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XeRE LB EBEGEFALFRAERENDEARHREHEIZDONT

1.1XC®HIC

A T CEACTEEINLE T D AV 2 milid, RO FEREHO—DI1 B8R b, W migix
4750-6100 km? (Eimanifar and Mohebbi, 2007) . /3R 13353 K % 200-300 g L' (Ghaheri et al.,
1999; Farzin et al., 2012) T 5, = DOWIZ HLNITRL S5 AL S il e /e o <.
RO KGR IIE KR T, TR HETERTE 5, 2B, BT 25K
T, WD C 300 mm FREE, YSEGHRRER O LT 500-700 mm FREE & 72> TV 5,

WA, BEKEO BB BRI L0 . AL L O KA IS KON A A A AR
T AL TEBY (K1), WHERNERSNTWD, 17 EBFIT 2013 Fl240 2 iRk
BWZEB %L L, FAO X° UNDP %0 EREHERT . F 72 JICA O [EFEREEBEEI % & it & Bt
0 oD, BUMEES Td 5 A4V I =ilif5 7' 1 777 A (Urmia Lake Restoration Program; ULRP) 73
FRE 72> THIDEIFIZER D A TV D,

DX D 7RI CIEHRISK SO AR D 72 D\ IEME /R BAR M EOTENEE CTH 5, Bl
TIfE 2 DREFIZ L D1EE, H2DWIHATEIC R IT ORI < R o, HUlgoH T~k
T2 DREHFE ST, KINEFT O EARBRELHET 22 EBE LV, 2 TR
CILSCHRAR A & Rt B A A L 7o iidiskds K OB 38 Bt 2 3l 2 72,

El.w%&mﬂ&2m5$8ﬂﬁ£ﬁéﬁ»i1ﬁ@ﬁ@%%ﬁm

2. 5%

2017 4 8 H/ 5 2019 4 5 A £ TOHIMICEE 5 |, BHEFHAE 21TV, B 23S L OV 5%
RIRAHRE Lz, BIMRSRT — 2134 7 VERETHIIG LT — 2 2 L=, mRICLD
FEREHEMEE 715 L L CTiX, GCOM-C ETindex #E 7 /L =Y X2 (Tasumi et al., 2016) (Z& Y
WIHARIT 24T > 72 T 2014 005 2016 HF TO 3 FEMIC OV TO L 0 S I 78R EAHEE
R T 2L X —IULET /L (METRIC; Allen et al. 2007) Zff~> CiTo7=, F7=. AR
BIZOWTIHEE =RV F—ILET AL OESEFR L TE oWz, CIFAEEZ®E L T
RERAMERR T D Z LI X W HEE LT,

AR TILFEROZFEE T — F DT, FEBEBRIC XD HEE L 728 E O R ERRGE
IETERY, T THSHTIEISH 5. FAO O~ == 7 /L (FAO-56; Allen et al., 1998) 7>
DHEE L7 AR EOLE L | MEICIAHEMEZ T 5 Z LIk, #EEREORAEE
1T-7.
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ZOPIROHF T, VEMDEBIRRAK DG SN D> T DR, T 72 b i EIZ#E
BESINTND Z ENRIAD DM E | KU =K ET — & & 72 2 [GBUAIFT T OIS
WX, FAO O~ = o 7 LV CARBEZ IGHEERIRE Ch D, Z O THRIEIC L 5785/
B L O N RER A < — AR 7 BRI (200 mX200 m LA E) o#E A Y S e 7R oA -
PRI A FH T 7 MR Y, FAO ~ = = 7/UIC L A HEEZR IS HE & MR I L A HEE/R 38 & %
L L7z (1), FAO~=a 7 VOEEZBEM T T 5 &, HEEREIZFESCT 7 VS &
DIERHD OO, HHFIHZ & OFEERZETY > M T 33 mm, 7 RUAT 61 mm, £RH1T
57mm &72o7n, W BERIZ L DA EHET O L L UIHMEEN~OSCBAF SR T
HDHN, RATHEXNCH D & BAEITEAFBMORE ) AW T/hE <, AR KD
AQAYSS: MG = Ao
PRIR DK Z 22850 % 5 6D B I HIOi it « RAKEHUZ OV TR, T— X ORBIZE W FEDE
EHHETE R o b 00, BIHORB I RECHEKET — 7% L Ok, #2IC L 58
ARRERWEN D, HEEMEI —EDOZU MR H D LD LB X TN D, Bl CIptik 37838 /iaE o
EHRARELTEY, Dl & LITFEOWME/NO R E 72 NANETETH 2 FE D 5 D73
BEE —EOHTERED B L L HITR LIaARIEIE, A% ORI R I ORGSO H ik
ZET 5 ETEHTH L & XD,

F 1. THFIHZ LD FAO ~ =2 7 /W X 2 EMARBEREM E Vo 7 SIicBT 5
METRIC &5 /U2 L AHEESE & o i

Eo = -1
+HFIA | HENo. ot Ui )
20144 | 20154 | 20164
FAO-56 | 1233 | 1261 | 1247
: Loc 1 1304 | 1300 | 1268
g
Loc 2 1366 | 1288 | 1250
Loc 3 1231 | 1283 | 1228
L FAO-56 NA NA 806
7R
Loc 4 NA NA 867
FAO-56 | 201 154 231
Loc 5 149 179 186
B
Loc 6 268 305 284
Loc 7 307 277 312

7| LR
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1. [ZL&®IZ

PIB TV & W o 7o BASHIE KIS, &RV e
EORBEMNMAT 5 & ERBANBSIEEZ 4,
R EDTZ7 7 NI D, 777 b O
Fl7oBE5HI%, 7 A LR ORI X D iRk,
HoKS COMMEECRKE, 777 F Ui
THERSLER L VMG X URE K
BIROERDFEK & 72 5.

S AR E ALK ATE T 5 F AR (BT,
frkih) 1%, ZOERBEORMBEZRL TV A HH
AR D—>TH 5. kL EKEBH KM T
HY, BPAKE 1,160 5 m3, KIS 112 5 m?, FAK
% 35m OBFLT, eI &P HI D 2D 23
AL, ZOiikimfEiL 945km? Th 5. HrkihzE
il LT 2 TR 4 A 3B R 42m, 22K 106m T, 1919
AZTERR L, BEA b & AL PESE B E 128
TN D.

BF/KALIT TR 14 102 ) 06k D BR BT AL YE (WA
IALEE AR5 0.00mg/L) DFEE %% 1T TH 5L 28
FET, ZOBEELEMTITHEZ LTV (fh
FiBREE R, 2018) . &2 U o (TP) (%9 54283 (TN)
TEEE D OfEA 13 L OGS, TS5 7 h oD
I VHIBTH D E Wbt TW B (KER—M,
2011) . Hp/KHh CIIBEAD 52 FEEE) B AR RIEIC R
WTZOEN B L EE L S TWEZ End, RITK
XV CHIBTHDL EEZOND.

T RGO TPIEED LANRESHTEY,
s, BKMN TIRR, EEKERSOKE S E
THEZERL THDICH030b 5, kNG TP
BENTRLARAVEROD—oLEZBND. LL
RO G, W ENFIBIIXEE R AN e &0 AIER S 72 <,
U OFHEFITHETIZR VW oRERTH Y, D
JRIA & UCRRAR, B2 L o 7o i RIG A O B8
BEZDVENRDD.

frkp etk 2 b4 & LC, (A (2015) 1% TP AT
& & T HUR T RE O AR BAMR 2 FH <, TP & /K H &
WA ZB S Lz, ZOREREZITC, HEl
IO KAEEZRIRIZ LT, KiE (2016) 1FXIEIERS
J#io, HH (2017) 1 IEMAFITH O, #EA (2018)
IR ZE L Co TP e A &2 Rt Lz,

Ul bEZBE 2 TRIFFRIL, BIET—2DE57R5
HREICED, KBARICBIT S L0 @mWVEETO TP HE

—H - R R
FH M I RR
O

WF7ERt  OfRiH

HEFREOHEE &, RS -HAEAREO TP PeH AT
BOHEZ RN LT 5.

2. A&

FAATZK B X3 S0 > 7= i FE 1.6ha 7k HEE (K
1) ThDH. MoK G LRS-
AR TNH 0, W SHERAN SRS, XF
R LI REIOD K 9 12K HEEO NS K23 il As &
, TNENOKBOKANSHAL, KAFEOF
JUTELE S N7 PR ICHE AR DS T ALVIA TS & 72>
TW5D. RAKHOPEKRNDATE L 7= HEARS R &
IKOT=HDESM = MAIE (FES 180mm, B1H K& £ T
DE S 100mm) ZRE L=, FOAE K ICERK
His (HE) EEMAINTCWDEIICTHDH. HENERIZHE
AEHRAKALE 2 AR, 10 43 RIRR TG A IE L7
Z OFERPIRAL & TRERIE N SRR (HQ) HifR
BRIz,

B K EITFRA AR S8 2km B 72 35T IS MHE
HACii Rt 250 E LI U 7o, SRELLAT & IR
IR SR Okm BEN = ZHHOT A X AT —
2z ER L.

BRI, 2016 454 H 1 A5 2018 4= 12 A 31
HTHD. £/, 2016 FIi2 11 [F], 2017 FiZ 23 [H],

)
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2018 4F|Z 12 [MIEHERA 21T - 7. BLHIFA T,

YE TR R OB, HE LI TR ZIT o7, RN
Dl e XL, BRI D HEORTK &2 N
VEMOWTERI Lz, MENRZWE ZIT, JKEBN
(2B THLHF TR L 72 B iR 2 3 U Ciit &

Kbz, BAKY T TR HRKERBRY (C R DA
Fr, TP IREED AT 2 KIH L 72

3. MREER

3.1. HQ Hi#R

HEOBGTEAKZE H(em) & it Q(em3/s)ir AR L 72
HQ #h#R (B 2) BB EUTITRT. 2
AUCIEAH (2017), AR (2018) OTF—4# L &0,
T 34 W DT — & & AT R K TEDS 9.7cm LA
ECIESKRE RS20, T EERELT 2
FEXE D HQ mhfR A 1ERL L7z, F 7=, BE/KIEA 3.9cm
LIFDOE ZAIXERTHiE L.

Q = 42.295H (0.0000 < H < 3.8999)
Q =104.76H2 —801.09H +1695.8
(3.8999 < H <9.6644) (1)

Q= 44.479H? +1606.0H —15937  (9.6644 < H)
140,000
120,000
100,000
T 80,000
S
B 60,000
40,000
9.6644 <H
20,000 * 38999 < H=0.6644
A 0.0000= H<3.8999
0 a—smo—ag¥
0 10 20 30 40 50

RFEIK R (Cm)
2 HQEHh#R

3.2. BERHDAWE

BUAIRE OB W TR B Z < OKET —#
NS D Z LN TE 722007 FFOFERI (5 A 8 H
9HA12H) OTPAMELHETS. 3, WiH
5OBUKEEHEE T 2 72 DIk R AKAREDKINZIZ
DNWTHE 2D, MNRAKHBEDKINIT,

Q.,+R=Q,,+ET+D 2)

EREIND EETH. 22 TQ, (M) A,

R(m3)ixMek &, Q,, (M)ILFtHFEE, ET(md)IxA&%

W, DM)ITHEIZERETHD.
FERCHAR Hh OFB KK B1L 485mm ToH - 72D T,

700 45
600 ¢ 4
35
500
3
§400 - 2.5[—\5'_’
% . 2 é
£300 N "
ﬂ]llﬂi'l ¢ < 1 53‘\]-5
200 . < ., . B
— . 1
100 | | l ol
] I > 05
0 *l-..I-JL_—LI. _._L_L.Iull e YEuN -Ll- I LL : 0
2017/5/9  2017/6/9  2017/7/9  2017/8/9  2017/9/9

iR o TPUREECE) o TPYREEGAI)
3 EBBRHOREEL TPIRE

R=485(mm)x1.6(ha)=7,760m3 C& % . ¥ it &1L
WEAWCEHET S L, Q,=5155mTh 7. H
SEYFRAE R A 4.0mm/day (B4 - 3T, 1985) &9
% & ET=4.0(mm/day)x128(day)x1.6(ha)=8,192m3 & 7z
5. WEAKKREO B HEEHRIE IOV TIESCH T Ll zE
MAREL, 45 (2000) 1% 1.0mm/day CHLKZEL %3
B/ & 2 VI RIE SRS 7T A R 1), )
M5 (1991) I 13.5-15.0mm/day (Fb L @A ik
1) LA LTS, SRR B HR B A K
M (RAFERE R BRE A ® I e o ¥ —) HDH
IR T, RBR) ITHYT L. ULEo
ZEnn, T T RERBESY 5.0mm/day & RGE
LCRHAET 5. kIR 119 A TH - 72D T,
D=5.0(mm/day)x119(day)x1.6(ha)=9,520m2 & 72 5. LL
FoEERQITARAT S E, Q,=1510Tm3L KE%.
iz, AKEICERS S TP AL, (@) Z L FD
LTRDB.

padd

L =L,—-L,—-L

in — “rain — Qoutcout _Qincin - RCrain (3)

paddy out

T 2T L, ()i TP AT, L (@)X A TP &
i, Lo, (OIFRENIC L 2 TP AR, C,, (mg/L)
ITHETO TP R, C, (mg/L)IERJIIKD TP R,
Corain (MY/L)IZFERRD TP IRETH 5.

Q. VB L 7Bk & ()2 HWwT 10 452
EOMEAEFFELE. C oW TIZRIE S KE D
HIE £ TOM, ERIICZET 2 EREL T1055 2
EDEERD . TORER, L, =7437g Th-oT-.
C, [ THERLH O M 0.23mg/L & FV 2. & OFE R,
L, =3,502(g) L 72 %. C,, IdHEARD (2001) DOBLIHIT
— 2715 0.008mg/L L35 &, L,, =629 LEIFE S
D, HEDT, Lo, =3873g(=2,421g/a) 35 B 5.

2017 FEOFEMHI(G H 8 H-9 A 12 H)D TP B

(A, 2018) LiiEmA R 3 ICRd. TPIREIXT A
11 HICHKME 4.0mg/l 2@l L7z, Zhix7 A 8H
DBROKEREZOND. Fio, HBEHRKE N
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400m¥ A UL Eoojfisz 4 MBI L7-. 7 H 4 A-5 A
E9H R BIIENICEA b DO THS. 7H 16 H-17
AT 7O L i EEMTH5. 6 H 10 H
%, Bl AR 7OESH LIRS TWRNOTH
TFLOEODOPEKEEZEZ LGNS, ZO4RIOA N
~ CHEIESA 2R D 60.3% D TP N L7722 &127
5.

3.3. FEBHOARE

FHEENZ DWW T, BRFRFO R AE T, K
@B\ T L, =0 &£72%. 20184 F9 H 9 H L 9 A 30
Ao 218, BERBEOREZIToZ. ZOREO)E -
B kE-TPIREAZR 4 L5127 7.9 H9 HTIE,
ek i 12.6mm, TP Afif&iX 41.6g/ha ThH o7z,
9 H 30 HTIE, BEAKEIT 57.8mm, TP AfFEIT
392.4g/ha ThH-7-.

EE (mg/L)

45 09

35 07

3 ’E“ 063
250 05 E
2 § 0.4%
15 03
1 0.2
05 01

M5 9A30BDHREE

—HORENIZ £ 2 K& r(mm) & A& L(g/ha) D
BfRER 6 LXN@)TRT. i, KiE (2016) &
B4 (2018) DM DT — X L EHT-HL DO TH D.

L = 209.1In(r) — 458.28 4)

500
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Application of SWAT model for phosphorus simulation in Sengari Reservoir basin

OKimengich Baobab Kibet!, Junichiro Takeuchi', Masayuki Fujihara®

!Graduate School of Agriculture, Kyoto University

1. Introduction

One of the problems facing water resources in Japan is water pollution by loads, such as phosphorus and
nitrogen from non-point sources. Controlling inflow loads in water bodies is one of the effective methods
of preserving water quality in a closed basin such as lakes and reservoirs. The study area in consideration
is Sengari Reservoir basin. Aeration and waterweeds help in purification of water in Sengari Reservoir.
These methods, however, are not sufficient to improve water quality to the required level. Thus, it is
essential to determine instream phosphorus load in the basin. Computer models are useful in the evaluation
of mechanisms that govern nutrient sources, transport, and delivery from watersheds to lakes and reservoirs
(Migliaccio et al., 2007). Models, coupled with observational data from historical and current monitoring
programs, provide the information for load allocations and implementation strategies. (Santhi et al., 2002).
Distributed models have proven to be effective in watershed management for simulation of pollutant loads
from non-point sources.

This study utilizes the Soil Water Assessment Tool (SWAT) model for daily dissolved phosphorus
simulation in Hatsuka and Hazu River basins, which drain into Sengari Reservoir. SWAT is a physically-
based watershed scale model that requires information on weather, soil properties, topography, vegetation,
and land management practice in a watershed under consideration. It predicts the impact of land
management practice on water sediments and agricultural chemical yields. The model is process-based,
computationally efficient, and capable of continuous simulation over a long period (Neitsch et al., 2011).

2. Phosphorus in SWAT model

Mineral soils have three significant forms of phosphorus: organic phosphorus from humus, insoluble
mineral phosphorus, and plant-available phosphorus in soil solution. Phosphorus input in the soil includes
fertilizer and manure application, while it is taken out by plant uptake and erosion. Different pools in the
SWAT model monitor organic and inorganic phosphorus.

Different approaches evaluate the phosphorus movement within the catchment. First, soluble
phosphorus is allowed to leach from 10 mm of soil into the first soil layer. Due to the low mobility of
phosphorus, SWAT allows soluble phosphorus to leach only from the top 10 mm of soil into the first soil
layer. Equation (1) shows the amount of solution phosphorus moving from the top 10 mm into the first
soil layer.

P

solution,surf Wperc,surf (1)

P erc =
P 10- p, -depth,,, -k

surf d, perc

where Pperc is the amount of phosphorus moving from the top 10 mm into the first soil layer (kg P/ha),
Psolutionsurf 1S the amount of phosphorus in solution in the top 10 mm (kg P/ha), Wpercsurf iS the amount of

water percolating to the first soil layer from the top 10 mm on a given day (mm H:0), p, is the bulk

density of the top 10 mm (Mg/m®), depthsr is the depth of the surface layer (10 mm), and kg perc is the
phosphorus percolation coefficient (m*Mg). Phosphorus percolation coefficient is the ratio of the
phosphorus concentration in the surface to the concentration of phosphorus that percolates.

Surface runoff carries organic and mineral phosphorus attached to soil particles to the main
channel in SWAT. Simulation of erosion and sediment yield are conducted with the Modified Universal
Soil Loss Equation (Williams, 1995) as shown in equation (2),
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Sed =11.8(Q

056
surf'qpeak'areahru) 'KUSLE'CUSLE'PUSLE'LSUSLE'Cf ! (2)

where Sed is the sediment yield on a given day (t), Qsurr is the surface runoff (m®/s), Qpeax is the peak runoff
rate (m3/s), areanr is the area of the HRU (ha), Kuse is the USLE soil erodibility factor, Cusie is the USLE
cover and management factor, Pusie is the USLE support practice factor, Lsusie is the USLE topographic
factor, and Cs is the coarse fragment factor.

Loading function developed by McElroy et al. (1976) and modified by Williams and Hann (1978),
as shown in equation (3), calculates the amount of phosphorus transported with sediments to the main
channel.

Sed
=0.001-conc_p, - —— Epry 3
sedP are ahru Psed ( )

sedP.

surf

where sedPgys is the amount of phosphorus carried with sediments to the main channel in surface runoff
(kg P/ha), concsep is the concentration of phosphorus attached to sediments in the top 10 mm (g P/t), sed

is the sediment yield on a given day (t), and &, is the phosphorus enrichment ratio.

The model also considers dissolved phosphorus in the runoff. The amount of solution P transported
in the surface runoff is calculated using equation (4).

I:)solution,surf ) qurf (4)

p, -depth,. -k ’

d,surf

surf —
surf
where Psi is the amount of soluble phosphorus loss in surface runoff (kg P/ha), and kg surt is the phosphorus
soil partitioning coefficient (m%Mg). The surface runoff will only partially interact with solution
phosphorus stored in the top 10 mm of soil due to the low mobility of phosphorus.

3. Methodology

3.1 Study area and datasets

Sengari Reservoir is located in the north of Kobe City, Hyogo prefecture, Japan. It has a capacity of 11.6
million m3water storage and supplies 0.119 million m® of domestic water per day to Kobe City. Two major
rivers, Hatsuka River and Hazu River, flow into the reservoir. A steep undulating topography characterizes
the basin. Dominant land-use in the watershed includes forest, paddy field, and settlement. Dominant soil
in the basin consists of grey low land soil, brown forest soil, regosols, and lithosols.

Spatial datasets used in the model included the Digital Elevation Model (DEM), land use, and soil
data obtained from Hyogo prefecture. DEM delineated watershed and sub-basins covering the entire
process of flow direction, flow accumulation, and stream network generation. Temporal datasets
comprised of climatic from the year 2000 to 2013 and pollutant load from the year 2009 to 2013. Climate
data included precipitation, temperature, humidity, wind and solar radiation. Five stations served as the
source of climatic data. These included Sanda, Nose, Kobe, Shitsukawa, and Sonobe. Pollutant load
included daily phosphorus load from Hatsuka and Hazu outlets and used for model calibration and
validation.

3.2 Simulation

ArcGIS 10.4 was used as an interface to run SWAT 2012 model. The simulation period ranged from 2000
to 2013, inclusive of 9 years of warm-up periods. Calibration is carried out using SWAT CUP with
parameters selected from sensitivity analysis. Sequential Uncertainty Fitting Algorithm (SUFI 2) was used
as the optimization program for model calibration and validation. The calibration period ranged from 2009
to 2011, and the validation period is from 2012 to 2013.

3.3 Model Efficiency

The model efficiency was evaluated by the coefficient of determination (R?) and the Nash-Sutcliffe (NS)
test, as shown in equation (5) and (6). This determines the effectiveness of the model by comparing
simulated and observed results.
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, (%) NS=1--——"—, (6)

( 2
(00w ) YR P >(0,-0,,)

i=1 i=1 i=1

[Sie-0n)m-r.)] p-0)
. —0

where O; is the observed data on day i, Oay iS average of observed data, P; is simulation data on day i and
Pavg is average of simulation data.

4. Results

Calibration and validation were based on significant parameters. Parameters used for phosphorus
calibration included: Phosphorus percolation coefficient, phosphorus sorption coefficient, rate constant of
decay from organic phosphorus to dissolved phosphorus, initial labile (soluble) phosphorus, biological
mixing efficiency, phosphorus concentration in surface soil layer, phosphorus soil partitioning coefficient,
soluble phosphorus concentration in runoff, and phosphorus uptake distribution parameter. Simulated
results depicted the rainfall regime in the catchment. Figures 1 and 2 below show phosphorus simulation
in Hatsuka and Hazu Rive during the calibration and validation period. In general, the trend of observed
and simulated phosphorus was well captured by the model. During extreme events, phosphorus is
transported to the streams in large quantities. This is due to the high amount of runoff generated within the
catchment. The model, however, underpredicts phosphorus in extreme events. Model evaluation based on
performance criteria is shown in Table 1. Hatsuka River had better results based on evaluation criteria
compared to Hazu River.

Table 1: Model performance Evaluation

Calibration Validation
Hatsuka River Hazu River Hatsuka River Hazu River
NS 0.40 0.47 0.59 0.57
R? 0.46 0.52 0.63 0.62
—— Observed —— Simulated Rainfall
2500 — W‘” 0
50
___ 2000
z
> 100
eé, 1500 Calibration Validation =
g £
g 150 =
£ 1000 £
(o]
'l 200
3
e
& 500
250
0 300
1/1/2009  10/1/2009  7/1/2010  4/1/2011 1/1/2012  10/1/2012  7/1/2013
Time

Figure 1: Phosphorus calibration and validation in Htsuka River
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Figure 2: phosphorus calibration and validation in Hazu River
Conclusion

Daily dissolved phosphorus was simulated with the SWAT model in Hatsuka and Hazu River basin, which
drains into Sengari Reservoir. The model had a relatively good depiction of phosphorus trend within the
watershed. The model can undertake management practice scenarios to minimize non-point source
pollutants within the catchment.
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F U (a)-5 12DV THMRIRNTIZ TR D 7= IRE /34 %
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3.2 IEKEEDEESM & IEKD R OREK
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%5, 2015).
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TEEBINC L0 FHAI L 7= & & & ORRKALEH CHIE STz -
KNEINS HQ A —T 2B L7z (¥ 2). 7=77L, FYavy kL7 X 1. FRATH
T =2 % LU (1) 2R 24, (1) 1%
JKIEDY 0.03745 m THiEN 0 m¥/s (1272 > 7=72D1Z, 2.0
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HEARD D &, BT TR 310 T m3 Th o7z, R ORI OREKEITK 340 5 m3 T
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A[E 20 AP CHIE SN B S HHE SN - HRICB T 520 » OJFEALIT 0.82 g/ha/H T
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ENENDFEHZOWTERMZEC A LIk L, &AL A, A-, B, B-, C, C-, D, D-, ® 8k
B CRHMl A1 7> T\ 55,

2.1.0DP 2175 EDBREMEADEI Y A 6t 58l (XRaF7 U ))
CDP &, TH&#BIRL~UL (D, D) - 38#kL~UL (C, C) =X AL ML~ B, B) « U—H—
oL (A, A) CRHMEETITH- TS, ITHHRBIR L-UEZDOEASWETHE L., 385k~

b AR 2019 4F 10 A 17 HEAH 1 H,

© HAREFEOHT 2019 4F 10 H 18 AEATI 4 H,

? 2019 AEEE DE OTR/K B T RAITEERFORE 2 AN T 105D 1T LIRHZER T, L LRR G,
[ LAz OHEZH T, ) 1A BiER 7 & ORERFEEE « B2 TH 414 30 4FM TRk 25 JEF 2
MHESNTND, (HARRFEHIHN 2019 410 H 16 HEITI 3 H,)

b AT 2019 42 10 A 14 HFATI 1 &,

® Sustainable Japan, Dictionary [CDPJ, https://sustainablejapan. jp/2017/02/20/cdp/18357.
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EOFLERIEN AEOFEICE D ABREREECY 27 ZORBETEL LS & LTWAE 0%l T
Wb, vRY ALY NUYWE, BRI HIREC 58, Bl A & ORRERE LFEIT LT D
ZRHMEL, V== T LoVUE, BENRREY AR TVA L MBI ORA NS TZ 7T 4 ANz D
ISENEITH TNDE D DERHE L TV DS,

<E1 CPORaATYT>

MR

B 45-60%

TERIAT B- 0-44%
c 45-79%

Em Cc- 0-44%
D 45-79%

M D- 0-44%

FCDPIx—5—t¥a ) AW ORSE TR ST 50+ M mesLTuvwmn, 7
[HFT:CP T —F— EX=2UT ¢ LAR—F 2018 : AR, 6 H,]

DL AT ENR DT DOBMENERE 4L, FEMICBWNT—ED REDES TE TWRWES,
ZOER T LD L~V OFHIliSFEfE S ALV, B2 A a T I3EE Lk b UL AR LT
W5, Bl ZIE, XALDMERBIR A 27 88%., iikA 27 82%, ¥ H T AL AT 65%DaHi &5
Toa, B AaTIEB 72D, FREELERLEWVLSLOHR T, M4%REDA 2T OGS
(272 LY) ==y T DLV EERL), AT~ A T AR, BIZIE, YADERBIRA a7
81%., kAT 42%DaHliZ % T 72856, B AaTIX L7057,

2.2.0DP AT 5 REDKEREE~DE Y A3 H5HE (TRT 5 LEEME)

COP D7 v s AL, KERIZET DMEEDO~R T AL b, BT A FIHEZER T 5
THREBEFEOTDITIUET 5 Z LI Lo THRF ORI 2B B 2 RE L L5 &3
HHDTHD, ZOT T T LK 2010 FATFENL SIVCUARE, THFHRBIRE1T ) ¥k, 77— % 238Rk7
AR F OB EMIECZ OITAREZZT T\ D, BIE, BEOKICETLT %%y F Tl
FIRRKTH Y, LIATE D b L0 %< O P 1% L THREEFT> TN D, 2017 4E1 2, 025 £, &
AHREARY 20 JEK RUZ o TV DS,

CDP OERMIEIL, BUELOEROKBED Y 27 R LT, T— X ZFAF IR L, 2
HEZZE DR ERIET 2, Liz-> T, R > TR 4 —F —~ 3V A v hOSESLTTHIC
BWTHHL L R D _F~—F o oM 5, BRI TO L S RIEANEG TN,

« IRDIRAFHE LK OFHEE

N a—F =TV A MEH)

- FEAOPE

U Z i [ORE 73

- VR EE ERLA~ORG

- TR ERE DK OFH &

INOV AP INE R =5

SCDP A —H— X2 VF 4 LAR—k 2018 : AARK, 6EH,
TP VA —H— E¥a VT ¢ LA— b 2018 1 HARL 6,
® CDP Water Security Questionnaire 2018, pp.2-3.
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- BREEBEEL DY =

IEEHNRILEDETE

A CIIBREDKEIICHT L TED L 5 72 H 1A EAT 5 TODINNTOWTELEAIT O D3, B
*tGe& LT Fikod CDP OERIEDEIZET TA] LiHlisi/c (A YA MAY L) B¥EZERY BT 5,
A UARAY LTERZET, BEYR VAV MIBITARA NI T 77 4 AL W AIEEE{T>T\5
TETHY, ZOMOEHELY L LV EATZIVEAEZI T TNDEBEZLNINLTH D,

2018 AFEIZBWT A U A MAD L3I RT3 AAFEL, BARIZZD D HD 8 & 50D,
FDO8ILENITH I N—THR—NT 4 TR, XV R—NT 4 T A, o N —RfhA o H—
Fadr, EE, BHANNE, 7T 2o, ZEEM. LIXIL 7 v—7FTh b,

[FEERRIC BT DMRENEEA U A R LTV T2, BEZ BT 5L AR O E,
BREROXV VR—NT 4 VT A ZOMOBMITFESID LIXIL Zv—7 SR ER D=
ZEEEM, s FRERRE R OB H BEIRkEED 5 1L B2 L LT D,

4. 9HTHER

DG D B0 A TR & U CEIAE L kD 2 DI 5 Z LN TE 5,
FPIIBUERE IR IT 00T E UTERM TBIEOFEFE LW THERKBEEOZENH - 12
M2 HoTeOTHIUL, ZOREL XS, MBI EDOREH A FR L2 W, | OEEEIZ OV THHT
IToTz, ERESAT TN [Zeipotzl ) ERELTWS,

WV CORRRIRERICIIT 208 & UCERM TR IV TSI E 7 1 T2 % 72 59 C
HAHIVAY  FNH Y ATIZONTORSZEFEFRZELIR Le SWE | ORIZEIZOW O 21T 7,
FESHORIEIIR1IDOLEEBY 7o TWN A,

<&x1 LESHDMEZE>

tE
[E[44 FHIRURT BT A /38— TR U A7 ~DE/LHE
HhE KA N L ADHEK R~ DRI REE R 2 R 72 B A
D TE
HA (B1) ZREIE /ARG B O AE) | AEPERRIOMINE T2 | FrE Rz ) 72 B
L DFXTE
XU
[E4 FHIRY AT RTA 3— TEAER R U A7 ~DE725%bi
A=A T VT FiEo AEPEREIDME/ NE T2 | B ~DPE& DR
AL
AAS (E)1) FiEo AEFERE I ORE/ INE 121X TROBFRATFIH
TREL PRI
VYA 707, Hik
RES
LIXIL Z—7
[E4 FHIRY AT RTA 3— TEAER )R U A7 ~DE75bG
H[E HEK DB/ BTk 2 HiH B X OB AT ~DOREE DN

® CDP Water Security Questionnaire 2018, pp. 2-3.
1 CDP Water Security Questionnaire 2018, p.29.
"' CDP Water Security Data 2018.

2 CDP Water Security Questionnaire 2018, p.48.
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AF Lo IKABAEG D il a2 o AT ~OEE DN
AFx o IRATES D E i BEEo 2 R OB AT ~OLE DN
—HETER
E4 THRY AT RTA /X— RN U AT ~DEIRRNE
] KA N L ADEEK B 2 R o TR BERE DA H
HH E B
[E4 FHKY RT KT A 73— TEAER R B U AT ~D 725
] PEKOE/ &Ik 2806 | Sk, 2000 dhiflas EARTZ O

[H4FT : CDP Water Security Data 2018 % % & IZZEF{ERL, ]

BFD 5 AR TR ISR W OKEIRBENE Z 5 Th A9 BT LT, HE -« A% =3« AR - 4
— A RTUT LWV EHALEFT T, TORTHIETIXAAROE) TR, 5V A3k ]
JIFR AT TG, fEENz 5 L. FEEITHKI 500 HHA2EL LT THIIKOIEER S 27 L& #iE
LTHEY, FU13K250 FHZESCLTI A 70« Ja—REEZEALTNHDY,

<E1 SNEEIGEE>

25 LY R

D W ERERIL
= ELEHET
_ O #ihA A
I | O ®i
O einsm
- KEEEEN

10 20km

[HIFT « HARD-HE- 81
https://www. mlit. go. jp/river/toukei_chousa/
kasen/jiten/nihon_kawa/0506_toyokawa/0506_
toyokawa_00. html. ]

o 25 stkm 10 15

km

<E2 AERIEDIGRE>

[T« AARD) - E-FE) 1]

https://www. mlit. go. jp/river/toukei_chousa/
kasen/jiten/nihon_kawa/0707_sabagawa/0707_

sabagawa_00. html. ]

2000 FELUEIZ A LT B INCBT DI EOKER OVEKITE 2 DERBY THo7, F-. ERIINC
BT HEEOKERLOEKITES DEBY THoTz, ZD 2 SOEIRTEFRL, i) I [HgizBu

3 CDP Water Security Data 2018.
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TUIKERMEE LTUKE D e LABKNR 7 =T v 7INTNWLZ EThH D, LIeh>T,
DI A & UTKDIEER L AT DORERL Y A 7 )b ) 2= ZIEEDEAZAT T2 L VR D,

<%K2 BIIZBTEBEDELKERVEK>

IKEDFAH TR PRI
2000 4F HE 14 5 —YHREE 3 B, PR BIRK 4 B, IR NIRK 22 1
2003 4F HE 15 5 —HHEEE 2 B, IR M=K 5 R
2004 4 BE6 7 — R 3 PR, PR FIRK 1A
2004 ££ HE 23 = PR iR 2 1
2011 4 B 15 7 PR EIRIK 22 81, R MRk 48
TBKDIEAAEHA BUKHIBRIE~ H 44 B RIBUKHI PR
2000 4F- 5 H 28 15%
2001 4£ 5 A 119 43%
2002 46 A 54 40%
2005 4 6 H 72 30%
2006 4F 1 H 37 10%
2013 4E7 H 55 40%
2014 4£7 H 10 5%

(HiPT : Bl D55
https://www. mlit. go. jp/river/toukei_chousa/kasen/jiten/nihon_kawa,/0506_toyokawa/0506_toyok
awa_02. html. ]

<&K3 ERNIZHET2BEDELKERVEK>

IKEOFRARA TR R
2009 4£ 7 H MR ATRR TR EIC L DE 194 (BhEE s 455 T) | it
5= 69 7. IR EEK69 7. K TRk 302 7
VK DIEAAE A BUKHIBRIE~ H 4% RBUKHIPRER
2007 41 H~4 H 89 H K 10%, TK 10%, K 10%
2007 4 11 A ~2008 %2 A 84 H 7k 30%. Tk 30%. Bk 30%
2010 4E 10 H~20114E2 A 119 H Ak 30%, Tk 30%. E2/K 30%

[HFT - e D E7R 5 E
https://www. mlit. go. jp/river/toukei_chousa/kasen/jiten/nihon_kawa/0707_sabagawa/0707_sabag
awa_02. html. ]

5 8HYIC

BEHTHIMA- L 912, ITFICBWTIRERGHG L L TRADETE L, 728 20F ORI
KL LD D ETpoTUND, 2019 4F 10 A 12 BN 13 BRIC)NT TRAE LB R 19 Fi3% Dk
7HHDTHA D, EBamioiEAIUL, ITBFEOXRIZDITMATHY | 4 ZFEEm TR
D& HAFENIEBINKERIIEIZB D AT RETH DL E N2 LD,

A CTIIAZEDBRBIEA~DE Y f1A 23l L T2 COP 12BN T, B~ R AL TR b
TITITTAAENVZDIEINEITOTCND AU A MADREEELLRE Lo ElTo70, T ORER,
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WEDKET — IS THEDORE Do T2lBAR, EIATON TV LIV A THD Z L2
HA L, L Lans, ARIFHCHERIZO IR HATODRITUTZR BN TH A 9,

FERSPHIK I T (AR T & Dl (i & U CRIKITRIE A28 5 Z L T&E &L 5, AKEEREITSE
AEDAREMEND IR, 2D AT L TEBANZ 2 D N HTH D0, A1k T OHIsDA > 7
7 &2 XA DTN bR LB E 217> T T EREEND,

<FESEXH>

- BARRRFETRA 2019 4F 10 A 14 BT 1 H,

- AASERFRTEA 2019 47 10 A 16 HEIH 3 H,

- AASREFERTE 2019 4210 H 17 BEATI 1 H,

- HASERFEHTI 2019 4 10 A 18 AT 4 H,

+ CDP Water Security Data 2018

+ CDP Water Security Questionnaire 2018

“CDP UA—H— EXxa2U7 ¢ LA—h 2018 : HANR

« Sustainable Japan, Dictionary [CDPJ, https://sustainablejapan. jp/2017/02/20/cdp/18357.
- HARD)N-H =)

https://www. mlit. go. jp/river/toukei_chousa/kasen/jiten/nihon_kawa/0707_sabagawa/0707_
sabagawa_00. html

BN DFERGEE

https://www. mlit. go. jp/river/toukei_chousa/kasen/jiten/nihon_kawa/0707_sabagawa/0707_sabag
awa_02. html

< HARD)I-HrE-EH1|

https://www. mlit. go. jp/river/toukei_chousa/kasen/jiten/nihon_kawa/0506_toyokawa/0506_
toyokawa_00. html

B DFERGE

https://www. mlit. go. jp/river/toukei_chousa/kasen/jiten/nihon_kawa/0506_toyokawa/0506_toyok
awa_02. html
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AREEEF 1 —TZRAN-EHDO N0 REDAIE
BRER K RFBE  EBVE R s mt MR

1. IEC&HIC

NYUETIX, JEEETE T T <& EFE T O GHG(Green House Gas)BEHEHITN G BB DT 5
NTCW5b, B EETE, BE0D0O GHG JEH 30%LA L EEZ L TWDH S, HilRIC X - CF
9 GHG HEHREITRFE SN TR LT, EB O GHG gEH R ITAME CTIZR W e 525, TDOHH
%, BHI S O F 72 GHG Th 5 NoO 1FRKHFIREME S HIE 3 2 MR 00D 7z, EHIFIH
DI ETH D, I GHG BEIFIRKATRE LY FEoicm <, MEICEHEE#GaZ s L
RN EHIOKa A MBI SRS, L, HEE R EREU, MM D 2 ofth
EAREUIEDLZZE LD, BENTNRD Z ENEEIND, A TIEEHICH AEBEMED R
W) aryFa—T B LT AEZHRIE, ZOHAREENE FT-IR 2 HWCHIE L
? GHG JREEZAL DRI DOV TRRE LT,

2. iR AE
(1) B AR E AL

FT-IR TOZRVF —DREEZ T AREIEBRT D2 DITREMREER LTz, 7, £3F
(99. 9%) THifi7z LTZfEER v AT AT, ®RE LT A N0)E 0 wf~100 pd OFIFH T 10 w3 o7
AL, FT-IR TR AF—2HE LTz, WICIRATREIND T UL h_X— )L DOJERNICE S & |
W 2 ER L7z,

A=log(ly/In)
=¢Cl
=KC

TIT AROEEE, Lot WA 0 OFFIZ FT-IR CHIE L7c =k vF—fl, In: HAZIEANLIK
IZ FT-IR THIE LI X —, ¢ tEARRE. C:HREE, 1L ORKE
(2) >V 3 F 2 —T O H A G AR O RRFE

AR avFa—T Eilo TR AT ANO T APRFE NI 72 5 £ TOREH
IZOWTHET L7z, 1ZUHIZ, 1.8L OEMARBNIZT Y a s Fa—T7 2 E L, Bl % N,O
T 160ppm (ZBHRBAR) O H ATl L7z, FT-IR Z# W T AT ANDOH AYREE 30 43 2 &
WCHE L, 7o, WER, REZS+0/hE <25 E T, 10 KT 72,
(3) PN AT A P B

TEEEHI 2 S A W2 T T BA~— Y Lke LR T >V E=U A g ZIRELTZH D& H

Wiz, BT, Fes(EALmE S 13.7Tem) 2, ¥V a3 Fa—7 (JEE 0. 5em, & & 100cm)

EMODLLIICHEE L, TOHEITENLAKREMAEFRES L 2 BFAE L, KIZ 1

HEBPEK L=, a1 A 70 L, 1/24~2/91% 5 %A 7 v, 6/56~6/23 1L 7 %A 7 )\,

7/19~8/91% 7 %A 7 N, 10/7~10/15 3 %A 7 )L CHEf L=, LH O H AP 1L, FT-IR(Perkin

Elmer t1)% F\ T 30 0B & I2HIE LT,
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(1) BRERDIERK
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X 112 N20 O s ERAE R 2 rd, 4lal
$tg L U749 100ppm FREE £ CEARITELLT

& DRERIG DT,

0.6
0.5
0.4
3R 0.3
0.2
0.1

0 ¢

(2) ¥V arF a—7OHAEE VR OMREE

AIEPHAATE | TEER

y =0.0048x + 0.0116

R?=0.9951

50

i BE (1€ / cni]

1 N.O DIEELR

100

160
T APEET EH LAY 140
WWWW
400 7y TPHICE L 120
e 2D XY A 100 1 E 2EH 3EHE
FIHWEZ Y a7 E 80
ol
2T THERRE X 60
CEfiflc A BIciE e 40
T BRI O3 7> 20
N e 0 &
pl¢ 7‘1))?%/]3 S ‘0 0 200 400 600 800 1000 1200 1400 1600
7. K¢ fi5] (min)
X2 U arF o—7 00 AR AR
(3) LT AR DOHE
E® | -]
g 03 2
(e a
!C‘JE 02
1/24 1/24 1/25 1/25 1/26 1/26 1/27 1/27 1/28 1/28 1/29 1/29 1/30 1/30 1/31 1/31 2/1 2/1 E!2/{2:" 2/2 2/3 2/3 2/4 2/4 2/5 2/5 2/6 2/6 2/7 2/7 2/8 2/8 2/9 2/9 2/10 2/10 2/11
4 3 HANDOKSEE NO IR EZE L OB
cyclel cycle2 cycled cycled cycleb cycleb cycle?
1/24~2/9 121.9 73.94 455 30.54 60.49
6/5~6/23 77.35 99.78 47.28 160.75 161.21 171.89 235.46
7/19~8/9 31.26 4552 — 90.31 117.26 118.84 102.74
10/7~ 109.03 111.6 —

K1 AW TO NO IREDFNME [HAL:ppm] ¥ - (TXIA
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B 31X EFHNDOKIGEE NO REOE(LOMIE TH D . £ 1 IFAHIM TO NLO IRE DR KE
il M3 L0, 1EBAOYA Z/WVTERFTERY, 2EBURIIRAIZ EA Lz, Lo
TF 1 Tl ceyclel TIXAEKIME, cyclel PIAMIBEKIERTORE 258k L7z, ZiuX leyele Tl
LB > Tk D | £l ’ﬂﬁ%@%ﬁ@%%é ZLIZE o TNOREN EH LD EEZ BN
D, FRAGLVESGOIE BPEVOIRRENERL TS EEX LN,

4. BHYIZ

AWFzecix, LhilchHABZBBEEOEB WS arFa—7 2L, P 2D N0 2|
E LTz, ZORER, KREHFHRE XV —FEOEE T 800 TV MEA M S vz,
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HiarriRZ AV ERBEICEAMAEKRRBEOHiGRED EE

HIRE R PR O M i—
LT HRRR AR

1.1XCHIZ

BRI X D RBEEENC L > TRIRBHRORENRE SN TR Y, MERERNEE O L0
WESNTWD. —IHIH OBEEBKIRITEARIRD NS WD, BARKEDIK T OREIEHIZ
B, YERFEMKEOHENRENC 2D RN H D, £ 2 TRIFIETIE, =B (1994)3 4%
R LT AE R a2 - O CRBZEIC X 2 AR O EE D ZE I DWW TH#T L 72,

2.h5%
2.1. 5%

BB R TS B D/ 1L A i oo T O T (AR
31.667° HUF% 131.215° [fifE 39.6ha) ZxtZHL L=, Z D
I PE BT HY 1.5km OBEAL 72 RHE IR A 5 St H (3ha) D 7K
Lo TRY, RKiRICHEE LNFET S, EFIHERZ 130
AT Z & TR Z BR-&H 0.35X0.35m OHUK O XV LEHAK
BACIRIEK 2 AV CHIE £ Tk 5. e S HImix, #
B CH D 5~9 H153 H)E Li-.

2.2 51 l%

ARFZETIE, —B(1994)73#24 L, Kidtimonton et al(1998)<°4,
B 5200112 K o THFE S L7z e Rk i 2 F O CTHREFT 97 5.
AR AR ICIE, KREREND R0 L, BIfEND R
HbOD 2D DH.

RSN S R BHA R AR, Bk BER) & 8B HERET) M1 5K
DORFRINEE &1, KK ORSRYIER-ET)Z 5 H L, #

L7zt HMICBT 28/IMEZ, haI2c ZEINS SRR 5RO THL . ARFZETIE 153 HEO
PN 256t 5 & 3 2 kTR 72

Diversion
o weir

Sr-er( #=min [mean{R-ET}]X ¢
TEIE ¢ (1)
VTR RS B W TR TR 23 B b gk LW i L7z ¢ A REIOR SR AR, AFET
1T E I ZDOREEMED S R I- G R R O MESC Skpr 28012725 £ & D o [ZHEH L TR
Hrizz.
F72, MERERINQ)N S ARt © R I RERE 2 xf ik TRk 72,

Sol O:%yéﬁ;q [me'an{Q}]X ¢ o

23.FERT—4

Bt e R D B IS T 72 M Ak B 5 & O IR O IS RFIAE, IR (L ER T — &
d4PDF (database for Policy Decision making for Future climate change, Mizuta et al, 2016) & ¥, 20km
#1-D RCM H /I Dt 75 F€8% (historical)3000 4 & I L IR (4-K-warmer)5400 4F-453 D7 — X %
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fER L. 72720, ARG
DT —F T RRIIRI I 1T 5 IR RE

DYHfEE LTiIbanZ e L9%.

Z 4l d4PDF THWH N TW D
AGCM TlIk S E 0 o i % %+
DIKEECRBTH LN TE VR
W28, EOREKRHEICITBRIIE & o
REMRBEENAONT-DTH D, £
2T, ARHFGECILE Iy U5 r 0 i 2%
DKM EZG LT-T— 2y N aff
LB S 21— a0V aHfr
ESIFCTHRET DI L& Lz, iz

[X] 2: kil & d4PDF H ) S o7 i

@ 44PDF point @
<o
t
) <@
3
P .
L . Q Study site
AN
/ NN © Fukase (AMeDAS)
@,
%
o sl
M X 3,; A
{ 2 AL
+ . s N

(X 2 \R TR GIREA D 4 SO ) SO FEE A Az,
FERRIMEIY, d4PDF OfKE EZREHERET —F Y b2 AJEE LT, H 50 LOXR

RO HFFEZ IR TE 5 L D ITRE

BT

L2 E 7 VL0 B LR &2 vz, i

FUZ1% TOPMODEL #E: 1 L, #EARINCBITA2BNHEEZ T A—F ZRET—4 &, B
AET— X CTFa—=27 L, HORBECHRETELIZLA2HRLIEZLOEMEH L

(Rudzani et al, 2019) .

FEREER
31 BKELERRWE
PN 1T DRk K & &k
T EOBHEMENM X 3 1R L
7o, ZHUC LD ERBRKEICITIE S
Fhk LR L BRI K & 2B LIT A
LR o T2, IR LSRR DR
B ITIR BRI T 1.2 {580
LTWe. ARIZABBEDOKRFTTH
5~7 HICTKIEIZHEML Tz,
d4PDF |1 F¥5IEN 4°C EH Lz &
XORBPRMEHEEL TNDHEHT
bV, YROFERLELNZD.

3.2EEILICKDREREHDNEL
KRR b Tk ERet Hi AR O RS
BaX 4 1R LT, KTITaEEER,
IRBEALSEER & HIZK t ITBIT DAV
NOMH I ZEH LT 25%fE iR, dk
AR, 75%HIRR ATV 5. TR
{LFEBROMARIL, 2ERMICE~BE L
TWAHZ ENbmnd. R Tl
oL, 08D OEITRE
FERC 55, AR LFEERTT74 &, 19H
PDRELI2-TEY, BKEDODRWN
IR EL 2D 2R LTS, il
BRORMEN, FRIkOFERE AW E R

Cumulative frequency (%)

-
o
=]

-
[
80
Rainfall
0 4-K-warmer
Rainfall
Historical
40 -
—==aFt
4-K-warmer
20
-===-Et
Historical
o +rr-rrrr—TTTTTrrr-r-rTrrrrrrrrrrrr T T
9 @ @ @ ©O © O 0 © © © O © © O 0 © © © O
(=1 [=I=1 (=1 o O o j=1 o O o j=1 o O f=] f= f=
HHHHH NN NN N Mmoo Mmoo oM
Total volume (mm)
T 2. WAK A B L WA SR g e EL s
3 FRAPEK IR & RRZRFE TR O Lhig,
1400.0
--------- 25% 4-K-warmer
1200.0 +
e median 4-K-warmer
1000.0 4+ ceeeeeens 75% 4-K-warmer
= | 9% histori
é 8000 4 ZSA)AhIStOA”CBIA
= e median historical
S 6000 T ... 75% historical
(=5
S 4000 +
(%)
& .
s 2000+ TS LT e
o e ST e
0.0 4

-200.0 +

-400.0

] 4: it F 28R & IRMRALEERIC K D RR A
B BT e Rrme AR o Lk,
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T, ZAVHIRBREERD LV B LW e o)
WD 2 2R LTV, 0 o 100 150
ZORUIMEIZDWT, &AL ROH 0
IMEEZ AR L2 D& K 51x L -100
7. WEEBRORIMEIT S T 7Hh ok
B2 LT B O ANEE L EER DR
IMEIZE DA TR > TWVWDHDHRD
M. FBIMEIC DU THFRE 2 B D S E
DAV LT L2 L 25, lEE
BRIZ-80 125200 ([ZZDIE & A ED3%y P oo
i LTz, 2T L CIRBE (LSRR o enal
TH-300 < BUECHAAREL ST 5 5: iR & IR T 1 B L
T, LVEREAVARLI DL A M 0D L,
DA ENT-. E-MIMEICOWT ¢ -
DBEE AR ZER LIRRT L7z & 2 A, BEFEBRTIIOMT 100 < SWETITHMmL, =2
20~40 IZH - 7. IRBLEBRO " — 7 1% 30~45 FRF L BEFERE HE Y ENENZ LAURE
=D, AT OIEIL 100 22 AEICE TIEN->TEY, LRI DRn, 2F D FTENEL
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Water and energy balance in a solar-driven desalination plant
(KRBT X ALF—REERIE ST > MBI EKETRILF—DINE)

OKoichi Unami'!, Osama Mohawesh?, Masayuki Fujihara'

1 Introduction

A prototype of micro irrigation scheme equipped
with a flash flood harvesting facility and a solar
energy driven desalination plant has been
constructed in an arid environment of the Lisan
Peninsula of the Dead Sea, focusing on the harsh
climate in the Jordan Rift Valley where natural
surface water as well as groundwater is saline
(Unami et al, 2015). The desalination plant is
indeed an innovated greenhouse with a reservoir
dug inside to store harvested saline water, as
shown in Photo 1. Solar energy drives evaporation,
and then low temperature during the night
facilitates condensation of fresh water as dew.
Condensed dew can be efficiently collected with
water repellent cloth, to produce a bulk of fresh
water from the saline water. This paper reviews
water and energy balance in the desalination plant
as presented in Unami et al (2019b).

L

Photo 1: Inside view of the desalination plant

!Graduate School of Agriculture, Kyoto University

*Deanship of Scientific Research, Mutah University

2 ODE model for water and energy balance

The desalination plant is modelled as an
aggregation of six media: ambient (Mo); GH
reservoir (M;); GH ground (M»); GH air (M3);
WRC (My); and GH cover (Ms). In order to
represent the dynamics of the interacting six media,
three water mass balance equations and five
energy balance equations are considered as

Vl Qm - le - Q13 - Q15

d
E V3 = Q13 _Q35 (1)
Vs Ois + 055 +0ss
and

Cm T, Ry-hR,-R;—h,—-hFy
Com,T, R, +h, - P
—| CmT, |=| By + R+ Py — By — P (2)
Cm,T, Fy+B,+ P+ P, —F;
CsmT FRs+Bs+ P + B + Py
where ¢ is the time, V, is the volume of water
stored in the medium M;, O, is the water mass
flux flowing from the medium M; to the medium
M;, T, is the temperature of the medium M;, C,
is the heat capacity of the medium M;, m, is the
mass of the medium M;, and P 1s the heat flux

flowing from the medium M; to the medium M;.
According to Sun et al. (2008), the heat capacity
C, of the saline water M; in GH reservoir is

approximately given by
C =C,, —44c )
where C

wat

and c¢ 1sthe concentration of salt. As the medium
M3 is a mixed gas, the heat capacity C, depends

is the heat capacity of freshwater,

on m,
C,=Cyy +(C

dry wet

and 7, as
C

dry

JRH 4)
where C,, is the heat capacity of dry air, C,

is the heat capacity of air saturated with water
vapor, and RH is the relative humidity calculated
as
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mRT, 1
M H,0Pq (T3 ) V ’
where R isthe gas constant, M, , is the molar

RH = min( Q)

mass of water, and p, = p,(T) is the saturation

vapor pressure of water as a function of the

temperature 7 given by the Tetens equation
7.5(T7273.]5)

Po=D.(T)=610.78x 107271523730 (6)
Each flux appearing in (1) or (2) is evaluated as
follows. @, is the discharge of saline water
artificially introduced from the rainwater
harvesting system, which is treated as a given
variable Q, . Q,, is the leakage of saline water
from the reservoir to the ground. Because of the
plastic sheet covering the bottom of reservoir,
Q,, is assumed to be zero. Evaporation and dew
condensation play fundamental roles in the
desalination plant. The evaporation Q,;, from the
reservoir surface is evaluated as

Q13 :kstMHZO P, (n)_pa Al
RT, o
is an evaporation coefficient to

(7

where £k,
represent the effect of water salinity, D is the
diffusion coefficient, p, is the vapor pressure in
the GH air, 6 is the diffusion layer thickness,
and 4 (=220 m?) is the water surface area of

GH reservoir. The diffusion coefficient D is

represented as
Tl 9526

D=3.1475x10" (8)
p

which is derived from Cussler (2009). In analogy
with Q,;, O, is the dew condensation which

can be calculated as
Miopi—-p (T)
=D—20 13 el y 9
Q35 RT; 5 5 ( )
where 4, is the area of GH cover. —Q,; is the

actual rate of dew collection by M4 (WRC), which
is assumed to be proportional to the dew
condensed along the GH cover as

Q45 - _kchs
where k,,

(10)
is a dew collection coefficient. The
amount of collected dew that has accumulated
within the last 24 hours is denoted by v. While,
another part of the condensed dew returns to M;
(GH reservoir) at a rate of —Q,,, which is also
assumed to be

le =_kdrV5 (11)
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where k&, is a dew returning coefficient. The
water fluxes Q,,, Q,,and Q,; accompany the
heat ﬂuXCS CO]—;nQOI 4 CwatT‘SQIS 4 and CwalT5Q45 4

respectively. Latent heat is considered within the
processes of evaporation and dew condensation as
HQ,, and HQ,,, respectively, where H is the

heat of evaporation. The solar radiation R is

the exclusive source of energy in the desalination
plant, absorbed by each medium M; with an
absorption coefficient ¢, . Firstly, Ms (GH cover)

absorbs a portion ;R A4, of the total solar
radiation R4, ,
transmits Ms, where &,

and another portion £k _R

tr aol

1s the transmittance of

GH cover. Then, the solar radiation transmitted
through Ms is absorbed by the other four media
inside GH. While, the long wave radiation
between different two medium occurs according
to the Stefan-Boltzmann law. The Stefan—
Boltzmann constant is denoted by o . When the
medium My (ambient) or the medium M3 (GH air)
is not involved, an effective area Al.f from the

medium M; to the medium M,; is evaluated by
1 1-g 1  l-g
— ="l +
A7 &4 F/A  gA,
where ¢, isthe emissivity of the medium M;, and
F/
medium M;. The medium M; (GH air) absorbs a
part of the radiation entering from the other
medium due to the greenhouse effect. When a
media is in contact with the air mass, heat transfer
is assumed to take place in proportion to the
thermal difference with a heat transfer coefficient
k. of air. Finally, the heat flux between each

air

(12)

is the view factor from the medium M; to the

pair of the 15 combinations of the media is
estimated as follows.

By =CoT,00 + aik R, 4, (13)
By = ok Ry 4, (14)
By = a3ktrRsolA (15)

o,k R4, (16)

Pos =asR 4, + UgsT As + Ky, (To -1 )As (17)

B, =0 (18)

By =HO, + 08T 4 + K, (Tl _T3)Al (19)

B, =o(T'-T}) 4, (20)

Bs=o(L' ~T}) 45 1)

P, =061} 4, + &, (Tz _T3)Az (22)

P =0 (T ~T) 4 (23)
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Py=o(T! -T.') 4 (24)
P, =-a,0, T} 4, +x,, (I,-T,) 4, (25)
Ps=HQ; —a,0e T A+ k,, (I, - T ) 4;s  (26)
Py=C L0, +o (T} - T} ) A, 27)

The above equations (1)-(27) constitute a closed
ordinary differential equations (ODEs) system.
Initial value problems of the ODEs system with
different values of the model parameters are
numerically solved to calibrate them.

3 Nominal yield of freshwater

A complete set of measured data for different
physical parameters is available for the 371 days
period from February 23, 2017 through February
28, 2018. Observed solar radiation and ambient air
temperature are used as inputs. Unknown model
parameters have been calibrated with GH
reservoir water temperature and GH air
temperature. Unami et al (2019a) estimated
nominal yield g =-0,, (L/day) of freshwater as

2.50131
. 72'(2' - 2'0)
g =6.29808+48.9116/sin——— (28)

where 7 is the day of the year, 7, isa constant,

and D is the number of days in the year. The
value of 7, was identified as 6.92924 for

common years and 6.948223 for leap years. The
maximum volume of collected freshwater in a day
so far was 65.0 (L) recorded on August 01, 2019.
On cold days in the month of January, no water
could be collected. However, this year-periodic
fluctuation of freshwater yield well meet the
irrigation demand from the comand area where
experimental cultication of date palms is ongoing.

4 Conclusions

The prototype of solar driven desalination plant is
successfully operating to produce fresh water for
irrigation. The model is mathematically stable and

71

well explains the complex thermal dynamical
mechanisms of the plant yielding freshwater. The
yield is sensitive to the meteorological inputs,
mostly synchronized with the ambient air
temperature. The concept of this solar driven
desalination plant can be disseminated to other
arid environments having very hot stable dry
seasons.
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BECRMA 9.1 % &K% 500 %7, JIHIAS 122 %, jj j o o 2
AEHIAS 3.4 %, KA 53%THY, M, K, i US4 — 100
HEHIOEFEA N EVN, 2D, '3 DUF Y A 4~6 S FYF5 — 40,54
D&, THFRIHZ LD E~DORE T/ NS < 72 >F U6 — +1.08
STWAD.

5.65HYIC

AWFFETIE, M LFEENINLET D Tri An Jiillia x5 & LT, 77— & Z DMl & i nlReZe b
MN—IRET VORI AT o T2, AR T W EHFRIRR 2 o 7 7 V28 AT 52 LT, B
DAL —PERRBRAN 2 ORI OZAE b AR FTRE L 720, IUAIED BB T VL TE /o, £ L
T, HUEBARERUEAENC LD EORMINE L E, RETVEZRWZL T U Ao S ER
HNZRHIS 2 Z LA TE . A%, ABETIIBE S WD T80/ S 7kt a2 €7 /T
AL Z & T, S DICHBREORN La BiET.

SE Xk

WO AR - R - SREFTRES - LA (1998) @ LoD IGitlEki 351 2 iSRG ER &7 /L DO BHFE — it
BAKIERET WIC L D REMAFIHOSH (1) —, BEIARTSRIE, 198, ppl-11.

MR - PR « SRR - LIRS (2000) : ACO)HEI 23617 2 HitoKIEERE 7 /L DBHE — it
BOKIEERET W KD REERAFIFOST (1) —, BEITRFPERMIUE, 205, pp.35-42

Chow V. T. (1973) : Open-channel Hydraulics International Edition, Mcgraw-hill Book Company, pp.108-114.

Ministry of Natural Resources and Environment (MONRE) (2016): Climate change, sea level rise scenarios for
Vietnam, Ministry of Natural Resources and Environment (in Vietnamese).

Van D. M., Hilderink H., Rooij W., Rutten M., Ashton R., Kartikasari K. and Cong L. V. (2013): Land-use change,
food security and climate change in Vietnam; A global-to-local modelling approach, LEI report 2013-020,
LEI Wageningen UR.
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LYy THICE TR E T — 2% AUVIREE - IDEK A E FIEDRFE

ANFSERZAMEIREREE TS OWAA - BRERE— « REFIRST - — e
BRSNS BN

LIRS A

TARWFFERTE EARISERT PR

1 [FLOHIC

HRTT - LYy TiIE, EESIITHD A 2 ) EBRDHM T T IR RKOWKINTH 5
(Fig. 1), W78 L A2 Z ORI CIX, BRI B)IA~KBFH T T DIlzkt L, i
KA LTI L, WD ZRED 6 (52 bIERT 5D, Z OFRRRAKEREEIL, MBI K
BAMREIZR L, BERERREBATND, &I, BETRERBEZZTITBY, ZoWns
N HEITH AR TENO K 37 BIREIED 60%% O TN D, 207, KM FoiR
ACHRIL (K BEL, WoKBIAAOREZ: &) ZHHET 25 2 L NEHEETH D03, IR ORIREOF/E
(Z & o TREBEHLIC L DB L, B 2004) 12, b Ly OIS LR A R T —#
2L > THAT L7223, IR ORI ORGSR T 37, vNcfiE s nzL LTnd, =2
T, AFETIH, NTHEET — 20 63RO B D kA 72RO KIRIEATE I L CL IRAMEHE T
DIRAHKRI A AR D L E T BT 5,

Fiz, by T e F ORI, IEEROBOKZ RN 2%EI S 503, FEki 7oK s
IEFR0_ L 7 LREDBISEIC X A ACEREEA~DOEENG &SN TN D, Ll JERAILERO ST
KT ZAT 5 Z EIFRERFETH Y, & 512, AHE « KCET IV Z AW CLEROBIRE 2 HEE 95
ICHRE T — DS B L e b, 2 2C, BB — & 22 FIHET. ATHEET—4
DOIHTILEDORHE Ok &) ZHEE TS THHATH S, L, AT#HET—% 2Rz
FERTI, TS A A CHEE T 5 2 LI TE D0, KEBAHEET 5 Z 13 TE 720 (Tanaka .
2019), &2 T, AMIETIL, BAFE L7-iOEHgdEE ik & DEM (BUERES €T V) Z/AahE5 2
&C, BT — & 2B E L\, 2SR KNHEE THEOBRR b ildr Tz,
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@ Thailap
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Fig 1 REAT7 ST EDVRST - bo LYy Tilf

2 DEEHTEFEDORRE
21 AHARIZETZOEEBDESR

ARFZETIE, b LW FWIELD OB % Open Water, Flooded Forest, Non-Flooded 3 224346
% (Fig.2), Open Water (%, {#, IO X 9 72 Bt A D & OHEY VK & 3%, Flooded Forest I,
FIZRIZICES S IE R U IR KM PSR 238E L UV DURTE & 7%, Non-Flooded 13, #ilAE-oRR 72
EDOREMIZIOEESE L TWRWVRIEE 35, o LWy AEAIE, IREEOEK - MM &0 26678
AERERINE F 4, HAOREOY LOE W 8 S F S E R BUBRENGFIET 5, L L, AW TIE,
RO FIZIEEREE L TN DD, L TCWRWWEHEET 2 Z LICERAEL 720, EFiRo k)
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7R3 E U, £ D72 JEEANE L2 ) 712U T UK 2B & 5 24873 84U Flooded
Forest, A% sk S TR 2 DA D720 513 Open Water & 72 %,

Non-Flooded : Flooded Forest _

Fig. 2 RFEIZH I+ B0EBOESE

22 FET—42

AHFFETIE, N LHR Terra |ZF5H S 4L TV D MODIS (2 & o TRl S 41727 — & & O Tl
FETFIEOBIIEZAT 5, MODIS (3, AL 500m, BLHINE 2,330km T, 1 XiFfE H R U 2800 LT
DY (KREEDORZBI) Th b, MofRET—2 LT 5 & ZEMIPI7A R HR
25, BUEFEOIR S, 5 H e L CBI L CTO AR REO R SRR CH D, L, vty
FEERDD- TND EEORELEZ T T LUEWIEHR T — X S LIRWEAENSH D, FHZRED
ey, BORBLZMZT, R 2B CERWGERE, £ T, AT S L7Z 8 H
Mo Ry y hF—42 %S (MOD09A1 & MOD09Q1), 8 Hi=v Ry b —# Lid, 8 AR
DB, BOENWLIRDST-bOEERRL, 2o alAabE TER ST —4 Ths, 8 H
T 1 DT =5 L7572, T 46 # L7022, MODIS ORIT—4 TS, Red (FIHEDR
). Blue (FIHUIKODF ), Green (FIHUHKOFRE) NIR GEARSME) . SWIR (FIEHRINR) Oty
DORST—4 ZFIH L, 5% (1) NDVI (Normalized Difference Vegetation Index) : 1EFLAEAEFERE, (2)
EVI (Extended Vegetation Index) : JLIRAEAEFREE (3) NDWI (Normalized Difference Water Index) : 1E#
{bKFEEEAFHR LT,

NIR-Red

" NIR+Red
Green-SWIR
NDWI=

Green+SWIR
NIR-Red

NIR+CixRed-C2xBlue+L

NDVI

EVI=2.5x

NDVI I%, HAEOHES, [HEHEZRIDEEE L TE L OHBN VSTV 5, EVIIEL, NDVI K
D H ARG R EEOWELZ T <, BEOBRMEAIZKTT 2T NDVI LV @n s SbiT
W5, NDWI (., HRHEOKICEELZITHEETH Y, ARFFE T, Arfiskokk & PiRIMR 2 H
VT, NDWlgren & LCWD, EFLOFEEEIZ L A HBNTANZ T, NDWlgeen OKFFIE) —EVI (FEAEFEER)
AL, Ziud, KIEHE L REARIEDOFEN 7T ADF;, FERRIREEO KRG U 7 2 HEE T& D015

(Xiao ©,2002,2005, Yuting ©,2016) Z#ZHZ\Z L, A TH IR LIZBECTH S, K35
JEFEDVRRIZ RV KFEE NDWigeen & EAFRIZEOZEZ BT 5 2 & T, MELKGOEERES LK
BILT < 72 b, HAENRS DHEITE V/INSVME, KEOHAEILE D KEVEZEY | 5 F oLk
WAWEAE L KE ORI BFRE L e > TN D,
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2.3 WiEA*E

MODIS (2 & » CTEll S -2 7 —# X V. Open Water, Flooded Forest, Non-Flooded ® k L—=
VIT—R R L, IESEHEE TIEOBE 1T o 72, A IFIF L7z MODIS 77— 1%, 2000 4 305
HE (05 HED 312 HEECIZBISN =T —4% D 8 Hffla Ry y b7 —#), 2001 4257 H
H. 2002 4£ 281 H H, 2011 4289 H HIZBI S /=T —X TH D, ZiHiE. Flooded Forest & k1L
— = T A PR FICIBENE L CODIRIEE 5720, h o Ly 7RG O KA
Hi15 (Kampong Luong) D/KALANRHZEVYH O MODIS 7—4 & L=, Zi b 4 HEO MODIS 7—#
DENZIUIKT LT, hL—=2 72U 7T OERKZTTV ), Open Water (#8434 : 2517 77 /1) | Flooded
Forest (4984 v /1), Non-Flooded (5173 v/ % /)L) O bl —=0 7 F—2ZHiH L7,

ER LTz b L—= 77— & D bfftdl : NDVI, A5l : NDWlgken—EVI £ 7213 NDWlGreen O AT X 22
ERR L7z (Fig. 3. 4), ZDORIZHAUT, Open Water & Flooded Forest, Non-Flooded % 9 &% < 4738 T
5B, HRIRE BRIC L > TRE L, 5610, fERkEEL L TR RV B5 NDVI O
HE WL FEBRETT 52 & & Lic, HBIEUE. Open Water : NDVI<—0.08, Flooded Forest : 0.56 =
NDVI<0.82, Non-Flooded : —0.08=<NDVI<0.56 7> 0.82=<NDVI & L7-, AHFZETiL, BIRED (fit
il - NDVI, il : NDWlgreen —EVI) & BHFEIEQ (il - NDVI, £l : NDWlgreen) . 7E2K1E  (NDVI)
BT 5 Z LT LTz, 2O 3 DOFET, HBIREE, Lk~ v 712 L D0 E1TV), e bEER
ARAKMBEE T DIRACIRILZ R T 2 FHEORB 1T 7=,

y=-X - . .y=',5/3X

“ NDVI
~ NDVI

1

. * . \
e Open Water L §_

: e Open Water .. - R ¥

o Flooded Forest _“ a o Flooded Forest .‘A : %.

o Non-Flooded N _&u .n;:ﬁ:._ ° Non-FIoodl\lelgjWI ‘ & ;.'b._
Flg 3 NDVI(%’E?H])& NDWlGreen_EV| (*ﬁiﬂ]) Flg 4 NDVI (ﬁ'ﬁiﬂ!) & NDWIGreen (*ﬁﬁﬂ])
Open Water:NDVI=0 Open Water:NDVI=0
Flooded Forest:NDVI>0 mD Flooded Forest:NDVI>0 /D
NDVI=—(NDWilgreen—EVI) NDVI=—5.”3 (NDWilgreen)
Non-Flooded:NDVI>0 /D Non-Flooded:NDVI>0 mD
NDVI<—(NDWilgreen—EVI) NDVI<—5.”3(NDWilgreen)

24 ##R

Table. 1 1%, BAZIED (bl : NDVI, Al : NDWlgeen —EVI) & BIFIED (it : NDVI, Al -
NDWlGren) « #EK1E (NDVI) TH$H L 7-REDHIBIREEE Tdo 5, BHFEIED (#itdlh : NDVI, Al : NDWlgreen
—EVD) &EBIFIED (il : NDVI, Al : NDWlgreen) (&, Open Water, Flooded Forest, Non-Flooded ™
EDEATY) TIZBENTHEmWHRIEEZ R Ui, Z0O720, BIRREE b EVME L I o7ohy, BigsiE
@ (fGh : NDVI, £l : NDWlgren) DT85, FEENRL o7z, 1EKE (NDVID) TIE, Open Water
OHBEE LRV S DD, Flooded Forest, Non-Flooded THAZIED (il : NDVI, Afifili : NDWlGreen —
EVD) LPBHFEED (fith : NDVI, Al : NDWlere) &V BIEENS 2,

Fig. 513, BAF&IED (i : NDVI, £l : NDWlren —EVI) & BHFEEQD (i : NDVI, A58 : NDWlGreen)
EEdkE (NDVD) 28I U TR L7k~ v 7 Ch 5, EICLDFEEZITTNDH EZEZLND
v EELT2D, Blue=02 ThoE 7 /L% Cloud &35 L7- (Sakamoto ©. 2007), 2002 4D
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209 H BIZRZECA W ILEEDER LEAD TR CH 0 . 2890 H HITIEEIR DO mFEDS KO CTH 5,
BAFIED (fitdh : NDVI, £l : NDWlgeen—EVD) T, W BILEAER L TWD Z E DR TX
EHSROFEH Hido &0 LTWA, —J7, BIFEIE@ (ithh : NDVI, F#h : NDWlgee) TIEHIBIFEEIX
KHENSTZH00, 209 HH TR L TELRWE 972 & Z AT, Flooded Forest & 51 L C
BV, 289 HHTHIEEIZEIHEE LTV D Z E00n5, —F, fEkiE (NDVD) Tlid, fdon%
SOEHEZRDIRETHDH 2 EbH 0, kR E RREBISh TV 5,

HIBIREEE (Table. 1) Tik, BAFIED (fitdh : NDVI, Hil : NDWlgren) 25 b @030 7278, 0
~ v TR LI=E A (Fig b)), BIFIEQD (e : NDVI, £l : NDWlgeen—EVI) D53 DHE
REWRZTEY, BRIV 3ot F7o, BIRsEO (fidh : NDVI, £l : NDWlgeen—
EVD 1%, RIS BEZ AT 6T, WAL EWE Wz b, Lo T, BIRED (it -
NDVI, 4 : NDWlgeen—EVD) 1%, IRAKMBIE T ORKOFEZ AR T E 56072 71ETH 5,

Table. 1 BT 7 LDHIFEELEAEE

fL—=245TY7 Open W ater Flooded Forest N on-F looded 2hEE
NDVIENDW koo, —EV]I 0.999 0.947 0.999 0.979
NDVIENDW k een 0.999 0.991 0.972 0.985
NDVI 0.999 0.78 0.761 0.816

M Open Water M Flooded Forest ' Non-Flooded M Cloud
NDVI & NDWilgreen—EVI NDVI & NDWigreen NDVI

BASEIED FASEIEQ Beskix
Fig.5 DBy (L£B&:2002 4/209 HE TH:2002 4/289 HE)

3 DEUKGIHEEFEDRR
31 HRAE

T — 2 Ik — 4% % DEM (BdiiEs) 7—% Fig. 1) LHAEDETHNSZ &
TBHCOBT — & 2 B L U2 UWEERAHEE TIEOBFE 237 5, JLE KA E 15X Fig. 6
D7 v —F ¥ — NOWAVTIT D, £ KNHEE 24T 2 10HHEI L, A8 Ch%E L=, BisiED (NDVI,
NDWIGren—EVI) T, OpenWater & Flooded Forest |25 &7z 7 TH 5, HH Sk U
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TS ONH>TRBY, —Do—
DOUIREIT D, mEISNT A —
O H L, — DT OKNHEEZTT ),
o EER L, ZodE s
DEM 7 —# & B Ao T B8R
e AR D, Z OB RS S il AR
L. AME ORI K H 2 i EREE N &
EIZ K-> TN L, (LB KAL
HEEZ1T O, 7ede, EEHEE FEIC
Ko THRI SNBSS U 713, &
2L DT —F DXKIERED L9 72iK
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J A RRFROSFEZIE, BEOSNE S
—EEILR L, O EES R )ik
ZEMALTEBY, AUk v/hEnk
H, BRHBIERET SN TE D,
MODIS 7—# %, 1 4E[MIC 46 #cb 5
i, BT XL TInGD
FlEZ AT 5 2 L2k > T, BEE
DYER « Mg/ INTE DT 1 B OKNT
EENZHEET D, Z OHEE LT KN
el ARTT - R LYy TIREEE

B ¢ NDVI&NDWI g e, — EVI
Open Water &
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e 0 g EhETLEEH
V
NEN:-HET
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° 0 @ HZTEIZHE 261557 5
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o

Fig. 6 KEfEEFEZD7O—Fv—k

I CHMBI S 2R — 2 Fig. 7) Ll LT JUEUKAHEE FIEORBERGEZAT 9,

32 #ER

Fig. 813, fufih - BUAME () Cffbh : HEOEME & L7-HUIXTdH %5, RMSE (The root mean square
error) 1% 1.96m TH Y, FAEDK/NIH D DD, BBIZ 1 X1 DT A ATFoTND Z ED30
%o A ND EFANZIBWTIEL, KOLABIHEET DM o7, Fig.9 1% Fig. T OBLHIHILA
Point5 & Point13 TR HNTZILERMLORSRINEE Th 2, EH 66, FE TR LICBIIIEO /KA ZEE)

EXHIS LT, HEEARNE BB LTS Z DRG0 5,

RZEDPIR Y REWVH B AL, Im FEEDKAL

ZNDLHEHH Y KFEDUEDRMITDH D, LLRNG, ILEOILK « i NZEHE T, K
NEEBZ BB I EHET 22 ENAEETH Y . BItOBIIT —2 2835 Z &2 LIZ, HET—4
DI AN TER AN OREEZAT ) T WHLRETE H X 9T holc btz L9,

Estimation(m)

(o] 5 10 15

RMSE: 1.96m

20 25

Fig. 7 FoL Yy T HRDLEEDIES
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25.00 25.00

P5 — HRIE P13 — HERIE
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Day Day
Fig. 9 SREIKLIOERFIZEH)
4 FEDH

AMFZETIE, I RTT « hovHhy e GE LT, UVEe— Moo o7 X A0EEHEE
FE LIOEARNHEE FEDOBR 21T o 7o, ILERISHEE FIE Tl RAMENE FIZdH D0 A M4
T OHEERRETHZ 2B E Lic, ZOR5%, NDVI & NDWlgem—EVI DS AFIHT 5 Z &
IZ& - T BN S > T HIMEROYERZ BN 2 Z L NATREIC 72~ 72,

TLEARNHEE TVETIE, B COBNIT —& 203 L L, 2T —% Ok AV FEOBF
Zikdrie, JLESHHEE AL DEM 7 — & 2 ERADE T, RERO/NEOEESE A L, Z o
TEf e RN B & CZEMIPF T 5 Z & IR O KN 2 HEE LT, T OfEREZ A = [0
WoOBRT—2 LR LT A, BEBXZ 1 X1 DT A AE-STWE, I OLRHUGETVIER D
DD, FHEIE DT OMIAEZHE L TR Y, B TOBHT —Z 203 E LR, HET—
H DIx% TRV HEE RO ATREME 2 7R LTz,

i

BiEE . ABFS2IT. JIST-SATREPS [~ o Ly FIC 1T A BRET R A DS
JPMSSA1503) | D3R Z= T TiThiiz,

(77 b &R

4

5| AR
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HMRNMNETHEEHDEDHUSFEERE - MBS

ARSI OFHEE, EE—, mllduk, KRB, —E5

1. [XL®HIZ

ATRBEDFED o T2 FNL, BIOEMEINC 2 5 & BE/KIZ 72 TRJINSHRH L CRZERKZ: BT
HENLEBERKERTHS. LinL, HERREBRALOEITICH, MSRFHAREY, FEOEFEMH
KPRET HAREMD G STV D, ZO L) el mhn D, T, FMIEEIZ L - T, @SR %
EOEDZ EDNEBEA~DEISRDO—D & L THIRF STV D, FEHIFORMKIL, HE 28w LT
U AR ST 5 2 8T, ML bEHBELELEIENRH D LS TVD. L, ZThET
DEFMNIMCET DFEE - B OMIEIHNE, HIFFEOLHTEXIGRE LM THL Z &b, &
MNINDFEZ DFE Y 5 %R DRI OWTITRRET STV, LIed> T, FEERICED & 9 7t
HRRERIZB DT HMNDOEE L ELEDL 2 ENTEDINIARHATHS. £2T, ABFETIE, H
ARAEOBIIEF 255 & UTe A 2T &) IR AT 235 & LT Z NS OFES - S0 2/
HEDED T ET, BHRNANDOIEE H OZEZRE ST DRIV TR 5 Z & il ATz,

2. HERICEET % A A fEMT
2.1 A%

AMFFETIL, FRARNSOEE H OZEOFEE L LT, ASDD (Snow disappearance date) zFIJf L7z 1.
ASDD [ZLL FOXTEFR SN TN D,

ASDD =SDDjoyes: —SDDopen

Z 2T, SDDiwex (day) IO EH, SDDgpen (day) 1IMADOWHEZRHAEFKT. oF 0, ASDD A
7T ADY, MNOEEZEOHNELIED, ~A T ADOYS, MOAOHEEOHNESEL L&KL
T3,

ASDD OF —#1%, HARET, ZRHRANNDOIEEHZBHI L T D530 BIEE LT, GO 3E
HFIZIHE AR STV DA, ZOEEFRMANANAOIESE & LTHERAL, AN ORESHED
77 7 DHPFEHEHENTODEEILT 7 7OHKYD 1D, HERZHR L. HE B OHEIE, A2
JTORMRREZOERIIE , FEEOMGES 2o 7R 2 HE R & LTe.

ASDD & DERR A fRGETT a2 & U C, BRI 2 5UR (O) , JEGHE (m/s) , F#7K & (mm),
AR MIm?), AREEE (cm) O 5 HEICOUWTHT L7z, RERBIRNE, HARIZ 12 H~2 AD
AL LD, BAREBHEICOWTE, 3 AICRKNESED G SN BIIHSEN 5 570, HRE
EVROAMBEHMI BT DR AEEHER L. K87 — 1%, BHAICRNT, KE8UI%Z 5506 L
TWC, T NAFAMERGAE, ENOOBIIT —2 25 L. BHALSIZ W TREEHID
FEhii STV ZRWIEASCBIDTENHEL SN TR WEEIE, &EFY OXRBITT A X AT —4 %
FIH L7z, Z OB, BHAIHLE & 7 A X AR OREE £ 2 ZE L, HEmic X2 KIROEREE % 0.6°C/100m
E L, RIRZMIE Lz, R8T, BRI X > CTRGEFtOB I3 820, & X 13.6~8.5m D
FPHTRE SN TWD. ZO78, JEEEFOE S OFE A HIS 00 BUSEIZ 8284 KT e &
. ZZ T, REEBIZHFSLIRREICH D EIE L, LAFOxE0ER] %2 WG, #E)sS 0@ & H=10m
(2B 2 JRGHAE Vio(m/s) & >ReD, #HIE L 7= JRodH 2 fifHTi i L7z,

In(H/zq

Mo =V ln((Ha//zO))
Ha BRI 2 30T 2 JEGEHEF O H_ B2 O & (m) , HAHIER OJEGRFT O E2>5 0O & (m) ¢ H=10m
E LT, 2o EEHLE(m)

ASDD L ZBRGAHTHOWTOMITIZIE, SR T 26 M, FEEERBARC 10 His, AR 36 HiSo
F—BEFH Uiz, BRI & EAZEE (CART) (25> TASDD &% BAZE S & DEHRIZ DU
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TRRAT L7=. BN OHTIZIT DAHBIRE OF B KL p<0.05 H L <1 p<0.01 & L7z, REARDE
T, HEYF5HTCASDD & OICHE A EZHHRE (p<0.01) 238 > 7 il O A2 2 B4R L7z
2.2 R

ASDD t XS OHEIFIHFEREZR 1 127, B 1725, ASDD EXURICADMHBEIREF (=
0.62, p<0.01) 2ZA.5I, KAIEBOT T LA EN - 7=, F£7=, ASDD ELJEEHIZIX, 1EDHHE
BARIfR (=048, p<0.01) 23WLHA, HRAFEERICHIEOFBEBISE (=046, p<0.01) 2H.Hlz. —JF
T, BkEE HEEICIZASDD & O ERAHBEEMRITIR S n -7z,

6 5 500
°
4 400 |
3
~ 3 g 300
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< o < BK
ug E i
K # 2 #2200
E o
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1 100 +
-6 0 0
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ASDD (day) ASDD (day) ASDD (day)
12 1400
[ [ )
10 d 1200 | °
° 1000 L4 o
~ 8r A A - ° °
T e [) £ o
= Y ° £ 800 [ ] °
S 6t el A @
= ° -] °
b . 3 570 e o
?;;v at ° =032 o 100
°
°
5 éAA% ]
200 % A o
=-029
0 L o . : .
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ASDD (day) ASDD (day)

B 1 ASDD &&itHZEEBOHENFST (@ 5 FRebk, A 5 BRI
EKHE © *p<0.05, **p<0.01

AEZFEBBIES A oA, BUE, R AESRA A E, ASDD # HiVAERE LIKERET
IWVEREEE LTz, W LTIRERET VORGEZB 2 17T, IefIOBER N EGE T, IR & R
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ERRET 572012, & 1177 Case 1~Case 3 D 3 7 —ADFHIFHRAIT7-. Case 11%, ik A
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PR B BRI LTRSS AN 2 7 T 72 [3-5]. 26 DRl FEA K> 723 Ml CH B 23,
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IS DEEAFZEIT LT, AMFZETIE, HSI 7 /UIER L, FHUCH &L SRR A AR T
HEREAZ TN D THEORE A HIE 95, ZNETIS, FEDITHHTIEORE L2042 R
LT&7[9, 10]. #EETEL, B ED HSI T /UCBT DiMid Sz At LT bz, ARy
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A Gaussian-Process-Based global sensitivity analysis of cultivar trait parameters in
APSIM-Sugar Model: Special reference to Different soil, Irrigated and Rainfed
Environments in Thailand
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Abstract

The present study is focused on assessing the sensitivity of model outputs (Cane dry weight (CW) of nine
growth stages of sugarcane life cycle) to variations in 22 trait parameters used in APSIM-Sugar model under
three soil types selected in Khon Kaen area, Thailand and, irrigated (IR) and rainfed (RF) conditions using
emulator-based global sensitivity analysis. Gaussian Process (GP) emulation was used for sensitivity analysis
(SA) and, Sensitivity index (S;) and Total Sensitivity index (TS;) were recorded from each analysis. In order
to evaluate the emulator performances, Leave One Out Cross-Validated, Standardized Root Mean Square
Errors (CV Std. RMSE) and Sigma-Squared values were calculated. Radiation Use Efficiency (RUE) and
Transpiration efficiency coefficient (TEC) were identified as most influential trait parameters and Sensitivity
variation of RUE and TEC across the growth stages, soil types and IR and RF conditions were analyzed. It can
be concluded that, Simulation of cultivar difference for cane dry weight in studied environmental conditions
could be improved by measuring parameter values for influential traits such as RUR and TEC, and statistically
calibrating influential parameters that are difficult to measure directly.

Keywords: APSIM, Global Sensitivity analysis, Sugarcane, Gaussian Process emulation
1. Introduction

Parameterization and calibration of process-based crop models are very much important to achieve high
accuracy. It is difficult to measure a wide range of parameters practically, and data obtained from field
experiments are not sufficient to parameterize all the varietal information required in APSIM-Sugar. It is
beneficial to reduce the number of parameters to be calibrated, so that resource requirements for measured
calibrations can be reduced and over-parameterization during statistical calibration can be avoided [1].
Parameters that are influential but not easily measurable are recognized as ideal candidates to conduct
statistical calibration, while parameters that are non-influential or do not have great variation between cultivars
remain fixed to default values. Sensitivity analysis (SA) is a statistical tool that can be utilized to identify such
parameters. It determines the strength of the relationship between a given uncertain input factor and the model
outputs. [2] suggested the way of dividing SA into two broad categories: local SA and global SA. Effects of
small variations in individual parameters around some nominal point can be investigated by using Local SA
techniques [10]. Local one-at-a-time (OAT) sensitivity indices are efficiently utilized only in cases of all
factors in a model produce linear output responses, or if some types of averages can be used over the parameter
space. But in general, the model output responses to changes in the input factors are non-linear. Therefore, it
is required an alternative global SA approach, in which the entire parameter space of the model is explored
simultaneously for all input factors [5]. Global SA is advantageous over local OAT method as it ranks the
parameter importance and provides information about the direct effect of individual factors on output and,
about their interaction effects as well [6]. Therefore, GSA can provide a better understanding on how cultivar
parameters influence the simulated yields [1]. But, Process-based crop models are often computationally
expensive, and SA is extremely time consuming [7]. The most commonly applied solution is to create a meta-
model for the simulator [8], often referred to as an emulator [9] which is a statistical approximation of the
simulator [10]. As emulator is a simplified model and it is computationally less expensive than running the
actual simulator. An emulator of sufficient accuracy can then be used in place of the actual simulator to perform
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the sensitivity analysis [11]. Emulators are usually implemented as Gaussian process regression models which
use a finite set of design points to approximate the simulator mapping [12].

Present study is focused on assessing the sensitivity of model outputs (CW) to variations in 22 parameters used
in APSIM-Sugar model under different soil and IR and RF using emulator-based global sensitivity analysis
and to analysis how the sensitivity of model outputs to cultivar parameters may vary over the nine growth
stages of sugarcane life cycle. A better understanding of the sensitivity of model outputs to cultivar parameters
and, how the sensitivity varies over the life cycle of sugarcane under different environment and management
conditions will help improve model calibration efficiency.

2. Materials and methods
2.1 APSIM simulation

APSIM [13], is a cropping system modelling environment which can be used to simulate the performance of
a single crop or a cropping system in response to the climate and soil conditions and permits the evaluation of
management intervention through tillage, irrigation, or fertilization as well as choice, timing and crop
sequencing of either in fixed or flexible rotations [14]. Meteorological data of Khon Kaen, Thailand, from year
1980 to 2010 was used and 22 trait parameters (Listed in Table 1) were simulated for three soil types selected
in Khon Kaen area, Thailand and under irrigated and rainfed conditions to obtain Sugar cane dry weight (g/m?)
of nine growth stages of sugarcane life cycle by using APSIM-Sugar model.

Table 1: Trait parameters and range of values used in analysis

Parameters Listed in APSIM-Sugar Model Level Code Unit Range
Leaf area of the respective leaf Leaf size no=1 LS1 mm? 500-2000
Leaf size_no =14 LS2 mm? 25,000-70,000
Leaf_size_no =20 LS3 mm? 25,000-70,000
Fraction of accumulated biomass partitioned to cane CF ggt 0.65-0.80
Accumulated thermal time from emergence to beginning of cane EB °C day 1200-1900
Accumulated thermal time from beginning of cane to flowering BF °C day 5500-6500
Accumulated thermal time from flowering to end of the crop FC °C day 1750-2250
Maximum number of fully expanded green leaves GLN No. 9-14
Tillering factors according to the leaf numbers Tiller_leaf size no=1 TLS1 mm?mm-2 1-6
Tiller_leaf size_no =4 TLS2 mm?’mm2 | 1-6
Tiller_leaf size no =10 TLS3 mm?’mm2 | 1-6
Tiller_leaf size no =16 TLS4 mm?’mm2 | 1-6
Tiller_leaf size no =26 TLS5 mm?’mm2 | 1-6
Transpiration efficiency coefficient Stage_code =1 TEC1 kg kPa’kg 0.008-0.014
Stage_code =2 TEC2 kg kPa’kg 0.008-0.014
Stage_code =3 TEC3 kg kPa’kg 0.008-0.014
Stage_code =4 TEC4 kg kPa’kg 0.008-0.014
Stage_code =5 TEC5 kg kPa’kg 0.008-0.014
Stage_code =6 TEC6 kg kPa’kg 0.008-0.014
Radiation use efficiency Stage_code =3 RUE3 9/MJ 1.2-25
Stage_code =4 RUE4 9/MJ 1.2-25
Stage_code =5 RUES 9/MJ 1.2-25

2.2 Sensitivity analysis

In order to conduct the sensitivity analysis we used the Gaussian Process (GP) emulator as implemented in the
software package GEM-SA [15]. More detail description of underlaying mathematics of GEM-SA are
described in [16] and [9]. GEM-SA package calculates two variance-based sensitivity indices as main effect
index (Si) and total effect index (STi) [9]. The main effect index (Eq.1) and total effect index (Eq.2) is defined
as:
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Si — Var{E(f(X)|xl)}/Var{f(X)} _ Eq (1) TSL =1- Var{E(f(X)lxl)}/V

Where Var{f(X)} is defined as the total variance in the output-given variations in all parameters and
Var{E(f(X)|xi)} is the variance in the expected output of f(X) given x;. Therefore, S; represents the expected
reduction in output variance if parameter X; is known. In terms of its effect on output uncertainty, S; (Eq. 1)
can be used to rank the relative importance of each parameter identifying where future research should be
focused [9]. Eq. 2 represents the total effect of the parameter x; and all its interactions. As suggested by [17],
STi should be used if the sensitivity analysis is aimed to set non-influential parameters to default values,
removing them from potential calibrations. If parameters are linearly additive (i.e. no strong interaction) S; and
STi would be equal.

ar{fo} ~Ee (@)

By partitioning the total output variance induced by variations in all input parameters, variance-based
sensitivity indices are calculated. Therefore, initially training samples of 350 test points and related outputs of
APSIM simulator runs were generated using apsimr package of R software. Test points were generated for 22
input parameters and 9 outputs (Growth stages as Days after panting (D); 90, 150, 210, 240, 270, 300, 330,
360 and 390) of APSIM simulation corresponding to; Three soil types (S1, S44 and S46), Three rain fall years
(Max — 2008, Medium — 1984, Min —1993) and IR and RF conditions (Figure 1).
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Figure 1: A(i) Annual rain fall in Thailand from 1980 — 2010 and three selected years for maximum, medium and minimum rain fall, A(ii)Textural
properties of selected three soil types (51,544,546) in Khon Kaen, Thailand

Model emulators were built for each output by region by year by Irrigated and rainfed conditions combination
(162 emulators). Si and TS; of each parameter were recorded from each analysis. For each emulator, Leave
One Out Cross-Validated, Standardized Root Mean Square Errors (CV Std. RMSE) and Sigma-Squared values
were calculated. Initially, boxplots were used to visually represent the model emulator performance across all
analysis soil, and IR and RF conditions for each growth stages of Sugarcane life cycle. Heat maps of S; indices
were used to explore the sensitivity of model outputs to cultivar parameters that varies over the growth stages
of sugarcane life cycle corresponding to the different combination of soil types and IR and RF conditions in
Thailand. Most influential parameters on simulated can weight were identified based on S; values for each
combinations of soil type and, IR and RF conditions.

3. Results and discussion
3.1 Emulator performance

Emulator accuracy was evaluated based on the quantitative evaluation of the set of statistical measures (sigma-
Squared: 6%, CV. Root mean squared error, CV. Root mean squared relative error and CV Std. Root mean
squared error) computed by GEM SA. 62 value effectively provides a measure of the non-linearity in the
emulator by expressing the variance of the emulator after standardizing the output. As 62 ranges near 0 when
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a model shows linearity and, show higher values when a model shows moderate to high nonlinearity. [18]
obtained 62 ranging from 0.13 to 1.6 for their emulators and concluded that their parameters exhibit only
moderate deviations from linearity. [19] obtained 62 ranging from 0.10 to 1.43 and concluded that their models
showed good to moderate linearity. Hence, we obtain 62 valves ranging from 0.03 to 0.48 for all generated
emulators (Figure 2). So, the models showed comparatively good linearity in each soil, IR and RF
environments across all growth stages of sugarcane life cycle. Hence emulators can successfully replace the
simulators. The CV Std. Root mean squared error expresses the residual divided by an estimate of its standard
deviation, and should be close to one if the emulator variance is an accurate estimate of the actual error variance
while lower and higher values respectively indicate over and underestimation. Our RMSSE values of cross-
validation results ranging between 0.68 to 1.09 (Figure 2) and were close to 1 in all the SA experiments. These
results are in agreement with those reported by [15], [18], [19], suggesting an emulator fit is a good
representation of the true model.
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Figure 2. B(i) Sigma squared value, B(ii) CV std. root mean squared error of results of selected outputs under three soil types (S1, S44 and
S46) and irrigated (IR), rainfed (RF) conditions

3.2 Parameter sensitivity identification

For cane dry weight of each growth stages of sugarcane, parameters RUE and TEC were more influential in
three soil types and IR and RF conditions while other used parameters recorded least influential for the
simulator output. Sensitivity of RUE for CW varies between 45-98.5% while TEC for CW varies between
0.05-29.16% across all growth stages of sugarcane regardless of soil type and IR, RF conditions (Figure 3).
Generally, except CW of S44IR, 90 days after planting, more than 90% of total variance values were recorded
for the main effect of selected parameters for all outputs. As S; of main effects only explained total variance
of CW of S44IR, we further conducted an analysis for the interaction effects and found highly influential
interaction effect between TEC3 and RUE3 with S; of 42.85% only for D90 of S44IR records (Figure 3). RUE
of stage code 3 (from emergence to the beginning of cane growth: RUE3) and the TEC of stage code 3 (TEC3)
were the most influential parameter for D90 and D150 outputs for all simulated conditions. From the D210, S;
of both parameters (RUE3 and TEC3) tend to decrease (Figure 3). From D210 to D390 RUE of stage code 4
(from the beginning of cane growth to flowering: RUE4) and TEC of stage code 4 (TEC4) become most
influential parameter for CW (Figure 3). However, RUE4 tend to follow increasing trend from D210 to D300
and then decrease slightly up to D390. TEC4 of IR follows a decreasing trend from D210 to D390, But TEC4
of RF follows a decreasing trend from D210 to D300 and then records a slight increment from D300 to D390
(Figure 3). When compare IR and RF conditions of each soil types RUE has comparatively high sensitivity to
CW of IR conditions than RF conditions. Because, Water stress in the model reduces the rate of leaf area
expansion and radiation-use efficiency [20] and may cause to record low RUE for RF conditions. Regardless
of the soil type RF conditions record comparatively high influence of TEC for CW than IR conditions, agrees
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with the results of [21] who found that TEC was more influential under more water stressed conditions and in
line with the results obtained by the [1].
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Figure 3. Heat maps of variation of sensitivity index across nine growth stages of sugarcane life cycle corresponding to C(i) S1IR, C(ii) SIRF, D(i)
S44IR, D(ii) S44RF, E(i) S46IR and E(ii) S46RF

These can further confirm by the results obtained for the IR conditions corresponding to each soil type as
irrigated, S44 (Sand:90%, Silt:10%, Clay:0) indicates high sensitivity compare to S1 (Sand:0, Silt:30%,
Clay:70%) and S46 (Sand:40%, Silt:30%, Clay:30%). Because S44 contains high sand percentage and no or
less clay and silt in the texture, water holding capacity of S44 can be low compare to S1 and S46, so that
irrigation simulated in the S44 was not sufficient to completely avoid water stress. Therefore, any simulation
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of less favorable conditions for water demand would have caused increased stress in the S44 region whereas
these parameters would be less noticeable in S1 and S46.

4, Conclusion

Our study was focused on utilization of Gaussian Process emulator to investigate parameter sensitivity in the
APSIM-Sugar model under different soil and IR and RF conditions in Thailand across nine growth stages of
Sugarcane. RUE and TEC were the most influential parameters despite the soil types and IR and RF. Other
analyzed parameters recorded least influence for the simulator output. However, Sensitivity of RUE and TEC
varied differently across the growth stages, soil types and IR and RF. RUE has comparatively high sensitivity
to CW of IR conditions than RF conditions while TEC was highly sensitive to RF conditions than IR
conditions. Most notably, the sensitivity of TEC recorded high value for S44IR compared to irrigated S1 and
S44. Because TEC was more influential under more water stressed conditions, S44 as sandy soil, simulated
irrigation percentage was not sufficient to completely avoid water stress. Identification of highly influential
parameters could have significant influences on studies that rely on comparisons of the performances of
different cultivars in different production environments. Simulation of cultivar difference for cane dry weight
in studied environmental conditions could be improved by measuring parameter values for influential traits
such as RUE and TEC, and statistically calibrating influential parameters that are difficult to measure directly.
Future research should be focused on range of soil types, climate interactions and different water regimes.
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A sensitivity analysis of Piano Key Weir discharge capacity based on 3D numerical modeling

The United Graduate School of Agricultural Science, Gifu University O Le Anh Tuan
Faculty of Applied Biological Sciences, Gifu University Ken HIRAMATSU

1.INTRODUCTION

Global warming may cause more intense rainfalls and snow events, which lead to increased risk of
flooding. It might collapse the embankment of outdated small reservoirs with insufficient capacity of
spillways. To handle the demand for a new kind of effective spillway, the Piano Key Weir (PKW) was
developed. PKWs include a high performance in terms of their rating curve, i.e. they spill large specific
discharges under relatively small heads, if compared with an ogee crest. However, their structure involves a
lot of geometrical parameters and the hydraulic behavior is complex. Physical modeling usually offers
different characteristics to derive adequate hydraulic design and gain insight into the hydrodynamics (Novak,
et al. 2010). However, design, building and operation of physical models may take long periods of time. 3D
numerical modeling turned out to be an interesting opportunity. The present paper analyses the ability of a
computational fluid dynamics (CFD) model (FLOW-3D) to simulate the flows along the PK'W.

The main objective of the present study is to evaluate how accurately the FLOW-3D can represent the
flow characteristics for a complex structural weir. A second objective is providing a sensitive analysis for
some of the main parameters/option of the model.

2. ESCOULOUBRE PIANO KEY WEIR

The Escouloubre PKW was primarily tested and developed in a physical model built in the University of
Liege (Epricum, et al. 2013), where discharges and flow depths were measured for four different conditions.
These results were used to validated the numerical model and to analyze the differences between physical
and numerical models results.

3.NUMERICAL MODEL

To solve the governing equations of fluid flow, FLOW-3D solves a modification of the commonly used
Reynolds Average Navier-Stokes (RANS) equations using a finite-volume method. The computational
domain is subdivided into small hexahedral cells. For each cell, average values for the flow parameters
(pressure and velocity) are computed at discrete times using a staggered grid technique. To define the obstacle
within the grid, an algorithm called the fractional area/volume obstacle representation (FAVOR) is used. The
FAVOR method defines the region of a cell that contains an obstacle by its ratio of volume of obstacle to
volume of the cell and the ratio of the obstacle area to the cell face area (4x, Ay, Az). Similarly, the algorithm
to track the free surface termed the modified volume-of-fluid (VOF) method (Hirt and Nichols, 1981)
represents the ratio of fluid within a cell, a full cell has a value of 1.0, an empty cell a value of 0.0 and a
partially filled cell has an intermediate value. The conservation of mass and momentum equations in vector
form with the FAVOR and VOF modification are (Flow-3D):
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where ¢ is the time, u, v, and w are the velocity components along the axes x, y and z, respectively, of a
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Cartesian coordinate system, P is the pressure, p is the density, and Vr is the fractional volume open to the
flow. A, A,, and A. are the fractional areas open to flow along x, y, and z, respectively, g; are body
accelerations along x, y, and z, respectively, and f; are viscous accelerations along x, y, and z, respectively.
The viscous accelerations include the Reynolds stresses.

4 NUMERICAL MODEL IMPLEMENTATION

The geometrical models for PKW structure was produced using AUTOCAD 3D. The entire geometrical
domain in (x, y, z) had the dimensions of 1.0 x 0.86 x 1.0 m. To decrease the required computation time,
variable-sized grid and grid refinement technique was used. Fixed mesh planes were located within the grid
to identify key geometry locations, such as at the crest and upstream and downstream apexes. Constant cell
sizes were used in the region of the weir in the x and y directions. Cell sizes in the x-direction were variable,
increasing in size upstream and downstream of weir. Similarly, the cell size at the top of the weir was fixed
and cells in the z-direction increased in size, vertically up and down form the top of the weir. Figure 1 shows
the numerical model mesh schematic.

variably increasing

constant cell size

variably increasing

set/fixed points

Fig. 1 Numerical model mesh schematic

Although multiblock and/or embedded meshes are an option, a single mesh was chosen to minimize
numerical interpolation and truncation at mesh block boundaries. The smallest grid cell size was 10mm. The
number of cells in a simulation is approximately 500,000. Simulation were usually for 20s of modeled flow
time. Modeling boundaries were set as follow: inlet: stagnation pressure head correlating to the total head
Hr; outlet: outflow; front, back, bottom: wall; and top: pressure boundary = 0 (atmospheric).

For the numerical discretization order of the solution, first order schemes have a long history of being
remarkably accurate, with the exception of swirling flows or long-range wave propagation flows that require
higher orders schemes. While all schemes were investigated, only first order results are reported in this paper.

For turbulence closure, several different models were evaluated, to see their effect on evaluating the
discharge capacity; the k-epsilon renormalized group theory (RNG) and large eddy simulation (LES) models.
However, within the RNG model, there are two options for the user to control the turbulence maximum
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mixing length, which is a physical quantity describing the size of the large energy-containing eddies in a
turbulent flow, one is to allow the dynamic turbulence length to change as a function of flow properties, the
other is for the user to prescribe a set value. For the latter, it is common to set the turbulence length scale to
a certain percentage of a typical dimension of the problem. In this set of runs, a rule of thumb is to choose
7% of the weir height P and 7% of total head Hr.

5.EXPERIMENTAL RESULTS

The discharge, given an upstream total hydraulic head is measured using flux planes, FLOW-3D objects
which allow for the measurement of fluxes, through a prescribed surface, in our case a plane located
downstream of the weir. A comparison of the physical model flow with the numerical model flows show no
clear pattern for the two flows among the RNG models. The LES simulation had the largest relative error
(Table 1). The RNG model with a length scale 0.07P was selected due to simplicity and constant between
the different Hr simulations.

Table 1. Comparison of turbulence models with Hr = 14mm

Turbulence closure RNG RNG RNG LES
dynamic 0.07P 0.07H
Qnumericat (1/5) 9.11 9.17 9.09 9.15
Qphysical (1/ S) 9.256
Relative error (%) -1.57 -0.93 -1.79 -1.14

In order to evaluate if the flow rates obtained in the numerical simulations corresponded to those of the
experimental tests, the relative differences between experimental and numerical discharges were evaluated
(Table 2). Therein, & refers to the relative differences between the experimental flow rate obtained by
Epricum, et al. (2013) and the simulated flow rate on the downstream boundaries for the final time of the
initial simulation.

Table 2. Relative differences between experimental and numerical values of the discharge

HT Qexp | Qnum 6
(mm) ({/s) (%)
14 9.256 9.17 -0.93
25 21.59 22.53 4.35
37 38.56 38.6 0.1
69 77.13 78.53 1.81

An overall good agreement was obtained between the numerical results and the experimental data (Figure
2).

6.CONCLUSION

The purpose of this study was to evaluate the accuracy of the CFD methods and conduct a sensitive
analysis for some different turbulence closures of the model. Excellent agreement was found between the
physical and numerical models. The results of the numerical model indicate that the selected turbulence
models had very little effect on discharge. The comparison of physical numerical model results advocate that
a numerical model can provide a good approximation of the expected discharge. The ability to numerically
model a design or analyzed an existing PKW allows site-specific characteristics to be evaluated without the
construction of a scaled physical model.
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Abstract

Sugarcane plays a vital role in the livelihood of the Okinawa’s people by being one of the main crops that
supports their economy. But, labor shortage and heavy nitrogen losses associated with sugarcane
cultivation in Okinawa have become the major limitations of the industry. Controlled Release Fertilisers
are been recognized by means of its role in optimising the nitrogen (N) use efficiency in crop production,
reducing the environmental impacts due to N leaching and, as a solution for labor scarcity. Therefore, the
study is focused on confirming the effect of Controlled Release Fertilizers for the reduction of nitrogen
leaching from sugarcane fields. A lysimeter study is conducted by using four different treatments; (i) Non-
Vegetation (NV) / No fertilizer application, (ii) Nitrogen-free/Non-N (NN) fertilizer application, (iii)
Urea/Normal Released (NR) fertilizer application, and (iv) Controlled Release (CR) fertilizer application.
Underground drainage of the experimental plots is collected and water samples are analysed for nitrate-N.
Soil water content is measured at 60 cm, 90 cm and 120 cm depths. Growth surveys are conducted and,
stalk height, number of stalks and, number of leaves are measured throughout the growth period and, leaf
area index is calculated. Daily meteorological data on rainfall, maximum and minimum temperatures,
relative humidity, windspeed, and solar radiation are collected. Harvesting surveys would be conducted
and, raw stem weight and the Brix value would be measured. Sugarcane yields related to each treatment
would be measured and compared. The study is an ongoing field experiment and this paper discusses only
about data collected up to 120 days after planting. It is observed that nitrogen leaching from CR plot is
significantly lower than that of NR plot. During the rainfall events, leached nitrate-N amount tends to be
higher than the non-rainfall conditions and, higher soil moisture percentage was observed in the depth of
120 cm for all experimental plots. Growth surveys expressed no significant difference between measured
growth parameters of CR plot and NR plot. The study would be continued to cover full crop cycle and, the
effect of Controlled Release Fertilizer to reduction of the nitrogen leaching in sugarcane fields in Okinawa
would be evaluated.

Key words: Sugarcane cultivation, Nitrogen leaching, Controlled Release Fertilizers
1. Introduction

Sugarcane (Saccharum officinarum) is a perennial grass belongs to family Poaceae, which is cultivated in
tropical and subtropical regions for its juice from which sugar is produced. The global sugarcane
production accounts for about 1.9 billion tonnes per year (AtlasBig, 2018). Currently, one hundred and
twenty-four countries in the world are engaged in sugarcane production where Brazil, India, China,
Thailand, The United States of America, Pakistan, Mexico, The Russian Federation, France and Germany
leads the industry (World Population Review, 2019). Japan is ranked as the 32" largest sugar producer in
the world, as the country produces about 729,000 tonnes of sugarcane per year (World Population Review,
2019). At present, sugarcane production of Japan is limited to the South-western islands, where most of
them are located in the subtropics. Although Okinawa plays a major role in Japan’s sugarcane production,
its’ contribution to the world’s production is not much significant. Therefore, the international
competitiveness of sugarcane production in Okinawa is not much strong, in where the importance of raising
the productivity of sugarcane industry is recognized.

Okinawa’s sugarcane production is frequently affected by typhoons, low temperatures in winter, droughts
in summer and poor soil fertility (Matsuoka, 2006). In addition, labor shortage has also become a severe
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issue due to the aging of famers is advancing and, young generation is not willing to engage in farming
activities emphasizing the importance of finding solutions for labor scarcity. However, still being one of
the major crops, sugarcane plays a vital role by supporting the livelihood of the region. Therefore, a
considerable attention is given by scientists to find out more reliable measures that can be utilized in the
field so that the productivity can be increased.

Although sugarcane cultivation is associated with high levels of nitrogen (N) applications to achieve higher
productivity, it is associated with high N losses and subsequent low N use efficiency (Verburg et al., 2014).
Therefore, sugarcane industry is under big pressure in the case of reducing associated N losses and ensuring
increased N use efficiency. Estimation of the nutrient requirement of crop based on its physiological
conditions and alteration of the nutrient supply rates would provide a considerable advancement in soil
fertility management.

Controlled Release Fertilizers (CRF) therefore have gained a great attention in the sugarcane industry when
addressing above issues of labor shortage and heavy field nitrogen losses (Hara, 2000). CRF provides
nutrients to the crop from the time of its application to the harvesting (Atmodjo, 2018). As nutrients are
released and available in the soil over a long period of time (Yang, Geng, Li, Zhang, & Tian, 2016),
frequent fertilizer applications are not required. By avoiding quick solubility of applied fertilizers and
subsequent nutrient losses (especially nitrogen discharge), CRF contributes well for the reduction of
environmental burden as well (Sempeho, Kim, Mubofu, & Hilonga, 2014). In addition, several field trials
have been conducted to evaluate the behaviour of CRF in sugarcane fields around the world. With respect
to Japan, the institute of Okinawa prefecture and a fertilizer company tried to examine the effect of the
CRF by field experiments of several crop seasons and they confirmed that sugarcane yield obtained by
using CRF is higher than that of using conventional fertilizer (Matsuoka, 2006). In their experiment,
amount of applied nitrogen is the same in all conditions. Therefore, from this point of view, using of CRF
may be a good opportunity to reduce the nitrogen leaching. However, the nitrogen leaching has not been
measured so far.

Considering all those scenarios, we have decided to conduct a field experiment to confirm the effect of
Controlled Release Fertilizers for the reduction of nitrogen leaching from sugarcane fields.

Obijectives of the study:

To quantify the nitrate-N leaching from sugarcane fields with respect to Controlled Release
Fertilizer application and Conventional Fertilizer application

To measure the sugarcane yield with respect to Controlled Release Fertilizers application and
Conventional Fertilizer application

2. Methodology

Ni-18 sugarcane variety is used in the experiment. A lysimeter study is conducted in Tropical Agriculture
Research Front (TARF), Japan International Research Center for Agricultural Sciences (JIRCAS), which
is located in Maezato, Ishigaki, Okinawa. Four different treatments are used; (i) Non-Vegetation (NV) /
No fertilizer application, (ii) Nitrogen-free/ Non-N (NN) fertilizer application, (iii) Urea / Normal-
Released (NR) fertilizer application, and (iv) Controlled-Release (CR) fertilizer application, as described
in Table 1. Soil type of the experimental site belongs to the local soil classification of “Shimajiri Maji”
(Hossain, Ueno, Maeda, & Kawamitsu, 2005).

Four weighing type lysimeters are used for separated field plots where treatments are applied. Dimensions
of the lysimeters are given in Figure 1. Eight plants are planted in each lysimeter in two rows by
maintaining 100 cm inter row space and 40 cm intra row space. Planting density is 2546 plants/10 a. Buffer
stocks with four extra plants are maintained outside each experimental plot to minimize the physical
damage that could be occurred by strong winds.
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Table 1. Fertilization levels used as treatments.

First Fertilization S?C.OHO!
Fertilizer Treatment Beitliztion
N P.Os KO N P.0Os KO
(kg/ha) (kg/ha)
Non-Vegetation (NV) / No fertilizer application 0 0 0 0 0 0
Nitrogen-free/ Non-N (NN) fertilizer application 0 29 42 0 29 42
Urea / Normal-Released (NR) fertilizer application 100 29 42 100 29 42
Controlled-Release (CR) fertilizer application 200 58 83 0 0 0
I 100cm I

200em

Figure 1. Lysimeters installed in the field and lysimeter dimensions

Underground drainage of the experimental plots is collected at the bottom of the lysimeters and water
samples are analysed for nitrate-N. Soil water content is measured at 60 cm, 90 cm and 120 cm depths.
Growth surveys are conducted and, stalk height, number of stalks and, number of leaves would be
measured throughout the growth period and, leaf area index would be calculated. Harvesting surveys would
be conducted and, raw stem weight and the Brix value would be measured. Daily meteorological data on
rainfall, maximum and minimum temperatures, relative humidity, windspeed, and solar radiation are
collected from the weather station located in the TARF research facility. Sugarcane yields related to each
treatment would be measured and compared. Finally, the effect of the Controlled Release Fertilizer to
reduction of the nitrogen leaching in sugarcane fields would be evaluated and compared over nitrogen
leaching due to urea application.

3. Results and discussion

Field planting was done on 16" of April 2019 and inter cultivation practices are carried out throughout the
growing season. First and second fertilizations were done 31 days and 92 days after planting respectively.
The release of N from used Controlled Release fertilizer “Tsuihimeijin” was obtained (Figure 2) based on
the release pattern of the fertilizer. According to the measured data, leached Nitrate-N from lysimeters and
its variation with rainfall are shown in Figure 3 and Figure 4 respectively. And, soil moisture variation
with rainfall is shown in Figure 5. As the study is an ongoing field experiment, this paper discusses only
about data collected up to 120 days after planting.

According to the nitrate-N leaching data, nitrogen leaching from CR treatment applied plot is significantly
lower than that of NR treatment application plot (Figure 3). Although urea is widely used as a nitrogen
fertilizer due to its higher N content (=46%) and low cost, the utilization efficiency of applied urea
fertilizer in a crop field is generally below 50% due to losses of leaching, surface runoff, and vaporization
(Sempeho et al., 2014). According to Figure 2, N release from CR fertilizer reveals a slow release ensuring
reduced amount of N losses to the environment. Observed nitrate-N leaching data confirms above scenario,
as lower leaching losses are associated with CR plot than with NR plot.
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During the rainfall events, it is observed that leached nitrate-N amount tends to be higher than the non-
rainfall conditions. Especially nitrogen is a mobile and volatile compound in high water available
conditions. Therefore, during the periods of high rainfall events (July and August), the leachate was
comprised with more N than in non-rainfall events.
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Figure 2. N release from Controlled-release fertilizer Figure 3. Leached Nitrate-N from lysimeters
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Soil water contents at 60 cm, 90 cm and 120 cm depths of experimental plots were changed with rainfall.
Soil water content at 60 cm and 90 cm depths showed a higher fluctuation with precipitation events while
the same at 120 cm depth displayed a relatively smooth change with precipitation. When consider the soil
moisture variation, higher moisture percentage was observed in the depth of 120 cm for all experimental
plots.

Under the growth survey, stalk height, number of stalks and, number of leaves were measured, leaf area
index was calculated and presented in Figure 6. For both growth surveys conducted up to now, no
significant difference was observed for all considered growth parameters of CR treatment plot and NR
treatment plot.

4. Conclusion

To strengthen the international competitiveness of sugarcane production in Okinawa, it is very much
important to raise the sugarcane productivity. Due to high nitrogen losses associated with sugarcane fields,
sugarcane industry is under big pressure in the case of reducing associated N losses and ensuring increased
N use efficiency. Controlled Release Fertilizers therefore have gained a great attention in the sugarcane
industry when addressing above issues. The study is focused on to quantify the nitrate-N leaching from
sugarcane fields and, to measure the sugarcane yields with respect to Controlled Release Fertilizers
application and Conventional Urea Fertilizer application. According to the results obtained until now, there
is a significant difference between nitrate-N leaching relevant to Controlled Release Fertilizer application
and the urea fertilizer application, though there is no significant difference was observed for considered
growth parameters (stalk height, number of stalks, number of leaves and leaf area index) of both treatments.
Higher moisture percentage was observed in the depth of 120 cm for all experimental plots. Results would
be finalized after collecting data on full crop cycle and, the effect of Controlled Release Fertilizer to
reduction of the nitrogen leaching in sugarcane fields in Okinawa would be evaluated.
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