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Abstract
The dynamics of the upper ocean layer off Peru during El Nifio Modoki 2002-

1
2003 is investigated numerically using a vertically integrated 15 layer stabi-

lized finite element model for the open and limited coastal ocean. The model
solves the motion and continuity hydrodynamic equations coupled with the
advection-diffusion transport equation for temperature. Solutions are forced
by time dependent regional heat fluxes (short wave radiation and long wave
back radiation) and wind data derived from the “European Centre for Me-
dium-Range Weather Forecasts (ECMWF)”. The role of the regional wind and
heat fluxes on the time dependent dynamics is evaluated. The problem inves-
tigated here is whether the regional forcings and the ocean hydro thermody-
namical response in space and time are connected. Numerical solutions are
found in an oceanic region between the equator and 30°S and between 70°W
and 100°W. The model is successful in reproducing time dependent features
of El Nifio 2002-2003, such as the Sea Surface Temperature (SST) field, which
compares favorably with observed patterns in terms of spatial distribution
during the time evolution of El Nifio. A Mean Absolute Error of 0.56°C is
evaluated. Dynamically, the model results demonstrate that the SST field evo-
lution during 2002-2003 is a causal effect of the regional forcings, mainly in-
fluenced by the heat fluxes. The results were possible due to a particular ob-
served thermal feature of the study region: the rate of change of the Sea Surface
Temperature and the net incident heat flux are linked during 2002-2003.
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1. Introduction

In the eastern South Pacific Ocean (Figure 1), the simultaneous occurrence of
colder waters near the coast (upwelling) and a southward warmer intrusion off-
shore (during El Nifio) configures a scenario with strong SST gradients. The clas-
sical definition of the El Nifio phenomenon is related to SST anomalies and the

intrusion of warmer temperatures along the coastal eastern Pacific Ocean.
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Figure 1. The study region (0°S - 30°S, 70°W to 100°W) is located in the eastern South
Pacific Ocean.

But during 2002-2003, a non-canonical El Nifio called El Nifio Modoki took
place, following reported contributions [1] [2]. Also, some authors describe it as
an Eastward Central Pacific El Nifo [3] [4].

Along the equator, during 2002-2003, El Nifio Modoki is characterized by a
warming of the NINO3 (150°W - 90°W; 5°N - 5°S) and NINO4 (150°E - 150°W;
5°N - 5°S) regions of the order of 1°C. Otherwise, along the Pert coast, important
SST anomalies were observed. During autumn 2002, SST anomalies of up to 2.5
°C appeared off Chicama (7.8°S), diminishing towards the south and north. Also,
it was possible to observe a reactivation of the upwelling in very coastal zones be-
tween 6°S and 11°S (Punta Falsa and Huacho). The 15°C isotherm was located
between 30 and 50 m, below its usual depth to the north of 9°S [5]. In summer
2003 along the coast (3.5°S - 12°S), in January, the deepening of isotherms con-

tinued, but in February ascended because of the reactivation of coastal upwelling
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[6].

A challenge of El Nifio Modoki is the fact that its generating mechanisms are
still largely unknown [7]. Otherwise, it is well known that the Sea Surface Tem-
perature is very dependent on radiation from the sun [8]. In the oceans, the SST
variability is the dynamic result of the energy obtained from the sun and the cur-
rent circulation in the deep and coastal ocean. A possible link between heat fluxes
and warming during El Nifio Modoki needs to be reviewed carefully.

In particular, the exchange of heat fluxes during warming El Nifio events in the
Pacific Ocean was not well discussed in the literature. But an important possibility
associated with the warming effects during El Nifio was indicated by Weare in
1983 [9]. Additionally, a study analysis [10] supports the view that surface heat
flux variations have a role in the meridional warming of SST during ENSO devel-
opment. This new conclusion differs from previous studies (e.g., [11]). Also, the
comparison of East-West Short Wave Radiation (SWR) and SST [8] indicates that
in the Eastern Pacific the SWR is higher during the initiation of El Niilo, reaching
higher SST.

Also, the influence of atmospheric heat fluxes has not been considered in nu-
merical simulations in its real magnitude. But some signs of its possible influence
were observed in some works. In the pioneering simulation of Philander and
Siegel (1985) for El Niflo 1982-1983 [12], constant surface heating was considered
(short wave and long wave back radiation), obtaining high SST distributions with
intrusion of warm waters off the South American coast. Moreover, Jia, Wells and
Rowe (1990) [13] also simulated EI Nifio 1982-1983 but without heat input at the
surface from the atmosphere. Their results show the persistence of cold waters off
the South American coast (which was not understood), indicating implicitly that
an important forcing was not included.

The aforementioned signals, associated with atmospheric heat fluxes, are a
strong reason to explore the influence of atmospheric forcings, including solar
radiation, on the evolution of sea surface temperature and currents in the eastern
Pacific Ocean. The warming processes of the eastern Pacific Ocean during El Nifio
Modoki were not studied dynamically and need to be reviewed carefully. The pre-
sent paper is a little step in this direction.

In the present study, the role of only time dependent regional atmospheric forc-
ings will be investigated numerically, evaluating the time evolution of the resulting
SST variability in space and time and the current fields in the domain. In this way,
the importance of the regional atmospheric forcings could be really understood.
The numerical study is performed covering the region between the equator and
30°S and between 100°W and 70°W (Figure 1) with an unstructured finite ele-
ment mesh (Figure 2).

The use of complicated models can obscure the basic physical processes at work

in them, whereas the adequate formulation of simple models can show clearly the

importance of particular processes. Here, a simple model (1% layer) of limited
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area domain is presented to describe the upper layer dynamics off Pera during El
Niflo Modoki 2002-2003. Numerically, the presented model has some technical
advantages. The finite element Petrov-Galerkin formulation model uses a stabi-
lizing operator in space and time to improve the classical Galerkin approach [14]
[15]. This methodology allows accurate solutions, precluding the use of artificial
filters, mass diffusion and dampers, commonly used in several popular models.
The numerical solutions are obtained strictly from the finite element formulation
of the governing equations in the domain. An additional advantage is the treat-
ment of the open boundaries which is based on weakly reflective open boundary
conditions derived from the characteristic equations [16]. The effectiveness of
those kinds of open boundary conditions for coastal circulation problems has
been previously reported [17] [18].

In the present paper, some of the results are the following: the model forced by
regional forcings is able to describe the time evolution of the SST field which com-
pares favorably with observations. The results verified the connection between the
forcings and the thermal response of the regional domain.

The article is organized as follows: Section 2 describes the model and its para-
metrizations. Section 3 presents the results of the modelling of ocean dynamics
during 2002-2003 and Section 4 presents the findings of the study.

2. The Model

The used ocean model (a gravity reduced 1% layer model) has one active layer

of density p (entire layer above the thermocline), overlaying a deep layer of
density p', where horizontal gradients are assumed to vanish [15]. A Cartesian
coordinates system (x, y) oriented positively to the East and North directions re-
spectively is considered. The non-permanent vertical integrated upper layer gov-

erning equations of motion, continuity and heat
oufot+uvu+g(oVh+(hg/27)VT)+ fkxu—A,V2u—(z* -7 )/ph =0 (1)
oh/ot+uv (uh)-w, =0 )
T [ot+uvT - K, VT —(Qs -Q,)/pc,h =0 3)

The governing Equations (1), (2) and (3) describe the time evolution of the ve-
locity u=(u,v), the upper layer thickness 4 and temperature 7"of the upper ac-
tive layer in each point of the spatial domain. The Nabla operator is represented
by V =(8/0x,0/dy) . The lower layer has a constant temperature 7’ The upper
layer describes the entire layer above the thermocline and due dynamical reasons
can become small during upwelling motions and also is able to deepen during
downwelling events.

In the above equations, Qysis the heat input at the ocean surface, Q;is the heat

s
y

is the stress at the interface, K is the unit vector in the vertical direction and fis

loss at the interface, 7° = (TXS,T ) is the wind stress at the surface, 7' = (Tix,riy)
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the coriolis parameter (evaluated in function of the spatial coordinates x, y). The
entrainment velocity is we., ¢, is the specific heat and the parameter o =1-y
where y=p/p' and 7=y / (7 —o). The upper layer density varies according
to p=p' [1—0!(T -T! )J where a is the coefficient of thermal expansion. The
entrainment velocity w. cools the upper layer and prevent the interface of surfac-

ing in regions of intense upwelling [19],
w, =[ (H, =h)*+(H, ~h)|H, ~h[] /2tH, @)

where H.is the entrainment referential depth and % is a specified relaxation time.

To completely define the proposed ocean model we need to characterize the
applied external sources of energy, the time dependent boundary conditions and
the initial state from which the relevant hydrothermodynamical response will be
obtained. The hydrodynamics of the model is forced by the wind stresses evalu-
ated from the wind velocity fields using the quadratic relations 7; = p,; CoW, I\N ,
75 = PaurCoW, W| and ¢, = (0.509+0.065[\N|)/1000 [20]. The terms Ti,T; , are

parameterized equal to phru and phrvrespectively, where ris a constant.

The thermodynamic of the model is forced by the short wave radiation Q,,and
the resultant outgoing longwave radiation Q. The heat balance of the model is

associated to the surface heat input Qsdefined as
QS = st - Qlw - QLat - QSen (5)

where Qs is the sensible heat and Q.. is the latent heat. The sensible heat is cal-
culated from the bulk formula Qg = p,;,C,.iCs (T =T, )W/, where Gy is the
specific heat of the air, Csan empirical coefficient, and 7T'and 7 are the sea sur-
face temperature and air temperature respectively. The latent heat is estimated
from QLat = pairCLL(q - qair )I\N
empirical coefficient and g, g.; are the saturation specific humidity of the sea sur-

, where Lis the latent heat of vaporization, C; an

face and air respectively. For a constant lower layer temperature 77, the heat flux

across the interface is given by:
Q =k (T-T')/h (6)

in this way the gain or loss of heat across this interface, depends on the dynamical
convergence or divergence of the flows @ in the upper layer, as expressed by the
parameter K, =wH .

Concerning the boundary conditions it is assumed that land type boundaries

give rise to the classical non-slip conditions

u=v=0 (7)
and for upper thickness and for the temperature, homogeneous conditions are
prescribed. On the sea side boundaries we prescribe a weakly reflective open

boundary condition, based on the characteristic method. This is done assuming

that on a normal direction (x;) to the open boundary

dR*/dt =0 (8)
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where the invariant R* =u, +2c are valid, along the characteristics

(dx/dt)" =u, ¢ normal to the open boundary. u, represents the velocity com-
ponent normal to the boundary and c¢= \/H is the celerity wave. The weakly
reflective conditions on the open boundary are defined by the in-going character-
istic of the presented equations. For the temperature at the open boundaries, ho-
mogeneous condition is assumed.

Symmetric forms are always desirable because they possess better stability
properties, an important feature to be used in the design of approximate solutions
of advection dominated problems and shallow water wave problems [21].

For the upper layer dynamics problem treated in this paper a complete symme-
trization is not achieved. Nevertheless, the hydrodynamic part of the equations
governing the ocean circulation could be symmetrized. Furthermore, the whole
set of unknown variables retains the same physical dimensions, which means that
the transformed equations are adequately scaled and a new set of variables are
definedas d = ZM and b=c’T/T" which have the dimensions of velocity.
Here 7" isa referential upper layer temperature and c¢° = \/go-7H is a referential
celerity. After the change of variables, the set of equations for the unknown vector

V could be written as:

Lav/at+AdV /ox+BaV/oy+CV +D (6% /ox* +0%V [oy* )+ F =0 (9)

where
u 0 c s v 00O 0 -f 0O
0O u 0O 0O v c s f 0 0O
A= , B= , C= (10)
c 0O uo O 0 cv O 0 0 0O
0 0 O u 0 0 0 v 0 0 0O
~7,/ph u 1000
—7./ph 0100
Fo /P cv=| " 1= (11)
-w,go/c d 0010
(Q —Qs)c°/pcphT” b 0 001
“A, 0 0 0
0 - 0 0
D= A (12)
0 0 0 0
0 0 0 -K,

and S= ghaT/(27c°).

A space-time finite element partition is considered. The time interval [0, 74 is
divided into time sub-intervals I, =(t,, —t )=At, for te [O,TJ , where the
time levels #,, £,., belong to an ordered partition of time levels
t=0<t <---<t, <t <<t =T,

The spatial domain Q is partitioned into NV sub-domains Q.. For each level of
time 1, the domain space-time integration is the Slab S, =Qx| with border
I', =T'x1,, so that the Slab is composed of Nspace-time elements S®=0Q_xI, .

A finite-dimensional trial solution space U!' and a test function space U;‘
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are defined. For the presented model, continuous interpolation in space and time
is adopted. The Petrov-Galerkin approximate solution for the ocean model prob-
lem is the vector V" eU" (of piecewise polynomials) which satisfies the follow-

ing variational formulation for all V" U

J,V'RYdodt+ 37 [ ¥.G'R"dQdt =0 for n=12,3, (13)

where the residual vector R? is
R"=10V"/ot+AdV"/ox+BaV" /oy +CV" + [_)(azv“/ax2 +62Vh/ay2)+ F (14)
and the space-time operator G"is

G"=10V"/ot+AdV"/ox+BaV" oy (15)

For an equation system, the ¥, definition is even more complicated due to

the presence of multiple wave components. For the ocean problem focused in this

paper

¥, =1/ [(Va) L+ (107) (A% + B2 (16)

2

where |, = \/(8§i /ox), . +(0&/ é’y)fnax is the representative length of the trian-

gular spatial element Q., and & are the local co-ordinates. The first integral in the

variational formulation (13) is the Galerkin term. The second integral represent
the Petrov-Galerkin contribution, where ¥, contain the intrinsic time scale free
parameters [22]. The resulting system of algebraic equations is solved using the
direct method of Gauss (L-U descomposition). The program code is written in

Fortran.

3. Numerical Experiments

Numerical experiments are performed to clarify the relative importance of re-
gional forcings in the resulting time dependent evolution of the upper layer dy-
namics.

The study area extends in the north-south direction from equator to the 30°S
and in the east-west direction from the 70°W to 100°W. This region was repre-
sented by an unstructured mesh of 5684 surface triangular elements and 2994
nodes, as illustrated in Figure 2.

Near the coastal boundaries, a finer mesh was employed which gradually be-
comes coarser and coarser into the offshore region. The smaller elements are lo-

cated along the coastline.

3.1. Model Forcings

Ten days averaged meteorological data are extracted from ECMWF (ERA-In-

terim), on a 0.5° x 0.5° grid to determine the forcing functions of wind velocities

Wy Wyand Qs(Qs= Qw— Qmw— Que— Qsen) for the 1% layer model. To calculate

the forcing function of the model, it is used ten days averaged fields for the surface

incomming short wave radiation Q.,, the outgoing longwave radiation Q, the
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wind velocity components W,, W, the air temperature 7;;,and derived air specific

humidity gus
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Figure 2. Finite element mesh of the study area between the equator and 30°S and between
the 70°W to 100°W.

For the finite element mesh, the discrete fields W, W), Qu» Qs Tuinr Gairused as
input for the model, were obtained interpolating linearly the data at each node of
the FEM mesh. It is necessary to remark that the surface heat fluxes Qs., and QL.
were obtained using the upper layer water temperature 7'calculated by the model.
The observed SST fields are used only in the subsections 3.4 and 3.6 for compari-
son with the calculated results, evaluating in this way the performance of the

model. There are not remote forcings in the model.

3.2. Parameters of the Model

The parameters of the model are mostly physically realistic values. The referential
densities of the upper, lower layer and air p* = 1022.5 kg-m~, p/ = 1025.5 kg-m™
and p.: = 1 kg-m™, are representative of observed conditions in the region. The
coefficient Ay is 600 m*s™', Ky is 150 m*s™ and r= 0.7 x 107°. The adopted en-
trainment time scale ¢. = 1/4 day, ensures that the upper layer thickness does not
vanish in coastal upwelling areas. The parameters C;, Csfor the evaluation of the
heat fluxes Q. and Qs range in the literature from 0.0008 to 0.002 [23]-[25],
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T,t=day 15

here were taken equal to 0.0008. The specific heat of the air is ¢,, = 1004 J-"C"kg™".
The saturation specific humidity g and g.; are evaluated in function of the satu-
ration vapor pressure eand e [25]. The latent heat of evaporation is fixed equal
to L = 2.44 x 10° J/kg. The value of the coefficient of thermal expansion is a=2.4
x 107 °C™". The time step is defined as At= 3 hrs.

3.3. Spin up of the Model. Initial Conditions

The initial conditions of ocean real flows is a modelling problem. In the present
paper, to obtain realistic dynamic initial conditions at time ¢ = 0, for the field var-
iables, the ocean model was spin up from a state of rest and constant A, 7 fields
and integrated forward in time for a period of 1 year using the monthly forcing
fields from January to December of a canonical year (Similarly to the previous
reference article [15]). The fields at the end of the year were taken to initialize the
simulation of El Niflo 2002-2003 which was started at the beginning of January
2002 and continued up to December 2003.

3.4. Simulation of SST Changes during 2002-2003

The model simulation is started in the month of January 2002. Figures 3-8 show
the SST solutions at various stages from 2002 until July 2003. In those figures, the
left column shows the instantaneous fields calculated in the middle of the month,
while the right column shows the observed fields corresponding to the second set
of data (10 days) of observed data for each month.

The resulting instantaneous patterns of the temperature are similar to the ob-
served mean patterns. The model simulation results reproduce favourably the
time evolution of the observed SST fields during El Nifio 2002-2003. It is im-
portant to indicate that the model is able to grasp the main aspects of the upwelling
dynamics after the warming phases. The cool water along the coast arises by the
divergence of surface waters (see e.g. mid-June, mid-July 2002, Figure 4 and Fig-

ure 5) forced by the increasing wind velocities.

2002, month=1
IsoValue IsoValue

DOI: 10.4236/0jms.2026.164012

200 Open Journal of Marine Science


https://doi.org/10.4236/ojms.2026.164012

C. Carbonel

T, t=day 45 2002, month=2
IsoValue IsoValue

T,t=day 75 2002, month=3
IsoValue IsoValue

Figure 3. Model SST (left) and observed SST (right) from January to March 2002 (arranged from top to bottom). The SST has a
contour interval of 0.5°C.

T, t=day 105 feod 2002, month=4 e
isoValue IsoValue
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T, t=day 135 2002, month=5
. IfoVaIue IfoVaIue
5 mi5

T, t= day 165 2002, month=6
. IsoValue & IsoValue

L L UL LE]

-

Figure 4. Model SST (left) and observed SST (right) from April to June 2002 (arranged from top to bottom). The SST has a contour
interval of 0.5°C.

T, t=day 195 2002, month=7
IsoValue IsoValue
mi5 mis

DOI: 10.4236/0jms.2026.164012 202 Open Journal of Marine Science


https://doi.org/10.4236/ojms.2026.164012

C. Carbonel

T, t=day 225 2002, month=8

T, t=day 255 i 2002, month=9
S0 e

Figure 5. Model SST (left) and observed SST (right) from July to September 2002 (arranged from top to bottom). The SST has a
contour interval of 0.5°C.
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T, t=day 315 2002, month=11
IsoValue IsoValue
uis ui5

mi55

T, t= day 350 IsoVali 2002, month=12
IsoValue
15
13

um

Figure 6. Model SST (left) and observed SST (right) from October to December 2002 (arranged from top to bottom). The SST has
a contour interval of 0.5°C.
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T, t=day 45 2003, month=2
IsoValue IsoValue

T, t=day 75 2003, month=3
IsoValue IsoValue

Figure 7. Model SST (left) and observed SST (right) from January to March 2003 (arranged from top to bottom). The SST has a
contour interval of 0.5°C.
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T, t=day 135 2003, month=5
. !spVaIue - Isovalue

T, t= day 165 2003, month=6

IsoValue IsoValue
150 e

£

Figure 8. Model SST (left) and observed SST (right) from April to June 2003 (arranged from top to bottom). The SST has a contour
interval of 0.5°C.

Figures 9-11 show the velocity fields and surface layer thicknesses on certain
specific days. It can be observed that the greatest layer thicknesses are always lo-
cated in the southwest region. Exceptionally, in the summer of 2002, near the
coast, a deepening of the surface layer is also observed, which is associated with
surface countercurrents. Along the coast, the velocity field shows the coastal
boundary layer effect (Figure 9).

Many models are better in reproducing warm conditions or tend to be warmer

than the normal conditions. But, the presented 1% layer model shows a gradual

change from warm to cool phase without numerical instabilities, due particular
advantages of the numerical formulation, responding directly to forcings model.

Figure 12 illustrates the warming response of the marine region. The ten-day
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[u1,u2], t= day 75

means of the observed SST in the study region and the integrated means of the
instantaneous calculated model temperature every 5 days, during El Nifio Modoki
2002-2003, are represented. The calculated model results follow the time variabil-
ity of observation means, validating the time evolution of the thermal behavior in
the region. The results show no numerical problems that can cause divergence of
the time dependent solution. There is a temperature difference between model
and observed values, particularly during the warming phases, which could be a
consequence of not including forcings and interactions. The Mean Absolute Error
(MAE) of the calculated time series is equal to 0.56°C.

The comparison (Figure 12) verifies dynamically that the SST changes are

linked to the regional wind and heat fluxes forcings.

d, t=day 75
Vec Value IsoValue

m0.0181845
m0 1
H0.036369 W60.4583
m0.0400059 W62.284
m0.0436428 m64.1097
m0.0472797 W65.9354
m0.0509165 m67.7611
m0.0545534 m69.5868
m0.0581903 W71.4125
m0.0618272 m73.2382
m0.0654641 W75.0638
m79.6281

m0.069101

Figure 9. Some instantaneous calculated maps of velocity field V'and upper layer thickness field 4 at around mid-March 2002.

[u1,u2], t= day 165

d, t= day 165

Vec Value IsoValue
m0.0324003 m48.19
=0
m0.0648006 m58.7358
m0.0712807 m60.8439
m0.0777607 W62.9519
m0.0842408 5.06
m0.0907208 67.168
m0.0972009 W69.2761
m0.103681 m71.3841
m0.110161 W73.4922
m0.116641 W75.6002
m0.123121 m80.8704

Figure 10. Some instantaneous calculated maps of velocity field Vand upper layer thickness field 4 at around mid-June 2002.
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[u1,u2], t= day 225

d, t= day 225
Vec Value IsoValue

M0.0237544
m0.029693
m0.0356316
mo

m89.832
m96.434

30 T T T T T T T T T T T T T T T T T T T T T T T T
Tops VSt —m—
Teq VST - -0 -

28 b

26 - B

T(C%

Time (months)

Figure 12. The integrated ten-day means of the observed Temperature ( Zoss from ECMWEF
data source) and model instantaneous solution of Temperature (7wi) every 5 days for the
study area during 2002-2003.

3.5. A Regional Thermal Feature during El Nifio 2002-2003

A particular thermal feature was observed in the study region (0°S to 30°S and
100°W to 70°W) during 2002-2003. Based on the extracted observations
(ECMWF ERA-Interim), Figure 13 shows the integrated monthly means of the
rate of change of observed sea surface temperature (0 77d# and the net incident
heat flux (Q, = Qw— Qu) for the study area.

Figure 13 suggests a link between Q, and d 7/9¢, insinuating the importance of
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atmospheric forcing through the incident heatflux Q, during the warming
changes in the eastern coastal Pacific Ocean region. The mentioned feature was a

motivation of the present study.

300 1 L 1 1 1 ) 1 1 1 1 Il Il 1 1
Qnvst ——
dT/dtvst - -+ -
F 2
250
-1
=
e &
E £
= 200 0%
= A=
o S
=
©
F -1
150
- -2
100 T T T T T T T T T T T T T T L) T T T T
2002 2003
t (months)

Figure 13. The rate of change of observed sea surface temperature (d 77d#) and the net in-
cident heat flux Q,, for the study area during January 2002 to December 2003 (ECMWE-
ERA Interim data source).

3.6. The Role of the Initial Conditions

30 T T T T T T T T T T T T T
Tops VSt —m—
Teq VSt - -0 -

28 | E

26 - q

Time (months)

Figure 14. Case with a colder initial field state. The integrated ten-day means of the ob-
served Temperature ( 7o from ECMWF data source) and model instantaneous solution of
Temperature ( 7zi) every 5 days for the study area during 2002-2003.

To determine the role of the initial conditions on the simulation, a test is carried

out. For this purpose, the initial conditions (section 3.3) used in the main run were
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modified, changing only the temperature field by a factor of 0.8. That is, a colder
initial SST field was imposed. Figure 14 shows the calculated integrated SST of
the region compared to the observations during 2002-2003. The model takes
about 3 months to get a better approach to the observed SST means of the region.
The Mean Absolute Error (MAE) of the calculated time serie is equal to 0.61°C.
The results indicate that is necessary a very carefully definition of the dynamical

pattern in the initial conditions.
4. Summary and Conclusions

A vertically integrated 1% layer stabilized finite element model has been con-

sidered to understand the surface variability produced by only regional forcings
during El Nifio 2002-2003 in the eastern South Pacific Ocean. The model includes
the hydrodynamics and thermodynamics of the upper ocean layer in a limited-area
domain. The formulation uses a stabilizing operator in space and time to improve
the classical Galerkin approach. This methodology allows accurate solutions.

The model solutions are forced by ten-day-averaged regional meteorological
data, extracted from ECMWF. The time evolution results for the SST field com-
pare well with the observed SST evolution during 2002-2003. The southward mi-
gration of the warm water tongue to the south, during the two phases of El Niilo,
was reproduced. During the warming phases, southward velocity components are
induced and a coastal countercurrent is developed.

The source of the warming in the model region is the net incident heat flux and
the promising results were possible due to a particular observed thermal feature
of the region: the rate of change of the Sea Surface Temperature (d 7/d#) and the
net incident heat flux (Q,) are linked during 2002-2003.

The evolution of the integrated SST of the model in the study region follows the
time variability of integrated observed SST, validating the time evolution of the
thermal behavior in the region. The results show no significant accumulation or

loss of heat in the system that can cause divergence of the time dependent solution.

It could be remark that it has been developed a 1% layer ocean model that is

numerically adequated to simulate many aspects of the time evolution of the
coastal ocean response off Peru. Additionally, the model has a simple structure
(one dynamic layer) to understand the surface variability. In this way, it was pos-
sible to determine the real role of the regional forcings off Peru. Particularly, the
importance of the influence of the heat fluxes in the development and decline of
the warming phases during the El Nifio event 2002-2003.

The presented model of the coastal ocean off Peru generates the SST variabili-
ties during El Nifio Modoki 2002-2003 by means of a surface atmosphere-ocean

interaction.
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