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Abst rRanr computationally ef f-datiwrndti eamdo dfell d wm
regiooalt @@ a s ihrdeeanens3- s a&lh etifhea b n s indyerre

di men g iDgsnaaill wat &@Dgrdodwmwdwatde ranf ladw er nati ve
Howeverstpithctcshcaalllleyrgeign-goongalt e b t a ets the g h

nolni naendadnt ensi ve | M psvoti |dnaa abie énimdcdgeeeldil alh y of

t hceuplingschemé&hi s &¢é¢ walpo m@udvaISimo ded gt lhlds oi |

water bal anOBwintohddeh y dUBMd y n avh® B F lm@\Y.a le w

i mpl ement at i oint emweda bheomla sosfd etvhee o pehtei cvher t i c al
net recharge and wunsaturated zone.Adepth we
mo def r a grewandrekv e |taoop@&nidethe coupling scheme of the sailater

model anl the groundwater model and to handige pre- and the postprocessig
informatonThe strengt h acnogu md dedree® al| b futsé theg
twpubli shed@hestmparissan t sh éstheo wcdmople b

sati sifact eadaymsp wtfat i oammadla sasc cbhuarladichye ei ef F nence
of spatial and temporal discretization as \
werdea sc UAsdsde d.i b e @lulpshoedddh s sed t o evaluate gr ¢
rechaa greeoaristtduThhygne asured groundwater table a
weused to calibrate thbeomodweht paramebhar ge
t wo Qteraarcser evampereéid@nveanktubbhe r ec haTlge feisdlidnat
appl nchaur bhehre sphroawcst i ¢ a bTiel i deyv eolfo pehde mooddeell
modef r amepwoawkec dev anif drett icdorleby fa d muantsiantgur at e d

satufrladcwdaystédm regional scale

lintroducti on
Whi lreougndwatseus me orftorhdomesti c, agricultu

i ndusesgiraundwati eedrutebl exet oi t ati on, cli mate
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bi ochemi cdlBopwlerr§o RO, 2®d0DH; Fwddres , ard 0 8;
Kar andi sh;Zhanagl .et) R®Irl.5pr 2@x&i mggrgo uonrd wat er
resource, soiderwttysdiemgewsSar {f | Wwarttakjreo r
source of gr oundevatt ieoria lirieecabt ai scg efpanegi n al . |,

206 Wang é&tThaRi.c, héa2glsit @ @anl | y duessecdr hsdmoe |
water fl ow and gMaowynaraiahamevid dwevesntoop e d

sol vehtdéhane ns iDoRiad hog Bd & (We pbehtl 2a0lPi9n comput er
codessuch as(GHYMDR&K al ) , PBEROW (Diersch,
Hydr o BGero&Sp( Brunner and $iVaemdes Kwa@k2andl bbl
20 0@QlNMODHMSIi @an et)Tdsecé ul-RPm8Bdel $ itkheevoer esta c all
foundathawnwe kheen usedahfssartuwsraadguemdaotae d f | ow
Si mul Howewniem ¢ éhsso i | waiteirghllyownonl i near I n
sensitive to atmospheric changéde, nsomiel i ctal
schemes r efqiun @ ediussd wmnet tskpeabcleo nafni@m taaneur at e
numeri cal( Dowhetri amg;Vagham, SR 0V@mds , ma2kdeds t he
nmeri cal coaonputtiaexpeansive, especially for I
(Vawal sum and Groenendij k, 200a®g ®hemland?2P
Szymki ewi cirTreeralarne 281180 mangatonaeeduadt e
fl owelme® dSWATg( Arnol d et al ., 2012), I NFIL 3.
al ., 2012) and SALTWMBODxHdOm sa dew abrataang e sl 9198 ) ma

and comput aHowewnand , ctolsds e model s usual ly a
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equations which result in pod¢tDypérefrocmadnce
model s.

To addr ess t he comput ati onal v arhiadtlyen g é
simplihavet bers i norbdwater fohFowhfos regior
One simplificathiebydriosl ojyioc afle egt pc eisnsfeisl t r &
evapotranspirati or,cciaumgn dteheep upnesracboneaattieodn )z
di men gliDpprad c e $ $veesr tiinciadF el d eexperi ment sgi on:
scallsbow, thatt he wurmnshaet uraatteerdalz cdhrgeshbualul y c g1
signi fsintcaalnltelry t han the wverticalThg#adl ent (
simpl i fi catth e nQ Dsesaicesntet iodpnsd rhkeat er al fl ow in
unsatur dbtuead coqrsae Wredvsaasvwe3@Dpr ohThe QGublasi
schemeoi ds s3IORiiicnhgagttbsdo otrh e uns at uraantde d hausn e
i mprscoenput af f ocaagnedncnyodel TBhHheadRUu assclhame i s
efficient assyents ans doofeldd w dmfbdvealr akavi , et &
200Y8;,ng et )an dp,0 260l g o u n doadtedHawvard et al.,
1995Har t er and HeapamamBstts, 2B0HSBoPpelenburg et al., 2005;
Seoetal,200Mar kst r onB Ranatlunga;Beltz naelt.s,ov2 8 al . ,
Xuetal,2012Zhu et hBéter 2O 1PHO wé v ¢ s tRadH1d5Sli Inegn ¢
when uQumegEDbt nedal praotical regwoonaktesnal e
ariasef ol |l ows.

The first cos@éumnati e dt hbdtibegh thenQuasBde t h o d .
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scheme is computationally efficienhhet numerical solutions dhe *D Ri c har ds 6
equationstill require intensive input dataand face numerical instability and mass

balance errors under sompecificsituations(Zha et al., 2017)Theseproblemslimit

their practical applicatiofior simulatingregional scale problemsnder compl i cat
geolaocagnidc cl i mat e c canndihtrioopnosy ealss tvaenlsla latser nat i
to tnhuemer i c al soD uRiil degudtsva t ehre Hal ance model

beentdesdsroible wat smswhmaewhement only reduce t he
data but also Iimproaadcempbhéatwagnal kA amrce
can be coupled wiFacghiouatdwal er ( Zn@@bs)lscoupl
water mmodekenSVAT with MODFLOW d @i salmuid alt ev
preced halnl uvi al i Ki img eette dail pil e(@@NQe)dt h
MODFLQWesctrhebeexchange between hydrol ogic 1
mo d el and MO DR t@dlional water balance moddiswever, may

oversimplify soil water movement, and thus cannot accuratedpresentcertain
importantfeatures okoil waterflow, e.g.,the upward fluxandsoil heterogenigy. To

extend the application of water balance model for more complicated condians,

et al. (2018yeveloped soil water balance modgalledUBMOD mode), whichcan

simulateboth upward and downward soil water movement in heterogeneous situation

And the modekanbe used witta coarse discretization in space and tialepf which

make itsuitable forthelargescale modeling.

Anot d@mciesr stchheavhecroupl i ng saturated model s
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modelThser e ar e tnhurneeer i dciafl f ecroeupttl e iy iskE ehtemeers
(20u8)coyiptl edad epmdéend ful L Vheouptedpl ed sche
wi dalsyed wéhiesmgi | wapeaeckaddad@dDFLOWSsuch as
LINKFLOW (Havard et al., 1995) 8 VAMODF L OW ( Falc ¢ h iU2Ze94 ) ,
MODFLOWIi swonger ,BEYDRUODFRO®B6t , al2007) ,
SWAP-MODFLOW (Xu et al., 2012Wh i hesshemeas petnp | ement

i resul t g emawdlenetr echarge fr om sshweb sutnasmttiualat
c hanogieast er.Ad @bt iegohniasl Isyc hesmetlhhreagne bal ance er
(Shen and Phani kumbat abk 2 & Qu; Ic lo§upsl cehdd sse v

mat hemati cal | ynaandy ,deengpauteatsiviets unsaturate
saturated f | owsi nstiemwun ala nbeocouandd ayotine ioffvtmud | t | ons
et al)How2@k2, fully cesompatlaggx eamEiuy enan ,
2008hiet ercadu psleehdeomhd etrrssoddafe t we e na cntoudaaald y
comput ativakal ev,d®®BLBiean rdap 3alhmnas ivtieccel y
usedotupllydrmwaeond yno d gobtls of which calculate the hydraulic head,

and use théydraulic head as the exchange informaiiStoppelenburg et al., 2005;

Kuznet s, 1lBowetdédr soil w 8 tveahr el caabn tedbkya t e d
soi | bvwadtaenrc eo tmoedre Ihteh amy dr.anleir etfthee atdr adi t i on
i mpl ementation tmetahodeofschémendsspeicnaprel ic

i mpl ement ati e emsathlreadeoaf d b et od ecvbehseol pee d

wat er balamdhe mydedordoyunnadnwact er model
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In tshtiuschye,Quaa3D mo delv e | TohpEDdvater balance model
UBMOD developedoy Mao et al. (2018js integrated withM O D F L QMérbaugh
200. Anewmpl ement ation tmet@atbdmremsft abh® s hed

numeri cal a o d ugtribeunnstrendacthearrtgheee @b & o f unsatur

zonevhich is equal t o taexchgprscenndavsattelme tadd
i nf or.mMoeooploedde!] camadshaevenameérskeadp | ity
we, | ainids suirt albsiceglefeo model i ng based on the

MODFLOW and MbEdWEDInstead ofdeveloping a new package for
MODFLOW, a frameworkof organizingthe modelingprocedurs is developedT h i s
paper el abor ataefs d ditelpémieut mhsoadtoul roagtyed and sat u
antdhmodelfiramgnewSeRtTwopubl i shed studies are u
perfor macoepmbodetlhewhen handling different
Sec3t.. Awordagip!| | ctatuidoone r eg@gdromwahdwat ars rechar
preseideed.in
2Met hodahkdgd®dvel opment

| n t hceo unpmivedde | , t h es aunusraattuerda tdeodmai n i s par
number -acdfe ashhBomr t abn dinrae mtliyonaccor ding to t
di stribut etdy piemsptunioss p(hseoriel Is5,0 uladsrdgye, ¢ ampadist i or
crops)AYyPesoil iestdmm har act esiowat ¢ehef lavwr ag
eaclindr,eaaBMOD i s used 1 sdimulvadteert hfel ow. M

i's used t B&Dgr muhdtveottehhes fwWhoon. let adsosmiammend t hat
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the flow in thet lweesdt cradtnadlitaleecae loynsventi cal
exchange flux between thse uUimsiasufatedemands
using thelveme gaohiabulyat e t hei sashBhdbrueat ed f
while thgeoht@hghlzemhemogdmeaei se.citd ofni, r UtB MDrDe s e r
foll owebd i ey introducti anwpef i MOOBFRIOWR YOS
(Bakker edanadlAfocniRy02Amls5e)d hien mo ol bo c safur e
t he moed@®nd mohhefr agheavdeek cr Se&€d,8nd t he specif
i mpl ement at i awwm smdtulr;ad ead oainpdec dnagtae rdaetsecdr i b e d
i Bec@t 4.
2 .Tlhso iWat Bal aNMce&BMOD
Thi s sect itohne dsecsiclr i vhbaetsé BMO@Rd amalee mioollies p a
sed¢dnt aaineod e dddt JiBIODB r eMeaor ed 18tpdt.h e( 20
Appenfti ®BMOD i s a water balance model based
statisti.callhemenohdoeds can e fsfi enutl iavt eel yo od rhd defwifr
and upward soil water movement with only fc¢
makes it suitable for practical applicati o
There are four majbhecempbnwatsertmodement
Fir thtel wertotamnsos!| di vi dbeudc Kierteka ébbu cckaestc a d e
corresponds tTihea bRiblisd fltoalysemtdii r & Miiccbpa y e r
t d hleot tl amgiefr t hienrfei |,it gwahtiicohre d dahse e fadrl ocati on

infilte®peocnfwatal |y speaking, the infiltral
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195

andt hen the excessive infiltration water mo

all the infiltration wlahgeorv eirsni anlgltoacyaetaet d oinn
ii s,

q=min(Mi {a,. 9. Id_,-l)’ (1)
whein emdistclvéeag t | cali=sé jjlgilsaytédhre amount of al |l c

per unit idrnéa soft hleayenrri idKdié ssitnbiftdliadly evat er
contodntlif3Lé;rdsii s athersatwad er afo nli pe3pdrli s
t he quant i tryaftddp izt 8 fctomesruanididolnt r at i on water g
bwlulpper abalyaey[skT hienf i Irtaitiaenii mmwit @ t he model ,
andptame i ti onibred wefenr ainifi dtki drsalite ®mn sainder ea o f
by now.

Secondéeg, tiwe soil water conttlreemts ®ixlcewate

Wi ind vdeo wn wdarridv & hgerbayv i t at i onBhe pgpaweeartmiang equ

b _ HK(9) o
t n
wheties t he ztiismda h[jeT]e;l evati on .7t hveert @ rctail c a

coordinate i s Kfdiss ttilve wmosvantoamatued Hhy drya (g ILiP
as a function of wdioesiclhc hwaarteect ead rzteedntby e mp
referred to asThderoamnmoand e/q tuesstemo n ® eisMaoou n d
et al antdlR® 18ppendi x

Thirdl vy, t he sourtcoe/asccnoku ntte rfnmosr asroei lu seevda p

transpiration. The governing equation is a:
9
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216

MG _

Pt
wheWies the soUFceBHesi Rddomare mt ha nfdo tBneuel aaw

(al so knowhypmpes &autuaxzthoehpdt ittolaé epotenti al :

evapoEp@tnidonpot ent i al TpcTrhodppra h T a ndeips trrditdd wtne d

each blaasyeedr hewnmapor ati on cumul ati vtehedirsaoti bu:

density.Thenatitaml soil evaporation and cr
di scobBaniwgt h the soil water stress coeffi
Lastly, wedichfoecsil a¢é emonement dr.i viehne by t
goveremiumg i on i s,
hg __ 18 7
=D ()" @
S <l Zj§

wheD@i s the hydraadl.Mcéd dnffaesdivfigresed metl
solve thAnegmptrboal for mulsatwirtah edo thry dp a
condudd i siat wr @aa reide wiait eelr di,amedpdaucailt ywat er cont
d)igséd descri be t heDdyhddr@atuéd i cgfandafitulssdi sra t vy
t aken i nbtyo aadcdcionugnta corr ect iwdhrn ciht ema kiers tthhee
app cabl mgeaeoussWitthuathieomel p of the diffus
can consider wupward soil water movement, v
model s. sob@)adst awn hAgpmpendi x.

The origi niass aJBM®IDI wat er chaanlnaontc ec ommosd edle,
groundwaadtieror t he puumcsad uofat sheet ambadisdl d n g, |

beemproved tbecglfouhdweatwdhieagipadisartgeal i n Sec
10
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2. T2hBrileatroducMOD&EL OVnTw®er | p Aiecaolad
MODFLOW is a computer pr og3Rgr dhmdwatuarer i
fl ow equation for @& pcoeknotuesr relidefadfi eurme nucsei nnge tah

(HarbaughTh20@5yyerning equat,ion solved by

ilas Jol

i%uf: w ﬁ—:‘:, ©

wheir eej -3 i ndihxeg & ezd i r e crtei sopnescKs ji & estlalteur at e d
hydraul i ¢ [LcT§ idd s chtyioeriatuy[Li] Wi 8 Bveod umet ri ¢ f | ux
unit volume representi L YSOsr ¢cdhe aspelcord i <ir
of t he po fLdJuasntdneaht et fiTe a |

FI oPy amdtetewgoRey i pthoeorl asl nuhse® d e | devel opmen
FIl oPBak&teral20k6)a pPygtkage for creating, ru
processing-bdMOPELOWHeEeks.t he commonly graphi
( GUI s) HAredffaaxd |(uisstaaresaPyt sa@migadnsttoruct and p-
process MODFBOW modéehs, berwneasnhdd mpnotwaesr | fau |
byBakker et Geaolgr a(phdc6)i nf ormati on system (C
groundwat éry mo dpdidadnpedgt iadbhad erperseusl etifisiXat ie © n
al ., 2011, Lachaal®kPgappl i cat2i0d? program ir
ArcGl S fdiomPy2hbmhi ch provides a useful arl
perform geographic data analysis, data coc
automation with Python.

2 .T3hBr oc eGeso gorfdrpphutc | nf or mati on

11
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258

The procedwrded i mfy 4 mceomgpwesrekd of t hr ee ma
i ncl udiengpoees ©riengc,oup,l e@andnogpdle c eoIsetng.
preparation of geogr aphs ktoiwvm pRatgs ihnedf (oorrmat i or
componpnper oocfeElse ngeogr aphi c sitihfeo rdmartaii aan air rec
boundary ceamrceiatsi,omds ,gisuwd el evati on model (
and poTrhoesiglyapefil e of theldomainn sairaepae ) ( u s
di scretized by regular boundary with both
domain can be joined with QDleaees lliabgoitnhdee of

arrody MODFaasOWMb wn 1& , Fwépi ch ikcsfysawthi thb spel s

active, inacthnvMODBLOWexsesthaheé@dsbe nefd svub h
the domain file, represented in subareas
di f f eraerseta TsShueb raster files of albEM,polrydri &uwl

furtheangot hetlvahaessmarwarlit ddederddsyisn shown i n |
@ Thensat-saantedt ed f | osmc hmeornldel beugesaoapgi bed
section. The saerseak bmppt Gphoepdttobcyeisosni ng t ool ,
contaisnesr i e sd eovfe lochpsebdl t o @ sPy.t hon packages
2.CbuplScnhge MéBMOD and MODFLOW

Fiugld)) demonhter stkeeds ch mapmnpdfe mema ags p ®@ni fmec
of unhseat ursaatteudr aathnedd couphs agssehedteed Themai |
partitioned i rmtrc ashheounmlaedm damaesmdlyomccor di ng

the spatiall y(eadcihrtbr eBwtihasd de mpdiolgenbeus

12
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hori 20me¢é mabs vabreejbayer s for a specific soil c

Soi l water f-doevas ioins Ibauicendngelb 1soi | Theol umn.

recharge at the bottom boundary calculatedUBMOD is treated as the upper

boundary condition cMODFLOW.The whol e satur ateabgrzane i s

wi t klalngd, t hmerroewsaiaenldu mns cel | s afs tsthe wsati inr a

Fi gh).AL ( cel |l s i-anr etah er escaemev es utbhe same r echc

calcul ated nbpt-Dheoiflkepicet mennvertical direct

saturated domain and the soil cboal suentin so nar e

avail ablienfdoart,laantdinedn | ay e r rdeinsac rne tuinzcahtainogne d d

t he s i rhheloaertbouadary condition of the whole region is setin MODFLOW.

As the soil water movement is reduced ¥® flow, the surrounding boundary

conditions for the unsaturated zone areflog boundary, while the surrounding

boundary conditions for the saturated eare set in MODFLOW agractical No t e

t htatseat ur at etdhuencmée uamd ed z olmestoatreey e mslemawnde

trandbfeowmen the saturated,zaohe candrtehe edires

t hceverrleggpFo me r tdiicseclr et i zati on of UBMOD i n t

needed to improve the simulation accuracy.
Sincea néeedwearti abl e of UBMOD i andhe soil

i ndependemnft MQ@DF Latbheyed s a u Jtihc shuesatidleed w er t i c al

netc hrae ge and the wunsaturated zone depth

satur atTene zddomea.i n shown in Fig. 1(b) i s wuse

13
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293
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296

297

298

299

300

spati al and tempsoirnalt hcedruetl way.t imealhsdet re
reprebwendtRar tminel emenansd t he uns dtwuercattoerd z on
Duwi tehl ement s, as bh)lStaRhes ¢t dde mopteec gtfh & ( net
recharge oft oa tshei Ic oadalewsmrdn,d anslg adsdaetngortaet e d
t hdee p t thhseoif| cbil gmne 2(a) shows the spatial
column connected wiTthwmageounadbWwhige hagpsteasamin
Themet r&®Rthesmpeneali s blyatuBMMOD as foll ows,
R=q 19 ¢ ¢, (6)

wh ed,e,gsangharteheefmlcuxss the water table caus.
infiltrathenadaeetridrei vimovelment he gyravitat.i
source/ aindh et wamedr dvémMabyahr perponéent iaalea
respeé¢fi vely

The é ouesamceor r eesdpm ritbhuer maj or compasents il
descinb&eé SpecPkRfilcally, itdlel 0ocndadi & daorrfadtinrogn twa
Eq(L)f there is preWhethhearte oins orre sviadrweagla tii rofn
across the wahayewnmbbb&atisao fdtuhad | s nfi ealsbt atli on
g.Then thef adwaeatoisse t he water table driven
i's calboRud(2at eTche di recti oind @Wwn whnheggt.ee rtswo t er m
C aused etvragmosstpiivd e n t he critical dept h of
shall ower t hanahbtlhee tddergotugnrdowantdewa tte r can be

evapomatpairoidt a sanal p wagstde rAm.i rt ual | ayer i'S ne

14
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317

318

319

320

321

cal catglae di f fusi ve macvpmetantidal vaaor bys t he
baseBqomsstihown 2n( &yigrt hel |l ayer watldr be a
t abnluemberl eadjtedrs The Mi:hlilLdkhknashse | ayer i s set a
M=z, -4, (7

whepgai s the bottgmLkhps ht bé thyekness of un
[ LThamowrt t he ulpevaweaerf |tulxe vi fitdieard otlead/ eas ar
db- Then, the nRtorethearigdotireatmuisdeal f or t he
Recharge (RCH) package of MODFLOW.

Thei meupménigeschown 2 hb)F.i gThelresey aatrieme f
di scretiegat prboedded n f bthhbeb we s sl pseeed oMODF L OW,
the calculation tgsmaedstéaep fcad cMOREL OW t i me
@u.Thet ress (tih naelsssoteedp i N t he , i @ dnsdturate pr oc e
model UBMOD and saturated model MODFLO®Wx c hange i nfor mati on a
each st roddssapriprievalie ardl cannot be changed during the calculation.
The UBMOD ca give acceptable results wham, is shorterthan 10 d for assumed
cases and 1 d for a reabrld casgMao et al., 2018)qds is setas the technical report
describebyH a r b #2u0gplaid can be changed during the calculation

Theae mpl ementtéir ani wéd ciosipdowmagi 3 c hvehgiec h2 ( ¢ )
shows the caflrcaurnomd. Ao nt Ipteri osesaturated hydrt
i s known H(madkemdn®When)t he mo tteorqrl, fiurnsst | fyr, o m

the initial satHifeaattg@ds hygydt atibli bahdhged akent o

15



322

323

324

325

326

327

328

329
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331

332

333

334

335

336

337

338

339

340

341

342

averuangseat ur aftredgdnowdpBips hcal cul atH'®, amarok ad ngs t

DU® P (el emepitss )ittheer lag v dlad'®Tf or one soil <col
calcul ated as foll ows,

dv P =D -H" D, (8)
whemDei 6 haeverdeegpee h from the soil surface to

contrdbmaofg t he s¢ﬂ;|ﬂoilinramrage thickness
cont rsodrét ddnogmai n of the soil column [L].
Secomdbhley mosW&8MODumwi t h t he umdstad ua batt aeidn tti hme
verticabtreabh(mamkrgdmntipl t hst ottiHpee Tloane
tot al r e c th laset gree sdsaolr ffi enrgitabebpl) Rwmcan be obtai ned
summarizeaohgat gen adt teraméhesla e pf ol | ows,
t+ o
RDT=§H~
ThaverragdaRfrrgegmbtqgoic an be boybt ai ned
R= R,/ OT. (10)
Thdarhe average r-RBcharlgecdhromneaeépadskeatedt
a RULP, whischubdy MOGEBFLOW RCH Suwbcskeaqgierat | vy,
modelst hen MODFLOWI mbdéehe satgistaad etda htei me st
satuhwpadeduluindg i heddet otgl.meT hceo nteysdr aul i ¢ head
t+gf i s mar K& P (mansdi mendih@n)convergence of t he

determined by ushiyndg atuhbdeddwieiefaedpl'®Semd f

t hheniH*P.alThe convergence criterion is
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347

348

349
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353
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356

357

358

359

360

if max(|H‘+ P! *TT) <, (11

wh eliea usspeact 6l eftjainfc etrh eiestejtohne it erati on st o
H"®Pis t he convergtegii,ande $ hjpt eno dteltl & isina xets s
per.i oQt heriwti esread rittdirepula s ™™ Pwi | | be used to c:
t he awmrs atger astheodvnd @ mt TElge alBove procedures v
unticlonvheercgancet iOIn. i § met
S3Modé&val uati on

In t hi st wiearstdswerde si geed | tulned eracdcalan d
the per bDdr mahmeee i c al couptdengcempbleimeat ed s
boundary .codlrdi tsiiomusiva tceoanrp ar erslw veirgi hc a | resul
obtai ndd DR&IINGI mTeekal)andwP8 3B mTeekal .,
199a&nwdi phbl i shed deaxtpagrhiementcalses, the mean a
errPoOREthe r oot meaRMS$K utalree di nedrerxo Ao féd nalg it dheme |
det er mi nat i(R9)a ruesoeed ftioc igeunatnt i t ati vely eval ua

simul at ed croeuspnibetids | oantdhesef we@ebeavalulat ed

AREzlé % - Y| 100%, (1}

X i=1 i

(13)

(4
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371
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377

378

379

380

R2=1 i:(l | , ( 9

whetrtee subepr e peatnwuanitbddad t h exrreepsruelstesnt s t he
number of;ytilke trhees uslitnmsu | & b @ gnhoeddes! viliash da fh et h e
refer epaoykits atvheer age s i mu lYait ® ditvheerseglest r eanncde
result
3.TlwdesCases
3. LakdDlupward flux with atmospheric condi
Thi sawatsbest the ptehccoopmamex péh dred .
24.The giamel ait Hgil ssomlirlof i | e of the Hupsel se Be
Net heyr |l wwideb ecidasion HYBIRBUSc hni c é3i mianrewka |
208D The soi tonmpdd4m-teh iugpkleary e r 1.9anrt ch ibeok t o m
|l ayer. The depisbh.nmf Tthhee Ipnaatocatanett egdse t wo s ol
| ayers ar eTaprl eBleInt sedr fiance boundsaarcyt uadndi t
precipitation and p®hewhidTh e rgarnosupn drvaatti eorn |
waisni t i ad5l5y ns ebte |l otw tOmé ys oinle syerftacal soil
MODFL OWwe aulsle d hceonupl ed Mmbeepar amectoeurpsl euds ed i
modaefteael sedldiasbtl e 1. fTrhodny D R W IDWetrses e dt haes
refeopéntéeéciassTdiesst r epfweaspeetr i aasd d5 tcth,e MODFL OW
ti me ggpand t he UBMOiwer mesbtot ap.The &§pati al

di scretization was 0.1 m.
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393

394
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397

398

399

400

401

S

r

Tof i gutdeoumnmnfl uence of the tesmpwebhl asdth
tress period onstéepasi mubdbéedmporalesahd sspa

esolution anaf tthlkee sd¢ owegsiise pfeaPDabesitiawa so 1

sett haes asaa mtehe albhcev eUBcMeCsDe tscm@ asti @ep 2ofand scel
werle 5 d ahdl @ dt her i n@wt ss cvedirhee | shpeh t $ ame
di scretization of scenario 4 and scenario

3.

(7))

(0]

o

(7]

nputs were theThamet assscepeamicedaaddd sdenar
c enaweirce 8&deltO aadsd wibi Ide ottshewerienptuhe same as
Th& cenari os we8e marked as S1

CaeTwai mensiDgnalat(ed tabl e recharge exper
Thi s ecdawass édmodedl | dat-ro@nsasarataded f | o)
y stTehm. pur pose of t hpeercfaosremainsc et oo ftd hteshceu snso dt
ondition with | arge | aTbheahumeukcah ¢$ihmulu
ur model was compar[(B dwawileteh rttahbeh ad gtea eafper
ondudcyt e in et al . (l1lav9dadbarean arspar itmerntes
ariably saturated flowamddebsed Chemanhur &

at ur atnmad efl Tstoavms et al ., 2006; nwandkavi

Phani kumar, 2010;2Ddw matanale.c,t ahZ@ud )aor TBhedy

6

2. T®. 05 m. The initial pressure head is 0
urface, a qg=omBstbbntm/ @t s aprptamide 1r € sm, soi

ur f aboneo ifsl ux. bBeonaasg of the symmetry of t
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407

408

409
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412

413

414

415

416

417

418

419

420

421

422

hal f of domai hhseirzieghatf2 sDIdOm)Mmavsiitmu |l at ed. The
setup of nihseh osvinmd(lrea)tHiilogdov b owendeafi eed on t h
bottom and the | eft side, and sspset foad hy
the righwvabuagm.i 6Ttheg dr aul ilci sperddmbitTehres ar e
simul atii@&nlhpaecrouopdl ed mMmboe®@® uni form rectangu
used by MODEFL e O -aubas defined to represe
zone, wemeanber ed from | emd stuabsdciaogwhedr. 2 The f i
mand 0 .n4dxdimect espe,ctaavht dree s tarsewbs eOr. e3d m
in xtdhe edheofhirst andadr dvdhrseec ¢ md dedb ne t he
boundartyhoet shiblr @veesus ed t o ndredd meaer gehTehe undar y
st rpeesrgpifavchs et antddienn MODmMHL QW me gdgsatnedlp UBMOD
ti me gewempes 0a dh6T7/h e soiasdradafi zhBWMaeni f or ml y
0. 1Tme experi ment was SANMS® Ds i avolrisxithchelr eébdy u s
| atfelr@k.e mean ti me wased @fo0 HAWSLIR2 Of0amidt e
el epwerte. used
3.Resul tDS szudMoad®dr f or mance
3. Zommputatioohl thecooapling scheme

FigrS5es hows t he ddmpareisuudn sofsi Dl atnald t hye H
coupl edofocreosdeEh®. st ati stical I ndFeixgess( aar e | i ¢
d e mo nstthricahgee owatde@ b | e cdael pctuhl a tc @ de ghboyd letdh e

simphatermf tloYBMIRASARRMSEANRIVval wekd %0
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428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

017, 0.7 nNnd7@r.h% soil water contents at the d
the two model s Hhd AREMSEAdRIwe 2 @i20.03
cl ¢m DB Ad76T.h®i mulsat ¢ cwatpem#ait! edi fferent ti
arsehown bBO-( éaindgheval uation iIindeseti dfeanotnesrt y
per f oroma ntcheeMonmroedoevl @ egtr a threccwantseurnaptt itoone end of
the si mulvaa ® ogna, ip emiiscdd .clad 2z umh ated by, the cou
and sitthe samérwomt H DDRYGeneral, these resul
the coupled model can capthuepwartd ef Ifux wan o f
heterogeneous condition.

The deviations of groundwater table deptt
modelHYEDhRILLD can al so beTbhbdeswirvtecdam se drillmy 5

t hdet f f er esntr usoofduetl@ e c oaurpd eHlYD®WEF he HYDRUS

1D solves -thegatsiaitaitwegdee d¢h er |, and the grouni
deteramit nethe déeapet mawirtidgu@ad tzemgtoitaolThe soi l v
content of the capillary fringe above the g

t he UBMODRammaddanlul at er y heAcdhptheérne itdhea par a
field capacity usvadndtvee neeanlt c wlf avwsedielh ienast dew n
under a free dr®eageupbaedllietacidnbelower soi |
water content iadhtihggroamidlwlaaseys it cawm gien Fi g
And there 1is anothetscepdarianmettheer csopuepcliefdi cmo d e

the groundwater table, which also attribut
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457

458

459

460

461

462

463

464

Figr4€ b) shheoavmp dr iss onndl anfaet sat t Abdefferent

c

Ssingoupkedan8iwhMs Pabntdh e o b s eri waatsidgohn2nadlatxa

val ues ar e 3lThet eeddugpdmaTtiachhllessb s er vati on data

—

hseé mu lta tmedbn lodfnd, Swhhd& REa | simealt hamnt RS E

val smaltlhearn @.n@3ltrePval ackeeseThteo observed an
simul ated soil stwat et he oceintdd thigeefsr eafricel epr es ent
Fi 6. Tsheat i & dieaxlad easl banorsd ed 3.iTheTahbbnhug at h e
coupledgmeeewel I with the oxEs &rxzathi,.odnsm at
anxd= 2 m6(&)i,g (dyhetrnede (lea)t)er abeghtTghebf &€ ow

cal cul at e® . 5&lc hpaerrg ewriieftnh ea r felao ws t beeacdayime s h

D

guwtad itnhpeutT hfelsuex resul t s demoncsdumlted trhaed alc
antdhe reliabilityshowBke&nhdoupl i ng scheme
3.2n2luence of spheibempesewkekebndatiba stres
simulation results

Thgrowatder tabl e depth wialhc udiaftfear ebnyt st ces
di scr e{( iS4 2dtrieo nc owniptalr etdhos e -l Domm FHYP.RUS( a) .
statisticalrei rscheoxwnV dIneésabb é eRactuenrd ttahbalte td ey
calcul ated by different s cTehnkaRrEiao sutehsaevoef t he
t hrsee msarsenna It hem, 28&86d ma xRMBMNEA|l ud 7ihs Dhe
| anBval uelsardaggtean 0. 95. The groundwater tat

scenwrtbsdi fferents(s$lat i Sadh radni ds ondplahr etdht d soen
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477

478
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480

481

482

483

484

485

from HYDROSFi g.ARE®dHl)ueIT hef thesmhlthbamscenar
25%. TWhHhen®RWbSEal ue i s IDAARF%almu ¢ $htgean 0. 95.
The water table depth calcul atsé81pbSy7S6cenar
and) S&8r e compared wi t1hD tihno sRitgf.s di{ucHYDBES n o
t hat the model c 2l awhseend tahte tshte( &8 3mep eorfi o2d
statisticafloSLpnd&gawabdes&dwn | ARBaRM®E 2. The
val uest horfeet hseceamry i .&£omigh &rer i ng t he water b
and empirical formulas adopting in the cou
scenarkrtcemptreS&cceptable. These results indi
di siczettvehiilgnhftl uence on t h&eh onoldddtiegheag rteérseul t
i mpastrefs nper iced kabDndschhehne sbaga)ficant
on the si mHloateivem ,r@astlobs| arge stress peri
3.3 mi tsatdfootulpe ed model

Al't hougbuphedaamodalfdompenati oaal shownor ac)
abotvierevred € mi tbaetciaounss@eu aFba s s u mplthicompl ed model

overestimates the wabaset 2blaki ¢gohDiwine i ni me

cased Yy gnificant | ateral flow in the unsa
to the relatively | ow inirteafadr es,oid pnoartteiro n
infiltration water-ai@ad hehidtuhres tlhaatnesc asliec o n d

instead of moving dowmwanr dt hte©DQuhasEthieslat ur at

coupledhmseelkstthenan ecslaaardgesh | axhi gher water
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499

500
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505

506

at the eAddiyt ipeearaddaldpy!l 4t ed s oiclouwdteadr noodaretl e
hapoor performanceg=a@. @ ke @& s6hbphisgadf (c) ) .
These {fawaaasel b stenreeohar geafzfomet eeahdby t he | at
whiichignor edoupl €& dTehseepcheelnomena are simil ar t
cal cul ated - mddelre UadB;, Shen and) Phani ku
Theregefobepl edbvmokeskt henat echar ge sarhee wsmoddr es
water content when t hels aatpeprlaihoaitlidond € alninmit t
t oasens whhe hsoi | ofclesauw hvesri tdil gyaelc t i on
3.42Vatmadsaal ancoempauntdatci on al cost

Thenass barlradrccechep ! ed smadidtl he maxi mum val u
001% i n caB®0%Wl narcahetl e y1 .a6f@at hHeY DR ULD
modahd Of dtBMEMWMS 2nio d.dlec asswerreun on a 6 GB RA
double 2.93 GHzM) i Puel-b &®&de per s oilad compu
comput atobndl ftesént st leceoaurpiloesdt amagaosd sfer olm o
4% 83 as | i st eids . sy THY DIRLIRe.tempotal and spatial
discretizationhasslight influence oncomputational costwhile the stress period has
significantinfluence on the computationcosh e i t eriantfioornmaatnidon e x ¢ h :
arreesponsi bilebmput athiFPomas$ ehedosntptut at obnal CO:
t hceoup !l e d ntoSVMIS 2rid deerde6 s and 95 scoupelsgpect i
mo dledad e tetfefri ci ency comparing wititstmpe ecompl

numer i calango lcabtiaigasmes t i zcaet iaonndTl htei negpvaant age
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514

515

516

517

518

519

520

521

522

523

524

525

526

527

descreasing computational cost wi | | be mo
becomesGdmaergaelrLy tpepkiedygrmodaleissf act ory me
bal angeacemput ati onal efficiency.
A4ReaWor Adpl i cati on
4 .Slt us ¢t e lnapnda t a

Th e ceotoogpdwediss €0 al ctulreetge-socnagll @ undwater r eché
i n aworrelads ewhheer es htal | ow groundwater has sign
wat er moFviegn®# ahows the | ocation of t he st
i rrigatliOAAARLrOSaAYBE, 49iEhk4 5 A8 6N)i hnner Mongali a
Chihlae irriglaz ilkm lacreqga firsom north to sout h,
to wewthod®@&@main si zeThHgr o2udn.d7é6d kknnidece®e@as es
frdm28. 9 m to 1025.4 m from ttywasotutrlawest
experfirmemt20 IwMacton d2u0clt6ed t o obtai n Ytameg ,gr our
2018)and the experiment a8l al)hoicsatiirornisg atrieo ns ha
we-defi ned hydrogeol ogical SbhbocBeohebyTt hek cl
Canaloan@d Draanagéi Di edhwith watteire-dvierstt he
kind boundawayasppdmedidt iton t.Alee t-fwopo v elganemd ar y
condwadsod@dr the otThheer isregngeantaesoc.ewaé et edf t
from the REMMS$ ni Camadhityviioche thrrieemat eab accor din
t ® hleamd aggienc e tshieggnidwmcant !l y di fferent uppe

whiariear m | and, vebl hgeasagli)dbvar edopi gypes
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541
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548

t he f awvenmeadmodh si dered f or -adreetaefhhma ns wmrgf & dhee sil
el evation model (8®EM) i1 s shown in Fig.

The measured soil water thentcemmtp amaod wg m@u -
from May otbedrWwe ues ed alt o brate the hydraulic p
tracer dxmpmenr 2Qdwadassce dripd®undwater recharge
Auni fdoarimthy r awiasf abpbhereaewbobe domai nwadhe irr
only applied A lthekwbktaft meihm dzQgelot ent i al
evapotr abbBwasradtciudnat ed kwatploe ame @anurdead a fr
cm pErn), mul ti phyiemgciobnyveead n c.oeTlHae cempitri ca
coeffiOcibeowhi cfcwowmmended by #Hamp §L2iELG) mont hl
andETowi t h 8 vyirethigasedT hdeabda r i ng 2 Owlads atlcc u2 At & d
byusi ndPenimonnt ei t hh Tequ ptriecn pi t atB®anr,e i rri g:
showhi g4Tmhe crop growing season is from May
arnecr op growBagettraslywdr ogeol ogi cal charact
area provided by tbé GeokothiWoalpopDamarn tf me n tw
the depth of 7 m is dmamngpyreaahdc azondoami
underlying sand aqui fer wi whkabtdhrnedt tythh ec ksneersds
aquised ying on manriddrgpy rlva yeaurs.waTslsee dc lasy tlheaey ¢
bottom of 't he, asndnwus maft figodoe glio angeemss e d h e
MODFLOWd&he fiwas ¢$athetr d ol@entdisecicfoenrd aqui f er

wemde vi ded i nto 6l |sayneddsatfgogomumuwmerieada moni t o

26



549

550
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553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

were set ijLanbetiggr dumdwatcar t abl esWeavlelre obs:«

1, well 2, wellar&, | wikediltmndl s mdde dabrechi wbe | | 8
vild aged well 7,i werdd 9sAxdmdd tavredrda | 10y, t her e
water content mdbfeartnorli apngdi ipabrisoeati2zse di iacsi | area
showhi & a i | oansgwintthi n We me de p-3thir neeesd vy

mo nft hom oDaotbéan 2004

Fivel 5i hese prepahedshapefile files of the
uasg tsyphee boundary conditions, and raster f
hydraulic head. Thereswaesedlbh?® ithwddMODHFE LDOW
The sdiagdradafi zZWhBN®DM was 1s ens.t tpehseipbovés s et
as &ntdh,e MODFIL @ddsatnedp UBMOD givwmesedt ap 1 d.
4 Mode€d!l i brRetsiudon s

Theareewo tsypielsf i msth filehpamy sahd andal aamt e
hydraul i cofplae amedrieis 8iné dldaTbohnee hydr aul i c condt
of the top MOPHRILASMt as t he s ameayesntdhéd e unsa
hydraul i ¢ ctomdoutcttaanvd t swawsifefteras 3.5 m/ d dur
cali baatthenspecoffi thegitdbdpve asmeed baost tCo.nD8 and
respedtiugtshyows t he compari sone avfatttednbel esi mul .
depftoarhe whalnddoaanteaons of di f.fTdhheemrmtt i monictdr
i ndex vlail diteesdiGalbte ec an t hhth &fRRMIE A NRfval ues

are 9. 9%, 0.203 m, 0.869 and 0. 7l Brfger t he
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579

580

581

582

583

584

585

586

587

588

589

590

deviations of simulated water table depth
wel |l sRMS#alhues rangi-h.g3 FFirgridfUu.rzh emhes hows
spati al di stri bwaiteanb | eef dteltpe hs iamu |Jahtfeefde r en't
i ncirmgcesend i s obRi s Ityl(ffl)mndhe crop, gr owi n(
during which waeeo ngsruomuendd woayt eacr opt t®@iglspi r at
evapo.sWhnteinorn he i ntensihvaep paeuftéeudmn '‘dlag,i DGl e on

water table dept h drnaptihdd yf aramll(séldde sdea mr eFai s

esuhtdiscate that noausliymoldaiae etaine da & Esddept h
pace and ti me

The echar gseh dretvmeag! edl dador f untghhee sy heck
ompari ngwitthlkeo s & efidlesrre n T heplapeleasthead ge i n f a
and dvuauthgmnt hier ri gagticonOqtf98 ®min,Oick h dl
oefficient of recharge7. f Zomngheé¢28adymprop
oefficient of recharge from tYlaemga(RO@m®)ir
r op o stelde ticeoheefnft of t he recharigetfwleretn6t he al
n@. Mu ( 2u0sled) t he coefficient of rZfcohrarge f
he dThlercé¢al cuilaadredi steesrutl twi t h Thtghler eateivd o u s
vaporati on coefdfuirdingntt hvea p eagdtoidmdadtreodn Sep
recipitati.onellbquainrtriitggatdfont he recharge f
nsaturated zone e spelrGold hrem .fThuerm miga etdht i ¢

vaporati on0lt® e dhhal ca reang e d siveapi tdéhrltdaib i e g
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599

600

601

602

603

604

605

606

607

608

609

610

611

t he plehrel opdhreati c evapasatednbyioWdlgri20maEr)
the depthhe f$ido mt mikisatdhitess val isd imuy adfi ntghe es u
Fiugl2shows the conmpea madmatleetobesas alelr age
water combént hproarmel and andTbsatratdi stoii d ala
i ndveaxit ues are Mh&REd|l uasTabhl ¢eh®. farm | and a
85d, aln2db G ales %3 4%,9 hReMS\Ea | W04 ¢ 1 c>00 6B/ c3m
t hheXk al @e®0717,68 ntdhRRv al W eB@8Iheorrespahdesgfor
t hbear e da r®e0%8 9%, 803 & M c3M05 X M c3nd . 802,56 @-0
081 Bespedthleaehbgr measured soil water conten
| and can be observedwhtd san tatt heed a soeamlt] eantti on s
profiles in the bared soat sabower2 wahFEi wit B
reamayntihhdeéatesatmpl oogt iadng haer d@dorder solanfields,
overestimation of the soi$mawéeep cootenptialt
The omput at obnahwocdsda lap @l2iQc asth iedhi 1 ics ent
consi derciange tofe t he probl em.
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853 LI ST OF TABLES

854 Table The hydraulic parameters of case 1 an:i

The paramet« The@aramete The par ame

HYDRW/ SWMS only by -H only by t

Dept
and the cou 1D/ SWMS 2 mo d e |
(m)
Ks 5
d (-) ds () n U1/ nm d(-) m
( m/ «
00.«¢0.0r039¢0.2¢1 37 1.74 025 -
Case
0.-24. 0001 033¢0.45 1.60 1.39 023 0083
Case 02. (0001 03 8 4 4, 1 3. 3 0.1 0 .51

855 Notckei:she residualilWyat shecomnttaintat edL)Wat ert cent ent
856 saturated hydradbiLdacdi-hdacei patgmét®rs depending
857 distrikbsheofi el &L3c agpnadc i tthye (dp)eci fic yield (
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860 Ta bl e <t atTihsetveazl aulte skceoaufp| ed md.del of <case
AR EH %) RMS E 1A R
Groundwatdep®lbhabl ¢ 17.0 0171 0. 97 0. 97
Soi |l wat er= clo.nlt5en 2. 2 0. 008 c&m 0. 99 0 97
Soi |l water ctoentlén 1.3 0007 ctm 0. 98. 0. 95
Soi |l water ctoent2eln 4. 3 00015 cdm 0. 97 0 91
Soi |l water ctoent2érn 8. 5 0. 024 cédm 0. 91 0 81
Scenari os Groundwater ta
Cal cul
s AR E RMS E
Nu mb € gz( m gr( d IA R? t i me
(d) (%)  (m)
S1 1 1 5 17.0 0711 0. %:0 97 59
2 0. 5 1 5 14. 0157 0.80098 62
S3 2 1 5 17 . 7 0157 0.B®9 095 59
A 1 0. 05 5 20.! 0214 0.®©50. P8 63
S5 1 2 5 24. 0 0215 0.®9096. 60
S6 1 1 8 17 . 7 0. 18:0 9¢€¢0. 97 50
S7 1 1 10 17.:. 0124 088097 49
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862

863 TabBe Bheti atveaglaues of 6 Wdbdbu2pD eadn dno d e |
Gr ouamtdevr t a t= 2 t= 3 t= 4 t= 8
SWMS 2 D 0. 9% 1. 5% 1. 6% 1. 8%
AREH %)
Coupl ed 11. 6 % 2. 4% 2. 9% 1. 6%
SWMS 2 D 0. 010 0. 014 0. 016 0. 022
RMS E m
Coupl ed 0. 088 0. 025 0. 029 0. 021
SWMS 2 D 0. 985 0. 996 0. %9 0. 949
1A
Coupl ed 0. 26 0. $8 0. 48 0. 990
SWMS 2 D - 0. 99 0. %9 0. B9
RZ
Coupl ed - 0. 999 0. 999 0. %9
Soi | water ¢ x0.2 x=0.6 x0.8 x=1.4 x=2 n
SWMS 2 D 5 6 % 11. 49 21. 09 17. 69 6. 7%
AR H %)
Coupl ed 12. 39 8 .59 52,10 27.69 4 1%
RMS E SWMS 2 D 0 01¢ 0.03: 0.04: 002: 001"
( c3mcd®m Coupl ed 004 0.177 0.10¢ 003¢ 0 01«
SWMS 2D 0. 86 0. 82 0.91¢ 0 D9 0. 96:
1A
Coupl ed 0. 14 0. D7 0. 707 0. B6 0. 88
SWMS 2D 0. &3 0. 9 0. b7 0. 977 0. 99¢
R2
Coupl ed 0. 76t 0. ®6 0. 75¢ 0. 94 0. 95
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866 Tabd#e The unsaturatedf htykbwoaapdplci.patriaomet er s

Soil t Locatio d (-) ds () Ks( m/ d ()
Loamy Vill age, 0.06 5 041 1. 061 021
Loam Farm | ar 0. 078 0. 43 0. 249 0.2 4
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869 Tabbe Bheati atveaglauelk e aviocaedld appl i cati on

Watteabl Regi onal Well Well Well Wel/ We | |
depth
AR E %) 9.9 9.4 13.9 19.7 13.5 27.9
RMS E m) 0. @3 0. 23 0023 038 024 0 36
IA 0869 0. B3 0083 074 081 062
R? 0. 70 0598 0.56 064 062 0 64
Soil ws t=40 d t=85 d t=125 t=166
conterFarrBar_ Far m IBar' FarrBar' FarrBar.
l an soi soi |l an soi |l an soi
AR EH %) 15. 10. 15.4 19. 15. 16. 24. 14.

RMSE c3nc@r 0. 050. 03 0. 0450. 050 040040 060 03
1A 00770 90 0 7750860650820 620 9¢C

R? 00620 73 05660 700540620 680 81
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872 Tab6.e Treeharge sources and results of t

Tr ac ¢ Coupled model

experiCrop growi Necrop growi Annuc¢

P(mm/ye¢ 133. 5 10 0 33.55 133 . 5
I(mm/ ye 477.5 244 .27 233.25 477 .5
R(mm/ye¢ 33.8 56009 92.30 36 . 2:

R () 0. 055 - 0346 0. D9

873 NotPe:s at m@parle ci plii tsattihe@nwiart®Rirg aatnhneuna € h a rRgies atnide
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(a) Pre-processing geographic information

(b) The spatial scheme of the coupled model
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(a) Spatial coupling method (c) The iterative coupling scheme
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(a) Simulation domain (b) Simulated groundwater table
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(a) Groundwater table depth

(b) Soil water content at depth 1.15 m
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