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NEPIAHWH

To povtéAo avaAuong TTapdkTiwy udpoPopéwv (AAZ) atroTelei Pépog Tou
eCeAlyuévou  utroAoyioTikoU  cuaTthpatog  «OAYZZEYZ», vyia  Tnv
ohokAnpwuévn dlaxeipion udatikwy cuoTnudaTtwy. O KUPIOG OTOXOG TOU
povTéhou eival n BEATIOTN Slaxeipion TTAPAKTIWY UTTOYEIWY USPOPOPEWV.
MNa 10 OKOTTG aUTO avaTITUXBNKE éva JaBNUATIKO HOVTEAO TTPOCOUOIWaNG
TNG KivnNoNng TwV UTTOYEIWVY VEPWYV IKAVO VA TTPOEKTINA TO TTEDI0 USPAUAIKOU
@opTiou yia didgopa cevapla ETTIPAVEIOKAG TPOPOdOTIiag, o€ TUVOUATHO
ME oevapia avTAnoewy TTnyadiwy, Kal va utrtoAoyilel ye akpiBeia tnv B€on
NG OA&Tivng OOQAvaG. 2& OUVOUAOMPO ME TO HABNUATIKO UOVTEAO
TTpooopoiwong  ulotroinBnke  €vag  aAyopiBuog  BeAmioTotroinong
Baociouévog o€ akoAouBiokd TeTpaywvikd TrpoypauuaTtiond (S.Q.P.) o
OT0i0g  ylo KABe OevapIo ETMIPAVEIAKNAG TPOPOdOTiag UTToAoyilel TIg
MEYIOTEG EMITPETTOUEVEG TIMEG AvTANONG amd Ta evepyd TNyadia Tou
udpo@opéa £T01 WOTE Ta TINYAdIa va Pnv €pBouv og TTa@ YE TNV GAATIVN
opriva. To povtého cival oxedlaopévo woTe va avrAei Ta dedouéva
autoépaTa amd éva OUCTNPO  YEWYPAPIKWY TTANpo@opiwy. ETTiTAéov
UTTApXEl  duvatoTnTa €iTe va AEITOUpyei autdvoua, €ite va ouvoudadeTal
€UKOAa e oTToIadnTTOTE PHOVTEAO DlaxEipIong udaTIKOU dUVAIKOU.

ABSTRACT

The coastal aquifer model (ALS) is a part of the advanced computer
system “ODYSSEYS”, developed for water resources management. The
purpose of this model is optimum management of coastal aquifers. A
mathematical model of flow simulation is first developed in order to
calculate the hydraulic head field, for given recharge and stress rates.
Adopting the sharp interface approximation, the toe of seawater intrusion
lens is calculated dependent on the solution of the hydraulic head field.
Along with the mathematical simulation model an optimization procedure
was developed based on Sequential Quadratic Programming. The
integration of the simulation model and the optimization method resulted in
a tool, capable of finding the optimum pumping rates of several wells
subject to constrains, whose objective is to protect the wells from seawater
intrusion. This model is designed so as to receive inputs from a
Geographic Information System without requiring advanced knowledge of
the underlying model details from the users.
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1 Ewaywnyn

To mapdv 1evy0g TEPLYPAPEL TO0 poviéAo AAX Tov agopd Tnv Tpocopoimon kol PelticTomoinon
avimoewv mopokTiov vipoeopéwv. To poviého autd cvuPdiel otV EKTIUNOT TGOV LOUTIK®OV
avayk®Vv vToAoyiloviag TV UEYIOTN EMITPEMOUEVT] AVIANGT] OO TA EVEPYA (QPEATIO EVOC VTOYEIOV
VIPOPOPEN £TGL MOTE VO TPOCGTOTEVETAL OO TNV VOUAUDP®ON Kot va eumodiletor 1 vroPadon g
TOWOTNTOG TOL AVTAOVUEVOL VEPOV. To HovTédo givol oyedloopéVO Vo Agltovpyel o€ cuvdvaoud pe
GUOTNUO YEOYPUPIKOV TANPpo@opldv, (XITI) 6mov ta dedopéva €16OS0V TOL UOVTEAOD OVTAOVVTOL
avtopoto amd éva XTI, kor vmootnpiler to poviého diayeipiong «Ydpovopéacy. Emmiéov €xet
AneBel ed1kn pépuva MOTE TO UOVTEAO VO UTTOPEL Vo Agrtovpyel awtovoua, gite vo cuvovaletot
g0KoAn e 0Tol00MmoTE HOVTELD dLayElptong LOUTIKOD SVVALKOV.

Kotd tov oyedacud €yive ke duvarr mpoondbeio dOTE TO HOVIEAO va eival TaVTOYpova amAd GALA
Kot Agrtovpyiko. H amdlotnta tov poviéhov eEacpaiilel 6Tt dev amarteitor EEIOIKEVUEVT] YVADGCT ard
TOV XPNOTN, EVAD 1] AEITOVPYIKOTNTO TOV SooPaAilel 6Tl To poviélo Ba pmopel vo eQapUOCTEL OF
OTO10ONTTOTE EPAPHOYN OVEEUPTATMG EWOIKDOV OPLOKDV GUVOTKMV.



2 Ileprypaen LoOnuotikod LOVIEAOD TPOGOUOIMONG

2.1 Tevika — To wpopfinpa s vearipdpwoNS

Q¢ vpoaipvpwon evog vmdyelov vopopopéa opiletar M €lopon Borocotvod vepod Ge OLTOV UE
amotéAeopa TV VIoPABUIOT TG TOWOTNTAG TOV, YEYOVOS OV £XEL WG AUEGES GUVENELEG TNV TOLOTIKY
KATOOTPOPT] TOV YEMTPNCEMV Kal T S10Ttdpaén TOV 0IKOGLGTILOTOC.

To QovopEVO TopaTNPELTAL GE TAPAKTIONG VOPOPOPEIC, Ol OTTOIOL YPNGILOTOOVVTAL EVIOTIKA Yio TNV
KAALYT] TOV OVOYKQOV G VEPO GE TTEPLOYEG OTTOL TO AEIOTOUGILO ETPAVELNKO SVUVALIKO OgV ETOPKEL.
XopoKINPoTIKA TOPOdEYHOTO OTOTEAODV To VNGOl Tov Atyaiov, OTOL 1 aVENUEVI) TOLPICTIKY
avantuén e CLVSLOCUO LE TNV OVETAPKELN VIATIKMOV TOP®V KabloTobv avaykaio v aélomoinomn tov
VILOYELOL SVVAUIKOD.

v ema@n oALLPOV Kot YAvkoD vepol dnpovpyeitar pa petofotiky {ovn petafaAilopevig
TUKVOTNTAG KOl OPICUEVOL TTAYOLE YVMOTH ®G Jlempavela. [Tdveo amd avt) Kiveitar to eAa@pOTEPO
YAUKO vepd (€106 Papog mepimov 1.000cm3/gr) mov e&épyeton mpog ) Bdhacco evd and kdTto
ouvavtatal To aApLpd vepd (edkd Papog mepimov 1.025cm3/gr). Ot VIPAVAIKEG TOPAUETPOL KOL TO,
YOPOUKTNPLOTIKA TNG LROyewng porg otn Ldvn avtn petafdiiovior kabdg aAldler n mTokvoOTNTA
e€artiag g petafoing g ovykévipwong dhatog. Ot Das and Data (1999) pelémnoav ™ «uikti»
avtn pon otn {dvn LeTAPAALOUEVNG TUKVOTITAG LECH KATAAANAOV LOVTELOV.

2.2 MoOnpoatkn Tpocopoimon

I'evikd vmépyovv 2 katnyopieg LOVIEA®V TPOCOUOINONG TAPAKTIOV VOPOPOPEDV LE OLLPOPETIKA
mAeoveKTHOTA Kol peovektuoto M kabe po. H po katnyopia Paciletor ommv Osdpnon
SlEMPAveLNG TETEPACUEVOL TAYOVS, AOY® VIPOSVVOUIKNG doTopds, dmov Bewpeitar OtL vEdpyoLvY
Vo avapiipa vypd, To aApvpo vepd g Bdlacoag Kot To kabapd vepd TOL VOIPOPOPE. T AVTNV TNV
Katnyopio ot S10popikéc eEIGMGELG TOV YPTGLULOTOIOVVTOL Eival TOADTAOKES Kot 1] EX{AVOT TOVG elvan
wwitepa ypovoPopa. Emiong amoitodvior mapdpetpol S106mOpAG TOL (GANTOG OV AOY® TNg
TOADTAOKOTITAG TV VIPOPOPEMV gival cuyvd dvokoro va exktiunBovv. H dAAn katnyopio Pacileton
otV Bedpnon amdTOUNG SIETUPAVELNG, OTTOL YIVETAL 1| TOPAdOYT OTL GLVLTAPYOLY dVO PN avopi&a
VYPE KoL Ot EEIGMOELG ATAOTOIOVVTOL LLE OTOTELEGLO. GTLLOVTIKT] OUKOVOUIO ¥pOVOUL, e KO0TOG BéPata
omv okpifeln T@V amoTELECUATOV. Xg TOAAEG TEPIMTOOELS OUMG 1| TPOGEYYIOT TNG OTOTOUNG
SlEMPAVELNG SIVEL IKOVOTOMTIKG OTOTEAECUATO, OTMG GE TEPLOYEG OMOV TO TPAYUOATIKO THYOG TNG
dlempdvelag etvar pikpd 6€ GYE0T LE TO TAYXOG TOL VOPOPOPED.

Yg KOTAOTOON (UOIKNG looppomiog (amovsion GviAnong) m demdvewn mapapével axivntm. H
avénuévn Ouwg avtinon - o€ Tétolo Pabpd MOTE 1M ELOIKYN ETAVOTANP®CN Vo UMV 0dnyel otnv
OTOKOTAGTAGT TOL VOPOPOPEN - EYEL OC OMOTEAECLUA TNV TTMGT TOV TECOUETPIKOD QPOPTIOV KO TNV
Kivnion g SEMPAVELNG TPOG TO E0MTEPIKO UEXPL TNV emitevén véag katdotaong wwoppomiog. H
TOGOTNTO TOV YAVKOD VEPOV oV e&€pyeTal ot BAANCOO Kol TOV GAHVPOD VEPOD OV EIGEPYETOL GTOV
vdpopopén Kabopiletor amd T TYHEG TOV TELOUETPIKOD (OPTIOV, TO OTOi0 GYETILETOL AUESO UE TIC
OplOKES GUVONKES, TNV EMPAVEINKT TPOPOdoGio kot TV Gvtinon. Me PBaon v mapadoyn g
OTOTOUNG EMPAVELNG KL GE GLVONKES HOVIUNG pong, N BEom g dtempdvelog propel va TpoodlopioTel



ypnoponoidvrag v mopadoyny Ghyben — Herzberg, fewpdvtag 6Tt 1 pon Tov YAvkov vepod eivat
oplOvTia, Kot TO YAUKO vePO EMMALEL TAVD 0O TO aKiviTo BoAaoovo vepd. e cuvOnKeg un Loviung
pong, N Béon g dempdvelng e&optdtat amd TV TOGOHTNTA TOGO TOL YAVKOL 0G0 Kol TOV BaAAGGIVOU
vEPOU OV gloépyeTal 1 e&€pyeTar otov vVOpopopéa. H mpocéyyion tng amdtoung Sempaveiag givar
KOTAAANAN LOVO Y10 TPOGOUOIOT HOKPOYXPOVIOV EVAD ival SuVaTH 1] TPOGOUOIWOT| KPS YPOVIKHL
KAMpoKog 0tav 1 Kivion g Slemeavelog TparyLatomoleiTol e EVKOALQ.

Iy PEPATIOS
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Yynpo 2.1 Topn TapdkTiov @Pedtiov vopoPopLa Le Evo TNYAdt
Yy ewova 2.1 eaivetor por KAOET ToUn VOC PPEATIONL VOPOPOPEN OTOL 1| ATOTOUN SLETIPAVELN
Sy mpilel To YALVKO amd to Bohoooivo vepd. Oswpeitor OTL 1 StEMPAvELD Eival TPAKTIKAE 6Tabepn, TO
Bolaootvo vepod €lval GTACLUO EVM 1) POT) TOV YALKOV vEPOD gival poviun kot opilovtia. ‘Eoto 011 7T
OVTITPOGMOTEVEL TO GNUEID OTTOV 1 SlEemMPAvELn TEUVEL TOV 0pILOVTIO TVOEVE TOV VOPOPOPEN, TO OTTOI0
éyel emkpoTNoEL vo. ovopdletar og «mddac» Tng akdtivng oenvog. EmumAéov opiletar og S to onueio
7OV AVTIOTOLYEL 6€ KAIGT VOPALALKOD PopTiov ion pe UNdév, Kot Tpaktikd Kabopilel tnv meptoyn otV
omoio 0 vepd Kwveiton mpog To TNYEdt pe mapoyn dvtinong O, . Onwg aiveton kot amd v KOV

2.1, vdpyovv 2 {dveg Pe SOQOPETIKG YapaKTnploTikd. v (ovn 1 wyvovv ot e&lomoelg mov Oa
ioyvav og évav @pedtio vOpoeopéa, evd otnv {dvn 2 vrapyel €wopon OaAaccvov vepol e
OTOTELECUO TO YAUKO VEPO Vo €MMAEEL TAV® omd TO mo 7Tukvo Balacowvd. Xto oynua 2.1 n
petaPinty d ovrmpoconevel 10 Pabog Tov vV3pogopéa amd Tov TOuLva £m¢ TV pécT oTAOuN
fdracodg (1.0.0), To b &ivar 10 cuvodikd BaBog Tov YAvkoD vepol ot Ldvn 2, To & givar to Babog
TOV YAVKOV VEPOV PETPNUEVO omtd TV W.6.0. mid ot {dvn 2, evd T0 hf glvar 10 VIPaAVAIKS PopTio
peTpnuévo omd tov mubuéva Tov vdpoopéa. Topewva pe v mopadoyn Ghyben — Herzberg to
V3PAVAIKO popTio A + kon 1o Babog & ot (ovn 2 cuvdéoval pe v akdAovdn oyon:

hy—d=68-& .1)

omov O = ( Py =Py ) / P Pyeivonr 1 mokvomTa 0V Bokacovoy vepoy Kkal P, 1 TVKVOTNTO TOL
yAvkob vepov. H nopapetpog & OBempeitar otabepn.

e ouvOnKkeg pnoviung pong M Spopiky e&lomaon mov TEPLYPAPEL TNV KIVI|oN TOL VEPOL GE PPEATIO
gtepoyevn vopopopéa g Lovng 1 divetarl and v axolovdn oyxéon:
o, o) o

Oh,
—| Kh,—~ |+—| Kh, —L |+ N-0=0 2.2
8x( fax] 6y[ fayj Q @2



6mov K givon n vépaviikh ayoydmta, N eivon 1 empoveiakn tpopodocia, kar O ivor n mapoyn
avtinong M ewornieonc. H avrtictoyn eicmon yia v {dvn 2 £xel v e€Ng popon:

0 Oh, 0 Oh,
—| Kb— |[+—| Kb— |+ N-0=0 (2.3)
Ox ox ) oy Oy

Onov b=h, —d +&. O e&iodoeig (2.2) kar (2.3) umopobv vo ypaptovv oty popen g e&icoong

(2.3) ko o115 600 {Dveg dmov

b=h,, Saovyl
; 24

b=h,-d+¢&, Jovnl

O Strack (1976) ewofyaye tov 6po dvvauikd @ kot 6pioe:
@ =%[h§. _(1+5)-d2], Cavnl
(2.5)
=—->=\h.-d) , v
25 V7 7

Ot topandve eEIGMGEIS KAl Ol TPMOTES TOPAYDYOL AVTOV Eivar cuveyeic kat otig dvo {dveg. LTov Toda
™G VEGAPVPTS oPTVaG 610 onueio 7 1o duvapkd D yel v Bro Ty otic Lmdveg 1 kot 2 Kot 1ol

TPOKVTTEL :
D =Py =| O(148)/2]d’ (2.6)
An6 115 e&lomoelg (2.2), (2.3) kat (2.5) TpokOTTEL OTL TO SVVOUIKO IKOVOTOLEL TNV AKOAOLON S1POPIKN
e&iowon:
0 o0 0 oo
—(K—]'F— K— |[+N-0=0 2.7)
ox ox ) oy oy

Kot 6T dVo Loveg 1 Kot 2. Xty mePInT®oTn OpoYeVOHS VOPOPOPEN YMPIC OVIANGEIS Kot TPOPodoGial 1
e&iowon (2.7) amhonoleitan 6NV akdAovdn Aamiaciovn dtapopikn e&icmon:

’D D

o+ . 0 2.8)

Ot e&omoelg (2.7) ko (2.8) pmopobdv va Avbovv gite avolvtikd, gite apOuntkd. O Strack (1976) kot
Cheng & Quazar (1999) élvcav Tig e£l0MoEIS Kot VTOAGYIGAV TO SLVALIKS Kot TNV BE6m Tov TOd0 TNG
VOAAUVPNG GOTVOG Y10 OLOYEVI] DOPOPOPEN MUI-ATEPOV SOGTACEDV YMPIG EMLPAVEINKT TPOPOSOGia.
O Mantoglou (2003) éAvoe avolvtikd 115 €£loMoE; otV TO YeVIKN mePInTOon opboywvikoy
VOPOPOPEN UE EMUPOVELOKT] TPOPOSOGIAL.

IMo pn opBoywvikd vopoPopéa Kol 6e TEPITTOGELS OOV TOGO 1| VOPAVAIKY AYOYIULOTNTO OGO Kol M
EMPAVELNKT TPOPOSOGIa dEV VUL OUOIOUOPPO. KOTAVEUNLEVEG, OV €lval dUVATH M AVOALTIKY AVGN.
Ye OUTEG TIG TEPUTTMOELS OTTOLTEITOL TPOGOUOI®MGT TOL VIPOPOpPEa Le aplBunTikéc peboddovs. Xtig
gpyaoieg [Mamavroviov (2003) koar Mantoglou et al. (2004), epapudotnke apOUNTIK TPOGOUOI®GT
Y Tov VToAoYIoHO Tov duvapkov. ITo cuykekpéva ypnoonoindnke to tpdypaupo MODFLOW
(Mcdonald & Harbaugh, 1988), yia v emikvon tng dapopikng e&icwong (2.7) Kot Tov LTOAOYIGUO
TOL SUVOLLKOD, EVGOpOT®VOVTAS TNV LEBOJO oe Evav alyopBo Beitictonoinong.



To poviého mov mepypdpetal o avtd T0 TEVY0¢ Paciletonr otV TPocdyyion ™G andTOUNG
dlempavelog pe Ta 600 vypa, To YALKO kot Badacoivd vepd, va Bewpovvtar un avopi&po. H e&icoon
(2.7) emideton pe 10 mpoypappe MODFLOW 10 omoilo amotelel £va LOVTELO TPOGOUOI®OTG Kot
TPOYVMOOTG TNG CGLUTEPLPOPES VIOYEI®V VOPOPOPE®V Tov Pocileton oty aplBuntiky pébodo twv
TENEPAGUEVOV SLALPOPDOV. ZOPPOVA LE TNV LEBOSO AT OTOLTEITOL SIOKPITOTOINGT) TOV VOPOPOPL GE
éva opBoymVIKO GUOTNUO e YPOUUES KOL OTHAES, KOt VTOAOYILETOL 1] T TOL SLVOULKOL Gg KAOE
KeAl, eV pe ypopukn mopepufoin vroloyilovtal ot Tiég Tov duvapkoy o kibe GALo onpeio Tov
VOPOPOPEQ.

INo va givon gpwety n enidvon pe 10 mpdypappo Modflow Ba mpémer o ypnong vo kabopicet Tig
oplokéc ouvvinkeg tov mpoPAnuatoc. Ot oplokég ocuvOnkes eivol HoONUOTIKEG OYECELS 7OV
TEPLYPAPOLY TOV TPOTO EMKOWMVIOG TOV PEVOTOV UE TO TEPPAAAOV TOL Kot e€opTdVTAL OO TNV
Ye®UETPIO KOt TO TEPPAAAOV TOV VIPOALOYIKOD GUGTHUATOG TOV TPOCOUOIDVETAL. 1o Tov Kabopiopod
TOV OPIKOV GUVONKOV Exel avamtuybel Eva ypapikd mepBAAAOV EUMKO GTOV ¥PpOTN TOV GVTAEL TO
dedopéva amd éva XTI, To poviého OumC pmopel vo AEITOVPYNOEL KAl ALTOVOUD €AV O YPNOTNG
dMovpyNoeL o amapaitnTo apyeics £1l6000V Yo Vo TPEEEL TO TPOYPOLLLY, TO OO0 TEPLYPAPOVTOL
OVOAVTIKG GTO TOLPAPTLLCL.



3 Beltiotonoinon pe YPOUUIKO TPOYPULULUATICUO

H Bektictomoinon eivar o pébodog yio Anyn PEATIOTOV amopdcemv AgLTovpyiog EVOG GLGTHLOATOG.
INo va BertiotonomBei Eva cvotnua Bo Tpémet vo petacynpotiotet o€ pio podnpotiky EKepocn mov
nepllopfavel Tpio KOPLL YOPOKTINPIOTIKA: 1) TNV OVIIKEWEVIKY OLVAPTNON, ii) TIC HETUPANTEG
amOPOONG, 1il) KOl TOVG TEPLOPIGHOVG av VIdpyovy. H aviikeeviky cuvaptnon sivol mpoKTikd To
LETPO 1] KPUTNPLO EMIBOONG EVOC PLGIKOL 1| HAOMUATIKOD GLGTHIOTOC, EVA Ol PETAPANTEG ATOPAONG
glvar petafAntég mov mpémel va Peltictomombovv kol amoteAovy v Aben Tov TpoPfAnuatoc. Ot
duapopeg péBodot Peitiotomoinong mov €xovv avamtvybel, epapudloviar yu va Ppebel éva oet
petafintov andeacng to onoio Oa umopel va yapaxtmpiletar g PEATIOTO e Pdor KATOolo KPLTHPLo
OV €Vl 1 OVTIKEYLEVIKT] GLUVAPTNO.

H yevikn dtatdnwon evog mpoPAnpartog fertictomoinong eivar n e&ng:

minimize f(x)
xeQ (31)
Q:{XGR” |ci(x),i65,cl.(x)20,ieI}

6mov X eivar to Sidvuopa Tov peTaPintov arndeacns, f (X) N OVTIKEWEVIKT] GLVAPTNON 1 0ol

opiletar 670 cOvoro Q, & eivar 10 0KEPALO GVHVOLO TMV SEKTMV TOV AVTIGTOL(OVV GTOVG EEIGOTIKOVG
TEPOPICHOVC Kol L TO aKEPAO GOVOAO TMOV SEIKTMV 7OV OVIIGTOLXOVV GTOVE OVIGMTIKOVG
TEPLOPIGULOVG.

H amotelecpatikotnta kot n axpifeia pog Avong eEaptdtar 16c0 ond to péyedog Tov TPOoPANUOTOS
(ap1Opog peTafANTOV AmTOPAUoT|G KOl TEPLOPIGUMOV) OGO Kol o TO YOPUKTNPLOTIKA TNG OVTIKELEVIKTG
oLVAPTNOTG Kot TEPOPIoUdY. OTav 1 aVTIKEEVIKT] GLUVAPTNOT Kol Ol TEPLOPICHOL Elvar YPoppIKES
CUVOPTNOCEL, TOV HETOPANTOV amdpacng TOTE TO TPOPANUO  OvVTIUETOTETOL HE  YPOUUIKO
TPOYPOUUATIGUO. ZTNV TEPITTMGCT TOV HOVTEAOL AAX TOV TEPLYPAPEL TO TAPOV TEVXOG TO TPOPAN L
Bedtictomoinong dev etvar ypoppkd Omog Oa @ovel oe €mOUEVI] TOPAYPOPO, KOU EMAVETOL UE
HeBOOOVG [N VPOV TPOYPAUHATIGUOD.

O «0Oplog 010%0G KATE TNV €WALGN UN YPOUUUK®OV TPOPANUATOV HE TEPLOPIOHOVS &ival va
petacynuatiotel To TpofAnpa o €va mo gdkoro vmompoPinua. H mo ocvuvndng pébodog eivar va
avayfel oe mpoPAnua Peltictomoinong ywpic meplopicpovg pe v OBedpnon g Pondntikng
GLVAPTNONG:

p(x,2)=f(x)+ D A4-¢(x) (3.2)

ieEUT

omov A, ot molomiooiootég Lagrange. EmmAiéov AapBdvovror v’ oywv kot ot cvvOnikeg Karush-

Kuhn_Tucker (KKT) ot omoieg givon avaykaieg yioo tnv dmapén axpdtatov. XTnv TEPITTOON TOL 1
OVTIKEYLEVIKT] GLUVAPTIOT Kol Ol TEPLOPIGHOL eivar KupTéG cuvaptnoelg Tote ot cuvinkeg KKT eivan
VKOs Kot tKovES Yo TV VapEn 0OAKOD 0KPOTOTOV.



Ac(x)=0 ie€UI (3.3)
A>0 ieEUZ

Ymv mepintowon tov poviéhov AAX mov mepypdpel To TopoOV TEVXOC, TO TPOPANHO  TNg
Bedtiotonoinong tifetanr w¢ eéfc. ‘Eotw évac mopdktiog vdpogopiag gépel k evepyd mnyddia ta
omoia avthodv pe mopoyfy Q,;i=1,...,k oavtictoyo. H avrikeyevikn cvvdpmon mov mpémet va

peytotonomel apopd To GLVOAIKO AVTAOVLEVO VEPO OO TOV LOPOPOPEN, EVAD TAVTOHYPOVE VITAPYEL O
€vag mePLOPIoUOS Y10, TPOOTOGIO TOV VOPOPOPEN MGTE TO TNYAdIM Vo, unv épBovv 6g emapn UE TO
Bodaoovd vepd. Ot GLVTETAYUEVES TOV TNYASIOV (xl., yl.); i=1....,k Osopodviar yvootéc. H

LoONUOTIKT S0 TOTOGCT TOV TPOPANUATOG COUP®VO LE TA TAPOUTAV® Eivar 1) eENg:

maximize, : Q. =0, +0,+--+0,

(QI 20y 50O )eRk

subjectto: >0, i=1,2,....k (3.4)
XW”'(Ql’QZ""’Qk)>0 i=12,....k
Qimin <0 <Ql_max i=12,...,k

r k ’ ) Ie , ,
omov (Ql,Qz,...,Qk)eR‘ givar ot mapoyéc Gviinong tov k TNyodidv mOov aVIIGTOLOVV OTIG

petafintég omdéeacng. v eficwon (3.4) vmapyovv tpion oeT meplopicpu®v. To TPOTO oET
$>0; i=L2,....k agopd 1o duvopikd oTig BEceg TV TNYOdIDV, £T6L OGTE 1 TIU TOL Va gival
nhvtote BeTikn To omoio onpaivel 1 eAeVBEPN EMPAVELL TOV VIPOPOPEN VAL SATNPEITOL TAVTOTE TAV®D
and Vv P.6.0. Q61000 0 MEPLOPIGHOG TPOGTATEVEL GO TNV VOAAUDP®OOT LOVO T T yddio. Tov
Bpiokovtol pokpld omd v oKth. Av KAmolo Tnydadt fpicketal kKovtd oty okt Tote gival SuVOTOV TO
OO TG AAATIVIG GENVaG Vo £pBEL GE ETOPN LLE TO TNYASL (KOO KOL oV TO SLVAUKO ToV givar OeTikd.
‘Etol 0 6g0tepOg TMEPLOPIOUOG EYEL EQPOUPUOCTEL YOl VO, TPOGTATEVOVTOL OO TNV VOOAUDP®ON TO
Nyadlo Tov BPicKOVTOL KOVTE GTNV OKTH.

H améotaon x,,; &ivar n ghdyiom omdéctaon tov ayadov i ond 1o {Hvog Tov mdda g ardTvng
opnvag, Kot e£aptdtol amd TIG TOPOYEG TV TNYOOI®V UE U YPOUUIKY GYECT €IGL O MEPLOPIGUOG
X, (Qszaman) >0 elvon pun  ypoapuikdc oe oygon pe T petoPfintéc  amdeoong
( 0.,0,,...,0, ) e R", (Mantoglou et al. 2004). H amdotacn x,,; Oewpeitan BeTikn otav To TNYaSL dev
glvat vEAALLPO Kt aPVNTIKY OTAV TO TNYEOL ExEL £pbel o€ emapn| e To BaAacovo vePO.

IMa tov vroloyiopud g andotacng avamtoydnke évog adyoplfpuog mov TEPYPAPETAL TOPAKAT®, O
omoiog vmoroyilel Tig cuvteTayUEVES EVOC LeydAlov TANBovG dtakpltdv onpeimv Tov {yvoug Tov Toda
™G veaApdpmons. To mAnboc tov onueiov eEaptdTol AUESO Ao TNV SLUKPLTOTOINGT TOL VOPOPOPEM.
‘Emeita yuo ké0e mnydol vroAoyiletar n amdeTaon ToV 68 GYéon OAo To S10KPLTA GNLEio TOV opiov,
Kol ®g amdotaon Aappavetat  eAayoT.

3.1 AlyopOpog vroroyiopov amdcTooNg

O 1tpomoc pe tov omoio vmoloyiletan 1 amodctacn e€aptdtat Gueca omd TiG sW0IKEG cuVONKeES KAOE
npoPpatoc. H peBodoroyio mov epappdctnke amd tovg Mantoglou et al. 2004, eivor va
TPOCAVATOMGTEL 0 VOPOPOPENS £TGL MOTE 0 £VOG AEOVAG TNG SLUKPITOTOINGoNG Vo Elval TapIAANAOG LE
mv axtoypopuy. Eneita pe Paon po otabepn ypopp ovagopds mov opiletar avbaipeta (my. M



aKToypop}) vroloyioTnkay ot KABeteg oV Ypopp  GvVOQOPAS OMOGTAGELS TOV TNYUSDV X, ;
(oyuoa 3.1) pe apetnpio ™MV Ypoppn avapopds. e kdbe Tpocopoimson Tov Vdpopopéa VIoioyilovTal
1N amdOGTAGT) TOV TOdN TNG OANTIVIIG CPTVOG OO TNV YPOULUT avapopds, otnv d1evfuven mov dépyeTol
amd 1o avTioTOor(o MNYAdL kabeTo oIV Ypauun avagopds. ‘Etotl o devtepog meplopiopdc g e€icmong
(3.4) &ixe v &&ng popen: X, ; 2 x,; 10 onoio e§ucPariCel 6Tt TO TNYAdL I dev EpYETAL OE EMAPN pe

v aAdtvn oprva. H pébodog avutn av kot €xel €paplootel emTuydC o€ JSUPOPEG EPYUCIEg
(Mantoglou et al. 2004, Park and Aral 2004), £xel dv0 GNUAVTIKA PEIOVEKTLLOTO. X€ TEPLOYEG OTOV TO
PETOTO VEOAPDpmONG dOev gival por gvBelo TAPAAANAN TPOG TNV OKTOYPOAUUN, KaOdG koi o€
TEPUTTMOGCELG TTOV OKTOYPOUUUT EXEL TOAVTAOKO GYNUO 1| TOAD TEPIGGOTEPO GTNV TEPIMTMOOT OTOL O
vopopopéag Ppéxetar mepueTpikd and v Bdracoa, Tote 1 LEB0SOG gival adHVATO Vo EPAPLOCTEL.
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Yynpa 3.1 Yroloyiopudg amodotacng pe BAoT Ypopun avopopds

e R —

‘Etot yo va emitevyBel 1 AEITOVPYIKOTTA TOV TPOYPAUIATOS GE VOPOPOPEIG TOADTAOKNG YEOUETPIOG
7oV givan pia oo TG PACIKEG apyEG OYESIAGLOV, avoTTUYONKE Y10 TPOTN POPA €£vag ahyoplBHoc Tov
aviVEDEL KOl VITOAOYILEL TIC GUVTIETAYUEVES, GTO GUOTIHO YPOLUU®DV KOl GTNAGV TOV VOPOPOPED, EVOG
peydrov mAnBovg dokprtdv onueiov Tov {yvovg Tov TAd0 TNG GAITVIG CENVOS MOTE KATA TN
dradikacio PEATIGTOTOINONG VO TPOGTATEVTOVY ATOTELEGIOTIKA TO PPEOTO OTTO VOUALDPMON).
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yuo 3.2 Hopadeiypata Yopogopéwv. a) Yopopopéag pe 3 axtoypapupés, B)Ydpopopéag e o
OKTOYpapp

O aAyopiBuog yo va Eekvioel amattel and Tov ypnotn vo kabopicel Eva onueio kKdbe akToypapung
(xoBopilovtag Tig cvvietaypéveg tov). o mapdderypa, Otav €vag vopopopéag PBpéxetar amd 3
Sakprréc aktoypappéc (oxfua 3.2%), o xpAotng Tpénel va e16ayel cuvTeTayUEveG 3 onueinv, £va omd
K@Oe axToypapun. IV TEPITTO®OT TOL oYNUATOS 3.2 6TTOL 0 VIPOPOPLAG PPEXETAL TEPIUETPIKA AT
0dhacca 1 aktoypopp Bempeitor oG eviaio Kot Ol amaltoOVTOL Ol GUVTETOYUEVES EVOG LOVO onpEeiov
vy vo Eektvioet o akyopiBpoc. To onueio emiéystor avbaipeta kot 1 TAOY TOL dev ennpedlel To
TEAIKO OMOTEAEGHO. Mg apeTNPia TO KEAL TOV 0 YPNOTNG EXEL LITOJEIEEL G VPAALLPO, EIGAYMVTOG GTA
d€00EVH €1GO00V TOL TPOYPAUUATOS 6TO apyeio data.dat, Tig cuVTAYUEVES TOV KEALOD (O GUGTNUA
YPOUU®OV KO GTNADV PE OQETNPI0 TOV GUGTHHOTOS TO AV® aPLoTEPO KEAL) , 0 aAyOp1Opog eAEyyeL Ta 8
YELTOVIKA TOV, TO. OO0 KATOTAGGOVTAL 6 3 Katnyopiec. XNV TpdTN KoTnyopio KoTtatdoooviol T
KeAd mov gite elvan extdg opimv vVOpoPopEa N elval admEPATA OPLOL KOL OyvoOoUVTIaL. ZTNV de0TEPN
Katnyopio KOTOTAGGOVTOL TO KEAMA TGOV ONOi®V TO Suvopukd €ivol pkpOTEPO Oamd TNV TN

o= sc-[5 (1 +0 ) / 2:|d > 4mov sceivon évag ouvteheothic aoguieiog (Mantoglou, et al. 2004). Ta
KeEALA TG 0e0TEPNC Katnyopiag Oempodviat vedAipvpa. TELOG TNV Tpitn KATNYOopio KATATAGGOVIOL TO
KeMd ekeiva pe Tipf Suvapikod peyoldtepn and @ = SC'|:§ (l +0 ) / 2:|d . T ovté o KeMG avtd

vroloyilovtol HE  YPOUIKY)  TOPEUPOAT] Ol  GUVIETAYHEVEG TOL  OVTIOTOWOOV OTHV  TIUN
p=sc- [é‘ (1 +0 ) / 2] d’ omv d1evfvvon mov evidvet Ta Kévipa Tov keMdV (oxfpa 3.30). 1o oxfuo

3.30 10 KEM He TO Ypappa A gival To KEAL apeTNPiog TOv aAyOplOLov, Eve oTo VITOAOWO KEAD TOV
QIATPOL AVOYPAPOVTOL OL TIES IOV avTioTotyovv. 'Emerta yua kb kel tng katnyopiag 2 eEgtdlovton
TO YELTOVIKA EVA Ta 10100 KEALH, VD TO. 13100 KEAA TOV GTO TPONYOVUEVO Pripol X0V JOPAKTNPLOTEL G
VEAApVpa dtaypdeovtal amd TV KaTnyopia 2, Stnpodv OU®G TO YOPAKTINPIGUO TOVG MG VOUALLPO.
Y10 3.3 ¢aivovtor ot TWEG Tov aAyopiBuov ol €yovv efetactel o Tpio VEAAUVPO KEALL TNG
TpOTNG enavainyme. O alyopBuog Bo tedeidoel 0tav dgv LVILAPYEL Kovéva KeEAL otnv katnyopia 2
oynua 3.3e. Téhog pe ypopptkn Topepforn Hetald TV VPAALVPOV Kol TOV LN DOAAUVP®V KEADV
vroloyilovtal o1 cuvTeETOyUEVEG €vOG TANOOVG SLOKPITAOV ONUEI®Y TOL UETOTOV VPUAUDP®GCNG
(oyMuo3.3or1).
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yuoe 3.4 Ynohoyiopdg omdcTacng VeaAubpmong

Otov 0 0AyoplOpog TEAEUOOEL TNV AviXVELGT TOV 0piov, VIToAoYi{ovTal OAEG 01 AMOGTACEIS LETAED TV
SlKpIT®V oNUEIOV oL aviyvedTKay arnd kdbe mnyadt, kot yio Kabe mnydadt emAEyETOL 1| EAAYIOTN.
Av 10 TMyddt katd v oviyvevor tov opiov vVEAAPUDPOTS PPLoKOTAV GE VOAAULPO KEAM TOTE M
amootoon Oempeitor apvnTikn, eved oty avtifern mepintoon Ogtikn. 1o oynuo 3.4 eoivovral 4
mmyddia ek ToV onoimwv to Tyadt B ivar vedApvpo ondte n amdotaon X, ; givar apvntikhi. Emmiéov

QOIVETOL TPOCEYYIOTIKA 1) OTOGTACT] TOV VIoAoYileTan yio KAOe Tnyadt wc 1 eAdytotn. O adyopBuog
OVTOG £KTOG TOL OTL gival YEVIKEVUEVOS Yo KAOE TEPIMT®ON, LTOAOYILEL KOl TNV TPOYLOTIKY EAGYIOTN
OmOOTOOT LETAED TOV NYAS100 Kol TOV {Yvous NG VOAAUVPNG CONVOG.

3.2 Topdaperpor aryoprOpov feitiotomoinong

[Mapdro mov N avTikeevikny cuvaptnon (3.4) etvar ypappkn, To Tpofinue g fertictomoinong £1ot
omwg €xel tebel givar un ypapukd egortiog tov SeHTEPOV TEPIOPICUOV Kol OVTIUETORILETOL UE TOV
alyopBpo Bertiotonoinong Sequential Quadratic Programming.

To povtélo avamtoydnke €101 AGTE VO ATOITOLVTAL OGO SLVOTOV AyoTEPO dedopéva Kot puOuicels,
7060 Y10 TO VIPOAOYIKO HOVTELD GO KO Yo Tov pobnuatikd adyopidpo Peitictonoinong, to omoia
Oo amoitovoav eEgldikevpévn yvoon kot gumelpio. Qotdc0 divetar 1 SuvatdTNTA GTOV XPNOTH EKTOG
oo TIG TPOTEWOUEVES TIUEG, Ol OMOIEG €IVOL OTOTEAECUO GLOTNUOTIKNG UEAETNG, VO UTOPElL va
pvOpuicel pepikéc and Tig petaPAntég tov adyopBpov PeArtiotonoinong. Ov petafintég avtéc kot
TPOTEWOUEVEG aPYIKES TIEG opilovTal TapaKAT®

Avoyn avtikelpevikng cuvapmong : Tolfun = 0.1

[Ipékertar ywoo T0 KPUITAPLO TEPUATIONOV 7OV oxeTileTor pe ™ JSopd HETAEL  Olod0yIKA
VTOAOYIGUEVOV TIUOV TNG OVIIKEWEVIKNG ovvdptnone. Emtuyng cvykhion emtvuyydveror otav m
dpopd avth yiver pikpdtepn and v kabopiouévn tiunq Tolfun. H tym mov emidéystan yuo v
Tolfun e€optdror amd v T6EN LeyEBOLE TNG AVTIKELLEVIKNG CLUVAPTNOTG.
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Avoyn g Tipng me/tov petapinmg/rov : TolX = 0.001

[Ipdkeitar yo KPITHPO AVTIGTOYO HE TO TOPUTAVE®. AVOQPEPETAL OTN OPOPE TV SadoyLKd
VTOAOYIGUEVOV TIH®V TV PETARANTOV andpacnc. Emtuyng ouykiion emruyydvetal 6tav 1 dSopopd
avTn Yivel pkpdtepn and v kabopiopévn T TolX.

Avoyn g Tiung Tev tepoptopdv : TolCon = 0.1

[IpdKeitar yo KPITHPO AVTICTOYO HE TO TOPUTAV®. AVOQPEPETAL OTN OPOPE TV SadoyLKd
VTOAOYIGUEVOV TILAV TOV TEPLOPICUAOV. EmTuyng cuykiion enttuyydvetar 6tav 1 dopopd avtn yivel
pucpdtepn amd v Kobopiopévn Ty TolX=0.001

Méyiot dopopd TOV TIWOV TOV UETARANTOV KATG TOV VITOAOYIGHO TMV UEPIKMV TOPALYDYMV
DiffMaxChange = 5

To ovykekpyévo xpitiplo oyetietanr dpeco pe tn OSdkacio EKTEAECTG TOVL TPOYPALLLOTOS
Bektictomoinone. O vToAOYIoUOC TOV UEPIKDY TAPAYDYWOV YiveTal P TN HEBOSO TOV TETEPUCUEVOV
SPOPOV :

| L s S -
Ox, ; B Ax

1 .
i

3.5)

omov x; xafe pio omd Tig peTafAntég Tov TpoPAnpatog PerticTomoinong.

H mopdapetpog DiffMaxChange ekopdlel ) péylotn emtpemdpevn petaforn Ax g Twhg g
EKAOTOTE PETUPANTAG amdPaoNC, LETAED SLdoYIKOV EXavoAnyey. Ot TIHES TV peTaPfAnTov petald
SadoyIk®V eravornyemv emiAéyovtal £Tol dote T0 Ax va unv vaepPaiver tnv ripn DiffMaxChange.
EAGyiomn S10popd TV TIMOV TOV UETAPANTOV KOTE TOV LTOAOYICUO TMV UEPIKMOV TOPAYDY®V :
DiffMinChange = 1

Avdroya pe to DiffMaxChange, 1 cuykekpipévn mopapetpog eKppalel Ty LAy Lot EMTPETOUEVN
petafoin Ax g tyng tng exdotote petofAntig, petad Swdoyikdv smavainyewv. To Ax 1ng
oyxéong (3.5) maipvel Tipéc petalyd ¢

DiffMinChange < Ax < DiffMaxChange

13
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4 Tlopaptnuo

Meydro pépog g pebodoroyiog otnv omoia Paciotnke T0 HoviEAo mepLypdpeTal 6to Apbpo TV
Mantoglou et al. (2004) kot Yo 0vT6 Kpivetal okOmn N Topddeon Tov gv Adyw apbpov.
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Abstract

A method of assessing the optimum pumping rates of coastal aquifers based on nonlinear optimization and evolutionary
algorithms (EA) is developed. The objective is to maximize the total pumping rate while protecting the wells from sea water
intrusion. The formulation of the constraints is based on numerical simulation of the freshwater flow equations. The simulation
model is based on the sharp interface and the Ghyben—Herzberg approximation and is applicable to unconfined aquifers and
steady-state flow. The single potential formulation of [Water Resour. Res. 12 (1976) 1165] is followed and the governing
equations are solved numerically using finite differences. The numerical model can handle aquifers of complex shapes,
nonuniform hydraulic conductivity, nonuniform distribution of surface recharge, etc. The constraints are nonlinear with respect
to the decision variables resulting in a nonlinear optimization problem. Two optimization methods are investigated, specifically
Sequential Quadratic Programming (SQP) and Evolutionary Algorithms (EA). SQP requires less computer time than EA but
can get stuck on local optimum solutions. The simulation and optimization methodology is applied to a real unconfined coastal
aquifer in the Greek island of Kalymnos for determining the optimal pumping rates while protecting the wells from sea water
intrusion.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Coastal aquifers; Aquifer management; Salt water intrusion; Nonlinear optimization; Evolutionary algorithms; Genetic algorithms

1. Introduction optimization models for calculating the maximum
pumping rates from coastal aquifers while maintain-

The demand for freshwater in coastal regions and ing sustainability of water quality. .
islands is very high especially during the summer The problem of pumping optimization using
months due to increased water needs and tourism. In aquifer simulation has been extensively investigated
order to meet the freshwater demand, coastal aquifers in the literature (Mayer et al., 2002). Gorelick (1983),

Gorelick et al. (1984), Ahlfeld and Heidari (1994) and
Gordon et al. (2000) present methodologies based on
combined use of groundwater simulation models and
optimization methods. Depending on the problem,
* Corresponding author. many different objective functions and sets of
E-mail address: mantog @central.ntua.gr (A. Mantoglou). constraints have been applied. Shamir et al. (1984),

are intensively pumped causing sea water intrusion
and deterioration of water quality. Therefore, it is
important to develop appropriate simulation and

0022-1694/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhydrol.2004.04.011
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Hallaji and Yazicigil (1996), Cheng et al. (2000) and
Mantoglou (2003) aim at maximization of the total
pumping rate, whereas Das and Datta (1999) aim at
the minimization of the salinity of pumped water.
Emch and Yeh (1998) and Gordon et al. (2000)
include the pumping cost in the objective function. It
is also possible to consider multiple objectives,
constituting a multiobjective optimization problem
(Shamir et al., 1984; Emch and Yeh, 1998; Das and
Datta, 1999).

The aim of optimization is to maximize an
objective function subject to various constraints that
protect the water quality of the aquifer. The
differential equations of flow are solved using
analytical solutions or numerical simulation in order
to represent the aquifer’s response on various
pumping scenarios. The resulting optimization pro-
blem may be linear (Ahlfeld and Heidari, 1994;
Hallaji and Yazicigil, 1996; Mantoglou, 2003) or
nonlinear (Gorelick et al., 1984; Shamir et al., 1984;
Wang and Ahlfeld, 1994; Hallaji and Yazicigil, 1996;
Emch and Yeh, 1998; Mantoglou, 2003). The linearity
of the optimization problem as well as the continuity
of the objective function, the availability of infor-
mation for the derivatives and the existence of local
minima, determine the optimization method selected
(Cheng et al., 2000). Often the purpose of optimiz-
ation is to maximize the total pumping rate from a
number of wells while controlling the seawater
intrusion into the aquifer. The constraints restrain
the pumping rate between a minimum and a
maximum value (Hallaji and Yazicigil, 1996; Emch
and Yeh, 1998; Das and Datta, 1999; Cheng et al.,
2000). Constraints imposed by Cheng et al. (2000)
and Mantoglou (2003) control the location of the toe.
Additional constraints may include maintaining water
levels, flow potential or salt concentration of the
pumped water at desired levels.

The physical processes governing sea water
intrusion in coastal aquifers are well understood
and governing equations of flow and salinity
transport in coastal aquifers have been developed
and solved numerically using different methods
(Huyakorn et al., 1987; Andersen et al., 1988;
Essaid, 1990; Bear et al., 1999; Gambolati et al.,
1999; Oude Essink, 2001). A common approach for
simulation of sea water intrusion in coastal aquifers
is based on the sharp interface approximation and

the Ghyben—Herzberg relation (Bear, 1979; Essaid,
1990; Bear et al., 1999; Essaid, 1999). Emch and
Yeh (1998), Cheng and Ouazar (1999), Cheng et al.
(2000) and Mantoglou (2003) presented coastal
aquifer management models based on the sharp
interface approximation. Strack’s (1976) flow poten-
tial is used in order to trace the toe of sea water lens
(Cheng and Ouazar, 1999; Mantoglou, 2003). More
complex seawater intrusion models consider the
transport processes that occur in the mixing zone
(Das and Datta, 1999; Gordon et al., 2000).

The present paper presents a methodology for
maximizing the total pumping rate from coastal
aquifers based on nonlinear optimization. The model-
ing methodology is based on the sharp interface
approximation and the Ghyben—Herzberg relation
and is applicable to unconfined aquifers and steady-
state flow. The flow equations are expressed using the
Strack (1976) potential, and finite differences are used
for the solution of the governing flow equations.
Optimization aims at maximizing the total pumping
from a number of wells subject to constraints that
protect the aquifer from sea water intrusion. The
governing differential equations are solved using
finite differences while the nonlinear optimization is
performed with two different methods, specifically the
Sequential Quadratic Programming (SQP) and Evol-
utionary Algorithms (EA). SQP is based on an
iterative procedure requiring evaluation of the derivat-
ives of the objective function with respect to decision
variables using finite differences. A quadratic sub-
problem is solved at each major iteration before
proceeding to a new iteration (Gill et al., 1984;
Fletcher, 1987; Luenberger, 1989). EA on the other
hand are stochastic search methods that mimic the
metaphor of natural biological evolution (Holland,
1975; Goldberg, 1989; Fogel, 1994). EA do not require
continuity of the objective function or existence of
derivatives, and converge to the global optimum
solution after a sufficient number of generations.
They operate on a population of potential solutions
applying the principle of survival of the fittest to
produce improved approximations to a solution.

The two optimization methodologies are applied,
for determining the optimal pumping rates while
protecting the wells from sea water intrusion, in a
coastal unconfined aquifer in the Greek island of
Kalymnos.
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2. Models of sea water intrusion in coastal aquifers
based on the sharp interface approximation

The sharp interface approximation is reasonable in
regional scale problems when the transition zone is
narrow relative to the scale of the problem. At steady
state, the position of the interface can be estimated
using the Ghyben—Herzberg approximation, which
assumes that horizontally flowing freshwater floats
above static sea water (Essaid, 1999). During transient
periods, the behavior of the freshwater—sea water
interface is controlled by both the freshwater and sea
water dynamics since significant amounts of sea water
must be moved into or out of the aquifer when the
interface moves. The one fluid sharp interface
approach based on Ghyben—Herzberg approximation
is more appropriate for modeling long term responses
of freshwater lenses or short term responses in
aquifers where sea water can move in and out easily
(Essaid, 1999).

Fig. 1 shows a vertical cross-section of an
unconfined aquifer with a sharp interface separating
freshwater from sea water. It is assumed that the
interface has been practically stabilized and is not
moving quickly. Sea water is considered to be
stagnant whereas fresh water flow is assumed
horizontal and steady state. Let 7 represent the point
in the cross-section where the interface intersects the
base of the aquifer, usually called the ‘toe’ of seawater
lens. Let S represent the stagnation point defining the
region supplying water to the well. Variable d
represents the aquifer depth from its base to the sea

level, b is the total freshwater depth, & is the
freshwater depth measured from the sea level, and
hy is the freshwater head with reference to the
impermeable base of the aquifer. Ghyben—Herzberg
relation links hydraulic head h; to the depth ¢ as
follows: hy —d = 6& where 6 = (p, — pr)/ps, (ps 1S
the density of sea water and p; is the density of
freshwater). The value of parameter & is considered
constant throughout this analysis.

As outlined in Fig. 1, there exist two zones with
different characteristics. In zone 1, the aquifer
behaves exactly as an unconfined (phreatic) aquifer
while zone 2 is the sea water intrusion zone where a
freshwater lens floats above a denser sea water layer.
The governing equation of steady flow in the
unconfined heterogeneous aquifer of zone 1 is given
by
;—X(Kht~1—};:)+:—y(thZ—};t>+N—Q=0 (1)
where K is the hydraulic conductivity, N is the surface
recharge, and Q is the pumping rate. The continuity
equation in zone 2 is written as:

i) dhg i) ahf)

— | Kb— — | Kb— N—-—0=0 2

ax( ax)+ay( ay + 0 2)
Defining

b = ]’lf,

zone 1
(3)
b=h—d+§& zone?2

Egs. (1) and (2) can be both written in the form of
Eq. (2). Strack (1976) introduced the flow potential ¢

Well Free surface
pumping rate | forQw =20

zone 1

Fig. 1. Coastal unconfined aquifer pumped by one well.
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defined by:

b= %[h? — (14 8d*], zonel

4
_(+9 @

s zone 2

¢ (he — d)*,

The above functions and their first derivatives are
continuous across the zonal interface. At the toe of the
sea water lens, the potentials have the same value for
the zones 1 and 2 of the aquifer, i.e. ¢,p0.1 =
rone 2 = [8(1 + 8)/2]d>. From Egs. (1), (2) and (4) it
follows that potential ¢ satisfies the following
differential equation:

in both zones 1 and 2. For a homogeneous aquifer
with no pumping or recharge, Eq. (5) simplifies to the
following Laplace equation

2 2
7o, 70 _

0 6
x> ay? ©)

Egs. (5) and (6) can be solved either analytically or
numerically. Strack (1976) and Cheng and Ouazar
(1999) solved these equations and calculated ¢ and
the location of the toe for a homogeneous aquifer of
semi-infinite dimensions without surface recharge.
Mantoglou (2003) derived more general analytical
expressions in the case of finite aquifers of rectangular
shape with surface recharge.

For a nonrectangular geometry of the aquifer and
when the hydraulic conductivity and recharge rates
are nonuniform, it is not possible to use such
analytical solutions. In these cases, numerical

simulation is required. MODFLOW code (Mcdonald
and Harbaugh, 1988) can be used in order to solve Eq.
(5) and calculate potential ¢. The aquifer is
discretized in a mesh of cells, described in terms of
rows and columns.

In order to test the simulation method an aquifer
with the simple rectangular geometry of Fig. 2 is
examined first. The aquifer has uniform hydraulic
conductivity K = 100 m/day. The recharge rate at the
higher elevations of the aquifer is N = 150 mm/year
distributed over an area of A =9km? and the
recharge rate at the lower elevations of the aquifer is
N =30 mm/day. The sea boundary constitutes a
constant head boundary whereas the north and south
boundaries are regarded as impermeable. The aquifer
thickness from the base of the aquifer to the sea
surface is taken as d = 25 m. The value of parameter
dis taken as 6 = (1.025 — 1.000)/1.000 = 0.025. The
potential at the toe of seawater lens is calculated
according to equation ¢ = [8(1 + 6)/2]d> =
8.0078 m*. The geometry of this aquifer approximates
the aquifer at Vathi in the Greek island of Kalymnos
which is shown in Fig. 3 and described in more detail
in the applications section.

In order to investigate the response of this test
aquifer to pumping let us initially assume that there is
only one well in operation at distance 3850 m from
the coast. For given values of pumping Q,,, Eq. (5) is
solved for ¢ using MODFLOW and then the distance
of the toe to the coast x, is calculated using
interpolation so that ¢, = 8.0078 m>. Fig. 4 plots
the location of the toe and the stagnation point as a
function of the well pumping rate Q,,. The figure
shows that increasing Q, causes the toe 7 of

impervious boundary

fixed head
boundary ¢=0

fixed flow
boundary

impervious boundary

Fig. 2. An aquifer of rectangular shape.
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tuff
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Fig. 3. Kalymnos aquifer and approximation of the aquifer with a rectangular shape.

the interface to move inland, whereas the stagnation
point S moves towards the sea. For low values of
pumping rate Q,, points T and S are distinct. As Q,,
increases they approach each other until they merge to
a single point with potential ¢, = 8.0078 m? (Bear,
1979). This is an unstable critical situation since any
further increase in pumping causes a rapid advance of
the interface inland resulting in pumping of seawater.
The location where the two diagrams intersect
corresponds to this critical pumping rate.

It must be stressed that once the well starts pumping
sea water, the static saltwater assumption used to
calculate the interface location is violated (Cheng et al.,
2000). Hence, for pumping rates higher than the
critical, the toe location shown in Fig. 4 is inexact and is
only indicative of the sea water intrusion.

The previous analysis is repeated for a well located
near the coast and another well located far from the
coast, at distances of 1850 and 5850 m, respectively.
Fig. 5 plots the position of the toe as a function of the
pumping rate for both wells. The figure indicates that
the maximum pumping rate (without sea water
intrusion to the well) is higher for the more distant
well than for the well being closer to the coast. Both
plots show a sudden and extensive movement of the
toe inland as pumping rate is increased beyond a
certain critical rate. The length of such sudden
intrusion is larger for the well located at x,, = 5850
m because of the higher values of withdrawal rate.
After this critical rate, the well starts pumping sea
water and as the pumping is increased there is almost

linear toe advancement inland with increasing pump-
ing rate.

3. Pumping optimization based on nonlinear
programming

Let the coastal aquifer be pumped by k wells with
rates Q;; i = 1,..., k respectively. The objective is to
maximize the total pumping from the aquifer while
protecting the wells from sea water intrusion. The
coordinates of the wells (x;,y;); i=1,...,k are
assumed known. The problem is expressed in the
following constraint optimization framework with

6000
5500 ¢
5000
4500
4000
3500

3000
2 2500 | location of toe

location of stagnation point

Q (m/day)

2000
1500
1000

500

2000 3000 4000 5000
x (m)

0 1000

Fig. 4. Location of toe and stagnation point as a function of pumping
rate for a well located 3850 m from the coast.
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Fig. 5. Intrusion distance as a function of pumping rate for wells
located at 1850 and 5850 m from the coast.

objective to maximize the total pumping rate and
nonlinear constraints whose purpose is to protect the
wells from sea water intrusion

Ot =01+ 0+ + 0O

maximize
(01,05.....0,)ERF

subjectto: ¢; >0, i=1,....k

xTi(Ql,Qz,...,Qk) <xW,-, l: 1,...,k

Qi,min<Qi<Qi,max’ l:1,,k
(7

where (Qy,0,,...0;) € R* are the decision variables.
The first set of constraints concern the potential at the
well locations and ¢ is set larger than 0 so that the free
surface of the aquifer is maintained above the sea
water level. However, these constraints can protect
only wells located sufficiently far from the coast. For
wells located near the coast, it is possible for the toe of
the interface to reach the wells even when ¢; >0,
i=1,...,k. The second set of constraints in Eq. (7) is
introduced to prevent sea water intrusion in such
cases, where x,,; and x,; express the distance from the
coast of the well and the toe, respectively. These
constraints protect the wells located near the coast
from sea water intrusion by not allowing the toe of the
interface to reach the wells.

As indicated by Fig. 5, distance x, depends
nonlinearly on the pumping rates, therefore,
constraint x;(Q, O, ..., Ox) < x,,; is nonlinear with
respect to decision variables (Qy, 0, ...,0;) € R.

Although the objective function (7) is linear, the
optimization problem is nonlinear because the second
set of constraints is nonlinear with respect to the
decision variables.

The optimization problem (7) belongs to the class
of the general nonlinear optimization problems. An
efficient and accurate solution to this problem depends
not only on the size of the problem in terms of the
number of constraints and decision variables but also
on characteristics of the objective function and
constraints. A solution of the nonlinear optimization
problem generally requires an iterative procedure to
establish a direction of search. In constrained
optimization, the general aim is to transform the
problem into an easier sub-problem that can be solved
and be used as the basis of the iterative process.

The most popular methods are based on the
solution of the Kuhn-Tucker equations which are
necessary conditions for optimality for a constrained
optimization problem. The solution of the Kuhn-
Tucker equations forms the basis to many nonlinear
programming algorithms. These algorithms attempt to
compute the Lagrange multipliers directly. Con-
strained quasi-Newton methods guarantee superlinear
convergence by accumulating second order infor-
mation regarding the Kuhn—Tucker equations using
an updating procedure. These methods are commonly
referred to as SQP methods, since a quadratic
programming sub-problem is solved at each major
iteration (Schittkowski, 1985; Biggs, 1975; Han,
1977; Gill et al., 1981; Powell, 1983; Hock and
Schittkowski, 1983). At each major iteration k of the
SQP method, an approximation of the Hessian of the
Lagrangian function using a quasi-Newton updating
method is made. This is then used to generate a QP
sub-problem whose solution is used to form a search
direction for a line search procedure. The positive
definite quasi-Newton approximation of the Hessian
H, of the Lagrangian function is calculated using the
BFGS formula (Broyden, 1970; Fletcher, 1970;
Goldfarb, 1970; Shanno, 1970) for updating the
approximation of the Hessian. The solution procedure
of the QP sub-problem involves two phases. The first
phase involves the calculation of a feasible point (if
one exists). The second phase involves the generation
of an iterative sequence of feasible points that
converge to the solution. The method used is an
active set strategy (also known as a projection
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method) similar to that of Gill et al. (1991). The
solution is used to form a new iteration so that a
sufficient decrease in a merit function is obtained
(Han, 1977; Powell, 1978).

A nonlinearly constrained problem can often be
solved in fewer iterations than an unconstrained
problem using SQP. One reason is that, because of
limits on the feasible area, the optimizer can make
informed decisions regarding directions of search and
step length.

The optimization programs needed for calculation
of the optimum pumping rates using SQP were
developed in MATLAB environment. At each
iteration of the optimization, the potential is evaluated
by solving differential equation (5) using MODFLOW
and the distance of the toe from the coast is obtained
by setting ¢ = 8.0078 m?. The method follows the
steps outlined by Fig. 6.

Application of SQP method requires continuity of
the objective function and the constraints as well as
the existence of partial derivatives of the objective
function with respect to the decision variables. The
optimization problem may need many iterations to
converge and can be sensitive to numerical approxi-
mations such as truncation and round-off error in the
calculation of finite difference gradients of the
objective function. Furthermore, the program may
converge to a local rather than the global minimum.
Starting optimization with different initial conditions
can help to locate the global minimum. Additionally,
by changing the values of the parameters that take part
in finite differences calculation of the objective
function gradients or increasing the number of
iterations contribute to the computation of the global
minimum.

Section 4 presents an alternative method for
solving nonlinear optimization problems based on
EA. These algorithms do not require continuity of the
objective function and their derivatives and converge
to the global optimum if appropriate parameters are
chosen.

4. Optimization of pumping rates using
evolutionary algorithms

Evolutionary Algorithms (EA) are stochastic
search methods that mimic the metaphor of natural

Initial values of decision
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[

Definition of constraints

[

Conditions of execution and
termination of optimization
program (e.g. Maximum number
of iterations, tolerance of
objective function, etc.)

[
Calculation of derivatives of
objective function using finite A
differences

v

The value of the objective
function is calculated and the
preservation of constraints is

verified

Values of (), are entered by

the optimization program

l Modflow
Calculation of potential ¢

in numerical cells

v

Calculation of the toe

position X,

v

Are termination criteria
satisfied?

¢ ves no

Optimal pumping rates

Fig. 6. Flow chart of SQP optimization methodology.

biological evolution (Holland, 1975; Goldberg,
1989; Fogel, 1994). EA neither require continuity
of the objective function nor existence of deriva-
tives and should converge to the global optimum
solution after a sufficient number of generations.
They operate on a population of potential solutions
applying the principle of survival of the fittest to
produce improved approximations to a solution. A
new set of approximations is created at each
generation by selecting individuals according to
their fitness and breeding them together using
operators borrowed from natural genetics. This



216 A. Mantoglou et al. / Journal of Hydrology 297 (2004) 209-228

process leads to the evolution of populations of
individuals that are better suited to their environ-
ment than their parents, just as in natural
adaptation. EA model natural processes by applying
the procedures of selection, recombination,
mutation and migration at each iteration of the
program.

The objective is to maximize the total pumping
rates subject to constraints that protect the aquifer
from sea water intrusion and the optimization problem
is again expressed by Eq. (7). Since EA solve
unconstraint optimization problems, maximization
problem (7) is modified in the following unconstraint
form

minimize : Qi = —(Q; + Qs + -+ + Q)

(Q1,05....0 ) ERF
+p(01, 02, -, Q) 8)

where p(Q, O, ..., Q) is a penalty term inserted in
the optimization problem in order to handle con-
straints. Penalty p(Qi, Q,,..., Q) is zero when the
constraints are satisfied and takes a very high value
when constraints are violated. In the following
applications, penalty term in Eq. (8) is defined as
follows:

p(01,0;,...,0) =0, When¢i203ndxrifxwi}

P(01,0,,...,01) = 10", when ¢; <0orx; > x;
9

Fig. 7 outlines the flow chart of the EA optimiz-
ation procedure. To initialize the computations, a
number of individuals (the population) are randomly
selected and the first generation is produced. The
objective function is then evaluated for these
individuals. If the optimization criteria are not met,
a new generation is produced according to the
following procedure.

o Fitness assignment and parent selection. Deter-
mines which individuals are chosen for mating
(recombination) and how many offspring each
selected individual produces. The parents are
selected according to their fitness by means of an
algorithm such as roulette-wheel selection, tourna-
ment selection or stochastic universal sampling.

® Recombination. Produces new individuals by
mixing the information contained in their parents.

Initial population of decision
variables Q|, @5, Ok

|
Definition of constraints
through penalty function
|
Specification of the range of
decision variables
Conditions of execution and
termination of GA
optimization program
(e.g. selection, recombination,
reinsertion, mutation,
migration parameters, max
number of generations, etc.)

|
Evaluation of objective
function

<
<

Selection
Recombination
Reinsertion
Mutation
Migration

'

New generation

'

Evaluation of new objective
function

'

Are termination criteria
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l yes

Optimal pumping rates

\

no

Fig. 7. Flow chart of EA optimization methodology.

The representation of the decision variables
(binary, integer, real valued representation) deter-
mines the type of algorithm used.

e Mutation. After recombination every offspring
undergoes mutation. Offspring variables are
mutated by small perturbations with low prob-
ability. The algorithm depends on the represen-
tation of the variables.

e Reinsertion. The produced offspring must be
inserted into the population. Sometimes
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the number of offspring is smaller than the size of
the original population. In other cases, more
offspring are generated than needed. The
reinsertion scheme determines which individuals
are replaced by offspring and which individuals are
inserted in the new population.

The above cycle is performed until the termination
criteria are reached. Such criteria are, for example, the
number of generations or the maximum computer
time.

It follows from the above discussion that EA differ
substantially from more traditional search and optimi-
zation methods. The most significant difference is that
EA search a population of possible solutions in
parallel rather than a single solution. Additionally, EA
do not require calculation of derivatives of the
objective function. They require only the objective
function and corresponding fitness levels which
influence the direction of search. Therefore, EA can
solve general classes of optimization problems even
when the objective function is not continuous and the
derivatives of the objective function do not exist.
Therefore, EA solve more general classes of problems
because there are no restrictions in the form of the
objective function. They use probabilistic transition
rules and can provide a number of potential solutions
to a given problem. Thus, in cases where the particular
problem does not have one individual solution, then
EA are potentially useful for identifying these
alternative solutions simultaneously.

Optimization based on EA is very flexible and, if
the population size and the number of generations are
sufficient, it should converge to the global rather than
a local minimum. However, EA are often slow
converging and require a large number of iterations.
Increasing the number of individuals in the population
and the number of generations improves the results
but it takes more computer time. Convergence is
improved by choosing reasonable initial population
values.

The EA optimization program needed for calcu-
lation of the optimal pumping rates was developed in
MATLAB. MODFLOW was again used at each
iteration of the optimization for solving differential
equation (5) and evaluating the required potential.

5. Simple applications and necessary modification
of constraints

In a first example application, an aquifer of
rectangular geometry (Fig. 2) with uniform hydraulic
conductivity and recharge rate is chosen in order to
calculate the optimum pumping rate of one well
located at different coordinates (x,,, y,,). The numeri-
cal discretization of the aquifer is Ax = Ay = 50 m,
thus the well coordinates x,, and y,, are assumed to be
multiples of 50 m. Moving the well inland along
x-axis with fixed y,, = 1500 m, leads to an increase in
pumping rate (except near the eastern impermeable
boundary), as shown by Fig. 8. The maximum
quantity of groundwater is obtained when the well is
located at x,, = 6250 m from the coast. The numerical
results show that when the well is located at distance
Xy > 1650 m from the coast the first constraint in
Eq. (7) becomes active (i.e. Q = Qx> When ¢y, — 0).
For x, <1650 m the second set of constraints
become active (i.e. Q = QO .x, When x. — x,). Notice
that the last part of the diagram for large x,, has a
descending direction since these points are close to the
impermeable boundary and are affected by it.

Fig. 9 shows the dependence of the optimum
pumping rate on the y coordinate of the well for fixed
Xy = 3500 m. The diagram is symmetric since both
the north and the south boundaries are impervious. As
expected, the optimum pumping rate is obtained at the
middle row while the minimum is obtained near
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Fig. 8. Dependence of optimum pumping rate on well distance from
the coast for fixed y,, = 1500 m.
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Fig. 9. Dependence of optimum pumping rate on well distance from
the north boundary for fixed x,, = 3500 m.

the impermeable boundaries. In conclusion, the
maximum pumping rate from one well is obtained
when the well is located far from the coast and the
impervious boundaries.

In a second example, the rectangular aquifer is
pumped by three wells located quite far from the coast
and distributed almost uniformly over the width of the
aquifer as shown in Fig. 10. Evaluation of pumping
rates from minimization of Eq. (7) gives the following
values: Q; = 1436.3 m*/day, Q, = 1452.8 m>/day
and Qs = 1431.1 m’/day, with a total pumping rate
of O = 4320.2 m*/day.

Fig. 10 is a plot of the equipotentials corresponding
to these optimal pumping rates. The equipotential

¢ = 8 m? corresponds approximately to the advance-
ment of the toe (the exact value at the toe is
¢, = 8.0078 m”. The plot indicates that there is a
region with ¢» < 8 m? surrounding the wells and not
connected to the toe, (there is an area with potentials
higher than 8 m? separating it from the toe). There-
fore, the wells are not contaminated in this case since
the toe of the interface has not yet reached the wells.
Notice however, that this is a very unstable situation
and with the slightest increase of pumping, these two
regions will connect and the toe will advance quickly
beyond the wells.

When the number of wells is relatively large and
are widely spread over the aquifer, constraints (7) are
usually sufficient for protecting the aquifer from sea
water intrusion by forming a barrier where the sea
water front cannot advance into the aquifer. Notice
that in such case, each well pumps with a low
pumping rate. However, when the number of wells is
small and/or when the wells lie at a large distance
from each other, constraints in Eq. (7) may not
effectively protect the aquifer. This is demonstrated in
the example of Fig. 11 where wells 2 and 3 have the
same y coordinates. Minimization of Eq. (7) gives the
following rates in this case: Q; = 1564.1 m*/day,
Q, = 1043.9 m*/day and Q5 = 1715.1 m*/day with a
total pumping rate of Q. = 4323.1 m*/day. While
these optimal values of pumping satisfy all constraints
in Eq. (7), Fig. 11 shows that the toe has advanced
beyond the wells and has contaminated them. The
large distance between the wells in this case allows a
path for the toe to connect to the region with
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Fig. 10. Equipotentials corresponding to the optimal pumping rate for three pumping wells.
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Fig. 11. Equipotentials for the optimum pumping rates.

¢ < 8 m” without violating constraints in Eq. (7).
Notice that when the wells are more densely
distributed on the y-axis, these paths are narrow and
do not allow such advancement of the toe.

In order to avoid this situation a modification of the
constraints is needed. One possibility is to add
additional constraints preventing the advancement of
the front. This can be accomplished by determining
the line connecting the closest to the coast wells with
the north and south boundaries as shown in Fig. 12,
and impose new constraints so that the toe does not
reach this line. Such constraints are expressed by
X5(01, Q25 v Q1) = Xpyjsj = 1,..., m where xy,; is the
distance of this line to the coast, x,; is the distance of
the toe to the coast along the jth row of the discretized
aquifer model, respectively, and m is the number of
rows of the discretized aquifer model. Notice that the
number of constraints is now much larger than before

since there is one constraint for each row of the
aquifer. The optimal pumping rates evaluated from
minimization of the objective function in Eq. (7)
subject to the new constraints are: Q; = 1449.0 m*/day,
0, = 1475.2 m*/day and Q; = 1394.2 m*/day while
the total pumping rate is Q, = 4318.4 m’>/day.
Fig. 12 is a plot of equipotential lines corresponding
to the optimal solution derived using the new
constraints indicating now protection of the wells
from seawater intrusion. Notice that a small reduction
of AQ, = (4323.1 — 4318.4) = 4.7 m’/s of the total
pumping rate is sufficient for protecting the wells from
sea water intrusion.

Although this method effectively protects the
wells, it requires many additional constraints. Another
possibility for achieving protection without
additional constraints is to implement stricter
constraints limiting the advancement of the toe.
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Fig. 12. Line connecting the seaward wells to the north and south boundaries and equipotentials for the resulting optimal pumping rates.
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Fig. 13. Equipotentials for the optimum pumping rates with ¢, = 8.1 m>.

Notice that the second set of constraints in Eq. (7) can
be made stricter by modifying the second inequality as
follows: x,(Q,0s,...,0) = xy;; i = 1,...,k where
X, corresponds to somewhat larger value of potential
than the toe potential (¢, = 8.0078 m?). For example,
by setting ¢,, = 8.1 m? in the previous application
increases the values of x;; making constraints
Xe7i(01, 02, .., Q) = Xy i = 1,...,k stricter. Mini-
mization of objective function (7) subject to the new
constraints yields the following optimal pumping
rates: Q; = 1438.7 m*/day, Q, = 1532.2 m*/day and
Q; = 1339.1 m*/day with a total pumping rate of
Qi = 4310.0 m*/day. Fig. 13 is a plot of the
equipotential lines corresponding to the optimal
solution obtained using the new constraints, indicat-
ing protection of the wells from seawater intrusion.

sea water intrusion. By further increasing ¢, it is
possible to obtain solutions that offer even greater
protection of the aquifer with further reduction of
pumping rates.

Another possibility for protecting the wells inves-
tigated in detail in Mantoglou (2003), is to replace
both sets of constraints in Eq. (7) with ¢,; = ¢,; i =
1,...,k where ¢,,; is the potential at the well locations
and ¢, = 8.0078 m* is the potential at the toe.
Evaluation of pumping rates from minimization of
the objective function in Eq. (7) subject to these
constraints gives the following optimal pumping
rates: Q; = 1313.3 m*/day, Q, = 1312.9 m*/day and
Q5 = 1313.3 m*/day with a total pumping rate of
Qi = 3939.5 m*/day. Fig. 14 is a plot of the
equipotential lines corresponding to this solution

Notice again that a small reduction of indicating a significant protection of the wells
AQ,, = (4323.1 — 4310.0) = 13.1 m%/s on the total from sea water intrusion since the toe
pumping rate is sufficient for protecting the wells from (corresponds to equipotential ¢, = 8.0078 m?) is
3000 e ry KN T T \;& L N
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g EN & 2
>
1000 1 f/ i
| S ST A Y
0 1000 2000 3000 4000 5000 6000 7000
x (m)

Fig. 14. Equipotentials for the optimum pumping rates with constraints ¢,,; =

d)T'
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Fig. 15. The four zones of the aquifer with different surface recharge rates.

located very far from the wells. Notice, however,
that the total pumping rate is now reduced by
AQ. = (4323.1 — 3939.5) = 383.6 m*/s which is
significant compared to previous solution.
Although these constraints are strict and yield a
suboptimal solution, they may be preferable in a
real problem because (a) the solution based on
the first set of constraints is very sensitive and the

wells are contaminated with the slightest
increase of pumping rate or decrease of recharge
rate, (b) a real aquifer is heterogeneous and the sea
water could invade the aquifer through
preferential paths if the aquifer is pumped to its
limit, (c) in a real field application there must be
a safety margin to account for modeling and
parameter errors.

Fig. 16. The four aquifer zones with different hydraulic conductivities.
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Table 1

Optimum pumping rates (m*/d) and potential ¢ at the well locations, obtained by SQP, EA and hybrid EA + SQP method

Method Well >0,

B1 B2 B3 B4 B5 B6 B7 B8 B9 Y3 Y4

SQP 0, 391.1 3974 443.0 370.7 352.1 679.1 1365 286.1 841.5 961.3 286.1 5280.2
&; 42.4 29.1 29.2 23.4 18.6 12.8 13.1 11.6 0 0 13.5

EA Q; 1095.8 367.79 44291 558.53 291.86 100 263.98 323.66 726.14 776.12 41023 5357.0
&b; 14.6 14.3 13.8 10.2 12.4 14.5 8.2 8.7 0.1 0.4 8.2

EA+SQP Q; 10948 4488 283.5 558.9 372.7 100.6  261.7 325.9 725 778 410.7 5360.5
b; 144 14.0 13.5 10.0 12.4 14.3 8.1 8.6 0 0.3 8.1

In the application discussed in Section 6, the
second variant of increasing ¢, by a small amount was
utilized, because of its simplicity (it does not
introduce more constraints), effectiveness (it yields
the maximum pumping rates while protecting the
wells from sea water intrusion) and flexibility (it is
possible to obtain more conservative or less
conservative solutions by increasing or reducing ¢,
respectively).

6. Application in a real coastal aquifer
in Kalymnos island

The simulation and optimization methodologies
developed above are applied to an unconfined aquifer
located at Vathi valley in the Greek island of
Kalymnos (Fig. 3). The aquifer consists of high
permeability limestone, which outcrops at the high-
land areas while the impermeable bottom of the
aquifer is mainly composed by schist. The geologic
formations found in the valley are highly permeable
scree, medium permeability alluvium deposits and
almost impermeable tuff (volcanic formations).
Although in parts of the aquifer flow is taking place
in the limestone fissures, we assume for the purposes
of this analysis that the aquifer can be represented
by an equivalent porous medium. According to the
data available so far, the thickness of the aquifer is
assumed as d = 25 m.

Fig. 15 outlines the recharge areas of the aquifer
indicating four zones with different surface recharge
rates. The large recharge rate N; = 150 mm/year in
the limestone parts of the aquifer is justified by the
large crevices present in the limestone facilitating
percolation of surface water. The recharge rate at

the scree area is smaller and is estimated at
N, = 70 mm/year, whereas the presence of clay in
the alluvium deposits reduces the recharge rate to
N; = 30 mm/year. The tuffs are regarded as imperme-
able formations with zero recharge N, = 0.

Based on the geology of the valley, the aquifer is
divided into four zones having different hydraulic
conductivities (Fig. 16). The data regarding hydraulic
heads and historical pumping rates was not sufficient
to allow an accurate calibration of model parameters
using an automatic calibration method, thus the zonal
hydraulic conductivities were estimated by trial and
error so that model (5) provided reasonable predic-
tions compared to the measured fresh water levels on
the existing wells. Notice that the data available so far
is not sufficient to accurately estimate the aquifer
parameters and recharge rate. Thus the selected values
are rough estimates applied only to illustrate the
method.

T N " ‘ / ;
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well number

Fig. 17. Predicted pumping rates for the 11 wells with three
optimization methods.
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Fig. 18. Predicted potential ¢ corresponding to the pumping rates
obtained from the three optimization methods.

The sea along the east side of the aquifer creates a
constant hydraulic head boundary. The west and south
boundaries of the aquifer correspond to groundwater
divides, estimated based on hydrogeologic data of the
region, and in the model are considered as imperme-
able boundaries. Although the sea is very close to the
aquifer in the northeastern boundary, water quality
data show that the existing wells have not been
contaminated by sea water so far which indicate an
impermeable boundary at the northeastern side.

Therefore, the west, south, and north sides of the
aquifer are considered impermeable boundaries and
the east side is a constant hydraulic head boundary. In
the optimization case study that follows the aquifer is
replenished by surface recharge and pumped by 11
wells with specified (known) coordinates.

The optimum pumping rates are calculated using
the two optimization methodologies described ear-
lier based on SQP and EA. Besides the two
algorithms, a combination of both EA and SQP
methods was also used where the optimum solution
obtained by EA was used for initializing the
iterations of the SQP method.

Table 1 presents the optimal pumping rates and the
potential at the well locations obtained by the
three methods. The resulting total pumping rate
obtained by SQP is QO sop = 5280.2 m’/day, by
EA is Qipa = 5357.0 m°/day, while the one
obtained by the hybrid EA 4+ SQP method is
OQrotEa+sqp = 5360.5 m*/day. Fig. 17 is a plot of the
pumping rates obtained by the three methods for each
of the 11 wells. Fig. 18 is a plot of the predicted
potential at the 11 well locations for the pumping rates
obtained with the three different methods. Notice that
the SQP and EA solutions are very different from each
other, while the EA and the EA + SQP solutions are
similar. Since a better solution was found by EA, it
indicates that the SQP solution is a local optimum. In
the hybrid EA + SQP methodology, the EA identifies
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Fig. 19. Equipotentials corresponding to the optimal pumping rate obtained by SQP.
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Fig. 20. Map of piezometric head for the pumping rate calculated by SQP.

the region of the global optimal solution whereas SQP
searches more deeply for the actual global optimum.
Notice that all solutions maintain the constraints of
¢; > 0 and keep the toe location from reaching
the wells. However, in this case study for the
particular coordinates of the wells, the constraints
¢; > 0 rather than the toe constraints are limiting. The
general conclusion is that EA gives a better solution
than SQP but requires more computer time.

Fig. 19 is a plot of equal potential lines for ¢, while
Fig. 20 is a plot of resulting piezometric head map

corresponding to the pumping rate obtained by SQP.
For the selected location of the wells, constraints
0<d¢; i=1,....,k, employed for maintaining a
piezometric head greater than zero with respect to
the sea surface, become active rather than the second
set of constraints restricting sea water intrusion into
the aquifer. This fact is indicated by Fig. 19 where the
toe of sea water interface (corresponds to ¢ = 8 m?)
has not advanced very deeply into the aquifer and by
Fig. 20 showing a piezometric head approaching zero
in well B9.
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Fig. 21. Equipotential map for the pumping rate calculated by EA.
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Fig. 22. Map of piezometric head for the pumping rate calculated by EA.

Figs. 21 and 22 plot the equipotential and piezo-
metric head maps corresponding to the EA solution
indicating somewhat smaller values of potential and
piezometric head than previous solution based on
SQP. Finally Fig. 23 plots the total pumping rate as a
function of the number of generations in the EA. The
figure indicates a slow convergence of the EA
algorithm, i.e. a large number of iterations are
required for convergence to the global optimal
solution.

The recharge of the aquifer in the above examples
is distributed as shown by Fig. 15. This gives a total
recharge volume of the aquifer of Q,., = 7746 m*/day.
The total pumping rate evaluated by SQP is
O = 5280.2 m%/day (that is 68% of the total
recharge), and by EA is Q. = 5357.0 m*/day (that
is 69% of recharge). It is of interest to investigate the
reduction of pumping rates in a dry year when
recharge is reduced. We assume in the following
example a reduced recharge in recharge zone 1 of
N; =93.75 mm/year and in recharge zone 2 of
N, = 52.5 mm/year. The recharge rates in the remain-
ing zones are considered unchanged. The total
recharge volume of the aquifer in this case is
Orecn = 4990 m*/day and the optimal pumping rates
obtained by SQP are given in Table 2. The total
pumping rate in this case is Q,, = 3248.5 m’/day
(that is 65% of the recharge rate). This result indicates

a nonlinear dependence of the optimal pumping rate
on the recharge rate, i.e. for reduced recharge, the
amount of water that can be pumped from the aquifer
is reduced nonlinearly.

According to local data, the actual pumping
from this aquifer is estimated between
1,300,000—1, 500,000 m*/year (that is 3300—
4100 m*/day). According to the optimization results,
these actual pumping rates are reasonable for an
average recharge year, but need to be reduced in dry
years in order to protect the aquifer from sea water
intrusion.
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Fig. 23. Objective value versus number of generations in
Evolutionary Algorithm optimization.
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Table 2

Optimum pumping rates (m*/d) obtained by SQP for reduced recharge

Well B1 B2 B3 B4 B5 B7 B8 B9 Y3 Y4 >0,
0, 196.5 176.8 192.1 146.8 196.7 5 317.9 694.4 576.0 512.6 3248.5

7. Summary and conclusions

An optimization method for determining the
optimal pumping rates in coastal aquifers pumped
by a number of wells was developed and utilized in a
coastal aquifer in the Greek island of Kalymnos. The
method is based on nonlinear optimization subject to
constraints that limit the sea water intrusion into the
aquifer. The simulation model is based on the sharp
interface and the Ghyben—Herzberg approximations
and is applicable to unconfined aquifers and steady-
state flow. The single potential formulation of Strack
(1976) was used and the governing equations were
solved numerically using finite differences. The
numerical model is more general than previous
analytical solutions (Cheng et al., 2000; Mantoglou,
2003) and can handle aquifers of complex shapes,
nonuniform hydraulic conductivity, nonuniform dis-
tribution of surface recharge, etc.

Optimization aims at maximizing the total pump-
ing rates from a number of the wells subject to
constraints that protect the aquifer from sea water
intrusion. The governing differential equations are
solved using finite differences whereas the nonlinear
optimization is performed with two different methods,
specifically the SQP and EA. SQP uses an iterative
procedure based on evaluation of the derivatives of
the objective function with finite differences. EA on
the other hand are stochastic search methods that
mimic the metaphor of natural biological evolution.
EA do not require continuity of the objective function
or existence of derivatives and converge to the global
optimum solution after a sufficient number of
generations. They operate on a population of potential
solutions by applying the principle of survival of the
fittest to produce improved approximations to a
solution. SQP requires less computer time than EA
but can get stuck on local optimum solutions.

An irregular advancement of the front beyond the
wells was encountered when the number of wells is
small and the distance between the wells is large.

A modification of the original constraints was
suggested in such cases in order to make them stricter
and avoid sea water intrusion in the wells. Three
different modifications were presented and the one
based on enforcing slightly stricter constraints that
limit the advancement of the toe was selected. The
proposed modification is simple, does not add
additional constraints in the optimization problem
and it effectively protects the aquifer from sea water
intrusion.

The simulation and optimization methodology was
applied to a real unconfined aquifer located at the
Vathi valley in the Greek island of Kalymnos. The
aquifer is modeled as heterogeneous with four zones
of different hydraulic conductivity and four areas with
different recharge rates. Using the optimization
methodologies developed in the paper, based on
nonlinear optimization with numerical simulation of
flow in the aquifer, the optimum pumping rates were
calculated by applying the methods of SQP and EA.
Besides the two algorithms, a combination of EA and
SQP method was also used where the solution
obtained by EA was used for initializing the iterations
of the SQP method. In this method, EA identify the
region of the global optimal solution whereas SQP
searches more deeply for the global optimum.

The results indicate that the EA solution is superior
to the SQP solution but requires more computer time.
The solution obtained by the combination of EA and
SQP methods is a little better regarding total pumping
rates than the EA answer. All solutions maintain the
constraints of 0 < ¢;; i = 1,...,k and keep the toe
location far from the wells.

For the reference recharge, the total pumping of the
aquifer was found to be 68 —69% of the total recharge.
However, in a dry year when the aquifer recharge is
reduced, pumping must be reduced to 65% of
recharge. This result indicates a nonlinear dependence
of the optimal pumping rate on the recharge rate, i.e.
for reduced recharge, the amount of water that can be
pumped from the aquifer is reduced nonlinearly.
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The solution calculated by the optimization meth-
odology shows a strong sensitivity on the recharge rate
and other parameters of the problem thus, in real
applications the constraints must be stricter to allow a
safety margin in the calculated solution. A suboptimal
solution might be preferable in a real problem because
(a) the solution based on the original constraints is very
sensitive and the wells are contaminated with the
slightest increase of pumping rate or decrease of
recharge rate, (b) a real aquifer is heterogeneous and
the sea water could invade the aquifer through
preferential paths if the aquifer is pumped to its limit,
(c) in a real field application, there must be a safety
margin to account for modeling and parameter errors.

The proposed methodology based on the sharp
interface approximation is applicable in regional scale
problems where the transition zone is narrow relative
to the scale of the problem. The proposed numerical
solution of the governing differential equation does
not have the limitations of analytical solutions
regarding the aquifer shape and homogeneous distri-
bution of hydraulic conductivity (Cheng et al., 2000;
Mantoglou, 2003) and can solve the pumping
optimization problem in cases where the shape of
the aquifer is of finite and irregular dimensions or the
hydraulic conductivity of the aquifer and the recharge
rate is nonuniform.
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