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Abstract

Abstract

Soil erosion and non-point source pollution are two severe ecological and environ-
mental problems widely existing in watersheds. Different kinds of best or beneficial
management practices (BMPs) should be implemented in a spatial combination way
to promote sustainable development of watershed through controlling runoff, sediment,
and nutrients, etc. The scenario analysis and optimization based on watershed processes
modeling can efficiently and quantitatively evaluate the cost-effectiveness of different
BMP spatial configurations (the so-called BMP scenarios) and therefore is valuable for

decision support of integrated watershed management.

Reasonable spatial configuration among different BMPs (i.e., the optimization of
BMPs’ locations and sizes considering the spatial relationship of BMPs), is needed for
the comprehensive watershed management. In a watershed, the spatial relationship of
BMPs often means the interaction of BMPs implemented in spatial positions at the hill-
slope scale. However, existing methods of the spatial configuration of BMPs normally
determines the spatial units for BMP placement (hereafter called BMP configuration
units) following the boundaries of landuse, soil type, etc., which means that the BMP
configuration units have fixed boundaries and cannot be adjusted during the spatial op-
timization to achieve the optimization of BMPs’ areas (or sizes). Besides, the existing
BMP configuration units often have weak relationships with terrain positions in reality,
and thus cannot effectively represent the spatial relationship between BMPs and spatial

locations with respect to hillslope processes from upstream to downstream.

Aiming at solving the above problems, this thesis proposes a method of using the
slope position units with clear geographical meanings and the characteristic of fuzzy
boundaries as the BMP configuration units and adjusting the unit boundary according
to fuzzy slope position information. Based on the proposed method, a BMP scenario
optimization approach was developed which includes the following three research con-

tents.

(1) A modular and parallelized watershed modeling framework



S G B I C B R B it = 1) e LA T ik

Build on the existing research, this thesis designs and implements a modular and
parallelized watershed modeling framework called SEIMS (short for Spatially Explicit
Integrated Modeling System). Two main features of SEIMS include the flexible mod-
ular structure and multi-level parallel computing middleware (i.e., the two-level par-
allelization strategy at the subbasin level and the basic simulation unit level for the
inside-model parallel computation, and the model level parallel computation). With
the two main features, SEIMS allows users to add their own algorithms in a nearly se-
rial programming manner and construct parallelized watershed models and associated

applications (such as BMP scenario optimization).

(2) Automatic method of deriving fuzzy slope positions based on domain knowl-

edge and data mining

The selected prototype-based inference method in this thesis for deriving fuzzy
slope positions requires extensive user intervention and was implemented in serial pro-
gramming which means low computational efficiency. To overcome these shortcom-
ings, this thesis proposes an automatic method by combing the domain knowledge
(e.g., presetting possible fuzzy membership function types for individual topographic
attribute of each slope position type) and data mining (e.g., fitting the frequency dis-
tribution of each topographic attribute within the candidate area of typical locations
of each slope position type). The computational efficiency of the proposed automatic

method is improved significantly through parallel computing.

(3) BMP scenario optimization method based on the boundary-adaptive slope po-

sition units

Using slope position units as BMP configuration units can well support the rep-
resentation of spatial relationships between BMPs and spatial positions, so as to ef-
fectively utilize the empirical knowledge of BMP configuration derived from the local
experience of integrated watershed management. Also note that positions in the transi-
tion area of two adjacent slope position types on the same hillslope normally have low
similarity values to each slope position types, thus it is reasonable to assign any one type
for these positions to form slope position units used as BMP configuration units. There-

fore, this thesis proposes a dynamic boundary adaptive strategy to adjust the boundary

VI



Abstract

of slope position units during BMP scenario optimization. The elitist non-dominated
sorting genetic algorithm (NSGA-II) is selected as the multi-objective optimization al-
gorithm for BMP scenario optimization which is customized to support the representa-
tion of the proposed dynamic boundary adaptive strategy with slope position units and

the spatial configuration strategy of BMPs.

For evaluating the above-mentioned BMP scenario optimization approach, the
Youwuzhen watershed located in Changting County, Fujian Province was selected as the
case study area to conduct the optimization of spatial configuration among four widely
implemented BMPs in Changting County for ecological restoration and soil and water
conservation, i.e., closing measures, arbor-bush-herb mixed plantation, low-quality for-
est improvement, and orchard improvement. The multi-objective considered in the case
study was to minimize the net cost of the BMP scenario and maximize the reduction rate
of soil erosion. Firstly, a watershed process model of the Youwuzhen watershed was
constructed and calibrated based on SEIMS. Then, the fuzzy slope information of a sim-
ple system of three slope position types (i.e., ridge [or summit], back slope, and valley)
in the study area were extracted by the proposed automatic method. Finally, two ex-
periments of BMP scenario optimization were conducted to evaluate the effectiveness
of the proposed BMP scenario optimization method. The first experiment was for the
comparison between the applications of slope position units with fixed boundary and
three commonly used BMP configuration units (i.e., hydrologic response units [HRUs],
spatially explicit HRUs, and hydrologically connected fields), respectively. The sec-
ond experiment was for the comparison between the applications of slope position units
with fixed boundary and adaptive boundary, respectively. The main conclusions from

the experiment results are as follows.

(1) The proposed BMP scenario optimization method, when takes slope position
units as BMP configuration unit and applies the expert knowledge on the spatial rela-
tionship between BMPs and slope positions along the hillslope, can effectively narrow
the solution space, improve the optimizing efficiency, and obtain BMP scenarios with
geographical and practical meanings. The performance of slope position units was bet-

ter than that of the other three types of BMP configuration units under test.
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(2) The proposed BMP scenario optimization method based on the boundary adap-
tive slope position units can significantly expand the solution space of that based on
slope position units with fixed boundary, and obtain BMP scenarios with better com-
prehensive cost-effectiveness and higher optimizing efficiency.

The BMP scenario optimization approach based on the boundary-adaptive slope
position units proposed in this thesis can also be applied to the BMP scenario optimiza-
tion framework composed of other distributed watershed process models and intelligent

optimization algorithms.

Keywords: Best management practices (or beneficial management practices; BMPs),

Spatial optimization, Spatial configuration units, Fuzzy slope positions, Adaptive bound-

ary
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A PR r) 3R AR ) F3AA R T e Bk 8 ) S R A O R, R iR R B GR iR 42
TF R 5 RUFIA LIRS )7 J& I e s i g ) e AR CRBITY 4%, 2019).

I PR i (Best or Beneficial Management Practices, {##X BMPs) &
TR EEUE A R IR IR vl 3R AR G AR A AT n) R ) B i, VI
CEA TR INE IE AE i I N St — & 51 BMPs, CASEEUXHRIRAR L . Vevb Ais s
YR ks HERRAE AR IS (WPanagopoulos 45, 2012; Arabi %, 2006a;
Turpin %%, 2005; Gitau %%, 2004) . FEHIZ 77 A ad LR, Bl BEHbH] E R
RS VR BT RN B T R4 K BT B

AR, FEFREGE AR, (ASWAT [ Soil and Water Assessment Tool ] ;
Arnold 5%, 1998) HIE B Tt 5 5t 70 B J7 VA M M6 A I 51N B EE B
IR 7K 3 25, 20125 ZRFT 3% 22 2012; Duriancik 2%, 2008; £/ %%, 2007; Yang
2 2007; Bekele Al Nicklow, 2005; Turpin 4%, 2005) , JtH 2 SEREMALEE (4o
NSGA-II [ Non-dominated Sorting Genetic Algorithm I1]; Deb %%, 2002) AHZ5 &)
&AL (AnZhu 2%, 2019; Qin %, 2018; Maringanti 2%, 2011; Veith %%, 2004),
TR T SR S0 BT 7T T VE 0 CRITY% 58, 2019), 1u U EAREZE Jyii i
1 570 M TR B B A AN B el A B T 1 5 (R 22 M s B It 2 i I £
FIAIHEGHE, ASCHEM BMP &5, FHREIE R RIEOK S & R
Tl FROEIA SRR HATRLL, ST REAT A (R Jetb s IS AE D KRN,
ARG H AR R BIFAN AN [F] BMP 15 S AGE A BE Rk as, d kb gk i
R BMP 5 (48), MM ARIEER & 1R BESe R M SR (1.1,

BMP 15 5l & A AR O Dy — RO R IR B T (an-FiRtds, 7K ST
M H.IG [ Hydrologic Response Units, HRUs]) [ZEAE L, 854 & HIHC B TREIE
(HnBENLEC B D KEHL BMPs Jic B 7E 1% 5E 25 (A B0 (RS - TAC & BMP |
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Figure 1.1 Methodological framework of BMP scenario analysis based on watershed

processes modeling. Adapted from Zhu A X et al. (2019).
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BMPIE = 51

B 1.2 REEHEEAARAANARENEEEE (BMP) ZRIEEYR T (WTHE. KXW

RLEST. R B ETHERREHER. WS RAEME BMP BRaH (Zhu 45, 2019)

Figure 1.2 Schematic diagram of spatial discretization of a watershed at different levels (such
as subbasins, hydrologic response units [HRUs], farms, hydrologically connected fields, and

grid cells) and the corresponding best management practice (BMP) scenario examples (Zhu

et al., 2019b).
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ZF[A] BLe G MRy BMP S [H & $o0) A3 3R BMPs 236704 (&]1.2; Zhu 4%,
2019). BMPs BRI E R H D RE . 2 (A A B DL 5 AR PR A Tt 7 (R 4H &
KAMAIRF (Waidler &, 2011; Mudgal %%, 2010; Sahu 1 Gu, 2009; Heathwaite 4,
20000, FETAFEIZEAY BMP 7[R HC & 5 o0 A SR (1) BMP 15 AL TE SR & Ak
AR-EE S VH R AR BR S P A S TR A B E R (Zhu 55, 2019).
I, WAzt BMP 27 (8] iC B 570 AR B ) BMP G B 560 2 BMP # [AJ G B AL AL
TIF 50 18 DR B 1) 8

12 REsEEERERTEEE N AR

e e B B R A N S S A AR S AL (S 4E, 2013;
Panagopoulos %, 2012), H AR gstfbi i St pEdr . ANBVE. B, WiE
NI AR SR T X 4 B — @ WA R 1 s RIS T AR e B R
BHEM . TR VERHE S BA 1R PP R0 B it

BMP 1 SE R St it 250 5 B i) 2 (B A2 & . (R, BMP 23R & (R BMP
fmiit) TERBEMLEAIE., 2 RMMA. DU 4 RIS E T F BMP (¥ ]
A, 1 BMP 1% 575 A SR U BB Qo el 2 AR 22 R RE IR BMP 1% Stk th 255
AR A (i KR TR HIR R A B MU SR B ST RO Bl st (B2 1

i

1.2.1 BMPs Z=[B)HL & X EME 5 A 200

AR BMPs HAAFEMLER . Dhae, @A R K7 G mimsod 22, wn “h
ORI PR AR K BRI B AR
Pevb. BN B RREIEGS 3 Y& & (Waidler 5%, 2011) « 52— BMP Jjfg
5, EHTARMK AR K. B3 RS, B2 R IR
i EFRIIE L. a0, s g 32 B DU ) o s A ok, T T aE
R AN KR, B0 S B (0 B A T Re X ) — R A IR, o
EEXTEDD AT R BAA HUIE I A 2 A 0tk ia 2t K2 b, A ER TR
R A E, KB LIRE MRS & (Heathwaite 55, 2000); T
WA AR A BEOEHHE . (EY7E o6 SR A BRAE t, Ul el g 3
T 2 KRS B 25 PR AR 3R B (Waidler 25, 2011) . K, 7EVRIRZE & VA B
NTIEENerb. B BEHIRIGE H AR, %2 2R BMPs 206500 (WKalcic 4%,

3
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2015b; %<9t [F 45, 2012).

F AR I R A A A R v, HLRIAS R0 ) A A IR B AR E 25 57
itt, BMPs # % BABGERCE M E (WiHsieh 2%, 2010; Perez-Pedini %%, 2005).
wn, IR 90% B R R AETEANE 10% TR b, H 32 B Hp R SRR
X1 (Pionke %%, 1997); X4, ANFEMIEIBAI K ELFEAE, 7£10 E3setbHt
B AR AR T AT AR R, 7 BT A AR o ] gD R IR
(Pennock, 2005).

KL, AR BMPs ¥ [AJC & 237 AE A R A BT 3RS, BMPs 4% [A] i & A LA
PRI 9 BMPs 7% [A] e & 5¢ S MG B AR, Herp, BMPs 25 [A)ic & Ok 5 X f14% BMPs
7 Ao B 5 T AR ALK 5% 5 LA S BMPs 2 [8] (1175 [8] 56 &R

(1) BMPs ZE A7 B 5HFEABAL IR R

Sahu A1 Gu (2009) 1 I SWATAE BRI 1 I j2 2 b [X AP0 255 i ol 2 77 of 7K J5i 14
SN, DN AR ST AT VPR AR O B s R TR G X, R HEDIIE 5 5 2k
A0 & 2 2 B B Y LU R — ] R G X VR BE AR R B 5y Williams 55 (2011) A
FAULE 1R Jiang 55 (2007) YONAHLE LG A, RS B MiE 2 E A B A
BORIAEA G Mudgal 55 (2010) A SAE G B B AT PRI AR IR AN AR 2 47

s

il o

(2) BMPs [IfJZERIKR

7 [A] FAHSRALE B E K BMPs JE AR ILAFER], T/ RA —E R AR
H, X FMER 148 5 R k4T BMPs 25 [AIC & RE% 13 2 AL A0VA BEAK RS (Zhu 55,
2019; F48R 25 2018; H44R, 2017; Qin £, 2018; Wu 2%, 2018; &% 25, 2013;
LRom[E 4%, 2012). ELAnTWu 55 (2018) HR4E B AR HLE #5225 FE AR AR BMP 7% [A] fic &
FLICHIZI AN, HELLBEALEC B BMPs RERS 15 25 & a8 AR IUMRAE . gk [H
FERIAK b PR v B S B S5 1) R AT DX R B IR N SR S VR AR K, T
RO R N DR O E B G, DL YR b S, R S 2 R
BHIIG, #RIHZ M BMPs IS HHEG KR, AWMSEOLRIERR. Blleyd. wb
SR RAERH A (NEsRE 55, 2012; 4N 55, 2010; K& 55,2007, FE
-, 2006; BAAE 25, 1994; EALSE 25, 1993). E13fR A - FRE WS X 5 =Fl
XN LR AR B AR = B, DATHTA BEOAZ O, MRS AS [F] P 1 TR ST A U 22
SEREGRTRL BRI GG WBUORIRITR R, T “LTEIE T, L

4
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Figure 1.3 Schematic diagram of watershed integrated management mode in the third

sub-region of the loess hilly region in the Loess Plateau (Adapted from Cai et al., 2012).

(3) BMPs ReEER

SR ZS ASE ] CBTHARD (¥) BMPs 520 f it FERE AN R, AT S 350 858
R B ZE 5+ o WSahu A1 Gu (2009) X HE 7 e B8 129 i o S T AR A [R] EE A5 (10%
20%- 30%- 50%) [ BMP 1§ St as 22, R AE A LLBILE 30% ~ 50%
IS5 G sk ad s T AR5 Lee 25 (1998) 3@ /N X 5L KL 6 m Al 3 m % [
LA 8% 55 5 P A 2 IR R 20 31l 42% A1 25%;  Hernandez-Santana 25 (2013) %}
AN TAL CBUE - S B A E AR 2 48R BT 1 A2 It Hil ke 5
B, ROV IR 10% K3 Ao 2 A R, RELE /NG TR R
N PRAF B AR H R RY

5 b, BMPs 7 [AJJC 2 38 16 AN [7] b T 355 067 R 2 0 2 23 57 B REA T (1 22 Fof
BMH%%@N@%E(%%%J%ﬂOBW%%@EE%%%W@REL%
BMPs 7 [0 &, 85 E R IR AN [R5 6 FE B AH R BMPs, AT % B
AIRAE, XFE IR A48 € BMP 25 [HC & socid . ik, BMPs
2L E X R (AL BMPs Bt B A7 B 1 BMPs [8] 45 [0 96 R Mt B A (AREL
N A B TCIA SR ) f2 BMP fl st B ih SRk i 14 55 55 18 ) O i [ Rt
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1.2.2 EFREGEREELR BMP o R E

URTPTR , AR EE A 16 B R T 7 2780 75 1§ BMPs 7 [H]iC B 0 R X C B
A, AR LE IR B AT o JRTM, SEFR/E sp ] GRS S it 5 — Fh i
SR TR, T U RO B AR Ak BRI S A i B A T T e
PRI B TS PPl S [E 1 S B RIEE BELR A AR, O SRR B
IEMEE T (E1.1; RFIX % 2019; Duinker £l Greig, 2007; Veith 25, 2004).

1.2.2.1 BMP [BEMEEBZIEMN

BMP 15 5% 25 G 35 i PPN 8 G048 20 05 838 PPN FI R B2 34 2 VAN
(1) BMP ERRZF 28 PP
Z0F Rt AT BMPs @ IR4E A M A THINAR A (R 45, 2013),

& BMP 1% 5t (B AL R 73, H ARy BMP 1 SR B B2 — (Srivas-
tava %5, 2003) o H T ARFEFIREF 2 KBKTFAR, 7EKEE ML
FRHL BMPs 45 30 s Hdfs T 200 RGE PPN RE A, (K1 bk 22 B0 78 35 SR FH 147 B
AU 2 R BOHAT I (Zhu 2%, 2019; Qin 2%, 2018; Qi 1 Altinakar, 2011; Gitau 2%,
2004).

(2) BMP EREITR R4

BMP 1% 5t 58 R0 08 AL FE LI IR . ARV B . 55 (A
B W) HIEERZE, HAFN 70 NAEHIRRE (WGeng %5, 2015; Gitau 47,
2004). &K FEEL (WWhite 1 Arnold, 2009) F1Z I H FERLHLIE (A0Wu £,
2014; Bracmort 2§, 2006; Mufioz-Carpena 2, 1999; Lowrance %%, 1998).

2056 F) R R 3k B R A1 BT ML 2 56wl A BT SRR EE A BMPs 5 BAT IR
Terb Jis B a5 B HI RS, WiGitau 55 (2004) BRI T8 AT 2 4 s b s A 2 T
(RTHIRE  38%, A5 v SR A e 1) BB I B 3 P /K S L3 AR Ak . 42
6 R R A P T B, (R AR ML, R R X 0] B R AT MR 1 RS
FRL N FH 8 25 SRS s M 1 e 75, TR s Wild AT Davis (2009) 221 FE BMPs 233 1
YIS 2 FE K ST N B0 G AR BE R 3 ATRFALE 1A A& S — (R AR R A

256 7 R RDR H 5 3R B S B B 4 56 5 R BMPs BRI, W
SWAT 2009 A % vy R o v B TUJ2 H SRR 2 FTVESMODAR &Y. (Vege-
tative Filter Strip Modeling System; Mufioz-Carpena 2%, 1999) ) i WA I Kk Hs 2


https://abe.ufl.edu/faculty/carpena/vfsmod/

R

4ok R FI) (White A1 Arnold, 2009) .

Z W B RS SOR] 73 N4 B ek AR R Y 2 B0 A S s B Y
A A E I B BMP 17 (8] A7 B 1) B0 R AH S 2 2058 BMP it i 14
FMA RN, WiBracmort 5% (2006) B USWATHAL CH_COV. CH_EROD
CH N(2) ZHUED “ 5 ” (Grassed waterway) W INVAE R 5 . FAARIA I A] frhoid: |
bR ye TE A AR L B D RE, 2R I8 SWATHALLIT A BMP 15 st 858 . S A4 B
BIRNE NS X BMP 3 & KO RS Rt R, SRS AT E@e,
HARMIENE, WVFSMOD. REMM (Riparian Ecosystem Management Model,
Lowrance %, 1998) %%, iX SE5 8 F TR & BMP 18 St i il F ff 2o H 5
I FEAR Y (UISWAT . AGNPS [ AGricultural Non-Point Source Pollution Model;
Young %, 1989 ]. AnnAGNPS [ Annualized AGNPS; Bingner fl Theurer, 2001 ])
HEATHES (dnPark 2%, 2011; Ryu 2%, 2011; Liu 2%, 2007; Yuan 4, 2007).

PRt 44 BMP 15 5 F A B PR B ATt e i A, DR fiist

— e,
1222 RigidFiEER

I R AR AR OK ST Rl AR RO IE S A B SR I R )
A B Rk, 4 U R K IS Bl 2 ) AR A e 70 B i 3 F2 4% 8) A2 A 22 i g
REAFERE, T AR, 20 A M 4 oA AR

R AR (W22 VIR i FRARR Y, UK T BT 2% 1 10 2 ) St o PR AT
By N £ 25 18] 49 A1 J H AN S VR RIS IR R S e, A AN A o — A
BEAREAT AR, THE B B — RO IR A A A, AHR TE R AR I 2 ) % )
SIARRHE,  BEI TGRS T 30 S A ARG T ISR (205, 2017).

2= o A OB B R A K SO R Bt (HRUs) AR NBELLIG, 50 P
A, AFBRITEKIRK#RIEE), BAA €Ny, BRI S8
SE JG AR AU AE R, WISWAT . AGNPSHEEAY S,

Ao AR 2 DMHE (Grid) B (Patch) {ENBEALHTG, @ vim
FEEIERITHZ H, BASHIR L, BREER, TERERSHEURIE T,
IIDHSVM (Distributed Hydrology-Soil-Vegetation Model; Wigmosta %, 2002) .
RHESSys (Regional Hydro-Ecologic Simulation System; Tague #! Band, 2004) #5


https://swat.tamu.edu/
https://swat.tamu.edu/
https://abe.ufl.edu/faculty/carpena/vfsmod/
http://sacs.cpes.peachnet.edu/remm/remmoldwww/default.htm
https://swat.tamu.edu/
http://go.usa.gov/KFO
https://www.nrcs.usda.gov/wps/portal/nrcs/detailfull/national/water/manage/hydrology/?cid=stelprdb1043529
https://swat.tamu.edu/
http://go.usa.gov/KFO
https://dhsvm.pnnl.gov/
http://fiesta.bren.ucsb.edu/~rhessys/index.html
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A () BMP 15 5 70 8 SARALHIE 78 v 22 5K 2 23 A SO0 B AR (S WATD,
2 23 A 2B R A H R T (CAISWATH ) HRUSs )[R 9) J5 R B A2 Ik R 41 048
JIA G, HECMAIL BMPs Z [R5 HAEH (Arnold %, 20100, #T4EK, SWATHE
RIGRIN Y 2 18] B SCIC M 89%, 10 Landscape-SWAT (Volk 2%, 2007) . Grid-SWAT
(Rathjens £, 2015) M SWAT+ (Bieger %5, 2017), i E4 T —E /iR 2 E# T
FMEAEFHRIRE T . Bk, BeO% A2 RS R A T 8 B 7 1 R A0 (A
ZET5 5, 2004)  KEYIBLILTTIEAT BMP 175 5% (100 7 [ 4 4 A 2t it FE AR A 2
BMP PR AT BT R R R O AR B e 3 (Gaddis 5%, 2014; R 55, 2013).

TR AN [F) A 961X 45 L AR € 1 AR R AR 22 FE AL IR BMPs R 28 % AR
T, F— (R IRt R A TR I A LA TR AR SR (Knes, 2015); [HIB, ¥
SRR R A R R SRR T 2 TR s O AR 1 A b 2R A
i . . BRSO MRk, SBURBUE @SR
SRR, T3 = R R AR R T R 2 B2 O (Liu %%, 2016a)
Pk, FE—ARGE. S W R, B s R BRI R Gk
LR R (Liu 2%, 2018b; %1% & £, 2015; Kneis, 2015),

MBS EEHAESE (Environmental Modeling Framework, EMF) AN Fid 7 sk
At T %814 (Formetta 2%, 2014; David %%, 2013; Wagener %%, 2001) . 3# ¥R
155 R MHE B A R A I LAY 8 SC T WA AE B A e 11, OB RAFIFRA M. R
YRR AT R, 1R 2 RIS U U AR 3] 772 R, WESMF (Earth System
Modeling Framework; Hill %%, 2004). OpenMI (Open Modeling Interface; Moore #/l

7

Tindall, 2005 ) FICSDMS ( Community Surface Dynamics Modeling System; Peckham
55,2013) &5 X 20 FH PR S ASURE R 6 A ST AR ] 1 s A8 HL AR AR AT
THE SRR, WS (Hill 55, 2004). {H2, @A EELE £ 22 A
WA RS Bevt, TG X 2 () S 2 At sl i A A (IR S ) AT HE B S, 1 HL
WA DR B HT A P T & 8 H A (Kneis, 2015).

TR R AR 22 2 & B R R AR ) — SRR AR 4, W B R
wEPEL AT EE MR P A SRR A5 (Buahin AT Horsburgh, 2018; Kneis, 2015;
David 4%, 2013) . HAKTMI S, SRR KR SEE O D RHERXN R
B AR, SR RUERISEE O, 7Y RETIEIEE, 2) DUE R T N %


https://swat.tamu.edu/
https://swat.tamu.edu/
https://swat.tamu.edu/
https://swat.tamu.edu/software/plus/
https://www.earthsystemcog.org/projects/esmf/
https://www.openmi.org/
https://csdms.colorado.edu/wiki/Main_Page

R

LA I e R A AU L 58 R o AT 55 3D JRT fE 22 M KR ERE 22 S B (1)
AT, ARAbgs F P R R O DR BEPOETT K 4) SRAMESE R IR AT A
o (EUSTIRED) A AL IEAT G AR 4015 A] SC I I EAT I B0 B A 1 T K
OMS3 (Object Modeling System 3; Formetta %5, 2014; David %%, 2013) FIECHSE
(Eco-Hydrological Simulation Environment; Kneis, 2015) 21X JS it 8 i3 AR AHE 2 1)
AL .

B2, BIARSGEBHEZE 2 00 T @R RIS 1E, X AT IERERIE EA L
EE T, OMS3K I BEHAL 25 K AN [RI A4 13 R A ZH 20 A i B (David
%%,2013); ECHSER £ A A8 50 (UnFIdsk. i, 170 . i Agil s )
B AS [F] AT B, A 0 G 556 B ) 28 = FIABEUL 7778 (Kneis, 2015)
TX O HE B o [R] I PR AT AN B A T SRR SRS PR i 1 2o R A e 2 () B e S
X RARSEBIFAT IR, B2 RHEENAAR 2 LA IETTVESSI, 1 OpenMP
(Open Multi-Processing) . OpenMP &L Z N fEHLAE 2 R HATIH R FHL K
PRt FH w282 10 (Application Programming Interface, APD), {#f4miFae4
R T BT HAT ARG X 3, (Chapman 45, 2007) » IXFhEEFILZNFH 22
FEIEAT gAY o e 0 MR B B4 R PR e A KN AF AT i B &, W
SMP (Symmetric MultiProcessing) 2E#¥, [Flith, PR 77X Loyt @ B L i) ml 4™
Bt (Wenderholm, 2005).

AR, RS TG R, AR T 2R 2R A SMP
RN WAL AT TH R RE T IFAT LRI (Liu 5%, 2016a; Yalew 5%, 2013;
Wang %%, 2011, 2013a,b; Vivoni %5, 2011) , {H 4G B4 3 7 dak 8 AR HE 22 ob (1 B
TCo IXLEFRAT ARG S AE T MBS AL (Liu 2%, 2016a; Yalew 2%, 2013;
Vivoni 2%, 2011) BRI 24 B B4k (Wang 45, 2013b) BIFERE E#E4T IF474E 551
B, R BEAEEEE T (Message Passing Interface, MPI) ZmfEs sl MPI Al
OpenMP VR &3 (Liu 4%, 2016a) SEIUFFATUHE . (H2, XEEIHAT SRR IEH
W R 2 HIIEAT ARy, it SIS AT RS R E ANEEE 5SS (Liu 4%,
2016a; Wang 4%, 2013b), XFF 7 AT S AR e 0 ERE . [, | IR F4T 5
W& 22 9 E I R B VT, TR RE BAAR Y T AN B TR AR AR R
DAY R IR T Id AR AR . X SRR AR IIHTRIE LR HIBT 7R (WK
R ML I B IEAT A U O R AR R S i T I AR A KR SR, R


https://alm.engr.colostate.edu/cb/wiki/16961
http://echse.github.io/
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A R AL T P i A R R A s SORAT SRR AR 5 5 1 B
BB A OV B R

Gk b (RS — A B B AR B S FL S R R AT T SR Vi
HEZE, LURIE 2 FOF T S0T & R BB OHGETF R /2 BMP fi5 5>
i e BRI R R

1.2.2.3 BMP [BEEoHhRMKL

BMP 1% 570 1 RARAG 7 R S0RT 43 g i T S B U DX VR 0 PR 18 55 23 i D7 VR A
BRI SR T
BT R DX VR 1 1 S A BT AE DGR E X IRt p = il s 5 ™ X 3D
7] (Chen 4, 2012; Renschler 1 Lee, 2005; Ji £F- 2§, 2005; Berry 4, 2003, 2005)
Eml b, TR ARSI E A F () BMP 1% 5t VR0 LRI R0 6 RN 48 57 AL
, HEMHEAL (Parajuli 2%, 2008; Dickinson 2%, 1990; Heatwole %%, 1987). %7
VT BRI ST IX A s A izt BMPs A3 5P IO ER AR, H2% 1& 1K) BMP 1% 500 TR
FIRES ZME — B AR T &, RN 8 T A S FE T
B REAR AL S I S AL R AE BMP 25 [A)C & eoe R 2 M SE Rt F, MR AR
7 RITC B SRS H B4 e 9146 BMP 155 (1.1 B1.2), £Fxf44 BMP 1
FOSAT RIS RS AR BMPs 55 AR VP AR AL, R A Re b SiE (gt fe
HED) AERASHAR (Gitau 55, 2004) BLZANHbR (U125 FEFRET a8 M4 5 34 aa 1
R K513 N REATOEE, TS B CAE (F8) (Wu 55, 2018; Kalcic 5%,
2015b; Chang %, 2007; Veith 2%, 2004; Srivastava 2, 2003). . HFrEALHIME R A
—A, M2 B AR A 2 R AL R4, FROMIEBL Pareto S A1 fif 4R
(HBef 5, 2011), ATl Pareto St 7E L H AR o 25072 0] v 7E 38 22 X 4k
351 72k (B Pareto LRIV LIRS (Unl&l1.4; Chiang 5%, 2014; Maringanti
55, 2011) o ZITVERRMEAE UL AR A (8] o B B SR, IRA SV H A A 1 A
£, 72 BMP 1§50 A B 78 BirvR AR R 7 1]
BMP 1% 5 H a4 IR EE (AR SCFR N BMP 25 [ B B 5R IS ) & BMP 155tk
R DR 1) — o FLHAR 5T 2 A6 P B AL & g, EPBEALE R BMPs Hc B 7E
BMP # AL E $oc b, e EN AL B3kl (dnveith 5%, 2004; Srivastava
2:,2003). {HIE, EREHLACE RIS N, BMP S b i R mR ok, Hitfe
132¥) BMP 15 5t AT REAEE AT & LR S B AR . WG, Aok

10
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Figure 1.4 Schematic diagram of near-optimal Pareto solutions derived from multi-objective

optimization of BMP scenarios

FEN S R B S 45 A4 H O BTG B SRS, B AR IS A AL %25 BMPs
i HSE A E #9C (Liu 2%, 2016b; Hsieh 25, 2010) 5k & BMPs & Bt & 4%
3 . HFRIRAS . B H%E; Yang F1 Best, 2015; Shen %5, 2013) )34t
k., 7E£ BMP 7% |8 B f o6 EREHLAC B nTi% ) BMPs, ATIA &8¢ s T BMP 1% 5t
AT SR R B R AR E I A B . E2, BRI B S A0 o i B s 35 A
H— BMP ¥ []ic B o6 ERIBCE NG, JoiE5 RS BMPs FRILE K R .

Wu 5 (2018) H RKAE BMP 7 [H]iC B R i % & 7 BMP SR E X R, HIAH
< BMP 7 [H] Fic & 5 70 1) BMPs BC & 29 AN —— 2R — ML E 7 BMP, U]
5 HARAT I LU R R E BMP, Rz, JUARYE FAR AR 1 Ui b b i) L 1 R
R B L OB B S B BMP. {Hag, XM SRS ok AR I REZ 3 B
T LR BMPs ERBCE LR (WEE1.2.175). kA, Wu %5 (2018) HIHfF 72 K 7E BMP
TSR SRR T N R T X B SRR, 1 I ARAE AR A I AR OB BMP 15 5
AR I A R, R T R SR AT B AR AL R SE AT & 4 B SRS (Zhu 57,
2019; 2H%, 2014).

1.2.2.4 BMP BT ERER

HH AT RIS AR N A (B S UM 2 M [ Zhan 25, 2013 14
SR EFNZHE [ Zhang 2, 2013; Rouholahnejad 2%, 20127 28) 25{el, BMP & 5L
W7 R F AT RIS B A, AR AR AN 45 SR PEA AN [] BMP 15 5% (1 PR 855 2% 2
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HRATIEARIEM (Qin %5, 2018). ik, BMP &S fb@ it H LR, FE
REMIFEZE, BT IR AIE AT i REFE SR BOREL 2 J LA B[] (Arabi 5%,
2006a). Anfa4 s BMP 5 st AL TR AR 2 BRI 2 B e & 1 o0, HE
PR T R =R R
S L Dy 3 T B A R I AR A AT BMP 15 55 (1 PR S5 20 35 TP
o W1222%FTER, 28X BMPs 925 7] Ac B A4 75 224 A Q7 i FE A
RO PR AT A A 2, TSR AE B A — e i k. BReRA
FATUF IR R B R SRR AN (PENL1.2.2.2%0), A RFFCEIEIE AT/ BT e L
BMP 1% 5 NSO FEEAY, MR 4R A 25 SR TR EE LA (Surrogate models;
Sreekanth I Datta, 2011) 54X} BMP %5 [A]fC & B0 EAFIFPIE BMPs 1 iHIA5E
AR E (Maringanti 2%, 2009, 2011; Gitau 25, 2004), L E AL BMP 1 516
b BB IE AT TS R B AT IR B AR VAN, AT AR BRI T BMP 1% 500N
it E e, $25 T BMP B LRE (Sreekanth Al Datta, 2011; Maringanti 2,
2009). fHJ2, ARBARY LA H L /722 XA [F] BMP 1% 5t T 5 A4 72 m )3 1)
fafbgik, ¥y BMP & SIS NBE Z HIAHIE M (Sreekanth A1 Datta, 2011).

5 M SRR e BB S e AR I R R AL S, DA BMP S s AR
AR, AT o R A RSB AT B, IR B S AR M H .
HHEEE (nid A2 5% Holland, 1975) U5 KAE BMP 2 [A]ic & LT 70 45 3
Tz M A (4nQin 5, 2018; Maringanti Z5, 2009; Gitau Z5, 2004; Veith Z5, 2004;
Srivastava &, 2002) . UL FNEN FEDTONMBENIAGAG . BB A IS LR VE A
PARG I e, A8 X AR SR AR AR BT — AU B R R A R R 2k A
(Deb 4%, 2002) o % & REAL AL B35 ¥ ok DA4i /MR B R s i) TR
BT Pareto S AE N B AR, KRBT NPUKTT -

1 BerE i BMP 75 (8] e B 55 W& I 5 208030 46 0 A0 -1 A8 4 AR
CBIAZ XANAS ) 1, 4nfE BMP i st it foin N & 5 R 1 B o] B
BN RN, AR E AR, AT RMIRMRmE GF
W.1.2.2.37; Zhu %%, 2019; Qin %%, 2018; Wu 2%, 2018; Pyo %%, 2017);

2)  AMEARAL I R T, WCibin A1 Chaubey (2015) #4318 BMP 5 54k
1] R 73 IR0 3582 U T I 3 e R A 2 A AL R e A R I 3 2 VK T
EREL MR, TR T R 5 o AR AR A A8 4T
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R

3 MRACE ARG M, R EVES L (s XS AR R AR R
FERANE WONEERIRINE S BMP 15 Sou R Qe phdr, 1ENFE
AR &, DR RN A2 B A e 1) ] s odE o B &R 7 2, e
PRAR SR ISR T 1D 4 S i 5 (] 98 2B A b T JR 0 2 (198 % (Chen
2,2015);

4) MRS ENITE, WTE AR M A b B & RS PP
AL 5L (NSGA-TT[ Deb %%, 2002 1, PSO [ Particle Swarm Optimization;
Kennedy 1 Eberhart, 2001 ], AMS [ Adaptive Metropolis Search; Haario
4:,2001] , Al DE [ Differential Evolution; Storn Al Price, 19971 ) ¥
AMALGAM J77% (MultiALgorithm Genetically Adaptive Method; Vrugt
#1 Robinson, 2007) FLHANFIEMILL AL ZE = (Cibin 1 Chaubey, 2015;
Vrugt Al Robinson, 2007).

55 = FhE i BMP 15 St AL IR T 0% 1 S R AE R R R 5N
HATTHE (58 %5, 2013, 2016; Cibin £1 Chaubey, 2015). BMP #5544k, FIH
IS R AN A [F] BMP 15 5 AT IR SRR VPN AR FLAS, B A i ] I
frik, JEIE 3 NEIEAT RIS LE TR AT SR BE L IR R B ISR LU AE 8 ~ 256 1% (P
R AR HD JEE PN T EEn s L CRHF 25, 2016).

FESBRE T, X LR E BMP 1 St T RCR I BB A 2 B R, B
b, Al S5 2 EE 22 ol g R SR T R O R T 5T

123 BMPIERSHHXAR BMP ZTEEEE T

BMP 7 [A]ic B #.7o i 8 B e BMP i & SRS 11T, A2 BMP 18 5¢
PACRIAT RN TSGR AN SE B St 1) W #R A PESE (Zha 5%, 2019) » HET, ©
A7 2 MAN R RUE TR BRI 320 2 1) B8 A A B8 e a8 F T BMIP 1% 53¢ 20 A S AR AT
(E1.2), tFiis (Qiu £, 2018; Yang £l Best, 2015; Chichakly %, 2013; Chang
4%, 2007)+ HRUs (Panagopoulos %5, 2012; Maringanti 2%, 2011; Rodriguez %%, 2011).
43 (Kalcic 5%, 2015b; Gitau 5%, 2004) LA B AT ETF i R (Wu 5%, 2018)

.
2

I A N R A S P L ST R s ) B T, P AT 4k 4 B B
AR R B2 8] B0, 1 HRUs Figis s (E1.2). Fitk, B FiiEsiE =
(8] 523 BMPs 125 [ fic & B st TAnS, HAGE A T Frik BMPs 75 -F 7 N 56
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FROTEEAE S0 A o B TS 8 LAIBEFE (4T Yang A1 Best, 2015) . [AIAS, AH AR S
NRBERZS 6] 37T, K FIsAE A BMP 23 [A)ic & 2 5 7T DAZE /N BMP 15 5616
MRS, NIRRT A . SR, FImIsee e e T A1
TR PN R L B 2 R s ) 2 30 BMPs (157 (1Qin %%, 2018; Mudgal %%, 2010;
Jiang %%, 2007).

HRU @ R4 T HF A BRI LR (2 N3 5 200 75T A 36
K53 43 2 1 T B K SO S35 — 1 23 [ 576 . HRUSs /& SWATH R [ 5 A1),
TG, Bk, NTT RS, 2 A0 T SWATHLAY ¥ 15 55 4 BTt 78 H 82K F HRU .5
8 BMP 25|81 e B 70, B4, S HRU HnfEAE 2 25 ) g ik, BVAT AE ) i
SMARTEYL I _E A2 AN MR BB, 1724 HRUSs £ 93 i = AN AR B A (B -4
F SRR 5 7 s R 1) e N T AR LU 382 AR (8 b ) 2 28 1) fe /N T AR
EAP RN B 43 o 328 e/ NTRIAR B9 ;- Arnold 25, 1998) R[HIES A 0%
HRUs $cHE Z R 2 RB ), AR R 2E 54 (Armold 55, 2010). HAR
BB AE%E HRUs %2> B e 56/ HRUs $i, 32 A v B AU B 10 T SRR,
EHANEH MR RE ST R E FERUN 2. £ HRUs 1) BMP
T RAAT B 1 B R AR AT RE A &) St AE I s IR b, BRI, iR,
/£ 25 ) 2. 2 BMPs ()15 5704 48 F HRUs 1524 BMP %5 Al Bt & # ot th 2 R A1
(Fr. 1 H, SWATHLAR ) HRUs Boo ARG 206 L RFER R, okl B
HRU Pt & (1) BMP %} N HRU {52 (Arnold %%, 2010), [KIIHTEV:{E BMP 1%
s TR AT BMPs 25 [ AC B H % AR (Qin 4%, 2018; Wu 5%, 2018).

N T4 BMP 16 5 S BRIt i T R AETE, AT EECR R B ITEN
BMP 7 [AIELE Ho6 (Kalcic 45, 2015b; Gitau %5, 2004) . i, AHF AL
F FH AR 375300 T80 B 205 99 1) = R /1 3 78 26 Hh B e ) 29 4 i) 5 =X
HRUs /£ 5 BMP %5 [A] it B ¥ 70 (Teshager 2%, 2016; Kalcic %%, 2015a), X%t BMP
7% [ B R T R AR B B8 R /- b 7 6 SR AE A3 ) e — — XS REf), AT BAGE
Frovas a2 3 HRUs (Teshager 2%, 2016). 5454545 (A & #L¥) HRUs ML, T
23 [A) 430 HRUs (19 BMP 1% SUW I B g i (kg3 LHAE IS SE) R
PR SRR P ER AR . [, RS 2 20 HRUS 38 % 2008 7 50 o R T
AR, FE R — T IX K 4 (1 B e B b s TR B i HRU's /b, PRtk B B AR A0 3L
R (Zhu %, 2019; Teshager 2, 2016; Kalcic 2%, 2015b). {HS&, #¥[A&E X HRUs 2
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R

TS IR AT s e ] B R IOR &R, ANREAT RRE BMPs 7 (8] BiE B 1Y) & KX
IR (4nQin £5, 2018; Wu Z%, 2018).

Wu 55 (2018) $2 HH i R FH PRI 1) P 28 n A B I B 1T TR & 1
ety BMP (A B 270, 304 BMP 23 AT B (1% 5 IR % s 2235 A AT
Boo B MG E AN T BMP &5k, Bl WlR— i E - BMP, )
5 HAHAT M s R TR E BMP; Rz, JUARYE AR AT 1 it b i) L 1 R
T B AL I BTG O B BMP. 1B 50 1 0K BMPs 2 A (125 101 56 RN T
BMP 1 5eA A6 o DA = PR AR AR I 25 G BRI AR . (H2, i FlithiR
() 1 RO R AR TE AN TR EURIE T i g 1, [R]— R AT Re 2205 2 4
TR B R R 2 A TGO DR, 12057250 43t e 5 b JE o7 1) 2
100 AR5, A DL G PRI I b SRS FR I LRI R, DR AT LA S5OF
I g A i BR P i BMP S AR B 256 500 (ILE51.2.1°).

AR, MR HRUs BUCRA B R IEC & 10 M H e 35w RO | (1
BFhRe ot (R E SRR A R ERThRE R T0) R AR /N B L 2 2 A
#% (Gaddis %, 2014; Limbrunner %%, 2013; Perez-Pedini %, 2005) i, JUIA] BL v i
PR, SR, B TaX R BMP ARG E TR BMP & SR A B R
THEEERIRAEWEL (Gaddis 5%, 2014). FTLA, 1XFh BMP =¥ [AIfC B # oo (0dE H
FAE/NRIE N 5 & —Fh BMP {15 St AL FC (Limbrunner %%, 2013; Perez-Pedini
45,2005), [RIILTE FEZ R BMPs (¥ 52 bRomt s 22 w4 v SZBR .

gi b, BLAAT BMP 2% H)AC B o) o 32 LR A L R R AR T AN Y
M G E, BAERE SRR P A R AR AL, TR AN [F] BMP G 2 TR 1203
Z SN Aeilid BB BMP (AR RS B9 G E S o AR LL ] (WiKaini
%, 2012; Sahu H1 Gu, 2009), EA[FH)Fiti. HRU 7075 SR EHEAIL (Wang
£, 2016; Arabi 5%, 2006b), KEEMAC B B ICIL A BRI AT K, L3 BMP it
BRI . thsh, DA BMP 25 S & focil 5L e R, 1R
MERBLITE b E AR R B EC R, Bk, AT BMP 25 (8] d & foo k4 vk
REEIRIFIADL BMPs 2 AIFLE < &, [FIRHEABE G R0 2 B B AR i K .
124 NG

Xt E P it (BMPs) 25 (A BT FEBVIRIHEAT B 45, a3k

45k



HETI0 G 8 3 I C LA R R B it ) B AU T

(1) TG R BMP 5= ULkt Juks gipgbliiiisinT BMP 1 5t
I R, i et R R 5 T A 220 1 A A% I R AT T B P ) A 18] A, T HL
HAT R B el R S5 LSCRF 2 AL IR oK A, st A
YA B AL TR SRR S 2 B TH R SRR 1 R IFAT IR
ISCHE LA e BMP 1 A RCR . HAT, 8z — 4] DU 2 LR R B A
RREERAG S L AR A FR MR R 2 180 S Rp AT T S T A A 2

(2) B BMP % 8] it B 5 oc k7038 W 32 ) T LA i LR AR R
CA PRI, A E, HAE BMP IR R AR AR . — 5, 14
FI8 %€ 1) BMP 2% 8] it B 5 CIE W 5 B A QR B, A DL B A B i E
AR BN OC R, AT RO A SR S ia B SC R 1) BMP 22 R i &
I AR; J3 I, BV BMP 1§ St R 58 1 R0 5 e 1) A () il B o
Jo_EBCE BMP #58 L AL& T R, 1 2 1 R R R ——
ENASEE—Frii KA BMP BB mARKIAAL, RIASAE N2 8] i B e il 5t B
(1 £8P % SE P BMP ic B ITARRAL .

1.3 #fzio)Rn

S B ERR T, AR SRR TR R o] 48 2 T R = R 3 A
AL R 34T BMP 5 ALK EHESE T, BEit BMP 25 e B H.o0 KX
FARLE) BMP BC & 5KHG, SKB BMP % (6] e & ool A ah &, A Rob Rl
1 b EH AR R R BRI A AR SE & i B S BMP A5 [RI B B 22 50 R,
MM & ROt HEAT BMP 55404k .

1.4 EAKRBRg

AT e IR A o) A B A R B A T

(1) Bl BMP 25 ] it B 90336 5 1R 30 58 2458, B S A E
TENAHREL T, M B N 7 H IR, R SR S AR,
ANME 5 3 T R FR B RO R B REE (Geng %%, 2017; Mudgal 4%, 2010; Ruhe,
1960, H 5¥igsssia B2 b e PR 3 - BMP ic B 1) 2 18] S e S A
X N —— IR L5 B i B 20H AR I AN [/] BMPs £E A [F] 35 A7 B e [] 1) 4 [B] 40 &
(ZE5 [ 25, 2012) 0 B, WRASSAL B I0HE Dy BMP 2[R EC & 50, ST G E
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B BMP. AFEALEAARBIZIEE, ARSI f ookl A2 AN TgeX, 8
LN ERIA T4, AR ISR & R B S TR O B BMPs 2 8] G &
KAKIH. BMP 28] HCE oo bl 4840 0 A AN 2 i B (Patch) Bl
1% (Grid) 970 A AP R A R S AU ST, 1508 “ - fr - A
BT R R R R A

_ D C
E
G
TR
£
7’7' AP
%
% [z ~
/=N W
>L4~|e\{
IR H WAL EAREIETT

B 1.5 “BmE-Ei-EARNET” BRRUS R

Figure 1.5 Schematic diagram of the delineation of hillslope-slope position-basic simulation

units

(2) EARF PRI, 7RI A 3 T B T AR A SRR S T I, T A e ks
A2 (AEAS . 3 A ES f (MacMillan %5, 20000, {F5 BMP %% 6] Bt & 5T
I AT RS B S (Tomer 2%, 2013; Mudgal 2%, 2010; Sahu 1 Gu,
2009; Wang %, 2008; Berry %, 2005; Goddard, 2005; Pennock, 2005; MacMillan £,
1999) o X F-HALI 25 (TR R,  H 250t % 43 A 8 G A O B E SR U
WAL S (Qin £, 2009; ZR/K & 45, 2007) R TEEZE ., Kk, AIF| K
WAL AF B SRR AL B e ARG A R AT 1 R B A

(3) K ARG HA L 45 K I R B A 28 B AT RGP I W] 4 R AN 5 4E 47 1 (David
& 2013; Peckham %%, 2013; Leavesley %5, 2006), 7EtFERE FAE % AW 7T 4t
o R S S AR A A (K AT AL SRS B IRAT TR A, 0P R - R AL
TCRUZFFAT S (Liu 5%, 2014, 2016a), AIREBIHU. HAT RIS BIHESE
DASEHE e P R v g AR R 1) BRI )T o RIS, A2 2 IR AT A i I
TS (Zhao %%, 2013) 5 MPI (Zhang %5, 2013) SEEl JF 384 % I i
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MEZE

PRl , PR v R O A SRR A R ) Al b, DASBA B TC A 9 BMP
AN E T, @A — BT BT SR B T T8 L B RLY) BMP 155 H 3
AR, IR RIA 1) BMP 2% (A & 5 oo S AR ), % PR
BB A R EE AR S FEE BMP 1550, B3, madidtiT BMP & 541
W, (RBERIRSR SR BRI R HE T R, IR S5 T IR B ) R SR SCH

1.5 HRAE

Ry _LRHE T B, ASCRARRT TN BRI T

(1) B AT RS ERRAE R R 2

F g — A FRATAC IR ISR IBEHESE, Dy S BMP 15 AR AL A 5T $2 it
e RGO PR, B R B IR FE A BT R AR R K
AT L BMP SR TR OR .

(2) ALBTTRI G K Hd 5 sh A A5 v

HEREAE B S BTV, R — BRI B A S BRI BT k4
7 B I G BEAT AL B e AN A TR EE I 7%, LLRI A BMPs 7 B B 6 &
FIENT % BMPs i & 7 8] 36 FElgE AT 4k .

(3) %8 BMP = [H i B R uah S RBRIF R T E

FERBORIH AL SR EC I b, BT RS & BRIk BMP 7% [A] i & F s il 7t
VR, RSO R A %, DAAE BMP i st fb i F8 v S 2 (R e
BEITIL R . Ak, W% & BMPs 25 A1 G B 5% R Wit BMPs Bt B S0E I
F£ BMP 1 5ot Al 7 DAFRIE B T3 A7 B 7T ¥ BMP 16 AR A 7 ik 3 o —
PMFTEHE

(4) FBIo3HT B ITERAE

W b3 7SI B3 T A AR O R AR BMP 1 AL T A HE SR
RN FURAE N R BIR T IX, 2B R LR G A B U OC T BMPs ZE 3T
s A AT B 2 I M AR T BMP 25 (R B SR, TR AT XK AR R
BT R RTE S o 8 I 3 A7 5T 5 HAh 2R R BMP 2 [A] e B 57 R B A

1 G 5E B3 B T 5 30 SR 33 TR B R AL BT IR LG, XA S R T VA
A AT I E -

18



R

AT EEARBOR B 2 P B 1.6 T

Fikigit
BRI BEBRT —y Bt e T
I ¢ ]
IR, FETH [ =mar=EREST
i e 2 Wﬁm—l FANGREE Y AR R
J0 J0
Tl I R AL BMPIE = 1L
75 PR R FT RS EIEEE BMP== [EECE
R SIE 2T T R A 12 R / i) e
Kyt || exee || gmigE | .- ' I
| mgeveiEE |
v | l |
HIgRZS (A9 ot i Ay > BMPIERDHT e
} =E]
BMPIE B AT R
N ¢ o =
STEiE L ERs s, T HIE b Pl *
e
v RO B I
[felﬁlﬁn‘ﬁ‘tﬁﬁ’fi’*”}f SRR
RIUBIPIEEE
< =
B R UE
HLRY/ |\ 7R E BMPIS 2 WA T » WRIMETFEESE >
fi k5 L T
HREES L . ;i;fﬁ
- % FBMPLS [ AR B 8 7T aad
/ﬁ’{“zw@‘ = (feRUs, ) P>  emmasE |
B 1.6 A XA B R B LR E

Figure 1.6 The overall flowchart of this study
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HETI0 G 8 3 I C LA R R B it ) B AU T

5 R 7 M BMP & SO RS IR T iR AR ZESEIMS
(Spatially Explicit Integrated Modeling System), J5&iH4F i = AL G R G FIHR R
WSR2 Z AT TS A, SR P DU F R A7 g A 1 07 2R S 3
AT RIS R () TF A SEIMSS R I T AT 5t i 3o R 2 0 4 2 K i 12
BMP & 5 77 iR SE TR

W= E S 7T R R B AL IR BOT R B Ak, IR 1R TR AR SR
B L v e B 2 FE s E AR, RINSRAIFAT ORI & 1R . %
T3 120 FY T ANt 78 i 5 AR A5 B B B2 E

FESEH 7 DAL E e )y BMP 2 B B B0 I SCRFIL B s A&
E ) BMP 15 5575, s A RS A s i) 7. B T RO ALE B
MR B eI SR T P65 18 BMP A B ¢ R I E g . 2 Hiri A
LR S IE R AE .

5 R UL RN, T A SR R AT A IR AR AE ZESEIMS, X A
SCHR S R A7 B e /R Dy BMP 77 () C B 88 T HSCHF G B S e A SR T4
A REREAT 1 B FHS6HIE

FNTENGRERE, MASCHIWIR TAERAT 7 aigs, Bk 7 A AL, JF
GEE A SUATAE R [R) AN B, bk — 2D BB 8 TAEf 1 e 2.
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5 2 7 A AT AR AR AE

F2E B FTHRRERIRIESR

RFERPSEIL T — UL FRAT IR A HESESEIMS  (Spatially Ex-
plicit Integrated Modeling System) , LAk T IHAE B2 EAT J5 SL A0 0 FEAR Y ) e 12
S BMP 185446 77 15 S5 8. SEIMS 1 THRF UL HE RIS RSBk S5 M F 2 )2
DHFAT VRS AR A, LSRR P LI T SR AT 4 A2 14 J7 PRI S I FAT A i 38
PRSI A, R 2R HATTHEP G REAT o AR Rl 7 A A 8

2.1 EARBEMEERRT

SEIMS = 8 56V -3 /438 o A8 I 0 A0V 38 V7 2 1498 b T U 0% R U AT

— A MBS AR (Liu 25, 2014, IX BRI H WA U0 R piAN S AR %
(Liu %, 2014, 2016a; Wang %%, 2011, 2013a,b) tH/ABAESEIMS ¥t .

(1) JIAE 2% 1) b AT B A A BORE 2 AH A [ ROBE A 25 (R B G, I Fmida, %
[ AR AN T CAniis . AN 234008 KSR S IT5) (K2, 1a;
Bieger %, 2017; Vivoni %, 2011; Band %, 2000; Band, 1999) . ~Fitis # ol 7 2
SO AL I SRR X3, 08 2 Bl 3 AN e CRIVR. 7o FiAa 3
T, TR o RE O W 4 e (2.1 o B2 3 R |
FATAIR 35— B SR B0 D BRARFAE 10 723 (8] B oG, FAE 23 A =i o R AR A () B A
AP R TGI8 o TR, T S A AR D PN R B T ) S I B T (Zhu
5, 2019; Qin %%, 2018 B A7 51— /K SO S RFAIE AROAS 21 JRUBE 25 [R) BTG CAniha:
AR Z 747> W sE CONSEIMS AR .55 (El2.1a), RIS EAIKJ5 1A
bR T RRAE X 2 A T AT R

(2) BN A] BTG 35 BA 2 T B FRZK AL ] o AN IR J2 2025 ) B 76 9 8 B I
St REARAOL P REAFAE TH UM, FLIEAE - R OC &R, b T /4 A AR,
EﬁA¥ﬁﬁW%%ﬁ%$ﬁM$ﬁmiF%Wﬁ%%(@zw;mﬁ%mm%

RS G TR ) B R IR OC R (82,1 Wang 4%, 2011).
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— (e bt = (D) (»)
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(a) (c)

B 2.1 (a) ARARERSEBEEET BIFRR. . FEREABRLETT); RE
RAFER/E (b) EXRYETA (o) TRBHICAXRETEE

Figure 2.1 (a) Delineation of spatial hierarchical units of a watershed from coarse to fine
levels, i.e., subbasins, hillslopes (source-, left-, and right-hillslope), slope positions (e.g., ridge
[or summit], backslope, and valley), and basic simulation units (e.g., grid cells and
irregularly shaped fields); and topography-based flow routing relationships of (b) basic
simulation units for overland and subsurface flow routing processes, and (c) subbasins (or

reaches) for channel flow routing process.

SEIMS I EE A  iH 3 BEALHE RS AL G M A 22 J2 AT THE A TR 4, LA
IR S R ASTHE L (R PT9 J A ER B R

(a) RIGEMEPAEEH. S0MS3 (David £, 2013) 24f8l, SEIMSKH A
R RIS MR 5 [ 4E 44 2 (Peckham 25, 2013; Leavesley 2%, 2006) R Ak 45
FeTE,  RIREAN B N — AN o FE 1 — /MR EE (HL R A Penman-
Monteith J7VE M ZABUR T3 FEBEHO o FrA IS 13 AR RIS 45 2 T bRtk (1 R B
B, JRLE O T AR BRI B N NS S 405 . FI RO LIRS S,
SEIMS PAFA Bl £ 1R 7 2R et e o I FH i e AR Y, RISEIMS 42 P AR
Al FF P i B (AR B N - HE DG BN LB A LA A AR R AR AT A4,
T
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5 2 7 A AT AR AR AE

(b) BERIATHEF B, SEIMSHAT I b F 4 S B AL N &8 “ 7R
IR AR 07 R AT U EA R Z R HAT U5 BT il LA
RE ST 37 2% ) B TR AT VO AR, R R IE0E S A A IRAT AR 55 T B R TT
SrECZE SMP SERE AR 4 A0 N A7 IFAT V57 & B R oF 5095 fOgEAT AL (Liu
45 2016a; Wang %%, 2013b; Wu 45, 2013; Yalew 2%, 2013; Vivoni %%, 2011) . TR
I IR R A B Bl R S, BRI P B e I, R E AR
HENAFH R (40 OpenMP) (Liu 5%, 2014), #50t, Liu %% (2014, 2016a) $2
7 RENS 8 2 M A8 )RR CRD iRtz 0 AR (HI B AU 5T 2
O AIFFATIER “FURIS-FEABAL A TT” R IFAT NS o %I4T SRR I 3
VENAERBSE R TH SR S5, R B AL S gAY (MPD ¥ H /3 AC % SMP 4
FERAN R VST fUBEAT R RS T IR 8 AR AL R T A AOUU F
WAE gAY (EI OpenMP) fETHRE T M 22 A% EIFATIAT . SEIMSKH
ZIFAT HEWETFEAT 1 ot FERHULES MR T, B IIs= K IR AT Y
15, [N, BT3ET OpenMP SEL A B IT Z OIFAT TH EARXS T B 5 F, A
5 H R DAL b DA SF- 80 47 9 B 1) 07 ST R TR AT A IO R Y . B 1 A Y
P SRR B IR IE-E A A R0 7 XU AT 5 g,  SEIMSIRIR SR T
FATAR S & B IR 2 ROFAT VB, DABR i 7R 2 s S I8 AT e R AR 2 (1) 2
WTHRACE, WA SHUBURYE 4. BMP 55045

5 b, SEIMSHIHEAR BT 2. 257K, T B AHHIE T B 4514 [ SEIMS X
HeFE. SEIMSEFEF (OpenMP fiiAS H1 MPI&OpenMP RAS ) i B 2 e 72y
N T RS nSHEUEEs . Bah%E. BRI . FETSEIMSH &
R AR A S — AN SEIMS EF2FE . 24N H 5E S SEIMSHLER LKz — AN ik
Kl P

FASEIMSBAUAL TS 4k K B — N BAPRE, TR0 (iERmA S
o A HEGE . PATEIEBALAE) AR, HAKE T SEIMSE:Afilifiith
Chncmsm N4 AR EL) (B2.2) . S SEIMSHLER Py SE AR 02 K 1 473t
HIHET OpenMP SEHL . SEIMSEFE 7 2L RERA (FrZ N OpenMP fiiA) HT3)
AN P B BRI PAT BT . MPI&OpenMP fRAS (I SEIMS F 72 5 7F
TR O S A ) B BN TR 2 OpenMP ilASEIMS £ % 5
S5, R A MPI SEIRAE 5% FE AN S @5 R T IRt ST 55 7 e AN )
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BIEZRS: Linux, Windows, macOS
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A 2.2 TREMIFATHEFERRREBIELR (SEIMS) BAZEH (AIFEHRE. OpenMP
JRAR MPI&OpenMP [RAKISEIMSEREFF . FBREERRE. FREENA TAS)
Figure 2.2 Architecture of the Spatially Explicit Integrated Modeling System (SEIMS) which
consists of the SEIMS module library, two versions of SEIMS main programs (i.e., OpenMP
version and MPI&OpenMP version), the watershed database, and utility tools for watershed

model applications, and can be conducted on multiple parallel computing platforms.
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5 2 7 A AT AR AR AE

FEFAT U SLBORBISCHF T SEIMSHE A H UL 31 & 4t (W1 Windows®™  Linux™)
AT & (WD AZREENL. SMP 23585 Qin 5%, 2014).

22 fEPRLLER

SEIMSHLHFE A () AN 3 T i BRI k7K B 48— s iz 0 (&2.2),
4 1 N ST (1) 5 A BEE P SO (10 Windows® F 458N (1) DLL #5330 . 406 5
—REE RS FE RN, SEIMS 25 CEL$E OpenMP i A F1 MP1&OpenMP
AR FEIZAT I BhAS I H 7 B RS R I U8 — A AR AT I B
o SEIMSH &t — [ ALHE 4 Kk, BcldiE S W ERASHORER
i A . RS A A N B A IR A A . BT BEER (E2.2).

T SEIMS B HRAL 2546, F P AT DA% IR 8 — i pedse 11 DL 1 H A7 e 72
(¥ 77 g B B, S I AE B Py 0 i AR B AL B0 58 2 IR IR R AT 1 B RIS
T R ETFRBE R AT RBEMT s Es , W EEEET
MPI&OpenMP JiRA (1] SEIMS = F& 17 S F- I 302 R 1 3471 5
22.1 TTHIEERH

TUHUHE BR L (Metadatalnformation) $& 45 SEIMSELHA G K et 5 8., £
FERHUE A B (N R BRI BRI )« F N tH 2405 B . B A
it 2 BU0E S8 SUR] 43 9 RIS S U S N S 5 (R IE T AN FK
o B35 1-6 7). Sk B HANBES ) SR B (iR, B2.35
7-947) RIBLH S AR R (W REANRIE B O R EI2.358 10-12 1) A
BNF N SHUE B R BB S A AL WRAEE RTINS
ALHE I A K ARG J M 27

FEARBE R FE AT S (DT Single; WNEFHR KR IE RS K235
2AT). —YEF S (DT ArrayID 1 DT RasterlD; .o DT RasterlD ¥
J7 YR Y IR M B AT R TT BLHERR EAE A BAS B 1) — 4E 804 Liu %5,
2014) AN 47 SAIK (DT Array2D F1 DT Raster2D; 1% )2 38 @ PEEUE
KI2.355 3 47D,

A, SEIMSTH 7 =M E 8B 2EA, RITHEEIEXN R (DT _Reach). T
MIBAER R (DT _Subbasin) AEFEHEXI R (DT _Scenario) , VMETFESG—
(o NS B B PR A T (ILER2.2.2795) RO (EHLY R iX S N i 25 (R
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HETI0 G 8 3 I C LA R R B it ) B AU T

WY SEIMS [ S filifiiy Nt A Hese Bl B12.2) . IE Hdi 0 A FEIL R 2
25 IATIES LA W16 LI S EEEHEA RE e T R4
TSR SH, AR PR EE ST S8 16 SR R it 1)
TS BB, e B it St e 1) S R S s E

01// 5K H ¥ (ESource_ParameterDB) i) st A B4

02 AddParameter("Ep_ch", "mm/h", "Reach evaporation adjustment factor", Source_ParameterDB, DT_Single);
03 AddParameter("Conductivity", "mm/h", "Saturated hydraulic conductivity", Source_ParameterDB, DT_Raster2D);

04 AddParameter("ReachParam”, ", "Reach related parameters", Source_ParameterDB, DT_Reach);
05 AddParameter("SubbasinParam™, ", "Subbasin scale statistical parameters", Source_ParameterDB, DT_Subbasin);
06 AddParameter(“Scenario”, "™, "BMP scenarios information", Source_ParameterDB, DT_Scenario);

07 /1 Sk HAb i B (ESource_Module) HIZhZ&HAN A&

08 AddInput("SURU", "mm", "Surface runoff of each cell", Source_Module, DT_Raster1D);

09 AddInput("SBOF", "m”"3/s", "Overland flow to reach of each subbasin", Source_Module, DT_Array1D);
10 /1 AR HL vyt B A AR

11 AddInOutput("QRECH", "m”3/s", "Streamflow at each reach outlet", DT_ArraylD, TF_SingleValue);
12 AddOutput("CHST", "m~3", "Channel water storage", DT_Array1D);

& 2.3 SEIMSHERTTHEE &8s O o KA A\ AT i 5 B AR ARG = 1

Figure 2.3 Pseudo-code of the input and output information according to the compatible

metadata scheme of SEIMS module

£ MPI&OpenMP [ A& ISEIMS FF2 /7 H, T IEAEAS [RlE A2 A b 47 48 7 AR
P, DRI BN VT IR ) R AT B AR, U R ITTE VLR SO . X Rk
A LEAS L A AR B AT AR RN IN L 7R B AN R RSO MmN/ AR
B, Han, TEREIC R, I AR R K Dy TR A B — 4R
HER (DT ArraylD; E2.3%5 11 17) B SR, 1M 1E MPI&OpenMP iR A H,
T RO R ARAT TR S B IR R BB RN, N AR B
WU Ay BN B KB (R N AR 5
K2 4fE7R T %5 N/ AR B AE OpenMP [l A4S Al MPI&OpenMP Jii A 11 ) it
SRR
1) 7E OpenMP RA T, 560 A /A H AR S A Dy 08 10 i H AR B kAT 1h 5
BB S aa 4 oy — 4E5AL, AR5 IEAE TR o) 2 I R AT B AU, T BT
TARL, #5¢ Je i L B A ROV ) — 4R350
2)  fF OpenMP hASHE LT FE A JEAtl -, MPI&OpenMP fii A1, FE4>T-iiiiE
it B A A R A A B — AR A, A TR
FAAMEROME: NI IRE (12,4 IR D) VATTE T IR AL
TEAE B BT (24 TR F R G B 4h SR
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5 2 7 A AT AR AR AE

AR 3] 24 BT T30 R 2 — 4R S O AL B S AT (E12.4).

o fE TeHE S B AES R I 328 OpenMP it = 1 MPI&OpenMP A ) _E iR it
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B COTER2.35 1147) L ESHOE =AM I, AR 7R i1 48 &8 AN 75 A T U4k A
{3 (TF _None, R] 4 0& ) F T — 48U R AR 2 (W AL I8 18 (TF SingleValue)
PAK T Y5 R AR S 1) — YA 1B 3 (TF_OnedrraylD) . I IXFhHe s
M TCHARE Bt 7 58, TR A) 75 S % 1) A2 B T #E MPI&OpenMP Wit A iz 17
B AHE (WEE2.2.375), MMERRH - Jo 7 RiESEIMS T2 o7 1) £
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OpenMPH AS SEIMSF 2 7 MPI&OpenMPhR ZS SEIMSEFE =
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Figure 2.4 Example of the calculation of an InOutput variable (i.e., an output variable that is
needed as input for the simulation of one subbasin in MPI&OpenMP version) by the channel
flow routing module in the OpenMP version and MPI&OpenMP version of SEIMS main
programs. This InOutput variable has a data type of DT _ArraylD for output and a type of

TF SingleValue for transferred data.
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222 HINFEEE R R

A TG R P R DG S, N (SetData) R (GetData) F 5
BRI B3 il A7 BT N BB i N S HORR B B (anE12.3) o B R AR
PR AL 5N B B L FE SetValue. Set]DData M Set2DData, % i [ % H b8 £ £
1 GetValue. GetlDData 1 Get2DData. 2745 RN 75 Edm N ek 5, BJ
SetReaches- SetSubbasins F SetScenario. “A¥HE i OpenMP KA Ff A [FI B ERL . [i]
HAE AT ek, B BRI ST J SR HOHE 2 DA A7 bk 77 30453, RDAS [l b
3 ) 5] — AR B X 48 F) A AE AR [

N T 1§ OpenMP i A< F1 MPI1&OpenMP fii A (] SEIMS = F2 7 7] LA F A [H]
BP9 P I SEIMSHE B e, HATRr e AL B 258 (R TF_SingleValue F1
TF OneArraylD) (178 5 75 BEAE FL I 4h B 28 B RN AL S B0t S8 0 40 ol 1 8 i
AR . b, E AR B (B35 11 47 E2.4), B
Ha LA —YEHU2H BT e SRy 3 ) it it (GerlDData) 5 [RIIHK LLERAS
HoE n e A BT R IR BAME (PRI D LN 1) SetValue)
HARBON PABME  (FIRIEF A G BB GetValue) F 1% N it
THRIRA A SSE (E2.4).

223 KEWMARERHEMDGEL ST EERYK

o i N KR R4 (CheckInputData) SISTR R ANAZ B A R,  Hoangs
R AR B fE A7 AE HRT U5 A, A8 A A T 5 A\ P 4 L 5

a6 Ak s BR B UnitialOusputs) T2 F i H eR BOMIPAT BR HC2 1T
A AAT4A A0 4 BT Y e A R AN I A2 6, DURR DR 24 TR Bl H AR B AR
N N BE B T DA S Bl A R SR

224 HITERE

YENSEIMSEEIEIRZ L, PAT BRI EL (Execute) $151 58— MBI )25
R g R T I AR R AL . I TP AN A ESEIMS R 3 i Ab B, HL3Z
FFLE AT TE /T 7K A A T A (] PR iR S I TR DA, BV e A 1 e ] 25 K Ao
VREGIATTE /3 R /KRR H I TP A 40 (2.5). — i, J& T SEIMSHIJisiE
REAS I (R ER A R A% AT 7] 73 3 28, BVOREN A AH OB B (S 8 (1
BRI TR AL AR R ) | 35T i R AR AT & /4 T 7K I R AR
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5 2 7 A AT AR AR AE

01 // ch_tsHlhs_ts 4y 7] A& 18 /4t T 7Kk R AN T 3o 2 F B 1) 26 K
02 int nHs = int(ch_ts / hs_ts);
03 for (time_t t = startTime; t <endTime; t +=ch_ts) {
04  for(inti=0;i<nHs;i++){
05 11 AT ST o AR AL
06 StepHillSlope(t + i * hs_ts);
07 }
08 /I PAT I[3E /T KL FE B
09  StepChannel(t);
10}
A& 2.5 SEIMSEE 3 i R KR D ARAS

Figure 2.5 Pseudo-code of outer loop of time-steps handled in the SEIMS main program

FESI AR LB A, AT BRSSP B AP A R X AL, BT AL O IR A, 1T
XHATTE /ML T KA BRI 0 T o (BEIE ) AR

23 HITIHEAHEH

R — AN AT 55 70 W A T4 T EATRIIN $RAT 1) AR 55 2 SEBL AT AR I 5 —
& (Foster, 1995) . SEIMSIIFFAT IS A RIFSCEL 1 ISR SAESS (R AT 46, B
Uk A TR B T 1) B R R B AT BB IR AT A (5R2.3.1 ~2.3.375) Ak
S EH B RIRKIATI (BR2.3.491).,

23.1 REBTEBIEE SR

SEIMS¥HLiu &5 (2014, 2016a) #& Hi ] “ FIid8-JE AR 507 U= E 15
ORI PRI ARSI M4 (B2.6a) LA_EF- iSRS (2.6b)
BN - BiEEE (E2.60) AT R, R — BN TR ERFRR.
TS B A R T — AN, A AR TR, TR
AR EFIEEERR, A ARA A ERE CnRYE 7k
WD AT HEABIIMEIIATEFZ W (Liv 55, 2016a). 5 Wang 55 (2011) K
FH I — SO gk AN F], - SEIMSSR A IR S5 44 ] LASCHF PRI E 2 T 2
A B FRIBIITETE .

DAAIAS g, 2. 7B AR AR ] (12,720 DL BIE- T lESERE (&12.7b)
BN UE- R ReS (E12.70), B TUim Bl (E12.7a) AR R THAT /02,
— 2N R AR ITTIAIAEAE B ER R HETMCAS, SEIMSKH & #H H
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S G B I C B R B it = 1) e LA T ik

ff) D8 B la) 5E (O’Callaghan H11 Mark, 1984), T2 M & (41 MFD-md 4
7 Qin 25, 2007) BAER KA T LA HF. o, RAAMNME (diTague
A1 Band, 2004) {EAZEABA R ICH THREWAETF K H

1 2 3 4 1 2 3 4
(a) (b) (c)
Bl 2.6 (a) WHICLHML: (b) L¥-TIWRIELE; (o0 Tk LisF2E ($BLiu %,
2016a)

Figure 2.6 Partition of (a) subbasins into layers by (b) upstream-downstream strategy and (c)
downstream-upstream strategy. Label numbers of each node in the graph (b) and (c)

represent computing weights. Adapted from Liu et al. (2016a).

1 2 3
N4
4 5 6
NEN Y
V| 8l | o
N
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B 2.7 (a) W& FEE; (b) E¥F-THRIED R (o) T LiFRIgSE (#Liu 55, 2014)

Figure 2.7 Division of grid cells according to (a) flow directions into layers by (b)
upstream-downstream strategy and (c¢) downstream-upstream strategy. Numbers in grids
represent grid indexes while numbers at the bottom line represent layer orders. Adapted

from Liu et al. (2014).

232 EXREMBTERBHITH

FERABAU R TT (A2 FTRRASSEIMS SR FH M 5250 ) b B Gl AR A48, 7
AR FLT SR ST 2 O T ST AR i (ANZRHIOR S RIS Ay
IR (R — 4B ship 7 R MBEE R (Liu 55, 2014) o KTt
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5 2 7 A AT AR AR AE

SRR ST RSN TV, T I I T B R B A AR AU, B0 70 4 23 D9 T BRI B AT PASE
PLIAT IS, TN T OB A T2, JRAT T 5 I REAE [R]—Hdhs 73 /= A SR B
(E2.7b. ¢, ANEJZ BB 2542 3 2 PP IR ER AT IAT o« BRARR F AN TR
73 2 SR B SE R TS EAR R, AHANR] 23 2 SN 15 21 1) 5 2 B s B0 A1 i 22
S FEAABAF AR I AR, B AT IR ZE R (KA, 2013),
Bl 70 |2 R S B AT THRAE R 2 e AN | T AW 7ei ik, RS AN AR .
SEIMS:K F OpenMP % #2454 Y S FE A B B0 o0 R IR I FEAT AR . 18,

OpenMP Fo ¥ Hl 7 7E AR JRARIS 5 My )18 00 T, B I R AN 2 B 18 S (2
#pragma WE5)) FENTREIATHAT ARSI (i for FEIREERYD LASEIIRAT T 5
(2.8). MR OpenMP A B A () ANTR], A L8156 100 7 BE 75 ZEAH 2 1Y) OpenMP
HIEIRTE S, WIARYE IR B R BER AT SIS, 7 Whttps:/github.com/
Ireis2415/SEIMS/issues/36.

01 /7 RALL TH SN R ARA T i

02 /1 nUnits y = ARSI 5070 5 3

03 #pragma omp parallel for

04 for (inti = 0; i < nUnits; i++) {

05 /1 $0A47 THEA ST A AR 4

06  results[i] = locallndepenentFunction(i);

07}

08

09 /1 A2 ity A A AL AUy 2%

10 /1 nLyrsje % Tt a2 7 1) L =4

11 for (int iLyr = O; iLyr < nLyrs; iLyr++) {

12 /I nUnits 924 i JZ o Z A 4D, 550 4

13 #pragma omp parallel for

14 for (int iUnit = 0; iUnit < nUnits; iUnit++) {

15 11 HRAT NP7 AR AR AR A

16 results[iLyr][iUnit] = sequentialIndepenentFunction(iLyr, iUnit);

17 %}

18}

& 2.8 A ETRIGHTIHEMNAERS BELiu 55, 2014)

Figure 2.8 Pseudo-code of parallel computing at basic simulation unit level. Adapted from

Liu et al. (2014).
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HETI0 G 8 3 I C LA R R B it ) B AU T

B R AR A AN I CRILK [R]— s 40 )2 1) i 0 B B A [F) R T E B9 0,
[ s R AT B s/ D TR SR @A (PR R B R OC R B TR A
Z A — AT D DB IEE Y (Liu %5, 2016a). N SEEL G335 5 FdE (5 144
Z A ALAT, SEIMSKH METIS 7592 (Karypis Al Kumar, 1998) HEAT
BAESWE, ZEIEU TR ERE (E2.6b 80 c) fERFN, HHEAT AT
THEAUCE DRI AR AT RS A 11 (Liu 55, 2016a).

DA AT FEAEAT 55 T B2 A Bt 3 45 vh i ) 32 NS (Liu %%, 2016a; Wang
2:,2011) FIRESEA L EREG Y. tetn, BRI AL i B o
MRS T ROE AW 2, BRI TSR 3 S g R A AN AR 3 5 — A1t
SRR . DRI, SEIMSSRFH B s U TSR, DAARAIET-IR0 38 (1 A& i s 2
FTAEPIAHERL 1) % R IE RN — IR 2.9 T IR 2 Vi A5 A 55 8 B2 SREms D AR
fih, P AR S A P v T AR 5% T B T RO R R A R (2.9
H1-6 17D, KL, AR W SRAG A SR AR S5 PR BT U7 58, T R) S
MO OB BEE,  REASEERE DT BRI AT 40 IC A %R 1) T IR R AT 55
(E2.99 % 7-18 17D,

12,1029 so0t s THEEES T, — AR G (BRI TR 3801 OpenMP hit A 3=
FEFP S5 AE—MRTIE TR (8] P A AR AR O A o 3 i AR A T Y
TR FR > AR AT (E2.10%8 2 F1 11 47D TEIDEIC I FEPAT 2 8, FREEM
U R S A A R A RIS R IR A R (12,1058
3-10 7). MIEVCIRIS FEPAT G, WA SR/ T IREAEAE P, W4T
TR AR F B R A B U TR A (12,1058 12-19 17) s Wi R
TR M PR S B2 F— 3R, 2R B R R N TR
FTAERIBERE (210256 15470 B, W 2aR0 7 i) H - 46 € fa 20 OrAr 2
WAE (FE2.10%5 20 17).

234 RERXAHITE

BT U AR AR (1 S FH 3 7 S A AT I A DR A AR ) A [R] g A\ L
RS EIRRL, ZAEAGEAT 2 [AA BT, RE T T AT AT AT
%o BRI Z IR I IAT IR AT DLd i 2 SRR g AR AR A AE L S N AL AS Sl
(Rouholahnejad %5, 2012), {H/&HRPMLZFE FE TR MER T H AR SN S
fth B AR H AR B U IS 4T R R, R R AT 2R B i b B 2R P AL O
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5 2 7 A AT AR AR AE

01// EHLHERE (RIZEFE0)

02 Read partitioned groups of subbasins and the topology information of subbasins

03 Scatter tasks to all computing nodes // KT 55 1 5 7 22 4 42 it A 1ERE

04

05 // vHA#FE (R FE0-ND

06 Receive tasks of all computing nodes // #2205 i 11 SLHERE O4F 5% 1 7 %

07 Create subbasin model objects of task on current computing node, i.e., subbsn_models.
08 /1 FF4 HEAL

09 for (simulation time ts during simulation period with an channel routing time-step ch_ts) {
10 for (int lyr = 1; lyr <= layers_num; lyr++) { // 45 [ - T I S 0s a0 0E- i s o) 2 45
11 for (subbsn_model in lyr) {

12 Execute the subbasin_workflow(subbsn_model, ts); // $447 ¥t A48 T/ v
13}

15 }

16 MPI_Barrier(); // 5545 BT H#EF235 5 B4 HT I R] 5 K 5 41

173

18 11 Z5 LA

Bl 2.9 TSR KA SR B SR Oy ARG

Figure 2.9 Pseudo-code of the static task scheduling strategy from the perspective of spatial

discretization at the subbasin level

01 // subbsn_model2 4 A ¥ 1k Y] OpenMPRR A SE IMS =2 7 5251, - ts/2 24 BT A FUL B[],
tf_values#os B s ) T I AL S E s

02 subbsn_model—->StepHillSlope(ts); // $h47 b i i 72

03 if (exists upstream subbasins) {

04 if (upstream subbasins not in current computing node) {

05 MPI_lrecv(tf_values of upstream subbasins); // £ o [ oAb T4 715 15 1) Zdia

06 }else{

07 Read tf values from memory buffer of current computing node.
08 }

09  subbsn_model—>SetTransferredValue(tf_values);

10}

11 subbsn_model—>StepChannel(ts); // 447 &L i il F2

12 if (exists downstream subbasin) {

13 tf_values = subbsn_model->GetTransferredValue();

14 if (downstream subbasin not in current computing node) {

15 MPI_lsend(tf_values); // 1% 11~ 03 (1) A% fan A 4 22 T A o537

16 Y}else{

17 Save tf_values of current subbasin in current time-step to memory buffer.

18 }

19}

20 subbsn_model->AppendOutputData(ts); // HF /i i ] A= A [ 4 H 2ol /A7 22 AT

B 2.10 TN RAE— MBI F5-K B TARGR DA
Figure 2.10 Pseudo-code of the execution workflow of one subbasin object in a channel

routing time-step
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HETI0 G 8 3 I C LA R R B it ) B AU T

ol Bk, SRR EFEAT IR E A TR 5 EH (Zhao 55, 2013)
8¢ MPI (Zhang %%, 2013) £ MANAIATIIE & (W1 SMP &8 Mtk THE
FE) BT, SEIMS3E T4 H R AR 2 R AT TSI SR

24 RIBBUIERE

SEIM St 38 550405 22 FH T~ s 5 I 330 g A AH O R BT s i A\ R 4
i TR SHBURE TS EOR B EIE S . g —HUR S, BTA A
835 R F SR ST ANMHRS SO RIS 20, e SCAR ST A LAJSONAS A7 A, T At
A% SR I DL g i i A% A7 A LABR 2 1/O %% (Liu 5%, 2016a)

WNER AFRERN R TS S8 (bW R . FREEE (nEeE s R
) [ Digital Elevation Model, DEM ] K HIRAE 0S40 DL L i 40
CHEYE BRI 2. X T2 A N, BRI B i 41, SEIMSIH]
o i R S S 2% TR 500 9 ik A7 CE 25080 2 v, DASCRF OpenMIP iR A< I
MPI&OpenMP iR AXSEIMSHE B (13Z AT o iy tH Aidfs 3= 2245 I IR) /5 210 45080 (i dek
R A RS CansPay R sk ED Wik, 0] 4 BIRAT N AN SUAR L
PEER GeoTiff #% UM% SC1F

L X P AR A P v, 7R E A IS AT K AR AR 2 E 2 4 sl BMP 1
SRE X AL, O T R OB AL IS AT A NS, B A
(#ISWAT; Zhang %5, 2013) & T KEFME .

2.5 (KR
2.5.1 EE{RsCIR

AR EEUL . IAT R TR R HESESEIMS R A5 fE C++ F1 Python
GRETE S PR, JRAE GitHub P3G - JFFJE Chttps://github.com/Ireis2415/SEIMS)
SEIMS/# FiCMake Chttps://cmake.org) -V & #4%E T H R AT H () C++ 5
f, LASCELS g R A B I e 2 M o i — UG 1 nT LATR B BT AT SEIMS ) C++
&5, 3% OpenMP i A1 MPI&OpenMP it 4= (ISEIMS - F%/% . SEIMSHH i
FUFH T %048 P AL B () FE Y (40TauDEM L E; Tarboton, 2016) . Python I T4
HSEIMSSL ] T A&, WFHEHARE. S8R E. BURtEa. BRiliks.,
SEIMS % — M 347 4T 45 % 3L 45 & 1) Python S2 I —SCOOP (Hold-Geoffroy 2,
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5 2 7 A AT AR AR AE

2014), HEHATHOR R IIEAT . SCOOPTE AT F 5 %5 ] % e 5h 2 47 3 i
B3 B HAT AT %, HXRZFIHT IR S (Hold-Geoffroy 5, 2014).

FE 1S % WetSpa (Water and Energy Transfer between Soil, plant, and atmosphere;
Liu %%, 2006) . SWAT (Arnold %%, 1998) . LISEM (LImburg Soil Erosion Model;
De Roo %, 1996). DHSVM (Wigmosta %%, 2002) Z5AY3ERY F, H i SEIMSHR
B CUR s K S0, TR, RO IR R E YA K R, a] S FR Ik bR
KA, (Wu 2%, 2018; Liu 2, 2014, 2016a) FIHKI B H R ER#L (Qin 25, 2018).

3 T-SEIMS T it 2 IR IR IR 47 1 S b () 4 J FESEIMSHEER (R b v 1, H
FUIGRE RE MPL AT g AR 40T, W] DL AT g A )7 UOT R SEIMSHEER,  SEBLiAL
SO AR AR T IR UE IR IR AT A Sk — 03, 7ESEIMSHRHR A 5 Jk A A5 41
BTG E BT S, AT LI I ] SR 3] 5 U [ SR B T OpenMP (11
74, T B2 HUE LN R BN R B AT ARG E5 . B T SEIMSHF R IFAT AL I
St AR (PRGN BE (T B K SEIMS B8R 1 2 RISEIMS 1
(https://github.com/Ireis2415/SEIMS/blob/master/SEIMS-UserManual.pdf) .

2 L& B0S BahE 45 4 RS PE AR S S PR 5 3K, SEIMSK H{MongoDB
(https://www.mongodb.com) ——J {2 ] NoSQL %#5 g, 1E Ayifiissidi & &
R AR A DA S

252 SEIMSSEHTIE&

SEIMS%#5 WiAb 2 T H R A Python Ml C++ iS4, ARG 1] 2 Hfk
S HARE . 7K SO b BRI A B A DU SR TR IR A
WAk A3 A R 2 A BT R 20 (JB2.1a), i Fidsl (3T TauDEM v5.3.75K
Il; Tarboton, 2016 I HA L TR RMHIER (Wu 5%, 2018) FIfr (I
H3F: Zhu 55, 2018), DL F-Iatdl AN AL B0 70 2 R IR 4 s (A) 3 23 (A
523,191,

A ZHER I E AR AL BRSBTS (s &), DL
F RN TR R A/ T S5 AR S S BN R

TR SCAABHE b 3 32 B T O A% 0L CneRe AN [ 7K1 s D )
IR SRR ), LA G CAneE R s 250

ISR P A T 7 ST O R HHAR P At P A A A X N A DG S R
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HETI0 G 8 3 I C LA R R B it ) B AU T

2R 8| SR N — YR A 9 B (Liu 5%, 2014) . SCARBHRALZUN
BT 1ISONKE o AN R ThRE I FAL B A /Pl S 4T, Bl i@t — AN 3 AR
RANAT BEAHHE FUAL AR

AT SEIMSHi A (1 B4 Tl b 2R T 22 29 345 24 i ] A SEIMIS A5 B ff i
LR, BRI, A R K SEIMS S H BT 75 1 i\ S B s A7 AR T AR
SR B e b B ki F A SEIMS B 1) i HH BB 4R A, D) S ) B 9% A L Fg
B Frab 28 TR DL R 2 B R K

RO /3 AT v] F TR0 RS e B B AR Cniat st P D) B R
fA 24 (Zhan 55, 2013) o S0 (19 S B BURNE 43 ST A2 A0 38 X0 F 7 48 58 i Y
SR FCHUE VG B AT R A R R SR AR SR, SN R RAE R R S MU A SR i
AT RO AR BB I R A 8 A0 E AR OREAUL A5 SR, 5 Ja ) R AU R 23 A D i
Morris #fiii 777% [ Morris, 1991 ], FAST [ Fourier Amplitude Sensitivity Test; Cukier
55,1978 D M HBURMETR . SEIMS T 1S B BUs M 7 i T BAZ X = A3 2P
R LN R, DME T3 J HARSRAE 75 V2 A0 S U 73 1 52

52 HURIE St TR, B 3% e g S A0 Rt 75 2 AR i AN ]
BRI N L IS AT It AR AR A AR AR A At 2R AT 7 M oA . BT, SEIMSAE
BT P B AR SR HE R 3B A% 5% NSGA-IT (Deb 25, 2002) HEATHERI S5 4 5%
SE FE 5L .

SEIMS K T L I¥ 12 17 75 BEAH N (0 C B S, B B S on] LLg B 5 B H
TREMKESH. F P ATRYEAS R 92 A T H i B SR AT I s,
Y75 {5 B S % SEIMS H P Filt.

36


https://www.json.org/
https://github.com/lreis2415/SEIMS
https://github.com/lreis2415/SEIMS
https://github.com/lreis2415/SEIMS
https://github.com/lreis2415/SEIMS
https://github.com/lreis2415/SEIMS
https://github.com/lreis2415/SEIMS
https://github.com/lreis2415/SEIMS
https://github.com/lreis2415/SEIMS/blob/master/SEIMS-UserManual.pdf
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F3E ETEEAAMBREZENEMERAIE R B RIS %

A AR B o B 7V TR B A SR T U g S FESRAN A3 K Rl (Zhu 4,
2018; £ =30 55,2017 HE T RIS K 77 ik 2 0 1 JE v A CEAR IR | i %255
BATHRI R, R R R R AN A3 AL 28R (WDragut #1 Blaschke,
2006; Burrough &, 2000, %5121 5 2 n) AL HE R A DI E . =X 2
G BERE. BRERAGE NG 2 REYE (Qin 55, 2009).

BT oy 2 SR K 75 0 TR o SR G, e A g T SR FH AH L f) 4
BIVEAR BIRALREE (R [8) 40 A0, W] e B T SRR R T A L o 73 2RI 17
2 SURT 2 HER A AT (1 7E SCRIAERE 7 SR B0 AR

D ETHIERIEEFNITE, XETETFEH P RIE R XA A, ET

Z A & M 2 AU 245 A SR AL 1 8 L (AMMacMillan 4§, 2000), 1%
FKTTIEA AT 385 S AR A B 5% 2R I b TR g ek ) e pR I s TRl AL LA R
HGEEE T T 1 4R I 2 2 S A e 7t M FE K

2)  HETRAROIE A 75 (Qin 5§, 2009), %7 EARYE FE AL, KR 7L

DX o A 7 (1 MR, B ARy SR AL SR SO I, PR P ASORHE 3
ST B ZE AL 1 723 I RS 5., 7 IR R AR 22 iR i 3, B
I8 T SR, R T R IVERA R o AHZ I VEWN AR bR
HHELZ T ERA R (NHERHIE R I SR A &
WEEBHERES S, HEFERCIRA ST E TR, HERCRIK,
BR 1 T Z 7 VE I SE R .

YTk, AT T AU AR A2 SC T T T A R S A SR T
BB, vk T IEITEAE SR T R 2 TR E AL, RN IR
T ER SRR (Zhu 45, 2018,

3.1 ETERBNEMIRA#EIESERIE (Qin 3, 2009)

S 7R (Y RORA S A7 A B 3 I 2 ARG I A X Sk P S A 1 S TR £
W oy RO B RAT R s (e v, SR A7 B 05 S R A7 i ZR fR 3 A Jig 1 A
] LR SO ARFAE (Shi 25, 2005), PRI ATAF 93047 i J5 78 32 X Ao
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WALHERE (Qin £, 2009) .

H—frE (a1 DEM I — S X S A I ARLEE TH B4 3 AP ER
(1) FEBUZIFAL 1 HL AR AL B AR JE A

(2) JEEUALRE v 5 s B A B S A SR AL TE B AN M 1 b AR A
, WIQin &5 (2009) 5 FI Y 3 TS0k s J& B ek B CRIBIIE KB, Z TR R ORI S %
PR 3.1 3.0, BEMR A SRR 7% (Zhu A1 Band, 1994) 154
P it Ja ik bR ZR AR, s3.2;

W

a) b)

R EME
B 3.1 3 M REERS (a: SRS, b: ZHRE, c: STEEH)

Figure 3.1 Three types of curve shapes for the fuzzy membership function: (a) bell-shaped;
(b) z-shaped; and (c) s-shaped

Sv,t _ (‘z;j—z,v /w1 )zln(kl) v v

ij T € ) L < &

S;}j’t:1 ,zl!’j:Z;’ ... (3.1
2

S;}j’t = e(‘zij_zt /Wz) In(kz) ’ Zzyj >z

A, S M G REREALR A ¢ FEMUY R v ERARBLEE, zt iR
(i, ) B v MRV, 27 NJERL ¢ i v MO SR MEAE, 208 B R Rk 4 20 o8 3
OME, wy Mw, (BIKTET 0. ky Ak, RIEEHEHER R EOLR 0S8 (o
KI3.1), B k) = ko = 0.5 BEONBIIEBREL, 2k =1.0 H k, = 0.5 N4 Z TR,
Lk =05 H k, = 1.0 R S JEEHL

t _ : 1,t @2,t v,t n,t
Sij_mln(Sij ’Sij’.”’Sij ’”.’Sij ) (32)

A, 87 A G A IR ¢ fE MR SR I B RBARUE, n AT SR
¢
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(3) HIEZALE S A R R E 20 Pk B AR T 45, 3.3,
R EAFRNZAL ERNZ AL BRI AL S R .

Ko, Sy MG G, R MR AN, dt B (i) SRR R
HOBEES, m A%k R A8

32 BstEERE

TR Z 50 E AR #0302 SR HL T — R FI T & 14 B TR 3 A6 2 B (nSchmidt
Al Hewitt, 2004; MacMillan %%, 2000; Pennock £, 1987), x5 —3fr 0K &R
g, Frigihe)E v w2 AU (Miller #1 Schaetzl, 2015; Qin 2%, 2009), Ry
FEIX R AT AL B e % Skidmore, 1990) FIEHEME (Wi, #iF),
X J M 35 RE R AT B M T 2 9 B B3R N, FLAE BhIRAT I SRR S 3
PEEFERE (Tarboton, 2016; Qin 2%, 2014).

e R B R B ML T IR, R SR B R R e
AN H I Je8 P P SR Y TR e B R AR B T b M SR Y [ RT 5  ek
FNAR - CRIH T J8 P XS 3% 35 A SR 38 R BRI T340 Qin 58, 2009, 2012) Al
oSBT LAY A B A% 0k X B 2 AT R A B A2 B R o o FE LI RE AR
W SR B TR I S BN T — i L

BT UMLK, ASSCHR IR SEIL T — B0 A B B T

3.3 Bzt EiAEgit

ACWEFLLL 5 RYAr QE [EbTi ] ¥R B3, SR, K3.2;
Wysocki 2%, 2011) AI¥H E sk 7%, X 5 2RI RE 7 A i | B R
FIEALF 31
33.1 BanERiEEME

ANGe—FedE, A SCWE ATk H Qin 25 (2009) 18 FH bR @ 4, B 1 AN IX Jei b
g GGHXTAL B2, RPD Ml 2 NEE e m e (AR %), P&
EREENE . THEAE XA B AR % RPI (Skidmore, 1990) 75 EL1 LG sSUFVA A B4
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B 3.2 5 &AL (WP [BRILTR]. 3B T FHAES) ~EB @B Wysocki £, 2011)

Figure 3.2 Schematic diagram showing the five basic slope position types: ridge (or summit),

shoulder slope, backslope, footslope, and valley. Adapted from Wysocki et al. (2011).

7K H Peucker-Douglas %% (Peucker A1 Douglas, 1975) F1H 2ljin] (X $& B RI{E 1
Stream drop 5% (Tarboton A1 Ames, 2001).

332 BmEEURHEE

S A SR B ) T A EEL Y0 L P AR AR T M R A A A PR AR A1 B
HOVAR K BRI E, W1 S TE BREUCR T Hh O 1) 8 A G

PR B AR R G NFAE, 2 A0 T T8 M 1 AR 28 R IR MR T AR 4
SRR T T, ELBEE O L XA AN R, A s B e N A BT 2 7 HAS
ME— (Qin %, 2009, 2012), WM EATILIF Z M ERNEE, WEEEEEE
NS, TRIMRE T3, 35 (R HE TR R BN A B R B, S AR o 3 A
PR AT AR T ASEAE (4 TR T i 28y Z TR BN o 415 1k R A B g i T S 1
S5t S R B HE BT R BORAR T (GR3.D).

DX 35k b A i 1 008 A AT 2 V) 7 BB A T A G 7 B, A G 7 B g
HRPT A3 TIENVASH 1 IBIRE 0, [HAT LLOAAER AT 8 2 A5t 4% CRIME
AT 4D ) RPL G Ry AL B 43 X (I RPT > 0.99 1F g5 vl RE H IR
L SR B DX, T T 122 X 3 P b T S P ) G A AT A2 A (R
bi-Gaussian #7845 Yu Al Peng, 2010, 45445 AR TUH] ARASOAS 4 2 o8 B0F
R, B & AW FE X R s AR R R BR HORAR AN OB D . 3.2 935 4
SR B ik X AR O B 8% (RPD BREEGER (Qin %%, 2009, 2012), £
SR S ORI AR $E I 9 X R AR T
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R 3.1 M RIERT 5 FORA BRI HEE RBGEAR KA

Table 3.1 Possible types of the fuzzy membership function for each topographic attribute of

each type of slope position preset in the proposed approach

RPI #IEMZE (x10°m™")  WE ) & m)

L Sk SJE ZJE S JEHLN
WH B SJE BT N
B 1A S & N
4 A i Z BB TR VARSI N
W 2% A Z N

W NONARRFZMR R
R 3.2 WA REA BREX XA EES (RPD BRIMESEE

Table 3.2 Default RPI value ranges for candidate area of typical locations of each slope

position

s BE GE W A

RPI VG > 0.99 [0.9,0.95] [0.5,0.6] [0.15,0.2] <0.1

X RPI {35 FR 5 15 21 i dL A7 B 5358 (X 1 M TR J 4 40 26 A B3R AT S A 0
RCHF 7K bi-Gaussian F28Y (3.4).

(s —(x—a)z .
y=——e 22 ifx<a o=0y eclse c =0, ...(3.4)

Var
X, o AW E LA E (BIHED, o AT oy Jai e R 2 A5 I (s v

%, § NABHRE, XESHI MM A R,

TR G S5 R T Re A H RIS 2 10T (W1E3.3), 25T Y J& 1k
¥R S 5 AN B U 5 SE AR B

T B S AT R SR A, B DA — AR U T S R A0, 5 O R A, R
B S B KRR A (BIEI3.3aH (1) max_freq x) Z IAAIEEES (HIEE3.3a (1)
dist2maxFreq) /N HIEE VAR 5%, Wi MRIE3.5) 5 E &%
WIHERL R EURAR (fitShape), HEEEGTRRIGIR (priorShape) i€ AR K
BOUAR (finalShape); WAL G5 RAHE R, AR TR 2R #0275 M —ff
AR FZITE B B34 07 52 H T S8 14 ) i — 3 P 4 3L bR O AR o
ERIRAREL
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ymax_freq x peakl peak2
a C -

200 - l l
300 distZmaxFreq 1
L] 150 - /—“'\~
200 - ™ /
5 ! N B
R |9 g =
100 | /
| N
il 7
M [l | |
0 5 10 15 20 é ' é 10 15 20 zls
R (°) WEC)
(a) (b)

& 3.3 MBI 545G X bi-Gaussian B A7R~E] (a: P03 A0 K B
AHILR, b: WHER XA RGNS LR, BT max_freq_x NBRIIERIBEHE,
dist2maxFreq NP OME o 5 max_freq x WFIERE)

Figure 3.3 Examples of the frequency distribution for slope gradient in the (a) ridge and (b)
footslope areas specified roughtly by RPI, and the corresponding fitted bi-Gaussian models
(max_freq_x is the slope gradient with the maximum frequency, and dist2maxFreq is the
distance between the central value @ and max_freq_x; the fitted model has single peak for

ridge and multiple peaks for footslope).

z ¥, if BiRatio < 1/Threshold
e z 2, HAEARSE,  if 1/Threshold < BiRatio < 1
EMF = § £t if BiRatio = 1 .- (3.5)

e al s 2, HEWEALS:  if 1 < BiRatio < Threshold

s & if BiRatio > Threshold

", BiRatio N o fl o WILWAE, Threshold N KT 1 85 F T FI W m g
AR SHEH R BRI R, Bl Threshold #K, Al REEREREL. &
T2k, ASCHZ T 1ERE Threshold N 4.
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/ Pf‘1'0"5/73pe; / ﬂbﬁ/E 2 /

| bi- GaussnnEA*Eiqu

£

distZmaxFreq

NTFHERIESEERRN 5%2

v

fitShape € *EE o, o, FitShape € N
HpE € a g (— max_freq_x

priorshape N FitShapeltig N
ME—? priorShape?
Y

/‘inalShape < prjorShap;// finalShape € fjtShapV AREZMHEY [«

& 3.4 M5 HLRIYE AL MR 1% X T 8 M S B i RO R A OMEREE (priorShape
ATBIGIR, firShape 9 bi-Gaussian B BREI & HERBBNHEERBOUIR, finalShape
FHBTE B X2 L B & HEEE R B AR )

Figure 3.4 Flow diagram of the process employed to determine the FMF type and central
value according to the frequency distribution of a topographic attribute in the RPI-specified
candidate area of a slope position type (fitShape is the FMF shape determined by the
frequency distribution and priorShape is the corresponding FMF types according to domain

knowledge).

PR FE 2E o B AR O — 8, TS 2R T Je PR A L
PRV, 0 Z T2 ek SO R B A NS T O R, BT e U R B 1 AR
M E P

SUARY 7 B PR B X BF 7 DXL R ik ) AR PR 1 2 T SR AR, g
RN BT % A RE T SO BT AN, i R REAS BE SE AR AE B A
FEDX A o3 AR o DRI, A SCRIF 5 v L 408 B AR S 7R 5 B A B AR a2 20D 10%
~30% [8], AU THSACH A i A7 EACRE

333 IHEEHHIER S

R e Bk S A7 i A7 BB R Vi X B [ X R . (RPDD A 30M B HE 2 R
HOUAR, XIdE% (RPD HOROMIHEPE & 02 H i 3(3.611 5.
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W wy = max(RP1, ) — max(RP L)
W JE: wi = wy = min(min(RP Ly 5) — max(RP L), min(RPI ) — max(RPLyy))
T wi = wy = min(min(RPLyy;) — max(RPLyyy), min(RP Ly, ) — max(RP L))

WM wy = wy = min(min(RP Ly ) — max(RP Ly ), min(RP Lsy; ) — max(RP Lyy))

VA way = max(RP L) — max(RPly)
... (3.6)

JRi B e 1 1 HE B R B S BN AR PE bi-Gaussian F278Y ($03.4) IR HERE
BRELAZ (3.1 A X5, wnt3.7:

w; = V21n20; when k; = 0.5(i = 1,2) .. (3.7)

A, oy N bi-Gaussian R GG SE (3(3.4) BURYE A fE ARG X I E
JEVEE B ERIARHES, A1 Z TR o NRIE XA B KT O E R R E
HIFRTEEZ o

3.4 BB ESENM

BT B Atk k%, R Python 423 T BRI A SR B E 34k TAE
Wi, BAEHER R B SRECI AL B L B ORI bR S B DA S AR S
. BTE B TER R RS (bR A . U R B R .
U A7 3B g 34 90 BT B ¥ RPT {3805 ) 35 ] 3@ i e B SO AT o 3. BRI E
TR FE X DEM R a] #E4T O 3 o7 2L

H Bk TAE G A 8 S B - 1Y 3 59248 i 1 TauDEM 5.3.7 (Tarboton,
2016; Wallis 5, 2009) HSEBLH)SRE, WETWH BALHIFATE (MPD #1714
Szl 1% H s T VEIRAR AL i Github PI35 R Chttps://github.com/Ireis2415/
AutoFuzSlpPos)

3.5 FEEVEN
3.5.1 SEEEIt

i FH 55 [ g 0 B o M P A 34 Pleasant Valley HiIX (B3.5) 1 A 78 X #E47 4
WIS B B B3I B0 78, AR 12.7 km?, DEM Z3#5%°N 9.14 m, T3
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A 3.5 32 Pleasant Valley Bt 5t X 2[RI A1 B

Figure 3.5 Map of the Pleasant Valley study area, Wisconsin, USA

MRS N B 4 ST S0 Linux S8, N SRE 2 M
Intel*Xeon®E5645 CPU. 32 G WAF: BAFMAEEALHE CentOS®6.2 241, GCC 4.8.4
%1% MPICH 3.1.4 347 % . Python 2.7.9 (13%% =75 % GDAL 1.9.0. Numpy
1.7.1 5.

DABRIN SR BISATRE T, BRI AL 45 1A B AN AT THE R A
FTHVER A SO SR 0 B L 7 o & BV PPAN A R 5 TR T: 1) S
RN BRSO RIEFL 24 20 BOMII A7 2 [8) 43 A0 IV R 2277 0] AR ASERH 3
frARA 2R E PE0 T 3) 5Qin £ (2009) 45 X ST o FEATRCR M5
I T B R R AT AR50 47
3.5.2 MBI R

R33N AN B S H A SIS R, @ H A 1 R & NS 2
AR B2 R oA (B13.6), 45 L SRzt 72 X 3 o7 4 50 8 780 7 B & vp HL
A 73 AT A B

#3.4° Pleasant Valley B 5 [X AR 4 3 bR 20 S B0 B 3 ik &5 . XS4
5Qin %% (2009) Fah B S HA P Z R, WQin &5 (2009) F 78t Jm A
Z 548 SRR A AL BRI, 10 B ST RN . R I, AN
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HETI0 G 8 3 I C LA R R B it ) B AU T

RIS HBE L EA 8k, BT e iR SR A B R IS Oy
KFETF 11.63°, BPIHEBSHCN 7.23°, EQin %5 (2009) W+, XS0
2 10°F1 5.0°
R 3.3 B ALREN B AL TR B Pleasant Valley B X Ar S 70 fir BRIV S H K
BAEAH
Table 3.3 Parameters automatically determined by the proposed automatic approach for
extracting the typical locations of each slope position in the Pleasant Valley case and the

numbers of typical locations extracted

RPI  #lf#IR (x10°m™)  WF () WAEAEH

wE =099 >3.36 <6.92 868
YWE [0.9,0.95] >2.7 [4.89, 10.42] 1875
B [0.5,0.6] [-0.95, 1.81] >11.63 4473
W [0.150.2] [-2.04, 1.03] [3.24, 10.3] 2581
HWE <01 [-3.55, 0.4] <3.26 4841

Bl 3.6 BUBISRALIRE B Zh4L 75 AR ER K Pleasant Valley HF 5T X 3 for S0 7 fir B 2% ] 4347 ]
Figure 3.6 Typical locations of slope positions extracted by the proposed automatic approach

for the Pleasant Valley case

K3.7 8 B 8L 77145 2| Y] Pleasant Valley iff 70 X Bk A7 25 5, W] LUE H
SR B EGHEM AR . B3 8 BRI A i i I s K im 2k R A2 A i 2K,
BB PT AN, IR TR I3RS, S AR B 3 A e SR Ok AR Ak, 3BT e 8 X JsAH AR
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R 3.4 BOMIRALRER B3040 5 ¥ER 2 Pleasant Valley B 5T XABHI R AL B B4
Table 3.4 Parameters determined automatically by the proposed automatic approach for

fuzzy inference in the Pleasant Valley case.

RPI I R (x103m™) P ()
W& S:w; =0.05 St wy =748 Z:wy =529
WJE B:w, =w,=0.04 S:w; =4.87 B:w; =324, w, = 6.43
B B:wi=w,=03 B:iw, =271, w,=221 S:w; =723

BBl B:w, =w,=0.05 B:w, =32, w,=2.01 B:w, =445 w,=5.62
VA Z:wy,=0.1 B:w; =531, w, =177 Z:wy =4.88

I BOARTEMEL SIS TERE, Z N Z IR

JEH B B, ER/MENNTIREL T, B ERE 1R B A BE A
WAL S

B 3.7 BRI AL IR 5 B4k 7 75 2 H) Pleasant Valley BFFLIX 5 FSERIBALE (a: 1P,
b: B, c: B, d: BFH, e: VAD)
Figure 3.7 Fuzzy slope positions derived by the proposed automatic approach for the

Pleasant Valley case: (a) ridge; (b) shoulder slope; (¢) backslope; (d) footslope; and (e) valley.
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Figure 3.8 Similarity curves for the five slope positions along the selected profile in the

Pleasant Valley case

3.5.3 5Qin % (2009) {45 RAVFTEE

K13.949Qin 55 (2009) B 5 BRI A 45 . R4 H A, AafkTr
AR S R AR VA S Al . W] BRI R R B Ak T ik e ) g S E B SR
AUTVEEEVEAN, NI RO 485, B SRR X A B FR A (RPD {F
BE TR A b R IA MO SRAFAE , HIEDR I, S VAR L R 8 L s a6 T ik
A B, BT S T30 758 B BRI R A 25 2 — B

3.5.4 Btk AEERE

R3SNBITTIE=A FE D IRAE Pleasant Valley A 7 X N H] A (7 5L 4%
I CANE /O IFTA]D) FLEAERT o X H P J 1 5 v o5 AN S A7 B SR IR 25 ROk
THAEGEFEARR, T EER AR 2 ), 2R 2 W] BE I (A R 240, (A
BURT 8 HEREIS TH LIS [AIANEE S T B o 3. 1009 THEEIF[A] (ANEY /O I fa])
AL TR (G /O IS 18] g R N A i L AN AT 2R, mIER R, A3
W FESEL I SRS 2 1 B AR, AR T T ROFAT Rk K 0.6,
A ) AT BRI 0.4, FEFPISAT SO [A] NS BERR ) 44.4 7p P4 2 32 it
FEIR 3 73 Hh
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TR
1

0.5

& 3.9 Qin %5 (2009) BFFLH Pleasant Valley BFFIX 5 BBMIHALE (a: IIF, b: B, o
B, d: B, e VAD)
Figure 3.9 Fuzzy slope positions from the application of Qin et al. (2009) in the Pleasant

Valley case: (a) ridge; (b) shoulder slope; (¢) backslope; (d) footslope; and (e) valley.

R 3.5 FRGHTHBES T BB AL IR B 3L T7EE7E Pleasant Valley B 5T X BTSN [EI A1
BIBATI ]
Table 3.5 Runtime and the total runtime (unit: s) of the proposed automatic approach in the

Pleasant Valley case with different processes

o THAEEE A% /O B, s) B
AR
/0, s>
WL fERHIY DR 2. SRHUL kR
‘ TR 3. BRI ‘
JEREES P E i)
1 248 2.1 2637.7 2664.6 2665.1
2 11.8 1.3 1405.7 1418.8 1419.4
4 7.9 1.2 915.9 924.9 925.7
8 5.4 1.2 479.6 486.3 487.9
16 8.3 1.8 237.9 247.9 270.1
32 19.5 2.2 117.4 139.2 185.7

49



BT 5 B NG B SO S B it ) G B AL T

”'—F—ﬁﬁﬁﬁ@(Tﬁmﬁ@) P
ﬁ%ﬁj‘@(ﬁloﬁj‘lsﬂ) ,
----- 1:1 % 0.8

24

DsEEH
\\.
FiTIRE
() (o]
IS o
1

= 16
N H
;?r//% 0.2 S (RS 08 A )

,-" — ﬁfr’éaj‘@ ( éIoHﬂEﬂ)

° , , , , 0.0 — .
) 8 16 24 32 0 8 16 24 32

IR HIEH
(a) (b)
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Figure 3.10 (a) Speedup ratio and (b) parallel efficiency of the proposed automatic approach

in the Pleasant Valley case with different processes

3.6 N

o0 3 Ji R PR 357 HE B 5 92 5 2 22 AN T LTSGR AN 3 5
(RIAS S A5 P 0 i L, AR SRR FE Bt 1 — b ik 0 R AN S $2 30 1 5 s AL 7
%, SEIHTIFRSCEL 7B RAR R B AL, JRIEE R BB UM 1 0k
RO A R

5 3 i R PR 35 7 HE B 5 TSR, AR 22 2 1) M 5 1k F L A
T FIRE 7 ZE B P AR M S HO B R, XA R, 1 HH A
iy o AR RITIEN R ONX ST AN SRt Al i R, R8I i
SRFRAA P s f2 3 DL e S R TSRS B I RAT T S DR R AR
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55 4 B AT A A B BMP SR TE

F4F BABATHARPISEERN BMP FRMLTTE

A B AE B T IR B AUL ) BMP 1% 520 i AR FEAESE (S WL ER 1 &
K1) F, T AL R Te/E Ny BMP %5 8] BC B 8 ot H S 5725 18] i B #ocid A
A BMP 155040 7 (B4.1) o 1% 0733 3 B 3530 5L [ 8 b 576 1)
Ril53 BT RO A 1 BC B B s SO . B BMP A E G RN E
Flg . 2 BHARMRAGEIE I B S RO i T (Zhu 48, 2019; Qin %%, 2018).
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Figure 4.1 Framework of spatial optimization of watershed best management practice (BMP)

scenarios based on slope position units
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HETI0 G 8 3 I C LA R R B it ) B AU T

4.1 BFREERGL B THIXISY

e 3BT B A G P9 3 — AL AL A e i A (RG24 R, 3BT SR T AR T 1Y 2
P ity E AR O 1) S AT RIS, AR AT IRI Ir] 2 VR T L e M TR A
T CEI1.5) 0 XSRS BB H i R ARALLRE XS B2 IR AL EAT “REAL” 4328
(Qin %%, 2009; Z57K & 48, 2007), K P33 Ar i i V53 25 B 5 i B2 o0 & n 4 2
T 7 ARG (BILS) . [ERERIR, F0E 5 1 FiREch vl feid T4k
KT F BN TE R (PR TR A 288 (o, IXFPIENL R, A3 T
N FAH AT I 24 F T3 A T BN U0 TR (Dile %%, 2016), AARIE
BN AR 81 S B

W TSPty Sk 248, F T SR IUBORI 3 A7 (1 3 % J P At DL 58 2 R I BT AL
DXHOTEARRAE, DRI “ B84 o325 B3 AR T BB A7 TE BESRB A IR 5, SR LR
UESRTHT PN E LR 3B B0 1 AR e B AN A (R o3 AT R S, AR SCR 7 P
T H 07 0 BEC R AR AR AT 275, B An SR — SIS (3 6 5 2 8 AR A% i &
D T ASSASARIRI TR RIS 22 B i B I i3 R 2

A B TTRR T AR AR 5 N R P iR O R R A1k BMP 1%
[FIPC A B AL, TS TR SR TC R P 25000 45 2 I A= e fr e
JLER G 5dE T BMP 1 SOV AR SO — A = (4.0, WnHEsAr ot
Jit & AT SR e g 5 S H BV A B e S (42> AL s oA iR S
RARRRASE . AR SCRFH RIE G R B X" B 45 M 4 U b s ot 2R 51 B
5, IEAEAAISONME AT (E4.2).
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55 4 B AT A A B BMP SR TE

01{ 34 "7:0.0142

02  "overview": { // i HoCE R ST 35 1

03 "ridge™: 1, 36 "subbasin™: 1, // fITJ& F-iIID

04 "backslope™: 1, 37 “hillslope™: 18 // T J& 3 1HiID

05 "valley": 1, 38 }

06 "all_units": 3 39

07}, 40  “backslope": {

08 "hierarchy_units": {// 2 [¥0& 5] 41 "72" {

09 "1 { I T TID 42 “upslope™: 18,

10 "18": { /I $TH HJCID 43 "area™: 0.2007,

11 “ridge™: 18, // 111D 44 "downslope": 288,

12 "backslope™: 72, // 53%1D 45 “landuse”: {

13 "valley": 288 // 1%+ 1D 46 "16" 0.0472,

14 1, 47 "7 0.1535

15 "19™ { 48 B

16 "ridge": 19, 49 . 1_Jbbasm": 1

17 "backslope": 76, 50 hillslope™ 18

18 "valley": 304 51 }

19 % 52}

20 "0 { 53  "valley": {

21 "ridge": 20, 54 "25‘3,8": { "

22 "backslope": 80, 95 "upsl'clJpe : 172,

23 "valley": 320 56 area": 0.0134,

24 } 57 "downslope™: -1,

o5 } 58 "landuse™: {

2% 3} 59 "16": 0.0007,
60 "7".0.0127

27 ridge" { /I K G T Kl

28 "18": { /] YA HtID g; .]T’ubbasin..: 1
29 "upslope™: -1, // L35 #.C1D 63 “hillslope"" 18
30 "area": 0.0392, // [HFH 64 }

31 "downslope™: 72, // K F.otID 65 }

32 "landuse™: { // =A% R 66 }

33 "16": 0.025,

Bl 4.2 PAr TR I BARRBE GG (o, -1 ZnBE L THRALETT)

Figure 4.2 Example of the data structure of index data of slope position units

42 ETEMBELENEFRELE

BT AR S RO A7 5 B BEAT BMP 22 [B]ic B L OTHIL A %, AT kK
THFAR R . DT Tl H EECR A “ S RARUEE " B U473 5 [ e 35 67
FITHIRI g B4, PRITTAR QR P SR 58 8 AL RSB AR DL BEAE P43 A - T
KX S BRI AR — FS Y BT SR, Bk, ASGET “ahaS e
SEILIAT H eI S IEh A 1 .

HARBAT R, [F—3mp, ABPERIAIRTT AL B ZIE M2 545t B A
A AERYT K, Tk A BARCLEE D B A SR AR B £ 27 — K fEL HL S5 5
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S G B I C B R B it = 1) e LA T ik

B HIMALE 2 Z RN TR A, w41, E43FR 3 F 55 Lk m s
REIALE R, A ABUE W 5Kk01, Py Py A1 Py =AM BT 450
RLRE R T BRIR I HAh 3 SR A H3BUR 59 SRR 2 22/ N T F0RRE T (4
0.2), LRI AL # ool Fah &l kil N 3.

max(S > Sy Syys) < Sw < Sy @)

Sy — Sy < T
A, S ONR AL EX 5 BRI R (RIS, T S
14 AR A 7k B A TR IR
— B8R (n) =T KB B KW 38

N

aILE

) 100 200 300 400 500
HEZ ( FKRSE, m)

B 4.3 3 BRI LA 5 KRR AR B R AL Bl R3S HE R R

Figure 4.3 Schematic diagram of similarity curves for the five slope positions along one

profile of the hillslope and the dynamic boundary adjustment approach of slope position units

£ BMP 18 5L 25 FE 3B A BT830 S B0 A5 1 38 1T S2 B BMP 45 [a] e & 5
JCHIHARIEAL . BRI R 6], FHREEE e LK BMP 54, Hl ool
FHURBE 5 (135 A7 B 7T K1) 43 45 RN REFE) BMPs 78 (8] 73 A o 5 ULIRIN, 1277 3403
BT R RE R R PRI . D e R AL (A 1) 22 AT R, AR SR
ST A BT Y A BT A A R B B, RN AR A A BN s E S
R IUASE A5 D0 A o R 45 2 e 2 18] R AR A 28 0K, ) oy 320 57 R B B A (B
HYEHE (Ao ~T) FCADEEEBE (00 T/2. TO BAr B H AR AL
MRS CIIABEIRT 0.1,
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55 4 B AT A A B BMP SR TE

4.3 ZE[E BMP Z8)fC & x RARYHC E SR

W21 frik, BMP fic & SRS 1% 71 N % & BMPs R E X &R (LFE
BMPs it & 1 B Fl BMPs [A][F 25 (A6 R ), [RIULFERIEE BMP SR ER, MY R E
BMP S EEARME (41 BMP XA S H 52D FRCAR-U s 88 (4.1, 183
4% BMP B ECE N E CEHOR A A S8EE) M BMP 256 M58 880 55 2
s (Zhu %%, 2019; Qin %%, 2018).

BMPs [)3& B AC B AL IX — 15 B 7 #i EA R BMPs (8] 178 (B 4H & %
%, 1M BMPs ZR GG SR AE 91T BMP IREi8 s (il 32 ) A
ROMEFERE e MEFE AR (Qin £, 2018; Chen 2%, 2017), W m] FH Tl sg 3 Tl 1 R i
KRN (Zhu %5, 2019; Qin %%, 2018). LA oNp], T3 5 A2 1™
N PV Bl o W= e B K i O NI S G A NG L o Wl b 27 VAW
B, AR AR A AR R il 38 T AR (L R B, AR AS AR IS B
FUBIHR T NI RS TR, HARE e 20T 34, B, s
PC B A T SO B AR A AR R L AN TS B TC B AR SR I SRR, L
T B H RS Sz, LA R B AR AR L Y A 11 0 b HE

B

44 ZHEIRMUHEZNIEFESER
44.1 NSGA-Il &%

WAL 5H L (Genetic Algorithm, GA) T 32N T2 HFRPE ) BMP 15 5
SHTREFCH (Chiang 2%, 2014; Maringanti 25, 2011), A ks TSm0 S Bl 4k
FF 18 4% 892 NSGA-II(Non-dominated Sorted Genetic Algorithm I1) /2 H 4 # 7 )
Z AL (Deb 2%, 2002) . NSGA-II 76 JFi AT NSGA Bkt ERA T
F 9% (Elitism) R B SRMG, WA B0 \LRARARI 2%, $ m BI IR WS S5oks e ik
FE, TR ION T 4455 BE BE B TS DARA 7K 95 4 T IO SIS AR K 2 AR (Zhang 4%,
2006). Rk, AR NSGA-II H3%4E )y BMP 5 5L 2 B RIUAL SR

BT st PR NSGA-IL 5921 BMP 1§ 5t ik 2088 (B4
E

1) NSGA-II 7562 T3 — 28R BMP 2= [HBCE 0 (WA SCEE H AL

¥5E) KA BMP BCE s (LEE4.39) WILGILE T BMP 55, RN
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https://en.wikipedia.org/wiki/Genetic_algorithm

S G B I C B R B it = 1) e LA T ik

WILE A EE (population) , FHH—A BMP 155 F N IZF B — Ak
(individual)o —fHE, BMP 1§ 5K N — MK SET BMP 75 B g B
TEBEAL, FRAYtfR (chromosome), HetaARaE AN E SRR —
AN B E T, FRONFER (gene), LRI B b MIHUE Romi% 2 ML
Bt FECE T BMP #2% (8 BMP).
2)  NSGA-II i Fl g FEARE LR BMP £ 57 70 X 4] 46 HE AL AR B (genera-
tion) A BMP 15 (M) BEATIRMY, JRHHE B s s 8ot A~
PRI EFME (UHRTREIRE . S5, B MEIERNE (fitness).
3)  NSGA-II FE -3 N B2 FEE A B A AMAREAT IR SCICHE R, JF HikBGE +
MEIE R — RIS, FONIERIEAR Pareto i (Deb 55, 2002).
4)  NSGA-I FEAT A BT — A AN TH ARSI PR AL RS, B3
BB P e E KRB B A SR 2 2 fF, Forh, R — AR
(1 A s 38 e 2 TR A AR o (A (RO AR, offspring)
51— AT 2N 1R B AR Pareto fRE (FRASARAMA, parent) HAE
JERATAESCICHE T 18R 38 SURIAR R84 58 AT
DSEELAS SCHR Y PR B T BTG A D BMP 2 B i B B s HL S R C B eIl
AR SACEVE, FEN NSGA-I #HT &R, Wi st Eikgmiy . /4
BMP 1§ 5 UA A B — R st A e (B XANAR e #AE) I392% i BMP 7 [A)fic &
RIS, Al T,
442 REFEZXEGIIT

NFEE BMP 1 S AL H o6 BMP JE# S ol S sh A %, 755 NSGA-II
T e EE gAY (RO Gt AR R 2540 BT R, ¥ RIS & El4.4F7R
P33 Qg AN A, [E—3m b3 WA A e B X 4, A
U HFE AT B IR B 2 AN R R AT SEBLZ S R 3 AN B C L R, B
EHIE AR R FAEG T (44 . BT, B ABENS SR L
LA BTG B B R B RE, (N IR 2R B 3 ) LA sk, A SRR L
FREHEY 5K B oABEAE S MRS o WA RAE, 1% {E A ER
TR WA NI 5K, ARNRREE SRS R fEkdi— BMP 1%
SR G OAREH m AT EE R i, BN BE R 4% 3 > BMPs Sl 2 A4Nid
SRR AR (E4.4b) . LR REBREN 0 WRRAHEED T, FiiZgms
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55 4 B AT A A B BMP SR TE

WU [FIRE SRR S 1] 5 37 B e R A s pidb
BMPs{RES NRIFESE

1 1
r ~/ ~

A B C 0.2 | -0.1

I
H1 [ H2 [ H3 | H4 | H5 e Hm
N 5

EM%WEEI@&M e (BIAMK)
(a) (b)
& 4.4 %8 BMP AL B BTl A SRR BRI RTH (UL 3 REAEoeH)

Figure 4.4 Design of genetic algorithm coding considering dynamic boundary adjustment of

BMP configuration units (taking three types of slope positions as an example)

443 BMP EREVMBUMERFI—RKIER

£ BMP 18 5 (TG AR AR BT — XS St AR 3 BMP Fic B 5w 2 A ST 7L
MEZENZ (Zhu %%, 2019).
BMP {5 5t Ua P RN T -
1) SO A T ER 5 B A BMP AR, DAY SAL, M T 5 R4
fr e (R TFUG, ARSI At ) FH 2B R A SR B B A L B —
I&E H 1) BMP 8iANEC E BMP;

2) B RIS, ARYE BMP 7S RIECE SN Can R A G E Y BMP 145

G E RN K T BT LA E . WAE4.37) fEE HA

B 1) BMPs HBELIE L — AN AT G B SRR

3) HEEDED HEWMRTE KA AT ELLE);

4> R [FEE3ET BMP B E mARM A B 24wk ERCE A BMPs, A
AL S R A G b B AL B — AN SRR . (W0-0.1. -0.05. 0.
0.05. 0.1), RZH¥PrELFREREBRENO.

A T — 4K BMP 1% 5% 1) NSGA-IT #§:E A8 X AL 5 o ALRUESE XERIEZ S5
174X BMP 15 5558005 /£ BMP AL E KRR, SVIMHMEIERBL, AKX
HRAEBEHLIE RS SR AN BT REAT A e A X BMP 1 5t

X AE XA U)X BMP 15 5t 4T 19738 S 34 53 9 BMPs Z i 48 53 il il
TR RMEAR T AP IR . HEAT BMPs Zmid A8 R, e AR AR A B A BT
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S G B I C B R B it = 1) e LA T ik

R R) BMPs FiC B G LT BMP BB SRR € 1] 3k BMPs SRAFHERR 2 AT Ac &
(¥1 BMP K7, SRJ5 N BRI R — AN RBEATRCE s 10 57 A B R (02 S R DU
ELARREALEH AT i B E AT E
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ERE NG ESY)

EBS5E NARH

A 5 i PR SR T XCEAT RO I, R A2 & i 1 IR AT A i S AR AR
ZESEIMSH P RERE A, R 553 52 SLEL IR A7 A5 2. B S s U5 L3R B
WEFCX AR LS S, (EREIRA b, 3 W 4 b SR aa X 554 5 52 H I SCHRF 22 1)
Fic B FL e A sl A5 B R BMP 5 SR A 7 VA 2EAT 7 A3 R K B A B ik 5
fre IXPZH BMP 1555 LA 136 BE S8 (048 K 38 # e 5 HoAl % A BMP 22 6]
FC BT RIRT B, BLRCR S [ 5 3 7 1 35T 0. 78 5 300 57 sl 2 R B 1R 357 #7611
Xf .

51 MIREXEEE

AR AR 48 T B R s R IR (15,1 #EAT AR/ IME A Br 1T
BN BRI AR IR H bs T ) BMP 5 LA 5T .

A ROuL

e AE

o lom EB%

C3 FRiminR
Lok v\ S L ¥ =R (m)

L Jkm "F : -556.

0 1,000 2,000 >

° 0.5 1 " 205.0

B 5.1 BRE KT AW RIIRRE RAE A

Figure 5.1 Map of the Youwuzhen watershed in Changting County, Fujian Province

5.1.1 #RXEDR

I EYIGEA THREEKITE, RREITILKRE —HoRARIRI i, HE
PE N (25°4013, 116°2635) ~ (25°4129, 116°2840), JMIKIEIAIZIA 5.39 km?
(E5.1) . FWBUMKIL. FRHEONE, Hh3A a3 R AbmE R 7 iR, mRE R
H AR AH ERE , MK 295-556 m, ~PIHE Y 16.8°. TiF R VIV B SR RE
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fiE s K IR AR B LB OK AR FRG IR A IO S0 F 7 LR i X B ek, =%k
ATV P AR Tk B R BRI i YA AR RS R KU U, T
B, 29 PSR 18.3°C, Ji s ik iR A 39.5°C, Wmfikii A-8°C.
ZAEPRIER Y 1697.0 mm, FERTEN 7 ECER, FEA HoR K, 3-8
AR R R AT A2 75.4% (FREE 45, 2013).

VLI 398 DA LR R 5 PR s BEAE B 5 AR I B U T VAT R 2048
TRRIE THERE HARILRAE, PrihiEg 2z, BV, PROKGRABREIE (R
B 55, 2013; He %5, 20040, T35 (%2850 FEORLIBAUKAE L, TR
EL2> 5N 78.4% AT 21.6% (Zhu %5, 2019).

P A ] = EE bR, K AR B, AR B 2 50 09 59.8%. 20.6% FH
12.8% (Qin %, 2018) . T KM B /K LR A BN, i AR iy A B
AAETE, W2 TR BT ARt 7RG HE A SO bR, A e 2R Ak T B
WEOGH M, EA TR, WRAERE M ARREN SRR (Pinus
massoniana) “ LKA 7, KT HEAR Z A FHEME, AR T (Lespedeza bicolor) ¥
iR (Adinandra millettii) 55, FAEYIN T E2ET2H (Dicranopteris dichotoma) s
KK (Baeckea frutescens) « BS#SEL (Eriachne pallescens) 5. EEREERAL
PRHL, BSRSELN . HERN . HEMEIAK. DRAESHKSE (REZ 5, 2013).

WY KIT R & 2 ERK L RFRAE, M8 T X2
BN SR AR B, KRRk B ESB R, “2 kit Gaus
RS (RE 45, 2013), HRREEE, SR LRSS 25 kA
SR el B 5 45 SRR Y PR

5.1.2 EAthiB{E 28R

P RO ) ik At 2t A S Kt R 4% DEML, o Y TR 3 S8 Y

DEM s Vit dekied 75 i 45 i B ZE LAttt . AR SC LA 1986 R R M 1:1 Jth
B R EE L TE ArcGIS 84 A idE47 #er- 44, 7F F TopoToRaster T..H (EANUDEM
v5.3; Hutchinson, 1989) #J&/K % R IEHIF] DEM, 433K EN 10m 10 m.
SIS N 73 A, B 0.185 km? il 2 A & B A7 T I SE BRI -3
gy, FERIY 17 AT (RS 48, 20135 1815.1),
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i ) FH R 3 S B e % S IR I BV DR, R R R AR
EEINEHE . £ T B MM 2009 4 ALOS 1% (Advanced Land Observation
Satellite) 75 2 TR B (FRE% 46, 2013) FFERG |, &5-G 07T X e 1) 424 B
(Bing) 548347 B 315 255 M A s i) 3 R A B Can&15.2) 0 bR A/ 4 3 78
FARMMKRSH (= T RED KYIIHES % SWATHE R HEZE (Amold
5,2012) FIARRHWEFEIX SRR (Chen AT Zha, 2016)

[ mtkits
[ 2=
[ 1xmMA
M =eERSA
— i [ R TH Rt
e [ ki

5.2 I RYIRR A

Figure 5.2 Landuse map of the Youwuzhen watershed

] Bt S it aT 12
2=

S L T
[ =R E
0 0.5 1 [ =R/
5.3 WRYITR IR EE

Figure 5.3 Soil types map of the Youwuzhen watershed
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S G B I C B R B it = 1) e LA T ik

TSR R R KT B8 ik IR 1.5 7 R AR (nEls.3)
M A3 5 3K, A AR B IMRITOYBRYE R ThEL I . IR 5 414
e . REAHE OB S RH, R HANSRE S E T2
RUKAG AW E BUKAG Lo LI B AR B S 0 B b R A SR (U
&8, 2015; R 58, 2013) DLEBERREAT 0 RO I fs, 2 ZEEAE NI A R
AU S &S HA LK RESE (ki 33, HIEFRKES) K
SPAW #i% (Soil-Plant-Air-Water; Saxton Il Rawls, 2006) 15,

513 SEREZREDHIE

H T B IR IR N B A SRk, BRICR A B A R0 KTl ('S
58911) #dl, iR VR RS, FEKECHE TSR FH DA S B 3 FR ] K
Hed o SRR 20122015 SRR AR . X B AGT FEEOE DR IRt 1= 1k ik
IKRFRANE D IR (HKITEK L ORFFREAD . HTHEEmRE &, ¥ix
BEK L ARimAT e Yo R e oy H R BE R Je, e BGES: 3 R EL_EFE/K B i
P20 B IR W S S S AR IR A e VD Bt A T o AR AR A B 2R e 5 5
E, kBN IR R G iHE B RS 1. Bk 2012 FA4E AR T,
2014-2015 AR 258 1, 2013 AFENAAYERAE T, BEAT I o IR A it delond 5

H-

[

R 5.1 RIS 20122015 FEELE 3 RY K AR HREN BG4S

Table 5.1 Statistics on rainstorm events in the Youwuzhen watershed in 2012-2015 for more

than three consecutive days of precipitation, runoff generation, and sediment yield

Ffr ik RbR¥ RN (mm) (S EFERER ] (%)

2012 16 84 1421.3 65.3
2013 7 58 829.75 57.9
2014 8 49 766.0 61.1
2015 19 95 1061.5 74.9

5.1.4 BMP &0iBEE

A SCE BT B3 St & e AR SRR K LR ERAG 4 Bl BERS ik AT
BMP #5ifl, Bldt2E, AESHME, R SUE AR (FREE 2, 2013;
%52),
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R52KITEERY 4 MRAFEEHE N GEHFEL F, 2013)

Table 5.2 Brief descriptions of the four BMPs widely appied in the Changting County.
Adapted from Chen et al. (2013).

>

BMP R «;

LB ESHER AT, ARSI AR

WA o & TR R K R ST S

B AR v BE K A R B N2/ 2R S 1
BES . Tt

e

SR SRWFIARCT . AR %

M HARE IR E. EHTILTITAR
T
WS ZTUEAL . AR AME S X IR 5k
R EGE ZHIMH Cin SRR TS, EHT
SR AR ko
BT L HEKVA L BV R
LR BOMAE R, SoE R, ALK R IR

. bt EMENERHEE.

AR BMP AR E EEAFEHR RGN, BIHT BMP 1F S 1E A5
B RS AU S ER, UUE AT BMP BB SEE ¥t 1 BMP B B A0 .
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5.1.4.1 BMP IMEAZMFI R A -1z F1R

ARSCIEHLE 4 A0 BMPs ] Lo KEk (R i R st 3 e, ki
SRR AR I IR (Chen %5, 2017), Kk, BMPs (IFREIH &Rl 3
BRI A L & BMPs X sk i 38V i 2 (Qin 55, 2018; Wu 2%, 2018).
2000 42 2008 FF[A], A48 7K A DR e D0t 308 aod s 4 B A SRAE MR 17 S AN [
FhIE BMPs A T3 (AR &8 BE. SILRES) KshaZil. K
SCAEBE BMPs SE it J5 2058 45 T4 A 4E 9 T DU B R e PR B A 240t (Liu 4%,
2018a) » Ak, AXCRH BMPs 5L 8 45 5 (1 LR FE S 5 0 BMPs X @A
M R PR (R5.3; MREA /K LRSI &5, 20100 THEAS B IEAR
MRS AN (£5.4) T BMP 15 SR B WEAY . 385.4rbil ] + 3%
TR T R R s I E R T (USLE_P) FIARXT A AE S 2% H IR )% 25 (2013)
FEZI AL AR DG 5T . BMPs JUA-SC 38 03 G I 46 SE AR . AR 497 A
FAELIEE (£5.4; T258, 2008).

R 53 KITEHELK 4 M EIE SO 8 /5 R RN

Table 5.3 Improvements of soil properties estimated by field samplings after eight years of

maintenance from the first establishment of the four BMPs

AL A SEN W% kL% HikL%

BMP glkg g/cm? FE% 10.05mm 0.050.001mm < 0.001mm
ESES 5.75 138 48.41 39.17 40.44 20.39
AR 6.83 1.315 50.555 43.66 30.595 25.745
fIRRR g 4.94 1.23 53.36 44.43 3031 25.26
ZTERR 9.625 1.36 49.07 47.45 343 18.25
ot R 4.7 1.41 47.42 47.94 38.91 13.15

5.1.42 BMP BZ&E 511

BMP Pt & RIS H R N AR L, 3 2R 4 BMP [FRCE
SR (W& B E CHOR SRR A T SR B IR RS K525 RSS;
Chen %, 2017; BREJE 55, 2013), LA BMP (AL & X R AR (W1 BMPs 5 25 ]
Fic B B CIE i BRI REZK AR, Wu 25, 2018). £S5.59 1) BMP 24 IR
YRR BMP i IR A AR, BUE S R R AT (Chen
%,2017), A AT RE E BMP AR E X REAMEE (Zhu 55, 2019;
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Qin %, 2018).

R 5.4 KITERE LK 4 PR E BB SR ST At as

Table 5.4 Environmental effectiveness and cost-benefit knowledge of the four BMPs

BMP 28 ¥ FRAR-URES (7 J6/km?)
OM BD PORO SOL K USLE K USLE P &A& #FigfT HFlas
S 122 098 1.02 081 1.01 0.90 155 15 2.0
ESHME 145 093 1.07  1.81 0.82 0.50 875 1.5 6.9
fRBtkeiE  1.05 087 1.13 171 1.71 0.50 455 15 3.9

ZUME 205 096 1.03  1.63 1.63 0.75 420 20 60.3

VE: BMP MBS A3 LM S5 (BIAHLR OM. T34 ®E BD. MILIE PORO AlLI#K 1%
SR SOL K) Al -3k 5# (USLE) R (EJ 3 n] it K+ USLE K AR i il fi i IR+
USLE P); WEEakai sl HE R 5 R G IE A AR AR CRIAETR), Rk B A .

R 5.5 KITE R LB 4 FhIfit e 24 b8 1 Aic B 0 0 AR B fr DA R Sx- AR B3
EH

Table 5.5 Suitable landuse types/slope positions and the overall environmental effectiveness

grade of the four BMPs
BMP EE AR EERAEE ARG SN
ESES it s H 3
AR £7 57N N T g B HE 5
IR s Ml T 4
ZTER £7 57N N T HE 4

5.2 ETFSEIMSHI RIS FEIER
52.1 HRERBSEZESREE

ASCHE T SEIMSH I 1 e R DA H R BERUSOE FERE R (R FRSEIMSH
R, XPRIEOKSC, BaERm. RV KRS REATE . ZEAE RK S0
BMABBERBK. dE8EE. NE. SEME7R. Bl Bhm. Sk
T~ R IK IR AR, R O AR AR T v e v VR S TE
P, 1A KIS R K F SWATEL A S A %146 1Y) EPIC (Environment Policy
Integrated Climate) A8 [ /EY)AE KA (Williams, 1995). 1AL 32 B 1
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TR DL R AR Y 6 2% 6] 2 2 BMP (R IA fa A HA R
52.1.1 BEREA

TETEZ5HUK FIH Penman-Monteith 23 AT HLL (Allen 5, 1989; Monteith,
1965), 1ZANEEH & TAEWINABERE, X5E T =S¥ S50k, B
A 75 AR ARIE A T SORS B, R RS B 2 S 1 AR 28 UK T
FAR:

900U (es—eq)
_ 0.408A- (R, — G) +7y - — 5= .. (5.1
Ay - (1+0.340,)

Xf, ET NIBAEZANEE (m/d), R, AHEFES (MI/m2d), G Nk
WE (MI/m?d), e e, AHINEFKAE. SEhRKRE (kPa), A RHIHIKS
JE-IREE R RRR (kPa,C), vy AMREEITH L (kPa/°C), U, 4 2 KiE Ak i R d
(m/s), T RNFHE CC.

5212 HBEHE

o JE R R TR A E AR K T A R PR . #EE & R A WetSpa R4
rh K BT R EE AT v (Liu, 2004):

SIZ = SIz_l + It - EIt cee (5.2)

b, SLASL_y 73509 e Ay — 1 P EC A i & & (mm), 1, 9 ¢ VB AR
HHEE (mm), EL NEEMEEKDZEKE (mm). I, A EL FITHRE IR

I()—Slt_l ,Pt > IO_SIt—l

I = .. (53)
Pz oPtSIO_SIz—l
0 , 80, =0
EIZ = SIl‘—l ) Pt = O EEPI > SIt_] e (5'4)
EP b

X, P o e ERIBKE (mm), EP, 4t I BREB/EZRKE (mm), 1)
HitERE (mm), RAKRKEZAEL (Aston, 1979) 5
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d—287\1"
h:Lm+whw—Lm)05+05ﬁnPﬂ )] ... (5.5)

365
KA Dpin T Dnax ZERRDRKBEEERE (mm), 42 FHOHF
B bEHA

5213 A\g

NS E T E R WetSpa 8 H 250 24077 (Liu, 2004) . 1ERBIE =)
HTPRARBE T, o R IR P KT NI 00 P F) P A R 20 R DT 2B K, 3 20 gk e
o DU PR T8 2UAE T R AR AL B BT B R AR, R Y B AR IR 1 350 4
B K JUITE B NV B o MR N TR R0 B R PR ARRAE . HUFRAS . 3R AE AT
TR EK B IR AL ZAR REBUERIEE . LRI e K
G B i A e W R PBE 6 TR 30 R R /K RN NI AT il B

PE}:(?Uﬁ—IJ(%)a ... (5.6)

F,=P, - I, - PE, .. (5.7)
XA, PE, Nt BEEREKE (mm), C ABERRAE, HyE. L8R
RN MR SRR g, 6, e B HIBEE/KE (mP/m?), 0, LR
B (m¥m?), a A—D5REAKEEMCHEE, 1 8 MBS ZEHEE (mm),
F, IANZEE (mm),

5.2.1.4 EFEMERSR

P R R TR NS TR, 2 R 1 B ik & AR EE I (ke VIR
M REE S ) R R S R, 3 B R R R B N VB R 8 K
R PR R AR, W RHORIA . RsR s, A
JARERTAE, M AR X 2 AR S B A S &, K HLinsley 55 (1982) 12
HH F ] B e 28 SO A B B AT A 5

SD, = 51)0(1 —-e‘é%%) .. (5.8)

X, SD, Nt BEHEE R (mm), SDy AHEHEERE (mm), PC AR
B REEKE (mm). %2 SR EEAB SO R R R P A I R A, BIAEAT 2
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PEK AR T EEM G B A R, RV B A R . PN ¢ 3R, W]
15 T BB EE LA B AR B

ASD, = PE, - ¢ 5 ... (5.9)
A, ASD, Nt EGEMAEE EME (mm), PE, Nt NEA M E/KE (mm).

I8 BNR KT A ESAE, BB K E W] i 41T Bofy 2K AT
— I B A S AT A B

... (5.10)

SD,_
PC:PEt—SDO-ln(l— ”)

SD,
AR, AT —mBERLE B & SD,_, T 0 iF, PC Bl%6T PE,, X4 SD,_, #ik
SDy B, PC WHEH Kt S8 ASD, #izT 0.

HE /K & P T R T R OR N

SDt = SDI—l + ASDZ - EDt - Ft cee (5.11)

A, ED, A F, 73 A9 Ja g & & P28 R MNZ KR (mm), Horp
ED, 523 0N:

O ,Pt>0ﬁSDt_]:0
ED,=\EP-EI, ,P,=0HSD, ,>EP-EI ... (5.12)
SD, ,P,=0HO0<SD, < EP-EI

Xf, EP ABEEBE (mm), EL NEEHBNERE (mm).
AR R 7K T i 5 A8 A B AN R 7 i 2 A0 DR 3R 55 38T 7 A 7] P
KA, WEFHRETHE A HON:

RS, = PE, (1 - 6%0) . (5.13)

52.1.5 &R

MR R SOKEHEZE - A EKE BT E L ES KE M ARIA R
B, MRHESWATHE b 1) 7 VA T B IR =L (Neitsch 45, 2011):

68


https://swat.tamu.edu/

ERESGIES )

Wpere = SWexcess (1 - eTT;’Aetrc) (514)
SAT - FC
TTperc = K—t (515)

:—Et':':', Wpere %?ﬁﬁ% (mm) ’ SWexcess y\jﬁ)ﬁ:?;’%?ﬁi (mm) y f %*ﬁmﬂj‘riﬂ%
K (he)s TT,ere NBTRFERS (hr), SAT Fl FC 73 A ANE K & AT H R FEK &
(mm), K, NBEAMFE/KZE (mm/hr).

52.1.6 EHROR

R RAE 3K A R EBIR R R &4, — BB KRR TT ke R, HAEYY
FEBE ARARTE Y AHE I Hb X 0 A BE XS RIS DTk AR 3 K 7 s 3RS B 5 R
R RICR T IE I8 (Liu, 2004) GAARELE TGN K S BREEETIR .

RI[ :CS 'Droot 'S‘K(Q,)'AI/W cee (5.16)

XA, RL A ¢ BEBIE R R E (mm), C ALHI R, FT25 R W% R A
J R E BIANUR AR R0 A FKE B, Doy NIRZZIRE (m), +
B ORI R 7 Rk, S ONFIEE (m/m), K (6,) N TIEEIKEN 6, (m3/m?)
K St S (mm/he), WAL IS E (m).

52.1.7 WELR

VK H Liu 48 (2003) 3 T /K9 8L b B ) o A 20 AL 28 7 vE A
L, VR T RS BT R A AR (PR 2 T AR, SRAEY L
P 5 REAS M 2T TE VR AL 2, 3 TR RN 4 7 O BN

Qi ()= ) Vi(DUi(t=7) - (5.17)
7=0

XA, O () AEEMH i 48 ¢ B BIL B A L (HHE) BiE (md/s)
Ui (t — 1) J9U gLk £ (1/s), BUONZMIS @ RIS TH) ¢ (ORI B2 4008, — iR
T (s)s Vi () UM @ A2 ¢ IS TR AR ARIE (m?), B REHERAR RN
it
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52.1.8 HTR/KER

K FH 57 BRC PR 281 7K ZE R 2 5 /N 3y /K IR FE R AT AL, [ B R
IR o R K EFR O T AR MK ZE T AR B (Liu, 2004):

SG’yl ... (5.18)

0G, 2(%(]666
X, OG, Ny L R ACFE R (m/s), SG, Jy ¢ BB IR /KAl
(mm), c, NFERBH RE (EMKEZE R mYs, JELMKEE R m/s), m Mk
TAREL m A 1 BRI KD, m N 2 IR AR K 2
52.1.9 SEHELR

SR 2 8 & 7 REAK P 5 RE A S stiR % (Cunge, 1969) #EATIHIE
LS, HIEAR R AON:

Vstored :K'CIOut+K'X'(qin_QOut) (519)

qout2 = Cl “qin2 + CZ *qin,1 + C3 * Yout,1 (520)
:‘Etl:l:l’ Vs‘tored y\:ﬁﬂiﬁ_‘7k'ﬁ%% (m3)’ din %A?ﬁ@.$ (m3/S)a qout %ﬁﬁﬁ% (m3/S)7
K flE 250 (s), Eatg iiE ol T i B AL FRI1E], X 245 il i A
MEFINERE T Gouro NERNTEPPKRFNTIE ERE (m3/s), qouwra NEEE
AATTIRIT ZIHATE H IR (m’/8), g FIZITEED KORFIITHEA R E (m/s),
Gin NZNEPSKIFIER FIARE (m¥/s), Civ G C3 ARERE, i1z
ET 1.

52.1.10 ¥~ ROR

BN WA R T 3BT P e R 4 VA AR o ) b R FHAS TR R R R
7% (Modified Universal Soil Loss Equation, MUSLE; Williams, 1975) #4715

SED = 11.8 - (Qs - gpear - A)">° - K -C-P-LS-CFRG .. (5.21)

X, SED NBHRMMDE (O, O, NMHBRZFRE (M), gpea NIEHERE
(m%/s), ANHA (m?), K NEHERKHFE (USLE) L3Enf k¥, C
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ERESGIES )

KNUSLEME# B % 5% M K7, P NUSLEK HAREHEFF, LS AHUSLEHLIE A
F, CFRG JFREE T

MRYES VR BRI £RE (Liu 25, 2003) 8 il AR I HEAH N YR Vb &
52.1.11 SAERWOR

K FHSWAT #5784 v S B AT 4k () Bagnold /KIR TN 52 (Williams, 1980) ik
AT TG YR VDI R, S IR A T B T R T e Y W A S T BT KA
HEUPRETT, MIE SV RN TRV R W LI DTS B e 32, e 2 W AT TE 12
POEFE A E (Neitsch 55, 2011), FEARARA:

rf-q.
Venpk = 2 1f4 hq i ... (5.22)
CONCax = Csp * vzfl’,e;,f ... (5.23)

S venpr RTTEEERIE (0/s), prf AR IERE gon NITEFERE (m¥/s),
Acp AR (m?), concpa, NIFTER KD ) (ton/m?), ¢, NEE R
B, spexp N1 ~2HIHRE, J54E Bagnold KmIIZE T HEH A 1.5,

5.2.1.12 =ZEE3 BMP &EEE fhRIA

ARSI HIT 4 Fofr s () 3 3 53 A RO I0 33 A B4 ot v e oA SR DR I it R A
RSH (R5.4) 1757 LI IR LA PP . SEIMS H ] BMPs 20 5 B A%
B (E2.2) s fEAL AR 2 BT HE BMP 1R (EIER5.4) HHicE BMP A&
AR S5 (EARER IS, BMP 25 [RIEC & S oA o B 5 i e R AR (1 2
AP BT — 5 (EI1.5), AT SEIMS [t e FE AR AL DA A Ay ik A4
WETT, [Kth, BMPs #0408 B SR AR SR AL 2 (7] Z 500K 2 BMP 7 [A] i
BHRICHLERT BMP BCE AL E (WS ). LN BRI 2 H B BMP 2 [A)fic & 5
TP e A B JER BMP L : 1) BMP 2[RI L B H G N A7 2 Fh Lk
MR (BA B TRk R MR AL B 7e) , HAREARE 2457 BMP )
TR AL E ;s 2) Frfr 2548 BMP 28 [AIC B 50 8 BEATLIC B SR ISR, Atk ak
PRSI 145 it i, B E b R 282 Dy /K 1) 2 R) BR e b
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522 BRI

i dslod R i 2 BB e i — M 4 AP ER - (Pianosi 4%, 2016; Song
£, 2015; Saltelli 5, 2008): 1) W& S8 L HAE R BUETEHE: 2) &HS
HOhE T R B AE  E SR EA LR 3) AT, TR H AR PRI 4R
bRy R ESEUR M T EE S 4) G A E EURE T T IR AR BIVEAS £
B, Ho s —DROVEBEMIGHE (Zhan %5, 2013),
FEG IS R A T, A LGV RS G, TR OGS BN U S UK
PO T RIBE R 25 i3 DA EE 5 8 (Abbaspour 25, 20150, Rtk A e &
FIYE VD AL RIS T S B U o B A0 BN T
D RS EXET TRS, IS K SOIRBERAERN 23 34
(N585.6) FATSHBURNE BT, SR G EBUREUR A TS 8 BUE
YO FE AR A PR R ME ST R 2 B A B, JRE e —
B H B R B KOS R S HL

2)  EE IR O R DG 10 NS H (5.7 BT S Bk o
BT, I U R UK 1) A T 5 R BB ¥ TR AR A1 dt 4 e 1 90 0
EFITHRASH AR E, IFENER 5 33 % e R 20 LR
IR SR

3) I E A B 2 /K SO I PN - R U FR A 6 NS (RS9
BEAT SRR i, R I R U TS8O BUETS L, IS
I 9 25245 380 1) 43 59 5 7K S R AR DL 38 422 o o R AU A O P U A1
S — AR IR AR S AT R S A B E

A% F Morris ik (Campolongo %%, 2007; Morris, 1991) 5 P P4/ BT idk
SRR L AN (ORI . BUR Morris F7758 75 0 1 541 P i 2 et 7 45
PBURFL L IS E BAVEOY, AR SR AELNE 5 S8 AR BAE R X 737
(Zhan %, 2013; Yang, 2011), {H2© 0 AT i@t s FEHRRAEEUR S5, AE
25 7 1 S B0 4> M1 i FAST (Fourier Amplitude Sensitivity Test; Cukier 25,
1978), BRIEA 24 A 2h %8 M % . Morris FHei: 75 ZR E 2 NS3 (Morris,
1991) , BDEEHIFE X R IS HORAE VI 4> S8 p, Horb p @HHUA 4 ~ 10
(Yang, 2011). AIEE R 4100, p A~ 10, HILATA, SHSEEUEME: 53T/
BHEAT WA RN 2400 ¥k (RI100 X (23 + 1) = 2400).
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B IRVP R )2 A8 I 3 N ERPE BE VT € B 4845 (Moriasi 4%, 2007),
Bl NSE (Nash-Sutcliffe Efficiency, 35.24). RSR (RMSE-observations Standard
deviation Ratio, 75.25) A1 PBIAS (Percent BIAS, 7(5.26). Moriasi %% (2007) A
Ny DLH A R HEAT KN BURAIL, 24 NSE > 0.50, RSR <0.70, 429 PBIAS
E £15% ~ £25% Z 1], Y2 b PBIAS 7E £35% ~ +£55% Z [A]B], A5 A RLADLIA F1 5
o A AR TN I A] 2D B AU BB (Engel 55, 2007) .

_Z:1 ( obs _ Yisim)2

i=
n
Z ( Ubs Ymean)2
i=1

NSE =1 - .. (5.24)

Z (Yiobs _ Yisim)2
RSR = = ... (5.25)
Z (Yi()bs _ Ymean)z
i=1

™=

(Yobs Yisim) % 100

i=1

PBIAS =

.. (5.26)
Z Yobs

papt
s Yors RE P ANIME, Yoim RES i AMERUE; Yrear Sy AT WLIE Y34
{6, n NWIIE 4. NSE 2 #iR A5 7 5 SEME e 22 AR RN — it
&, BUEVEE -0 ~ 1, {ERH | I RREEHME SMME 28, KT 0 /A
A 25 R AT 8252 RSR 2K 3 7 MR ZE R AW IME AR e 22 3 — L S ik &, (R
IR UE IR B RO AT, (60 0 I B2, BB PBIAS #hik 1 4%
PUE R T 30N T WINME P35 3, (B8 0 NftE, xRS SR BT,
fE N SO =, BRI R AIC (Moriasi 25, 2007).

Morris §fi%32:45 3| (1 2 BBuss itk 70 b 4 Rov] LLB I B R B (B15.4),
A 15 R — AN S 5 BURPE AT (I SEIMS R 38 (%5.6), Morris 18154
fEBRK (Campolongo 5%, 2007), &AL R0 1% ZHCR AL 1 BURPERUER K (Zhan
£%,2013; Yang, 2011). HIEI5.477 50, AFEATEG 845 (B NSE. RSR. PBIAS)
13200 S BRI HE IS A 2 5, Lhan, 3% NSE A RSR 3 21117 4 M BUR S 41
N df _coef ch_n. Base_ex M Kg, Mi#i PBIAS 13 ZIHIHEF N ch_n. df _coef -
K_pet Ml ch_width. FrABAPFNFESASBIRHT 12 MUK SHCE— 30, Bt
XS (B df _coef+ ch_n. Base_ex+ Kg+ MSK _col. ch_width. ch_depth-
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Runof f co- sw_cap~ Conductivity~ K pet F1 Ki) {ERXHEH i &)

BURIESHL #ATE PRNSHEIHE .

R 5.6 HATSHEUBE T RIK OSBRI XS BRI H R E T

Table 5.6 List of hydrological processes related parameters and their calibration value ranges

for the parameter sensitivity analysis

THREE 84 Eiiipa wAME RME VIMGE e BUETEH
o K_pet ARHURIIE R 13 0.7 1.0 AC [-0.3,0.3]
AWK .
TREMFTHRRIILEE
gsi 5.0 0 29999 RC [0.8,2.0]
(m/s)
Interc_max FAEBEAE (mm) 100 0 29999 RC [0.5,2.0]
WEEE  Interc min - H/MEEHEAE (mm) 100 0 29999 RC [0.5, 1.6]
Pi b N AR 1.5 0.5 135  AC [-0.15, 0.15]
K_run MR O B =R 5.0 0 25 AC [-1.5,1.5]
‘ P_max K run 4 1 BEX R EISE 1000 10 30 AC [-20, 10]
R TR e
Runoff co  V&/EAIREL 1.0 0.5 -9999 RC [0.8,2.5]
sw_cap T E KB )7 (mm) 1000  0.01  -9999 RC [0.9, 1.5]
HHf#EE  Depression  vEHLfEE AR (mm) 5.0 0.5 -9999 RC [0.8, 1.5]
BN Conductivity T3/K71E 3% (mm/hr) 2000 0 -9999 RC [0.6,1.2]
o Ki A 100 0 3.0 AC [-2.5,-1.0]
B - .
Poreindex TR /NoAfash 1.2 0.8 29999 RC [0.5,2.0]
Base_ex FETEH 4.0 1.0 1.0 AC [0, 1.0]
_ Kg FERR v a AL 0.1 0.001 0.005 AC [-0.004, 0]
R OK R N
df coef REBIRAK 1.0 0 0 AC [0.2,0.5]
gwmax R HL R KE & (mm) 50000 1 300 AC [0, 500]
ep_ch TFEA R IER T 1.0 0 1.0 AC [-0.5, 0]
MSK col & &% (hr) 1.0 0 0.75 AC [0, 0.25]
o MSK_X B K ¥ 0.3 0 0.2 AC [-0.1,0.1]
TEILH e
ch n TIE 2T R 0.3 0 -9999 RC [0.4,1.0]
ch_width FITEFEFE (m) 1000 0 -9999 RC [0.8, 5.0]
ch_depth TR (m) 100 0 -9999 RC [0.8,3.0]
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Table 5.7 List of soil erosion processes related parameters and their calibration value ranges

for the parameter sensitivity analysis

THREE 54 Eiipa BAME &AME PIGE 2E X BUEEH
acc IR B R 29999 -9999  -9999 RC [0.8, 1.5]
o USLE K -3ErTidE 7 1.0 0 -9999 RC [0.8,2.0]
Wmr= ) ‘
USLE P {2zl A 1 1.0 0 29999 RC [0.8, 1.2]
USLE C fEMESGERT 1.0 0 29999 RC [0.8,2.5]
BLAI K T AR 2 120 05 29999 RC [1.0, 5.0]
EYERIS T E S A
DLAI 1.0 0.15  -9999 RC [1.0,5.0]
K H LA
ALAL MIN RERIAS /N THIARAESL 099 0 29999 RC [1.0, 5.0]
o paf PRIERZIE 7 2.0 0.5 1.0 AC [-0.5, 1.5]
&I - ) .
o spcon WML ARS 001 0001 0001 RC [1.0, 50]
i
spexp Teibinte TR 4L 2.0 1.0 1.5 AC [-0.5,0.5]

R 5.8 FATSHEURAE T R MK SO A R R MBI S % R e e VA

EEA =z

Table 5.8 List of hydrological and soil erosion processes related parameters and their

calibration value ranges for the parameter sensitivity analysis

&2 iR wAME B/AME WIe(E eyl BUEEHE
ch_len IEKE (m) 29999  0.15  -9999 RC [0.5,1.5]
ch slp VAIEFHIE (m/m) 10.0  0.001 -9999 RC [0.5,2.0]
ch_sslp [ (m/m) 5.0 0.001 -9999 RC [0.5,2.0]
Slope & 29999 0.0 29999 RC [0.6, 1.2]

75



S G B I C B R B it = 1) e LA T ik

1.24
(a) NSE
1.04 ch_n
Conductivity MSK_col "
© ©.84 =
~ sw_cap ch_width
L] K;
My e-6 Runoff_co f
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- | ]
0.0jps= . . . : .
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MorrisfEIEISE (M *)
0.304 (b) RSR o
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0.241 sw_cap MSK_col C/7._’7
© ch width
~—0.18- K pet | — n Kg df_coef
Hd ch| depth " Base ex -
He.12- un .
] Ki w Runoff co
.06 . "
. g
0.00 -2 . . . ; .
0.00 0.05 0.10 0.15 0.20 0.25
Morris{EIFISE (M *)
354
(c) PBIAS
28 ch width ch_n=
df_coef
—~ MSK_col g u
5 21 . m
sy ch_depth. a K _pet
H4H 14 Runoff_co k8" u 4"
5 -
”"3 ; sw_capm Conductivity
L Base_ex
n
o= T T T ]
0 8 16 24 32

Morris{EIEISE (U *)

B 5.4 KSCIREERHXSE R BBREITER: (a) NSE; (b) RSR; (¢) PBIAS

Figure 5.4 Parameter sensitivity analysis results with respect to the (a) NSE, (b) RSR, and (c)

PBIAS of the simulated streamflow (m>s') at the watershed outlet

PR UGS B 3 T S 36 B, B Al s IR I H 1 A B AL ik 1 &
BN USLE C.USLE K- spcon- p rf+USLE P« acc. spexp ¥ BLAI, 5.8%
RSB R R AR VDB AR . R5.9 54 1 R A TR HR
ARV [FIAE 9 B 35 0E H bR ek #r) 24 DS EHL R 2 E R BUE T .
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£ 5.9 B SHERELS TR ZINHE TR DRENEDEN B3R SRR AIE
RRIR SR
Table 5.9 Parameters and their calibration value ranges derived from the parameter

sensitivity analysis and one selcted calibration result in this study

SR 4 FEIrA BUETEH AL Y 3 E 4 R
K pet AC [-0.3,-0.25] -0.2843
Runoff co RC [1.9,2.2] 2.1438
Sw_cap RC [0.92, 0.96] 0.9572
Conductivity RC [0.9, 1.0] 0.9471
Ki AC [-2.5,-1.9] -2.2325
Base ex AC [0, 0.55] 0.3604
df coef AC [0.45, 0.5] 0.4863
Kg AC [-0.004, -0.0035] -0.0035
ch_width RC [2.0,5.0] 3.0370
ch_depth RC [1.0,3.0] 29716
MSK col AC [0, 0.05] 0.0382
ch n RC [0.9, 1.0] 0.9576
USLE C RC [1.8,2.4] 2.3469
USLE K RC [1.3, 1.6] 1.3880
USLE P RC [0.9, 1.2] 1.1116
acc RC [1.2,1.5] 1.4520
BLAI RC [2.5,5.0] 3.3801
p_rf AC [0.2, 0.6] 0.3922
spcon RC [5.0,25.0] 13.5643
spexp AC [0, 0.5] 0.1057
ch_len RC [0.8, 1.5] 1.3093
ch_slp RC [0.5,2.0] 0.9590
ch_sslp RC [0.5,2.0] 1.7429
Slope RC [0.6, 1.2] 0.7447

523 BYENRE

BET Morris 682 1) S HOBURAE 237 7T 3 H /D B A U I S H0AT BT
ANEE, (RN A DUs I HERR AN & B S B AR (AR AR 45 R (¥ NSE /)
T 0 H—Pa NS EE BT . A0 NSGA-IT Hykdi T8 24
HERE, KM T8 J5 Kk (Iman Al Shortencarier, 1984) 4 NSGA-II 4
A RIS HR EFEAR LR o MIMEMREMASO N 240, MEESEAN 0.8, &
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KAARECN 50, 28 HEFAMNAL BMEZ 7370008 0.8 1 0.1. NSGA-IL k£ B
bR KA NSE PA R dR /MY RSR HT PBIAS FRI4E5HE

Hypervolume F5%1 (Zitzler £ Thiele, 1999) n] [&] IR} 5 F& LAk fif 48 Ui Skt A
ZFEVEXTIEAU Pareto SeALMREE IR TVFIT (Zitzler 55, 2003), Il Hypervolume
TRBOB K ARG B, RIS 3 T T2 N o DK SO BB 2 501 B 30
€SB N, Hypervolume $6 4058 7 1t £ A KL I 335 Jin vy PR IEE I I IR AE 2958 32
R JEERIFE (ES5.52). EIS.SFEIN R T AR B AREAS 2L Pareto i
PARERI S A, B ] R B il e b 73 BB SR b it a5 . WTLMEE B3R e
VEIE BIFE 2 S5 I AU Pareto SLMARER HATIE —MEIEAT F— PR

(a) Hypervolume (b) Generation 1
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Q e
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w %]
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o o
S =t
w w
o Ke)
© (1]

B 5.5 KSCEBREPAHRSH BZIRE LR (a) Hypervolume TREFEHLARBIZRL A
BAFBAARBBBIRDEANRAR Pareto BIHE: (b) F14%; (o) B 1448 (@ FE32R
Figure 5.5 Auto-calibration results of hydrological process related parameters: the (a)
changes of hypervolume index with generations and the near optimal Pareto fronts of selected

generations: (b) the first generation, (c) the 14™ generation, and (d) the 32" generation.
MR Z BOURVE > W 45 R A B 3h 2308 LI T, AR A SR E TS
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R (K59 FAREMRBGI R GEERB R B TA XK BMP &ML
WHAT, %% AT B IR O S AN VD AL 45 R 7 il i 5.6 FTIELS . T TR
HiMoriasi 55 (2007) IR RLIE GEVEAN A i, 23R e BEAYAS 21 1) I B B0 &5 TR 42
iR CREW NSE 4 0.50, RSR 4 0.71, PBIAS 4 13.55%; ¥ iF ] NSE A
0.57, RSR 4 0.65, PBIAS N-14.71%), JeibHEslah JL 0] i T /b & A4 2 s i
8 (E5.7) % (REWY NSE N 0.30, RSR 4 0.84, PBIAS A 13.93%;
UEHH NSE 24 0.45, RSR 4 0.74, PBIAS H-42.39%). ERIZZ @R e b5
WAFEACE = W EIRAR I I R, (B LA A T A RT S Y vb 1 A% 1) SE A
(EI5.7), Bl 122 e B A T 40 B i ek - B 4 il A2 AN 6] BMP 15 55 1 IR A G

AN T ARE 2 1)
ARSI DL SZ I
. Kk 2 WE — &EE
ro
iy —r T y
4 | UK [ §
1 25
=
3+ H - 50
I~ NSE: ©.57 : NSE: ©.50 T
= RSR: 0.65 I RSR: 0.71 r7s £
E 24 PBIAS: -14.71% | | PBIAS: 13.55% X
© 1 100 ¥
1 I
1 |
14 H ! 125
1 |
! Il | i It 150
04 el B AL Ll doi 4 b HOAE  Bb U 1A, (ol
2013-01 2013-05 2013-09 2014-01 2014-05 2014-09 2015-01 2015-05 2015-09

HiE)

& 5.6 2% 53R BB K—AELL Pareto BARARRIFE H DB 2R 2 MIUIE LS 3

Figure 5.6 The calibration and validation of the simulated streamflow (m’s~') at the

watershed outlet of the study area of one selected near optimal Pareto solution
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. (k. 2 WuE — &HE

1000000 -

800000 - EEH
600000 NSE: 0.45 NSE: 0.30 o

SED (kg)

PBIAS: -42.39% PBIAS: 13.93%

400000 - 100 ¥t
125
200000 -
1 150

0+
2013-01 2013-05 2013-09 2014-01 2014-05 2014-09 2015-01 2015-05 2015-09
FifE)

1
1
1
I
1
1
1
1
RSR: 0.74 I RSR: 0.84
1
1
1
1
1
1
1
1

& 5.7 28 3R B/ B —AIEL Pareto BARMIIFR i O VBvb 2 2 RIIES: B
Figure 5.7 The calibration and validation of the simulated sediment export (kg) at the

watershed outlet of the study area of one selected near optimal Pareto solution
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5.2.4 SEIMSFH1TMEEMIR
524.1 HITEFEITIAE

AN F S50 B R P i AT T o R 2 e b B R o7 5 BRI 5T T IBM® &
HaeTH RS P EEA 134 NI HET AL, HA L E RedHat®Enterprise
Linux®Server 6.2 R4 1 70 4>, BT AECH 2 # Intel*Xeon®E5-2640 2.5G
NIZALERER AN 24 G Y, 15 RCZ AR 40 Gb 4 92 Y Infiniband [ Sy i
W28 TLHR; a3 6 MM R, KRHIEHIFT X R4t (General Parallel File
System), #&fit 1 GB/s 1 I/O 7 % .

SEIMS ) % 3 31 15 T 34045 Intel®C++ 12.1.0 ZiFas (3Z#F OpenMP 3.1) .
Intel®MPI 4.0.3 474w FE % . GDAL 1.11.5 LA} mongo-c-driver 1.6.1. SEIMS3E
M TARSE BRI SEURE 7 KA i) I T3 589 Python
2.7.13 LA} GDAL 1.11.5. pymongo 3.4.0. DEAP 1.2, SCOOP 0.7. SALib 1.1.2,
matplotlib 1.5.3. numpy 1.12.1 555 =75 Python J&E . JIEdE 2 B A 150 2 ik
AN MongoDB 3.4.6.

5242 BRIRIMHITITEIEEE

MRAESEIMSTE F- It 2 R (1 FEAT SR, e K IFAT BERR B R i A
B CRCEGIB T N 17D, Bk, AJTEXTEG, AT 34T SEIMSHEAY P i IFAT
THEAPERE RS, 217 OpenMP JRA I AZHUF MPI&OpenMP [ A I #EFEE IR
50 B 1 316 #:54. XF MPI&OpenMP JiiAs, [AIINR T 4N 3R A
[FIZEFEEL (2. 3. 4. 6 A1 8) WIBATHS Al AN SR A B AR DL S5z o FH o) A by
RS IE], B HERR B S R S ORI ] . % MPI&OpenMP Fi AR, A
THELI R B A7 AT BERE T H S 8] 1) B KB . Bk R 2 SRER 33847 3 I3
T 1A

AT R FEAT I IE EEVE A SEIMSBL A (R 34T 1 BE,  FRAT Ik b s SUNFR T
B AT T U ) 5 AT T S T A EEABL . X OpenMP AT, B 4734 A] R A 28
FEEON 1 OB SRS R], % MPI&OpenMP i AS ) H 47 S0 A [ DU 2 0
BN 1 HRRHERE | DA AR RN R . AENXTEE, SRAILiu %5 (2013) £t
o AR 73 A1 AT S i PR A B P B i K b T v, W T A A
TSR 1%, Al T ASSCHF T X B oK IR b, 07 1T ST 1
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FRAR 5 RN EE XS BT SEIMS HY A SR H 1Rt 3802 OO FAT oF S JRAT sk L CRp
MPI&OpenMP RATERFFEFE 1 MNERFERN AR ERE AT I L) .

K158 7~ N AN [l i AR U FH R AR 40 4H 5 T OpenMP it 4~ Fl MPI&OpenMP Jit
A AR AR A B T H S A RN AT I . — MeHb, B3 MPI&OpenMP hiAS Fit
FHBEREEL OpenMP AR it FHZ AR H 1 B 0, AL AY TSI TRI RESEFEAIR . IFAT bkt
PUHRFEEIG N o X T P AU B8 70 2 R IR AT V1 5K OpenMP A, FEAT Ik
eAEBERE AR 8 I BAARE, IFEREREECH 12 I IX B R i b 2.26, FEJS
LGRS, FLEE ARy, —J7 i, BEE LRI, SR E 1 T4
HORBRR, 53— J7 1, TR X AR GRS e B D), T
SR G R, (R R WO AR B, BRI RE R TR
oy JZ B R oA, SRR RN E, W RS (Liu 45,
2014) . 5 OpenMP fRAAHLL, FH FREE R FHATIHE R MP1&OpenMP iR
A CHPARERE 1 ANMRFD) IR IE LU AE R AT 10 2 f5 ik Blfase, IHPE 16
ANBEREHUN A B BRI L 6.24, T BLARH Bl g i KIE L 6.44 (&]5.8b).
Rk, U3 T MPL (1 3FAT S0 LB AR, 5070 2 70 T OpenMP )9
A7 SR A S S AT T RACER.

—&— OpenMPiRZN

7601 e MpIROpenMP-EHTRINNETE 209 - - FRESRBCSAMEL
—A— MPI&OpenMP-EifFE 2N &R o
600 | —4 MPI&OpenMP-FiffE3N &8
) —*— MPI&OpenMP-EHIZ4NEIE
500 | |\ —+— MPI&OpenMP-iFHTE 6N ELTE

|\ =>4 MPI&OpenMP- i FE 84 LT

TR (5)
g § 8
g

100

\ \ \ 0 \ \ \ \ \ \ \ \
© 2 4 6 8 10 12 14 16 © 2 4 6 8 10 12 14 16

HEEL ( B OopenMPhR ARRIYLLTEEL ) FHFZEL ( B OpenMPhiR A HI L FZEL )
(a) (b)

& 5.8 AFBHBEEMEEHL AT OpenMP fRAF MPI&OpenMP RRA IR FEAREL
(a) THEEREM (b) FHATINEE

Figure 5.8 The (a) computing time and (b) speedup ratios of the OpenMP version and the

MPI&OpenMP version using different combinations of process and thread numbers
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24 MP1&OpenMP Mt A S #ERE IR ECR T 1IN, BIFAAT “ iRt is-JE AR A5 4D
I WZFAT IR, SEIMSELAL R HAT R b3 28] T B & 48 (1&15.8b;
Liu %5, 2016b). [RIFEHL, 7EEREEGHIT 10 I, AFHERE AT A FZR R A0 & (IR 4T
IGE LR R o 5 R EAEI S TTEIOFT IR (R OpenMP FRAS) (1)
IR LB —5, ARSI, FrA 4RSS T, SEIMSELRL 4T i
LG FR I B A AR B (R I S BN S RN, IR RO 14 HARERE 4 4
LRI IR B KR LE 19.15, 21057 isEE R g KInE LE ) 3 1% (&5.8b).
ARSI 25 SRR 43 1 I SEIMS H SEIL ) T FE AL 5707 WUE IFAT S
AT — B R R B AT AL SR X AT SE A AT i 1 (Liu 4%, 2016b)-

455 MPI&OpenMP JRAS 1) FFAT PERE A SR THE T S TR SR, A& 5
SCRH R IR AT U (S EUBURYE S . S EE 3% E . BMP 155
WD ¥ ENEAALEAT N 4 AR B 2 NERRE.

5243 BEIERFITITE R

A SHUBURNE S A R B B3 SLI R 32 MR AL AT R RE
A I 1247 3 ANSEIMSHEERY (745 fUm[[FIRT 24T 2 4S), Ft, £ZFLLFEIZ
17 95 ANSEIMSHEAY . HE ik, SEIMSTEREAY 2 X (1 34T 1HR AR vl dd pr A A
BRLZATIN (8] CEL4E VO I (R AN B 2 A0 IFR47 U BT 55 AT I T () L AE
BEAT A5

PUKSCE R X S (1K5.6) IS HUgUSE b s 36 A B, %047
AR S AT A N 7629.42 s (~2.12 h), T FTA 2400 X SEIMSHR A (3547
[B] SAITA 539195.25 s (~149.78 h)o [KUH, 21 51 220 2 BURBURS 1k 20 W Sk 1 S
6], SEIMS SIS HUBURAE 73 #r L AR 2 K IR 47 Nk e AT ik 70.67, i
W SEIMS H S AR AL 2 0 (0 FFAT TS5 r ) BAT B 0 R A7 R

5 ZHURNE S M X SRS AT BT S 1 € I L AN R, AR SO gt A%
FOEAT IS8 E 3 % e N E R — A AU 75 22 AT AR A OB AN
SE, G ATBE T T B SR 0 R R R T S BORAT IR LERR AR . BSOS R
BALAH G S H0 33 S5 9, ARk 3LI8 1T SEIMSHERY 7916 IR, 1%IFAT
AR S5 AT I A] Y 38648.03 s (~10.74 h), 1A 7916 X SEIMSH AL fRjiz 4T
I IA] L AR 2504051.23 s (~695.57 h)o RIS, 150 2% NSGA-IT AR AL H VL 115
I 1A), SEIMSSEIL IS4 H 3% T AAER E IR AT gty 64.79. HT
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ERESGIES )

NSGA-II A6 52 1) B 2 2 58 18 5 — N FEA AR BN 75 2 4T 1R CHUR A [
ST, P 153 I, XA TR — N ARBUN BATHT 95 AT 2
Ja W RARSER A 95 AN BRI, & L) 58 WBLALE AT A 78 43 FI H it
A1 95 ANFTRIVHR R, Bk 53 A 3% € TR M I -AT I FUAR T 2 AU ik
ST L RIFATInE L (R 70.67),

HRRE , SEIMSH SEHLI S BB BT RIS 40 B 3 R e X A ANF
TR SRR 2 R, F 351 P IA B1) R I AT TR LE

5.3 BMP ZFE[EJELE 8 TR 9
53.1 HRUs

AR HQSWAT—IHIEISWATHI /= 7l (Dile 4%, 2016), #EAT4% 4075 6] B
i HRUs $oGH)%RI5r o FR4E 0 A0 8000 FE 3 FE 2 AT AR T LA S 1 5 28, B
0% ~ 9%~ 9% ~ 23%- 23% ~ 36%+ 36% ~ 48%- >48%. K HRUs X5 i 5] N
SEANH R BRE BN 0%, LU#if3 HRUs REWS7E s A2 ANEE (5.92) « &5,
W R YA IR 15 3] 355 4~ HRUs ¥t (5.9),

5.3.2 =ZEEIR HRUs

AR FH Teshager 25 (2016) $& H 19 771K 3 %% (8] 2. 30 HRUs 7T (Spatially
Explicit HRUs, ACfaiFX EXPLICITHRU) o 56, ) F T3R8 6 %o B Ak b 4
(1) A L b R F BE AT 48 AR5 20 B S 1) i R 1S el AT
BIMICHBRA N Z LT Bl 9530 A 0BG AR (7] L3 ) F S8 (9 B e 3 i
AFARIS LR X 2, e an Bt i 3 A 5 el b ki ) BB bl 858 b i o 1
1o S0 2 ARG 30 SR, F bR FROAL 2 i 1 L R F B 5 e SR
BN, K R — I N A A [ R R - 29 2 20 ) B AR A1 9 A Y R
SN ARG . A8k 4 4% 18] 5 3 HRUs # e 5 TR0 Ho (R 5 — 7 i 1
A~ HRUs S0 58> “ LR - 13587 BEPUEXTRL, R DIRAS 21 7 [A] 5
TOAN TR S I Ay & N, B AR A X HRUSs B oG FH B — 3 B 40 4%
e, WRIIRIEILRI 53] 166 A28 230 HRUs #6 (E5.96).
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533 BABLTHXERMER

Wu &5 (2018) #2 HH 1R/ BA BRIk R MHIEL (Hydrologically Connected
Fields, A<3CfijFk CONNFIELD), HiH:AC AR R I T m) K i i AS IR 2854y, I
P ZAR IR 5 4 o B A [R] b ) S R AR 5 D[R] — AN, Syl Gt ke
RNGrid TRRE, JE I B — A RN A A CRIEERS AN 20 BT BE
NG IE R R . ZBERN, R b REE R E . Wu 5 (2018)
BEAT 102 BB ) B R W iZ BB X BMP 1 S AU, 284%5 [ BMP
TSR R DA S Hofh BMP 28 [AIC & Soa il b, e 1 B TR
E 70, X355 103 MEA LR RIHEL (E5.9¢). %57 7EH i
S s 1) (RS AR R — AN SO ST F Ttk B (] ) BRI OC &R

& 5.9 RIS 4 F 2l F BMP ZHEEATTHERIS: (a) HRUs; (b) ZERER
HRUs; (¢) EA ETHRARMB; (d) AT

Figure 5.9 Delineations of four BMP configuration units with fixed boundary of the

Youwuzhen watershed: (a) HRUs; (b) spatially explicit HRUs; (c) hydrologically connected

fields; and (d) slope position units
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534 BT

W R AN R — e, ARERA 3 R RG (RLLHE. WS, #
JH 55 338 1t 1) 5 T 40U R VR R 5 47240 (0 AR 35 A7 B L 1 B4 77 VR B USRI Y
fr, FiE—E R 3 A7 B 58 (Slope Position Units, Ji S f@iiFk SLPPOS). HAR%H
AN TTIERFET 5 B, (H R 3 2RI A ATl 5 A I AL I8 &
PRIk AT Lhodsd B LS (A hn 4 28 RGTAUNS L RPT 4. HJE J& 11 J Hxd
B AT ORAHE R R BORAR I TR S s TEWLEE3.3.279) BEAT 3 BRI A7 (12 L.

STy 2 b DO VAN =Y QO 11T B B o N LD R i v b [ e R B
RrAE B FREL, S5 A7 AL A7 B A 06 3 FE A 2 RPTE S B B oA F “> 0,997 T
“10.6, 0.8]” FVAA “<0.157. R5.109 H 3tk BRI 3 A7 L 3467 B RIS
0, 51000 B o s A B A (A o An Bl . HEIS. 107 &0, BRA B R
AEGF IS A 5340, YA SRR TR i 55 512 5 X 5 48 PR T RFAE
R 5.10 B AR B 3L 5 B2 BRI 3 BB AR B RSB R MR E

M

Table 5.10 Parameters determined by the proposed automatic approach for extracting the
typical locations of each slope position in the Youwuzhen watershed and the numbers of

typical locations extracted

RPI I 5 (<103 m™") HHE () SR E A K

E =099 > 8.11 <17.11 793
Y 0.6, 0.8] [-6.2,4.2] >22.01 3358
W <0.15 [-5.58,0.31] <143 1483
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Figure 5.10 Typical locations of slope positions extracted by the proposed automatic

approach for the Youwuzhen watershed

RAERE 7 XA, FahE 7L B 5 (RPD MOBCRIHER S5, Hih
i T 8 1 (A AR HE FE 2 B0 S B S AL iR IS, S B 3 S8 A
MIHEFES L (R5.11) MBI HEFRZE B (F5.11).

R 5.11 BRI B Shi 5 A K RIS 3 AR S %

Table 5.11 Parameters determined automatically by the proposed automatic approach for

fuzzy inference in the Youwuzhen watershed. (B: bell-shaped; S: s-shaped; Z: z-shaped)

RPI BT ER (x107°m™") W ()

[iiE< S:w; =0.15 S:w; =12.93 Z:wy=6.42
BT Brw; =045 w,=0.15 B:w, =045,w, =575 S:w; =10.16
AR Z:w, =03 B:w; =11.08, w, =2.67 Z: w,=6.15

E: B ABTEEEL, SHSTERE, Z N ZHEE
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Figure 5.11 Fuzzy slope positions derived by the proposed automatic approach for the

Youwuzhen watershed: (a) ridge, (b) backslope, and (c) valley

PEA I E R 8 gl S A ok 4y ik, R YIRS R 53 17 N T
WG 35 AN HIT & 105 AN Ar Hot (K5.9d),

54 ETZBEmMRUEZLERN BMP B2 94T

I LR G 16 B B A H ARl 2 H S5/ B4 B A 45 U R IR AR S IR B2
fi, PRURIRZR SR B K 2 HARRAL IR . A SO BMP {5 seifedr, A=
AR H AR IR IR KA, AT H AR S5 R BN ML,
n=X5.27:

optimal solutions = min(— f(X), g(X)) ... (5.27)

A, £(X) AN BMP 555 ) HIEEmMEIEE (%), 1n=5.28; g(X) AL
BMP &SR A FHF RN (6.
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) = HO

L, VO) AEAEE R TREIME (namsr=waEz M, kg, V(X) N BMP
(FE= NN E PRI

AR — AR HLE) BMP 1E A G AURYE BMP F1iR (%5.4) 1H5 BMP
PP RN, 3K5.29:

x 100% ... (5.28)

g(X) = > Axi) x {[C(x;) + yr x (M(x) = B(x)]} . (5.29)

A, yr N BMP 15 F BMPs &5 8 ik Bfa g s i) () (R SCHR yr
N8, C(x;) N i MNEE H Il E BMP HIAIEAH Y 28, M(x;) N BMP
FEYE I, B(x) NS, A(x;) AXTRNITHERL, n ABECE TN

55 VEHNSERE 1: FEXRBILFEE BMP ZFE)EL E 8Ty BMP (HRMILAY

A1)
5.5.1 TFSEIET
5.5.1.1 ETF BMP #liRER) BMP Z|a)fic & Rt

R A [F] S8 7Y BMP 77 [A] ic B 52 0 O O 78 X BMP AR (385.1.479),
RICHTAEF 4 B BMP %% [B]ic & SR8 1E4T BMP 1% 5tk .
1) FEALECE K0S (AR RAND SRS, BIASFIF{EAT BMP FC&E &R, 7E4:
Ji% BMP 1550, EEM 4 Fl BMPs " BEHLIEEL— I FAC B 7518 52 25 ()
FCE BT b K, RAND S8 A] DLRH TARAT—Fh 28 AL ) BMP 7% [H]
Hic B H T
2) EEACE SN (AR SUIT $Emg), RIFIF 4R BMP i& B it & 1)+ 1R
FK R A RS0, 7842 B BMP 1% S, AR 24 11 23 a) g B 20 e
(¥ L) FH 2R A B A 2R, BENLIE ORI E —MI& B BMP. [,
SUIT & M FAFAa] —Fb B A 30 8] e 12k B A )& 1 ) BMP 2 [a] ic &
FITEA,
3)  FIFH BMPs 5523 [E)fC & 508 1 R ER R SRR R Ve U A
g (fEF UPDOWN 3RH%; Wu %%, 2018). 7E SUIT Helg (1254, Wu
55 (2018) ¥ UPDOWN SfBE Kk A “IF-THEN” FUU A T-4E 5l BMP 18
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5 IR AR E R CCOARES BMP, NI =S (A i & 5
JLTG T ARG E BMP, Rz, F (A1 AC B 5 oo ARYE SUIT Heng i &
BMP. [Hitt, UPDOWN #B&iE A 7% (] 5 og (8] i 2X0E S B R %
A BMP ZS[AIfC & oM, Wwu £ (2018) I EH LR
[F)iEe (CONNFIELD) FIASCHE H 3 A7 ot (SLPPOS).

4)  FIH BMPs 53 E A [R]h 7 567 ) 25 8] 58 58 % 5 R0 1R BT 2% (7] 9% &
fic B S mg (AR HILLSLP $E0g; Zhu 2%, 2019; Qin 2%, 2018). 7E SUIT
W& IR BEAT 1, 25 18 BMPs SR3E T B R AN [R5 A7 B o0 2 8] B 2 (A1 £
W, HIYEFR—YE IR IoH, RIS IGE E BMP FZ5E e 55
e RLK T B T By (A ot ERCE BMP 584, BN, #ERs.5H
(1) BMPs &R, R REH R A TTA, A ITTORME A SHEE I,
T HE TRV VA 2% 5 e W] DATC B AR SR AR I B A E BMP, T |
W LA BT NS = AN ATk BMPs, BEH2E, AEBMERRE B BMP.

5.5.1.2 BMP Z[B)fC & SRIE7E NSGA-II EiAFHIN A

UNEEAANT TR, (6N FH LT BMP SR 2 (1) 25 [B) L B 5k s (R SUIT SRR
UPDOWN #EH&Fl HILLSLP 8% #1T BMP 15 st fifbif, AU TR 24 BMP 1%
SR 25 FE X LU e B SRS (Wu 25, 2018), N H7EA RN —RUIE S (o
NSGA-II 132 X\ B2 #E) F LA EE (Zhu 2%, 2019; Qin %%, 2018), LAfRiE BMP
T SR AL 7 A 1T 1 45 & BMP 25 [ Jic B SR

SUIT SR R B3 BN ic B SR e T 18 5 BMP IR &, A9 & BMPs 7% 8] i
BRR, BT TR A S RC BT s A SCH 12 T3 A7 558 (1) HILLSLP S0 1)
NSGA-II FVEE N CAE 4. 4.3 TPk, WA HBGA . A SO A UPDOWN
SRS NSGA-IT ik a8 ARG R B R, BEMLE R — A RCE R (L
MEERALED, RS AE T % B 0 BT I R T HEAT A A T AR
5o, A TARE FUR T 2 UPDOWN SR, WA 2, TR =E X3 R A B 2
NEIE RITH TR, HMEPAT AR, BAIA R 2 &1 B BT
(AN e S B T0 A0 ) o B2 UPDOWN S FO A% S B P g S8 B U 5
HoAthJ: T BMP RIR R SRISAH R (IL554.4.379).
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55.1.3 SRR RERMMLERITN A

ARAE T P 4 Fhid 5 E BMP 75 [ & # o6 (B HRU. 7% () &2 20 HRUs
[EXPLICITHRU]. HEf5 E XA [CONNFIELD] Fi¥fi #56 [SLP-
POS D 5 4 Fff BMP =% i) it & 5m% (R RAND 5l . SUIT 5% . UPDOWN KBS Al
HILLSLP 5n%) #7404 (WLEE5.5.1.1°), T3 8] 11 AN 4585, B HRU+RAND
(HRU {EA BMP %5 8] it & 870« % F RAND 560%, DLsHE). HRU+SUIT. EX-
PLICITHRU+RAND.EXPLICITHRU+SUIT.CONNFIELD+RAND.CONNFIELD+SUIT.
CONNFIELD+UPDOWN., SLPPOS+RAND. SLPPOS+SUIT. SLPPOS+UPDOWN
A1 SLPPOS+HILLSLP.

Fr 41 BMP 55 A0 NSGA-I LS 8O B A REF— 20, RUR IR
480, EFEELHY 0.8 HAHAAEL 100, A2 A T AR 43514 0.8 A1 0.1,

N TR AR E BMP 25 8] FiC B # T % BMP 5 R L B, ASCH TR
[F] BMP 2% [A]ic & 5270 8 H A [7] BMP e &SRB A 25 5, LKA A BMP 5[]
Pic B BRI FH A R B P I B SR (R AR AL S SR . AR SO T W JE— A BMP
[A) 5 B 507 S A (1) BMP IC B SR B2 R 6 ) T] R 22 M R T BMP 1T R B B
AN — 58 J& WNEUF A (1) 1 B2 A3 31 B 22 I ALl e A0 Pareto I SCTRCAREAR IR TIC B S0
I, A 3% $ SLPPOS+HILLSLP.CONNFIELD+UPDOWN EXPLICITHRU+SUIT
AT HRU+SUIT E Y4381 BMP 7 8] iC & 5 0 8 F O N B BMP it B S g
MH AT (IS5 1.1,

PPN S04 A FAR- 2503 AT Ak 2850 38 A0 S5 o T SIC it 4 1) £ B2 1 i AN [F] BMIP %
()5 B 5 70 L FH A () 2 [R) TR B SR PR e AL SR B LR AR Pareto fifREE 4
i) Ay HEC T T AT P T P s 00 A A R P BRUAR - R AT (D g B PR W S AT
ZREE . BRI A A S RmT, B AR SRR 0 A 2 0 5 B 14
EARACAREE A - 25 AT (Deb 45, 2002), [ th Mk GEL I (L £ BMP
T8 S RIS A TR B A R SR SR

Hypervolume f5 405 1 7] LAXTIT ALl Pareto s A i 52 it - 4EAT € AL VR (Zit-
zler %,2003) b, 1% e HE AL ARETARA H A H TE P R RCE (Zha 4,
2019) o X T EAE) NSGA-II HiE AL, Hypervolume FREEM ALY 2>
Podig, MEMEKERS, RARFFE. K, Hypervolume FREE ML e
B, NIRRT 7R E, AR SR FH — /87 5 1 s v >R 40
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Hypervolume f8 802 ik B8 E, R0 s =4 AA%%) Hypervolume $5%¢
FEXS TR — AR KA T 0.1%, I HAE LU A ARE A R H I 2R =1
KR KT 0.1%. ACHTE A A1 BMP 1550105256 H 1H 5 Hypervolume $5%1
W22 G0N (300, 0), RIZGHFHRATN 300 J5 7o HAIRZMHIEE N 0.
AN AR Pareto fi#4EAT Hypervolume $8 Z T 2& MEL 4 1) /1 FE X BMP 1% 5
PRALGSE RFEAT BIVPAY, T BMP 557 9 2% 18] 2040 J0 ] LA SIZ B v SIZ it 14 £ £ FEE %o
RACTR AT VPO, PR s SR A iR B SE EA 25 X (Qin %%, 2018). &
i H AR A S A ORISR SR B S bR e, XA [F] BMP 7 (AT & 5
TG H N B AL BMP e B SR W 15 31 A DA AR B 1) S B T SERE I HEAT 1 8 PR T

#re
552 NFAREYLAC E REEET 4 Fh BMP Z (8] & B T AU LR

K(5.12709 4 Fh2EA BMP #7 [A] i B 5270 70 79l B BE AL c & SR 0% () BMP 1%
F4t4k (B SLPPOS+RAND. CONNFIELD+RAND. EXPLICITHRU+RAND i
HRU+RAND 44D fE#AARECH 100 B 15 21T IR AL Pareto f#4E (K15.12a)
PL & Hypervolume TR0 BE AR (K]5.12b) . FTA 4411 BMP 154
WAEJLFARIR s ) Y CRI 38R SRR 2 0.10 ~ 0.50 ZUFFIIANL] 3 ~
150 J570), #1357 A JUEISA 2 5 (1) Pareto fiE5E (F&5.12a). SLPPOS+RAND
A1 EXPLICITHRU+RAND F] Pareto fi# 4 J V- 58 & H &, HRU+RAND [f] Pareto fi#
AL LT BN (B N 35 A SCRC AR, 117 CONNFIELD+RAND [ Pareto f#SE
WHAD =AM A TR SR I, M Pareto St BT A0 A F E, BEAHLAC B 5
W%~ HRUs 1£24 BMP 7[RI & 50 B L SR ISl 2 e (15,1220

PSS 12bf17R , TR LA ¥ Hypervolume #8 $U{E & FL Bt A0 AR K it AL ke 34
FEAR 5, ¥I7E KL 20 AR BTG K IR CRIARAR I 3K T 1%), Bl 53533
k2R B A IA BIARE o« MRAE SCASHE AL AT Hypervolume 84102 7515 2 A2 BRI,
SLPPOS+RAND. CONNFIELD+RAND. EXPLICITHRU+RAND F1 HRU+RAND
SrAESS 46 AL 41 MK, 56 M1 68 UGB RFaE, WNXMMERE, A LT
Wik AR (Rl CONNFIELD+RAND 4 &) HA REMRIARE.

TR ) BMP e &SRB AH R, DA [ (¥ BMP 25 (R Jic B 50 RF mR i
i BMP 155t b 45 B 22 R i) F B R R . 5 Al =Ff BMP 2% (0] it & #cAH L,
HRUs #.70 HA 5 2 MECE MRS 2= AR 7y, Bk, HRU+RAND &40
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< SLPPOS+RAND —— SLPPOS+RAND
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+  EXPLICITHRU+RAND —-—+ EXPLICITHRU+RAND
F 4 % HRU+RAND I HRU+RAND
0.0
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EFEEN (F37T) BHEAEL
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Figure 5.12 Comparisons among four types of BMP configuration units applied with the
random configuration (RAND) strategy: (a) near-optimal Pareto solutions of the 100th

generation, and (b) the hypervolume index with generations.

1321 BMP 15 S 7] G D AT SR B X ) HRUs B CHC & BMPs, X
U S IE T SR BAR M AT BN P AR A A v I 3R i o e, RV
LG AR-2as (B5.12a).

FEAEOR B B RI5 I B bR U0 AR K i T AR, T HLRTRE 4
TR A TIAR, IX e B ] AL B RO B2 IR X, BRI, CONN-
FIELD+RAND ZH A fRAL43 2 ) BMP 1 5t 5P FEN I A 42 1t ) sl 22 1K T A
A, ER RN A] SRAF A FasE R il R (JE5.122).

F T SR 10 4k Py b R D ) R L 458 ) 5 kbt T 9 AT R AU A A AL P
IR R (LSS5, 128 AR 30 HRUs A& B R A A 3l & m A ik, A
i, 73 A2 30 HRUs Bef% — 2 F2 B BRIt TR REAE (9 2 TR 40 A (15,90 &
T 387 B0 6 )2 56 A T MU AR AE R 230 ¥, X IR A BMP 7 [A)fic B 50 7e 1]
(IR AAPE 7T A & 5 80 EXPLICITHRU+RAND F1 SLPPOS+RAND i Fft 41 & 15
FAL Pareto fEAEIJRI . BT RA T E&— 8RN EESHRE (RIZE SR
B REAE) , BTA 4 A T Hypervolume 484 AL AR KU A fb a4 AR H — 5
(5.12b). AN, R 4 P44 Hypervolume & %k IR 5E i #EAACK AR ]
AT HETEBEHLAC B SIS N BMP 5 St ACR S5 BMP 7 ()L B ST 8 E &2
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AR R
5.53 NEEERRERIE 4 #H BMP 226 & 8 T AL

KI5 13%FEE 1 4 ApAS[R] 2R BMP 27 (1] ic & H0 o b ek B G B Sk (SUIT)
TG Stk 45 8. tn&5.13af7 7~ , EXPLICITHRU+SUIT Al HRU+SUIT AN &
)22 TR AR AR A T B s A AR S R i~ 8], i SLPPOS+SUIT A1 CON-
NFIELD+SUIT | 3= 2255341 £ R A BF N 4% 2R i 25 18] . HRU+SUIT A1 SLP-
POS+SUIT 43 #I#E K T AN T 110 oI 1A N B A i 2 A RO SE . EX-
PLICITHRU+SUIT #1 HRU+SUIT HILALARER ) 342 ik Ml R AE 2 DR LN R
F 160 HotjEkaE T 0.52 A4 (E5.13a). SLPPOS+SUIT i) Hypervolume 154 1H
TERAHIH (2977 35 4%) 5 CONNFIELD+SUIT HE% #5231, 7558 5 bt f#2
Mk F e E (ES5.13b). HES.13am] %1, EXPLICITHRU+SUIT f1 HRU+SUIT £
IR Z R 55 T AR R &, FEARXBUKAY Hypervolume $i5 £ tH 7T EIHIFIX
—H % (&5.13b). SLPPOS+SUIT. CONNFIELD+SUIT. EXPLICITHRU+SUIT
A1 HRU+SUIT K Hypervolume F837r HI7EZE 46 1. 361X, 45 fLH1 60 U515 F]
Fasg, Hh CONNFIELD+SUIT B & s FIA AL 3%

0.6
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H O+
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% i
g v 100
. 5
Hoe.3 =
[ 2 9
L b /
H S

0.2 T ge

/;
P SLPPOS+SUIT ; —— SLPPOS+SUIT
0.1{t *  CONNFIELD+SUIT 707 ¢ -~ CONNFIELD+SUIT
+  EXPLICITHRU+SUIT i —-—+ EXPLICITHRU+SUIT
I X HRU+SUIT 601 e HRU+SUIT
0.0
) 25 50 75 1e@ 125 150 175 200 ] 20 40 60 80 100
EFHEN (F37T) it dpe
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&l 5.13 4 1 BMP Z R E BV AE HRCE R (SUIT) BB (a) BHLARBCH 100
B IR RUER R Pareto ##4E; (b) Hypervolume 8BS I
Figure 5.13 Comparisons among four types of BMP configuration units applied with the
suitable landuse types/slope positions of individual BMPs (SUIT) strategy: (a) near-optimal

Pareto solutions of the 100th generation, and (b) the hypervolume index with generations.
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5EA BRI RPN AL BT B, HRUs #1723 A 85X HRUs H)EEA
IO R B R ORI A, RN 2 R Dy BMP =5 R fC B 50 N A7 AE
Z b R FH 2 Y T G 2 BMP E & 1 0 (LEBS.2.1755) . FTLL, 7EMRALE
A FE 2 HEE R, EXPLICITHRUASUIT A1 HRU+SUIT 7EHC & BMP )45
BTN BAEZHBNECENME, It nT a8 T B il 4R 5 h AR By 22 5
TN R 1) A

SHAM =R &ML, SLPPOS+SUIT E A AL Pareto R4 . i Hy-
pervolume T AU AR IR RR , TR ILTE S & e B SRS N B et & e Rg
X AT RE A R 37 B IGAE  BMP 2% [R) e S eI B FH 1) foe J i B8 SR s AN 7
BMPs fi & it & LR B SR P R, L S0 T B A7 R AL R S

5.54 BMP ZS[8)fC & B T B _E TR NI BC & SRAS A EL 5

RAEWA IO EA e R e n] S E iR 0 e B 5 g, 1515144
WA T ALEAT R IEOE R ARy BMP 2% (8] L B 50 R R IR
Filg (UPDOWN) 4T BMP &5t R ALK 45 5%t . CONNFIELD+UPDOWN #l
SLPPOS+UPDOWN 73 iIAE 2 BEF RN i T AR T 25 T3 i B fe % #IAF SCIC
fittk (1&5.14a). SLPPOS+UPDOWN TLALMESEH) 2 FEPEEZE, Al Hypervolume
Fe ¥ % # (5T CONNFIELD+UPDOWN. CONNFIELD+UPDOWN [ Hypervol-
ume Fi £ B A0 AR AR L TS 2%, H E SLPPOS+UPDOWN HE (A 2| €
(39 fRH 55 /%) (E5.14b) . 1ff SLPPOS+UPDOWN f#] Hypervolume #8£7E 11k
Rt 70 5 B Rt (K5.14b), BRI EATHEAL ) Pareto fiRAEISL
. (E5.14a).

SR IR TR [ ) TG B SRS, AL T B BT i) RO R ARSI R
JETTAR TR, BRIl AR b v A 0 T 8 S (28 5.5.1.1°59), DAL BEIAAE
FEAE AR BMP 1% 5t 1958 R AT SR VR AN SRR S e 1) B 22 DR 405 T
AN T B e N A B T CRR ST 5 D 3D, XA 33 1 SLPPOS+UPDOWN A
A FXT T H) Pareto ARERHCSAPEAE f& Z AR 2 (&]5.14a). SLPPOS+UPDOWN
FEARIFHNIT BA B AR SRR SR, RUEL VTG AR BRSO, KA
Y BTG RE SRATF AT L5 A AR -2 s TITE B i NI R 256 FROAR -2 6 U 5
7 CONNFIELD+UPDOWN, X1 A] ¢ W S 16T b R il o0 st it it - F il
HR U T T8 s S0 3 7 B4 70 I A 2 e A PO T 2 S
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Figure 5.14 Comparisons between two types of BMP configuration units applied with the
UPDOWN strategy: (a) near-optimal Pareto solutions of the 100th generation, and (b) the

hypervolume index with generations.
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Figure 5.15 Comparisons among four types of BMP configuration units applied with the
corresponding optimal configuration strategies: (a) near-optimal Pareto solutions of the

100th generation, and (b) the hypervolume index changed with generations.
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Figure 5.16 Comparison of the spatial distribution of selected BMP scenarios of the 100
generation from four types of BMP configuration units applied with the corresponding
optimal strategies: (a) one HRU+SUIT scenario with a soil erosion reduction rate of 0.41 and
a net cost of CNY 0.98 million; (b) one EXPLICIT+SUIT scenario with a soil erosion

reduction rate of 0.40 and a net cost of CNY 0.97 million; (c) one CONNFIELD+UPDOWN
scenario with a soil erosion reduction rate of 0.40 and a net cost of CNY 1.08 million; and (d)

one SLPPOS+HILLSLP scenario with a soil erosion reduction rate of 0.40 and a net cost of

CNY 0.78 million.
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Figure 5.17 Comparisons between slope position units with fixed boundary and adaptive
boundary applied with HILLSLP strategy: (a) near-optimal Pareto solutions, and (b) the

hypervolume index changed with generations.
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Figure 5.18 The spatial distribution of selected BMP scenarios of the 50™ generation from
BMP scenario optimization with adaptive boundary of slope position units: (a) one
SLPPOS+HILLSLP+DYN scenario with a soil erosion reduction rate of 0.40 and a net cost of
CNY 0.69 million; (b) one DYNSLPPOS+HILLSLP scenario with a soil erosion reduction

rate of 0.40 and a net cost of CNY 0.65 million.
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