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0. F— NKE Z B, ERHOKERNOFILN S — M X o TEET SV IREEIC S 2 1
. LR, BB LIRS Z L LT 5,

Photo 3 ®AEAANIE, HERVTEAR ZE L TV 28+ T, BbHo K (i 6mX & S 30m) D7
i, IEs, Ao 3 T C 5m MR CTHEIE A2 3l L T\ 5, 7rds, ZKBRJE &HRE b & o
T 3.5m TH 5, FROGETHERS O LRHKEE DR T, KEEEN DA FEORAREE T
DESIZ10M TH D, ZOREOKZEL0.8~0.9m T, &I 1I0MYsRETH 5, HbHKET
WEIEa 7 V= FECH DN, EiEBiEar 7 U — MECEAZFED T O THEN KE W,
F7o. AKREIFAKFETHAVIHIRIZ R > T e UREPKBIZE T 25056, it F 35124
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Photo 3 & : LRPMHAKEE DHEMTLRIE, TR S PO LRHAKEE,  F : kT oL — b

TR ROV T 223, GEDSHW L CTKITE T LTW5), ARIOEEIE L
WMKE, B — . BUKEE (TR0 Thod,

Fig.5 |Z HRbHERVERTE OHED TR 273, £ ERIZHbnkoEmX <, Station 1 135 b i
5. Station 7 13k b FIREBOBLIN A T, £ Station OMEIX 5m Th 5D, Station 1~7 £ TOXIZE
BN S B2 K ORRWT T, S imI L iEEE T, Station 1~3 O AR A, Station 4~
7 £ TIEBUKEEIZ 2 > T\ 5, BAERTOHEMTEIR Th 5 S iiiiL, Station 1~6 D& TIZHNT
FHRIORE, BVFBUKEOE SIZELTWD, 202 Lid, RS EEkEICE L, Buk
FRIZIX, TR L7 2 TO I3 m 250V B30 . BUKEE « BUKZ — b Z @i L
THFAKBBICHA L TWeZ L2 BW®T 5, —FH., BEROHERR CTh 2 /7561, Station 1
~3TIEHBRIFZELIZb DD, WimfEiXd £V 2L TRy, —J, Station 4~6 TIIKE
WO 072 0 Pk & iz, Zhid, Station 1~3 TIIKKEN 2> 7 U — ORI EA &5
Wb D THY, Stationd~6 TIIAKEN L 7 V= THHIZD, HEDOENNEELZE
DOEHERIEND, L, Stationd~7 D7 Y — MNEDOKEIZEWNTEH, ERICHRTE T
WARWDIE, RBHTRICR S TRIE DTN T-ONFERE E bbb, 2B, ZO#EEICLD
P B X 21.2m3 Ch o7, HHKEEAKETH L Z b, RIREOHENRKE N 23, 2
DEWHEORREST 2D, bieic, THE:E2 [2Xiud, FIRKHED SR HKEIZAE A 1114
T, HERPRRIC 1T DMK & BUKERNCHRE 7 — h &S S8, Sz E S ¥ EIc - C

Fig.5 TRVHIKERPN OBRIERTER OHERDBRMT (AL - BRERl, AREMR « BIER)
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W5,

2016 4 3 A, A 7 AEDOLIENTOIL, HED L THHES, & 70m O EAFE S 20cm O =/
7 ) — hCTHEbhZ, BTFOREZMHETE-0 L, HRbHAKBOMEZ/ NS L, KIBEZGH
T HTOTHDH, 72721,

ZOLTHEICL->T, HRbIHK
FE O KBEE A 20em 5 < 72

0. BUKKEEE OFEEZEN
80cm (272~ 7=, BIH., +wb
DIKFEIZIRA LS < 72>
72, Photo 4 |3{& T.FHFD
FETHD, AAlX, BEFEO
TR D AT Bk A A
F, a7 Y—hEEALT
WAHETCTH D, Al FE Photo 4 A 7 AEOHIETE
<. LRIy 2 ) — K ERTBHKE TR, A BEEETRS
FOFTERMNFET L, T T
IEERAFLE N TV D,

4. TROHOMEEZFRDARER

INETOTPMFEROMELEE 2, £io, QEHRO LWMOYERYEET) ZFH~2 BT, 2016
8 H 28 HEXVAFKEREZRIWK L,

4. 1 EBRF

HEW TR ORE © TWHEITHED MR & 553, A RO WD B % K500, LKA O
HERD IR ZHIE LT D, MIEMBIEFEAE 1 B THDE, HokKBHIHIE 21T > T, HlE
FHEIZE L TiE, Photo3 DD X 9 RMIEIZEM TH DA, M A 522k 2 LER H
0. FBRNCET ARHEOEL 20Tl R FIEEZRAL TS, BB LRDHKE o
TOWEILHE B, EFHTIIIREEED L DER 2 REICAIL, AR CIEREREY L0
BDITHER 2 A, HEREE TORSZHE L TW5, 2P, MEEE L Rl RE Y oEETdkic
Witk 428.5m T, JK K JEAE & I3k 425.0m (&% 1 425.2m) Th 5,

Tt OHEWEAE - FEBRTH D & FRFIC A BRRRKEE A~ D LA Z B T2 D O&M D —B;
E LT, EAMEO WO BRIEEZIT-> T\ 5, BOICHFOPEERIEEZITV., AFTO
—HOBEEK TR, AR CREBROPEDEIEZIT 5, #BEMRITFERIE LC1EBTH D, PEb
BAEIL, TSR, OFUKT — o2, @:wtsr— FoBikk, @LmH5— kOB ik
Ff. QL7 — o4, ©FBUKY — N OFTERE~OEIR. O 5mfENbk D, P ahiR%
Batd 5720, @O+t — b Bl HGHER R (BRfE
BEfE]) % 203 ~80 7y % CAML S HETHEBREZIT- T,
EBROEFIIET AR L, YouTube CTABI L T
B X, T ANDY A ANKELIRST7 740
LT BETHIENRHE LW O THD, 272L, B
T AIRE TIE, TPUEEBICEEER STV DAY, JKAL
X, EEE, BHIER TV AW T, FEEOREY & o
PEBRIZ X o TRBERICHEE T 2 SN I ED 22, fil
Z1E. Photo5 X twtS— NE B A2 IRE L2 b

Photo 5 KL DHEEFTE
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DT, FREIOEST 4285m, HRHIOES X 4282m Th D Z & BHFHNN Lo h> Tnd,
Z T, KA O A BE TR A Z L T, A OKEEEIX 426.76m L HEMI T X,
Z OO KL 426.76m—425.2m =1.56m & HEHITE 5,

BRI T ORMEN : L0t TOPR B/ ET XS ~O ARG TP s s, R
B IR BRI 5 D03, RN I RS R O EN K E W, & 2 TREZFHMET 5
7o, UKD 2 HiS (HEO TR 350m HiS & HEO Tt 4km O F = v 7 47— N i)

T, HOBO KNZFHZ LV, 143k CRMBIINZTT> T\ 5, WAEMHIL56H : 5H : 5 H
Du—7—va UMM TOI, RO 2 AR BT AR T 5729, km FROTF = v
27— MR BND, ZOR, BAKROEEZZ T TRINSORUKENRED T2, £2T, 2
ORI HE BE 21T 21, B B~ OB KITKBEANITFEEICEZVIES 2 N T, £z, iF
B EOB IIHERER TR OBUKEH K ORI FIZ L 0 B KOFEN/NE < 7o) BUK SR
KT2) Ik, HOBEDOELZLENTEDHLEEZXT-T-OTHD,
4. 2 ZEBRHR
PR IEBRI1Z, ZhETIZ8E T T,
BRAERERH] & FEBROBAERERIL,

D91 : 204y, @9/8: 204y, @9/29 : 30 4y, @10/6 : 404y, ®10/13 : 50 47,

©10/20 : 60 %y, (D10/27 : 70 %y, ®11/3 : 80 %y
Th b,
Tt — N BRI OKE © 7 — b EREIKEEIZE L TiX, Photo 5 127~ L7 J71E TKIGEA H#E
E LTz, FHMAKEIZBE L CHREBEO FEERA Lo, BEMEA TR, -, kg s
bt — L BEDORER
& L7272 DK B TR, Table 1 7 — b E TR DOHEEKE

B E->THRLNHE |EER 9518 988H 95298 105138 10520H
KECH D, e b KZE h 1.75 1.76 1.83 2.27 1.56
BATRIL LRI RS 1L R 98298 loﬁza_b]?ﬁ{illggﬁl(;; 200 108278 11EB3H
WA TFHBATRORE iz 1.69 1.74 2.16 1.18 2.23 1.94

TRV, 7272 L, KED
KBBHRIZBEI L TiE, UL EDORERD G, bOREHE TS, b,

D10/27 > ©@10/13> @11/3> @D10/6 > 929> ©9Y8> (91> ®10/20
Lid, £oo R

T e Table 2 FHEDHEE

s iE (Tt TRETOZIL—FHE0SHRE)

5 L— ¥ = i
T®7C5Fﬁ? =0 9298 10H6B 108138 10H208 108278 11H3B
0.8 & ffET AL, o 407 413 460 3.40 467 436
it 1% Table 2 DOk v 325 330 3.68 2.72 3.74 3.49
CHEE TR D Q 3298 3451 47.68 19.24 49.90 40.67

TR K BN OHERVIZIR © Fig. 612, BRI CHEM L2 IR 289, XTI ERIERT O
HERD TR IR ©. HERERER OIIRIZFER TR L, R, BEERT R IRV EBR T, BiE
BERIIRKWIRER TR LTND, 2k, HWEIZWERMOKKEESNODETHLH D, E
BRL Y 20ecm BVWME L 72> TWnvd, QY1 OFEBRTIL, BEARNCHEN 7 e > FAFEL TV D
BT & PERDERMEIC Ko THEM IR ARICHER SN Z L3 nnb, @98 DIFRTIX,

Jo& . HEW D 7RV REE THE B E M TN b b b7, bF VRSN TBLT., 0
i, HERPHEITTL TN Z ER3 005, @927 OEBRIL 3HEMSV IfThiviz, Z O/,
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9/1 10/13

9/8 10/20
9/29 10/27
10/6 11/3

Fig.6 #WRDO BEAL (RMGR « BIERT. RER « BIEER)

& ANARZIEDELT U, BRI L o TR ES I U EBR AT 2 e o T2, LAVHKEE NI
WFIETERRAEIC 72 0 | BERBREIC L D . KEIXEERR S =y, MY ENEINL TS, £
7o, HERbTR. HERD T ot ROSEGRICHTE L CWO DT D, WINRESE X 72720, B o
kRS X 72720 LB bLd, @106 DEBRTIX, FAEOHEMIIFRESINZA, Pz
BOHEWNER S, BE%R, YW T o o MRREIZHIE L TW AR 0015, ®10/13 D3
BRCIE, 106 D FEER & RARICHERD IIF6 EhrE S 4L, Fiiic bk Eni-, BiEE, Sl
Wewb7w o FAEE L, Uk, BIRE(ED < Ie o7z, ©10/20 DEERTIL, HEWIERITZE L
b0, BEEITDRL, BESR. HERRIROZE(LNIEE -7, D10/27 DEBRTIE, HErbA
FIFREICBRESNZ, BERITHR 7 o v MIERT, KENICHER D 22V IRER RV 2, ®
W3 DFERIL, b2, HERBRWIREDL G BRIEZ T2 b DO TH 5, BEH, HDHA
HICHEA T,

HERE b B OB« Fig. 7 [ZELIEIE A 0 oK RN OHERE T b B DO RER S %2 . Fig.8 ITHTK
woRT, HERERITHERD IR DK EE N OFEWT T LR 72N ERE L CHEA LT, 2 b DD
5. HERBEOELAFE EECER L BN KX WA R 5N 5, Fig8 T, BEIFHKEED
OTEM (917) (X4 BEOEE &%, A (9/22) X5 HMOEBETH D, FEIIHEDE(E
WCEDEEFETH LD, IR OREZNED L /NI EONRE N5, 1U3 DA S,
TR, WSR2 oD T, TOMPEEMD Z LT TEXRVN, REMRTEDLLOREIT A2
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FuX, AT ORRIC
IRNIEFIZREZNHO 91 (2047, WEAP]) & 1027 (70 47, 50m3/sFL/E)
NENKZ NGO : 1006 (404y, 3BmeIsFLE) & 10/13 (504, 48mP/s L)

SRR DO H O 2 929 (3047, 33msFifE)

RNt D 10120 (60 4y, 19m®/s FEE)
EHEPFTHZ LN TE D, YL OEBRICE L UL EN R TH 523, Tablel D 9/29 & 10/20 &
FEERITEODOM T, 9291k it EHEHITX 5,

velume of Sedimentation (m?)

[ente] Y7\

LA il \ AL

AN VAL A e .
RIS eaaaad VALY VLY

P21 4207 1 0N RE BTSN D DX I TN O N N T NS NS TN NS RSN E NSRS EST

Fig.7 B+ EDORRF]
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Fig.8 #ETWEOHER (57 : HALH, BF : PUKEFOLH), 7 BIEC I 5LH)

ZNETO8EDEREZ RiuX, OBRFERHINSRWVIZETW RN E N EIELE eV, QitEN
REWZEPDDRPENE T LR, EVWIHIRRPELND, ZOREE EORRIZAIR L

T, WOEBRIZIENT OB FRETH DI, LLTFO X ) Wiz o CTD, o7, ERERFICE
LCiE, T20 0 RRETHARoTIERunaa), MHERHZEo L Th, 20 4 E TS U
TR DIE L S I, ZRLL EIZIZZE L2 < R DD TIER W) LB X TWD, MEIZBE LT
X, ERHOKEA BT CHIVUITHENZWIE ERWENIIREVEBbN DA, KA EWS
AT, TR BUKEEZ B SEHEZR AL & 72 > THIUTIG U= HER IR SR & D O CTlid/a
W] EEZ TS,

FERRK I IC B 1T D AN - Fig.9i2, 9 H 29 H OEBRF O R /KE O No.d #if5 (2 T 350

m) & No.2 i (HE Tk 4km TF = v 77— FOE L) 128 D ARMES 2R3, KAt
(2 No.2 S D KK A2 FEHEL LT\ 5, EXIX, 9H 2 9 H?D AM 0:00~PM 12:00 & TP 24

BEC B DKM LT, FXIE, A HO AM 9:00~PM 0:00 £ TD 3EMTH 5, —@#HOHkE
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Fig.9 BfKEOKAME (F : No.1 #iA, 77 : No.2 #15)

OEREIX 9 F 30 L D BRAA S 7=, b7 — N3 SE RIS K T 2 Bl 7= E 41X AM 9:40,
FEB:L7=D1FX AM 10:10, TH D5 7= DEERFRNIZ 30 0 TH D, LLFIT, R 7 AR (LICB L
T, BROMINERT,
(@ BUKZ — MU S THEIT R AN 4 L Nod #i5 Z25@il 5, BB @i i,
R N E R R B el b N (VAL 13V R R
(b) BEHEA No2 HislZBIZE L, = v 77— N CRETL CHATABN & 72> Tl B2 4%
%o NO2 M DKMNNENZ EnD, Foyv 75— NIFAEHA LN TV EH#ERISND, =
D=, Fx v 77— NI E 7o TABIKORKFHIEE L TEE (LA E Z S 2o T,
() MWL L C&X7=wifTAaBNEA No.L MA@l U CRMAR T2 23, Fiz, TSI
KA — M CTRE L C, ML AR &3, #ITARE &> TKEKEIK FT 5,
(d) B2 No.2 HRUZ B « KT U CKRNMAR R A& 82 27
(e) HERPFEBRAHE T LT, BUKD R v, MEMIC L - CTHEATEEE AL S 41T No.1 Hisd
Zimd o, ZOEE KA EFPEZ S,
(f) IEBH S No2 HISICEIEZE L, F=v 77— MCRE L, B{TIEEKR E 2> TH ET S, 2D
B, RN EAEZ D,
(@) MWL TEIEREM No. L S 2@ L, A EFNEZ S, iz, EEEIXEUKS — b
i CRET 5,
(h) it F LB K> TRM EF AR Z 528, Z OEICITAEN & ERENTH LA > TK
MBI MR D,

ZOE DI, PERPFEBRITIAT 9 RREEICBMA L O 1 RERIRRICKR T T2 D TH DA, ik
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DOKRNREET D DIZF#% 2REETH Y | EBRIC X 2BUKEIEOREERKE N, 72771, 20K
MAK FRFIZE VT, No.l & No.2 Hi D 4 km XREHZI W T, /K EDS EORRERD LZoNE
Bt A2 95, No.2 HR CTONRNM OKIER) bz i-%E. MW 27m Th o 2 KEP KT

23mICETIKFLTWD, ZD®d, SRKEE~D 3 KEDO RN TR/ET 23720 D3 53K ME Ik
THZ EER, 2B, ZOBRBUKEXBEORKKET28mTH S,

5. BbhIZ

b2 A VT P E AL A3 e 2 P LR T, i < K 0 REEEBA R A RIS X
> THEMICHER R DEEEHINCTE 2, £72, RIDICLDKMBIR bLHER, HET VT T
I3 & FEBERE R DS A S AL, MR 7R BE Y e STV D, L L2, KRR & i
X, MW TIE, BAROKFIERE & 1T Y 72 MEN & D, Z OFED Hilsk D B ARBR ) D RS
L. BRBREICHES LT b O TH LR bRBERWD, HEIRBRFARENRETH L7256, KN
BEEORMMNH Y . HAROEAM & RRAZLTDZ ENARETH D,

Fx U TARDA T FHKOGE, BFKE~OLED LAVRAPBEIC > TnD, bt
DIERAPRRIERZZ L, 260, WHDHAREINTHWRNIER, ZORRKETHL, Z0
72, XA THHTEVD Sand Trap WA SN2 b DD, & HEPHEREN 70 <. 72 b E B
WIRHEIC 20> THERE 2 8 L 72, B ARICEB W TR th o g% 3 7 13T S CA L <, il
AARDOEMPDIER SN2 olzDh, L ULAREETHDL, —FH, AT AHEIE 1960 FEIZFERK
L7-EEETH LD N> Tunsd, oL, T EHERT 2 BT, Z O w2 FEM
FICIERT 28 X AR 6N, AT HROFRFFOEXN, 5 0FOMICENELNTLE-
TeDTIZZ2Wn b HIZETH S,

FEHEOREBA PRI DN T, OO MRE & LM ED B2 1~ 2 B BIG S
oo TNETOSENCEBERNS, UTOL ) M ERENTEZ LIRS,

O MK CHE AT ST, HE LW 2T 2HEIC > TRy, Fo, BUkiE s -
WK EORE & 228 80cm L7 < . ZEOKZIRT &KL 2mIE El-> T, BUkE LD
KOB)E B EH-ORFERE /N E 52 5,
QOTWMHKBANOWNEIEZ D120, K EBUKEMICEEE S — NaRET D2 2 RET D,
@ 8 [EIDO IR TIFTNNFRIL A [F— ThWew, BERMOREOEENLHTHLH, £Z T, 5
Sy TFIRR CHEDEAEZ TP L C. 2 OHNE ., HER TR 2 JIE U CHERRD & TP bREORFRZ 7~
HTEERETDH, TUTE ST, wl (RE) REERRIZMD Z LN TE 5,
@OFWHKEEOWIE N EWTH TH D720, MENEL RERE N EEE 5 SR LR, &L
AL YT E T MK D D BUKEEIZ AL 2 WREE DR O 73, FF I K E VAl ReiE s
bD, T TEAMBEDLHZFRHCEEL T, MEZ RS T TRIRNEFTAND 2 L 2RE
T 5, FIRREAIT X, BRAER R 2R S 4L, BUKE IR ERE S LD LAY v b b D,
Ofcii 72 TRV MARERE A MR FT T 2 LB B D, FrIT, RRITITINRER DR, v—F—

2 VHEEEDTOIL TN D, WK BTSN K DFI I o TWHREE | £ 5 TRWKEE T
X, BUKEEDKEICEZ DRBNERD,
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V5 y FREERIREEZ 1T 2 RIHOM LRICHE L 5 2 HHA & ERRERIZ OV T
Factors that Affect Upstream Migration Rates and Upstream Migration Routes of Fishes
in Inclined Plank Weir with V-shaped Notch

O—RBs =" FLEE AR

BT

A BRI R

OICHION Eiji*, SUMIYAMA Yoshiteru”, YAMAMOTO Junichi*, NAKANO Mitsunori~, TANAKA Kenji",
CHONO Shunsuke” and FUITHARA Yoichi"

1.FC®HIC

AR, KHEERORENEAD L TEBY, £
DOFH & L THGEMEIC X 2 AKHE—IKERH,
KB — IR 8 L OUKEERN O KIE xR >~ b U —
s ogpWnEFens (K6, 2001). 20
KRy BT — 7 OWrEFEMT D721,
£k 2 7 SOBETREE DB £ TIAT oL T
7. BOETIE, SREMRBETIEZRL, B
w2, 2011) O X 9 (2 b8 i A 8
BEEELOR, N—T o= (RES,
2005) °MEA (HAF, 2006) O X O IZREEE
BRI 2 # R L2 b 023 B% S5 i s
HDH, LM LD Bkm ARSI,
fim o L7z fuElE, REICLD RERAR—

2Ry )= FEBLEICR BN H Y,

K HJED QBT 2 HFEENLE5 D & 2
AETEDVIVRIETHD.

oL RN T, —B5 (2015)
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I A NTEHEAR—RpFGEREEL LT, 3 O
O L ERREE (%4 7 1 & BEE K E
KunfEAR@EE, %A 7 2 B BWRER R
SERIREEE, # A 7 3 AW KO R
RREE) #BRL, SRERBEZ Y A 7L
LTCAXE RV aviEHn- EERE 5
L7, EORFE, 3 20X A 7O L
Bea B L VX SR T R EE X 0 o BRIk W
TENTEY, FRCX A7 2 ORIGER
MAZTE R a v 2AMICHLTEEL
T EERPBEA L5 LN L NIRRT,

AWFEIE, —BE 5 (2015) [2HESWT,
VT v FemEpREEEERZL, T0O
WEEED /v F (B0 KR&) fACHEBHA % Z2 1L

XET, AX¥H, FYav, 7FHEHW
W EEBRE TV, (1) Wil EERBRELND

PREEEARLA S, v T A LR, (i) REE
BUPRANZ B WD THRIEDNEIR L TV 5 FRki
FHAOLMNITHZEEHRE L.
2.HMRAE

AR THWE VT v F 2w R R EE %
Fig. 1 [Z° 7. FREERMGIC VFEOE Y R & %
BUTHZET, MNEKREFRIMICES S,
KBS BE SR IS AR DRI A 3R €, MUEOIREY;
AT & et 2% Et & U 7=, PREEE A4 ald 307,
45°, 60°D 3 BefE, K/ v F (WIKRX) fap
% 5°, 30°, 60°1T, FREED R S IR IR
CTHES030mIZRd XoICRELL. £,
Fig. 1 (27§ BE K 3 0 /K S HE 45 D g wl, £
BN 5L 30° DAL 0.00m, 60° DA X 0.12

mé& L7z, 2D DORFEEILITNTEZ 24mm
DOERTHEMEL . fREEY, MERAa2 R L

RT VRO ICBAaOGRBIEEE (R a+t
TSN EF) THRIELTZ.

PR BE L, )RS KT KB EBRBN O R
0.50m D FEFRAKEKIT, WK LWL 5K
JEC T 33 X OVK B AR B & o BE 0D BE Al 43 12 1
Jaryy— e fE L TKRELKL (Fig.
2). RE L7ZREENLE O BBl 1.00m O HiS
I FREHET IO EEMEHRE L,
THERA 1.00m o AR f DL A B <

Y AR SE RSP ETRERBE AT Faculty of Bioresources and Environmental Sciences, Ishikawa Prefectural University
BIRR TR B ARHHEERENTFCE & — Institute of Nature and Environmental Technology, Kanazawa University
F—U—FR: T, KPavw, A&h, T—LZA7AHE, WER
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T O Y 2R E LTz,
MLZEAMTI (1999) 2B EBIZ R a URA S
T OWENFREE SD 0.10m ([ZERE LT,
R AT7HHE, FYav, 2403
Z 8~11 fER T DEBRIZH W BRI
/N 1.58~1.98 L/s, /I» 5.09~5.37L/s, 1 9.24
~9.54 L/s, k143&vm43us®45%%®ﬁi
BEHREL, /v TFMASORBEICITM/N~K
D4 EHOREEZHWNT, / vTF M 5°LUND
B BE L XU~ o &2 W TEF 30 Bl
FEBRZ AT o7 (Table1). 1[50 FEERIFRH T L
R0 FATERNTERICR O AZEE L,
19:00 7> 5 3 16:00 OFfF 21 KFRJIZERE L 7-.
HEHE 3l B, a0k, B
i O _ERREEOIE D, BRI E L CKIA,
pH, DO, EC, MEOHE % FEiE L 7-.

bR B R 2 E T s oM L1TE &
T H7OIT, KEOEHFEMFIZH AT
(A~H A FA FEY 3, CS-QR20) %%
L, FREEICTEE M E BT MmN oG %
Ras LTz

FREE D bR K

Fig.1 V 7/ v F 2R bmeE
Inclined plank weir with V-shaped notch

HAL :m
i) v i

A

0.50

1.00 1.00

Fig.2 JEBRikE o

Outline of experiment equipment
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Table 1 ] L3285 r — =
List of upstream migration experiments
£ ES /oy F REEER Uit
v  fAH A () A () (L/s)
1 2015/9/10 5 45 1.58
2 2015/9/12 5 45 5.09
3 2015/9/14 5 45 9.48
4 2015/9/15 5 45 14.42
5 2015/10/5 5 60 1.98
6 2015/10/6 5 60 5.21
7 2015/10/7 5 60 9.54
8 2015/10/8 5 60 14.43
9 2015/10/15 5 30 1.83
10 2015/10/16 5 30 5.23
11 2015/10/17 5 30 9.46
12 2015/10/18 5 30 14.35
13 2016/8/29 30 45 1.84
14 2016/8/31 30 45 5.20
15 2016/9/1 30 45 9.48
16 2016/9/5 30 60 1.70
17 2016/9/6 30 60 5.15
18  2016/9/8 30 60 9.50
19  2016/9/12 30 30 1.85
20 2016/9/13 30 30 5.29
21 2016/9/14 30 30 9.50
22 2016/9/24 60 45 1.77
23 2016/9/25 60 45 5.37
24 2016/9/26 60 45 9.43
25  2016/10/1 60 60 1.97
26 2016/10/2 60 60 5.24
27  2016/10/3 60 60 9.51
28 2016/10/10 60 30 1.93
29  2016/10/11 60 30 5.20
30 2016/10/13 60 30 9.24
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FEERSNETH DR, KE, WEOFELHE
% Table 1 12779, KIRIZT X TDOFEERT20C
PLEDSHER SN0, FEBRAKREIEX 21.9~
28 5COBITEHHL Tz, —BAS (2015) I
%wf,3&4fmiﬁ@%%%kﬂ%&4
TTHDHEREEE AW THE LN BRI
%@ﬁé%l%i@ﬁﬂﬁ Ko TH BT

LTCWABN, XX L R a Ol O
IZBWT, KIEZM ERICEEST DA

ELTEREINTWD., 2O, KBFFEIC
BWTYH, AXH, FYav, 7FHHOME
FIX, KIBICEELEZ T TODATREMES & W
EEZLND.

A AKPEE R 2 (2005) I XX
DO (% 6mg/L Lh E, pH 1L 6.7~7.5 &9 KFE
FAKOEENRR T LTS, FEBRTHE
&7 DO 1% 4.93~8.17mg/L, pH I% 7.6~8.6
T, DO II/KEHKEREIC—H AR, pH T4

TRz m U CHRELZBE LIZMEE 2o T .

* 72, ECIZ 0.22~0.29 mS/cm, MR 839~
1,100 lux &, FOEFHORITFFICRKEWNE D
TlX7Ze o 7=,

U bEOFEBRTELNZKIR, KE, BEX
v, KE (DO-pH-EC) & PREETM ERIZK
XREE L H 2 TR S LT, FREEE
FAa, /v T AP WEITKIEDZFHIE
FEeLEMLTOIETo72.

FEER 1D 30 I2OWT, A&, F¥sg
v, ZFEOM EEE AR, RikoO

B % % 3~ CH W CEER
E@F”ﬁbtﬁ%%Am@1 X o TEHK

BINEIT - T, HEWITHRELINTZET L
% Table 2 IZ/ R L7z,

A X T DFRAT T, WRIERBD 0.06 DA E
TRWETALNGONR -T2, FHEK
ELTIE, p=5p=30" R Sz,

R a U O CIX, IREREN 0.73 DA
BERETANMEONZ. BIAEKE L TIX
p=30CKIE, WE/ADEIREINZ. E0b
i, B =30° JKIRITAE CTERERERHRE D

T AT & FE i L 7.
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Table 1

KR, KE, FEEEONYE

Average values of water temperatures, water

qualities and illuminances

EY 3 KR DO pH EC R i
&5 (°C) (mg/L) (mS/cm) (lux)
1 23.1 5.21 7.7 0.22 1,024
2 25.4 5.36 7.7 0.22 954
3 26.9 5.27 7.9 0.23 1,056
4 27.2 5.30 7.9 0.24 1,015
5 223 5.24 7.6 0.22 990
6 24.5 5.44 7.6 0.22 1,061
7 25.3 5.15 7.9 0.23 888
8 25.8 5.30 7.9 0.22 972
9 21.9 5.29 7.8 0.25 970
10 24.2 4.93 7.9 0.23 976
11 23.5 5.53 7.6 0.23 839
12 243 5.30 7.6 0.22 940
13 23.8 6.33 7.6 0.27 870
14 25.4 7.02 8.2 0.26 1,015
15 26.5 7.00 8.5 0.26 1,065
16 27.7 6.39 8.4 0.27 920
17 28.5 6.86 8.5 0.27 1,100
18 27.9 5.42 8.4 0.27 960
19 26.6 7.11 8.5 0.25 880
20 27.1 7.98 8.5 0.27 905
21 27.4 8.13 8.4 0.27 985
22 24.6 7.13 8.6 0.28 965
23 26.1 7.44 8.6 0.28 855
24 27.0 7.47 8.6 0.28 985
25 25.4 7.27 8.4 0.28 985
26 26.8 7.44 8.5 0.28 910
27 27.1 7.49 8.6 0.29 925
28 22.6 7.11 8.5 0.29 1,010
29 22.5 8.17 8.6 0.29 1,035
30 22.7 7.93 8.5 0.29 1,065
&K 285 8.17 8.6 0.29 1,100
&/ 219 4.93 7.6 0.22 839
¥ 253 6.43 8.2 0.26 971

Table 2 AICIZL - T bLEINI=ET )V

Optimized model by AIC
PSS AEVEREIER BEUERR = tfiE pfiE
R

(AZH)  HEEEHRIERER? =006, p=0.16
5 0.00 0.18 0.00 1.00
p=5° 0.41 0.21 1.91 0.07
p=30° 0.32 0.21 1.49 0.15

(FYav) : HERELRERKR =073, p=0.00"
=l 0.00 0.09 0.00 1.00
p=30° 0.45 0.11 4.04 0.00™*
KR 0.51 0.11 4.62 0.00""
it B/ 0.19 0.10 2.02 0.05

(774 HEHE AR ERER =059, p=0.00""
iy —-0.00 0.12 0.00 1.00
A=130° 0.37 0.18 2.11 0.05"
= 60° 0.29 0.14 2.02 0.06
KR 0.32 0.16 1.99 0.06
kAN 0.40 0.15 2.67 0.01"
it & 0.54 0.16 3.42 0.00""
i &K 0.43 0.16 2.76 0.01"
¥ p<0.05, ** p<0.01, ** p<0.001
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FHRAKIZEITA2RAEE I VAEHROFHELICET H2HME
Preliminary report on the seasonal flow conditions and fish fauna in Fuchu Yosui

Ol 15—
OFUKUDA shinji

1. FL®IC

NI KD IR SN D KB R Y N U — 271k, —BR72KIE 2 &0 ¢, KEBEAERER
kofﬁgﬁiﬁmﬁ%ﬁﬁbfwé(%M%,mm).Lﬂbﬁﬂg,ﬂmm%l%ﬁﬁ,
k FI5 SR T 2 R KAEHOBD & &b, MEOHKRFEMEOGRINLIZ LY, £k
B OLEBBREORE - EEICIT IR MANRBOMRBE L 2> T D, —ikic, BEEKE
RV OMPHER T D EEKE R Y MU= 7 IR T DYKAEIL, S X DR E DR
A ZIT DD, TOREBITIEFR Y P =7 NORROFEE (EEHEE ARERD
W) #BETLILENDDS. ZHET, U E IR o4& B EREE O 200 I HERE R 0 i
KOFMEDEE/L LIZL > TORINTELDR, NS DORUKLEAKD D W IE o KIZE > TAE
CBRRDMHMEDBEMITIZE A ERFT SN TV ARWEYD, WIS > TET 2 KELH
W, TWBE L Wo A BREMIEOEICH T 2H8EBEOREEZHLNCTINERD D .
TOD, BEKEXRY VT =728 LEBRREEE R T DBRICIE, KR LY L AT
ﬂéﬂ%%Kﬂkf%D,ﬂﬁMﬁ% 2V TS FEREM R R RO b s, 22
TARMTIE, BEEAKE FEHBANRET 2R HEKKITIIT 2 IR RE & AR o &
BEOFERNE, W& BEMOFH LI O THRF LR EIMET 5.
2. Ak

BB ENL TICALE T 2 I A KRB L O O A/NTI (ZE)IHg) (80T, KiE
10 mO FHA X [H] 2 1431558 & L (Fig. 1) , 20144-5H ~20164-10 A (245 A Bl & 2 0t L 7=.
A TIE, WROKERBEARME OKEE, JE, /KEbE, WIRMEE, fEARRE) 6 X OMEMIZ SN T
FHA L7, WRAKEREER A XS mis ST HEM L, @%®ﬁﬁm,&%%,&m TEEME A VT,
X2 A X 10453 DB J1 8 TIT o 7=, KR EFEDOBPIEIZIX, TN ENER & ERTHEFH (KENEK,
LP30 - LPT-325) A L7, WIRM B K ORI AERE X, BRICEVEELE.
3. HWRLEEER

ARIRATIE, FR6FEO KA S, MHRHKIZIIRESE Th D B2 b kEEK
fM@#%Eéﬂt B IN 2 AFEOMBEMAREFEEZ LICRR>TD 2 0D, BuknE
WOMBEHOEELZBRS ZITTWNDIHLDEEZZLND.

Fig. 1 Survey points in the Fuchu Yosui irrigation system.

TR T RS R B 2 FEE  Institute of Agriculture, Tokyo University of Agriculture and Technology.
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Fig. 2 Mean discharges (m3/s) of 14 stations of fish habitat surveys:
N: non-irrigation period, I: irrigation period

Fig. 3 Scatter diagrams of the number of species against velocity, depth and discharge.

KA RICBIT 2 MEOECITEMDO A I K E R E LI TEBY, ST3LSTADH KD
TN KO AR BTN D S BNFTES 5 (Fig. 2) . — 77, 20144 O FEREINA& T#121XST3
~ST8Z PR MR TIE R ANIN TE LT, TOHDOMBMICKE RZLR A LN,
F7K DML, B 2N ORBEOBAND 5720, Vi L AFEHOREER
FTRENDN, AR EHHEREEORBBR (Fig.3) b, ML KRS OBREESI:IC
Ko TRESITONTNDZ EN I NN Z 5. MBEREREE & A O BEROBEMIEL DT DI,
s U ITAERRERESOARNEL LD Lic, EROREERIC X D EM 2
HEBIZOWTHTT 20ENDD.

4. BbhHYIC

2HELL EOEMIRED S, MO ITITEARIICE > TR FHENH VO, -k
FEOWRETH> THRMEWNOKESEMIENELRD Z LT, AEOLERIRNNRELRD Z LR T
7. BEEOMZEICIE, AESOARICRBLEZTETH- ThH, MK > TIXZOREMN
IhENENWIHRELH DD (FHG, 2011) , 5% OREKBEOSELTFIHEEL B2 5k
NEZEL, AEHEOREOHY FIZOoONWTERTILERD S.

51 A sk
BB - PEHE—H - 75115038 (2014): EACKRILOE WD EEKE ORFHICKITTRE B LR

£ 294, 93-99.

PEH— - fREHEN - )T - HEEE - E)I5L3E - R 8- JEEFEE - TEH KRS (2011):

JEEHEKIE O ERERELRE TIEX N 361 2 FAUJEM L KRR OHER. B2 TEmE, 79(2), 45-53.
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SRR REICEDCHR M RO aD0ERRESRHOMHEEA
Assessing habitat conditions of Lefua echigonia based on critical swimming speed

PRV - FORBLK? - 18 H(E 3
MATSUZAWA Yuki = AOKI Kosei * FUKUDA Shinji

1. FL®IC

A~ N7 KYa v (Lefuaechigonia) X, HARBEAFE X =/ R BofigkATHL. £
2, EBESCAEHORFOMNLOESLH»Z2MIEIZAERT 22, B -CR)ISHE, HAKD
g 7e EORBIZ LV EEENHD L, BEEO Ly N7 —%7 v 7 TIIMBEIEIRTE IB IC
SEINTWS., FEHXELIE, ARy avoReKoBlitzBEME L, HEHENTZ
WA DE /I (R BT, FEOFRESAMICET 2B MiHE 42 325 L C& /-,
ZOHT, 40 mm Kiw OEILZ Rk L ER L, s R THEBNIZHITT 2 Z &ick
0, REBEMILOARBRESMEZFM L2, ARREFMOME, MEICHETAELR
BN AR TH o778, R T, ENBAKE FZBRIZ X 0 B RV E & (CSS: Critical
Swimming Speed) % E&Aib L, A BB O MR EZBIEL 7.
2. Ak
2.1 WAFAE

AR TIE, RINEBEICBTDHE M7 FYa v ORESAOEE & & BBREMTO - D
DMEREZIT-o7-. AL, 200546 H2 5 2016 25 HETHEAH 1 HIFEE L. BHiK
IR, RINOK FRE» Ok BlEE T, FEMTHR N7 RV a v a2l L, BREEE
DEREHFEELTHE LG, BREMAEZZ0OHEICEW TYHERESMFZRE L. £,
F30m R CEBEOREMKZZEL, REOAREHMLICONTHLHELE.
22 EBF/ETIYVY

T, MEREDT —XICT X AT 4 LA L (Breiman, 2001) @A L, K N7
Ry a vDAEBBRESRELFMLE. ST+ VAN, REREZHWET VU
TNWVEERED —=DTHY, BRERDODSZEPIZL Y BEHICHET L7 TAZRETH.
ARFRHT TIE, INBEEBITA N7 KV a UOMFEIRTE, S EBICRESRFOF I Z R A L,
FETANLELNDIGEMBICESNT, A M7 RY a v OARZENEMEZ AT L 7Z.
2.3 ENFEKEEER

ERBGET Y V7 ORER, B KMl b, 50em/s UL EOFEICB W TAERRNT v
A NNEL Lo TWD (Fig. 1). A ET RYa VOARICIEERENPEETH DL &N
WhEINTEY GHRS, 2007), EEFFIZH 7 - THi#E 50cm/s LL Lo S TiliEvk Ui i)
HZEIREECTHLEEZLND. £ T, RAMEOBEKIEDZERNICETMT 5729012,
HAKD (2016) #5E&I1C, ENBKBERZITY, RIEEMFHE CE DMMAOMERIEE & L
T, 60 MO FEVORE 2 JE Lz, BRI, AT AR 26 mm~53 mm o fél &
&L, 10cm/s, 20cm/s, 30 cm/s ZfRERHE L T2 3BEBEOEREMFEZRE L.

THOTE TR R SMF Graduate School of Agriculture, Tokyo University of Agriculture and Technology
2R TR R SAYE School of Agriculture, Tokyo University of Agriculture and Technology
SR TR R Be 2 22 WFJEBE  Faculty of Agriculture, Tokyo University of Agriculture and Technology

26



3. B

3.1 IGEHR

IS AR B, R TR &
KGR, KA TIEMEC KL, K
g, AR RS, KR T AREEEY e
HmnAH sl (Fl2iX, Fig.1).
Pl ks L OVR M 0 A BER BT oo dt
WA ELT,10cm UL FOKETE
BYSART oy A RnmnZ &K 30
~40 cm/s DO TR AT > ¥

LA S L2 O : ] Fig. 1 Response curves for Lefua echigonia:
A A (top) adult and (bottom) young-of-the year (YOY)
3.2 ENRKEEER

i N o s 3 v o S HE 2= 55 Table 1 60 minutes critical
7kft%;é§ﬁ7b 6, 30 Cm/s @'fk?%()lh]%( 60 ﬁ?FEﬁjE{?KT% SWlmmlng Speed (CSS)

TERIIEE S N o7z (Table 1). KE 2.6~3.3 mm Body CSS cSsS
DRIKEE 20cmis TRET 57 &, RIS EpERIEND 00" (emls)  (BLIS)
EORBONT. MRE LT, AFETHRALEF N R 2.6 14.0 5.38

U a Y OB RBEKEET 30 cmis BLUF (REWEE) Th —ag—ag oo
D, KEDA~IBREOEKFEE THoT=. ZhHDE gﬁ gﬁ g;
BREIL, IVRIMEICESWTHELZ DO TH Y, 8 KEE 4:0 20:3 5:08
fli L CTWBATREME N B 5 . jg %; 25
4. BER 4.3 20.3 4.73
W & KTV B B S R, R R A0S 2 ik b 202 2oL

EWER E P IT ORE A KL TE D, KEFMEI 4.8 24.3 5.07
EoTh by RYa vOERREEHHSTHNS 2 L 2L gy am
B ST RoT. E7, BNBKBERO X 52 KR 5.3 22.2 4.18
Mean 20.9 5.32

HLE N /NS WA, i 30 cm/s L EDOBRBE F T4 L
TR CTH L Z e E . IREBRTIX, WEN 0cem/s L ETERLGRT v ¥
NWEL IR TWDD, ZITHERSY ¥ —7 EOHEFREY TR S T 210/ 2 7 — L D 22 [
WCBWTIMEMER SN2 Z L2 LY, BRERERBRENERSNIZEDLEZLND.
5. 8hYIc

ABFZETIE, B M7 RYa voRBES MmO AR BRESEME (K2, 60 4 MilFvk /T He
RPEH) WZHOWTHE L., TR RREDOTDIZIE, RN EMTE LRESREL
AT H AT, WA TOAEBRESRMFCBEI S EBORME (B 21X, B8y 0B 2 A 7
E) FOARBRTFHMAOERME AP MLETH L. ZNITED, RETXEGFTOFR
ERXY —=r 7, FENRREOTDDOBEAREORENTRRICR D LEEZLDLND.
5| FA XXk
Breiman (2001) Random Forests, Machine Learning, 45, 5-32.
5 (2007) REAKEICKIT LR N FYa voARREICET 2005, LR

250, 99-105.

HAKD (2016) X I A X D OEGEREREEICRE T 5526, B ITi#HE, 302, 1-11-11-
18.
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DIEKZBAICEOTELLIEERDIRB MR D BREER

FBRFR TP AR OJIHRK, V5P —BR, fAKGE, s

1. [FL®HIC

HERERKDIRE LT LT, I AKE Tl
SOTEDOWAKIRANAELTZD, B CIIgKkL
AWAELHZENMBNTVAL, Zhnbik, —i%ic
B g chDHDIZKIL, Elder RS Benard
i, YK DENELIR AITIBNT, D% E DSk
T TIHRBBRGCA AR AT DZEN
HIBILTWBRLBL RAFFE T, REBRORHMEND,
WARNEIIRBBIG 23R EL, ZOFAEATD
=X LGN THIERZHRIEL TS,

ZNETEELIL, MNAOHLH T KR~OEE
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Rural Water Quality Management in Small Watersheds

OAbul Hasan Md Badiul Alam?!, Koichi Unami!, Masayuki Fujihara®

1. Introduction

Rural water resources in Monsoon regions are
diversely used for agricultural and economic
purposes due to variations of their nature and
water availability. Optimum distribution of
waters in terms of both quantity and quality in
such cases is a complex issue involving
hydrology, hydraulics, economics and ecology. In
this regard, integrated irrigation-aquaculture
(ITA) offers an excellent opportunity to make
efficient use of land and water resources in
farming systems [1]. Though this technique is not
new, fish farming within IIA has not expanded
equally to the increased irrigation facilities due to
lack of a complete scientific framework. Hence,
scientific methodologies are developed and
considered to promote water quality management
for rice-fish culture at rural community levels.
Contrasting field studies were conducted in study
sites of Japan and Bangladesh to formulate
abstract mathematical optimization problems.

The concept of Markov decision processes can be
applicable to find the optimal actions for
sustainable rural development involving water
quality management. It is shown that the different
practical problems in two study sites can be dealt
with in the same mathematical framework.
Dynamics of water storage, rice growth, and fish
growth are modelled to determine transition
probabilities for spatio-temporally discrete
processes. The Bellman equation, which is a
recursive formula, is used for computing optimal
policies based on the principle of dynamic
programming.

2. Field Studies

2.1 Description of study sites

Field studies were conducted in Site-I and Site-G
of Japan and Bangladesh, respectively. The first
study site is a Japanese small watershed, which is
referred to as Site I, located in Imago of Shiga
Prefecture, Japan [2,3]. Forests, paddy fields, tea
plantations and irrigation tanks are the dominant
land uses in the site. The upland tea plantations
are being the major source of nitrate pollution to
the downstream water bodies because of heavy
application of fertilizers. Utilizing the paddy
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fields and the irrigation tanks as buffer of
polluted water from the tea plantations is a
feasible option, but it risks vulnerable aquatic life
as well as ecosystems [3].

Another study site is a Bangladeshi small
watershed, which is referred to as Site G, located
in rural area of Godashimla, Jamalpur District,
Bangladesh. This is chosen in the Brahmaputra-
Jamuna river floodplains with double-cropping
paddy rice system. The dry season paddy
irrigation for boro rice in the floodplains has
deteriorated groundwater resources [4,5]. While,
countless artificial ponds in the rural
communities are used for domestic, homestead
vegetable gardening, animal watering and fishery
purposes. Introduction of comparatively warm
and less polluted groundwater into the artificial
ponds during winter seasons may accelerate
growth of fishes, which have high economic
values. However, groundwater depletion during
the following boro rice irrigation seasons is still
the major concern.

2.2 ITA in Japanese irrigation tanks

Japanese irrigation tanks are mostly used for rice
cultivation during the summer seasons from April
through September. However, it also used to be a
common practice to rear edible fish species in
these tanks [6]. Different hydro-environmental
aspects have been studied in Site-I, where four
irrigation tanks are found, but none of them is
currently used for aquaculture. However,
presence of some fish species has been confirmed
in the irrigation tanks, paddy fields and drainage
canals. Nitrate concentrations that have highly
influence on fish mortality rates were measured
in different water bodies distributed in the site,
using simplified on-site water quality pack tests
(Kyoritsu Chemical Check  Laboratory
Corporation, Tokyo, Japan). Imago irrigation tank
with catchment of tea plantation is one of the four
irrigation tanks. From the test results contrasting
catchment areas without and with tea plantation
coverages, it is inferred that tea plantations are
the sources of high nitrate concentrations.
Therefore, practice of IIA for rearing profitable
fish in Imago irrigation tank is a challenging
enterprise, as the water quality and the irrigation
demand are the critical constraints.



2.3 Aquaculture in Bangladeshi floodplains
Rural environmental characteristics of winter
season in Bangladesh (from mid-December to
mid-February) are low air temperature, less
precipitation, high but declining groundwater
table and less farming activities [7]. The
temperature of groundwater is almost stable
throughout the year. In order to confirm these
characteristics, field measurements using
Decagon ECRN-50 raingauge and HOBO U20
pressure/temperature data logger were conducted
from September 9, 2012 through September 24,
2014 in Site-G, where aquaculture of carp species
is an emerging enterprise, substituting for
traditional fishery in natural rivers and wetlands
[8,9]. However, inadequate supply of fingerlings
due to low growth rate of fish during the winter
season is the major constraint [10]. Rainfall, air
temperature, groundwater level and temperature,
and water depth and temperature of a fish pond
are measured and recorded. The fish pond is
connected to an irrigation canal, whose water
source is pump lifted groundwater. It can be
hypothesized that introduction of the relatively
warm groundwater into fish ponds to produce
off-season fingerlings will yield livelihood
benefits and high income for farmers, provided
that it will not dry up the aquifer during the
following rice irrigation season.

3. Mathematical Approach

3.1 Markov decision processes

A Markov decision process is a spatio-temporal
discrete process X, € Q, with which the operator
chooses a decision a,=a from a finite set of
decisions A to transit the state from X, to

X,,; according to the transition probabilities

R @ =P{X.,=]j|X =ia=a}. (1)
If the decision ae€ A is chosen for the state I,
then the cost f(i,a) isincurred. A policy IT is

amap from Q to A.The expected value of the
total cost incurring from the current time S
until a prescribed terminal time T is denoted by

t<T
V”(s,i)zE”{Zf(Xt,aTNXS=iJ 2)
t=s
and the policy IT" is said to be optimal if
VT (s,0) =infV''(s,i) 3)

for any time s and any state i. From the
principle of dynamic programming, the Bellman
equation
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VT (s,i) = Teip{f (i.a)+ 2R @V" (s+1, j)} (4)
]

is deduced and solved with the terminal condition

VT (T,i)=0, VieQ, (5)

to determine the value function V'™ (t,i) aswell

as the optimal policy IT" [11].

3.2 Problem formulation

The practical rural water quality management
problems posed for Site-I and Site-G are
formulated as a unified optimization problem for
Markov decision processes. The state x of
water storage commonly represents the storage
volume of Imago irrigation tank in Site-I and that
of the aquifer in Site-G. The capacity of the water
storage is normalized as unity. The governing
equation of x is the water balance equation

dx

—=0-u

dt Q
where Q

and u is the intake discharge as the decision
variable. The states y and z are considered

for the growth levels of rice and fish, respectively.
The dynamics of the states y and z are

assumed to be represented by the common
logistic equations
—=r,(K,-2)z

d (K =y)y. 7

—=r
where 1, and r, are the growth rates, and K,

(6)

is the uncontrollable water balance,

dz
at "’

and K, are the carrying capacities for y and

Z, respectively. Maturity of rice and fish is also
normalized as unity. Then, the X-y-z domain

3 . . . .
(0,1)" is discretized into n, x n,xn, sub-cubes.

The i, - 1, - |

. y - indexed as

sub-cube is

I=i,nn,

+1,n, +1, to constitute the domain Q

of a Markov decision process. Only two options
are considered for decisions: to intake water at a
prescribed rate (a=1) or not to intake water at
all (a=0). Therefore, the set of decisions is

A={O,l}. The time domain is commonly set as
[O,T] 2[0,180] (days). The cost function, which
is also the same for the two sites, is prescribed as

f(i.a)= anpL—;—XJ—5Ziy,ny4

X

7t
—| 14 cos T Xina

(®)



where y;, is the indicator function which is

equal to 1 when i=k, and is equal to O
otherwise. Table 1 shows the parameters
specified for Site-I and Site-G.

Table 1. Parameters set for the study sites

Parameters  Site-I Site-G

Q 1/30 ~1/30

0 for t<60,
. {o (a=0) {1/30 (a=0)
! 3/30 (a=1) |3/30 (a=1)

for 60<t
K, 1 1

0 (a=0)
{5/30 (a=1)

r, 2/30
for t<60 ,
0 for 60<t
i
K, - 1
n

‘Water storage

OO N Sy
-~:~:#::-:.~‘:.3.‘

~oSPy
AT LINE

*%e*¢

8 34,8

80 @;
()
e

3’:.....

o Fish growth

The transition probabilities are calculated so that
the drift of the state accord with the dynamics
specified above. However, stochastic diffusion is
inevitably included due to spatio-temporal
discretization. The diffusion effect is intentionally
taken larger for the fish growth, since aquaculture
is assumed to be more risky enterprise than rice
cultivation in both of the two sites.

4. Computational Results

The value functions V'™ (t,i) as well as the

optimal policies IT" for rural water quality
management in Site-I and Site-G are obtained as
the numerical solutions for the Bellman equation
with n, xn xn, = 10x10x10 = 1,000 states.

Figure 1 shows the computational results at
t=30. The difference between Site-I and Site-G
is significant in the early stages of rural water
quality management. This is because rice
cultivation has already started in Site-I but only
fish rearing is practiced in Site-G. Figure also
shows the complex dependency of the optimal

decision a on three states i, I, and i, in

Site-I. In contrast, a is a monotone function of
i, in Site-G.

z

Water storage

Rice growth

Figure 1. Value functions and optimal policies at t=30 for Site-I (left panel) and Site-G (right panel).
Circles of larger sizes represent the larger profit (negative cost). Filled circles represent a =0,

and white circles represent a=1.
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Rice growth in Site-I1 and fish growth in Site-G
are substantially in juvenile stages. Therefore,
securing enough initial water storage is necessary
for successful rice-fish culture.  Similar
distribution of the optimal decision a is
observed for higher t values in both the sites
except rice maturity stage. Rice growth
dominantly determines the optimal decisiona,
however, irrigation should be suspended when
both of water storage and rice growth are at low
levels.

5. Summary

Motivated by the two contrasting sites in
Monsoon Asia, the optimization problem for
Markov decision processes was formulated to
address active water quality management for
potential rice-fish culture. The three state
variables considered were the volume of water
stored in the irrigation tank or in the aquifer, the
growth level of rice, and the growth level of fish.
These were discretized and integrated as the
single spatio-temporally discrete process. The
water quality items to be managed were the
nitrate concentration in Site-I and the water
temperature in Site-G, and those actual data were
collected in the field studies. The decisions made
at rural community levels were the simplest water
intake operations of bang-bang type. The cost
function did not include discount rate but
considered a fixed terminal time. Consequently,
the optimal policies were time dependent.
Computational loads for numerical solution of
the Bellman equation were minimum due to a
band-width limiting discretization scheme for
calculation of the transition probabilities. The
obtained optimal policies were intuitively
reasonable, even though hypothetical values were
used for the parameters. Explicitly including
stochastic dynamics of the states will improve
validity of the mathematical approach.
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1. Introduction

Most water resources systems involve natural or artificial water reservoirs such as storage tanks and aquifers.
The fundamental modelling principle for water reservoirs is the conservation law of water mass, which is in
general written as a water balance equation. To consider optimal operational rules for water reservoirs, math-
ematical control theories are applicable to water balance equation, while management practices based on em-
pirical knowledge are still dominant in the real world.

Dynamic programming (DP) is the universal and rigorous framework to deduce optimal strategies
in terms of minimization of a performance index. The minimized performance index is referred to as the value
function, which is governed by the Hamilton—Jacobi—Bellman (HJB) equation. In application, strong nonline-
arity of the HIB equations has hindered development of control models for water reservoirs based on DP. Few
examples of numerical solutions of the HIB equations for water management problems are Unami et al. (2013),
Unami et al. (2015), and Sharifi et al. (2016).

This paper addresses mathematical issues intrinsic to a primitive deterministic DP problem appear-
ing in operation of stand-alone small-scale water reservoirs, such as rainwater harvesting tank. The concept of
viscosity solution is a clue to understanding nonlinear partial differential equations including the HIB equa-
tions (Crandall and Lions 1992). The DP problem dealt with here is to make a decision on the intake discharge
from a water reservoir. A candidate of the viscosity solution of the HIB equation is heuristically obtained,
which is approximated by a numerical solution. Then, it is shown that the heuristic solution is indeed the
viscosity solution. A comparison principle proves uniqueness of the viscosity solution.

2. Formulation of a primitive problem
A primitive problem for a water reservoir without any inflow and outflow is formulated as follows (Sharifi et

al., 2015). This is indeed the case for a well-sealed rainwater harvesting tank during a dry spell. Let (O,T] be
the period of dry spell with the terminal time T . The storage volume X of the water reservoir having a capacity

V and the intake discharge u is governed by

dx
pm (1

where t is the time. The optimal strategy for the intake discharge u, which is considered as the control vari-
able, minimizes the performance index
u u T
J'=1J (s,x):js |u—gdt (2)
where S is the current time, and g (> 0) is the water demand which is equal to the target intake discharge.
The performance index (2) evaluates the total deviation of the actual intake discharge from the target as a
penalty. The above defined three parameters T, V , and ¢ are assumed to be well-designed so that V =qT .

The optimal intake discharge u” achieves the infimum ®(s,x) of J° (S,X) as

*

O(s,x)=J" (5,x)<J"(s,x) 3)
for any admissible u. This ® = ®(s,x) is referred to as the value function.
3. HJB equation
3.1 Dynamic programming principle

The dynamic programming principle (Fleming and Soner, 2006) deduces that the HIB equation governing
®(s,x) and u” in (O,V) is
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o _ 0P, u*—q=inf{a£)—ua£)+|u—q| =0 4)
0s OX ueU | 08 OX
where U is the set of admissible control prescribed as

U =[0, 0] )
where Q. (>q) is the maximum intake discharge. Considering the cases that the dry spell is over and that
the water reservoir becomes empty, the terminal condition
o (T,x)=0 (6)
and the boundary condition
®(s.0)=(T ~s)q (™
are imposed.

3.2 Hamiltonian
The original HIB equation (4) is rewritten as

a;()_|_H 62 :aE+Sup uag_|u_q| =0 (8)

or OX 0T ueu | OX

where 7 =T — s, and the Hamiltonian H = H ( p), which is a scalar function that characterizes nonlinearity
of the HIB equation, is introduced as

H(p)=supz(p,u) ©)

ueU
with
(p-1)u+g inu>q
z(pu)= pq on u=q (10)
(p+lu—-g inu<q
By (9) and (10), H is expressed as
—q in p<-1
H(p)= pq in —1<p<1, (11)
Unax (P—1)+Q in1<p
which turns out to be nondecreasing and Lipschitz continuous with respectto peR .

3.3. Heuristic solution and numerical approximation
A continuous solution @ = <D(S, X) to the HIB equation (4) with (5) and (7), as well as a resulting class of u”,
is heuristically obtained as

{j)j; if x>q(T-s)
(12)
{CD:—*x+q(T—s), if x<q(T-s)
0<u <q
which satisfies
ob od
g—q§=0 (13)

in the classical sense except for along the line L:Xx—q(T —s)=0. The heuristic solution (12) where q =1 is

plotted in Fig. 1. The optimal intake discharge U is arbitrary when the water stored in the reservoir is empty
(x=0). A finite difference scheme is developed to compute (13) with (6) and (7). For discretization in the X
direction, the first-order upwind finite difference scheme is used. Then, the fully implicit finite difference
scheme is employed for backward discretization in the s direction. The numerical solution well approximates
the heuristic solution (12) where g =1, as shown in Fig. 2.
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Fig. 1. Bird’s eye view of the heuristic solution (12) Fig. 2. Bird’s eye view of the numerical solution of
of the HIB equation system (13) with (6) and (7)

3.4. Viscosity solution
Let Q be (0,T]x(0,V). Not being differentiable on L, (12) is not a classical solution of (13) in Q. A weak

formulation using the concept of viscosity solutions is widely applied to nonlinear degenerate elliptic partial
differential equations such as the HIB equations appearing in DP problems, in order to guarantee uniqueness
of continuous solutions. A continuous function is a viscosity solution of a partial differential equation if it is
both a viscosity sub-solution and a viscosity super-solution (Fleming and Soner, 2006). Indeed, a direct veri-
fication against the condition for viscosity solutions shows that (12) is a viscosity solution of (13) in Q.

3.5. Comparison theorem
A brief sketch of a comparison theorem to show uniqueness of bounded and uniformly continuous viscosity

solutions to the HJB equation is presented. Let I'=I, UI', be a part of the boundary of Q where
I, ={r=0{n{0<x<V} and [, ={0<7<T}{x=0}. In addition, let 3=Q~T . We show
sgp(vl—vz):SLrjp(vl—vz) (14)

with the proof by contradiction where v, and v, are viscosity sub-solution and super-solution to the HIB equa-

tion, respectively.
Set the auxiliary function

(£%,0,3) =4 (£X) Vs (0, y) ~

ot
2

20

where @ eC; ((0,00)x(0,00)) with Z—¢>O and %0>0 in Q . Assume that ¥ is maximized at
T

x=y[ = =|r=of —p(c.y) (15)

(?, X,o, 7) eQx f), which follows
¥(7,X,6,¥)>¥(5.Y,5.Y). (16)
Then, (15) and (16) lead to the upper bounds of |z_' - 5| and |Y - 7| as
7 -5 <\K and [x-y|<\[Ke (17)

with a positive constant K, . Set 8=0(7,x)= %h’ - o_'|2 + 2i|x - 7|2 to have
&

v, (7,X)=0(7,X) =¥(7.%,5.Y)+V,(5.Y) +9(5.Y). (18)
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By (18), v, (7,x)—6(z,X) in Q has the maximum at (7,X). The function @ therefore satisfies the condition

of test functions for viscosity sub-solutions at (7,X) and gives

00 00
P (aqu) at (7,X). (19)

On the other hand, set 6 = é(a, y)= —(iﬁ—ar +2i|7— y|2 +9¢(o, y)) to have
&

V,(0,y)-0(c,y)=-¥(7,X,0,Y)+V,(7,X) (20)
By (20), the function v, (o, y)— (o- y) in Q has the minimum at (&, ). The function 0 therefore satisfies
the condition of test functions for viscosity super-solutions at (5, 37) and gives
%+H 00 >0 at (5,Y). 21
oo ay
Combining (19) and (21) with the Lipschitz continuity of the Hamiltonian H leads to
o<n|% H(%JZH lx-y)-22 _H(i(x_y)jgo, (22)
ay OX £ oy £

which is a contradiction. Therefore, (&,Y)eT .

Now, we prove

sgp(v1 V,) < sup(v1 v, ). (23)
Assume that (23) is not true. Then, there exists (z,,,X ) € Q such that
Vo (70 X ) = Va (T X ) = sup( )>SLl!p(V1—V2). (24)
Assume
¥(7,X,6,Y)=sup¥(z,x,0,Y). (25)

QxQ
By (17), for every p >0, there exist ¢ and 6 such that |z_' - 5|2 + |Y - 7|2 < p . Then, the inequality

v, (T,X) =V, (&, ¥) <suplv, =V, |+ a (26)
T

follows for every o >0 with some p >0 . Combining (25) and (26) shows

W(2,%,5.7)<sup, |+ - =[x~ YF — 2|7 —&f —p(.7)<supy, vy +ar.  (27)
r 2¢ 20 r
On the other hand,
1

‘P(rM,xM,rM,x,\,,):sgp(v1 —VZ)—¢7(TM,XM)=Sl£|2p(V1 —VZ)—EIB(TMXM )2 (28)

with @ = %ﬁz’ZXZ and f>0.As «a, — +0, the inequality

Y(7,X,6,Y) <¥ (7 X O Yur ) (29)
follows from (27) and (28). However, (29) contradicts (25). Therefore, (23) is true, which consequently leads
to (14). Thus, @ in (12) is the unique viscosity solution to the HIB equation in Q.

4. Conclusions

Optimal operational strategies for water reservoirs have been discussed in the framework of DP. The DP prob-
lem considered here is primitive in application, though it is still interesting that the optimal intake discharge is
arbitrary when the water storage is insufficient under that zero-balance condition. Existence and uniqueness
of the value function solving the HIB equation have been demonstrated with the rigor of viscosity solution.
The HIB equation is indeed the first order equation having Lipschitz continuity, which is violated when the
set of admissible control is unbounded. The procedure implemented in that mathematical analysis affords rig-
orous methodology to guarantee optimality of any operational strategies, which may be computationally de-
duced or empirical knowledge based. Further researches on different problems under stochastic environments
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in the real world are being undertaken. Development of numerical schemes for HIB equations in higher di-
mensions is also an interesting topic.
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Utilization of Small hydro power by vertical axis lift type hydro turbine with movable spur dike
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