Conclusions

The developed autonomous runoff model provides a
base for stochastic control of withdrawal strategy.
The identification procedures for the model
parameters are mathematically rational. However,
the parameter » is yet to be identified.
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Stochastic control of micro rainwater harvesting systems
(UMRIERKN—ARR b R T LOWEZEHIH)

1. Introduction

Rainwater harvesting (RWH) systems are expected
to drastically improve agricultural productivity in
semi-arid regions, where irregular precipitation and
prolonged dry spells are the major constraint
(Pachpute et al, 2009). Scientifically rationalized
water management strategy is prerequisite for a
successful RWH system, and the stochastic control
theory can provide efficient and sustainable opera-
tional rules for water withdrawal (Unami et al, in
press).

A micro RWH system has been experimen-
tally developed, and an autonomous runoftf model
for its micro hydrological processes has been estab-
lished with stochastic differential equations (SDEs)
(Alametal, 2012). Here, optimal strategies for water
withdrawal from the micro RWH system, to max-
imize the performance index, which is defined as the
expected total amount of withdrawn water. The

OMiisato Ryo, Koichi Unami, Masayuki Fujihara
Graduate School of Agriculture, Kyoto University

Hamilton-Jacobi-Bellman (HJB) equation govern-
ing the optimal rate of water withdrawal and the
maximum performance index is numerically solved
with the upwind finite element scheme proposed by
Unami et al (2010). It is shown that the strategy
actually taken place is in accordance with the com-
putationally deduced one.

2. Operation of the micro RWH system

The micro RWH system was operated from 13:00
June 25th, 2012 through 11:10 October 23rd, 2012,
with the operational strategy that the stored water be
completely withdrawn every Monday. Rainfall in-
tensity and the level of the stored water were ob-
served as shown in Fig. 1. The expectation of the
first arrival time of a recharge event from any initial
time is estimated at 6.24 days. The water level
gradually recedes after each event of recharge be-
cause of evapotranspiration.

0.40 b LU i T R T N Y T T 10
| W ‘ " H T ” ] ﬁ
0.32 * E
g
E024 8 5
5 g
£ 016 g
B M 5
W\ k
0.08 v 16
0.00 Fteed . o ‘ - 20
71 711 7721 81 811 8/21 91 911 9721 1011 1011 1021
Time
Fig. 1 Hyetograph and the level of stored water data observed in the micro RWH system
3. Formulation of stochastic control problem and
The dynamics of rainwater harvesting system is 7=ysgn(X,) Hixox. ) 4)

described by the stochastic model consisting of the
two SDEs

dX, ={r(X,.Y) X, ~ujdt +0,dB; (1)
and
dY, =—Ydi +o,dB;’ )
with
r(X,.Y,)=—a—- fmax(X, -K_0)
3)

+77max(|Y,|—Ky,0)

where the stochastic process X, represents the level
of the stored water, Y is a zero-reverting stochastic
process, u is the control which is the rate of water

withdrawal, ¢, B, 7, K_, K,, X o, and

max x
o, are constant parameters, B’ and B; are inde-

pendent Browninan motions, sgn denotets the sig-
num function, and y denotes the indicator function.
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Some of these model parameters have been identi-
fied from the physical dimensions of the system and
the observed data as shown in Table 1, while it is

deduced that » should be sufficiently large and o,
should be sufficiently small.

Table 1 Model parameters identified from the

observed data
a /B Kx Ky Xmax O-y
0.073 6.0 0.055 | 3.14 0.15 1.84

A temporal domain (O,T ) is the presumed period

of a dry spell, during which the stored water can be
withdrawn. A spatial x -y domain of the stochastic

is set as G=Q xQ

processes (X,,Y,)

(0, )% (—Ky,Ky) . For the bounded domain G,

the first exit time 7; is defined as

7, =min(inf{r|1>0,(X,.Y,) ¢ G}.T). (5)

Then the performance index J“(x,y) to be max-
imized is set as

J'(x,y)=E* [ jo’“ udt + X, } ©6)

where E™’ represents the expectation with respect
to the probability law of the stochastic processes

starting at the point (x,y).

The control u is supposed to be constrained in
the set [0,0,,,] of admissible control. Here, the
maximum rate Q_  of withdrawal is set as

X /Imin - (T—1min<¢<T)

Ohax = ()

0 (¢t <T —1min)
The maximum @ of J“(x,y) and the optimal

control u~ are governed by the HIB equation

+u' =0
with the terminal and boundary conditions
Q=0 @ =x, 9)
fulfilling
. od/oh <1
u = s ( / ) . (10)
0 (0®/oh> 1)

4. Computational results
The computed optimal control #" is equal to O

for any (x, y) . This is the operational strategy
which is actually performed in the micro RWH
system. The supremum values of the performance
index at the time T —6 days are plotted in Fig. 2.
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Those values are smaller at an earlier time, because
the receding water level reduces the chance of
withdrawing the stored water.

X/ Xmax
100 01 02 03 04 05 06 07 08 09 1.0

0.8_
0.6_
04_

Fig. 2 Supremum values of the performance index
at the time 7 — 6 days.

5. Conclusions

The optimal strategy for the rate of water withdrawal
from the micro RWH system is numerically obtained
with the achieved performance index. It is proved
that the actual strategy was appropriate in the con-
text of stochastic control. If the control affects the
stochastic term as well, then the optimal control
behaves in a quite different manner (Kuwano et al,
2012).
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