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Abstract. In the present paper, a two-layer model is dgwetl for the non-permanent hydrothermodynamica @fopical
subtropical coastal ocean. The model includes tireservation equations of motion, continuity andth&ae equations apply only
to the thin and warm oceanic surface layer. Thepdeger is stipulated to be motionless and arbifsadeep and separated from
the upper layer by a density discontinuity. Col@mglevater is carried across the interface from litwer into the upper layer; it
becomes warmed up there by the net energy inpott tihe atmosphere into the ocean The non-unifornssgace wind stress and
heat at the surface are the main forcing functiohthe model.

A numerical finite element method is proposed fmragch the hydrothermodynamic problem. The moded sénple linear spatial
and temporal continuous polynomials. A stabilisihgtrov-Galerkin operator to improve the classicalitt element Galerkin
approach is considered.

The hydrothermodynamic response is obtained foe#tstern pacific boundary in the southern hemisghktonthly climatological
data are used to determine the wind and heat flfi@asngs of the model for the month of Februarlge Thodel is successful in
simulating the main features of the observed SEmpa In particular, the model develops upwellagng the coastal boundary,
the warm water intrusion in offshore side and sigraf countercurrents.
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1. Introduction

The most familiar characteristic of eastern boupdarrents (EBCs), is the importance of equatorwardace
currents and coastal upwelling resulting from adpreinantly equatorward wind stress. The EBCs fealamge stocks
of small pelagic fishes, which provide about onedttof the world's total catch of fish. Also the EB have some
commonality in their physical structure and the hadsms that force their oceanographic characterri@p et al.,
1983; Lluch-Belda et al., 1992). The existence mdarcurrents is a dynamical feature that increasecomplexity of
the eastern boundary ocean dynamics.

In order to interpret this dynamics, and providdyaamical basis for its prediction, it is necessargonsider the
circulation in a large extended area of the easieeans. A important issue is to develop a hydrathio model which
shows that upwelling, the horizontal circulatiorda®a surface temperature (SST) fields are asedgutenomena. A
first contribution to the circulation in the eastetropical oceans was provided by Yoshida (196Tcu$sing a
theoretical permanent two layer model, that qualigdy reproduces the topography of sea surfacerntbcline, and
poleward coastal underrcurrents which are dynamgicelated to upwelling.

Past numerical studies in the 70’s were develdpethe eastern pacific ocean (e.g. Hulburt, 199Brien et. Al.
1979; Preller and O’Brien, 1980) using the finiifedence method (FDM). In these studies, orientethe upwelling
response, the influence of the coastline geomatrg bottom topography were focussed. Despite reabdrk
achievements gained with the finite element met{ieeM) in simulating coastal and tidal dynamics, aceeneral
circulation models (OGCMs) used in climatic studitii almost exclusively rely on the FDM. The ordxception is
the spectral element ocean model (SEOM) (Iskandataad., 1995). One of the main problems to us&iF&odels is
that the change in grid spacing gives rise to yajghal wave scattering that is not dangerous feady state
engineering problems or for ocean circulation peatd at relatively short integration time (as is thse for tide and
coastal models) but might become of crucial impar¢éafor modelling large-scale ocean circulatione Tésolution in
coastal region of these models is also a probleenthe extend of the models.

But the problem of unphysical wave scattering cobkl solved using variational formulations that uad
streamline upwind Petrov-Galerkin (SUPG) and sintlperators. Finite element formulations using SU@ similar
operators to improve the Galerkin classical sofytiwere initially proposed for advection-difusiand compressible
flow problems (e.g. Brooks and Hughes, 1982; Shakii88; Almeida, Galedo, Silva, 1996). Formulatiaising a
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symmetric form of the shallow water wave equatimese reported in last years (e.g. Bova and Car8&¥;1Garbonel,
Galeédo and Loula, 2000). Also for hydrodynamic blnic circulation, an approach was recently présér{Carbonel
and Galedo 2004focussing the wind-driven dynamic response iaroand limited areas.

Here, a finite element 1 % layer model of limitega domain, that includes the hydrodynamic andrtbéynamic
of the surface ocean layer is proposed to desthibeipper layer dynamics in the eastern boundaifip@cean. The
variational formulation of Petrov-Galerkin is amgalito improve the classical Galerkin approach.

The model is restricted to the region of interestjfference with other models that need to dbscail the pacific
ocean. The model is forced by fields of wind dmedit fluxes at the surface. Obviously the eagpawific coastal
current system have a complicated vertical strecaurd current configuration; therefore, the prestudy is a first
step in the study of the eastern pacific ocean. @ain purpose here is to prove the ability of theppsed model
evaluating the surface tendency response und@meatimean forcing functions. Also, it is very imifant to determine
in what a magnitude the observed features of tlied&pends on the mentioned forcings only.

The pacific coast is a typical upwelling region dhe permanent favourable winds. During the sunmmamths the
coastal upwelling continues, but warming watersnfrine north invaders the region in the offshore sithinly. The
Figure 1 (left panel) shows the mean SST for Felyrimthe eastern pacific ocean (Da Silva et.a§4)9lt is noted that
warmer water occupied an important part of theaegi The contour of 28 describes a warm plume that reaches the
20°S. Colder water are observed in the south sidheoktudy area and along the coast between & th017?S. The
simultaneously existence of colder waters neacttast and a southward warmer intrusion offshasefigures strong
SST gradients which are a challenger modelling tabaxean processes. Therefore, here we focussethdidelling
objectives to the evaluation of the hydro-thermayits for the summer month of February.

It is known that the dynamics of both wind streed &ST tend to be divided into three regions (Fgly right
panel), with a transition zone that varies in ektdnough time, and whose dynamic alternately &ade one or the
other adjacent zones. The north and south sectwes tegative anomalies of SST whereas central rsatopositive
anomalies. A common trend that occurs also irCkfornia current system (Mendelshon and Schwa@§?2).
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Figure 1. Left panel: The mean S&T) for February in the eastern pacific ocean (fidenSilva et.al, 1994). Right
panel: The SST anomalies corresponding to Jarfegloyuary and the sectors 2, 3 and 4 along the @bile coast
(from Mendelshon and Schwing, 2002.
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2. The ocean model
2.1 The governing equations

We use cartesian co-ordinatey oriented positively to the East and North respetyi A coastal ocean is defined
in a domainQ with land type boundary and an ocean type boundafy. Two layers are consider to describe the
vertical structure (Figure 2). The upper layer efisity £ with thicknessh and an inert lower laye€' , where it is
assumed that the pressure gradient is zero. Invthgtthe faster barotropic mode is eliminated arl first internal

baroclinic mode is only consider. The thermal dtite is defined by the instant upper layer tempeest, and the
lower layer temperatur@.

Figure 2. The two layers of the ocean system

As constitutive state equation is valid tesatz
P =p' [-a(-T")] (1)

where,T is the actual temperature andthe thermal expansion coefficient. Here, the ierfice of the salinity is not
included without a loss of generality, because wéthperature and salinity an apparent temperature be estimated

modifying only the constart (Hantel, 1971; Fofonoff, 1962).
We define for convenience, the variables

d=2c=2/goh , b=% (2

which have velocity units, and are function of thpper layer thicknest and the upper layer temperature
respectively. The parametgrrepresent the acceleration grayity=1 - g, and c® =,/goH is a referential celerity

function of the initial upper layer thicknells T is the referential initial temperature in the uplaster.
The set of equations for the vecitr(u,v,d,b)are the following:
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Where u, v are the velocity components in the upper lajidre entrainment velocity., is approached by
w, =(H, -h)? /t.H., whereH, andt. are the depth and time scales of the entrainmeateps h is the upper layer
thickness The wind stress components are represented,; hyf is the Coriolis parameter that depends of the
geographical co-ordinate¥he parameterg” , ,C' , Lar are the densities in the upper layer, lower leged air
respectively. The parametets £'/£, 0= 1 - 4, and Z/z,u/(y—a) are density ratios. The sea surface temperature
(SST) isT, the initial upper layer temperature T8 and T is the lower layer temperaturéhe parameterr is the
coefficient of thermal expansion. The param@terghm”/zﬁco , c? :\/gw is the referential wave celerity function

of the initial layer thicknesBl. Q is the surface heat flux, an@, =k, (T-T')/h, is the gain or loss of heat across the

interface, depending of the dynamical convergencdivergence of the flowsin the upper layer and the parameter
k, =aH (Carbonel, 2003).
The thermodynamic part of the model is driven lyshrface heat fluxQ with is defined as

Q:QS'QW'Qe'Qn (4)

whereQs is the net short wave radiatio@y, the resultant outgoing longwave radiatia@), = o, c,.Cyy (T = Ty )W|
the sensible heat, andQ, = p,,C.L(q -0, )W| is the latent heat. Wheie is the latent heat of evaporation, the

parametec,, is the specific heat of the al,;, C.are the Stanton parameter, anid the saturation specific humidity,
To solve the equation system (3), on land typsmbaries, we have non-slip boundary conditionsgHervelocities

u=v=0 (5)
and homogeneous conditions are assumed for uppemissk and temperatureé.

On an ocean boundary we prescribe a weakly refeebbundary condition, based on the characieristethod,
in an axis normabx) to the open boundary is defined as

DR* _
Dt

0 (6)

where theRiemannquasi-invarian®" = u, # d are valid, along the characteristits, /dt = u, # ¢ normal to the open
boundary.u, represent the velocity component normal to thenbary. The weakly reflective conditions on the open
boundary are defined by the in-going characteristithe presented equations. The advantages okiis of open
boundaries modelling coastal upwelling was recemghorted by Carbonel (2003).

For the Temperature at the open boundaries, horsogsrcondition is assumed.

For the initial conditions, an appropriate initithte is necessary to be assumed in the dorGhimnd at the
boundary I :

u=u’, v\, h=h°, T=T° at t=0 @)
whereu®, V°, h° andT° represent the initial velocity components, thicdsiand temperature respectively.
2.2 Space time Petrov-Galerkin methodSTPG)

A space-time Petrov-Galerkin finite element modw for the above ocean problem is constructed. @fimal a
space-time finite element partitiont *** , in which the time interval is partitioned intobsntervals

Ih= thr-t,= At ,  t7(0,T] 8)

wheret, , t,+; belong to an ordered patrtition of time levels t; < ...1 < tpeg....<te=T.
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The space domaif? is partitioned in N sub-domain® , with boundaryl , such that The space-time integration
domain is the slabS, = Qx| with boundaryl, =X, . Then, the resulting slab is composed by N efgse
S =Q.x1,.

Let F’nh the finite element space of piecewise polynommapace and time on the si&h Defining
uh=pvh g RhxRhvh =v"onr ) (9a)
Uh=vho R <PV =00nr} (9b)

whereV" is the approximate solution and” the interpolation function. Here, continuous aimedr interpolation
in space and time will be considered.
The residual vector of the equation system (Zdse

VRVAR VAL
R" AVM = +7)+F (10)

h h h
=I—dv + N +B(Vh)—W +Q(VM)+D(
T4 x o TR D
Then, we say that the space-time Petrov-Galenspraximate solution for the hydro-thermodynamichpem is
the vecto" 0 U ", which satisfies1V" [0 U , the following equation

~h N .
J'v thth+ij€@“thth:0 (11)
S, ezlsg
where
7h 7h 7h
e =1 v gym 2 (12)
- o ox — oy

is a space-time operator and

_ 3

We=D yeer (13)

k=1

is the stabilising matrix. The parameter

W =11V (14)
are the eigenvalues of the matrix

[(LAY +(L/15) AZ+(10,2) BT Y2 (15)
ande, their eigenvectors (see Shakib, 1988; Bova amdyCd995). The parametey, |, are the characteristics lengths
of the finite element. The algebraic equation systesolved using the direct method of Gauss.
3. The SST response in the eastern boundary pacificean

The study area for the modelling purposes is shaweéigure 3 and extends from the equator to thS3The
extend in the west-east direction is from th&Vk0to 90 W.
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Figure 3. The eastern pacific ocean

There are diverse coastal irregularities, but farsthematised model, we only consider the irregida located at
5°S and at 1%. The other coastal irregularities, for examptee Guayaquil Bay ($), and the coastline change

located at the Paracas peninsula®8)4ould be added in a next study focussing theilddt role of the indicated

coastal configurations in the regional pattern.

The model coastline is a simple schematised corgtun of the pacific coast from de “®to ¢S, described by
straight lines connecting 4 points from south tam@C®w, 3C°S; 70w, 18.6'S; 8TW, 6°S; 8TW, (°S. The domain is

composed 1810 nodes and 3419 triangular linearezitan (Figure 4).
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Figure 4. Finite element mesh of the schematissttgapacific coastal ocean
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The un-structured finite element mesh is fine nbarcoastline, whereas the mesh is coarser offshidee smaller
sides of the elements along the coastline are3df @vhereas in the left outer boundary the sidmelgs are up to °9

In this section, a numerical experiment is perfdnevaluating the dynamic of the coastal ocean. Hdwc
parameter values used in the experiment ardotlesving: The fluids in the layers are imily at rest. The time
step is defined adt = 10800sec The densities of the upper and lower layera@ird 024 kg nt andd=1025.5 kgr,
2ir=1.175 kg ri*  The free parameter in the stabilising term Isuwated according to Eq. (13). The initial uppeyer
thickness iH=50 m. The entrainment depith=30m and the entrainment time sctle0.5 days, a value that is good
for modelling in smaller space scale (Carbonel, 30But here is used too. The initial upper tempeed™ =26’ C, and
the lower layer temperature is definedlas 14’ C.

In the experiment, the forcing functions of the miodre the February monthly mean fields for thedwielocity,
net incident heat flux@, =Qs - Qv ), the air temperatur&,,, and the specific humiditg,; . These forcings are
extracted from the Atlas of Da Silva et. al. (1994)s necessary to remark, that in the evaluatibthe surface heat
flux Q (Eg. 4), the contribution®, and Q,, are obtained using the water temperaflifeom the model, instead the
observed SST. The parameter used for evaluatioQ.@&ndQ;, are the following: The latent heat of evapomai® L
=2.44 x16 J/kg the parameteE,, C.are equal to 0.0013, the specific heat of thesaig.i= 1004 J/kg. The saturation
specific humidity g is evaluated in function of the saturation vapogssure (see Rosenfeld et. al. 1994).

The fieldsQs ,Qw Tair, Gair  for the schematised model were obtained by iotatipn of the original data for each
node of the schematised ocean. In the Figure Ppragented the winds and the net heat flux forcirige wind field
shows that the stronger wind velocities are locatifshore. Also strong winds are located near thest between the
25°S to 30S. The model is integrated from a state of restnfotion) for a period of 10 days.

Figure 5. The Wind field and net heat flux forciriggtracted from Da Silva (1994). Left panel : Wied field forcing.
Righlt Panel: The net heat flg, (Wm?) forcing .Contours of heat each 20 WinThe contours of wind magnitude is
ims-.

The Figure 6 shows the currents and SST fieldsutztked by the model for the month of February. Téwulting
pattern of the temperature contours is very sintdlahe observed one (compare to Figure 1, lafeaThe numerical
solution shows colder waters along the coastligteveen the ® to 19S and from the 2% to the south. The coastal
upwelling is the responsible for the lower SST gldhe coastal boundary. But the colder waters @ gbuthern
offshore side is not of coastal upwelling origihcbuld be a consequence of the heat exchangesfloetween the
atmosphere and the ocean.

The calculated SST contour of %23 describes clearly the warm water intrusion obs@rin the data. The
temperature contours show that the warm water sittrureaches practically the coast around tHiS 2@esulting a
reduction of the colder pattern in this sector \{lzein the 1% to 258S), a fact that is according to the anomalies
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reported by Mendelshon and Schwing (2002). The mijcel reason for the existence of warmer tempegatur this
sector could be the moderate winds stress in gggdm and the coastline configuration change tblt to the increase
of the convergence pattern for northward watenflorced by strong N-S wind velocities observeduacbthe 25S to
30°S near to the coast (see Figure 5, left panel).

The current velocity field pattern shows strongamrents in a band alongshore, describing a cogedtéFigure 6,
left panel) and in the northern side. A weak congmdrto the south is observed in the current fialtidating that a
superficial countercurrent is formed. In the rearid, these currents are intense. The unrealishiclimy (due
hydrodynamic divergence) in the northern sicfiS( 6S) is not observed in the original data. This issemuence of
the coastline simplification. Because in the parfront to the Guayaquil bay (from 84/ to the east) the winds are
eastward, a wind feature which was not capturethéychematized model due the simple straight agbro
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Figure 6. Solution at day 10. SST field (left pan®klocity and SST fields (right panel).

A next step in the study of eastern pacific ocedhbe the inclusion of a dynamic lower layer (2l&ger model)
and countercurrents forcings to simulate otheicglpdynamic features of the eastern oceans, wéielrelated to the
sub-superficial dynamic and their interaction vilte surface layer.

4. Summary and conclusions

The surface layer of stratified waters in the eastepical subtropical pacific ocean is modelete Wwind-driven
hydro-thermodynamics model includes the momentuomticuity and heat conservation. The model consitier
essential processes of a gravity reduced dynamitis,an active upper layer and a inert lower laydre model is
forced by the wind field and the heat fluxes.

The governing equations are solved applying aatianal Petrov-Galerkin formulation, which includes
stabilizing operator in space and time that impsotre classical Galerkin approach. The matvix of the stabilizing

term is evaluated. The domain and variables inespad time are described by linear and continuelgmpmials. At
the open boundaries (sea-side) weakly reflectiventary conditions are used.

The eastern pacific ocean domain considered, extgndh the equator to 88. The schematized study area,
present only the more prominent geographical doasthanges at®6 and 18&S. The forcing functions, the wind field
and heat fluxes were extracted from reported mgmttdan data.

The model results show a concordance with the &ymbserved mean SST for a generic February m@ulder
waters along the coastline between tf@ ® 19S and from the Z5S to the south are generated. In the sector batwee
the 19S to 28S, the SST is warmer compared to the previous abelicsectors. The intrusion of warm water pattern
from the north is simulated numerically.
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The results confirm that the presented finite elelmodel, based on a Petrov-Galerkin formulatamtount for
the SST description in the eastern pacific ocean.

The present paper is a first step focussing theefting of mesoscale circulation based on the ReBalerkin
formulation for a finite element discretizationtbé ocean. The vertical structure is very singpld improvements are
necessary. Particularly to simulate the complesut@tion in the pacific ocean where the superfiaiad sub-superficial
countercurrents are the main modelling challenger.
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