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Figure S Convergenc e result s fo r I D SuP G transpor t formulation . Lef t panel :

A( =  1.0 , 0. 5 and 0. 1 second s . Righ t panel : Ax =  1.0 , 0.5 and O.lm .

furthe r resolutio n wa s no t possibl e du e t o tim e constraints . However , th e pea k

amplitud e i s 0.99 9 fo r th e fines t resolutio n an d result s indicat e tha t th e erro r i s
approachin g zero.

Finally, we implemente d th e SuPG transpor t within the baroclini c ADCIRC x -

z model . Figur e 9 shows the fron t characteristic s fo r these SuP G modifications . Again

the bul k flui d motion s are capture d fairl y wel l an d ther e i s a  sligh t phase lea d i n th e

model results , whe n compare d t o th e data . However , th e fron t width s durin g th e

sloshing phas e ar e muc h higher ; although , th e larg e spik e i n fron t width s i s mor e

closely capture d (i n magnitude ) b y th e SuP G transpor t tha n i t i s i n th e existin g

ADCIRC formulation . Looking jus t at the linear portio n of the results , we note that the

fron t widt h behavio r is correct althoug h the magnitud e is a bit high again. Additionally ,

the fron t speed s o f the laborator y dat a an d mode l result s are comparabl e (la b speed =

0.077 m/s and model speed = 0.074 m/s) . Furthermore , we note that global salinit y mass

balanc e was achieve d throughou t th e simulatio n (t o the 8t h decima l place) . Not e tha t

these result s were obtaine d wit h a  muc h coarse r mes h tha n tha t use d fo r th e existin g

formulatio n result s that were shown above in Figure 3. Due to time constraints , we were

only abl e t o us e 3 8 horizonta l element s an d 1 1 vertica l level s wit h th e SuP G mode l
(roughl y one-thir d the resolutio n used in our previou s work). Therefore , poor resolutio n

is likel y th e caus e o f thes e discrepancies . Recal l tha t the widt h an d amplitud e o f th e

plume were artificiall y diffuse d i n Figure 8 (due to the numerica l diffusio n adde d by the

SuPG discretization ) until adequate resolutio n had been achieved .

Table 2. Spatia l convergenc e result s for velocit y 2:1 tes t (At=0.01) .

Ax=Az

(m)

2.0

1.0

0.5

0.25

Location

(m)

9/6

9/6

9/6

9/6

Amplitud e

(m)

0.867

0.947

0.989

0.999

Error

0.133

0.053

0.011

0.001
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Figure 9  Compariso n o f fron t locatio n an d widt h versu s tim e fo r th e SuP G transpor t alternativ e
baroclinic ADCIRC model agains t the laboratory lock-exchang e data .

CONCLUSION S

The simpl e upstrea m bia s fo r advectio n term s di d no t improv e stability ,
although i t ma y provid e a  calibratio n paramete r fo r capturin g th e fron t spee d o f th e
laborator y lock-exchang e data . Furthermore , th e SuP G transpor t alternativ e di d no t

increase stabilit y either . Whil e th e stand-alon e SuP G transpor t mode l i s promisin g
(capable o f matchin g th e analytica l solutio n an d stabl e fo r pure-advection) , whe n

coupled with the varyin g ADCIR C hydrodynamic s it does no t perfor m as well. Futur e
work include s furthe r examinatio n o f the elementa l velocit y use d i n the SuP G weigh t
function s (Equation s (16 ) an d (20)) , a s wel l a s tryin g standar d Galerki n weigh t
function s fo r the intermediat e diffusio n variables , a  an d y (Equation s (22 ) an d (23)).

Additionally , we are examinin g the consistenc y o f the SuP G transpor t model in light of
the work o f Whit e (2007) . Finally , the flu x correcte d transpor t does indee d allo w fo r
larger stable time steps, whic h may offse t th e use of two meshe s (linea r and quadratic) .
However, a t this time, we are continuin g to explore th e SuPG alternative , as it best fit s
in the existin g ADCIR C mode l framework .
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DEVELOPMEN T AN D APPLICATIO N O F TH E COUPLE D HYCO M AND
ADCIRC SYSTE M

Kendr a M. Dresback 1, Randal l L . Kolar 1, Chery l An n Blain 2, Christin e M . Szpilka 1,

Anthon y M . Szpilk a ,  Richar d A . Luettic h an d Thomas Shay

ABSTRACT

To accuratel y captur e th e flui d dynamic s presen t i n shallo w strait s an d near -
coastal zones , developmen t effort s hav e centere d aroun d enhancin g the 3D baroclini c
capabilitie s of the coastal model , ADCIRC . The scale of resolutio n necessary t o resolv e
shallo w straits and coastal zones is not practical wit h structure d global/regiona l models ,

such as HYCOM . However , ADCIR C utilize s an unstructure d grid, whic h can captur e
complicated topograph y an d coastal fluid dynamics . Typically , the barotropi c ADCIR C
domain encompasse s larg e portion s o f the ocean ; however , in baroclini c simulations ,
we restric t the domai n to the region o f interes t due to computationa l demands . Conse -
quentially , th e ope n boundar y i s place d i n a n area dominate d b y complex , nonlinea r
processes, s o proper specificatio n o f the ope n boundar y condition s is difficult . Hence ,

one solutio n is couplin g th e offshor e condition s provide d fro m HYCO M t o th e near -
coastal model , ADCIRC . Thi s pape r examine s th e couplin g protoco l neede d t o inter -
face ADCIR C an d HYCOM an d provide s preliminar y results .

INTRODUCTIO N

Complex , near-coasta l hydrodynamic s interac t nonlinearl y wit h ocea n basi n
scale flows , whic h dictate s tha t accurate , three-dimensional , baroclini c model s mus t
resolve flows of widely-differin g spatia l an d tempora l scales . Thes e flow s occu r in the

intricat e coastlines , shallo w strait s an d underwate r canyon s tha t mus t b e resolve d t o
accuratel y predic t th e hydrodynamic s withi n th e coasta l regions . However , th e
combined demand s o f three-dimensiona l flow , hig h resolutio n i n coasta l regions , an d

extensive spatia l coverag e preclude s th e us e o f a  single , comprehensiv e model . Th e
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scale o f resolutio n necessary t o resolv e thes e shallo w strait s an d coasta l zone s i s no t
practical with structure d global/regiona l models , such as the HYbrid Coordinate Ocea n
Model (HYCOM ) (Chassigne t e t a l 200 3 an d 2006) . However , th e ADvance d 3 D
CIRCulatio n Mode l (ADCIRC ) (Luettic h e t a l 199 2 an d 2004 ; Kola r e t a l 1994a )

utilizes an unstructure d grid, thus giving it the abilit y to map intricat e coastlines and the
correspondin g topography that is needed to resolve the comple x fluid dynamics . In two-
dimensiona l barotropi c applications , suc h a s hurrican e stor m surge , th e ADCIR C

model domai n can encompass large portion s of ocean basins; however, in the high-reso -
lution , three-dimensional , baroclini c simulation s ther e i s a  significan t increase i n the
computationa l demand s du e t o th e refinemen t i n th e vertica l direction , s o the mode l
domain for these application s is restricted to smalle r regions. Thus, thi s places the open
boundar y in a zone dominate d by complex , nonlinea r processes, suc h that proper spec-
ificatio n o f the open boundar y condition s is difficult . On e solutio n is to couple , or nest,

models tha t specializ e in simulatin g a specifi c flo w regim e or spatia l scale .

The work presente d herei n couple s the structure d grid HYCOM , whic h is more
suited for the deeper ocean regions , wit h the unstructure d grid ADCIR C model, whic h

is bes t suite d t o capturin g th e geometricall y intricat e coasta l regions . Herein , w e
examine couplin g these model s in a one-way fashio n where informatio n from th e outer

model (HYCOM ) i s fe d t o th e inne r mode l (ADCIRC ) throug h bot h th e initia l an d
boundar y condition s vi a th e temperature , salinity , velocit y an d surfac e elevations .
Model coupling , which als o goes by severa l othe r names , includin g nested modelin g
and downscaling/upscaling , has seen frequen t applicatio n in many near-coasta l simula -

tions , where a larger scale ocean-basi n mode l is used to determin e boundary condition s
for a  higher resolutio n near-coasta l mode l (Bart h et al 2005; Codron et al 2000; Great -
batch e t al 2004; Pinard i et al 2003; Shen g et al 2005) .

MODE L BACKGROUND S -  ADCIR C AND HYCOM

ADCIRC
ADCIR C is based on the ful l nonlinea r shallo w water equations , usin g the tradi-

tiona l hydrostati c pressur e and Boussines q approximations . A ful l developmen t o f the
equations an d mode l ca n be foun d i n Luettic h et al (1992 and 2004 ) an d Westerin k et
al (1994). A s with nearl y all prominen t 3D near-coasta l circulatio n models (Blumber g

and Mello r 1987 ; Haidvoge l an d Beckman n 1999) , ADCIR C use s a  mode-splittin g
techniqu e to solv e the resultin g balance laws: the externa l mode solve s the depth-aver -
aged continuit y equation fo r the fre e surfac e elevation ; the surfac e elevatio n forces the
interna l mod e solution , whic h resolve s th e horizonta l velocit y fiel d usin g a  stretche d
sigma-coordinat e system ; an d th e 3 D continuit y equatio n i s solve d fo r th e vertica l

velocity, subjec t to kinemati c boundar y condition s (Luettic h e t al 2002; Muccin o et al
1997). Furthe r discussio n of the generalize d sigm a or stretche d coordinat e system can
be foun d i n Luettic h and Westerink (2004) or Dresbac k (2005) .

For the baroclinic simulations , ADCIRC solves the time-dependen t scala r trans-
port equatio n fo r salinit y and temperature , which , throug h a n appropriat e equatio n o f
state, obtain s a densit y field . Herein , ADCIR C employ s an equatio n of state describe d
in McDougal l e t al . (2003 ) an d use s th e temperature , salinit y and pressur e i n deter -

minin g th e densit y field . Fro m thi s information , we calculat e th e baroclini c pressur e
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gradients an d the density fiel d withi n ADCIR C usin g ot values, whic h can be obtaine d

from 0 , =  p  - 100 0 kg/m 3 (Pickar d and Emery 1964). In order to avoid spuriou s current s

for stably-stratifie d flow, the baroclinic pressur e gradient s are evaluate d in a level coor -

dinate system, and they are fed back int o the momentu m equation throug h the buoyanc y

term (Dresbac k e t a l 2004 ; Dresbac k 2005) . Validatio n o f th e cod e agains t process -

oriented test s demonstrate d tha t baroclini c ADCIR C coul d accuratel y mode l fron t

propagatio n an d shap e fo r th e difficul t "lock-exchange " tes t (Kola r e t a l 2009) . Th e

equation s ar e discretize d i n spac e usin g linea r triangula r finit e element s an d i n tim e

using Crank-Nicholso n (Lynch and Gray 1979; Kinnmar k 1986; Luettic h et al 1992 and

2004; Kola r et al 1994a and 1994b, and Westerink et al 1994). Baroclini c ADCIRC can

be execute d o n paralle l architectures . ADCIR C doe s hav e th e capabilit y to evaluat e

river discharge s i n barotropi c mode ; however , wor k toward s th e additio n o f the rive r

evaluatio n in baroclini c mode i s ongoing .

HYCOM

HYCOM is a general ocean circulatio n model that uses the primitiv e form of the

shallo w wate r equation s an d wa s develope d fro m th e Miam i Isopycna l Coordinat e

Ocean Mode l (MICOM , Blec k 1978) . HYCO M i s a regional/globa l ocea n mode l an d

employs a  structure d grid , th e Arakaw a "C" gri d wit h curvilinea r coordinates . Th e

uniqu e featur e o f th e HYCO M mode l i s it s hybri d vertica l coordinat e approac h tha t

consist s o f thre e coordinat e systems : isopycna l coordinate s i n th e deep , stratifie d

waters; sigm a coordinate s in the shallower , un-stratifie d waters ; o r z-level coordinate s

in th e surfac e mixe d laye r o r othe r un-stratifie d layer s (Blec k 197 8 an d 2006 ; Chas -

signet et al 2003 and 2006). Layer type and thicknes s vary in time and space throughou t

a HYCO M mode l simulation . For th e tempora l discretization , HYCO M use s a  leap -

frog schem e wit h a  time filte r fo r th e baroclini c portio n of the solution . For the baro -

tropic portion , i t employ s a  spli t explici t fre e surfac e schem e tha t i s shifte d i n tim e

(Griffe s e t a l 2000 ; Haidvoge l an d Beckman n 1999) . Currently , HYCO M doe s no t

includ e tidal effect s bu t does utiliz e winds an d surfac e heat flux . HYCO M implement s

rivers int o the model a s precipitation , which i s a separate monthl y climatologica l fiel d

from th e standar d precipitatio n field; it is treated as a mass sourc e into the system. Like

ADCIRC, HYCO M ca n be execute d o n paralle l architectures .

DATA EXTRACTIO N FROM HYCO M To ADCIR C

To accurately utiliz e the HYCO M informatio n within the ADCIR C domain , we

must obtai n bot h th e initia l conditions , whic h serves t o se t up th e baroclini c field s in

ADCIRC , along with the boundar y conditions , whic h allow s the model t o bring i n the

outside state of the ocean . Du e to the global natur e of the HYCO M model , alon g with

its structure d grid and the typically coarse r resolution , the coastline s canno t be as finel y

defined , a s i s commo n wit h unstructure d triangula r meshes . Consequently , ofte n th e

smalle r interio r water bodies , suc h a s back bays , inlet s and marshe s ar e no t encapsu -

lated b y th e HYCO M grid . I n fact , ofte n the y ar e designate d a s dr y o r unsubmerge d

areas (considered "inactive" ) in the HYCOM mode l and do not have valid data. Figur e

1 show s this contrastin g horizonta l resolutio n of the HYCO M an d ADCIR C model s in

the northeas t Gulf of Mexico, with the gray dots showin g the resolutio n of the ADCIR C

model an d th e blac k square s showin g th e exten t o f th e wette d o r "active" node s o f
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Figure 1  Exampl e of the contrastin g resolution s between HYCO M an d ADCIR C in the northeas t
Gulf o f Mexico . Th e gray dot s show n ar e nod e point s fro m th e ADCIR C model , whil e
the black square s indicat e where HYCOM' s 1/2 5 degree mode l ha s value s tha t ar e not
designated as dry or unsubmerge d areas .

Figure 2 Horizonta l interpolatio n o r extrapolatio n method s fo r dat a extractio n fro m HYCOM :
(A) Sampl e gri d cel l fo r bilinea r interpolation ; (B ) Fou r basi c HYCO M gri d
configuration s wit h a t leas t on e dr y gri d poin t (represente d b y blac k squares) : (1 ) on e
vertex o n land , (2) two adjacen t vertices o n land , (3) two opposit e vertice s on land , (4)
three vertice s o n land ; The thic k blac k lin e indicate s where th e water lin e i s located i n
the squar e and the open circles indicat e wet gri d points ; (C) Spiral search patter n to fin d
nearest wet node .
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HYCOM . Thus , t o obtai n bot h th e initia l an d boundar y condition s i n ADCIRC , w e

must eithe r interpolat e o r extrapolat e th e HYCO M informatio n t o th e ADCIR C

domain . The methods used to interpolate or extrapolat e HYCO M result s is summarize d
herein; a  ful l discussio n of the method s can be foun d i n Dresback e t al (2010) .

In th e initia l ste p o f th e horizonta l interpolation/extrapolatio n methods , w e

determine withi n whic h grid cell of HYCO M a n ADCIRC nod e lies . We do this usin g

Mercator projection , whic h allow s u s to determin e th e x an d y coordinate s o f a point ,

given it s latitud e an d longitude , an d th e followin g equations : . * =  X-X 0 an d

y =  ln(tan(ii/ 4 + <p/2)) ; where (X,q> ) ar e th e longitud e and latitud e of th e poin t and X 0 i s

the startin g longitud e valu e o f th e origi n o f th e HYCO M grid . Thu s usin g Mercato r

projectio n an d th e fac t tha t HYCO M grid s us e a  constan t longitudina l grid spacin g in

degrees an d the latitudina l spacing varie s by its cosine to give the square grid cells , we

then can determin e the x an d y coordinate s o f an ADCIRC node (show n as P in Figur e

2). This allows us to efficientl y determin e in which HYCOM grid cell the ADCIRC grid

point lie s withou t searchin g throug h all the nodes i n the HYCO M grid .

Afte r identifyin g thi s HYCO M gri d cell , w e the n determin e whethe r th e

HYCOM gri d vertice s ar e "active" o r "inactive" . I f al l fou r HYCO M vertice s ar e

active, the n we us e bilinea r interpolatio n t o assig n a  data valu e to the ADCIR C nod e

(point P). Bilinea r interpolatio n in effec t weight s a grid poin t with the area of the oppo-

site quadrilatera l divide d by the area o f the entir e cell. Figur e 2(A) show s a  sample of
the bilinea r interpolatio n with the hashed area representin g on e sectio n of the calcula -

tion. The equatio n for bilinea r interpolatio n shown in Figur e 2(A) i s as follows :

When th e vertice s o f the HYCO M gri d cel l include s both activ e an d inactiv e

nodes, we emplo y eithe r averagin g or substitutio n of the value s from th e activ e node s

to the inactiv e nodes. Ther e are fou r basi c cases, show n in Figure 2(B), of the HYCO M

grid cel l havin g active and inactiv e nodes where averaging o r substitutio n of the value s

are utilized to obtai n the valu e for the ADCIR C node . In Figure 2(B), the active node s

are shown as open circles , while the inactiv e node s are shown as black squares , and the

black line indicate s where the water line is in the grid cell . The arrows in the figure indi-

cate tha t informatio n is passe d (o r substituted ) fro m we t gri d point s t o th e dr y gri d

points . For the case o f one inactiv e node, whic h is shown in Figur e 2(B1), the inactiv e

grid cel l valu e is replaced wit h the average of the two adjacen t wet grid cel l values . For

the case of two inactiv e nodes tha t are adjacen t to each other, which is shown in Figure

2(B2), the two inactiv e grid cel l value s are replaced wit h the value of the two adjacen t

wet grid cells . For the case of two inactiv e nodes that are diagona l to each other , which

is shown in Figur e 2(B3), th e inactiv e grid cel l value s are replace d with the average o f

the two wet grid cell s that are diagonal to one another . Lastly, for the case of three inac -

tive nodes , show n i n Figur e 2(B4), th e inactiv e grid cel l value s are replace d wit h th e
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valu e of the one wet grid cell . Once, we have substitute d the values for the inactiv e grid

cells , the value of the ADCIR C node (poin t P) is calculate d using bilinea r interpolation ,

as shown in Figure 2(A) .

The fina l cas e fo r th e horizonta l interpolation/extrapolatio n method s i s whe n

the vertice s of the HYCO M grid cel l are all inactiv e nodes. I n this case, we extrapolat e

the valu e to the ADCIR C nod e by searchin g th e nearb y HYCO M gri d cell s fo r activ e

(wet) values . Thi s i s don e b y employin g a  spira l searc h outwar d fro m th e initia l

HYCOM gri d cell , whic h i s show n i n Figur e 2(C ) followin g the numerica l sequenc e

indicated . The spira l search i s done in "rings" around th e ADCIR C node and continue s

searching outwar d unti l an activ e valu e i s foun d in a ring. I f only one activ e HYCO M

grid cell is found in a given ring, then its value is assigned to the ADCIRC node . If more

than one activ e HYCO M grid cel l is found in a given ring, then the value of the closes t

grid poin t is assigned t o the ADCIR C node .

The last ste p in the data extractio n fro m HYCO M i s to obtain th e vertica l vari-

ation o f the salinity , temperatur e o r velocit y fields . Thi s i s done throug h a  thre e ste p
process, whic h is illustrate d in Figure 3: we map the HYCOM vertica l informatio n fro m

an element-base d gri d t o a  intermediat e nodal-base d gri d an d the n t o th e vertica l z -

layers of the ADCIR C grid . Initially , we extrac t the HYCO M informatio n for the laye r

thicknesses , salinity , temperatur e an d th e velocit y field s ont o a n element-base d grid ,

which i s show n o n th e fa r righ t han d sid e o f Figur e 3 . Th e HYCO M informatio n i s

mapped fro m th e element-base d gri d t o a nodal-base d intermediat e grid , show n i n the

middle o f Figure 3  (e.g., arrows fro m HYCO M informatio n to intermediat e grid) . For

the differen t HYCO M fields , we hav e to assign o r average th e field s ont o the interme -

diate grid . W e use th e firs t and las t elementa l value s as the surfac e an d botto m noda l

values , respectively . Fo r al l othe r noda l values , w e averag e th e tw o elementa l value s

from th e HYCOM informatio n (e.g., arrows fro m HYCO M informatio n to intermediat e

grid). Next , we linearl y interpolat e the informatio n from th e intermediat e gri d ont o the

vertica l layers of the ADCIRC grid . To interpolat e the values , we have to determine th e

actua l dept h value s base d o n th e bathymetr y o f th e ADCIR C grid , an d the n w e ca n

compare thes e ADCIR C depth s t o th e depth s give n i n the intermediat e gri d base d o n

the HYCO M informatio n (e.g., poin t a on the ADCIR C grid fall s between th e top two

point s of the intermediat e grid). Afte r the depths ar e determined , w e can linearl y inter -

polate th e value s fo r salinity , temperatur e o r velocitie s t o th e ADCIR C vertica l gri d

(e.g., values for salinity , temperatur e and velocitie s for point a on the ADCIRC gri d are

determine d fro m th e to p tw o point s o f th e intermediat e grid) . Whe n a n ADCIR C

vertica l nod e fall s belo w th e HYCO M vertica l gri d du e t o th e differen t bathymetri c

databases use d by the models , we assig n value s fro m th e closest vertica l node abov e i t

on the ADCIRC vertica l grid. Thus , we are not linearl y extrapolatin g an y value s in the
vertica l grid. B y utilizin g this procedure , the vertica l interpolatio n schem e ca n accom -

modate a  variet y o f vertica l laye r distributions , suc h a s uniforml y distributed , lo g

distribute d o r distribute d based o n a sine function .

Figure 4 shows the initia l condition s for the surfac e temperatur e value s for April

13, 2004 i n the Norther n Gul f of Mexico , one of our study areas. The surfac e tempera -

ture value s take n fro m HYCO M ar e show n i n Figur e 4 a wit h th e boundarie s o f th e

ADCIR C gri d show n a s a black line . As ca n be seen i n the figure , the HYCO M infer -
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