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Abstract

The main purpose of this study was developing a framework
for the calibration of groundwater models. The automatic
calibration with indirect approach has been considered and
inverse problem in groundwater flow modeling was defined
as an optimization problem. For solving the nonlinear
optimization problem, genetic algorithm has been used.
Minimizing the root of mean square deviation between
observed and the corresponding computed heads in
MODFLOW was considered as a calibration and evaluation
criterion. Also, the hydraulic conductivity and specific yield
(with known zonation) have been considered as model
parameters. Changing some part of MODFLOW-2005 source
codes and embedding the genetic algorithm, an optimization
program (MF2005GA_P) has been developed in FORTRAN
90. Internal exchange of main variables (e.g. RMSE) has
decreased the execution time noticeably compared to the
approach that linked optimization and simulation codes. The
program has been developed and primarily evaluated based
on a hypothetical model. Next, Abhar aquifer was selected as
a case study and the program performance in a real scale has
been investigated. The results have shown about 40 percent
decrease in RMSE compared to the trial and error calibration
results.

Keywords : Groundwater, Inverse modeling, Automatic
calibration, Genetic Algorithm

Received: March 31, 2016
Accepted: December 15, 2016

IVAE Ll «F 8 )lowd (o3 jaw Jlw
Volume 13, No. 2, Summer 2017 (IR-WRR)
AY-2A

|
be
)|

3,59y~ oty @l SBdse (weSae Jo

*Td.\.oow.g,lc S s‘ Ls..\.oé‘ )59.3‘

RS

T 98 (Gomwge duta s g

84S

o e oioly sl gy 5 ke ) (bl adlae Lol Gua
DB de e e 3)509) b 5065 omisly sl e ]
e S g0ty Gioipg Ol Silude 2 oSne dlue 5 485
3 e sl Wl ol o sl sl 0 iy (5lotingg
ar oSk ylo giludieS .l 015 odlitel S o, ¢Sl
015 dplne [bilito 55 5 Shalie O o jlp polie sle M
ol (S (bl 5 (Peiwly slee lyicas MODFLOW Jljale s 5>
4 55 (polne s3aab L) ooy (2l 5 (S colin jolis ol
2 Sl 2l bl oad 43S i > Jae glagel)ly Glye
4 K55 winysS) 2938 5 MODFLOW-2005 4l Lol class
4 A0 0 ol & (MF2005GA_P) (gjloaae 4ol o o
LialS (RMSE 15le) Lol (glo pite 51 Jolg o & Cal o5
s Jlail 359y 4 cand el lpl ploj G 3 (g
e S olul sl ol sl 03905 ol (3lodingg 9 (s5lodend
2 el 48518 bl 3y90 adgl g 4 g AL dmwg (028
2 aby oSl 5 Gl (0)50 dslllan lgic 4 ool lgsol asbl
dgi Al e g ol @l Cunl 485518 () 3y90 (HBly (ol
dad 5 (o B9y b (xily @l & Cond |) RMSE (g0 ¥+

ool 0y oyl

S35 ortuly usSas (siluie creins ol sl ol
S5 e yoN]

AN/NY :allis ¢y ol

AN VY llie by g,

1- Graduated Student of Civil Engineering — Groundwater, Shahid Beheshti
University, Tehran, Iran

2- Assistant professor, Faculty of Civil Engineering, Water and Environmental
Engineering, Shahid Beheshti ~ University, Tehran, Iran; Email:
s_alimohammadi@sbu.ac.ir

3- Assistant Professor, Faculty of Civil Engineering, Water and Environmental
Engineering, Shahid Beheshti University, Tehran, Iran.

*- Corresponding Author

AY

ot oy (ueip) ol — e qwdige ab)) cwlid)lS @i gal sl -
e A oKD s j Lo g Ol ¢yl e wiine 0uSily Hlbisl -V

iy Mg oKl i Lo 9 O (ol pes pwrtige 02l Lokl -

Jiue ol g~



3,8 Glalllas jgy0 4 mol> &yse 4 Nicklow et al. (2010)
Sl gle Copse s Gpmeln auej > (LSS slapzS)
)90 & Ketabchi and Ataie-Ashtiani (2015a) ..zslyy,
Cope Pl ) (8915 Sl )95l 2,8 b s ye lalllas
pinygSll Cutn 53b g 3 Slae 5wl oo iejp;

313 )15 gy 3)90 line s Jlaz (595 ) e

S8 Slesde Jbj)l Hslaie 4 Wang and Zheng (1996)
Jao o ) iy ol sla it oxisly (sl Sg o s8]
sy MODFLOW-88 3 adlas ] 3 .dgas odlisl oy
pips 2,0 @l b odlitel (Lo ol Gl sl
Lo Mlas g Shalie gloosh (g)ke b 5o 5> Sj
P> Sl )3 g dumlie (Fgs — g5 (hoy L lad ()ge5 LI
4 Sej wi el {lasl b Zheng (1997) .as 3yee pcawlio
o (ohy3) oS Jloaws Ja olsis 4 MODFLOW-88
S estoing ol (S Slodend 1o olsicds MT3D g sy
ol D505 aws Jojle ko b gjludingy — (5ilodend ackiy
wae ohb ely @b eael MOdGA &5 ()b asby
& ol 5l o g Glssel Vel g (Sgyta JES laptans
O eloJse owly g ols sbas MOGA P 4l

8,5 )18 odlatwl 3)90 (e

2 s ew)S, sy & | Poeter and Hill (1997)
Alis diz &) b addlae ) 53 505 o3kl woSan (<5l Jo
2 dly o b Bl sbol ly Swsy @]y 258
sl 5l (S plyedr gSee sbaJas I odlitul ol

45 48T s Ol il e > 590

sl ol )b 3591 polaiedy (S5 w931 I Lingireddy (1998)
JB by alS jelateds addlas oyl 45 dges edlil el
I og 3l a5 (lopgisesys) ol L) slp & 29

Sweiny &l e Gogiy Glp Sehas as sbasis
A edlaiw

5 Jdo el 9> 18,5 Jla > L Solomatine et al. (1999)
dle ly gius lad L (RMSE) Gaa ol maw il
Ol b Jre (xiwly Jluo 4 Cond 050D judi poy) p g>
Ve aeS’ dal iz g2y Gl (i S ) 5 (e
Sy omwly sl adllas ol g dges AT goias slad y

doddo —)

sl (2ly ladie (utine g psle laoje I (5)lu
Jdos g copre gl bl bs 5l g oaomn slaanld il
(Hill and Tiedman, 2007) 554 0 odlitwl i S,
Sl by OYolee Cjao @ 1) 29390 slauilys &S Sla Jas
VA8 Jlo baulsl 45 laylil o oseme ) LS imd e
b glojen sireipy o lidlas )3 58 pslate 4y o2V
Pl g SIALl) St 4 (wpiwd Gl g dogs
b loand il el dg2g 4 byl Jl s 0
(Delleur, 2007) siwa (2j5 oyl b (oo 9 cde)
slylley poln 5 riesdaslis I (S Telbole

bl e ol (sle e

s sl Juo 038 51 G e sl ol 1T il
Cxlplo ] (Bly miamn O Liuled )] eaeslys g Jae S
Jeo ol lp g polie Bl s po ol 5l pi5u Glgis 4
5 Shalie pilie le (Koo OS] Slis a8 545 3y9lp
TGan b B 5 BT ) iy b 33,8 s |y liasbs
d9die ool (gilwdinge Suld (Jae byl (pe3s A3

.(Hill and Tiedman, 2007)

L ® s ad 93 4y (gilwdinge Plas > slobg) S 5k &
oyl W3S oo el T oS98 L ong 9 S
Dlas 15 0,)l3 45 S0l SleMbl 5 Sl d s 4y LdglS]b
5 oty g cilisee Bl )3 )y 5l gominn (sLad
I oxd oS g1 oy Sy K5 iy
St 9 b S 013 (o)l 4)lai) oSS 4 )l
il 5 o hSen 5 Yl b by & cul LS55
cllls 53 555 5 (Goldberg, 2006) ol sy Suise
48 )15 oslital 350 Ol plie Cy e 0je ) dlen I (g5l

.Nicklow et al., 2010) ¢!

5 9 dawgl 0950 iy McDonald and Harbaugh (2003)
adol gladsuns a s aewy U gdle I eolail o)l S
adgl Hlanl ;3| Lledges H9)—o |, MODFLOW-2000
odd piiie o) ol 4t Jlae (Mo VA L > glisle
il o MODFLOW-2005 ] aseus opys] oS conl

(USGS-OGW, 2011)

VS bl Y 5 lowd o3 s JUw el ol ST aalio ol
Volume 13, No. 2, Summer 2017 (IR-WRR)

AY



d)90 Wb dLbuda) 6).) d)bw.) 9 s Me UMB LS)L"]
cb) d9>90 u’.";""b Lg‘.m)l}ﬂp)} &S ALY L;lin dlos> )‘ co3las]
Ty Bube) )N s 5 (o (Bg) plipes 5 il Sz
2 ylsele s ol 8,8 13 aul (Kresic, 1997) was e el
sl 0303 gl 1y ol 5 olizsl (g3g0 b Sil,S (clalauls
Siloaige slagbyy I e sbalPley L promen
Jilawo» )3 g 48 o oolisl oo (slayial )b 3,915 (gl SLSS
OBl 4 B LS sl yhy) & et sazmy (giledine
Al Glle e slagby, e dibbies ol Gl
ol ((Hill and Tiedman, 2007) <ol )l,8 L s 1) GA
osSan Al o jglatos (T ha) wi> sladgy ) g ()
Cuonl Bl guoipj Ol slaJae ,S065 (oxiwly b (wejpj O

)

ly it cuwslio slagsdg) Sl g oy cadlllas () (Lol San
5 B Sy il eins Ol oh ladae (el
Sl 0391 4295 3y90 S cglidle p3gs 3L AST Shg I ool
iloiagy IS b ons asliS LS glisle |y L8 clills 81 5
9 S o oiRgR ol el oud Juate glodle o,
Slajpr oy b ol 3y9e Ban gl S8y wh)oN la
oS 4 S5 oo el ) Sl ol g glbole w58
gosle aseus )31 5l odlatul ¢ pimmen ol ond a3lsl glisle
yobs adlas asls 3)se LS5 5l (MF2005 v1.11.00)
oo S0 8 5 4yl (i) 5 JuaSG 51 g i ol il
il 2050 35 S ol )3 g Aly dlae S 3 0y
e ols] e 4 bae cledbl el asS
&80 adlls ¢l (Abkhan Consulting Engineers, 2003)

) 00 olasiwl

S b ol dlae 6 4 i) jolateds (ugSan dllus
IS b el Al ol an s Ko @jlear b &Y geone
P ssizanl gy 03,5 o odlital oliio oyl (el oS Lalnbs,
039 ¢ 4oy (pl > ¢(Hill and Tiedman, 2007) cul
Db & b ol & bl 5l Sy gl gile e
ol 393 5l @)l e ey 33,5 o0 e g oo 23
5 o Al 3 ogyie cauanl l buyl 5 g wib e adllae
Jie s Jolre 0 Jiin o5 gananl )l (ed)ge addlas

Lol 045 ooliwl Dy 1AW 4.».9; )JaJ )2 Lb).«.o])l) d‘))

Ol Gilednd ey BNl bulyd p> ej; ol Jae
i GLOBE (b5 ey & (TRIWACO) (iwejpj ol

W ate ‘.L.ul.sw BTy d)L*’““-‘-?f LSL"’(_):’S) )‘I d)\.\:.'{ JAL»

ey 5 S el yeXl 54,8 Madsen and Perry (2012)
o3 4185 MODFLOW-2000 3 oslizul L a8 _ably allus K,
s gosS adllas ol o ol Gl 8 ddlles 50 1) 2y
o 3 el (VB) s iy 0l & S35 oS
Jie ol elyal lejnce i3 et glisle ay 45 oyl
ol g3 0dd Gy uls L (omily) (gilwdie = (gilwand

A iyliS el VY gds ddlllas

Aozl G Jse (ouwly sly Ataie-Ashtiani et al. (2013)
SUTRA 33l 5 5l oslisl b &8 S opjn > ol Lol
L2505 odlaiol PEST 1380 5 b woSxe (g5lwJde 5l cdd )5 ans
» 3l slacs i, Ketabehi and Ataie-Ashtiani (2015b)
JB s s | (blo i o] Cupie oje
2 Oluwbre sl B9y day jolaieds a5 Sleon] o Wl
3903 ppe Cudld S92y (Gilwdinge — ileand b
3,5, < Ketabchi and Ataie-Ashtiani  (2015¢)
blo laglsel fo oo jlaions |, 25815 (gjloatay
olejnte (ialS jglate & adllas oyl )3 3ls JI5 () 3590
SFlel 4 ey Bl )90 Sluslre (Vb o Gl p5Y
IBley &S i epiy ol le] Copre lp ape
b leays byl Tosed silse ) o oad ans SUTRA

5 o3zl MATLAB I8l 5 53 s3] Cuno

Shoslatnl ylas (Jao slapiehl (o35 sl powye slagby,
62 s Sludyp Loty (Sley Ginlof] lb) (s loges (3ol
@5 .(Yeh, 1986) siws 390w ()35 dubo dg3g b Ll &S
dgdze bla jl eolatwl a5 Cunl (pl wsSee o Lol
o3lizl lialie (slaoly 4 boyye cleMb 5l 5oy slogislel
25 )8 oolitel 390 (gie ClMbl CF ph g 98
oSS Cushd pae w0dpnS gl e 1 edlael  oplly
sl ioles] dgame sl 1 oolil 4 o 1y Jao (sla el )b
b g (o dlp (390 0aliS AL g e amd o0 (LS Floy
Slotiuges loais]p 4 (S (el s 4 o (Sals
g tesl 0> (I3l iois Of slaue 08 iy
Sloglae 4y 5l «g)lll LSy 5 3 e paie Sl ol &)

VS bl Y 5 lowd o3 s JUw el ol ST aalio ol
Volume 13, No. 2, Summer 2017 (IR-WRR)

AY



oxdsaidlis 5 guly (SolST3 (cbans ol 5l oolaw gandiwd
R JERPCC RS S R RIS
S8 35y oSS iy o lS o el LelSS
Cuol 039 Ol mlbo Cople 9 spyaely ol e j»

.(Nicklow et al., 2010; Ketabchi and Ataie, 20154, c)

Metaheuristics
Population
Evolutionary
B algorithm
=
o - - —
0 Genetic algorithm 3
5 = = Particle swam‘ T
> ‘ Genetic ‘ optimization =
o programming - "
5 e [Evolution | (Ant colony optimization|
Ji:’ Evolutionary strategy algorithms
= programming .
X
Differential Estimation of distributio 2 DZ
evolution algorithm % 3
@
T
Scatter search 3
J o o
Simulated = <
annealing 4
+
e T——
T L Tabu search .
. Iterated local search
\ J

(" GRasp )

( stochastic local search)

yoaeas |edoq

Trajectory (Vanab\e neighborhood searca :\Gu\ded local sear:El

Dynamic objective function

Fig 1 - Metaheuristics classification (Dréo and
Candan 2011)

wglS1,d (e o guudiwd - JSUS
(Dréo and Candan 2011)

b)) sl comer Mg Jold S5j pipeS Lol lapls
NS5 b mep) i Coner g sloanlp (bl ones
Oloj b b Cumen byl ) el ol sl (Mian
Spdie S5 iyl By slajhae b jlee el
B0 b o393 Sy wiyeSl (Nicklow et al., 2010)
Jlosl b jl biolys 5 g5 sbml cgpus das 5l puloxe
» orsada |y @by glecedgie (inr 5 s sbyNes
Wbl dwge paonad gl pxio (gl sl 0dgate 45T Blus 590

.(Zahraie and Hosseini, 2009) 1> ol yona

S8y wipss) alie (Shgied o by I pols Giag
ol odlazwl Haupt and Haupt (2004) lwg oids &) dtwge
9t 5 oS3 paed sy () ) Mo jskiiea g
sl ol GBS 5> (Slpnss 5 48)5 )18 ol )90 0 Slas
S5 E 5wy dyee &S Shei dles | asl oad sl
Wb TalSass g T(lablus) Consyg ol b,

.(Zahraie and Hosseini, 2009)

GBS (g, Y

Iy MF2005GA P aoby Lol yis 93 S o )sN] 5 sl
lobp sladse pugSas Jo jdaioy jols inghy ) &S
Glwsg bl cplply ol odly LS5 bl and Saojpj
Sloje e g (550 93 (nl g (g S dhsej 0)lyd (6 paia
&1yl MF2005GA _P 4ol malais 0550 ¢ jlsbo o)) (6o
28 Jra S by cpl gl b)) g and sslateds cunl 0ad
o IS lasuine & cul 48 )5 1,8 eolaisl )50 g o0 iy
Olee cov Jhal Ojaods @by mual LSS S 5 Jie
B b o ol Gl il oS plo (28 Jae
ol ol 0Ll 2blg

0325 1 Jo qogSian Jo g (iuly —V-F

oS Sy o Jae Vsl el e b (ly 53 Al iy e
295 8 g Cundy Al meine dlue b (gjludns
Sis39ys 31 45 el 5 (6399 A0 Dguie e dluse
S el Nigd oo Cgune dlus (pl sl g ys g S
(SN, 1999) 345 co 01wl A ogSias lue ! ayzal b

D)l 22y Jao (2xiwly lp By 90 5 s—bu
=553 (——xly gy 5 | » )
51068 il s, 5o (Anderson and Woessner, 1992)

\A&au_.

sl acugie 4 ave 5 L g e oolitul oxwly A,
olaiwl 2,555, oyl 5l wold kulyd o lhdd e 3,54,
e i 3,509y D290 SILl) soaslyy el )3 5 395 o0
Anderson and Woessner, 1992; ) &+ sl o o)
Bogs wwly ol iasls ;> (Hill and Tiedman, 2007

ol 48,5 )3 laite s i 3,509, b

(S5 ot y951) (o9l51,8 (5 5Lwdiage o o1 V=¥
OB S )3 ks g elliane pi &y (D918 claets )5Sl
ol b Ols oy sowts opian sLas 5 dlua pyb
S0 (s g e &) gy L Il S o S o Wl
e 3 el e (35290 iz e (2 Sl &
L ys ol 28l Blo Ailgial oo dlge B >
VOUSE S (ceges dig dbl b Ol cppe sy

VS bl Y 5 lowd o3 s JUw el ol ST aalio ol
Volume 13, No. 2, Summer 2017 (IR-WRR)

AD


https://commons.wikimedia.org/wiki/File:Metaheuristics_classification_fr.svg

slagehl oms b2y Gl (GA) S5 oiyeS)
o) bwg & wejp; ol Jie (Parameter Estimation)
b rend 5 Casl 03 4 (MF2005) glésle 13l 5 dsed
Wej ol 2 35290 )T S (iS5 ISP ) el
)35 s MF2005GA_P (Zheng, 1997) ModGA_P s,

Lol 033,85

San @b plyiee (lad @ye (5L i) RMSE (gjluaies
olie o M) s 45 iy o5 ) bl 0 a3 S L5
o el b gy o e T Sdgue ae bl
lie Sluwlre polie 5 (Shue b oad (5 p50jl0l) Slaalis
bl sl oy 4 Nt g N elasly ol 53 () alasly) Ao oo
Shalio glaodly & s Sloj (slaoygd Sl g (baSs)
ao Slalie da iy & Nmax g Nmin e do lons ol
5 o bl sl Lyl oimd s iy 4 Py BOUND

sl Jo slagil

olysar (Pl & g Bld @) oy ol 5 (S colae

s ool lopiia g Jio (oxily ) polasl slapielyl

I RMSE (gilwdieS cdun g Lloss a8)S Jlai 10 (g5lodine
Abbn el cpl gl (s polie 35l 0 300

1 1ay =

n?ﬁt%?m ~h,)

h, =f(IN,BOUND,P)

h., <h <h

Sl gldole ) J1S5 50 (slil 4 a5 59 g0 dlan Mo ¥ IS5 1

S il (Joizme laclsn) Curar slagas 1 S5 ya b))

oSl 53 Cuzen ojlul 5 41,5 S lis (ST Jlie joboay 20,5 |y

bojlee (el pie Sy )0l Be 9 Ber i 4 ST

sl ol 55 sbole glnl b YO e e gl clhas o by
al jl 390

RMSE =
()

oliole gl yal olsS L lojote dongis 3 g YU Caspus 3939 b
4ol O:’.‘ Jol& d‘)?l Wb 4l SO CJ] LS‘)?‘ 2 )fl >
bld yg0) dell o Job 4 el ¥ dgas iy 4l YO« v -
gt hals (dely Olygiey ple gl Glojite 3503

Sl o idot opl (asls bl aely (! lojcie

Pl (o O Bl s (5jlwvdemd Jso -Y-Y

dIAJLI) ‘_gl.!bduol;); L)J)S.))J)K)J 9 UA)JDMA.»)LV» )‘ ‘:i. 915.)‘.0
S oghaieas Jlidley nl il rein Sl iledae e
Pagame S5 gy Jl i ol b 2 pSB doke goue
@ oS L lubre L (g0 pasde 5 ¥ioiuases
8 @by bda ©jg0 (ol 4 g 09 00 s Sob (2las
0d; (g dble ool b oS (lailyayd) dalee
a0

o2litl o] )\ és s MODFLOW-2005 jl ysls tingfy o
bl S, shisle 4] g3y b (Harbaugh, 2005) el ors
S ) iy lnl b canlize g sl ol 5 ™ g,
5 00b Ao ¥ o pased by 59y » e yte )ljBle s S 3 sliole

ol o Sl 55 p5Y Sl s

Columns

5 6 7 8 9

oS S S e e, 8
/ /_ -/ 2 // A
e 0/ 9L

Layers

Ay

Explanation

——=— Aquifer boundary
®  Active cell
0 Inactive cell

Ar Dimension of cell along the row direction -
subscript () indicate the number of the colomn

Aci Dimension of cell along the colomn direction -
subscript (i) indicate the number of the row

A vy Dimension of cell along the vertical direction -
subscript (k) indicate the number of the layer

Fig 2 - Discretization of aquifer system in
MODFLOW

2 195 e ((§03e8nd) (5l diamnand’ Y JSCud
(Harbaugh, 2005) glésle

(coomwly h9,) (6 lwdinge — (55 lwanmd Jao —F-Y
o ly oimeh cpl » 45 MF2005GA P asly (sloisis,

2 (s 5 walats) odd 4 (suejn) o o Jde (osSas
3 oslizad s 4wy ol el sad &) YK

IPAE bl o 0 )lowd cpd jame Jlws ) 2! Of qolio oliyin
Volume 13, No. 2, Summer 2017 (IR-WRR)



Preparation input files for Set Genetic algorithm’s internal parameters Define other properties
MODFLOW-2005 Including: max. iteration (generations) and population size
[

Including: acceptable "Error"

')

Generate initial population of solutions |

Evaluation of solutions H:
in MODFLOW-2005  |—

Write BCF file

1

—>| Genetic algorithm operators |

Run

solutions

MODFLOW-2005

!

az1s uone[ndog

Compute objective

1

1

1

1

1

. 1
Generate new populationof |
1

1

1

1

1

1

Evaluation of solutions
in MODFLOW-2005  |—1

function (RMSE)

1

RMSE (Best solution) < Error ?

LNQ

No

Max. Iteration
(Generations)

Yes

L Yes

Write BCF file for best solution

)

Run

MODFLOW-2005

End

Fig 3 — The MF2005GA_P simulation - optimization model flowchart (Ahmadi, 2015)
(Ahmadi, 2015) MF2005GA_P (5 lwdiuge — 5 jlwammi Joo sloinig, Y JSUd

blsjl Glp (B 5505, pob plaghy b gl Sols
wwpdly ke plpls cwl el edlaiel  jeSie
P Shet g &85 8wy 550 MODFLOW-2005
ey ialel obaieds 3,559, cpl 55 sl ond bl ol (slaas
Sef pipssl ple (BB @)goa ol leMbl sy (2
5l RMSE auul>e (gly (Jlio jsbody (45 0 dolio sldale 4
oSl 4 Slusle opl bt 5 eolatwl slisle L cluslbxe
slisle olal IS il (b e (0wl ond Jate 53
W ooyge slaodly pa — ol odds baas 29,5 b1 &g
&S = Wlodds Byre glidle &4y 639y sl Ll 5o b 5l dsl sy
wlyd 1) oolazul 3590 glddle deus Llod 4y asliyp 51 dmawg Sl

VNI

2 X 058 ol il eoliiel 4 drg b ugiasly o5
Sl B 2)Ss, 4 oliwds MODFLOW-2005 w9588
Obj ower I odlital pilie @sly Lol (i5u g3 ol b))
(ool 00 4 Ae (35,8 (b5 4 355 &) S w2l 5 025
5Ll MODFLOW-2005 Lol (saS 4 Josle &ygody

Col 045 03y dslyy 4 rlgz (251 (1 JS) Jlsbo el
Sl Glp (Frgpe SB) piyeNl 0 Shes 4 d2gi b IS jobows
2153929 (Jgere sl S Billas gliole (295 sla L plos
sbll 3 glosle (gy9p0 e ol jl gl 2> bl nl
glodle (s 5l By )3yl b b e )3 9 xSl Jlgie

Gl 0 58 sldole guls g 1! Wg,

MODFLOW-2005 3 <S55 wiysSl oo bly) slox] 095
by ans ol dlee Jae B0 (omwly
MODFLOW-2005 « 5880 o8> jl .cusl MF2005GA_P
g ol Jloslisal b a8 (o o Gl jloand Joe
33910 sslateds g 03l S5 | Alluws Jlbls Lol i3 900
b silutingg s o )3 S5 w2980 51 Jao ol (sl jial)ly
@lg Ll cwl ond edlael Y dbly gillhe Sua &b
5 ol ooy Sl S5 eyl ) by el i
Sl (bolss) Cumes bjl sl MODFLOW-2005

D9 50

VS bl Y 5 lowd o3 s JUw el ol ST aalio ol
Volume 13, No. 2, Summer 2017 (IR-WRR)

AY



Saite BNl pt Lol 1 (gilodns il ALl 3y lgsol
s S Canl 0 48 )5 Ja3 )3 ole VY (g5lwdnss 0y90 Jsbo g 039

eyad  Jote Slag lp il TR 09 Sy oo
g axal o Amadi (2015) & o )8 e opl gy

St Calin g oy (wal sla el (ke 5 4o b) Sl
it Alus 43 conl ons &11 (D) 5 (2) O S 55 casy &
Y gpeme b el Syt gl (e (Jdo ogSae J>
gldsle 13 o3 el Jde aud il e el pl il e dlice
A Hlade g 008 Tl byl rore polie b Jae ol
0y90 sl jo 5 ol bl slasw ;0 odd duslxe
0P9sie slosalie slaodls plyieds ((Lisl 18y 93 ) (5iloansd
P dgrge plie Wload 43S )3 3 (Jae (poSee S il
wlyp jlodliwl b (058 Jio (woSee Jo w5 ) g

B3 o Ui diged Cyge 4 dppl 4 3 MF2005GA_P

Olojer (MCVFV.6.6) (15,3 o2 i I8l S 53 5 ol 003
Slodds den i piile S &y

2y Jo-0-Y
1> MF2005GA_P sy 3,Skes adsl iyl 5 s sslitons
a9l Gl ol J iy @l Ghe Sl peSee o
P UK bl i o i Ko S e syl
A5 50 mpesieshS Ae lgsol cpl colue .l sas odlitul
Vo yoghS A alal b Llatie & ygody oS Cunl ol ad S
0)9> ) Sl sbooly 5l (gyke Cullyyy e bl ool
P aY b gyl sl ord Sl F S )0 5 (ojlodd
Bl caa 3 g gt Voo ol 4 (jla) o350 o
ool 0dd (ganaSd e Bee g Vere Lol 4 (i)
3 yho oGS 35 g e Voo 1S Oygods o lgtul cwlus
35,5 s (i S ol ady) sl o 48,5 i
5 W) oo S5 5 030 jliied (i) g aw Ol &S

1 23456789 W12 O Pumping Wells ‘:> [Lay. . Row, Col, ] | Annual Pumping Vol.
1 (MCM)
2 [1-3.3] 2.56
3 (@] #® Ohservation Wells [1-4.9] 2.56
f L] *0 [1:6.4] 3.4
=]

. -5

6 Q| |e .Riter Course [1-10-5] 3.49
7 [1:9.10] 3.49
t] .
9 ) 0 [ [variable Head (sctive) Cells
10 0
1
12 |§|3\'u Flow {Inactive) Cells

Fig 4 - Layout of the hypothetical aquifer components
and the assumed Annual pumping volume (Ahmadi, 2015)

(Ahmadi, 2015) b4 yie 4L 5oy a2 9 553 lasal ol (2 lodle —F S5

1 2 3 456789 101112

1 1
2 5
3 20
4

5

6

7

8

o

10

11

12

a - Hydraulic conductivity (m/day)

1 2 3 45678 9101112

0.05
0.2
0.1

LI L Y A A

—
=

—
jan

—
=)

b - Specific yield

Fig 5 - Spatial distribution of the hypothetical aquifer hydrodynamic parameters
98 Olgtal (Swolisg e Gl giol )y (S @595 -0 JSd

IPAE bl o 0 )lowd cpd jame Jlws ) 2! Of qolio oliyin
Volume 13, No. 2, Summer 2017 (IR-WRR)



Y e jlome 03l (38 a3 ey g w8l e 3T o blie
e £ 0 Al cicuses g bgas le ()05 Gl

2,8 095

RMSE (m)

5
.
hadd s ® S

1 10 100
Population Number (Generation)

1000

Fig 6 - The GA performance to achieve known
parameters of hypothetical model

S phelyly 4y s 3 G ks 55 3 S —F JS
22 Je polae

(ke gy lwgio F0 SO lnl Wiy ol g b adllas opl yo
5 9 295wl (03295 (2lSen Sl glo U ol 0l i
ool ol e 3 ABb e S8 alie dls o cul 53 55 i
01 Uiy Lty 51 4S) LS5 eme 3l 5 RMSE jtalS pie
s bl tuboo Gl (e liee & i E5 e
ogige b g Sloge (B 8 alie (b)) jieS) b i
2 g g0 Jlos! cinl ol adlsl pi,oSl 4y a5 Y dlayly ollas
@ 350 Jloel e (loj 5 Jore b cenlite i (Vb
e 3 Cazer opled g Y gpome Cpuiiy JlAde aS pagie oyl

Bl 3o Jsreme of (Lt 3l om) 8L e

=) (v)

(maxit +1)
S8l 5 Sl Ll San e LS e 5 ialS
Vo) S a5l glp ]y diej g 33,5 o lawgie RMSE
3olar i Sul wiz e ol bas (Jls e )3 3l o w2l
Y (o e blE )3 on)yeSll ule BL I S gl sl
5 (Camez) b o)lad (5 ol g o (( Jo el L] )
idlS ol cops S F il o (JISS) Jus olas il
Iy Sy it b S polie iy Jlaisl b oS ol iy T g ol
@hSer g Ipl iz el Gl LSS 00k e
wiysSdl (30 (ol ol il dlaws ads a8LS g cpwle 1 a6
3, Slas ¥V S 0Bl o (olpiuig hey slaudgaze | S

P =P +P xFxTx(1-

Table 1 — The MF2005GA_P program
performance to achieve known parameters of
hypothetical model

& oy 5> MF2005GA_P aoli s 3,kos - Joua
955 U polro (5o el

Hydraulic conductivity (m/day) Specific yield
0.95 0.05
5.00 0.20
19.97 0.10

olie b oxiwly (sled pdlie g o alanMo oS jobolon o
ol oleje s (g5l Ml (B JSKE) b ol oyl oo
038l 5 () 1SS olaws & dogi b &S Cuwl 0dgy adBs YA
@bubs) oo S Sl (elsle l2l L)
I8 oolaiwl 350 by (sl lojise LialS (gly a5
5 0dd (il LSO a0 Caxes jl o dypl opl o las S
y Comer o st £ e 55 i s sl il
OmS Veer g Ve efY Gy 4 (Jus Sl LSS slas
ol 1l ol o ) S p)sNl o Sles £ JSE L Sloss
& Wb ,blie RMSE 6 e lias] jI S§ o a0

.....

5 ol Cumox ol pie ye Bl RMSE Judo oy 568
3 g0 pilie b e byl 4o ke dawgie RMSE
gas Cnyie g Ll ool 5> S8y sl Sl oy V g

sl (Jud 0231) BT Cmar

» MF2005GA_P by (IS 5Sas 09 calio 51
2 ol a)lS Sl G g o0 Jae slayiell oyl
ol )50 S} wiyeNl 2Shos 39t g3)9— Al
oskaie oyl gl .88 418 laias (Haupt and Haupt, 2004)
2 oME £y o B bl il ol b Ll
soateds (w9 05 (ooyp L2l Mz )3 SuBf et ppll 5 Ses
sl ol i) g ol SKen da)l S5 i (i )
o bl (e wiyoS sopin laghy) b Kles
25w SNBSS L8 wyp dj9e &S 3)lse Gl Sl
2ol gy ) pipsSl cpl 3,Skes 29t 2 1y 8L gt

Lol sl

O jlde (L3Ol Gygod e w@dlatul 3)90 00,68l )
jlxe o3k > (Bolai dae oL (M) SV I S jo

VS bl Y 5 lowd o3 s JUw el ol ST aalio ol
Volume 13, No. 2, Summer 2017 (IR-WRR)

A



53 oppal caid Sl gl Jae oxily jelaieds o] 35,8 b el
Ol 30 53 ol s sl 0ad (D51 (HBly 5 555 ol
o el onds & Bly gy gy —oye Jled dlazel b ol
@ g g gl laes Cleli)l 4 Jlad (2l ) et
H)_:T Aoy > Cawg .)J)_fL;o SPRC a5l Lgl.mo;
2 adbaie glay)l Sl s bl o myeyteshS VYA b
e WY dga s o] Jla s g i YVeo cdd oyt Cogin
Cwl (ol apin) 293 4l » Loy g
Casdee A IS5 (Abkhan Consulting Engineers, 2003)
2o 5 ooy bl )3 ) el plssel (il edgae o i

31 dgzg Mo 0dgae ;3 Jled ol adls DA+ slaxi IS joboay
Gyae gl ols VF (5,08 CBypmo (gl ols 00 slass ) 5l oS
oygbaingd ol> Y& 5 (65)5ldS Bpae gLl ol> YAV ((awio
bl Gl i (o 9 95ygliS b b 9 559l
ook VS oy elaels  caSayie sske VYA &V
slaoly I caxSa st Ggrken VAV/VY ¢ gtato slaoly I osSte i
5o 3 9 0yskaiegd slaoly I St yio (yoslen /4% ((55y5liS
cailsy ol ) dmoly 4l gk 5l caxoyio ysake YYY/OF
.(Alimohammadi and Hosseinzadeh, 2010) 5,5 .o < )50

WY Sl ol Cawg @yeyieshS FAF (gilu Jde odgare
AuaSs b ool )] eanaSs g YA g Jlaw FF
Voo daJolo j1 S5 o olal g B leis (381 sbiwly j> Jae ()]
(Abkhan Consulting Engineers, 2003) cusl oV« ++ ;> s
Sloly VA oo g Jao gunaSid wdpd sl A S
e o i w28 edlaiel Jae oxiwly o a5 1y sloanlis

N Gamichi EAST AZERBALJAN
"\ N Gelen Deh
,}J Benab_ ©
{ . @ Maragheh
\ ﬁ OZ:;;émér ~,°'Ila‘e“ Kﬂ"ﬂ‘
<y ) _ieh
L {*‘% Kashova? P

(j WEST AZERBAIJAN

... Sagqez,
& Chapan-e Bala®

Bareh,  KORDESTAN

\ -
1Rash® Kubhely
s Sulayl\_rﬂ}llyah Baqelabad,

\
nmatn A28ERJ Sanandai

ol 398 (g, 3l & cunl plalpl (S 53 S i sN)

Ll 045

RMSE (m)

1000

Population Number (Generation)

Fig 7 - Effect of proposed method on mutation on
the GA performance

2 o 81y 6w g 31 o3l 3T Y IS
S5 o951 3 5o

olazwl Dy iy ol Sles 40w
L «™ 559 gy &2 il o (Haupt and Haupt, 2004)
B B enp dype g8 CGldilus QLD L «cied o
9 Lle (5 4l pas cle 4 il SB
Cepw (6390 U yins g oy &y b Jls! )l eolawl
bl dadls 5l g8 o 2l e g il VL 2]
sl gy 5 sl 5 Sl g, et bl S e Jlil
1y eolinal 3y50 K455 wiyssll 08kes olia sl
(clie laols iS5 5 (oKen) i 2)90 (slaasx

ol 03105 dgup0

Ls:),d 4.&‘% —;—Y
A, dmrgs il g3y 55 & MF2005GA_P aby 3,Sloc

Fig 8 - Modeling area; Abhar—Zanjan aquifer, Iran (case study)
(52590 axlllao) (yloxis — ol ledul (g 3lw e B3gumm0 —A JSW

VS bl Y 5 lowd o3 s JUw el ol ST aalio ol
Volume 13, No. 2, Summer 2017 (IR-WRR)

q.



035 e byl ol Ll @iss (s bl
g olyss Vo S (Abkhan Consulting Engineers, 2003)
e ¥ Jgir g ohag anl o (Sdgpie ol Ll @i
hl s g o ) @l bl 2 | byl cpl ol

.J.J..sb.)‘_;o

okl b JEnleye w3y 0 el Gl heiny ol St
s 5 o by b o gl 5 o ),S5 MF2005GA_P ash,

Lol 04935 duslde

Table 2 — The results of the trial and error method
for Abhar aquifer model calibration (Abkhan
Consulting Engineers, 2003)

Ol Jao (2wly ;5 s g (aw (g, S - Joi
(Abkhan Consulting Engineers, 2003) y!

Hydraulic conductivity (m/day) Specific yield
HK 1 2 Syl 0.04
HK 2 3 Sy2 0.05
HK3 4 Sy3 0.06
HK 4 5 Sy4 0.08
HK'5 6

RMSE = 3.31 meters
HK 6 7

aaaaaaaa

uuuuuu

ssssss

ol L L L
aaaaaaa P13 3 A I 7 7 7 S R

HA i F El B H 3 1 |
a - Hydraulic conductivity (m/day)

- I N R N N D N P
_;_II\IIIII\IIIIIIIIIIIIIIIIII\IIIII\IIIIIIII_&
o R -
i 17 . . .

oo B L Observation Wells =
h— = IE ./‘ Well Num. -

] —
anzs A A1s —aves
[ T -
o S 3
_ L -
avzo [W] —'_o’ 24 1 Tanzo
[ — I 1 .
[~ 25 -

45 I I I TI‘-—II: Tams
Ei H-AT 27 26 1 1
= ] 'Zi—— T Z

ann_[ag] 171 10 T
& A 5 .
[zl ] 7 .

o Hopgl7] 3
4005 _[53] 005
[zl -
| -

[ 1.

[22] I _
i[5 I iy
2] .——'—'1 -

(2] e a7
34 -
= [ e ]
3995 [4d] — [ ] 3995
| [ T1A]35 1]
Z T .
_ | .

Faan 11 990
ﬁfII\IIIII\IIIIIIIIIIIIIIIIII\IIIII\IIIIIIIII

EEEITT 1iz|1|1\s|iir||l | ETIIEE) EF) £ T KR KT BT £ | | | | | i [aa] Iﬂzgee

Fig 9 - Discretization of Abhar aquifer model and
the location of the observation wells

Sbola Jowo g 42! (ylgsul Jao ganuaSus -4 IS
dlo.\bm

loosly el s g o gy b el plsel Joe (eiuly 5
DE8lopit 9 )58k 123y 55 (Silodnd b 93 )3 Jio 4 (6395
adgl 3590y 51 m b9y ol ) MBS B ol g s 390
L il ]de o3gae blis I (ooliws ;0 Soolisdgyiun (sl ol sl
5 RMSE ooy b floor cslayialof] zeal 5 5l ool

£ & 8 & £ lagze
S TTTTITTTT T T T T T T T T I T T T T T T T T T T T T T T T T TT T T T Jaess

oo
Jows
[ /06
Woos

(N
A I P I TLET T T Tatalala e

g & & # 8§ #§ &
b - Specific yield

Fig 10 - Spatial distribution of Abhar aquifer hydrodynamic parameters
(Alimohammadi and Hosseinzadeh, 2010)

(Alimohammadi and Hosseinzadeh, 2010) ya! (9ol (Swoliadg a1 ol b 5180 23395 -V ¢ JSWi

VS bl Y 5 lowd o3 s JUw el ol ST aalio ol
Volume 13, No. 2, Summer 2017 (IR-WRR)



01 Sgume « S winysS) s Saw b LS5 Sl )l
5l_o MF2005GA_P asly; <l

sbyiahl sl Cambioe odlatl 3)50 Sei pmyesl
S5 om0 (0] b el (Sl —iie) Ja—s
Ll 9l 25y wsSee g Jie el o dayialb ol
atle o 250 ol 58b g g0 gl Jlde s
)] By g 3905 (pl 4 e, ¢(Hill and Tiedman, 2007)
015 3502 yalio jluzel 1 o el 5l ool b G ko gty
N srSsle pslaiots ojally ol s> ol (hngh 5> 8l
adgl gt el (oYU s> 55 /o) plsle (gl iy
@ by g ol aB)S )l 53 yiell £95 b cusliie (dlate jlade S

el 4Bl (yoljBl el 3 Soe (yp sl g 5L

@ Jubodi g s -

J> sly MF2005GA_P 4abiys «(635y5 (sl bls as 5l Lo
435 |l k5 5550 (ool e g el Gyl Jao osSne
S99 9 (Sola sl Slas) S5 piyoS (IS S Le 4 4295 L
Gl 0l gy Dl a3 deliy o Slas o BB (slayzal )l
@1l site 5 e VIO 1 S dalyal el 5 RMSE e
bl o Mo ol 48 sy scal aiil, (ialS 15 jie ¥ )l yieS
bl e ¥ 51 i s g (o () b (rtely @l

W23 oo inles Tl o yieg 50 1) S i yoS 0, Slee VY S
Gomn NS 3 35 1l ) 5 s ol (slogially uolis
Gl b oeeee Jold) Il ol lojcte il ous &) s

ol 0355 4B Y+ 290 o slolo

RMSE (m)

1 10 100
Population Number (Generation)

@l g Sy colin gyl jolie  omily Al 5
b csjloatige e ¥ gazre lsises (2o Vo ggeme 52) og
Joe laseie plo 5 Wloss (e () dlaily) RMSE Gan &b
2 (polae sloodls) Jao (slaisdgyg b yial)l ol saant Jolis
@ &S Cusl Jlo S (gilodnd o) nl Job s 85 L
b ol el 00 mpnd Jlo olo WY L silas 25 093 VY
e b s el o edb YV (slodalin ol VA Cluis

D)5 392y (gilwdnd 0)93 )3 (e ol e

Slosalin slaoly el g oo alasMo & S5 )5 &S jobojlon
MODFLOW- ;5 .5)ls jl8 Jue aSs sla Jsbo 5,0
bla ()5, )0 o oy Claiw s oSl o4 2005
dlie yd s pl g 3 3939 ¢ Johw S0 5l dold b (slosalie
Harbaugh ) ceul )8 50 «gloaalio cbaols blie  Slusle
J%e &5 Visual MODFLOW 2.8.2 ,» Ll <(and Hill, 2013
Slaiste by d9mg b 3,5 ans ol 5l ool byl lgse]
Slwbre plie > Olaiee (pl (298 @S (w)p Gilhae ol
Olod ¢ Slawlbre polis g azsly 6,8l cloanlin gbaols bl

23l e Jae s Jsbo 3150 yolis

(o) 2l e o lp ol slos aw s
3 HS,8E Jelse ol g alllan 3,90 athaie & dg5 L ooty
ol 29 250 oo reiny ol oGS L e alex
Conl Sae 5 yio Ve slad @y () bl (S > el
1n slaodls oySollul cds aSh) Lo b il Jsd 35
OSon JBla> &y (i jolale 4 ABL e Slo > > (glosalie
o 93 sl 03335 38 o o) gllas (cllas s RMSE
(1ilige Joime o) gaw cpl @ (liwd pis ©ppo > b

GA main parameters

parameter value

Crossover rate and

. . 0.5
Selection ratio
Initial mutation rate 0.02
Population size 100
Number of Generations or 500

1000 Maximum Iteration

F coefficient in (2) formula 0.01

Fig 11 - GA internal parameters and its performance in Abhar aquifer model calibration
Rl OBl Jo (2imsly 3 S5 s oIl 3,Shas 9 315 sla kel )y =V ) U5
VRS sl o 2 5lowd o2 s JUw <3l ! & qslho sl
Volume 13, No. 2, Summer 2017 (IR-WRR)



38des | s pcalio pgad W g W sla St daodls jl Sy o
Jols & lusbes LS g Jlo cpe o him oo ) ashy
Jo el 3l g el lgzal )3 (iein ol Gl sl
Shalie SlSgme SIS wdbe gy 90 ol b
slaylges )3 (3 JS3) slosalio olx ¥ (gl (ordispSojll)
b glosalin glaoly 5l asys YOy .l &) VF S
B9y Tl & S S5 wiyeSl Sl ekl b odd xily Jae
Shanlie ooy b spcubo Billay gaezme jo dad 5 2w

355l

AL Sl ol Sgpna AY oled ol
@l pelel 2 (G @ W JSK5) abl e Slaalie SIS 0
VLSl 3 ely cnl Cambge ) o o e «csilodnnds
gy Lol sl w8 5 blite ord odalie yolie 4 Cas
S5 winyeSl 5 odlizd L oS Jto 3 o e g s
a8 Wil o S 3 add Cud Clyus Way 4 Cawl ol oxiwlg
Ooaals ols pl 10 Mo yd Ve 290 ggezme ;0 RMSE o o
2 sl Slwlre ] Sg nm (gl o) dle bl
Dol w0 O o 15 9 w5 aolie [ gy Lhgy g3
Syt oy O 438 g oy Ol by e oms
2 Bl s gilwdnd o) pod e )3 (Jy 38 oL
sl 035 ixein; o e Johe S8l cage 055 (oxily
wly b3 g o B9y b &S (Jae (298 SlSg)ue Ll
2 Jde sl B osds cogo g 3)b CaleiSs Wsy ylicren 3,5

b il Slaalie polie 5yl

5 (SQE) bl xye ggoxe ABSE) Gslas slalas ggerne
wly j olizal L od  owly Juw ly RMSE

=l & Cows doyd ¥ 9 5F YA sy o MF2005GA_P
iy Gk gl lal el dad g e ) b (ol
RMSE (gjluaieS Bun ol b giloange dlue Syl
Slosds s a0l lgsel Jdo (sla il (gl (ool oV abaily)
blie slalis 5 Slwbe gban lo GWE! ggemm0 jo a5
Jds 4 g Gy pen L aS Jb o fl eSS s b
Jol gy ol 48ty sl ot g (r (hg) (slacodgiome
w5l eslital b Slusbre jolie daodls dopy Ve jn 000,50
@ dad g w Ghoy @b 4 Cuwd MF2005GA P by
U099y 99 opl @b WO USS il e 55 slosalie polie
ped ilgs By (00l YVA) (glodaline (slaodlsy 51 S yo (ol

W20 oo iled (Slasbre 5 Slalie s le M

Shalie polie 4 iy 0 Bllae cllas jlade cgley VYW S
NS5 (Prisly )3 dmd o Ginled e shg) 93 cnl 1 o pm Sl
bl eSS a ballad do gy Frodgis S5 v oSl b
odpy yio ¥ il jieS 4y ballad o3 el iy Egeome 3 9 aidly
2oy Ve e dbd g w9y b (oriwly el ) Ll el
blie Slalie polie L e ¥ 5l Lo Slube sbaesls
o Vo oo 90 5 i s le cpl jd 4S5yl M

o3l 03,5 50 5 (eSS g () ) Ban @l ciyei 4 ag b

120
Trial and Error & | [J Genetic Algorithm e
~ 100 ABSE=597.15m | ABSE = 369.09 m =
E g SQE=2503.18 m”’ | SQE=893.13m" "
5 REMSE=1331m RMSE =1.979 m ;5-
& 60 i
g
g 40 7 A
Z . a4 A g
20 4 0
e of
0
0 50 100 150 200 250
Observation Data

Fig 12 — Comparison of “square error” in Abhar aquifer model calibration using the two methods
V95 95 31 03wl b joal ylgsl Jue (Suianly 10 “llad 095 (4)lg5” dunn o -V Y JSUS

IPAE bl o 0 )lowd cpd jame Jlws ) 2! Of qolio oliyin
Volume 13, No. 2, Summer 2017 (IR-WRR)

ay



40 “Absolute Error” Levels Definition
B Trial and Error M Genetic Algorithm
35 A Less than or equal (LE.) 1
30 meters
o Greater than 1 and LE. 2
& 25 B
5 meters
g 20 C Greater than 2 and LE. 3
£ 15 o meters
10 D Greater than 3 and LE 4
> . . 1 g Creater than 4 and LE. 5
0 ’ = meters
A B ¢ D E F F  Greater than 5 meters

""Absolute Error'" Level

Fig 13 — Comparison of “absolute error” in Abhar aquifer model calibration using the two methods
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Table 4 - Results of Abhar aquifer model calibration
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Table 3 - Results of Abhar aquifer model calibration
using MF2005GA_P
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HK 6 16.69
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1- Deterministic

2- MODFLOW

3- Calibration

4- Objective function

5- Traditional

6- Metaheuristic

7- John Holland

8- Noise

9- Link

10- Remediation

11- Local

12- Steady

13- Parallelization

14- Alternative

15- Open source

16- Zonation, Parameterization
17- Parameter identification
18- Inverse problem

19- Crossover, Recombination, Reproduction
20- Mutation

21- Binary

22- Compile

23- Tournament selection

24- Elitist

25- Finite Difference Method (FDM)
26- Gridding

27- Nodes
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