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coefficient NS model Ratio between the function selected

Eefficiency number of selected ) wells
) () and all available ™)

monitoring wells
(f)

0.1 0.989 0.240 0.965 136
0.2 0.984 0.228 0.939 129
0.3 0.980 0.217 0.915 123
0.4 0.978 0.205 0.896 116
0.5 0.977 0.185 0.884 105
0.6 0.976 0.175 0.871 99
0.7 0.974 0.173 0.853 98
0.8 0.971 0.173 0.833 98
0.9 0.966 0.169 0.814 96
1.0 0.957 0.168 0.789 95
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Table 2. Obtained results for different w values
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coefficient efficiency number of selected function Il
W) (t) and all available ) wers
monitoring wells ™)
()
0.01 1.0 0.381 0.996 216
0.1 0.989 0.240 0.965 136
1 0.957 0.168 0.789 95
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1000 0.765 0.090 -89.182 51
aS jghailen .l oals ools ylad Ve S o w=10 el w=10 a5 B iges laicds il oo (glala>de L8
Pl >l o bols (ST, e so odalice Ko o =100 L caS” Jb> j0 il VY 25l slools olaws wasly
e LQOL‘> Slaws u..&ls LY d.‘>5.' l) &M o w‘ WLA.A J\.\A 6:‘}5,10[.9.0 Ml&o ..\.H..:) ¥ LY u,u.;la LSLQO[} Slaws
Az b les bl o bol> ay595 w=1 4y Coed w=10 3 el b as sle lis 090 opl yo adSOle - i
ol 0383 3350 EC b )9, 4 4 AR a4 AT 1 SIS ol Jlase =100 4 w=10
Slp calizes slacyyg 5l ol Cavoas zbi @l yo cpl jo oyl 2l o Coiie laola a 65 0956 il o LS
Sy ol b bl slaol> slass 5 conlio (39 ol igas lgreds .ol oo 00,914 Sy layig s 0l Ve
&S L wls lis b b)) wls 0,5 s0 S8 gy 59 oo Ol glool> 4y az 65 L BC osls ol 05,0 aiss
0
N
35 2
3%
z
34
4
0 200 400 600 800 1000
L i olasy

Number of Generations

W=10 gl g 4 ooy (2] Sed —A S8
Fig. 8- Convergence plots for w=10

(a) w=0.01 (N=216)

(b) w=0.1 (N=136)

PR Ll oY oyl VA 650 ¢ asmo psle aslilas
Y.



oy goty Luz

(c) w=1 (N=95)

(e) w=100 (N=64)

(d) w=10 (N=72)

f) w=1000 (N=51)

iz sy lr ol sleoly g cunBge -1 S
Fig. 9- Optimum locations of monitoring well for different w values
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Fig. 10- Interpolation map of EC with monitoring wells selected by the optimization in (a): September 2017
and (b): March 2017 (w=10)

Codly 4 s ailaie a8 Jb5,l s cds Ll el
Bl & a5 b o285 ol Gl sl 032 amls il
R ESH I I VIR SRVER A PR P - T R BT R PRE
EelSSle -1 Jae L jlade lagyje cnl ) 15 g

slecis slnf, o f) &le o Trade- off .ol Gollas 30

() olatdl Gas &b (139 Wedor So 3l e Loy
u.....bls Lbol.‘> Slows sLb:L..u).Q w.mlf 6‘).' 9 09....:‘5‘0 ).H.M...s
aS S b cds daol> slaws ialS b lejen il o0
Al oo LualS w00 )F o awlie (f) LW e L
a8 yody oolazdl a5l leol> ol ials ax 81l by

IPRQ il oY ol VA 650 ¢ Lao psle anlila

AR



o ST S il S8 b

Ll ol 31 (608 dlaws Sl g sl (goladl
Sl 1y pliabl (il a5 (ol
degaza sl |y S S5 dy il 4K 45 05
o 25 oy Al e cpl o ol el glaosls

f,
0% 070 050 030 0.10
1.00 wmos
——w=02
059 —o—w=03
=04
f; 098 —
—o—w=06
097 == w=07
--e-w=08
0.96 N omw=09
cawel
0.5

fi

Sl e IS jebay sl oad ools las VY JSs o i
G @ bloie yiin laole> O 5l 28568 slayig
6‘}3 9 | )MW LgL‘beL? Sloss ubb.;‘ 9 f..w.u o
aa i Com d hlatte fiion ool S 51 12855 slagyss

0.00
1.00
—&—w=0.01
0.95
--a-w=01
0.90 T —e—w=1
A
0.85 —¥—w=10
— & w=100
080
.. - m - %= 1000
]
075

£y 9 f, o trade —off —11 s
Fig. 11- Trade-off between f, and f,

lr Ll 5 iluodinge 0,55 5> oo @l WY S0
IR G Ve g Ve VeV )N (S o
S5 53 00l zrkae slagyzg Sus ;9 009 95 2 990 (o0

DS o0 B o (RS LS )3T
Glrazes I i liel mls ) i laebl Gl
5eSle yiz (PBIAS) " ubl 0oy Jid 5l 5,50
Slyzil § (1) ( Siwsd <o o (RMSE) Mlas Sl ye
Des oo odlaiul Jao o Slae S5l 6lp 35 (8) Hlas
B (F) sloaal, jo basw opl 51 S5 o dolas alol o

Sl e

NS Model Eficiency

1.00

0.80

0.60

0.40

0.20

0.00

R W o.))ﬂ (V)

PBIAS = LEoy(BCest;ECobs ) % 100

2?:1 Ecobsi

9]

REPPRARARL I (AR Ve @T Jl Gl EC & 565 cadssls
SO cupd Aoy (il Moriasi ef al. (2007)
oolee ) (il e s Dlalllas (o) L] ISSLL
Shde dagl (ganail 4 4z b disges oo oyl 4oy
o G S 51 6 IV (e Bt
LB S 3o SO /D Mgs! S s /YO L /50
s 3" Jd HB e (IS 5 o105l S sS 5 " e
JUo) (s3lwtinge 0593 50 Sl o gl bl 0l
o5 S (IR0 - 8 JLo) s Liel 5 (VYAF - 20
" O 0 0el QBRI BN W Sig e

et el @ az g b izen 05 o0 3 "0s5

0.99,

96 [0.98p 95

A

7

098005098095

7

=]
o

\

0.980 o5

7

098095097097

7

097096

7

0970946

2

=]
L

0.96p g2

17

N

w=01 w=02 w=03 w=04 w=03

01335

w=06 w=07 w=08 w=0929 w=l

(1396

cilizeo sl 39 (5l dhte sWoly Sl (i jlaiel VY S
Fig. 12- Verification of the identified well network for different w values

PR Ll oY oyl VA 650 ¢ asmo psle aslilas

Yy



o oty

100 pag 083 5 " e s
1.00 : 096 | 0% gg4 | 094 g9z | N
=N . 077 076
< 5 0801
38
2= 060
4 €
3 5 040 -
a s
= 020
0.00
w=0.01 w=0.1 w=1 w=10 w=100 w= 1000
01323 =139
Gl sl yj9 Gl pr s dols Al oew )lael VY ISl
Fig. 13- Verification of the identified well network for different w values
Gilwdings 090 5l in (oriw licl oj90 o polie ) RMSE:\/%E?‘:l(‘EC@sti_ECobsi)z )
219 5% &5 il o Gnl e Wi oo (nl ol 00 21 SR [(BGost FCast) <(BCobsy T ¢)

pooiinns jgbods ool olwlis glaol> 4l v Liel
Olalllae 4y axgi b 0gd so oolul (gilwaigs e g
s> RMSE  ,,0lie 4S5 ,90 ,o Singh ef al. (2004)
L slool sz o Jol, o bl s o 55
o8,k o bl ol jo 0ed o adls 168 glas
S5 lodingr 0,93 98 10 Cans (ol A lis codal o s polie
S blil cpldeyje den aS ol lis e Ll
A oS (sl b Jols slacls> cpluly w!
Van Liew et al. (2003) ¢ Santhi et al. (2001) ¢ yuzeen
polie (S5elg ane Sladlas 5l (g lans 1o a5 w35 ,S o)L
@Sl a4z b cplple el Jo3 BB <10 ) S r
0,98 93 ;8 (6l g caliste (la 39 sl ol Cawsaut polie
Ogred g Sel AVl 585 (oo Ll 5 (s leaine

S o8 LB sl yass 6110 0 g0 don
& slwdings 0,90 93 O EC (.50l polie &l s calol yo
olie dunlio Cowl ool 00,51 O Jsoz o o liel
(ol slrol> slaws Jials b aS s oo lid O Jauo
(ol ol slaws wolidl L g wldl EC (Sl
ol eass M[) Eso50 pl b o ol EC (.Sl
sl gzt anl 3 50 (slwaigy Jow a5 ol cdlas
g &S g0 L], SYLEC L sleadlais jo &8ly bl

S gobaidlad o g ool Sl 98 Cale, b ol plo

r=
—_— 2 N 2
JE?ZI(ECEH;ECER) XLy (BCops~ECobs)

M

— 1 vn
T yfnm12i=l

(Ecest[ - ﬁez.s'i:)z

slJgaz ;0 (V) L (F) S¥olee ool sy mls
sanlice ¥ Jga ;0 a5 jghailen .ol o 03,90 F g Y
S0 G Silwdinge 0,95 ;5 PBIAS polie wed 0
s W=1 6l V0% L w=0.3 4l -+/V0 3l calizee
Sl =NV o polae ol o Licl 0,90 )0 5 0iS 0
Oliee PBIAS .wiS' o uts w=0.6 (1, +/#Y L w=0.3
polie 4 G 1) adawle polie Uilysul S0l
2 S ebdy aes o lid do ) caws  cdbodslie
polie o e G sl 2085 ho 4 )] lads ax
4295 b oonlplo s oe plas ) losalive 5 (gl
3lge iy 40 0,90 dix litul o] Cawsay polie 4
Gl 0091 Glovalie polae 3 jion sod dcwlxe polae
JB DS (o jltsl 090 5| Jol> @bl (izren
3,005 (65 lwdign 0,98 10 ool Cawsdy polie b (gladaxdle
Ay Al (pl 4 095 ilellas jo Moriasi et al. (2007)
Shs o pesd oo V¢l 2S>6S PBIAS olie a5
PBIAS ,olic g lagy] ol 4 axg bas aiie oo
03 95 o breds w@dllle cpl o odel Cuvsds
s sl RMSE polie auslie ol i oy .ol

w3 oo ol (bl g (silwaige 0)90 5o bt

IPRQ il oY ol VA 650 ¢ Lao psle anlila

Y



- gla] &S b &b Sk

WS gl p Joo @bl (e )Ll =Y Jgu
Table 3. Verification of the model results for w<1

39 .2 & ilwaints (P e
Weighting Optimization Verification
coefficient
W) PBIAS RMSE r s PBIAS RMSE r s
0.1 0.351 48.069 0.995 453.283 0.004 78.502 0.983 3950912
0.2 0.892 58.379 0.993 453.653 0.158 79.456 0.984 395956
0.3 -0.250 61.058 0.990 417.473 -0.176 83.052 0979 370.117
0.4 -0.082 69.089 0.990 438.852 -0.174 84.457 0982  395.383
0.5 0.653 72911 0.989 456.989 -0.055 90.976 0978  400.478
0.6 0.112 70.230 0.989 427.024 0.620 86.799 0.979  383.588
0.7 0.676 64.938 0.990 434.924 0.570 70.205 0986 396.603
0.8 0.305 55.787 0.992 435.499 0.199 79.400 0.980 373.434
0.9 0.808 70.201 0.988 417.575 0.254 82.397 0978  370.589
1.0 1.590 99.834 0.980 451.786 0.236 119.148 0972 416938
liceo sbyg sly Joo gl (e liel -F Jgua
Table 4. Verification of the model results for different w values
O (63 Lodingy NESUICH
Weighting Ovtimizati Verificati
coefficient ptimization erification
(w) PBIAS RMSE r S PBIAS RMSE r S
0.01 0.379 39.798 1.00 451.213 -0.098 59.187 0.990 392.945
0.1 0.351 48.069 0.995 453.283 0.004 78.502 0.983 395.912
1 1.590 99.834 0980 451.786 0.236 119.148 0.972 416.938
10 0.146 111.035 0.969 401.636 -0.507 108.103 0.966 384.567
100 3.580 155.463 0.936 402.003 2.355 147.919 0.940 383.908
1000 -0.615 108.247 0.930 375.150 0.597 109.648 0.961 352.969

(US/em :5>1) (G Gty ol 53 EC il yolie &l pii=0 Jgor
Table 5. Changes of mean EC values in monitored groundwater quality (unit: pSiemens/cm)

Gilwddats 9 ciliso glayig b s3le e
s,i Js o) Without Optimization using different weights
Peri optimization
Year  Period - W=00l _w-01 __w-05 Wl _ w-10 w100
n=128 n=216 n=136 n=105 n=95 n=72 n= 64
1394-95 1 780.21 747.45 791.07 775.81 790.60 758.52 743.99
786.30 768.66  796.70 788.87 789.40 771.57 776.81
1395-96 803.47 885.22 824.32 837.20 848.42 814.47 791.84
810.66 786.88 815.69 814.02 814.15 807.07 795.75
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Introduction: Spatial distribution and accuracy of groundwater quality data are required for the management of
groundwater resources. These data are usually collected from monitoring wells, which are spatially distributed
in the studied aquifer. In the design of a monitoring network, the minimum number of monitoring wells with an
optimum spatial distribution is necessary to ensure cost-efficiency. Therefore, the configuration of the wells’ dis-
tribution and their number in groundwater monitoring networks are important in groundwater optimization. This
study aimed to find an optimal monitoring network with a minimum number of wells in the Guilan’s aquifer so that
it can provide sufficient spatial distribution in terms of groundwater quality. Salinity is one of the most important
criteria for the quality of groundwater, and so electrical conductivity (EC) was selected as a quality parameter in

the design of the monitoring network in this study.

Material and methods: Genetic optimization algorithm (GA) was used to search for optimal quality monitoring
network. In this method, a possible network of monitoring wells located in the aquifer was considered for each
“chromosome”. Then each monitoring well in this network was represented by a binary bit. Finally, they were
coded by bit value equal to 1 for the well that was selected for the network or by bit values equal to 0 for the
well that was not selected for the network. In this paper, two conflicting objective functions were simultaneously
solved. The first objective function was the maximization of the match between the interpolated EC distributions
obtained from data of all available monitoring wells and the wells from the newly generated network. The match
was evaluated using the Nash-Sutcliffe (NS) model efficiency. The second objective was the minimization of the
number of monitoring wells in the newly generated network by considering cost-related constraints. These two
objectives were integrated into a single objective function where different combinations of both objectives were

investigated by considering two cases.

Results and discussion: The results showed that the relative importance of each objective was expressed using
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the weighting coefficient (w). It was shown that the solution of the optimization was strongly dependent on the
selection of w. Therefore, a w-value resulted from the most balanced solution should be selected. The most bal-
anced solution was when there was a correlation between cost and spatial distribution. To choose the best solution,
it is highly recommended to evaluate additional performance indicators besides NS coefficient such as the RMSE,
PBIAS, regression coefficient, and standard deviation. Additionally, the mean values of EC observed in the op-
timized network were higher than those in all monitoring wells. Therefore, it could be clearly concluded that the

optimized network provided groundwater quality data from more polluted areas.

Conclusion: The results showed that the optimization approach significantly reduced the number of monitoring
wells with the spatial distribution of the EC values. Additionally, the monitoring network was optimized to remove
sampling points from less polluted areas and select those in more polluted areas. The optimal design of the moni-
toring network should be performed periodically. Since monitoring efficiency is expected to change when the data
of the new wells become available, a re-evaluation of the optimized monitoring network considering the addition
of new wells every few years may help the determination of the long-term effectiveness of a groundwater quality

monitoring program.

Keywords: Quality management, Monitoring network, Groundwater, Optimization, Genetic algorithm.
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