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Simulating the oceanic circulation in Eastern Boundary Upwelling Systems (EBUS) is a challenging issue
due to the paucity of wind stress products of a sufficiently high spatial resolution to simulate the
observed upwelling dynamics. In this study, we present the results of regional simulations of the Hum-
boldt current system (Peru and Chile coasts) to assess the value of a statistical downscaling model of sur-
face forcing. Twin experiments that differ only from the momentum flux forcing are carried out over the
1992–2000 period that encompasses the major 1997/98 El Niño/La Niña event. It is shown that the mean
biases of the oceanic circulation can be drastically reduced simply substituting the mean wind field of
NCEP reanalysis by a higher resolution mean product (QuikSCAT). The statistical downscaling model
improves further the simulations allowing more realistic intraseasonal and interannual coastal undercur-
rent variability, which is notoriously strong off Central Peru and Central Chile. Despite some limitations,
our results suggest that the statistical approach may be useful to regional oceanic studies of present and
future climates.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The Humboldt current system (HCS) also known as the Peru
Chile current system is the Eastern Boundary Upwelling System
(EBUS) of the South Pacific Ocean. The coastal ocean off Chile and
Peru is characterized by the upwelling of cold, nutrient-rich waters
driving an exceptionally high biological productivity (Carr and
Kearns, 2003) and making this system the most productive marine
ecosystem in the world (Chavez et al., 2008). The HCS upwelling is
driven by persistent equatorward, upwelling-favorable winds that
have a marked seasonal cycle and intraseasonal variability. Two
main upwelling regions can be considered: Central Chile and Cen-
tral Peru regions. The former is characterized by seasonally varying
wind-forced upwelling with a peak season in Austral Summer that
is modulated by atmospheric coastal jets (Garreaud and Muñoz,
2005). Coastal jets are intermittent upwelling favorable winds dri-
ven by the extra-tropical storm activity entering the region of the
South–East Pacific (SEP) anticyclone (Renault et al., 2009). The
Central Peru region (�15�S) is comparable to the Central Chile re-
gion except that the seasonal cycle of the upwelling has weaker
ll rights reserved.
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amplitude and peaks in Austral winter. This region is also under
the influence of intermittent/intraseasonal upwelling favorable
winds that share many characteristics with Central Chile coastal
jets (Dewitte et al., 2011).

Many features of the oceanic circulation in the Humboldt sys-
tem are critically dependent on the characteristics of coastal
winds. Coastal winds and wind-stress curl drive upwelling veloci-
ties and alongshore transports, which determine the vertical tem-
perature structure of the coastal area (Capet et al., 2004; Estrade
et al., 2008; Marchesiello et al., 2010; Renault et al., 2012). Further-
more, intense mesoscale activity (compared to the mean currents)
results from baroclinic instability of the wind-driven coastal cur-
rents (Marchesiello et al., 2003) and feeds back to the tracer prop-
erties and biological productivity (Gruber et al., 2011).

A realistic simulation of the regional circulation in the
Humboldt system and in EBUS in general requires that the main
features of regional circulation (upwelling rate, alongshore
circulation and mesoscale activity) be simulated with a certain
degree of realism. To that end, satellite wind forcing has proven
valuable in the Northern Humboldt system at seasonal timescales
(Penven et al., 2005; Montes et al., 2010, 2011; Albert et al., 2010;
Echevin et al., 2011; Colas et al. 2011; Aguirre et al., 2012) and
during the 1997/98 El Niño event (Colas et al., 2008). However,
these studies have highlighted the limitations associated with
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relatively short records of observed wind products (less than
10 years for both the ERS and QuikSCAT data sets), which prevents
addressing longer timescales of variability including the climate
change problem.

To access long-term atmospheric forcing, global model reana-
lyzes or climate simulations are needed. However, their coarse res-
olution (typically�2–3�) does not allow an adequate representation
of regional dynamical processes, such as the influence of the Andes
Mountains on the atmospheric circulation, or local processes driven
by small-scale land–ocean–atmosphere interaction.

To circumvent this resolution issue, dynamical or statistical
downscaling methods can be used to represent key features at
the appropriate spatial scales. Whereas dynamical downscaling
is, in general, cumbersome due to computational costs associated
with the use of high-resolution mesoscale atmospheric models,
statistical downscaling offers a cost effective alternative. In the
Peru–Chile coastal ocean, Goubanova et al. (2011) showed that sta-
tistical downscaling of reanalysis products provide improved
coastal winds over extensive time periods. They call for assessing
to which extent this improvement can be valuable for long-term
oceanic regional simulations. This is the objective of the present
study that can be viewed as an oceanographic extension of Gouba-
nova et al. (2011).

The study focuses on the 1992–2000 period that experiences
strong interannual variability associated with the 1997/98 El
Niño and benefits from the availability of independent wind obser-
vations from those used in the statistical model. A series of numer-
ical experiments are performed using different wind products
including NCEP/NCAR atmospheric reanalysis. Key features of the
regional circulation off Peru and Chile are considered in order to
evaluate the benefit in using downscaled atmospheric products
for high-resolution oceanic modeling studies. The focus is on the
impact of the wind stress forcing onto both the mean coastal circu-
lation and its intraseasonal and interannual fluctuations. The verti-
cal structure variability of the along-shore oceanic coastal current
is particularly relevant to the dynamics of the HCS as it favors
mesoscale activity (Strub et al., 1998; Penven et al., 2005) and
influences the oceanic teleconnexion with the equatorial region
(Pizarro et al., 2002). Its representation in ocean models is there-
fore a key element to ensure some realism of a variety of processes.
It will be used here as a benchmark to evaluate the impact of the
wind stress products over the two regions of peak variability, i.e.,
Central Peru and Central Chile.

The paper is organized as follows. In the next section, the data and
ocean model are presented along with a brief description of the sta-
tistical downscaling method of atmospheric forcing. In Section 3 we
evaluate the impact of the applied atmospheric downscaling on the
oceanic response, firstly assessing the realism of the mean and sur-
face eddy circulation, then the intraseasonal and interannual vari-
ability of subsurface currents. Finally, a summary and some
concluding remarks of this work are presented in Section 4.
2. Data and methods

2.1. Wind stress data forcing

2.1.1. ERS satellite winds
Our control run is forced by the ERS scatterometer wind stress

provided by CERSAT (http://www.ifremer.fr/cersat; Bentamy
et al., 1996; CERSAT, 2002a). The ERS product is derived from
weekly averaged 50 km resolution ERS 1–2 swath data (swath
width is 500-km) and spatially interpolated by a kriging method.
It covered the global ocean in 3 days and operated from January
1991 to December 2000. A weekly product is available from Janu-
ary 1992 to December 2000, which sets our study period.
2.1.2. NCEP2 wind stress
The NCEP Reanalysis II (NCEP2) data is a joint product from the

National Centers for Environmental Prediction and the National
Center for Atmospheric Research (Kanamitsu et al., 2002). This
product or its earlier version (NCEP1) has been used in very few
EBUS model studies (Rouault et al., 2009) because of its low reso-
lution of 2.5� � 2.5�. It will be used here to both force a reference
oceanic solution and build the downscaled wind forcing that pro-
vides our new solution. It will appear that the original NCEP2 wind
product leads to severe biases of the simulated mean circulation of
the Humboldt system and its variability.

2.1.3. Statistically downscaled wind stress
Goubanova et al. (2011) recently developed a statistical down-

scaling method for assessing the impact of climate change on the
atmospheric circulation along the coasts of Peru from a low-reso-
lution coupled model. The model is based on a multiple linear
regression between local/regional variables (predictand) and
large-scale climate characteristics (predictors) in the present-day
climate. The predictand is the near-surface wind measured by
QuikSCAT scatterometer (gridded product from CERSAT, 2002b:
0.5� � 0.5� spatial resolution, 1-day temporal resolution from
2000 to 2008, with a 25 km blind zone near the coast). This product
is assumed to offer the best quality long-term daily time series. The
large-scale predictors, covering the QuikSCAT period, are the sea
level pressure (SLP) and near-surface wind fields from NCEP2
reanalysis data. The statistical relations between predictand and
predictors were then used to downscale NCEP2 surface winds for
the period 1979–2001 (NCEP1 was also downscaled for the period
1958–2001 but not used in this study). The statistical model is ap-
plied on wind anomalies relative to a reference mean seasonal cy-
cle that is taken from QuikSCAT data. This technique allows an
important correction of coastal jet patterns off Central Peru and
Central Chile due to QuikSCAT accuracy (Garreaud and Munoz,
2005; Dewitte et al., 2011). In the NCEP product, coastal jets are lo-
cated too far offshore leading to patterns of coastal wind curl that
favor Ekman pumping rather than coastal upwelling (Colas et al.,
2011) and impact alongshore transport (Marchesiello et al.,
2003). In addition, low-frequency variability and long-term trends
present in NCEP2 reanalysis are preserved assuming that the
downscaling approach keeps a share of the regional winds decadal
variability. This leads to a low-frequency modulation of the mean
seasonal signal in the downscaled product. Consequently, the latter
presents weaker mean coastal winds for the period 1992–2000
than the QuikSCAT product (Fig. 1(c) and (d)). At interannual
scales, the downscaling of wind anomalies captures some of the
El Niño-La Niña features, namely the increase (decrease) of
along-shore wind stress off Central Peru (Chile) during El Niño
and the El Niño-La Niña asymmetry, whereas at synoptic and intra-
seasonal scales, it reproduces most of the along-shore wind stress
variability originating from subtropical storms activity. Namely the
decrease (increase) of along-shore wind stress off Central Peru
(Chile) during El Niño and the El Niño–La Niña asymmetry. Finally
at intraseasonal scales, the downscaled product captures some of
the synoptic along-shore wind stress variability originating from
subtropical storm activity. The reader is referred to Goubanova
et al. (2011) for more details on the method and its skills in simu-
lating the regional atmospheric circulation off Peru and Chile.

2.2. Experimental design

A series of modeling experiments were conducted that differs
only by the wind forcing as summarized in Table 1. The control
run (R-ERS) uses ERS winds and is a benchmark for the evaluation
of all other experiments. We choose R-ERS as a benchmark because
it is the only simulation using observed wind for the studied
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period; some validation results are presented in the next Sec-
tion 2.3. R-NCEP2_DS is the experiment with NCEP2 downscaled
winds at a daily resolution. Two other experiments use NCEP2
winds, either the raw NCEP2 product (R-NCEP2) or a variant where
the mean seasonal cycle is replaced by QuikSCAT climatology (R-
NCEP2_QSCLM). With the first one will be assessed the overall
improvement of the downscaled product; the second experiment
will help assess the benefit of downscaling wind anomalies in addi-
tion to the mean structure. Finally, a climatological run is consid-
ered, where ROMS is forced with QuikSCAT climatological winds
(R-QSCLM). This simulation will provide a reference for assessing
non-locally forced oceanic variability, i.e. intrinsic variability from
instabilities of the mean currents and forced variability by oceanic
boundaries (in particular of equatorial origin). An additional exper-
iment, called R-NCEP2_DS_7D is designed to test the impact of syn-
optic wind forcing on the intraseasonal variability, and consists of
averaging NCEP2_DS over 7-days bins. This latter experiment will
allow a direct comparison with R-ERS, which also uses wind stress
forcing at a 7-day resolution.

2.3. Data set description

2.3.1. Reynolds sea surface temperature
We used the 0.25� resolution Reynolds SST (Reynolds et al.,

2007) from NCDC (http://www.ncdc.noaa.gov), over the period
1992–2000 to verify the model mean SST.

2.3.2. SSALTO/DUACS altimetry data
Observed sea level anomaly (SLA) is used for model evaluation

of the surface eddy circulation. The DUACS (Ducet et al., 2000) grid-
ded product is supplied by AVISO (CLS, Toulouse, France) from 14
October 1992 to 27 December 2001, with a nominal resolution of
1/3� every week. These measurements are obtained from merged
TOPEX POSEIDON, ERS and Jason gridded data. To estimate meso-
scale activity, surface geostrophic eddy kinetic energy (EKE) is
computed using geostrophic velocities derived from SLA. The same
method is used to compute both satellite and model EKE and it was
checked that the ageostrophic component of EKE remains weak, as
in the California current system study of Marchesiello et al. (2003).

2.3.3. Tide gauge data
Tide gauge data are used as independent observations to evalu-

ate the skills of the regional model. The data from nine stations
along the Peruvian and Chilean coasts from Talara (4.58�S) to Val-
paraiso (33.03�S) were available and provided by The University of
Hawaii Sea Level Center at (http://ilikai.soest.hawaii.edu/uhslc/da-
ta.html). Tides provided by GOT4.7 (Ray, 1999) were removed from
the data, as well as the high frequency response to atmospheric
forcing (wind and pressure) using the Dynamic Atmospheric Cor-
rection (DAC). The latter is based on a global barotropic model
(Mog2D; Carrère and Lyard, 2003) for high frequency correction
(i.e., less than 20 days) and an Inverted Barometer correction for
lower frequency. The data are then monthly-averaged and detr-
ended before calculating the interannual sea-level anomalies
(SLA). The resulting time series are used to validate the model
coastal sea level through Taylor’s skill score (Taylor, 2001):
S ¼ 2 ð1þ RÞ=ðr̂þ 1=r̂Þ2, which measures the combined cost of
poor correlation (R) and standard deviation errors (r̂ is the ratio
of standard deviation between model and data). Correlation and
skill score at the nine tide gauge locations and for all simulations
are discussed in Section 3.

2.4. Ocean model setup

The numerical model used in this study is ROMS (Shchepetkin
and McWilliams, 2005), in its version with 2-way nesting
capability (ROMS_AGRIF, Penven et al., 2006; Debreu et al.,
2012). ROMS is a split explicit, free-surface, topography-following
coordinate model that solves the primitive equations based on the
Boussinesq and hydrostatic approximations. It uses mixed active–
passive open boundary conditions (Marchesiello et al., 2001), the
KPP boundary layer scheme (Large et al., 1994) for vertical turbu-
lent closure and a rotated lateral hyperdiffusion operator to avoid
excessive diapycnal mixing (Marchesiello et al., 2009).

The model grid, forcing, and initial conditions are built using the
ROMSTOOLS package (Penven et al., 2008). The configuration is
similar to the one used in Echevin et al. (2012) and Belmadani
et al. (2012). The domain extends from 15�N to 40�S, and from
the coast to 100�W, with three lateral open boundaries at the
south, north, and west. The horizontal grid resolution of �1/6� (ex-
actly at the equator) was selected as a trade off between the need
to resolve fundamental mesoscale eddy features and the computa-
tional cost of a large domain size and numerous sensitivity exper-
iments. Since the wavelength associated with the first baroclinic
Rossby radius along the coast of the study region varies from
�600 km near the equator to �200 km at 35�S (Tulloch et al.,
2011), mesoscale eddies would be well resolved at 1/6� resolution,
especially off Peru. However, in upwelling systems, lateral buoy-
ancy gradients are largely dependent on upwelling intensity and
thereby on the scale of coastal Ekman divergence, which roughly
equals 5 km off both Peru and Chile (Estrade et al., 2008; Marches-
iello and Estrade, 2010). A coarse resolution of coastal Ekman
divergence would thus affect upwelling intensity and lower the
source of available potential energy used by baroclinic instability
to produce eddies. This limitation is common to all recent regional
studies of the Peru–Chile region (Colas et al., 2011; Renault et al.,
2012) and needs to be better assessed using a critical approach
of observational estimates (see Swenson and Niiler, 1996). This is
beyond the scope of the present work and for our purposes the
good representation within uncertainties of mesoscale activity will
suffice (see comparison of surface EKE maps in Section 3 and fur-
ther discussion in Belmadani et al., 2012).

The vertical grid has 32 levels stretched to increase vertical res-
olution near the surface. Following (Penven et al., 2005), bottom
topography, h, from ETOPO2 (Smith and Sandwell, 1997) was inter-
polated on the model grid and smoothed in order to keep a ‘‘slope
parameter’’ r ¼ rh

h < 0:2 (Beckmann and Haidvogel, 1993), to re-
duce pressure gradient errors. The model is forced by fresh water
and heat fluxes extracted from the Comprehensive Ocean–Atmo-
sphere Data Set (COADS) ocean surface monthly climatology at
1=2� resolution (Da Silva et al., 1994). This dataset is also used to
restore model SST and sea surface salinity to climatological value
through a heat-flux correction (Barnier et al., 1995). The boundary
forcing is provided by 5-day mean oceanic outputs from the SODA
2.3.4 Reanalysis (Carton and Giese, 2008) for temperature, salinity,
horizontal velocity and sea level over the period 1992–2000. SODA
assimilates observational data in a general circulation model based
on the Parallel Ocean Program (Smith et al., 1992), with an average
horizontal resolution of 0.25� � 0.4� in latitude–longitude and 40
vertical levels with 10-m spacing near the surface. The reader is re-
ferred to Carton and Giese (2008) for a detailed description. Note
that this 5-day mean dataset provide a realistic forcing of the intra-
seasonal Kelvin wave (Dewitte et al., 2008) which is influential on
the upwelling variability off Central Peru and Central Chile (Horm-
azabal et al., 2001, 2002; Dewitte et al., 2011). This will provide a
relevant comparison of the various simulations for intraseasonal
variability along the coast. Initial conditions are also derived from
the SODA reanalysis on the 1st of January 1992. The forcing, initial
and boundary conditions were linearly interpolated on ROMS grid
using ROMSTOOLS over the period 1992–2000. A 3-year spin-up
using a repeated forcing of the year 1992 was sufficient to reach
a statistical equilibrium.
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Fig. 1. Ekman transport over the period 1992–2000 (in m2 s�1) as a function of latitude, and as derived from the different wind stress forcing presented in Table 1: (a) Mean
seasonal Ekman transport, (b) Differences relative to the ERS control wind stress forcing. The Ekman transport is computed from the along-shore wind stress, obtained by
projecting the meridional and zonal components along the coastline direction as derived from ETOPO (1� resolution) using 3�-wide segments. The values are smoothed using
a running mean of 10 grid points to filter noisy patterns, (c) Cross-shore profiles of alongshore wind stress (in N/m2) at 12�S and (d) at 30�S. The dashed lines indicate the blind
zone region of wind products where ROMS wind forcing is extrapolated from offshore values.

Table 1
Summary of experiments.

Simulation name Wind stress forcing Spatial and temporal resolution of gridded wind
product

Main objectives

R-ERS ERS Weekly forcing and 50-km spatial resolution Validation (control run)
R-NCEP2 NCEP2 6-hourly forcing and 2.5� � 2.5�spatial resolution. Assessing the benefit of downscaling NCEP2
R-NCEP2_DS NCEP2_DS Daily forcing and 0.5� � 0.5�spatial resolution Assessing the benefit of downscaling NCEP2
R-NCEP2_DS_7D NCEP2_DS_7D Weekly forcing and 0.5� � 0.5� spatial resolution Assessing the impact of synoptic-scale forcing
R-NCEP2_QSCLM QuikSCAT climatology

(2000–2008) + NCEP2
anomaly: NCEP2_QSCLM

Monthly QuikSCAT climatology and NCEP2
daily anomalies. Spatial resolution is 0.5� for QuikSCAT and
2.5� � 2.5� for NCEP2.

Assessing the benefit of downscaling NCEP2
compared
with simply replacing its mean seasonal state with
QuikSCAT climatology

R-QSCLM QuikSCAT climatology
(2000–2008): QSCLM

Monthly climatology and 0.5� � 0.5� spatial resolution Assessing the role of local interannual and non-
seasonal forcing
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3. Results

3.1. Ekman dynamics

In the next section, we will consider the mean ocean response
to the various wind products, i.e., SST, circulation and EKE patterns.
In upwelling regions, these features are highly sensitive to the
characteristics of both the mean along-shore wind stress
amplitude and coastal wind stress curl. In the Humboldt system,
sustained equatorward alongshore winds produce offshore Ekman
transport and negative wind stress curl that results in both coastal
upwelling and Ekman pumping respectively (Halpern, 2002;
Croquette et al., 2007). The main driver of the tridimensional coast-
al circulation is coastal upwelling (Capet et al., 2004) which is re-
lated to the alongshore wind stress sa by the offshore Ekman
transport sa/fq0 (f is Coriolis frequency and q0 density of sea
water). It is thus of interest, as a preliminary comparison, to inves-
tigate the direct and linear ocean response to wind stress.

Fig. 1(a) presents the 1992–2000 mean Ekman transport along
the whole west coast of southern America and for the various wind
products of Table 1. The comparison confirms that NCEP2 leads to
the weakest mean Ekman transport. This is largely due to the over-
estimation of coastal wind drop-off in the reanalysis resulting from
Gibbs phenomenon and low-order spectral representation of the



Table 2
Spatial pattern correlations of 1992–2000 mean surface EKE between model solutions
and AVISO observations over the ‘‘Chilean Box’’. In these calculations, we only
consider EKE values greater than 80 cm2/s2 for total-EKE and 20 cm2/s2 for intrasea-
sonal-EKE.

Simulations EKE spatial pattern correlations ‘‘Chilean Box’’:
[24–36�S]–[Coast–85�W]

Intraseasonal-EKE Total-EKE

R-ERS 0.84 0.75
R-NCEP2 0.73 0.60
R-NCEP2_QSCLM 0.86 0.68
R-NCEP2_DS 0.88 0.77
R-QSCLM 0.83 0.74
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steep coastal range and Andean mountains (Kanamitsu et al., 2002;
Renault et al., 2012). The satellite products show closer Ekman
transports than NCEP2 (NCEP2_QSCLM shares the same mean wind
stress as QSCLM by construction and is thus not shown). There is a
relative good agreement between ERS and QuikSCAT-based prod-
ucts (as in Croquette et al., 2007) but with differences. Some of
the differences can be attributed to the different periods of satellite
measurement (1992–2000 for ERS; 2000–2008 for QuikSCAT).
Therefore, the fact that NCEP2_DS is generally closer to ERS than
QSCLM is a positive result that can be attributed to the downscal-
ing of low-frequency variability in NCEP2_DS. However, some ERS
biases were previously noticed by Blanco et al. (2001) for a limited
area around 23�S and related to the larger blind zone of ERS com-
pared with QuikSCAT. As a result of a larger blind zone and coarser
resolution, the wind stress curl of ERS (Fig. 1(c) and (d)) is 2–3
times lower than QuickSCAT in the 100-km wide coastal region af-
fected by SST-wind interactions (Chelton et al., 2007). Interest-
ingly, the downscaled product appears to retain some of
QuikSCAT skills in representing this coastal wind profile, which is
best evidenced in the Central Peru region (Fig. 1(c)).
3.2. Mean ocean response

In situ hydrographic measurements are relatively sparse in the
Southeast Pacific. The simulated SST is assessed against the Rey-
nolds climatology. The observed and modeled mean SST fields
are presented in Fig. 2. The general agreement in the offshore re-
gion is not surprising considering that the model surface heat forc-
ing contains a nudging term to climatological SST (Barnier et al.,
1995). However, a clear bias is apparent near the coast in R-NCEP2
due to the noted weakness of its coastal winds forcing and associ-
ated coastal upwelling response. This bias is significantly reduced
in the simulations using QuikSCAT seasonal winds. Similar
Table 3
Comparison of interannual sea level anomalies between continuous observations at 9 tide g
NCEP2, R-NCEP2_QSCLM and R-NCEP2_DS experiments. The tidal signal was removed from
measures the combined cost of poor correlation and standard deviation errors: S ¼ 2 ð1þ R
data (maximum is 1) and R is their relative correlation. Bold values are for maximum cor

Station Latitude R-ERS R-NCEP2

R S R

Talara 4.58�S 0.62 0.72 0.62
Paita 5.08�S 0.72 0.86 0.71
Callao 12.02�S 0.87 0.88 0.86
Pisco 13.72�S 0.69 0.65 0.75
San Juan 15.36�S 0.69 0.79 0.75
Matarani 17.05�S 0.74 0.83 0.79
Antofagasta 23.65�S 0.45 0.65 0.55
Caldera 27.06�S 0.70 0.72 0.64
Valparaiso 33.03�S 0.76 0.62 0.75
conclusions can be drawn from comparisons with climatological
mixed layer depth derived from CARS2009 data (Ridgway et al.,
2002; not shown).

The 3D response to wind stress forcing can be partly understood
from Ekman and Sverdrup dynamics. The vertical structure of
alongshore currents is particularly interesting as it is largely
dependent on the mean coastal wind forcing and is known to con-
trol the production of regional mesoscale turbulence (Marchesiello
et al., 2003). Fig. 3 presents meridional current sections off Central
Peru for all model experiments. It can be compared to other mod-
eling studies of this region (e.g. Penven et al., 2005; Montes et al.,
2010; Colas et al., 2011). The circulation is characterized by an in-
tense northward coastal current of �12 cm/s (Peru Coastal current,
hereafter PCC) flowing over a southward undercurrent (Peru–Chile
Undercurrent, hereafter PCUC) that is attached to the slope and
peaks around 150 m (Montes et al., 2010). Not surprisingly R-
NCEP2 fails to realistically simulate these features (Fig. 3(b)) be-
cause of underestimated coastal wind and overestimated wind
curl. As a result, the surface coastal current is too weak and the
undercurrent peaks offshore near the surface (consistently with
Sverdrup balance between wind stress curl and meridional trans-
port). The other simulations exhibit closer vertical current struc-
ture to the literature’s standard. This can be attributed to their
more accurate mean forcing derived from scatterometer measure-
ment. R-NCEP2_QSCLM shows similar results to R-ERS, R-QSCLM
and R-NCEP2_DS even though only the mean seasonal cycle has
been changed from the original NCEP2 product. The similarity is
particularly striking when comparing with R-QSCLM, which shares
exactly the same mean seasonal forcing. This result confirms that
the mean circulation in upwelling current systems is largely driven
by the mean seasonal wind forcing (Marchesiello et al., 2003).
Interestingly though, R-NCEP2_DS is closer to R-ERS than R-QSCLM
or R-NCEP2_QSCLM. Both R-NCEP2_DS and R-ERS show a weaker
PCUC and stronger surface coastal current, which could be attrib-
uted to residual effects of interannual wind events in the low-fre-
quency spectrum. In particular, during the 1997/98 El Niño, there
is a increase of the along-shore wind stress off Central Peru (Gou-
banova et al., 2011) that may participate in weakening the PCUC
(see Section 3.3) despite increased stratification. The maintenance
of trends and low-frequency variability in NCEP2_DS is thus of
importance.

Fig. 4 is similar to Fig. 3 but for the Central Chile region where a
comparable vertical along-shore current structure can be found. It
can also be compared to other modeling studies (Colas et al., 2011;
Aguirre et al. 2012). The PCUC core is deeper than that off Peru, lo-
cated around 250 m with a deeper vertical extension reaching
more than 400 m depth. The maximum speed of 20 cm/s at 30�S
(in R-ERS) is comparable to the observational value of 13 cm/s
given in Shaffer et al. (1999) or to other model estimates (Aguirre
auge stations along the coasts of Peru and Chile and the model solutions for R-ERS, R-
the gauge data (Ray, 1999). S is the model skill score defined by Taylor (2001) that
Þ=ðr̂þ 1=r̂Þ2, where r̂ is the ratio of standard deviations between model solution and
relations and scores.

R-NCEP2_QSCLM R-NCEP2_DS

S R S R S

0.70 0.63 0.75 0.62 0.75
0.85 0.72 0.86 0.75 0.87
0.89 0.88 0.9 0.90 0.93
0.75 0.73 0.70 0.78 0.76
0.85 0.77 0.85 0.76 0.86
0.89 0.78 0.87 0.78 0.88
0.72 0.54 0.71 0.48 0.71
0.69 0.65 0.72 0.69 0.77
0.67 0.77 0.61 0.82 0.71



Fig. 2. Mean sea surface temperature over the period 1992–2000 for (a) Reynolds SST observations and the various simulations: (b) R-ERS, (c) R-NCEP2, (d) R-NCEP2_QSCLM,
(e) R-NCEP2_DS and (f) R-QSCLM.
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et al., 2012). Finally, as previously noticed in Colas et al. (2011), the
PCUC tends to outcrop right outside the equatorward coastal cur-
rent around 100 km offshore. Again, a large difference appears
between R-NCEP2 and the other simulations, which reflects the
large bias in the NCEP2 wind pattern. As in the Central Peru region,
R-NCEP2_DS compares better to R-ERS than the QSCLM-based



Fig. 3. Vertical sections of mean meridional current (in cm.s–1) off Central Peru (alongshore-averaged between 7�S and 13�S) for the various simulations: (a) R-ERS, (b)
RNCEP2, (c) R-NCEP2_QSCLM, (d) R-NCEP2_DS and (e) R-QSCLM. Contour interval is 1 cm.s–1.
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simulations, but there is a lesser impact of low frequency forcing in
this region.

The mean vertical and horizontal current structure affects the
surface mean eddy kinetic energy (EKE) because current shears im-
pact baroclinic and barotropic instability processes and resulting
mesoscale activity. Maximum mesoscale activity is expected along
mean current streamlines, which are largely aligned with wind curl
isolines in the offshore region where the Sverdrup balance prevails
(see Marchesiello et al., 2003, for the California current system and
Penven et al., 2005, for the Peruvian system). In order to illustrate
the impact of the downscaled wind product on the mesoscale var-
iability pattern, the mean surface geostrophic EKE was calculated
for the various simulations and compared to satellite estimations.
Anomalies can either be relative to the mean seasonal cycle
(non-seasonal anomalies) or to varying monthly mean (intrasea-
sonal anomalies only). This separation allows differentiating the
contribution of the dominant timescales of variability (denoted to-
tal-EKE and intraseasonal-EKE). For a quantitative comparison, the
spatial pattern correlation between model and observed EKE have
been computed and are presented in Table 2. The spatial pattern
correlations were calculated over a sub-domain defined as ‘‘Chil-
ean box’’ extending from 24�S to 36�S and from the coast to
85�W. We chose this region because its mesoscale activity is par-
ticularly sensitive to the coastal wind profile with a marked off-
shore EKE maximum. A cut-off value is applied (80 cm2/s2 for
total-EKE and 20 cm2/s2 for intraseasonal-EKE) to focus on the area
of high kinetic energy. As a consistency check, a ‘‘Peruvian box’’
([7–13�S]; [coast–90�W]) and a ‘‘Large box’’ ([5–40�S]; [coast–
90�W]) covering most of the Humboldt system have been com-
puted (but not shown) and the results were found similar to the
‘‘Chilean box’’.

Fig. 5 displays the mean nonseasonal eddy kinetic energy (total-
EKE) in the three simulations. In the control R-ERS simulation, the
EKE pattern is realistic over most of the Peru–Chile region, with a
spatial pattern correlation reaching 0.75 (Table 2, right panel) over
the ‘‘Chilean box’’ (0.74 over the ‘‘Large box’’, not shown). Model
EKE magnitude tends to be slightly larger than observed along
the Peruvian coast (as found also by Capet et al. (2008)) and lower



Fig. 4. Same as Fig. 3 but for the Central Chile region (alongshore-averaged between 30�S and 35�S).
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along the Chilean coast. The AVISO product tends to underestimate
EKE due to filtering procedures (e.g., comparisons with drifter
estimations in Swenson and Niiler, 1996). Therefore, if mesoscale
eddies are well resolved the model may outperform the satellite-
based EKE estimation. Otherwise, the model EKE should be
underestimated. Since the mesoscale energy injection scale is
roughly given by the first baroclinic deformation wavelength, a
1/6� model resolution may thus be appropriate for the Peruvian re-
gion where the eddy scale is large, but less so in the Chilean region
(see Penven et al., 2005, for a discussion on eddy scales along the
Peru region; and also Belmadani et al., 2012). Consequently,
the R-ERS simulation appears to provide a rational solution at
the given resolution.

In the R-NCEP2 simulation, the EKE pattern is significantly de-
graded and the spatial pattern correlation with AVISO estimations
is 0.6. EKE maxima are located too far offshore and have too broad
an extent, consistent with SSH (and wind curl) pattern.
R-NCEP2_QSCLM is able to correct most of the pattern bias found
in R-NCEP2 (in SSH and EKE) and gives a very close solution to
R-QSCLM. This result confirms that non-seasonal forcing have little
effect on mean eddy energy with only a small part of EKE being
associated with interannual forcing (differences are even smaller
for intraseasonal-EKE; not shown). R-NCEP2_DS allows for a signif-
icant improvement of the simulated EKE. The correlations are high-
er with AVISO estimations and the patterns and amplitudes are
much closer to R-ERS. This again suggests that the projection of
NCEP2 low-frequency variability and trends on the downscaled
wind product positively impacts both mean currents and eddies.

3.3. Intraseasonal variability

By construction, the downscaling method of Goubanova et al.
(2011) is well suited to capture the variability that originates from
the subtropical pressure system, with its strong intraseasonal var-
iability. In order to estimate the extent to which R-NCEP2_DS can
skillfully account for the intraseasonal variability of coastal circula-
tion, the dominant mode of the meridional current for the intrasea-
sonal frequency band (i.e. 5–70 (days)�1) is calculated for the



Fig. 5. Mean surface eddy kinetic energy (total-EKE, in cm2 s�2) computed from sea level pressure gradients between 1992 and 2000 for (a) AVISO observations, (b) R-ERS, (c)
R-NCEP2, (d) R-NCEP2_QSCLM, (e) R-NCEP2_DS and (f) R-QSCLM. Contours of model mean sea surface height are overlaid in black to indicate mean geostrophic surface
currents.
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various experiments and for the regions off Central Peru and
Central Chile. The calculation is performed over a domain that
encompasses the vertical structure variability of coastal circula-
tion, i.e., from the surface to 500 m depth and from the coast to
�300 km offshore. Intraseasonal anomalies are defined again here
as deviations from the monthly mean, which is equivalent to a
high-pass filter with a cut-off period of 90 days (Dewitte et al.,
2011). Since intraseasonal variability along the coast is associated
to a large extent with the equatorial Kelvin wave, the EOF analysis
will grasp a peak variability in the frequency band of the equatorial
Kelvin wave forcing, that is at frequencies between 50 and
70 day�1 (Dewitte et al., 2008, 2011). Therefore, the differences
between the various experiments are most likely represen-
tative of the higher frequency variability. The results of the
EOF analysis for the experiment R-QSCLM will be used as a
benchmark for the evaluation of the variability originating from
the equator.

Fig. 6 presents the results for the Central Peru region. It illus-
trates a large diversity of the intraseasonal mode although the lat-
ter tends to peak near the PCUC core for all experiments. The
differences between experiments can be further evidenced in the
spectrum of the associated EOF time series. In particular for the
experiments using direct NCEP2 forcing (RNCEP2 and R-
NCEP2_QSCLM), there is a much larger energy at frequencies larger
than 30 days�1, than for the other experiments. The best agree-
ment between modes is for R-ERS and R-NCEP2_DS_7D, which
indicates that the downscaled winds are successful in grasping
coastal intraseasonal variability and that high-frequency synoptic
winds (at scales lower than the week) have a noticeable impact
on the ocean circulation. The R-NCEP2_QSCLM mode has a pattern



Fig. 6. First EOF of the vertical section of meridional current intraseasonal anomalies (in cm.s–1) off Central Peru (alongshore-averaged between 7�S and 13�S) for the various
simulations. The percentage of explained variance is indicated in each panel, together with time- and scale-averaged wavelet power spectrum of the associated time series
(Torrence and Compo, 1998). The thick black line superimposed on the color plot is the 2 cm.s�1 isoline of the mean meridional current and indicates the core of the mean
PCUC.

Fig. 7. Same as Fig. 6 but for the Central Chile region (meridional current intraseasonal anomalies are alongshore-averaged between 30�S and 35�S).
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that extends too far offshore compared with R-ERS, similarly to R-
QSCLM, indicating that the raw NCEP2 wind stress anomalies are
not appropriate for a simulation of the PCUC intraseasonal
variability.

Fig. 7 presents the comparison between experiments for the
Central Chile region. It also indicates that R-NCEP2_DS_7D com-
pares better with R-ERS than any other experiments both for the
mode pattern and spectrum of its associated variability. Although
all experiments tend to have an overall comparable intraseasonal
mode pattern, the R-NCEP2 and R-NCEP2-QSCLM forcing have a
much larger variability in the high-frequency band (in the range
of periods between 5 and 30 days) than R-NCEP2_DS, which is
not realistic as suggested by the results of R-ERS.

Summarizing, this analysis illustrates the good agreement of
the intraseasonal mode between the two simulations R-ERS and
R-NCEP2_DS (R-NCEP2_DS_7D) and highlights the efficiency of
the downscaling method for simulating the oceanic intraseasonal
variability off Central Peru and Central Chile.
Fig. 8. Vertical sections of meridional current (in cm.s–1) off Central Peru (alongshore-
February 98) for the various simulations. Contour interval is 1 cm.s–1. The thick blue line s
indicates the core of the mean PCUC.
3.4. Interannual variability

The potential of NCEP2_DS wind stress for long-term oceanic
simulation needs to be evaluated with regards to its ability to ac-
count for the interannual variability, in particular the El Niño–La
Niña conditions that are highly influential on the Peru and Chile
current system. While off Peru the upwelling variability during El
Niño is highly sensitive to the oceanic equatorial Kelvin wave (Co-
las et al., 2008) and to a lesser extend to the winds (Bakun and
Weeks, 2008), off Central Chile, there is a weaker oceanic telecon-
nection but a marked atmospheric teleconnection that is influen-
tial on the upwelling with the winds decreasing during El Niño
and increasing during La Niña (Montecinos and Gomez, 2010).
Goubanova et al. (2011) showed that the statistical downscaling
scheme allows capturing some of the interannual variability of
upwelling-favorable winds, although with a reduced amplitude
compared to observations (off Peru in particular). The mean condi-
tions during the peak phases of El Niño (Dec 1997–Feb 1998) and
averaged between 7�S and 13�S) during the El Niño peak phases (December 97 to
uperimposed on the color plot is the 2 cm.s–1 isoline of mean meridional current and
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La Niña (Dec 1998–Feb 1999) were computed off Central Peru and
Central Chile (Figs. 8 and 9). The experiment R-ERS will be consid-
ered as a benchmark to evaluate the realism of interannual vari-
ability. It indicates that overall, during El Niño, the PCUC
decreases (positive anomalies, relative to the mean state presented
in Figs. 3 and 4) while it increases during La Niña (negative anom-
alies; not shown). During the El Niño peak phase off Peru (Fig. 8),
the PCUC decreases and even disappears (compared with mean
values in Fig. 3), essentially as a result of the downwelling oceanic
Kelvin wave, whereas the surface northward current (averaged
over the first 50–100 m) tends to extend further offshore. In com-
parison with the R-ERS control run, R-NECP2_DS clearly captures
this pattern with much more realism than the other experiments.
Similarly, during la Niña (not shown), the changes in the coastal
currents are also better represented with intensified surface cur-
rents and a PCUC that is deeper and closer to the coast. The realism
of R-NCEP2_DS is further illustrated off Central Chile in Fig. 9 (to be
compared with Fig. 4), which shows that El Niño conditions are
associated with a strong intensification and deepening of surface
coastal currents flowing equatorward, around 100–150 km from
Fig. 9. Same as Fig. 8 but for the Central Chile region
the coast. As in the Peru region, the PCUC has weakened and the
poleward subsurface PCCC (Strub et al, 1998) even more, with a
reduction of its vertical extension from over 400 m in normal con-
ditions to less than 150–200 m in El Niño conditions. These fea-
tures are well simulated in R-NCEP2_DS as evidenced by the
comparable location and strength of the core current between R-
ERS and R-NCEP2_DS.

Finally, in order to provide a quantitative estimate of the impact
of the downscaling method on the oceanic simulations presented
in this paper, a validation from tide gauges observation is per-
formed. We performed the analysis on 9 tide gauges stations (cor-
relation and skill scores in Table 3), along the Peruvian and Chilean
coast, from Talara (4.58�S) to Valparaiso (33.03�S). The simulation
R-NCEP2_DS generally presents the best scores, particularly in the
Peru region. It is always better than R-ERS except for Pisco and
Matarani, and better than R-NCEP2 except off northern Chile
(17�S and 23�S). Interestingly, R-NCEP2 presents the highest score
in this region, suggesting the possibility of local deficiencies in the
scatterometer data (Croquette et al., 2007). Overall, the gauge
comparison confirms the improvements made by statistical
(alongshore-averaged between 30�S and 35�S).
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downscaling of the NCEP2 product, at least over the 1992–2000
period. These results are also consistent with former modeling
and observational studies (Pizarro et al., 2002; Colas et al., 2008)
suggesting that interannual oceanic scales are sensitive to high res-
olution wind forcing.
4. Summary and conclusion

The issue of atmospheric forcing in ocean modeling of eastern
boundary current systems is critical because of the sensitivity of
upwelling dynamics to the structure and amplitude of coastal winds.
Considering the current uncertainty in the evolution of upwelling
ecosystems (Chavez et al., 2008), there is a stringent need for atmo-
spheric forcing that can appropriately drive long-term, high-resolu-
tion oceanic simulations. Here, we evaluated the impact of
downscaled winds derived from the NCEP2 reanalysis on the regio-
nal circulation off Peru and Chile over the 1992–2000 period, taking
advantage of the availability of ERS winds for validation. The method
for deriving the downscaled product is simple, cost effective and al-
lows for reducing the major bias found in the reanalysis, i.e. the
unrealistic coastal wind drop off and associated wind stress curl
(Goubanova et al., 2011). It is shown that despite the deficiency of
the statistical method for capturing the observed magnitude of the
intraseasonal and interannual variability, its impact on the regional
circulation is significant and allows for correcting major biases in the
oceanic response to NCEP2. The mean and eddy circulation is already
greatly improved by the use of mean seasonal QuikSCAT forcing.
More interestingly perhaps, the intraseasonal and interannual vari-
ability also share more common characteristics with the control run
(R-ERS) in the simulation forced by downscaled intraseasonal and
interannual winds. Due to differences in satellite wind products
(Croquette et al., 2007), the evaluation of the oceanic response to
downscaled winds presents some limitation in the validation pro-
cess. It was checked however (not shown) that a higher-resolution
atmospheric reanalysis (the ERA-interim Reanalysis of the European
center, 50 km resolution) and a dynamical downscaling product at
medium resolution (WRF at 50 km resolution) do not improve the
realism of our oceanic simulations. Our understanding is that both
atmospheric products present deficiencies in reproducing the coast-
al wind profile. This is of course a superficial comparison of down-
scaling approaches; much effort is presently being devoted to
producing high-resolution reanalysis from the dynamical downscal-
ing approach (see CORDEX project1). Nevertheless, our results illus-
trate the proposition that statistical methods are a relevant
alternative to costly simulations. We believe that the simple statistical
method of Goubanova et al. (2011) can provide realistic forcing for
long-term simulations that are needed for a better understanding of
the variability and long-term trend of the Humboldt current system.
Regional model studies dedicated to the climate change issue can also
make use of this statistical approach. Echevin et al. (2012) provide a
recent example for the Humboldt system. It will be extended to other
upwelling systems and for long-term retrospective simulations.
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