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Abstract Zonal advection by long equatorial waves has
been shown to be an important process in the evolution
of sea surface temperature in the central Pacific on
ENSO time scales. The present study aims at investi-
gating how well an oceanic model whose dynamics are
based on long equatorial waves can simulate the large-
scale surface zonal current variability. Thus an ocean
linear model which can be run with two or three layers is
validated against several sets of observations in the Pa-
cific ocean (TOPEX/POSEIDON sea level, TAO zonal
currents, surface current climatology). The surface layer
(mixed-layer) has a constant depth. Therefore the layer
model is equivalent to considering a shear layer solution
and either one or two baroclinic modes. It allows eval-
uation of the impact of adding a second baroclinic mode
on the simulation of surface currents. This evaluation
is done for different friction parametrizations: a weak
linear Rayleigh friction (24 months™), a strong linear
Rayleigh friction (6 months™), and a new parametri-
zation using quadratic friction in the momentum equa-
tion only. It is shown in all simulations using various
Rayleigh friction parametrizations that the addition of a
second baroclinic mode always improves the simulation
of both the sea level and the surface currents, especially
in the central western Pacific. In that region, there is a
reduction of the propagating long Rossby waves whose
amplitude is much too large when only one baroclinic
mode is used. Despite this reduction, the use of a weak
friction (24 months™') always yields results which com-
pare only poorly to observations confirming results from
previous studies. The use of strong friction (6 months™")
improves the model simulation, but surface current
variability still remains too large. Finally, the use of
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quadratic friction as proposed in the present study
considerably improves the simulation of zonal currents
and its comparison to all data sets. This result gives
more confidence in the choice of such a simple model to
further explore the role of zonal advection by long
equatorial waves on ENSO time scales.

1 Introduction

Long equatorial wave theory (Moore and Philander
1977; Cane and Sarachik 1976, 1977, 1979; McCreary
1985) has been shown to explain a large part of the
variance of the observed low-frequency tropical Pacific
ocean sea level and surface current variability (Miller
et al. 1988; Delcroix et al. 1991, 1994; Boulanger and
Menkes 1995, 1999; Picaut and Delcroix 1995; Boulan-
ger and Fu 1996). Moreover it has been considered as
the dynamical foundation for various potential theories
of the El Nifio/Southern Oscillation (Schopf and Suarez
1988; Battisti 1988; Picaut et al. 1997). During the
Tropical Ocean Global Atmosphere (TOGA) pro-
gramme, ocean-atmosphere coupled models (e.g. Zebiak
and Cane 1987) have been designed such that linear
ocean dynamics are used to represent mainly equatorial
Kelvin and long Rossby waves. In parallel, the efforts of
the modelling scientific community since the 1980s have
led to the development of general circulation models
(GCMs) of the ocean and the atmosphere with more
complex physics. Although these models offer a better
representation of the physical processes on various
temporal and spatial scales, simple models are still ex-
tremely useful to understand potential mechanisms and
physical balances at work in the coupled system, which
can then be investigated in more general complex
models.

As examples, linear ocean models used for ENSO
studies can either use only one baroclinic mode (Busa-
lacchi and O’Brien 1981; Busalacchi et al. 1983), multi-
ple baroclinic modes (Busalacchi and Cane 1985;
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McPhaden and Yu 1999), one baroclinic mode and a
shear surface layer (Zebiak and Cane 1987) or multiple
baroclinic modes and a shear surface layer (Chen et al.
1995; Dewitte 2000). Some of these models have been
used for theoretical studies or for comparisons to ob-
servations and have mainly been evaluated using data
such as tide-gauge measurements (Busalacchi and Cane
1985), climatological surface current data (Dewitte
2000), Tropical Atmosphere Ocean (TAO) Array (Hayes
et al. 1991; McPhaden 1993) observations (Kessler and
McPhaden 1995), or TOPEX/POSEIDON (T/P) sea
level anomalies (McPhaden and Yu 1999). Most of these
models share the use of a linear Rayleigh friction to
represent the dissipation of long equatorial wave am-
plitudes along their propagation [with values often
smaller than (24 months)™' for the first baroclinic mode;
this will be considered in the following as a weak fric-
tion]. This choice of weak friction means that long
equatorial waves are very little damped and can bounce
back and forth at the Pacific boundaries. Various com-
parisons to sea level data (Picaut et al. 1993; Kessler and
McPhaden 1995; Boulanger and Fu 1996; McPhaden
and Yu 1999) have highlighted the importance of using
friction values larger than (12 months)™' (referred to in
the following as a strong friction) to properly reproduce
sea level or dynamic height anomalies in the equatorial
Pacific basin. To this day, very little attention has been
given to the validation of surface currents simulated by
such linear ocean models even though those currents
play a key role in ENSO (Picaut et al. 1996) and on
which simple coupled models of ENSO are based (Picaut
et al. 1997).

The aim here is thus, first, to investigate the skill of
such linear models in simulating surface currents when
using the typical linear Rayleigh friction with one or two
baroclinic modes, and, second, to explore how these can
be satisfactorily simulated on ENSO time scales. Such
an exploration is crucial if one wants to use such linear
models to evaluate the role of zonal advection by long
equatorial waves on ENSO as has been illustrated in
data analysis (Picaut et al. 1996). To perform such an
investigation, a linear ocean model similar to other
linear ocean models is validated during the 1993-1998
period during which multiple basin-scale high-quality
observations are available (e.g. ERS and TAO wind
forcing, T/P sea level anomalies and TAO surface zonal
currents).

Briefly, the oceanic dynamics is derived from a linear
3-1/2 layer model, with a constant surface layer (mixed-
layer). Fluxes of mass and momentum are allowed be-
tween the first and second layers. As the surface layer
has a constant depth, only two baroclinic modes exist in
the model. Finally, the major parameters of this oceanic
model are the number of subsurface layers (equivalent to
the number of baroclinic modes; two subsurface layers
are considered in the standard version), the density and
thickness of each layer (determining in particular the
phase speed and wind projection coefficient for each
baroclinic mode), the parametrization of the flux of
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momentum and mass between the first and second
layers, and the parametrization and amplitude of the
friction in each layer.

Section 2 presents the various data (TOPEX/PO-
SEIDON sea level, zonal currents from the TAO Array,
ERS + TAO surface wind stress data). Section 3 de-
scribes the model grids and equations. Section 4 dis-
cusses the comparison of the oceanic model dynamics to
data and its simulated variability during the 1993-1998
period. Section 5 discusses the model sensitivity to major
parameters. Finally, Sect. 6 discusses the results and
gives some conclusions.

2 Data

TOPEX/POSEIDON sea level data

The TOPEX/POSEIDON sea level data used in the present study
are provided by the Center of Space Research at the University of
Texas. A detailed description of the data processing and error
analysis can be found in Tapley et al. (1994). The sea level data
gridded on a 1° longitude by 1° latitude regular grid for each cycle
are averaged onto the model grid. Data are monthly averaged. We
use the first 230 cycles for the period October 1992—December 1998.
Sea level anomalies are computed relative to the January 1993—
December 1996 period, which showed weak interannual variability
(Boulanger and Menkes 1999). Only monthly means will be
considered here.

TOGA-TAO zonal current data

One of the great achievements of the TOGA-TAO array is to
provide long time series of current profiles at different locations
along the equator (110°W, 140°W, 170°W, 165°E, 156°E and
147°E). At these sites in-situ currents are measured with six to seven
vector averaging current meters (VACMs) and/or with the acoustic
doppler current profiler (ADCP). Both kinds of measurements are
highly correlated (McPhaden and McCarty 1992). Where both
kinds of measurements were available, ADCP observations were
preferred. All data at each mooring location were monthly aver-
aged. Data were then processed in the following way. First, fol-
lowing the methods described in McPhaden and McCarthy (1992),
missing data at a given level were either interpolated (when close
upper and lower levels were available) or extrapolated (when only
one level was available) through either bilinear or linear regression.
A 1-2-1 filter is then applied in time at each mooring level.

The model surface currents are computed over 50 m (the
thickness of the surface layer), however they actually represent the
currents vertically averaged over the mixed-layer. Therefore
the question arises as to what current observations should be
considered to validate the model. First, it is a difficult task to
compute the exact depth of the mixed-layer (especially as salinity
measurements are not available at most of the mooring sites).
Second, one could consider that the mean mixed-layer thickness is
close to 30 m in the eastern and western Pacific basins while it
is deeper in the central Pacific. In fact, averaging observed currents
over 30 m in the eastern and western Pacific or over 70 m in the
central Pacific as compared to considering only the near-surface
currents would not strongly affect the model-data comparisons
except in the eastern Pacific during cold phases when the core of the
Equatorial UnderCurrent and the thermocline shallow significantly
(i.e. the mixed-layer shallows as well). Therefore, considering the
previous points and, for the sake of simplicity, all comparisons to
TAO moorings will be performed using 10-m current data, except
at 170°W where the ADCP was mounted on a subsurface mooring
looking upward from about 270 m depth. At that location, the 30-
m depth measurement is the shallowest measurement unaffected by
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side-lobe reflections from the surface and is therefore chosen for
comparisons.

ERS + TAO wind stress data

ERS-1 and ERS-2 wind data were provided by the Centre ERS
d’Archivage et de Traitement located in the Institut Franais de
Recherche pour I’Exploitation de la Mer. The method used to
convert the radar backscatter measured by the ERS-1 and ERS-2
scatterometers is described and validated in Bentamy et al.
(1996). The original product is gridded on a 1° longitude by
1° latitude regular grid and is a weekly average wind stress field.
A recent study (Menkes et al. 1998) has highlighted the weak
amplitude of the ERS wind stress in comparison to TAO wind
data, leading to the choice of using the ERS + TAO wind stress
data set constructed by Menkes et al. (1998). Data are spatially
(2° longitude x 0.5° latitude) and temporally (5-day time step
with six time steps per month) interpolated onto the model grid.
ERS-1 data were used from May 1992 to May 1996 while ERS-2
data were used from June 1996 to December 1998. A climatology
was computed over the period January 1993-December 1996.
Wind stress interannual anomalies are computed relative to that
period.

3 The oceanic model dynamics

The oceanic basin extends from 130°E to 80°W in longitude and
from 20.25°S to 20.25°N in latitude. The grid resolution is 2° in
longitude and 0.5° in latitude. The resolution is the same in each
layer. The model spatial grid is displayed in Fig. 1.

The model dynamics is derived from a 3-1/2 layer linear model
considering the following hypotheses: (1) the first layer (mixed-
layer) has a constant depth; (2) the interface between the first and
second layer is not a material surface i.e. there are fluxes of mass
and momentum through the interface; and (3) the interface between
the second and third layer (representative of the top of the ther-
mocline) is considered as a material surface with no flux through
the interface. Thus, the 3-1/2 layer model is equivalent to solving a
shear-layer and two subsurface equations.

Introducing (u;, v,) as the currents in the first layer, (u,, v,)
as the currents in the second layer, (us, vs) as the shear currents
between the first and second layers, and (H;, H) as the thickness
of the first two layers:
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Fig. 1 Model discretization grid. U, V, W, H, T, F, G and Q
respectively refer to the zonal current, meridional current, vertical
current, sea level (or pressure), temperature, zonal forcing, meridional
forcing and “mass” forcing
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where ) and t, are the zonal and meridional wind stresses and
T /po is taken as a vertical diffusion term at the base of the mixed-
layer i.e. 71/py = (KO.4),_ p = Kil;/H, = K,i;. From the previ-
ous equations, near the equator, the upwelling velocity is roughly
proportional to (HH>)/(K,(H, + H»)). The value of K, was chosen
in each experiment (control and sensitivity) for the model maxi-
mum mean upwelling velocity at the equator to be close to 2.5 m/
day which is close to observed values (e.g. Bryden and Brady 1985;
Halpern 1987). Actually, this term represents the transfer of mo-
mentum from the surface to the base of the mixing layer i.e. it
includes the effect of vertical mixing and of entrainment/detrain-
ment related to the vertical displacement of the mixed-layer, a
mechanism not explicitly simulated by the model. For the sake of
simplicity this value is constant in time and space. The dissipation
is the sum of a horizontal Laplacian diffusion and a friction term
which will be discussed later. The horizontal diffusion coefficient is
chosen as 2000 m? - s™! except near the western boundaries where
this value becomes 40 000 m* - s™'. It also slowly increases from
2000 in the 10°N-10°S band up to 40 000 at the northern and
southern boundaries (20°). The choice of such large values near the
western boundary and near the model meridional boundaries is
motivated by the need to avoid large values of the vertical velocity
computed at the western and meridional boundaries. Indeed,
a large vertical velocity at the western boundary otherwise affects
the baroclinic solution computed in the subsurface equations.
Moreover, near the northern and southern model boundaries, the
large diffusion coefficient allows one to reduce the forcing of the
anti-Kelvin waves in the subsurface equations.

Considering the following points: (1) wi = w, + H (Oxuy +0,2),
(2) the subsurface dynamics at low frequency is mainly dominated
by long Kelvin and Rossby waves (i.e. the system can be reduced
using the long wave approximation), the subsurface layer equations
(k =2, 3) are:

TX
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Potli

T . 2
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where wuy, vi, wi, hi, Hi, pr, T}, ri respectively represent the zonal,
meridional, and vertical current components, the anomalous layer
thickness, the mean thickness, the anomalous layer pressure, and
the zonal and meridional stress components between the layers k
and k + 1. Moreover Hy = Hy + H,, H; = H3, and §;; = 1 if i =
and 6;; = 0 otherwise. Frictional terms are also considered, and
their analytical form will be discussed later. Finally, the surface
currents are the sum of the shear currents and of the second layer
currents. The sea level anomalies are n =, , h,(p4 — p,)/pPo =
P2/ py-

The model equations correspond to a layer model. However,
in order to solve the equations with a large time step (5 days), the
model subsurface layer equations are at each time step decom-
posed into their equivalent baroclinic mode equations (see
Appendix A) solved using a numerical scheme similar to Cane
and Patton (1984).

The temporal discretization is a leapfrog scheme, and an Asselin
filter (Asselin 1972) is used to remove temporal instability. When
integrating from time step n — 1 to n + 1, the stress terms are those
at time step n, while all dissipation and friction terms are explicit
and computed from the solution at time step n — 1.
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Frictional terms

The frictional terms (applied to the layer equations) can have two
forms:
— the linear Rayleigh formulation

Fric(ue) = —riuy
Fric(vi) = —rpvg
Fric(hy) = —rihy

— a quadratic friction on the momentum, a linear friction on the
layer thickness

Fric(wy) = —riuy|ug|
Fric(vi) = —r{ve|vi]
Fric(hy) = —rihy

The linear Rayleigh friction has been currently used in various
similar models (e.g. Zebiak and Cane 1984; Battisti 1988; Chen
et al. 1995; Dewitte 2000). Following McCreary (1981), this
formulation has a theoretical basis only if the vertical diffusion
coeflicient profile is inversely proportional to the square of the
Briint-Vaisala frequency.

The use of a quadratic friction is to mimic in a crude way the role
of non-linear dissipative processes in the momentum equations due
to non-linear processes not resolved by the model physics. Focusing
on low-frequency zonal currents, the non-linear term of the full
momentum equations (—u0,u), would decelerate eastward currents
when O.u > 0 and westward currents when O.u < 0. Therefore
around the equator, from the position of the maximum of the SEC
westward to the convergence zone near the dateline (Picaut et al.
1996), the surface westward currents would be decelerated by this
non-linear process. However in the region of the NECC, surface
currents would instead be accelerated by non-linear processes, as
well as in the eastern Pacific where the EUC surfaces. Therefore in
these two regions the quadratic friction parametrization will not
improve the surface current simulations while in the central and
western Pacific, it will help in strongly damping the propagation of
long Rossby waves whose amplitudes are often overestimated in
linear ocean models. Whether such an effect can also be achieved
using linear Rayleigh friction with more than one baroclinic mode
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will be discussed. Finally, one must be conscious of the fact that, as
stated in the case of Rayleigh friction (Blumenthal and Cane 1989),
such a parametrization of friction is artificial as well.

As far as dimensions are concerned, the quadratic friction
coeflicient can be considered as a Rayleigh coefficient divided by a
constant current amplitude. If we consider a constant current
amplitude of order 10 cm/s (close to the mean value of the TAO 10-
m zonal currents in the central and eastern Pacific), then the qua-
dratic friction acts as a Rayleigh friction with an equivalent time
scale proportional to #/0.1 (u being in m/s). Thus, it appears that
when the surface current is larger than 10 cm/s the equivalent
Rayleigh friction increases while when the surface current is smaller
than 10 cm/s the equivalent Rayleigh friction decreases. Such a
quadratic friction is therefore equivalent to a Rayleigh friction with
a spatial and temporal variability. Indeed it acts more strongly in
the central and eastern Pacific than in the western Pacific. As well,
it acts more strongly during La Nifia years (when the horizontal
structures of currents are strengthened) than during El Nifio years
(when the total currents are weak and show weaker horizontal
gradients). Considering the quadratic friction amplitude (Table 1),
the equivalent Rayleigh friction for a surface current amplitude of
10 cm/s is equal to (3.5 months)™.

Model limitations

Even if the use of the quadratic friction helps in simulating the
amplitude and variability of surface currents (as shown in the fol-
lowing section), the model does not have all the physics required to
properly simulate surface currents. First, the model does not have a
variable mixed-layer which would affect how the wind projects it-
self into the ocean. Second, as the model is linear it does not re-
alisitically simulate the springtime reversal of the South Equatorial
Current. The dynamics of that reversal rely on a nonlinearity of the
mean state as described in Yu et al. (1997) and Yu and McPhaden
(1999). As will be shown later, it simulates a seasonal cycle with a
springtime reversal, but the surface mean flow in the model is too
strong to the west as a result of the linear dynamics. Second, the
model does not simulate tropical instability waves and eddies which
have been shown to be important in properly simulating both zonal
and meridional advection (Wang and McPhaden 1999; Vialard
et al. 2000). However the Trident model is designed to study the

Table 1 Model parameters for

different sensitivity experiments M2FQ MIFQ M2WF MIWF M2SF MISF
H; (m) 50 50 50 50 50 50
H, (m) 25 25 80 80 55 55
H; (m) 174 - 302 - 244 -
03 — p2 (kg - m™>) 3.73 10.87 2.15 6.27 2.67 7.76
04 — p3 (kg - m™) 2.83 - 1.62 - 2.02 -
¢; (m/s) 2.80 2.80 2.80 2.80 2.80 2.80
¢y (m/s) 1.27 - 1.27 - 1.28 -
y(Hy + Hy) 150 75 260 130 210 105
2(H, + Hy) 150 - 260 - 210 -
Fricy (u,y) 2.85% 2.85% 1/24 1/24 1/6 1/6
Fricy (h) 1/9 1/9 1/24 1/24 1/6 1/6
Fric, (u,v) 2.85% - 1/24 - 1/6 -
Fricy (h) 1/9 - 1/24 - 1/6 -
K, (m/s) 47-107° 4.7-1073 1.6-107* 1.6-10~* 1.1-107* 1.1-107*

4 Unit is in months™! - m™" - s. H, is the model surface layer (mixed-layer) thickness, H, is the thickness
of the second layer, H; is the thickness of the third layer when it applies. p3; — p, is the density
difference between the second layer and the third layer (M2FQ, M2WF, M2SF) or the deep layer at
rest (M1FQ, M1IWF, MISF), p4 — ps is the density difference between the third layer and the deep
layer at rest in the experiments (M2FQ, M2WF, M2SF). ¢, is the phase speed of the first baroclinic
phase speed. ¢, is the phase speed of the second baroclinic phase speed when it applies. y,(H, + H>)
and y,(H; + H,) represent the wind projection coefficients respectively for the first and second vertical
modes. Fric,, (u,v) is the friction coefficient applied to the momentum equations respectively for the
first and second subsurface layers when it applies. Fric, » (h) is the linear Rayleigh friction coefficient
applied to the thickness layer equation respectively for the first and second subsurface layers when it
applies. All friction units are in (months)~! except when stated otherwise (M2FQ, MIFQ). K, is a
coeflicient of vertical transfer of momentum between the surface layer and the first subsurface layer
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role of long equatorial waves in ENSO events. As a consequence,
and keeping in mind the limitations cited above, it remains an
interesting tool to investigate such a role.

Choice of the control run parameters (M2FQ)

The model parameters used in the control run (M2FQ) are sum-
marized in Table 1. In order to compare to other studies (Dewitte
2000), the wind projection coefficients have been chosen such that
an equal wind energy is projected onto each baroclinic mode. This
is typical of the central Pacific vertical stratification (Dewitte 2000).
Then the choice of the layer depths and of the density differences
between the layers have been made for the baroclinic phase speeds
to have reasonable values representative of the equatorial Pacific
(Table 1). It is worth pointing out that the model simulations are
not really sensitive to these parameters values in the range 2.2-3 m/
s for the first mode and 1-1.5 m/s for the second mode. Finally, as
stated earlier, the value of K, has been chosen for the mean
equatorial upwelling to reach a maximum value of 2.5 m/day. The
friction parameters have been evaluated for the model to reproduce
the amplitude of the sea level and surface currents. This will be
discussed in Sect. 5. As shown later, for such a choice of parame-
ters the model reproduces fairly well the sea level and zonal current
observed variability.

4 Evaluation of the ocean model dynamics during
the 1993-1998 period

The control experiment (May 1992-December 1998) is
preceded by a 5-year spin-up using the 1993-1996 wind
stress climatology. Model outputs are monthly aver-
aged. The model climatology was computed over the
period January 1993-December 1996. Interannual
anomalies are computed relative to that period.

Sea-level variability

The mean topography of the simulated sea level
(Fig. 2a) displays the major observed features. On a
seasonal time scale, the model compares fairly well to the
seasonal cycle computed from 7/P data in the central
Pacific (170°E-140°W) around the equator (Fig. 2d).
However it poorly simulates the sea level seasonal cycle
in the eastern Pacific (correlation lower than 0.2 at
110°W) and north of 5°N where the model simulates
unrealistic amplitudes (Figs. 2b, ¢). In the eastern Pa-
cific, this pattern may be due to at least two reasons: 1)
the observed sea level variability (Fig. 2¢) is rather weak
(between 1 and 2 cm) inducing a rather low signal-to-
noise ratio; 2) the model is unable to properly simulate
the springtime reversal of the zonal current which in the
real ocean is due to nonlinear processes (Yu et al. 1997;
Yu and McPhaden 1999). This can affect the sea level
variability in a region of weak variability. The simulated
pattern north of 5°N is an overestimated response to the
wind stress curl in that region actually very sensitive to
the wind stress product (see Fig. 11 of Busalacchi et al.
1990). Although, the ERS + TAO wind product is
likely one of the best wind products that can be used for
a Pacific Ocean simulation in the 5°N-5°S band, the
combined wind data set can experience, at the poleward

boundaries of the TAO array (8°N-8°S), a meridional
gradient (transition from ERS + TAO winds to ERS
winds only) which would affect the wind stress curl.
Between 5°N and 10°N, the region over which merid-
ional displacement of the ITCZ occurs, such a wind
stress curl might indeed generate a significant spurious
signal in sea level. Interannual anomalies (Fig. 2f) dis-
play patterns of variability similar to the ones observed
in T/P data (Fig. 2g) although the model has a larger
amplitude in the western Pacific. The correlation
(Fig. 2h) is larger than 0.7 over the entire 5°N-5°S
bandwith maxima over 0.9 in the western Pacific and in
the central Pacific. The mean correlation reached 0.88 in
the 5°N-5°S band with a mean rms difference of 4.1 cm
(Fig. 2i). In summary, the model exhibits reasonable
skill in simulating sea level variability in the equatorial
wave guide.

Surface zonal current variability

The model surface zonal currents are first compared to
the TAO zonal currents (Fig. 3). It is found (see Table 2)
that the model represents the observed zonal current
amplitude over the entire basin fairly well, although
correlations are better in the western-central Pacific
than in the eastern Pacific. At 110°W, in particular, the
model-data comparison is 0.51, because the actual
springtime reversal is due to nonlinear processes (Yu
et al. 1997; Yu and McPhaden 1999) that the linear
model cannot reproduce.

The model mean state and seasonal cycle variability
are then compared to the Reverdin et al. (1994) clima-
tology. As can be seen in Fig. 4a, b, the model does not
reproduce the amplitude of the NECC, and the northern
branch of the SEC extends too far poleward. In addition,
the model captures the basic mean state computed over
another period (1987-1992) using surface drifters. The
northern branch is stronger than the southern branch.
An equatorial minimum is found east of 130°W. The
seasonal cycle variability for the data (Fig. 4c, d) displays
a larger variability along the equator than in the model
(Fig. 4c) although the observed patterns have a spatial
extension on the same order of the zonal resolution of the
data grid (5°). On average, both model and data have
variability on the order of 15 to 25 cm/s, and both dis-
play a coherent pattern of larger variability north of 8°N.
In agreement with our previous results, it appears that
the model does not simulate the larger equatorial vari-
ability observed in the eastern Pacific (130°W-90°W).
Interannual anomalies (Fig. 4e) display larger variability
near the dateline (region of large interannual wind
anomalies) and in the central-eastern Pacific near 5°N in
the region of displacement of the ITCZ.

Surface meridional current variability

The model surface meridional currents are compared to
the Reverdin et al. (1994) climatology. Although the
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Fig. 2 a Model sea level mean state (contour intervals are every
10 cm; negative values are shaded); b model climatological variability
(contour intervals are every 1 cm; values larger than 8 cm are shaded),
¢ same as b but for 7/P data; d map of correlation between 7/P and
simulated sea level climatologies (contour intervals are every 0.1 from
0. to 0.8, and every 0.05 from 0.80 to 0.95; values higher than 0.7 are
shaded); e map of rms difference between 7/P and simulated sea level
climatologies (contours are every 1 cm; values higher than 8 cm are
shaded); f same as b but for interannual anomalies; g same as ¢ but for
interannual anomalies; h same as d but for interannual anomalies; i
same as e but for interannual anomalies

model (Fig. 5a) captures the average mean flows north
and south of the equator (Fig. 5b), the model underes-
timates some patterns of mean meridional currents. This
is also found when comparing the seasonal cycle vari-
ability (Fig. 5c, d). The observed large amplitudes might
be the residual signatures of instability waves which near
the equator strongly affects the meridional currents and
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Table 2 Model comparisons with TAO surface zonal currents

TAO mooring 147°E 156°E 165°E 170°W 140°W 110°W

Correlation 080 0.81 088 0.77 0.62 0.51
Std TAO (cm/s) 27.6 220 351 338 327 335
Std Trident (cm/s) 28.1 249 30.8 320 28.6 212
Rms difference (cm/s) 17.7 14.8 16.7 224 270 29.1

which are not simulated by the model. Interannual
anomalies have a larger variability in the western Pacific
where the interannual wind anomalies are located.

Vertical current variability

The mean vertical current (Fig. 6a) displays an upwel-
ling along the equator in the central Pacific displaced
slightly southward in the eastern Pacific. The maximum
amplitude reaches 3 m/day along the equator in agree-
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Fig. 3a—f Time series at a 147°E, b 156°E, ¢ 165°E, d 170°W, e 140°W and f 110°W of TAO zonal current data (solid line) and simulated zonal
currents (dashed line). Statistical comparisons are summarized in Table 2
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Fig. 4a— Longitude-latitude maps (130°E-80°W/10°S-10°N) of: the
mean surface zonal current from a the model and b the Reverdin et al.
(1994) observations (contour intervals every 10 cm/s, negative values
are shaded); the seasonal variability from ¢ the model and d the
Reverdin et al. (1994) observations (contour intervals every 5 cm/s); e
the simulated interannual variability (contour intervals every 5 cm/s)

ment with various observations (Bryden and Brady
1985; Halpern 1987) and is also similar to the value
found in an OGCM forced by the same winds
(C. Menkes personal communication). Further east, the
signal decreases as the maximum upwelling amplitude
is actually displaced southward (Cromwell 1953).
Westward, the equatorial upwelling also decreases until
142°E where the model coastlines get close to the
equator. On seasonal and interannual time scales
(Fig. 6b, c), the patterns of variability are rather noisy.
During a seasonal cycle, along the equator (Fig. 7c, d),
the model simulates a maximum upwelling velocity of
3 m/s (Fig. 7¢) around 140°W. The minimum in the
upwelling velocity happens when the trade winds
weaken seasonally and when the springtime reversal of
the zonal current is simulated (Fig. 7a).

5 Model sensitivity in simulating sea level
and surface zonal currents

The main model parameters are: (1) the friction for-
mulation and amplitude, (2) the number of baroclinic
modes, (3) the layer parameters (layer density and
thickness equivalent to the baroclinic phase speed and
wind projection coefficient), and (4) the amplitude of
fluxes of momentum and mass between the first and
second layers (depending on Ku). First, for each simu-
lation, the following model parameters (Ku, density and
thickness layers) are adjusted: (1) for the mean upwelling
velocity to reach 2.5 m/day near 140°W as in the control
run; (2) for the sea level variability to reach similar
amplitudes as 7'/P data in the eastern Pacific; and (3) for
the mode phase speeds to be close to 2.8 m/s and
1.3 m/s. All experiment parameters are given in Table 1.
Thus, only the model sensitivity to the friction para-
metrization and to the addition of a second baroclinic
mode will be explored in the following.

First, we consider the 3-layer model (i.e. with two
baroclinic modes) such that the wind projection coeffi-
cients for the two modes are equal. Three experiments
are performed using respectively a (24 months)™' Ray-
leigh friction (M2WF), a (6 months)~' Rayleigh friction
(M2SF) and a quadratic friction (M2QF). The same
three experiments will then be performed with one
baroclinic mode only (i.e. only two layers), and the
respective simulations known as MI1WF, MI1SF and
MI1QF. These various simulations will be compared in
terms of the sea level interannual variability (Fig. 8a—f),
the mean zonal surface current (Fig. 8g-1), the zonal
current climatological variability (Fig. 9a—f) and the
zonal current interannual variability (Fig. 9g-1).
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Zonal current climatological variability (Fig. 9a—f)

It is evident that the choice of two baroclinic modes
affects significantly the zonal current amplitude in the
central and western Pacific, and that this represents an
improvement. Similarly, the use of a strong friction
improves the simulated amplitude. However, the surface
current variability remains much larger than the clima-
tological variability (Fig. 4d). Only the use of a qua-
dratic friction simulates reasonable amplitudes. It is
worth noting that all the simulations display a minimum
of variability in the eastern Pacific to the west of 110°W
in disagreement with observations.
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| 'é-' 7 W Zonal current interannual variability (Fig. 9g-1)
> s pRe)
=2 < E 8 B Q All simulations using linear Rayleigh friction display

a pattern of large variability near 8°N. This could be
the result of the wind stress curl of the ERS + TAO
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Fig. 6 a Mean vertical current at 50 m (contour intervals every 1 m/
day, negative values are shaded), b the seasonal and ¢ interannual
variability of vertical currents (contours are every 0.25 m/day; in
b, values larger than 0.5 m/day are shaded, and in ¢, values larger than
0.75 m/day are shaded)

wind product as discussed earlier. More interestingly, all
simulations using linear Rayleigh friction display a
larger variability along the equator near the dateline (by
5-10 cm/s) when two baroclinic modes are considered.
This result is certainly related to the amplitude of the
Kelvin waves which will reach the central Pacific after
Rossby wave reflection at the western boundary. Indeed,
as the second mode propagates more slowly than the
first one, the Kelvin wave amplitude reaching the date-
line coming from the reflection is more affected by fric-
tion. Thus the total Kelvin wave amplitude reaching the
dateline in the two baroclinic mode case is weaker than
in the one baroclinic mode case. Thus, as these Kelvin
waves have equatorial zonal currents which sign is op-
posite to the impinging Rossby waves, the low-frequency
Rossby wave amplitude wind-forced near the dateline is
less counteracted by Kelvin wave reflection in the two
baroclinic mode case. The total zonal current amplitude
is therefore larger explaining the larger variability
observed near the dateline.

Finally, regardless of whether one or two baroclinic
modes are considered, all simulations with linear Ray-
leigh friction overestimate the surface current variability
when compared to the model simulations using
quadratic friction similar to the control run shown in
Sect. 4 to reproduce the TAO data amplitudes fairly
well.

6 Discussion and conclusions

The aim of the present paper was to improve the
simulation of surface zonal currents in the Pacific
Ocean using a linear model based on long equatorial
wave dynamics. Indeed, while thermocline displace-
ments are important in the eastern Pacific on interan-
nual time scales, zonal advection is important in the
central Pacific (Picaut et al. 1996). Therefore, it is
crucial in order to study the importance of the different
oceanic mechanisms at work on ENSO time scales to
use a model which performs well in simulating both the
sea level and the surface currents. Although long
equatorial wave dynamics do not allow one to repre-
sent the contributions of non-linear processes and
eddies which play an important role in maintaining
surface currents (Yu et al. 1997, Yu and McPhaden
1999), a linear model is an interesting tool to investi-
gate the role of long equatorial waves on low-frequency
ocean dynamics and thermodynamics. The present
study therefore focused on improving the simulation of
the long wave component of the surface zonal currents.
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equatorial surface zonal current anomalies (contours are every
15 cm/s and negative values are shaded; three years are presented
for clarity); b longitude section of the equatorial mean surface zonal
current (solid line) and variability (dashed line); ¢ longitude-time

The ocean model presented in that studies the oceanic
component of the Trident model (see Boulanger and
Menkes 2000 in the same issue which describes the
model thermodynamics). Briefly, the ocean dynamics is
derived from a linear 3-1/2 layer model with a constant
surface layer (mixed-layer). Fluxes of mass and mo-
mentum are allowed between the first and second layers.
That sets the forcing conditions for the subsurface
dynamics. As the surface layer has a constant depth,
two baroclinic modes exist in the model.

Two major parameters are investigated to discuss the
sensitivity of a linear model in simulating surface zonal
currents: the friction formulation and amplitude, and
the addition of a second baroclinic mode. Considering
the first point, it is shown that the use of weak Rayleigh
friction values as used in most of linear models (Zebiak
and Cane 1987; Battisti 1988; Picaut et al. 1997) does
not allow one to properly simulate the mean state, or the
seasonal and interannual variability of the large-scale
surface zonal currents. While the addition of a second
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section plot of the simulated climatological vertical velocity (contours
are every 0.5 m/day and negative values are shaded; three years are
presented for clarity); d longitude section of the equatorial mean
vertical velocity (solid line) and variability (dashed line)

baroclinic mode (e.g. Chen et al. 1995; Dewitte 2000) is
an improvement (it mainly reduces the simulated large
amplitude of westward propagating Rossby waves), the
comparisons to observations are still poor in terms of
amplitude and variability. When strong Rayleigh fric-
tion is used (such as (6 months™'), the model better
simulates the zonal current variability, although it still
remains too large.

A new parametrization for the friction was intro-
duced. It consists of a quadratic friction on the
momentum equations. The quadratic friction parameter
is equivalent to a Rayleigh friction divided by a constant
current amplitude. Briefly, this is equivalent to consid-
ering a spatially and temporally variable Rayleigh fric-
tion: the friction acts more strongly (weakly) when the
surface currents are strong (weak), such as in the eastern
(western) Pacific and during La Nifia (as El Nifio)
events. The model comparison to the Reverdin et al.
(1994) surface current climatology, to the TOPEX/PO-
SEIDON sea level anomalies and to the TAO currents
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than 8 cm are shaded); g-1 mean zonal currents simulated for
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show that it has better skill in simulating sea level and
surface current variability. Although the model is less
sensitive to the addition of a second baroclinic mode
when using quadratic friction, the model currents are
improved when two baroclinic modes are considered.
The present model used with quadratic friction gives
confidence in investigation of the role of long equatorial
waves on zonal advection of temperature in relation to
ENSO events.
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Appendix A

Following the same notations as in McCreary et al. (1992), the
subsurface layer equations can be written:

O v + 0u(p/py) = F
Bru+0,(p/py) = G
Adi(p/po) + (Bu+0yv) = Q

where the matrix A relates /1 and p (with gi; = g(p; — p;)/po) as
follows:

(1)
A= (—1/(5@131;)

92
q3

—1/(95,H3) ): (011 alz)
9/ (g139513) @i an

and where q = represents the zonal or meridional current,

the pressure anomalies, the zonal or meridional stress or the en-
trainment velocity in each subsurface layer. The solution to the two
layer system can be actually represented as expansions in the two
baroclinic (vertical normal) modes: q = q1\| + g2, where the
eigenvectors and eigenvalues of the matrix A are respectively

1 , _ I
¥ = ((;»n*all)/aﬂ) and 7, = ¢, =3[(an +an)+(-1)"
[(a1 — a22)2 + 4a12a21]1/2]. Introducing the eigenvectors l/A/,, =

) of the adjoint matrix of A, we can define a scalar

< 1
(Zn — ai1)/az
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product such that (ql,) = ¢V, + qaiall, where ), =
(1(4 —an)/ai2). The norm of the eigenvector n is then
Tn = <¢n‘lpn> = wnlpn =1+ ()”n - 011)2/(012@1)- Thus the SyStem
of equations for each baroclinic mode (j = 1,2) is:

Ou; — Pyv; +0u(pi/po) = F;
Bwu; +0,(pi/po) = G
0/(pi/po) + 4 (B +0yv)) = 0;/%

with gq; = (aly,;)/(¥;I¥;) = (g2 + q3(%; —ai)/ax)/v;. Therefore
the ratio of upper layer to lower layer variables for each mode j
is rp = alz/(;uj — all),

The solutions of each system of baroclinic equations is then
solved using a model similar to Cane and Patton (1984). The major
differences from Cane and Patton (1984) is in solving the Kelvin
wave equation and in the temporal scheme which is now a leapfrog
scheme. The Kelvin wave equation is not solved by integrating the
wind forcing, but by solving the discretized Kelvin wave equations
from west to east in the same way as the non-Kelvin wave solution.
Thus, the scheme is unconditionally stable, and allows us to rep-
resent the coastline with a zonal resolution as short as the model
zonal grid resolution, whereas in Cane and Patton (1984), it cannot
be smaller than the distance that a Kelvin wave travels in one time
step.

Finally, at each time step, the horizontal currents and the
thickness anomalies of the subsurface layers are then computed
from the combination of the baroclinic solutions. It is worth
pointing out that when a quadratic friction is used in the layer
equations, the two baroclinic solutions are not independent of each
other.
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