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1- Suspended Sediment Load (SSL)
4- Quasi-Maximum Likelihood Estimator (QMLE)
6- Smearing

2- Sediment Rating Curve (SRC)

3- Underestimation
5- Minimum Variance Unbiased Estimator (MVVUE)

7- Meta-Heuristic Algorithms (or Evolutionary Algorithms)
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1- Particle Swarm Optimization (PSO)
4- Nash-Sutcliffe Efficiency (NSE)
8- Non-Dominated Sorting Genetic Algorithm Il (NSGA-I1)

2- Imperialist Competitive Algorithm (ICA)
5- Root Mean Square Error

3- Froude Number
6- Mean Square Error ~ 7- Mean Absolute Error
9- Non-Dominated (Pareto Optimal)
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Table 1. Statistical characteristics of the data used during the study

Olyuass g pud U oS Prwm e Bl oSl o 031> 4 gocre
L S
Vo AT A Y8/ ¥IVA v/o- oL o
/ ! / / ! ! (a5l > o 20) loosls JS
01D
£/ay IvY o1 FEY/\ SYSIVE \Ya/vs L’J"” 3 2t
(9) » &)

¥y s b)) lapatls bug @i slaades
el bl @l Jdoo pslaiedy ol 85 el
2o geil 5 (Friwly dcgesne 93 53 aosly (cainadgs
g s S9alS (slaiges 53 syl b pgesl
sgere 93 slaodl @iy Py G e Cue
oLl oyl 4 jlanlay deldl o 4 caol il edlatl

g 0

e 903l 9 (Peimly S Son 5Waodls axd
P34 pp C3le g (BIeres 038 ol pslaied,
dy50 slodly Cunl iV Cgw) (sdzviw dxie b Jde
JS dhobb oJJiLoJ 9 L_é)u ‘L:sz.\p (_s’.‘;‘“’b PN odlasul
aoe il 5 gl siiear iz il g)lel 090
sy wlie (ool slrodly cunl p3Y da i s
e Bl Iy o b Gl s 1 g 005 (2eiuly
uz SOM as &S5 5l ol Glagh 5> jolate
sbaieds eply panasS hgy g edl (gabades
M s Gl o odlatnl ddes Gl (g pSdiged

1- Two-Sample Kolmogorov-Smirnov Test (KS)



AY 50l lmoje Blas gu) )l 3) gl 53 ey omis (oxie Jao (LS (I3 (g 2,509, S 1))

2 (6San jB) 3,5 BMU | & (glalols o o

(YY) (Baekas 5B) B9 o0 plBim 0 ¥ (galaly 3o

wii(t + 1) = wii(t) + 8(t) * n(t) * [xi(t) — (V)
wit(t)] )

Aol oS ol b B(D) by oyl (o] &S

J (Sluen s 4 1) BMU gluen clayg)e

ol 53k g5 M) 9 S o

ly oaplojle 398 CullSs uas 45 Hlsle (Y JS3)

NS ULM;
Wy T () Baigs byl s ad i —o
(sadss

Bl sla ) daadsd dig S s jolaieds

o> oS gl apd s> a3 LS) )b 52
Sl oseen xl » & (g (P el adld < opdly
9 ol oaléswl U] u.:l)lf J.:J.) & UJAJQ; w%.) ua.’>l.w
ol ool sasplosl MATLAB Jlséle sy o) (sjbwosly
4 4dgs paed b adgd ya bl (S0l (aSli
o) odddwbre Jlude dx ya (YOSA) Ll oo duwle |y o
sadplnl (g CedSl Al AL S jadls

]

Neurons

" ’/1'
[ooine ;" &

el aSw Je 0Ll b Wodld guuaigs — I
(SOM) 83 ylo jLwd g Cuils
5 HB) Gygon ol Ghjeel wyeSl g 039 (Jllai s
9 299 4V 51 SOM s lu 358 0 ploxil )6 9
: v () :
5 (1Y) s5te S5 ( imsSaY) st VS,
59979 Sodly b3l oo (63959 4Y slagyg)r Ll
Y (ol > 09)95 4 82959 pite o Sy g 0392 4 L
(2o AY [y Db (@ Jle lgisa) 3 3924
b ig)s 5l (angd a5t S Logos) (1aSed b il
S 4 @bl gy p Supsn ob JSE
A slagyg 4 Jg 0392 Jate (639)9 4V lagyg)y
SOM 4 o ojgel dislyd (YY) Cunss Juaio Y ]
c ey Y VG .
).) ")J)SL;O L‘g‘“‘,. " o 9 d)&aﬁcu«gb) 41>)Ad.~u)‘
gyt (Ll Cypeds (g p 4V slaggyg oy b
2o & gloj Jsb 3 g Ghjeel Wl (b 5 ol
a1 51 L 00,5 oo s il (69959 slayl (sl yuaie
e . > L
)5 pasuie (BMU) “(39)9 1100 & (19)99 (5
2ol dlaer (aogyg 503 slagiy 9 ol wojs

(V) ohySon g 4S5l a5 &) o3 jlojlwgd CudlsS (gamgd Ox0 aSus S -Y S
Figure 2. A 5x5 two-dimensional self-organizing map (modified from Kalteh et al., (23))

Ewaigd 3l Jols sosly (g bl Jali-s
90 sloodhy cuplin 5 Ken whu 9 oy pokaied
Lgl.tb):.o])l; MLO.O » 05349 ¢u9.¢)] 9 L§>‘“‘"|9 ALM
osoil 3 (5 Nsr olise Sledl (:Ske) )Ll
oz (KS) liges 53 BgipmentBy S gelsS (6 el LU
23,5 oalatwl dcgazme 93 Couxes Al 5 Sy )y p
95 0% S ey & Hig Ho (23 (sl ol 52
2 sl e plo 1y Cunes 50 50 ooy @jei a8 s
0ol cnl pbsl e MATLAB Jl38le )5 5l Giaggy ()l
Lol o e3lawl
) Cgmy SO (F5K00 Jdo A

@) el glaodly wlul p (Sgew Sy S
sloodl jl okl b g ollan o] (Cgusy (23 9 Sl
buwg 2o g 3y ) 4 (aeiwly S eadSen
Aol calpd g gy 99 el (hd ) 2)5 awg o
sl o b yma Jloz ysbody o]

Ladgd 5 (55 diged Lo, -E

OFen g alde (eI > dsgecne 95 and jlated,
sboades 5l gl {osejl 5 (rwly sladsgeon)
Jabaly ool )3 oS 0rd (g pSiges (e SO 4 My
TAe G &) ol oad o2litl bz anass b,
{0903 sl odls dle o> Yo g seiwly (¢lp mosls
5 abg o3Il b cuslite dadiges dlas (g, oyl o
i ddgd o ojlul il L &S o8 cpy 00)S
Sl g 4Bl I3l gl 5l gy eiged

— (¥ k)

2L Nj

nh =n

s N h asgs 5l eriad )3 diges dluss nh oyl y> &S
oald dluws :Nj g h adgs ;5 laodly sliws NN (jLisg0 00l

1- Kohonen Layer
5- Best Matching Unit (BMU)

2- Competitive Phase
6-Davies-Bouldin Index

3- Co-operative Phase
7- Proportional Allocation

4- Adaptive Phase
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2- Mean Load Method
5- Pareto Optimal Set

1-Back-Transformed
4- Smearing

3- Quasi-Maximum LikelihoodEstimator=QMLE
6- Pareto Dominance and Optimality
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Table 4. Results of evaluating various SRC models with test data set

h slejlre
e e
(59) 2 &¥) (59) 2 &¥)
<IAY NAYS WYA/VO £AY/\0 Qs= 5/5345Q,, 43 SRC) gy doia iz
) e
(=) 5 L (=} Aot X W
. . . - 1/4753 o pe B Pgw) A (TR
IAY g VVF/FY SYAY Qs=10/1601Qy (SRC-CF1) Ko s oSl
. . . - 1/4753 Tt g Bt W
IAY Iv¥ WY/E FAVYY Qs=11/4197Qy SRC-CF2)us 5ol b Skl
. . - 1/4753 = pe B Pgw) 4 [Caandd
IAY V¥ \Yo/F0 YAY/SO Qs=31/6380Qy (SRC-FAO) 4lé 250
buwy 4> o A | Lo
. Y . - 1/7986 9 Py A (s
A o Wiy s Qs=9/7081Qu (SRC-MeanLoad) laazss
L odddige gw) ot (Soxie
-2 AN Velpe \R9ied Q=5/9431Q,""% PSR CRE S R
(SRC-GA-1)
L oddaingy gw) domiw (Jxle
+/AA AV Yo/20 ARA7AN S Q:=1/0024Q,”™" A A S5 !
(SRC-GA-II)
7000 ® Observational Data .
6000 —.—.-SRC f= 1.0324)(2,7591
-
% 5000 { :Egg; 4 yE 5943150025
EN i e - 1.4753
54000 7 ———- sRC-FAO ° St - 75535811'?3%6
2 3000 7 --------- SRC-MeanLoad LT e T
20000 1----- SRC-GA-I ® L T
3 2000 — . —SgCGAI B3 y = 11.42x14753
1000 4 T _e=mILeTT = =y =10.16x14753

30

25

(4 > o a) by (2

(LZwanlg 03> degasns) Slualie (glaosld &y Cguy doviuw (gove calises gl Jdo (il —0 IS5
Figure 5. Fitness of various SRC models to the observational data (calibration data set)

OhBen 5 S350 @l 4 42 b ol by (2
AFee ) Bl cguy (2 ub)ly S 0y VA kS (T)
5 oy ol
e 53 0l iy pite G e Sl ekl g gy
b el 03 (gm0 jl g domie (Goxie (g )S)
2 ooy sodly LS gilwaws 4 B Jue opl &S
@l 5 (SuSTy Jloges & SB35 9 o5 Sl
2) oad edalie Blae Cgw) (23 Sjleans I Job
ol 1y Gz glaJao lawes (094)’] sodly acgazs
R

Srar Cppods ol 35 JSE & pbplen

ooilp bl ple 4 cowd GA sla Juo 0gei cdalie
Sl edls I (B daJae el po lauily aedls 4 gy
G 93 53 Olgien 1) JSdie ol it 593 (g S5 LS
sodly o Lol M | (S @SSl cuwnss ob pus e
(Srogpi (Solunl )3 ol (5,S0jlul (g,
Ol sl (Do Ll yd Sl oladiges (A3 L 5 d9eS
s i L (lalie ol cuas e owb
ove Je p @Sl pgd amd e ialS 1y osds omiwly
o andly 229 08 (il pite S L (g dxiw



AT

800
_ 600/
~. 400

0.0988x + 19,
R?=0.83

o

SRC

oo 3las gy
9) )2

0 5000 10000
(39 2 ) slosnlia Blae Cg) )b

=, 1500
7 y = 0.2038x + 40.9¢3
¥ %1000 4
E 2500
§ = SRC-CF2
0 ¢—————r
k 0 2000 4000 6000 8000
(395 2 ¢F) gloaalin 3lae g )b
4000 3\ 0.4775x + 53.314
= 3000
& 2000

0 ZOIOO 4OIOO 6OIOO 80IOO
(395 2 &) Slosalite Blas gus) )L
8000

. 6000
2 4000
2000
0

Shwlre Glee ) 5l
(595 22 &

0
(395 % ¢¥) sloaalise 3lxe g )b

WA il g 5lee 1N ojles /2d Jlo 50l 0565 o e dolitingy

SRC-CF1

0 5000 10000
(395 3 ¢¥) shoanlie 3lre g )b

o 4000
N 3000 ’+113.43
) = .
: 22000 0.8354
§ 31000 SRC-FAO
j O — T T T T T T T T
K 0 5000 10000
(595 23 ) losalin oo gu) Hb

6000

i 47.403

3 %4000 5.953

% ;2000

3= SRC-GA-I

Y 0 5000 10000

(395 % ) gloanlio 3lae g )b

y=1.0019%+4.714

SRC-GA-II
5000 10000

Cguy 4ot govie cilisee sla Jao ((yg05] Als po) Slamlie — Slalxe slxo Cgwy 05 (slabais (iSTy sl loges =5 S5
Figure 6. Scatter plots of observed and estimated SSL (SSL for the test data set) from different SRC models

W]s <Ll>).o 2 NS_ObjfUn 9 LOGE Ju» é’L’ 92
dog B &lae ¢ S5 ol md o L |y Wlodds dwlre
s Canlio Lgl.mubol) )'| L;Id..c?o:;.a 9 XS &gb’ 99 (2
3 omlia (3y9]) @l Wy & (Cliel slacls)

3 oys oSy bdcuws palie « SRC-GA-Il Juo 5
plo 5L ((AA 5 ¥MEY 0o Csp ) RT 5 VT
2 et gk A axr VS sl pg e
Las (Vodaly 0 b ga culyd) Colie pé ool
Olejer 565,54 9 NSGA-II S5 o2 s 1 oolacs]

0.7
[
i
0.6s “
= o R
= 06 Ty
= F
Wy .
ol +r
0551 e e
0.5
0 0.2 0.4 0.6 0.8
NS objfun

NS_objfun y LOGE Gua &b 55 ol jois & 55, gy 4 =Y s
Figure 7. Pareto optimal front with two NS_objfun and LOGE objective functions

1- Intercept



- 50l lmoje Blas gu) )l 3) gl 53 ey omis (oxie Jao (LS (I3 (g 2,509, S 1))

by o J8lis 4 1) sdile Bl x50 a5 MSE 5 RMSE
oddl Bua mlgi b duslie p3 .0yl dgng ol bl
4 Cuwd LOGE L MAE Gua »ls (RMSE 4 NSE)
Cupd (oS 1 9 4B (6308 Copwlus ¢l 2 3L 5 polie
WxEp g 3 e Cewles (b o5 polie 4
5 4 a5 L (OXF) blaiir SIS, 1y oo 3 Shas
Sl oolanl b Blgs o ddin i oriwly cBd (YY) Weo
w0dbdiaS Cllao 4y dngi b ol g 09)5 s 3l Bua &b
I dadae ddan s oxiwly jslaiedy ol iagl )
oo 5l plejen oozl a5 NSGA-IT 55 ;X!
whlS alaly ol as eolatw] Bles o pune |y Bun &b
5 090 NSE 5 MAE RMSE LOGE Gua alss
s NSE Guo oy judiy o5 & @2g b g <85 15
&l$ ot olsea el ol SSL ayly > LOGE
bl SRC Jas )05 ddin s oxiwly 0 Bun
an v Jde 0 &l g cpl 5l lojen eolatwl Lad
p3le 3590 5> Jse cpl (28 b b c>90 SRC-GA-II
odltwl sl SRC-GA-l adua <G Jao 3l yue SSL
P i 8o suwly b A G mlgy 5l lojen
(F) e 5 (S (TV) Wga (sla)l8 b b pigsy ol
(V) msligndss 5 pdllid] () fSan 5 o352
mwly ogde )y Slgen (V0) S 9 oS g
(silwJde I L3 eodly ganadss 5 (giluSen da i
Ooireh cpl  Cueal I 4 & cwl SIS des
ORIl jaied oty 288 5 aST 5 argnyge
Sdises Cusl p3Y die 03> (sl Jio (2 puess Cyad
srodly Gyzo g ouiles i Joo s ) edlatul )90
sokaiods 503 (sgm il (o lel 0)9> Jsbo ) s
2 oolatwl dyge glaodly (b bl mowe b))
ly g3 ond ool claodly b alie da i yge5l
il g oo Jlao | (S o ol il o]
odlaiwl pas S cemuidy ol g (gl Jde jd bl
3o 5 (Pmily laassaze ) (San g alie glredl |
20,148 5l cov (ool s Uy gile Jde gl wilgy s
aSd jl oolazol b cpsls hmgh o Lwly cpl o (YY)
ags 4 pladl (SOM) odjlojludgd  CuslS L uas
g ol cas ol I alie 5 Nen slrdcgosmo
5 )L Gimgl 5l 5 ool @l 08 e g0
o b ) eolasl (faemme )y )b caslles (V) o)
P ey cwle 309 S plysa Slge Hlagh
L dyglp 50 gy s e slaue L 35

255 548 oolatwl 590 laailidgy 3lre igu)

‘3‘3)3\5 9 M&”

0590 S slyal 5l oads 48 )3 s By g9l dlis oyl
2 &Sl (6988 5o (5 ytag)hd slrolKiu] > (o
odiun g lawgl 5 y0uiS (g b sul ¢ S cblis suSiag}
5 lo lacoles jl dliwgpt &5 ol ool Ial @
Do (SI3)18 g SIS 0ASdmg Ry (il (Spine

«Syebp  Blae Cgu) sk e 39l gy
Sa5re e Ol gie slaojlo Cglhae 3)Sles 5 Sk
Jo sl oSy laghsy p (e e ol
s g Jlog Jud ) clodiS3gumme clsyd SRC
S dhl 2B ladse cpl )l <ol ib)ly 5 039
Sow )l A gy )lg .))91)3 dl){ (b ga ;,g“).«o) J>o|)
S5l Gl Wlgi o GAS wisle (LalSS sbain oSl <500
@9 ol @ op A daly & WS Mg oo,
Sledy 4 bapi oSl opimen A8 (o @al)S 1) Cgu)
Silodine slp (JHgbar (V) Badd dgde (g )5
S 4 g ooy )& bas jl SRC Jue ol
s Slaye g8 gyl odtel b s g3,
S5 byl coge ol )& b g o edlail
oS ol wmi A eud Jhe culps duwlbxe s
P JSie cpl Sgde cuw ) SSL e | s3)ely
Ol b Jae sllos g andly (g yin 3903 (oMow gla 0
Sl iz calps (@St S0 b5 b @2
5 it ol oJls (ol b ol o] 15yl DU
L SSL gl el 2 o5 (sl iy e 255
ol 0 Ned oo Sy lrodhy b cglaie bt Ao
Cg) dxiw (e e Sbbe p ogde lagh
SRC-CF2 SRC-CF1 SRC-MeanLoad SRC)
S5 455 ys) SIS (slarysSI 51 (SRC-FAO
sokaiods 5 (NSGA-Il asumns 5 SRC-GA-l abua
by @l a5 ol SRC Jio oo cojloaig
2 b @l oyl g SRC Glaie (sla i 5l sl
OlSen g 550 Loysama(Y) gabo 5 el (V) SLSigdl
() chisan 5 ol 5 (1) iSen 5 hine <70)
2 bJde JU0g3 (axiwly > Msba ) Slyen
Tagy lge el bl iln (oSS iome jlates
Jle ) B S wb Sy p Ll ool
ol (FY) ghien 5 b (1Y) ol aidljSyes (MSE
2 e g Sbil 4 Lol da g da g, cpl )3 45 L0l
ol O dold oS cunl K90 L Jie dlm).‘:.o‘)l,;
4 Cwl p3Y Lty JBls & oddgilwdnss 5 slodalie
S 4 Gaa 1l S 5l eolaiwl &S 2ad dn g STyl
Sodly 13 &) s S pre slodsn (oled S5 el
03903 HIK5T 3,13 3939 s ©ygods winmw ] (slosnlive
@bl adls daly ol 3 (1Y) wls giloand 1) ol
yn celSil 5 il Lawgs &5 (NSE) "l ol
SrSolsl slagails g ) oo {YA) 28
waRls ol Cagme wépde (V) cuwl e 26
U”l Jl.:) LML.»} (A YA) ol u.sl.bw.)}_\.’xn dl)l.) NSE
s (o ST Mie) yuiie Ky (VU polio 4y bl
)g..)LOA 2 pusie Glwdds | alols sllas e U dgd o
1 0 3L jlows sl @ye 5l edlawl s 4 ] 5L
w5 sl gileans @l 1) (Ko s
G55 cnl gl ol by (ATAN) 48 o (ol 328
YL polie wilgn oS Wgd o (Sriwly (658 4 b Jse
s Gl g 505 0 nled gileand yie 1y b e

1- Least Square Error Method 2- Underestimation

5-Nash-Sutcliffe Efficiency (NSE

3- Overestimation 4- Procedures



AR

W

v o 2R

10.
11.
12.
13.
14.
15.

16.
17.

18.

19.

20.
21.
22,
23,

24,
25.
26.

27.
28.

29.

30.

WA Gl g 5l /N oyl [pmd Jlo jusul ojgn o e dsliing

&l

. Altunkaynak, A. 2009. Sediment load prediction by genetic algorithms. Advances in Engineering

Software, 40: 928-934.

Aslani, M., R. Fazl Ola and M. Ahmadizadeh. 2015. Determination of Nash conceptual model
parameter using auto calibration in Kasilian watershed. Journal of Watershed Management Research
6(12):21-28 (In Persian).

Bahmanesh, J., M. Mohammadpour and M.M. Bateni. 2017. Comparison of river suspended sediment
load estimation, using regression and GA methods. Journal of Watershed Management Research
8(16):132-141 (In Persian).

Bekele, E.G. and J.W. Nicklow. 2007. Multi-objective automatic calibration of SWAT using NSGA-
I1. Journal of Hydrology, 341(3): 165-176.

Buyukyildiz, M. and S.Y. Kumcu. 2017. An estimation of the suspended sediment load using adaptive
network based fuzzy inference system, support vector machine and artificial neural network models.
Water Resources Management, 31(4): 1343-1359.

Choudhury, P. and B.S. Sil. 2010. Integrated water and sediment flow simulation and forecasting
models for river reaches. Journal of Hydrology, 385(1): 313-322.

Cohn, T.A., L.L. Delong, E.J. Gilroy, R.M. Hirsch and D.K. Wells. 1989. Estimating constituent
loads. Water Resources Research, 25(5): 937-942.

Criss, R.E. and W.E. Winston. 2008. Do Nash values have value? Discussion and alternate proposals.
Hydrological Processes, 22(14): 2723.

Danndhmhr, A., A. Olyiaie and M.A. Ghorbani. 2010. Suspended sediment load prediction based on
river discharge and genetic programming method. Iranian journal of Watershed Management
Researches Journal (Patouhesh & Sazandegi), 88: 44-54 (In Persian).

Deb, K. 2001. Multi-objective optimization using evolutionary algorithms, Wiley, New York, USA,
512 pp.

Deb, K., A. Pratap, S. Agarwal and T. Meyarivan. 2002. A fast and elitist multi-objective genetic
algorithm: NSGA-I1I. IEEE Transactions on Evolutionary Computation, 6(2): 182-197.

Duan, N. 1983. Smearing estimate: a nonparametric transformation method. Journal of the American
Statistical Association, 78(383): 605-610.

Ebtehaj, 1. and H. Bonakdari. 2016. Assessment of evolutionary algorithms in predicting non-
deposition sediment transport. Urban Water Journal, 13: 499-510.

Efstratiadis, A. and D. Koutsoyiannis. 2010. One decade of multi-objective calibration approaches in
hydrological modelling: a review. Hydrological Sciences Journal, 55(1f): 58-78. ]

Ercan, M.B. and J.L. Goodall. 2016. Design and implementation of a general software library for
using NSGA-II with SWAT for multi-objective model calibration. Environmental Modelling and
Software, 84:112-120.

Ferguson, R.1. 1986. River loads underestimated by rating curves. Water Resources Research, 22: 74-
76.

Gu?t_a, H.V., S. Sorooshian and P.O. Yapo. 1998. Toward improved calibration of hydrologic models:
multiple and noncommen surable measures of information. Water Resources and Research, 34(4):
751-763.

Gupta, H.V., S. Sorooshian and P.O. Yapo. 1999. Status of automatic calibration for hydrologic
models: comparison with multilevel expert calibration. Journal of Hydrologic Engineering, 4(2): 135-
143.

Gupta, H.V., H. Kling, K.K. Yilmaz and G.F. Martineza. 2009. Decomposition of the mean squared
error and NSE performance criteria: Implications for improving hydrological modeling. Journal of
Hydrology (Amsterdam), 377(1-2): 80-91.

Jansson, M.B. 1996. Estimating a sediment rating curve of the Reventazon river at Palomo using
logged mean loads within discharge classes. Journal of Hydrology, 183(3-4): 227-241.

Jones, K.R., O. Berney, D.P. Carr and E.C. Barrett. 1981. Arid zone hydrology for agricultural
development. FAO Irrigation and Drainage Paper, Rome, ItaI?/, 271 Pp.

Kalteh, A.M. 2008. Rainfall-runoff modelling using artificial neural networks (ANNs): modeling and
understanding. Caspian Journal of Environmental Sciences, 6: 53-58.

Kalteh, A.M., P. Hjorth and R. Berndtsson. 2008. Review of the self-organizing map (SOM) approach
in water resources: analysis, modelling and application. Environmental Modeling and Software, 23:
835-845.

Kao, S.J., T.Y. Lee and J.D. Milliman. 2005. Calculating highly fluctuated suspended sediment fluxes
from mountainous rivers in Taiwan. Terrestrial Atmospheric and Oceanic Sciences, 16: 653-675.
Kaufman, L. and P.J. Rousseeuw. 2009. Finding groups in data: an introduction to cluster analysis
(Vol. 344), John Wiley & Sons, New Jersey, USA, 342 pp.

Koch, R.W. and G.M. Smillie. 1986. Comment on “River loads underestimated by rating curves” by
RI Ferguson. Water Resources Research, 22(13): 2121-2122.

Kohonen, T. 1982. Analysis of a simple self-organizing process. Biological Cybernetics, 44: 135-140.
Krause, P., D.P. Boyle and F. Base. 2005. Comparison of different efficiency criteria for hydrological
model assessment. Advances in Geosciences, 5: 89-97.

Kuok, K.K., S. Harun and S.M. Shamsuddin. 2010. Particle swarm optimization feed forward neural
network for modeling runoff. International Journal of Environmental Science and Technology, 7: 67-
78.

Legates, D.R. and G.J. McCabe. 1999. Evaluating the use of “goodness-of-fit” measures in hydrologic
and hydroclimatic model validation. Water Resources Research, 35(1): 233-241.



ay 50l lmoje Blas gu) )l 3) gl 53 ey omis (oxie Jao (LS (I3 (g 2,509, S 1))

31.Li, X., M.H. Nour, D.W. Smith and E.E. Prepas. 2010. Neural networks modelling of nitrogen export:
model development and application to unmonitored boreal forest watersheds. Environmental
Technology, 31: 495-510.

32.Madsen, H. 2000. Automatic calibration of a conceptual rainfall-runoff model using multiple
objectives. Journal of Hydrology, 235(3): 276-288. o )

33. May, R.J., H.R. Maier and G.C. Dandy. 2010. Data splitting for artificial neural networks using SOM-
based stratified sampling. Neural Networks, 23: 283-294.

34. Miller, D.M. 1984. Reducing transformation bias in curve fitting. The American Statistician, 38(2):
124-126.

35. Mohammad Rezapour, O., P. Nourjou and M.J. Zeynali. 2016. Compression of genetic algorithm and
particle swarm algorithm models for optimizing coefficients of sediment rating curve in the estimation
of suspended sediment in Sistan river (Case Study: Kohak station). The Iranian Society of Irrigation
and Water Engineering, 6: 76-89 (In Persian).

36. Muhammadi, A., G. Akbari and G. Azizzian. 2012. Suspended sediment concentration estimation
using artificial neural networks and neural-fuzzy inference system case study: Karaj Dam. Indian
Journal of Science and Technology, 5: 3188-3193. o ] ]

37.Muleta, M.K. 2011. Model performance sensitivity to objective function during automated
calibrations. Journal of Hydrologic Engineerinﬁ, 17(6): 756-767.

38.Nash, J.E. and J.V. Sutcliffe. 1970. River flow forecasting through conceptual models part I-A
discussion of principles. Journal of Hydrology, 10(3): 282-290.

39. Rodriguez-Blanco, M.L., M.M. Taboada-Castro, L. Palleiro-Suarez and M.T. Taboada-Castro. 2010.
Temporal changes in suspended sediment transport in an Atlantic catchment, NW Spain.
Geomorphology, 123: 181-188

40. Schwefel, H.P.P. 1995. Evolution and optimum seeking: the sixth generation. John Wiley & Sons,
Inc., New York, USA, 456 pp.

41. Srinivas, N. and K. Deb. 1994. Multiple objective optimizations using non-dominated sorting in
genetic algorithms.Evolutionary Computation 2(2): 221-248.

42.Swain, R. and B. Sahoo. 2017. Mapping of heavy metal pollution in river water at daily time-scale
using spatio-temporal fusion of MODIS-aqua and Landsat satellite imageries. Journal of
Environmental Management, 192: 1-14.

43.Thomas, R.B. 1985. Estimating total suspended sediment yield with probability sampling. Water
Resources Research, 2139): 1381-1388.

44.Ulke, A., G. Tayfur and S. Ozkul. 2009. Predicting suspended sediment loads and missing data for
Gediz River, Turkey. Journal of Hydrologic Engineering, 14: 954-965.

45. Veldhuizen, D.A.V. and G.B. Lamont. 2000. Multiobjective evolutionary algorithms: analyzing the
state-of-the-art. Evolutionary Computation, 8(2): 125-147.

46. Vercruysse, K., R.C. Grabowski and R.J. Rickson. 2017. Suspended sediment transport dynamics in
rivers: Multi-scale drivers of temporal variation. Earth-Science Reviews, 166: 38-52.

47.Yapo, P.O., H.V. Gupta and S. Sorooshian. 1998. Multi-objective global optimization for hydrologic
models. Journal of Hydrology, 204(1-4): 83-97. ]

48. I\D(ar _Kle)lnl, A. 2009. Intelligent Systems. Press Center of Poyesh Andisheh, Tehran, Iran, 260 pp (In

ersian).

49.Yee, KY., AK. Ray and G.P. Rangiah. 2003. Multi-objective optimization of industrial styrene
reactor. Computers and Chemical Engineering, 27: 111-130.



Journal of Watershed Management Research, Vol. 10, No.19, Spring and SUMmMEr 2019 .........ooiiiriiieeiieeriiieeeeeeeennn 193

Presenting a New Approach to Increase the Efficiency of the Sediment Rating
Curve Model in Estimating Suspended Sediment Load in Watersheds (Case Study:
Mahabad-Chai River, Lake Urmia Basin, West Azarbayejan Province, Iran)

Mahmoud Reza Tababaee', Amin Salehpourjam?® and Seyed Ahmad Hosseini?

1- Assistant Professor, Soil and Water Conservation Research Institute, Agricultural Research and Training
Organization, Tehran, Iran (Corresponding Author: tabal345@hotmail.com)
2- Assistant Professor, Soil and Water Conservation Research Institute, Agricultural Research and Education
Organization, Tehran, Iran
Received: April 4, 2018 Accepted: October 21, 2018

Abstract

The estimation of the correct amount of suspended sediment has an important role in the
optimal design of water structures, erosion studies and water quality studies. The sediment
rating curve (SRC) is a conventional and well-known regression model. However, due to
logarithmic transformations in calibrating this model, its estimated values are often less than
actual values. In the present study, using the instantaneous flow discharge and suspended
sediment load of Beytas hydrometric station in the Mahabad-Chai River, the SRC model was
calibrated, and then using Non-dominated Sorting Genetic Algorithm Il (NSGA-II), the
coefficients of this model optimized again. This algorithm is an automatic procedure and can
use different objective functions in the calibration process simultaneously. In this regard, in the
calibration process of the model, four objective functions RMSE, MAE, NSE, and LOGE were
used as pairwise combinations. According to the results of the model evaluation, the NSE and
LOGE objective functions were selected as the best objective functions for optimization of the
model. In order to increase the power of the model's generalization, the self-organizing map
(SOM) neural network was used to cluster data and form two homogeneous data sets
(calibration and evaluation sets) of 70% and 30% respectively. The results showed that the use
of the NSGA Il algorithm resulted in improved model efficiency so that the results are much
more favorable than the other results of conventional SRC models (such as the rating curve of
mean load within discharge classes, SRC models corrected by correction factors). In this regard,
the error value (RMSE) of the test data set in the best model of the conventional SRC models
was 383.65 tons/day, which was reduced by using the NSGA 11 algorithm to 102.94 tons/day. In
sum, using the NSGA-II algorithm, we can optimize the coefficients of the SRC model, which
is more efficient than the other conventional models.

Keywords: Artificial Neural Network, Clustering, Curve, Non-dominated Sorting Genetic
Algorithm 1l (NSGA-II), Sediment Rating Self-Organizing Map, Suspended
Sediment



