F. Navarrina, I. Colominas, M. Casteleiro, L. Cueto-Felgueroso, H. Gémez, J. Fe, A. Soage (2005),
“A Numerical Model for High Impact Environmental Areas: Analysis of Hydrodynamic
and Transport Phenomena at the Arosa Ria”(“VIII International Conference on
Computational Modelling and FExperimental Measurements of Free and Moving Boundary Problems”,
La Coruna),
Publicado en “Fluid Structure Interaction and Moving Boundary Problems”, 583—594. Chakrabarti
S.K., Herndndez S., Brebbia C.A. (Editores); WIT Press, Southampton, UK. (ISBN 1-84564-027-6).



, uojsog ‘uvoydwey)nog mmw%&-—l—;

3N ‘€3ojouyoay fo ampisuy xassay
Blqqaag 'v'D

uipdg ‘vunio)) v fo Ansiaatun
ZOPUBUIOY 'S

VSN “ouf sishjpuy amponag atoysfio
nleqBIyeYD *3'S

fiq paypy

SISO ]
Arepunog Suiaop
pue uonoeIaIUf
INJONIIG PINT]

b

et
Rt

i
2

upds ‘punio) vy fo Asivarun

pup

Y1 ‘A3ojouyday fo aympnsuy xassay
Aq posjuediQo

MAHL

USINNA UBA [ S
us[ewINIg teA H

Ole[[oALIL
AoL N

yng y-A
ysues O W
Jajles g
79SS0y N [
o
uewyey] W
eyzeyoold 4

SOPURIA D ¥V
IWZugIN O
:OEE.QHZ <
opemf vy ¢
YOLURH O [
eiing 3
m2>mQ A4
olg[eise) N
af yorug f
umeg J [
Reqgv.L

AALLINAOD) AYOSIAQY JMIINAIDS TYNOILVNUILN]

M 4Bojouyoap fo ainisuy xassay
Blqqaag V'O

utpdg ‘vynio) v fo A11s4aa1up)
ZOpuBuIY ‘S

VSN “ou] SisAipuy 2aniondis aioysfio
nLeqe.BYD 'S

NIWHIVHD) GONIHHINOD)

SINATHOUd AYVANNOL ONIAON
ANV NOILDVHALNI TINLDNYILS aINTd

SAIYYANNOY ONIAOJA] ANY 3% ] 40 SINIWIUNSYAA]
1VANIWIEAXF ONY ONITIEQOJA] TYNOLLYLNdWOT) NO SONIYEANOD)
IVNOILYNYALN] HLHOIF SHL ANV NOILOVYELN] TdNLONYLS QI

NO SONH¥H4INOD) TYNOLLYNYHIN] Q¥IH ],



Se [ons ‘sased Jo A1olieA apim B sseduloous saipms ai], ‘waqozd Liepunoq oy
oY) 03 350 Apeays oy pue ‘wis)qord Arepunog 3uraow pofiea-os oy 03 spea| ases
judisueny oy, ‘uonnjos oy jo jied se paujwsep oq o) 9ABY saliepunoq
aseydiajul Jo Iapioq 2y jo uonisod Ui aasym swiojqoad yim sjesp ued ?ooom oy

$19M03 pue sa8plIq uo 5199150 puipy

solwreup piny Suipnjout sainjonas jo asuodsay
sonueudp dwys pue sanonas esoysyo

s3uLloow pue s10s11 ‘s9jqen Jo SOIUBIIOA

$3010) OIWIBUAPOIPAY

suonoerdjut swypadid ping g

uonoeIalul anssy jeai8o[olq pue pinyy

spoyaw |euopeindwoy)

sdwnd pue ssuyoews oqany us o9 uonelAR)
4D ul sws[qosd uonoeiaiu) uf seouLApY

'Sp|oy Suimolog sy 1940
SIUSIU00 8y, *00q SIY) Ut passnasip ate Surjapows (Jeors{yd su [[oM sB) [eoatuny

11943 pug uoHoRIaIUT 2INJONAS PINJJ JO SUOHEINULIOY [EOLEWIOYIEW OISBq oy
‘SUOHINQLIIU0D
19y3 ul sanbiuyody pue seapt jo Suipssiq ssoro a[qenfea Suipiaold spjoy
uoneordde juasopip wouy suadxs spnjour S10JNQLIHUOD B ], 190(qns o:.g "o }10Mm Hmem_
PUE SEIPI Matt ay) ut pajsarayut Ateqnotyed oq pnoys siapear sy 1, “swajqoid plom
1831 313 03 sjuowidojaasp asayy Jo suonwoidde mau sjussaid os[e ] ‘uonoBINUI
S1monas pinyy Jo pjay pazijerosds ayy ut yoreasor mou saziseyduio i ‘saInjonus
{eo18o[oiq pue siasu ‘s98p1Iq ‘s1om0} ‘Sa]qED ‘SaINJoNLS UB3I0 ‘s3uip|nq []e} 03 S9ABM
U300 pue spinyotq yusnino ‘puim wois Suiues mofj sy £q parojunosus sanjonss

Jo A3oLIeA B yum spinfy Jo uonoeIsI JO Seole pazifedads sapnjoul isiy sy
'saiprus Atepunog SUIAOIN Yitm Jai0 ay ‘swo[qord

UOROBISUT 2IoNIG PIN[ Yaias Fui[eop 18l oY) ‘suied oM} oL PapIAID S1 500G Y
‘utedg ‘elten uf eunio)) ey Jo Austoatun) sy pue 3 ‘A8ojouyoay jo simsu]
Xas89M oYy Aq paziuesio axom sSupesw oy | "uredg ‘Buno)) B Uy 2oe[d %003 Yoym
‘swiajqoid Agpunog Suiao pue 9914 §o SjusLuainseajy [ejustuiiedxs pus Surjjspop
JEuonEINAUIO)) U0 92USIAJUOD [BUONEBUIGIU] 8 3Y) pue UO1I9BIIU] 2INIONNG PINj] Uo
9OURIRIUOD [eUONBUINU] o€ BY3 38 pajussald sioded pajips ay) sureuoo yooq siyL

adejaid

Jaystigng oyi Jo uorsstundd uanam Jowad oty oYM *asimiayio Jo ‘Butplodat
‘FuiAdooojoyd ‘[BoluBYOOW ‘0lUCIIDI[2 ‘Suedl Aue Aq JO ULIOJ AUB Ul PaRILISUBI] JO ‘WDISAS
[EAD14131 © U] PaJoys ‘paonpoides oq Aew uonsdiiqnd siyy jo yed ON 'paAIsss) siydia ||y

‘Bununy o3puquie) Aq uielig 18D Ut parulg
'§00T ssald LIM ©

'uldIsY JelIa)ew
U3 U] PauLBIU0d SEAp] JO suononuisu( ‘stonpold ‘spoyisw Aue jo uonelado Jo asn Aue Wo.y 10
‘asimiIayio 1o oouagi8au ‘Kijiqell sionpoid jo sonew e se Apsdosd Jo suosiad 0y afewep 1o
/pue Anfuy Kug 10j sioyiny pue SI0NPF ays Jaysifqng sy Aq pawnsse s1 A31[1qisuodsat oN

waisygnd ayy g o

PaLLDI 422G 341 DU }X3) DY) 0) SUOND.4.100 40U AL
“HOISIALDANS 1BYT 43U 40 SI0IND 311 £ AoRPIAIPIL
125 2.0 2LNJOA Silfy 1} Sdadvd 21y Jo s1X27 1Y}

(oul]-u0) 60SE-€PL 1 INSSI
(und) 86bb-9bL1 *NSSI
9-L20-b9SH8-1 :NESI

AJe1q] yshig oy wouy
91q8|LBA® S %00q S1Y} 10 P1oodl andojeie) v

glB(] uoiieal[qng-ui-Juingojeie) Lieaqi ysutig

woyssardim mmmyy: dny
wodssaidym@esnojut jiejA-g
T8SL L99 8L6 ‘X84 198S L99 8L6 ‘1AL

VSN ‘12810 VA "eoue]id yoons o8plig $T
suj sajuBYIIA [BUOpE)NdLUO)

01X\ puB BpeUR) ‘YSN 10
wodssardyimmmmyrdiy

wod'ssaidim@ssardum eN-g

€58 620 8€Z (0) b 'Xed '€72¢ 620 8£7 (0) b (2L

NN ‘VVL 0pOS ‘uordweyinog “sinysy ‘93pot 1siaysy
ssargd LIA

Aq paystiqng

¥ “Bojouyozy fo anisuy xassay
BqQqaIg "v*0

upds ‘vunio) v fo Aisiaan
ZIpUBUIIYH ‘'S

VS "oy SISy a4mpons 210y SO
nasgqeneyy 'S



1L ..::.:.........:..:.::........::......:_:....:.......::...:.::..:Em\@_m_ L'V » Q&Q.SNM y
SMO[J JOSNJJIP PI]{BIS [BUOISUSWIP-0Mm}
paj3ue apim uf sajijold ainssaid opels pus A)oofe

N-m ...................................................._..................-.................................M:3Q\ﬁ .Q .\ﬁ

s1os{ndoxd Supeyaes
Jo ssuodsal o13se[a0pAY SY) JO SISA[BUB UIBWOP-AMWY |,

Ly e UAnng ups P g
sayejur dund 18 53911I0A 908)INSqNS

pue 9o8JIns JO S0ULING0 S} SZ{wUItL 0) sjuswdojeaac]

sdwmd pus sauryovr 04.IN) U §)93JJd UONPBIIARD {7 UOIIG

G s e sa0uN Gy P VT 3 SadoT A Y '0801F D

so8]d s[338q BuIsn SU013I9S SS0I0 2
JO SOTISHIBIOBIBYD OWBUADOISE U0 ApNIS [BOHIOWINU Paseq (11D V

s 191007 Y 3 AUGUH G 4OUYQT Y
sp1d panjonaisun pani-Apoq Fuisn 1] Ul SIUBAPY

Sl prrssnsesnteste il 2I0HO ¥y «w.\.ex T :m:&aﬂ ' ~N&EQO N4 T
LOVJILS Ynm 01454 Jo Sulidnod

G e s e yny@np A q P biaddd A 987 ' N D
3p0o XATI/ZYIN Paldnoo ayp Jo juswidolaasq

prUND T W pup wnpg Q@ 'f 14q paspvSio uojssas [ppads
AdD uj swapqo.d uopoBIajuf Uf SIAUBAPY ] UOHIIS

uopdeIUY 3MPNYS pind I Med

SJUIU0))

e

AR e IR

2on e SuThete e ettt

$00Z uiedg ‘eunio v
s101pg Y,

%00q SIY} JO SIUSIUOD oY} pue sBuIPasd01d GOUBIGFUOD By} PIOUBYUS

A]12043 SARY SUORNQHIU0O BUIPUEISINO 1AY ], HOOq SIU3 JO 8 UONOS *] Hed Ut paist]
SSINJONIIS SI0USHJO UO UO[SSs [e1oads B pasiuedio osje sey 108530y ‘A 95Of

+ Suipeo] 1sE[q PuB JO0YS 010A3S 0) dsuodsar ainmong,

10pun ‘0] UONS ‘| MBJ Ul pue (D Ul swajqoid UOHOLIAUY UL SIOUBAPY,

o1doy ayj Jopun ‘] UOHOSS ‘[ Med Ul PApN|oul oJe JBY} UONDBIAIUL HOOUSASEIq

Jo A8ojopotpou, Jo o1dos sy uo s1aded poyiaut pnijio ‘g I pue wineq °q ydasor
'suo1ssas [2109ds oy Jo s1os1uLB10 SY3 AQ IPEW USIQ Sy UOHNQLIUOD anbun v

*3WN|0A SIY3 ul paystiqnd [eLdjew

ouys Sumataai ut djoy Jjoy) 10§ sonBes] [0 12Y10 PUE SIIUSIFJUOD BY) JO FIPIUILOT

A10SIADY O1J1JUI0S |BUOLIBUISIUL 9} JO SISQUISW 8Y3 O P3IGopul Aperoads
1SOW pUB SUOHNGLIUOD JI0Y) 10§ SIoyIne ous {{e o) [nyereld oJe sI0NpH Y1,

uoge[nws [BuonBINdLIod paduLAPY
o8ueyd aseyq

sopueyoatu pinyy jeuonendwo)

MO} 908JINS 90L]

1501doy BUIMO[[0] BY) 1940 SIUD}
-0 01, "SIUSLURS AIEPUROQ PUE SIWNJOA )L ‘SIUAUILYS S)]UL ‘SIOUIJIP S3UY
se yons swajqoad A1epunoq SulAour pue 501) 10§ SPOYIA [2OHIALUNU SISSNOSID OS[e
3] ‘swiojqoid aAem pus ‘swiagss ofdunwt ur uonnquusip eseyd ‘sosed pue spinbi]
‘spijos ussmyaq eusulouoyd aBueyd aseyd Jo swoyss [eopewoyyewr pue [eorsAyd



QLT o T ONOPAY BUDLY 1 P HopqIaY [y

Wopasy Jo s3a18ap Xjs i
wiiojied 8277 uolsua, 210ys}jo JeISeas B Jo sisA[eue asuodsa ;oc__:oz

...:-........-...:........-......-...-:....:-......-........o.......\NA.« .rmd %NBMM¥~Q .“\
sAonq Buipeoyyjo Jojemdasp jo sojwiBuAp ay),

QS "o s e mbzl Yd P 4210404 'Sy
50Sdd paseqg-laxue} uo $3240J JuaLIng bumogmw

Lpg et yop) "D B ISIbUUQY 'y 04137 1 g Yioswiay g
sfouuny 3upeoy padrowigns
JO uopdrIauL IroNNs piny pue asuodsal d1weuA(]

riinisirnireg

1255204 N ' P 1YooszpalN N T ‘Basquany g 'y
suorjow Jeds jo sisAjeue Lousnbay-sun ),

10550y "W [ 4q pasjunio uoyssas ppoady

sofusudp djys pue s3.In)onas 2I0YSEIQ :§ UG

e DUBAO WP 2qOUDIDY W
MOJJ PINY 03 PAJO[gNs AANJONIIS SA0[|3()
JO UOUWOUIYA UI-}00] PUE SUOIIBIQIA PIONPUI-XIUOA

LI st e 30U81 °0) 3 1Y0SMZPIIN W T
AIA Buiosapun sasit L1eusieo € Jo uonesIsaal]

SBULLOOLU pUB SIS ‘SI[BI JO SI[UBYIBA] i/ UOPIIG
GO wwm s OB (P ISDADIDIY 'S 09040 W
MO[J 998J4NS 93 B pue a1oyds palalf)a) B usasaq uoloRIail|

GG e e ONOPIN-IY WO B HIA1qpo0Y
UON[{10S0 JeuOlj[SUE)] pUB ALBJOI PAUIqUIOD Aq Pa)eald Moy Apoq-pnj¢i

$§32.10] d[WBUAPOIPAH 9 UOPIIG

G i §20100-0108 D) B pujalSn)-pay20o4onD
sauy[adid |10 ut $109)43 o1WwRUAD JO sisAjeue dAfRN|UNC)

B2

.

ey

o~

QLT mrr e QUL I A Y B AadRY T D
pinyy Sui£oAuod

adid 1oasqnues € Jo Litj1qeis ays uo Belp ojwreudpoipAy Jo 30939

GO v nodafbyy 'y P 10§08 d ‘Pubiysaubq
suoljoRIRIIY 24NONNS-pIny Fuipnhiouy
junow aul3ua ofneIPAY B JO SISAJBUR JUBWIB[S AU €

suopdeadyuf sujfadid pinyy s uopdag

LG s pin 8 iy 30 YT P 00UDA] Y
sainssald wnnoea Japun upys uswiny yiim Leids uagoLro jo uondrisU]

M”V— ...._.:.......................................................:...._...:..:..:.........Z...kQN}»hNN .V\ .D %
SoySny  'f L 'wasupyr 'y ‘1opauia)D-uouslq | ‘vosandif 'y

suoljoRISIU] PHOS-pIN(] 10}

poyIa [2A0U £ Suisn 1D)SAS JB|NOSBAOIPIRD JY) JO S|apoul olj10ads-jusnied
‘|BuOISUBLUIP-22J14) U UCIJERIIOJOP [9SS9A PUB MO]} PoO[q JO UonB WIS

uopdrIdyul anssy [¥dS0[0]1q pue Py ip UONIIS

LE1 U0 "4 B 4OPIOH "D NGNS W KowaT W uby 'S ‘Dpojipqn) 7
wep uinog je Juijfapow |2oisAyd pue [olewnu ‘an|ie} 218D

XTI ETTIRET TN

s QYO IDIAL )
ydeidoipAy moJino yowaiq sy pipaid 0y
yoroidde aaneaouu) ug :9sde|jos pue Buiddolsao wep Juawuequig

1} S R RN VU i e

QaIwIwo)) spaepuels gIASY Ul
PUB $OIUBYIA PI{OS [BUONIBINALIOD Ul UO[EPI{BA PUB UOIIBDIJLISA

spoyjaw jeuonenduro)) ¢ UOJIS
S pRADG Y Y 3P NDUYSOYN I YOHDA 'S S

uoye)s Jomod Ul Ipusqas( ut
ain|1ey enSney pue sfewep uoleliaeo Junusaald Jnoqe uolBFHSIA UL UY

(5§ s DA ]
dwind [e8nj113uad |[BLWS © JO UOHBNARD DU) UO
sisyaueted (221020098 JO dousnul SY) JO Apnis [BluWIIadxg

dwind [e8ny11ua0 B JO O[1S1I910BIBYO UOTIBHARD SY) UO
AINIXILU-PI]OS JO 199)59 Y} JO uonednsaaul jejusirradxyg



ssrine
—ﬁm L T T Ty T P S T T T ST TSP PO,

Buvyy I
SMO[J 90r)Ins oo} %wwoamﬁﬂ 10J poysu sunjoA auly u_O__QE_ uy

JOg s 0piD ], YoOWH Y B 40OMOL H d ‘aoyvpng 4 i
saAeM 10yeM uBlBueier] Jo uonidiosep adAy-tong ayy,

L6y """ 0d[DI2ISOD) ‘W P DULADADN *of ‘SDUIIIOI0D) [ '050.4nS1a,-01n7) 7
spoytew ajotired ugidueier] AQ SMOJJ 208JNS 931 JO UOHE[AWIS [BOLIBWINN

MO[J d0oBJaNS LY i uofides

sajiepunog SujAoA ] Jae d

N-N;V R LR IO a e IO T B Pt BTN B O Ut s P b e n N s errIee st iIoar i raNsrantiesstdsitoattaasy Q%M@QV\ ..N
SaINJONIS J0 55u0dsal JsnT S1BNLULS 0] POUISW PIsEq-1o[arem

GOp i ODDARL Y [ 2OPUPUASY S ‘OIOIN o
98pLIgl BUISSIIN SY3 JO Paads Jannyj Jo sisk|eue ANALSUSS
pue asuodsal orse[30108 Y JO uoHENBAD ) 10} Funndwiod panquysi

LGp i e Y OSDIND Y o B SUIQOY T YIS W
s1odwep uwnjod pinbiy paun opewwAse
Buisn sws)sAs pajdnos ur vuswousyd jeaq Surjjonuo)

hvv -.----.q-.--o--.-o--.onqo._.-.--.._-..----onc-.----c--o.--o-_-.--..onncwatoxlehQY _2
sa8puq uorsuadsns ur SUOIIB[I9SO J8aUJ[UOU PIINPUL-PULIA JO [O1UOD

LEp e UOPIDG Y B OADAE o ‘OPLARS Y [ ‘ZOPUPUIIH S
suoneInFiyuoo 9]qes [e19A3s FuLIapISU0d
a8pug BuISsay oY) Jo paads Janny jo uostiedwod v

$13M0) pue §93PJIQ U0 §JI3FJI PUIA T UOHIIS

ETp s UDURD | B S2A0LD) S ‘Aydanpy 1 N 'Sauy D d
smoyy 1sejq oseyd-sjdunuw soj sonsoudeid

ELp ormrem e auoaeaia d QG B JIVH T Y 'Soppdod 'd 'd
saipoq Funoedun 0y anp sBuipeoy a1l Y31y
0} 303[gns []BM 93210U0D PIJIOJUISI AJ9IRISPOUL B JO Apnis v

EOp e s oy 1S 30 SINDE D) ‘SSOfMOLY Y
UOHB|NWIS [BOLISWINU Aq S2INJONYS papeo] ise[q JO sisA[BuY

A s

w
w.

P—

RGN

ot
%

bhenEAL

Al

Re

IR

"

TRStO

NN

gog e upapesad o 'd P 12140H S \F INwYoS D Yy Mabg " W
yoeosdde oanyxiw sseydiyjnur e uisn saaiso[dxs ise|q paoueyud BulfaPON

EQE s OV LT 30 NDRASOPY ' UDUYQT Y ‘winbg [ ‘0108 O
suone[nwis Jse[q pajdnoo 10§ sWLYSs JUSWS[2 AIUY ASD V

GLE T s G0UOSUID] Y 3 UDZSUDL D
JUSWUOIIAUS YSeld B Ul
I0][1) RUE) 2Ny © JO UONB[NWIS |eoLIaNY pue sisAjeue [euduitIddxy

[QE e s UDAD N B PRAIND H W
‘DUOSSI)a 4 ‘(] ouyQT Y ‘ONT I ‘NwaASa T 7 ‘wnng ‘q f

SUOIIORISIUY INJONLS-)SBIq

Sujepout 10} sa1Sojopoyis 4SO pue 40 Jo Bui(dnod ayy uQ

pRORD ‘q W pup wnpg ‘q ‘r :4q paspunio uojssas (poadg

Sujpeo] Js8]q PuB YOOYS 2IIAIS 0) IsU0dSIL AINPINNS Q] UCHIIS

~mm::..:.:.._.._:..::::.....:.:.::::.:.:.:.:::.....:..&3.&.2 '‘N'A %&B?«Q& TdN

(SEN-404) saamjonug
Suiping o[du[njy 10} SUCHEPUNO UOUIWOY) Bulyeo]

GEE T sy Dy °p 39 Aojquisd] ' ‘4eliafied 'q ‘ouualid 'S
SUONOBISUI AINJONIS-PIN 03 sayovoidde opyyjoucw UuQ

GTE s YOI L 2D YIDADI L ‘MO M Y
A3ojopoyjowt uljdnod a4nonLs/pIN} BesIOpUf

L] (NN 11/ ) S (Y g L 2 I 1
punoad sy uy sdeys Buissolo Suliesq Jie ue o

UOTOBISIUT SINJONJ)S PINY 0] POYIW UOHBINWIS 158) AI19A MU Y

(g e ypp oy 0 9 3uQ H g ‘Buoyz ‘@ O 'diA H L
suonesridde SurieauiBus 103 pjoly Mojj padelase-ajquuasua

UB WOy $3040] pInjy Jus[nqim padeisas-owy Supewnsy
[ Frreer s s Yy AT 3D UDSIPDZIADSRON “H S
SUONORISIUY APOq-aALM Ul potiew Suijjepowr A1jowo0ad juspuadepul Uy

ﬁom._..:_.:_::...::.......::..:..........:.::.:::.....:.....__.:_.::.......:th«wB&u\BtU D Y

5159} [opowt |BoIsAyd 'sA sisA[sue (110
isaa1d 9101000 031ef J5ed MO JUSLIND

sonugudp ppy Sugpnauj saanjonlys jo ssuodsay :6 UONIIS



mao LR R R R R R R TR Y] KO—vﬁH hQ:~=<

Mm@ ................:....::....:..::..:..:_....._.:::......:..:............BE{RB\A .N &v NSOM‘ .ﬁ\ ..w\
Juis jeay Juijien e Yiam
Buiprem 048 Supnp pjay ssauls [BNPISaL 3y JO APns LOLISINN

LG e yoSSHIN 87 *d B Auappy 4 JarigpD f ‘uvoq 'q '
yoeoadde Ajrjenbaul feuopslisa 8
Aq uonjow aseyIa)u [ood plam & Jo UolIB|NWIS

“WpYpAn 'y 3 Biaquapalg ‘210N '@ 'ony A
UoBUIYIDS 'd “Yunyog vy ‘Kpuopy 1 ‘Appay 'S ‘evg 'L UnS v
MO 10[s uaALIp aunssasd ur UM

£CO I e prOIG (] %E?S«Ean.‘b bl
poylow uolsodwodap uelWopy sy £q paa(os wa|qoid Kiepunog SutA0iN

ssanjsald painquusip Aleau|
a4 S19pULAD pojeulLue] Jo uStsap ssousoly) [EwdO

uopynuwys jeuopeInduiod paduBAPY iy UOPIIS

4T

[0 I s B otAL ) OO0 DALY 0) S
swoqoad Lizpunoq Suraow-9313

03 paijdde yoeoadde |eoiawnu 9AREUIS)R MOU Y

Q—0................................................................:........._.....:.................... LNMN.FN -\. %
DYSA04GOQT ' ‘DUIupYsS ‘g ‘QySuv.LS 'Y DUNBIS ‘[ DYoLy
wniunwnje aind jo ueliezi||eIsA1o 9y} Jo [apow [olBUINY

YLD A Y P AOMDS
onbiuyo3) uoleI0]|09

uoijouny siseq [eipel [800] 8y} Aq sallepunoq Buiaour aseydisyu pue [eli9RW
snosURN WIS Yiim widfqoad Surises [11yo 10845p JUSISUBI) S1) JO UOIIN|OS

a8uByd asBYJ i UO[PIG

GRS e 510y S D UOSIDNDM Y [ UDMTON "M ‘Pouyy B Y
j1o318 Surydyd 1o sjopow souUsjNGINY SN VY

28008 'y B 2 T '20UQD) 'H
'080.4211812,{-012n0) ] ‘O413121S0)) "IN ‘SDUINIOIOD) °] ‘DULLIDADN “f

soL1eNIs9 10Rdw |RJUSIU0IAUS UT1Y J0] [pPOW [BOLISUNU B

| (BSNOIY 9p By, auy ul euswiousyd Jodsuel; pus s1weuApolpAy Jo sisk|Buy

QLG I s G D YOOULOY ] N
uopejnwils jue) Fuyxiw Joj poye uelsape) v

EOG e O SISO W B DULLIDADN o] ‘SDUIIOI0D) ' ‘Zouion) I
Buploauidua uj suoleIndiiod SAISYJIP-SAII08APE J0J POYIoW PazI|eIauald v

saueydaw piny [suopeinduo)) 17 uog

[ g e e s oy 0 0 Bupye g ‘Sunyz
waqoxd moy wnipaw snosod K1epunoq 2315 v Burajos o) sayoeosddy

SrnSHYDALL 'L % OUIPUDUADL] W
AT Buisn mo)J [SuUBYD Id)em—IIE

JUSLINOUOD PaLIIELIS Ul sula))ed sABM JO UOLEZIISNRIBYD [21109dS

_ M:W .._....._....................:..........................................................M:Q\A\m .\- % LNV\QQ .Q
SOABM 10)EM UO §)99]J9 SNOOSIA JO SUOHR|NO]RO [ROLISLUNN

[ZG T e e LR 3D DUMADADN o ‘DA
SUOIIpUod A1epunog JuiAow Ypm
suonenba Jajem MO[BUS St[) JO UOIIN[OSSI BY) J0] [SPOUI SWNJOA SHUY W



Analysis of Hydrodynamic and Transport
Phenomena in the “Ra de Arousa”: A
Numerical Model for High Environmental
Impact Estuaries

F. Navarrina, I. Colominas, M. Casteleiro, L. Cueto-Felgueroso,
H. Gbmez, J. Fe & A. Soage

GMNI — Grupo de Mtodos Nuréricos en Ingeniéa,

Department of Applied Mathematics, Universidad de A @aru

E.T.S. de Ingenieros de Caminos, Canales y Puertos

Campus de ElVia, 15192 A Coriia, SPAIN

e-mail: fnavarrina@udc.esveb page<http://caminos.udc.es/gmmsi

Abstract

In this paper, a numerical model for the simulation of the hydrodynamic and of the
evolution of the salinity in shallow water estuaries is presented. The mathemati-
cal model consists of two coupled systems of differential equations: the shallow
water hydrodynamic equations (that describe the evolution of the depth and of the
velocity field) and the shallow water advective-diffusive transport equation (that
describes the evolution of the salinity level). Some important issues that must be
taken into account are the effects of the tides (including that the seabed could be
exposed), the volume of fresh water provided by the rivers and the effects of the
winds. Thus, different types of boundary conditions are considered. The numerical
model proposed for solving this problem is a second order Taylor-Galerkin Finite
Element formulation.

The proposed approach is applied to a real case: the analysis of the possible
effects of dredgind.os Lombos del Ullaa formation of sandbanks in the Arousa
Estuary (Galicia, Spain). A number of simulations have been carried out to com-
pare the actual salinity level with the predicted situation if the different dredging
options were executed. Some of the obtained results are presented and discussed.



1 Background

Los Lombos del Ullas a natural formation of sandbanks, lying downstream the
Ulla River, within the tidal Arousa Estuary.é& Ria de Arousain Galicia (north-
western region of SPAIN, EU). Figure 1 shows the whole estuary. The Ulla River
andLos Lombos del Ullare located in the upper right corner of the image. Fig-
ure 2 shows the geographic position of the estuary.

Figure 2: Satellite image of Galicia and stereographic polar image of Spain,
[Courtesy of VideaLAB, ETSICCP-UDC and bfstituto Nacional de Meteoroldg].

The area is very rich in seafood, specially in bivalves: clams, cockles, mussels,
scallops, etc. Hence, farming of bivalves is a major economic issue and the source
of an extensive complementary industry (restaurants, fish canning factories, etc.)

Sand was regularly extracted from the Ulla River in the past. However, this
practice is strictly forbidden by the environmental laws since a few decades. Thus,



the ban on sand extraction could be speeding up the accumulation of sediments in
the zone (see Fig. 3). The fishermen unions fear that the reducing depth due to the
accumulation of sediments, with the concourse of the winds and of the high volume
of freshwater provided by the river, could be slowing down the mixing, what could
cause the drop of the salinity level in the zone due to the stagnation of fresh water.
Recent biological studies show that a slight fall in the salinity level is associated
to an expected proportional fall in the shellfish productivity. And, if further falls in
the salinity level occur, most individuals in the bivalve colonies could die, although
entire colonies of some species would try to migrate in search for better living
conditions (letting themselves to be dragged by the flow). Therefore, the gradual
accumulation of sediments lros Lombosould cause a permanently low level of
salinity in the area, and the consequent huge loss in the local shellfish industry.

Figure 3:Los Lombos del Ullzirca 1995 courtesy of VideaLAB, ETSICCP-UDC]

By the early 90’s, the Spanish coastal authorities considered several options
in an attempt to restore the navigation conditions and to mitigate the supposedly
harmful effects of the accumulation of sediments on the shellfish productivity.
The proposed solution was the dredging of a channel in the direction of the main
stream. However, the dredging was not entireley carried out, due to the environ-
mental impact of some badly implemented operations and to the complaints of the
affected fishermen.

In 2002 theXunta de Galicia(the Regional Government) started to design a
new plan forLos Lombos del Ullawith the following two goals: a) to preserve
the shellfish productivity, and b) to restore the navigation conditions in the area.
Two actions were initially considered: 1) to dredge a navigation channel (as it
had been proposed about a decade before), and 2) to dredge the whole area, in
order to increase the depth. In fact, the latter became an unyielding demand of the
fishermen unions.

The main objective of this project was the development of a numerical model
that could be used to evaluate the effect of the proposed actions on the shellfish pro-
ductivity of the zone [1]. Furthermore, the information provided by this tool would
be used to assess the undesirable side effects of the possible actions (changes in
the hydrodymanics of the zone), to evaluate the medium-term and the long-term
stability of the sandbanks (the future possible accumulation of sand), and to eval-
uate the environmental impact of the works (the possible stiring and dragging of
solid particles of the seabed and/or their diffusion to other areas).



2 Mathematical Model

In essence, two coupled models must be considered: a hydrodynamic model (to
obtain the velocity field) and an advective-diffusive transport model (to predict
the evolution of the salinity level). Some important issues that must be taken into
account are the effects of the tides (including that the seabed could be exposed)
the volume of water provided by the Ulla River and the effects of the winds.

The Arousa Estuary can be considered a shallow water domain, since the depth
is small when compared to the other two spatial dimensions. Therefore the hydro-
dynamic phenomena can be adequately described by means of the shallow water
hydrodynamic equations [2, 3]. This is a known 2D model, that is obtained by ver-
tical integration of the Navier-Stokes equations [4]. In essence, in this approach
one assumes that the vertically averaged velocity at each point can be considered
representative of the velocity field in the corresponding vertical column of water.

In a similar way, we expect the vertically averaged salinity at each point to be
representative of the salinity field in the corresponding vertical column of water.
Thus, the transport of salt can be adequately described by means of a shallow
water type transport model [2, 5, 6] that is obtained by vertical integration of the
advection-diffusion equations [4].

The registers of salinity iLos Lombosshow that the vertical distribution is
almost uniform, with a very weak stratification in the area of interest. Hence, it
seems that there is no need to implement a multiple-layer model in this case.

Thus, for each poinfzx, y), at each time stepy the unknowns to be computed
will be the depthh(z,y,t) = 2(x,y,t) — z(x,y), wherez(x,y,t) is the sea
surface height and,(x, y) is the seabed height, the velocity vecidr:, y,t) =
[vz(z,y,t), vy (2, y, #)]" (vertical average of the horizontal velocity) and the salin-
ity ¢(z,y,t) (vertical average of the salt concentration). Then, the whole set of
shallow water equations (hydrodynamic and transport) can be written in a conser-
vative form [2, 4] as
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and being the so-called diffusive flux terms
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In the above expressiongijs the Coriolis’ coefficienty is the gravity acceleration,

H is the average depth at each point (bathymetry, [7.., Ty}T is the tangential
stress due to the wind frictiop,is the water density; is the Manning’s coefficient
(modelling the energy losses due to the seabed frictioit)the dynamic viscosity
and+~ is the total diffusivity (that includes the combined effect of the molecular
diffusion, the turbulent diffusion and the dispersive diffusion [6]). The Coriolis’
coefficient f is defined in terms of the latitude of the plageand of the angular
velocity of rotation of the Eartf? as f = 2Q2sin(¢). Furthermore, the tangential
stress due to the wind is computed from the wind velocity,, by means of the
well known Ekman'’s formula

T = K|vy|vy,  With s = 3.2107° N&*/m*, (5)

and the total diffusivityy is obtained from the depthand the velocity by means
of the Elder’s formula [6]
v = 0.6 hlv|. (6)

With regard to the boundary conditions, we have three different situations.

In the part of the boundary that corresponds to the mouth of the Ulla River
we can suppose that the flow is super-critical (what precludes the conditions in the
estuary to influence the upstream flow). Thus, we prescribe the flux and the salinity

as
Qr .
hvln=—-h -2  and = on the rive 7
v n ) c=0 iver )
where@p is the known volume of flow in the riverd(h) is the area of the wet
section of the river and is the external normal to the boundary. The saliriig
prescribed to be null, since the river flows fresh water into the estuary.
In the part of the boundary that corresponds to the sea we can suppose that the

flow is sub-critical. Thus, we prescribe the depth and the salinity as
z=zg(t) + Azg and c=cg on the sea (8)

where z5(t) is the prescribed depth due to the tide harmonics Ard is the
so-called meteorological tide. The meteorological tide is the rise or the fall of
the surface level during a storm (due to the wind that blows on the whole fetch).
It can be obtained from the corresponding measures and records of the seaports
authorities.

Finally, we can state that both the flux of water and the flux of salt are null in
the directionn of the normal to the shore, what gives

hv'n=0 and hgrad' (cn=0  onthe shore 9)



3 Numerical Model

The above stated problem must be solved numerically. In order to do so, we will
use the Finite Element Method. More specifically, we will solve the problem by
means of a second order Taylor-Galerkin approach [2, 4, 7, 8].

In essence, at each time step the following linear system of equations is solved
(space integration)

S Mol wit) = (£} . with

I
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Then, the solution is updated (time integration) by neglecting third order errors,
what gives the second order accurate expression

wr(tngr) = ur(ty) + At wr(t,). (11)

The coefficients matrix in system (10) is the so-called “mass matrix”. This lin-
ear system can be solved by using a Diagonal Preconditioned Conjugate Gradient
algorithm without assembling the global matrix. Alternatively, the solution to (10)
can be approximated by using the so-called diagonal lumped mass matrix [2]. This
has been the procedure that was finally used in this project.

4 Discretization and Bathymetry

Although the area of interest.¢s Lombos del Ullpis relatively small, we are
forced to analyze the whole estuary (see Fig. 1) in order to impose the sea boundary
conditions far enough from the area of interest, and in order to take into account
the influence of the whole estuary in the hydrodynamics.

The estuary was discretized by the Gen4u mesh generator [9, BIPir)
isoparametric quadrangular elements of 4 nodes, what yli24 degrees of
freedom 80106 nodes timed d.o.f. per node) at each time step (see Fig. 4).

Approximately half of the total element$4979) are placed in.os Lombos del
Ulla while the rest are spread in the rest of the estuary, what is the most extensive
part. The size of the elements gradually grows as we move awayLfogrhombos
Thus, we seek more precise results in the area of interest. But, also, we try to
avoid the stability conditions [2] to become excessively restrictive, since the largest
elements are located in the deepest areas (where the velocity of propagation of the
gravity waves is higher).

The actual bathymetry of the whole estuary was obtained from some measure-
ments specifically made ios Lombosluring 2002, from the charts of the estuary



Figure 4: GEN4U discretization of the estuary (left). Actual bathymetry (right).

and from the available topographic data of the shore [1]. The bathymetry that cor-
responds to the first possible action (dredging a navigation channel) was obtained
from the actual bathymetry by dropping the corresponding values of the seabed
height down to the level-1.5 m. The bathymetry that corresponds to the second
possible action (general dredging lobs Lomboswas obtained from the actual
bathymetry by dropping the corresponding values of the seabed height down to
the level—0.5 m, but limiting the drop td.75 m in each point at the most [1].

5 Program of Simulations

Two types of simulations were carried out: 28 days simulations in normal con-
ditions (NC) and 2 days simulations in extreme conditions (EC) [1]. The 28 days
simulations compare the results obtained for the actual bathymetry (i.e., the current
situation) with the results predicted for each one of the two possible actions (dredg-
ing a navigation channel and dredging the whole ardaefLomboks The second
option was discarded after analyzing these results. Thus, the 2 days simulations
only compare the results obtained for the current bathymetry with the results pre-
dicted for the first possible action (dredging a navigation channel). In the NC simu-
lations we considered the average volume of watdf £ = 56 m?/s) in the Ulla

River, and the average velocity windl{.”? = 4.8 m/s) blowing in the dominant
direction Q02° S—SW) without meteorological tide\zs = 0 m). On the other
hand, 5 different extreme conditions were defined: SouthWest storm (EC#1), flood
condition (EC#2), SouthWest storm and flood condition (EC#3), NorthEast storm
and flood condition (EC#4) and NorthEast storm (EC#5). In the EC#2, EC#3 and
EC#4 simulations we considered the flood volume of watgf (X = 300 m*/s)

in the Ulla River. In the other ones (EC#1, EC#5) we considered the average vol-
ume of water QP in the Ulla River. In the EC#1 and EC#3 simulations we
considered the maximum velocity wind{ 4% = 15.0 m/s) blowing in the most
adverse direction2(0° SW) with positive meteorological tideNzs = 0.15 m).



28 DAYS TIDE WAVE [Harbour of Vilagarcia de Arousa]

Tide Wave (m) with 10 harmonics
0,500 0.000 0.500 1000 1500 2000 2500 3000 3500 4000 4500

0.00 5.00 10.00 15.00 20.00 25.00 30.00

Time (days)
Figure 5: 28 days tide wave. The subinterval corresponds to the 2 days simulations.

In the EC#4 and EC#5 simulations we considered the maximum velocity wind
(viAXY) blowing in NE direction 80° NE) with negative meteorological tide
(Azg = —0.15 m). In the remaining simulation (EC#2) we considered the average
velocity wind @{2£7) blowing in the dominant directior2(2° S—SW) without
meteorological tidezg = 0 m).

We took the following values for the physical constants of the problem:
27 /86164.09 rad/s, ¢ = 43° 35’ 58", g = 9.81 m/s?, p = 10° Kg/m?, n =
0.0425 s/m*/3, ¢ = 0.035 and . = 50 Kg/ms. Finally, the tide was modelled
by adding up the first 10 harmonics of the corresponding Fourier series, as given
in the Spanish seaports authority website [11]. Fig. 5 shows the 28 days tide wave
and the 2 days tide wave that were used for the NC and for the EC simulations.

6 Analysis of Results and Conclusions

The numerical results of the model have been compared with data given by the
experts in the hydrodynamics of the area, with measurements performed during the
project and with computed results obtained with simpler models. The results agree
with the available data and the model predicts correctly the main hydrodynamical
phenomena that are observed in the estuary.

The periodic emptying (and almost complete)Lafs Lombogiue to the low
tide during the spring tide cycles is the essential process that allows to maintain
the average level of salinity in the area (see Fig. 6). During the neap tide cycles,
the salinity level inexorably falls due to the continuous contribution of freshwater
from the river. During the spring tide cycles, the salinity level is recovered due
to the emptying of an important part of the basin and the periodic contribution of
salt water from the sea. For this reason, we absolutely advised against a general
dredging ofLos LombosAs it is observed in the simulations, a general dredging
causes an important decrease in the average salinity level in all the area.

However, the dredging of a channel does not significantly modify the salinity



Figure 6: Evolution of the salinity imos Lombogactual bathymetry case). The
salinity level is recovered during the spring tide cycles due to the periodic
emptying of part of the basin and the subsequent filling with salt water.



level in Los LombosThus, the shellfish production of the area would not be sub-
stantially affected, while the navigation conditions in the area could be improved.
The presented model contributes to know the marine habitat. It shows how im-
portant are the different processes involved in the hydrodynamics of an estuary. It
provides useful and accurate information that can be used to predict the migration
of the shellfish colonies depending on the salinity level and on the currents. And
it allows to predict the effects of Civil Engineering public works and other human
actions (dredging, spillings, etc.) and to evaluate their environmental impact.
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