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ARTICLE INFO ABSTRACT

The tropical Pacific variability has experienced changes in its characteristics over the last decades. In
particular, there is some evidence of an increased occurrence of El Nifio events in the central Pacific (a.k.a.
‘Central Pacific El Nifio’ (CP El Nifio) or ‘El Nifio Modoki’), in contrast with the cold tongue or Eastern Pacific
(EP) El Nifio which develops in the eastern Pacific. Here we show that the different flavours of El Nifio imply
a contrasted Equatorial Kelvin Wave (EKW) characteristic and that their rectification on the mean
upwelling condition off Peru through oceanic teleconnection is changed when the CP El Nifio frequency
of occurrence increases. The Simple Ocean Data Assimilation (SODA) reanalysis product is first used to
document the seasonal evolution of the EKW during CP and EP El Nifio. It is shown that the strong positive
asymmetry of ENSO (El Nifio Southern Oscillation) is mostly reflected into the EKW activity of the EP El
Nifio whereas during CP El Nifio, the EKW is negatively skewed in the eastern Pacific. Along with slightly
cooler conditions off Peru (shallow thermocline) during CP El Nifio, this is favourable for the accumulation
of cooler SST anomalies along the coast by the remotely forced coastal Kelvin wave. Such a process is
observed in a high-resolution regional model of the Humboldt Current system using the SODA outputs as
boundary conditions. In particular the model simulates a cooling trend of the SST off Peru although the
wind stress forcing has no trend. The model is further used to document the vertical structure along the
coast during the two types of El Nifio. It is suggested that the increased occurrence of the CP El Nifio may
also lead to a reduction of mesoscale activity off Peru.
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1. Introduction or Central Pacific El Nifio (Kao and Yu, 2009; hereafter CP El

Nifio) that consists of the SST anomaly developing and persisting

Many recent studies have reported the existence of more than
one type of El Nifio (or warm El Nifio Southern Oscillation
(ENSO) event) based on spatial distributions of Sea Surface
Temperature (SST) (Ashok et al., 2007; Kao and Yu, 2009; Kug
et al., 2009; Larkin and Harrison, 2005; Weng et al., 2007; Yeh
et al,, 2009). So far, the ENSO has been categorised into two
types of El Nifio: (1) the traditional Cold Tongue El Nifio or
Eastern Pacific El Nifio (hereafter EP El Nifio) that consists of the
SST anomaly developing and peaking in the eastern equatorial
Pacific and (2) the so-called Modoki El Nifio (Ashok et al., 2007)
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in the central Pacific. Whereas the dynamics of the EP El Nifio
has been well documented (McPhaden et al., 1998), the observed
increased occurrence of the CP El Nifio during the last decades
(Lee and McPhaden, 2010; Takahashi et al., 2011; Yeh et al.,
2009) has led the community to investigate the mechanisms
responsible for the triggering, development and decay of this
different flavour of El Nifio (Kug et al., 2009; Yu and Kim, 2010,
2011; Yu et al.,, 2010). The CP El Nifio implies a significantly
different zonal SST gradient across the entire equatorial Pacific
than during the EP El Nifio and therefore a contrasted ENSO
atmospheric teleconnection (Ashok et al., 2007; Weng et al,,
2009; Yeh et al, 2009). Fig. 1 (top) shows the El Nifio
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Fig. 1. DJF EP (left) and CP (right) composites of SST anomalies (top) in the tropical Pacific from HadISST data for 1900-2010 (22EP El Nifios and 9 CP El Nifios were used
(see text)) and (bottom) along the coast of Peru from the Reynolds data for 1982-2010 (4 EP El Nifio events and 9 CP El Nifio events were used). Units are in °C. The white
thick lines in the top panels indicate the mean position of the 28 °C isotherm (warm pool region). The white thick dotted (plain) lines in the bottom panel indicate the

position of the 20°C isotherm for the mean condition (for the El Nifio composite).

composites! for reconstructed SST anomalies from the HadISST
data set (Rayner et al., 2003). Whereas during EP El Nifio the
convective region is displaced eastward due to increased tem-
perature in the eastern Pacific, during the CP El Nifio, the warm
pool region is hardly moved and convection is increased above it
due to warmer SST. In the eastern equatorial Pacific, SST
anomaly is weak during CP El Nifo reflecting a shallow thermo-
cline. The different mean SST state during the two flavours of El
Nifio implies a different ENSO dynamics. Kug et al. (2009)
suggest in particular that the zonal advective process is favored
during the CP El Nifio owing to the maintenance of the marked
zonal SST contrast across the Pacific. The difference in dynamics
of the two flavours of El Nifio needs to be documented in order to
get insights into the long-term trend of the tropical Pacific
variability. This issue is also relevant for the understanding of
the long-term trend of the upwelling along the west coast of the
South America which behaves as an extension of the equatorial
wave guide (Clarke and Van Gorder, 1994; Pizarro et al., 2001).
Of particular interest in this study, with regards to the ENSO
oceanic teleconnection, is the Humboldt Current System that
experiences the most dramatic changes in its hydrology (Pizarro

1 Composites were constructed following Yeh et al. (2009), i.e. based on the
comparison of the values of the NINO3 and NINO4 indices during December-
January-February (DJF).

et al., 2002; Fig. 1) and ecosystem (Gutierrez et al., 2008) under
extreme El Nifio events (i.e. EP El Nifio). On the other hand,
during the peak of the CP El Niflo the mean SST is hardly
modified off the coast of Peru (slightly cooler than normal off
shore, cf. Fig. 1), reflecting a shallow thermocline (or increased
upwelling) and suggesting a different impact of the interannual
equatorial Kelvin wave (hereafter EKW) on the upwelling.

The objective of this study is to document the characteristics
of the EKW during the two flavours of El Nifio in order to provide
materials for the understanding of the long-term upwelling
variability along the coast of Peru. The background motivation
is to understand the trend in mean upwelling conditions in the
Humboldt system considering that the EKW may experience a
change in characteristics associated to the increased occurrence
of the CP El Nifo in recent years. We take advantage of long-term
satellite observational records as well as an oceanic reanalysis
and a high-resolution model simulation of the Peru regional
circulation.

The paper is organised as follows: Section 2 presents the data
sets, the methods and the high-resolution model experiment.
Section 3 provides a detailed description of the EKW character-
istics over the 1958-2008 period, whereas Section 4 documents
the upwelling low-frequency variability and trend in the regional
model experiment after providing some validation of the model
interannual to decadal variability. The last section includes the
discussion followed by concluding remarks.
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2. Data and method
2.1. Satellite SST data

Three Sea Surface Temperature (SST) data sets are used in the
study:

1) The Reynolds 25 km optimally interpolated sea surface tem-
perature data set is produced as part of the Group for High
Resolution Sea Surface Temperature (GHRSST). This product is
available in daily files from September 1981 to the present.
Daily files are the result of an optimal interpolation of satellite
derived SST data from the Advanced Very High Resolution
Radiometer (AVHRR) as well as in-situ data. All data are
available through the GHRSST Global Data Assembly Center
(GDAC) (Donlon et al., 2007; ftp://podaac.jpl.nasa.gov) located
at NASA’s Physical Oceanography Distributed Active Archive
Center (PO.DAAC). More information on the interpolation may
be found in (Reynolds and Smith, 1994; Reynolds et al., 2002).

2) The NOAA Version 5.0 and Version 5.1 Pathfinder AVHRR SST
data set. This data set is also available from September 1981
through the end of 2010. All data are separated into nighttime
and daytime daily files. For this study, to avoid issues of
diurnal heating, only the nighttime files were used. The data
set is not optimally interpolated and thus has data gaps
predominately due to cloud cover. However the advantage is
the spatial resolution of the data (4 km). The data were
obtained through the NASA PO.DAAC (ftp://podaac.jpl.nasa.
gov and are also available through the producer at NOAAs
National Oceanographic Data Center (NODC) at ftp://data.
nodc.noaa.gov). More information on the differences between
version numbers and algorithm details may be obtained from
Kilpatrick et al. (2001) and Vazquez-Cuervo et al. (2010). This
data set was used to identify fine scale structure that might
not appear in the Reynolds data and for consistency check for
the high-resolution model simulation. A seasonal data set
(quarterly time-series) is constructed over the period 1985-
2005 through objective interpolation in order to fill in the
missing values associated with cloud cover.

3) The Hadley Centre Sea Ice and Sea Surface Temperature data

set (HadISST).
The Met Office Hadley Centre’s sea ice and Sea Surface
Temperature (SST) data, (so called HadISST1 data) are pro-
duced on monthly globally-complete fields of SST and sea ice
concentration on a 1° latitude-longitude grid (i.e. ~110km
near the equator) from 1870 to date. SST data is directly taken
from the Met Office Marine Data Bank (MDB). More informa-
tion on this data set may be found in Rayner et al. (2003).

For the Reynolds and Hadley centre products, anomalies are
relative to the mean monthly seasonal cycle calculated over
1982-2008 and 1900-2010 respectively whereas for the AVHRR
SST the anomalies are relative to the mean over 1985-2005.

2.2. Wind data

In this paper, we use a wind product derived from the National
Centers for Environmental Prediction-National Center for Atmo-
spheric Research (NCEP-NCAR) Reanalysis (Kalnay et al., 1996)
because of its extended period of time (1948-2008). Due to the
coarse resolution of the NCEP atmospheric model (2.5° x 2.5°) and
the rough representation of the Andes, NCEP winds lead to a wind
stress curl that is located too much off-shore, which prevents
from using the direct model outputs for oceanic downscaling
experiments. In a recent paper Goubanova et al. (2011) proposed
a statistical downscaling approach to refine the resolution to

0.5° x 0.5° and correct for the biases of the NCEP reanalyses near
the Peru-Chile coasts. The statistical model is built over the
period 2000-2008 based on the statistical relationship between,
on the one hand, large-scale 10 m wind and sea level pressure
from NCEP reanalyses and, on the other hand, regional surface
wind from QuikSCAT satellite. Despite the limited span of the
period over which the statistical model is trained, it provides a
cost effective alternative approach to the dynamical downscaling
and simulates some key aspects of the daily to interannual
variability in the Humboldt region. The reader is invited to refer
to Goubanova et al. (2011) for more details on the method and its
validation.

2.3. SODA data

The SODA reanalysis project, which began in the mid-1990s, is
an ongoing effort to reconstruct historical ocean climate varia-
bility on space and time-scales similar to those captured by the
atmospheric reanalysis projects. In this paper, we used the SODA
1.4.2 version. SODA 1.4.2 uses a general circulation ocean model
based on the Parallel Ocean Program numerics (Smith et al,
1992), with an average 0.25° (lat) x 0.4° (lon) horizontal resolu-
tion and with 40 vertical levels with 10 m spacing near the
surface. The constraint algorithm is based on optimal interpola-
tion data assimilation. Assimilated data includes temperature and
salinity profiles from the World Ocean Atlas-01 (MBT, XBT, CTD,
and station data), as well as additional hydrography, SST, and
altimeter sea level. The model was forced by daily surface winds
provided by the European Center for Medium Range Weather
Forecasts ERA40 reanalysis (Uppala et al., 2005) for the 44-year
period from January 1958 to December 2001. Surface freshwater
flux for the period 1979-present is provided by the Global
Precipitation Climatology Project monthly satellite-gauge merged
product (Adler et al., 2003) combined with evaporation obtained
from the same bulk formula used to calculate latent heat loss. Sea
level is calculated prognostically using a linearised continuity
equation, valid for small ratios of sea level to fluid depth
(Dukowicz and Smith, 1994). The reader is invited to refer to
Carton et al. (2000) and Carton and Giese (2008) for a detailed
description of the SODA system.

2.4. Tide gauge data

Tide gauge observations are used to evaluate the skill of the
regional model. 6 stations, along the Peruvian coast, from Talara
(4.58°S) to Matarani (17.05°S) are used. Data are provided by The
University of Hawaii Sea Level Center available at (http://ilikai.
soest.hawaii.edu/uhslc/data.html).

2.5. In-situ 15 °C isotherm depth data

The XBT, CTD, Niskin and Nansen bottle measurements at six
fixed location from 256 IMARPE’s and international cruises were
gathered over the period 1961-2008 and used to derive tempera-
ture profiles in 2° x 1° bins off the Peruvian coast between 3°S and
14°S and on a 20-m resolution vertical grid (between 0 and
200 m). This method allows deriving monthly averages with a few
gaps, which are filled through linear interpolation (Flores et al.,
2009). The 15°C isotherm depth is then derived from the
temperature profiles.

2.6. Estimation of equatorial Kelvin wave

The oceanic EKW was derived from the SODA reanalysis. The
method for deriving the Kelvin wave is similar to Dewitte et al.
(2008) and consists of projecting the simulated variability onto
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the theoretical vertical mode and meridional Kelvin/Rossby mode
functions. The latter are derived from the SODA mean vertical
stratification at each grid point along the equator and for each
time step (a slowly varying density field (low pass filtered at 7 years)
is considered). The reader is invited to refer to Dewitte et al. (2008)
for more details about the method. The method provides an
estimate of the EKW that takes into account dispersion effects
associated to the zonally and temporally (low frequency) varying
stratification. The monthly anomalies are referenced to the mean
seasonal cycle over 1958-2008.

2.7. Regional model simulation

The ROMS (Regional Ocean Modelling System) regional ocean
circulation model (Shchepetkin and McWilliams, 2005) is used at an
eddy-resolving resolution (1/12° at the equator) in a study region
extending from 12°N to 40°S, and from the coast to 95°W, with
lateral open boundaries on its northern, western and southern sides.
ROMS solves the hydrostatic primitive equations with a free-surface
explicit scheme, and stretched, terrain-following sigma coordinates
on 37 vertical levels. Subgrid-scale vertical mixing is parameterized
using the KPP boundary layer scheme (Large et al., 1994). Bottom
topography from GEBCO global 30 arc-second grid data set (http://
www.gebco.net/data_and_products/gridded_bathymetry_data/docu
ments/gebco_08.pdf) has been interpolated onto the model grid,
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Fig. 2. Model domain and topography. The shaded zone indicates the domain over
which we focus our analysis. The red contour indicates the 300 m isobath. (For
interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

smoothed as in Penven et al. (2005) in order to reduce pressure
gradient errors and modified at the open boundaries to match with
bottom topography from the boundary forcing provided by SODA
(see Fig. 2).

5-daily mean oceanic outputs from SODA provide the open
boundary conditions (OBC) for temperature, salinity, horizontal
velocity and sea level over the period 1958-2008. They were
treated using a combination of an Orlanski scheme for the tracers
and for baroclinic velocities and a Flather scheme for the baro-
tropic mode (Marchesiello et al., 2001). Initial conditions are from
the 1st of January, 1958 and a 3-year spin-up was performed by
repeating the year 1958.

To force the regional model at the air/sea interface, wind speed
and wind stress from the downscaled product of Goubanova et al.
(2011) were used (see above). Atmospheric fluxes were derived
from the bulk formula using the air temperature from COADS 1°
monthly climatology (daSilva et al., 1994). Short wave and long
wave radiations as well as relative humidity are from COADS. This
choice is motivated by the large biases observed in the NCEP
atmospheric fluxes near the coast of the Peru and Chile.

Within this configuration, the model simulates a realistic
mean SST although with a cool bias in the coastal region (see
Fig. 3, left panels) that is attributed to the use of COADS
climatology for short wave radiation that tends to cool the SST
during El Nifio conditions. The model also simulates an overall
realistic pattern of mean Eddy Kinetic Energy (EKE) (Fig. 3, right
panels) which indirectly reflects a realistic vertical current struc-
ture (Fig. 3f) that is characterised by a well defined Peru Under-
current Current (PUC) (see Huyer et al. (1991) and Montes et al.
(2010) for a comparison). The comparison of the model mean EKE
and the mean EKE estimated from altimetry is somehow limited
due to the different resolution of the products. Further validation
of the model from observations is provided in Table 1 (from tide
gauge data) and in Section 4.

The simulation is used here to extend the composite analysis
from the SST observations to some aspects of the regional circula-
tion, which includes the upwelling (vertical velocity), thermocline
depth along the coast and along-shore current vertical structure (see
Section 4).

2.8. Definition of El Nifio types

To separate the EKW characteristics during the two flavours of
El Nifio, a composite analysis is used. The CP and EP years are
selected using the method proposed by Yeh et al. (2009), namely
based on the values of the NINO3 and NINO4 indices with a
threshold of 0.5 °C during the ND]J season to define that an El Nifio
is occurring. Over 1958-2008, this leads to the selection of 6 CP
events (1968-69, 1990-91, 1994-95, 2002-03, 2004-05, 2006-
07) and 5 EP events (1965-66, 1972-73, 1976-77, 1982-83,
1997-98). Unless stated otherwise, the 1986-87 event is not
considered in the analysis because this event evolves as an EP
event at the developing phase and turns toward the CP type at the
mature phase.

The significance of composites was estimated using the boot-
strap method (Efron, 1982). The method is equivalent to a Monte-
Carlo testing (cf. Bjornsson and Venegas, 1997) and consists of
creating a surrogate data, a randomized data set of CP (6) and EP
(5) events by scrambling 51 years in the time domain. The
composite analysis is then performed on the scrambled data
set. The same procedure of scrambling the data set and perform-
ing the analysis is repeated 300 times, each time keeping the
value of the CP and EP composites (in the space and time
domains). Then the difference between CP and EP composites is
calculated for the 300 samples and the distribution of these
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Table 1

Comparisons between monthly model sea level interannual anomalies (SLA) and gauges data at different stations along the coasts of Peru. SigmaF is the ratio RMS(MOD)/
RMS(OBS) where RMS is the Root Mean Square, and the score is estimated following Eq. 4 from Taylor (2001). SLA are estimated with respect to the nine-year monthly
climatology from January 1995 to December 2003.

R SigmaF Score Rms diff Rms (OBS) Rms (MOD) Period
Talara (4.58°S) 0.4536 0.6282 0.5898 8.225 9.057 5.689 Dec. 1987-Sept. 2008
Paita (5.08°S) 0.4660 0.7204 0.6595 7.592 8.247 5.941 Dec. 1987-July 2008
Callao (12.02°S) 0.7047 0.7625 0.7927 4.949 6.952 5.301 Jan. 1970-Sept. 2008
Pisco (13.71°S) 0.6434 0.5863 0.6257 6.553 8.536 5.005 Jan. 1991-Dec. 2007
San Juan (15.36°S) 0.5880 0.5323 0.5464 5.889 7.264 3.867 Jan. 1978-Dec. 2002
Matarani (17.05°S) 0.4405 0.5649 0.5283 6.570 7.249 4,095 Jan. 1992-Sept. 2008

differences is obtained. The latter is used for deriving the
significance level of the composites.

3. Equatorial Kelvin wave during the two flavours of El Niio

Fig. 4 presents the composite analysis of the first baroclinic
mode EKW for the two types of El Nifio. The year O refers to the
year preceding the peak phase. The comparison reveals a con-
trasted behaviour: The EP composite exhibits clear eastward

propagation features reflecting the recharge-discharge process
(Jin, 1997) whereas the CP composite resembles a standing basin
mode with a weak cool phase. The other well identified difference
is the amplitude of the downwelling (positive) EKW which is
much weaker for the CP composite particularly in the far eastern
Pacific. Because of the sloping thermocline from west to east in
the equatorial Pacific, the oceanic variability also projects sig-
nificantly onto the second baroclinic mode (Dewitte et al., 1999).
Fig. 5 displays the seasonal evolution of the EKW of the second
baroclinic mode for the two types of El Nifio. It also indicates a
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Fig. 5. Same as Fig. 4 but for the second baroclinic mode Kelvin wave.

different anomaly pattern for CP and EP El Nifios although both
composites have a peak anomaly in the eastern Pacific reflecting
the vertical mode dispersion associated with the shallowing
thermocline as the waves propagate to the east. Like for the first
baroclinic mode, the amplitude of the downwelling EKW during
the EP event is larger than for the CP event. However the ratio of

the maximum amplitude between El Nifio types is much larger for
the second baroclinic mode, reaching 7 instead of 2 for the first
baroclinic mode. Also, the downwelling EKW is followed by an
upwelling EKW for the CP event, which is different from the first
baroclinic mode and from the EP composite of the second
baroclinic mode EKW. Such differences between El Nifio types

Please cite this article as: Dewitte, B., et al., Change in El Nifio flavours over 1958-2008: Implications for the long-term trend of the
upwelling off Peru. Deep-Sea Res. II (2012), http://dx.doi.org/10.1016/j.dsr2.2012.04.011



dx.doi.org/10.1016/j.dsr2.2012.04.011
dx.doi.org/10.1016/j.dsr2.2012.04.011
dx.doi.org/10.1016/j.dsr2.2012.04.011

B. Dewitte et al. /| Deep-Sea Research II 1 (1ami) nan-amn 7

are further illustrated in Fig. 6 which displays the evolution of the
second baroclinic mode EKW at 90°W. EKW amplitude has been
normalised by the maximum amplitude of the EKW at the peak
phase of the event in order to emphasise the difference in time
spans of downwelling and upwelling. It is clear that the EKW
for CP event has a tendency towards upwelling rather than
downwelling conversely to the EP event. The skewness of the
(normalised) EKW over the ENSO cycle is 4.07 cm (0.68) and
—0.62 cm (—0.45) for EP and CP events, respectively.

AK2 @ 90°W

1.0E
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-0.5
-1.0 E
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Fig. 6. Composite evolution of the second baroclinic mode Kelvin wave during EP
(a) and CP (b) years at 90°W. The amplitude of the Kelvin wave is adimentiona-
lized by the maximum value. The full (dotted) grey horizontal line indicates where
the EP (CP) composite is significant at the 90% level.
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Summarizing, our results indicate that the EKW exhibits
different characteristics during CP and EP El Nifio, with a different
asymmetry and distinct vertical structure variability in each case.
In particular, the EKW of the first baroclinic mode may weakly
impact the Peru upwelling system during CP event due to its
basin mode pattern, which is in contrast with the first baroclinic
mode EKW during EP event that has a strong positive asymmetry
in the eastern Pacific. The second baroclinic mode EKW during CP
events is negatively skewed near the Ecuadorian coast whereas its
EP El Nifio counterpart is strongly positively skewed.

4. Impact on the regional circulation off Peru
4.1. EP and CP conditions

In this section, we take advantage of a long-term regional
model experiment to extend the previous analysis to some
aspects of the regional circulation off Peru. Of particular interest
are the upwelling variability characteristics during the two
flavours of El Nifio. As a first step, we present some validation
of the model interannual to decadal variability. Then the model
outputs are used to document the EKW impact on the coastal
upwelling and its long-term trend.

|
|
i

iy VIR S
85°W 80°W

85°W 80°W 75°W

Fig. 7. CP and EP composites for SST for (top) the model and (bottom) the observations (Reynolds data) during the DJF and MAM seasons. Due to the limited number of
events over 1982-2008, the 1986-87 El Nifio is considered here in the EP composites. The thick plain white line indicates the mean position of the 20 °C isotherm whereas
the dashed white line refers to the position of the 20 °C isotherm during anomalous conditions. Units are in °C and contour intervals are every 0.2 °C below 1.4 °C (see
colour bar in the bottom hand corner). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7 presents the CP and EP composites of SST for the
observations and the model for the December-January-February
and the March-April-May seasons. It indicates that the model
simulates realistically the evolution of the CP and EP El Nifo
events near the peak phase. The spatial correlation between
model and observed composites is above 0.6 for both seasons
and El Nifio types. The main deficiencies of the model are
the weaker amplitude of warm anomalies during EP El Nifio and
the slightly warmer SST during CP El Nifo in the equatorial
region for the seasons corresponding to the peak phase in
December-January-February (DJF) and the decaying phase in
March-April-May (MAM). The slightly weaker amplitude of the
model variability in comparison with the observations is also
observed for the sea level (see Table 1). These biases are likely due
to the use of COADS climatology for calculating heat fluxes and the
biases in downscaled wind fields (Goubanova et al,, 2011) that in
one case tends to cool the SST through anomalous short wave flux
during El Nifio and in the other case does not account properly for
the wind-evaporation-SST feedback mechanism in the near equa-
torial region. Sensitivity tests using atmospheric fluxes from a
dynamical downscaling experiment with the WRF model
(Skamarock et al., 2005) indicate that the discrepancies between
observations and model for SST is largely due to the heat flux forcing
(not shown), consistent with the above interpretation. Since we are
interested in upwelling variability (and not just SST variability) and
given that the simulation using the statistically downscaled winds
extends over a long period of time, it is appropriate for the following
analyses. As a final validation for SST, and since we will investigate
low frequency variability and trend in the following section, we
diagnose the decadal mode for SST based on Empirical Orthogonal
Function (EOF) analysis. Fig. 8 presents the dominant mode of the
7-year low pass filtered SST and associated time-series for the
model, the Reynolds data and the Pathfinder data. Despite the
discrepancies between the observed data sets which results from
the different resolution that has been noticed in previous studies for
other regions (Reynolds and Chelton, 2010; Vazquez-Cuervo et al.,
2010), the results of Fig. 8 suggest that the model is able to capture

the magnitude, phase and pattern of the SST decadal variability.
Differences in the first EOF between the Reynolds and Pathfinder
4 km product are likely due to decadal variability that is associated
with higher spatial scales, such as movement of the upwelling fronts
and mesoscale to sub-mesoscale variability. The pathfinder 4 km
data more closely reflects the pattern of the decadal signal seen in
the ROMS model, which indicates that higher spatial resolution is
needed to fully capture the coastal dynamics, even at the
decadal scale.

We now focus on subsurface variability. Fig. 9 presents a
comparison between model and observations for subsurface tem-
perature. The 15 °C isotherm depth is used here as a proxy for
thermocline depth near the coast. It indicates that the model
simulates reasonably the along-shore thermocline depth, which
includes the meridional gradient. For instance, during the peak
phase of the EP El Nifio the thermocline is as deep as 180 m at 4°S
and shallows to 120 m at 14°S for both model and observations.
Although there is a tendency for the model to simulate a too shallow
thermocline compared to the observations, the model-data misfit is
not as large as for the SST reflecting that subsurface temperature is
less sensitive to biases in heat fluxes forcing. Note that during the CP
El Nifio, the mean thermocline depth is close to its climatological
position, which favours the propagation of high-order baroclinic
mode waves compared to the EP El Nifio condition.

In order to evaluate to what extent the EKW can impact the
thermocline variability along the coast, similar composite ana-
lyses than above (Section 3) are performed. Fig. 10 presents the
evolution of the thermocline variability along the coast during EP
and CP El Nifio years. The deviation from the mean climatological
state (presented in Fig. 10C) is considered here. Fig. 10 reveals a
contrasted situation during the CP and EP El Nifo, with the
thermocline deepening sharply during EP event from March (Year
—1) to May (Year 0) while slightly deepening by a few tens of
metres north of 15°S during the CP event at the peak phase of the
event. Like for the EKW, the two flavours or types of El Nifio are
characterised here by pronounced different asymmetries over the
ENSO cycle, with the thermocline anomalies having a negative
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Fig. 8. First EOF mode of 7-year low pass filtered SST anomalies: (A) ROMS, (B) Reynolds data and (C) Pathfinder 4 km data along the coast between 3°S and 18°S. The
ROMS outputs were previously interpolated on the 1/4° x 1/4° Reynolds data grid whereas the mode pattern derived from GHRSST-PP data was averaged twice over a 4 by
4 box in order to smooth out details. (D) Associated time series for ROMS (plain full line), Reynolds data (dashed line) and the GHRSST data (dotted line).
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Fig. 9. CP (thick dotted line) and EP (thick plain line) composites for mean thermocline depth (15 °C isotherm depth) along the coast of Peru between 4°S and 14°S
(bottom) as derived from the historical regional cruise of IMARPE and (top) for the model. The thin plain line represents the mean position of the thermocline over the

period 1958-2007.
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Fig. 10. Composite evolution of the 15 °C isotherm depth anomalies wave during the EP (A) and CP (B) years along the coast of Peru. The contour in thick black line
indicates the 90% significance level. (C) Climatological fluctuations of the 15 °C isotherm depth. Unit is metre.

skewness during CP El Nifilo and a strong positive skewness
during EP EI Nifio.

4.2. Decadal variability and long-term trend

The different mean state during the two flavours of El Nifio has
implications for the interpretation of the long-term trend of SST
in this region. Observational records suggest a cooling trend off
the coast of central Peru (Gutierrez et al., 2011a, 2011b) although

trends in upwelling favourable winds remain ambiguous due to
the quality of the data sets (Goubanova et al., 2011; Gutierrez
et al,, 2011a, 2011b). The increase of occurrence of CP El Nifio in
recent decades (Lee and McPhaden, 2010) suggests that mean to
cool conditions have been favoured off the coast of Peru due to
reduced amplitude of the downwelling EKW and negative skew-
ness of the EKW over an ENSO cycle (Fig. 5). This implies that
EKW may be influential on the mean condition through its
residual effect on the mean SST. In order to test this hypothesis,
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Fig. 11. EOF analysis of low-frequency SST, wind stress and upwelling in the model: first EOF mode for (A) SST, (B) zonal and meridional wind stress and (C) coastal
upwelling. See text for the method for estimating coastal upwelling. (D) Time series associated to the first EOF mode for (blue) SST, (red) coastal upwelling rate and (green)
wind stress. The linear trend for SST (upwelling) EOF time series is plotted in thick blue (red) dashed line in (D). The amplitude of the anomalies in dimensional unit
corresponding to the low frequency mode can be inferred by multiplying the value of the time series with value of the corresponding EOF mode pattern. In that case, units
are °C for SST, 0.01 N m 2 for wind stress and 10 % m/s for upwelling rate. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Table 2
Correlation between EOF time series associated to the low frequency modes for
SST, wind stress (TX, TY) and upwelling rate (W) (cf. Fig. 11) for different periods
of time.

1958-2008 1958-1986 1987-2008
(W|SST) 0.24 0.17 —0.07
(W|TXTY) -0.75 —-0.93 —0.40
(SST|TXTY » +0.11 —-0.33 0.67

we use the model outputs and diagnose as a first step the decadal
variability of SST, wind stress and upwelling rate. The latter is
estimated from the maximum vertical velocity in the depth range
of 0-80 m at the first grid point near the coast (which corre-
sponds to a ~8-km wide coastal band) following Marchesiello
and Estrade (2010). Fig. 11 presents the results of the EOF analysis
of the 7-year low-pass filtered fields. It indicates that there is a
cooling trend in the model that does not result in a straight
forward manner from wind-induced upwelling since the wind
stress decadal mode does not exhibit any trend at all (not plotted
in Fig. 11D). The trend for the decadal mode of SST is 0.19 unit per
decade (10 yr~1!) which is significant (with a standard error for
the slope of +0.013 x 10 yr~! assuming Gaussian measurement
errors at each point of the time series). Also, the EOF time series of
low-frequency SST and upwelling rate are uncorrelated over the
whole period (Fig. 11D, cf. Table 2). The inspection of Fig. 11D
reveals that there is a shift in the relationship between the low
frequency upwelling rate and wind stress modes around 1986
with upwelling being highly anti-correlated to wind stress before
1986 and not after (Table 2). It was checked that upwelling rate is
mostly accounted for by Ekman transport and pumping asso-
ciated with the wind variability before 1986. On the other hand,

after 1986 the low frequency mode for SST becomes correlated to
the low frequency mode for wind stress indicating that Ekman
pumping and transport cannot explain alone the SST low-fre-
quency variability over this period. During the last two decades,
the decadal mode for SST also exhibits an amplitude modulation
that may reflect the change in EKW characteristics. On the other
hand, the coastal upwelling is weakly modulated over the last two
decades suggesting a compensation of Ekman-induced upwelling
by the equatorial variability in the form of EKW activity modula-
tion. Noteworthy, the EOF1 pattern for SST has a minimum
amplitude (cooling tendency) within a narrow coastal fringe
(especially marked south of 15°S), reminiscent of the influence
of coastal trapped-Kelvin wave.

The change in the relationship between SST and wind stress
from before and after 1986 and the absence of long-term trend in
the wind stress forcing indicate that the cooling trend of the coast
of Peru in the model has to result from change in equatorial oceanic
variability and/or non-linear processes. We hypothesise here that
the increased occurrence of the CP El Nifio over the last decades
(Takahashi et al., 2011) results in a long term trend of the equatorial
forcing asymmetry that has a residual effect on the mean SST along
the coast of Peru. This is likely if the mean SST change is related to
the mean SST asymmetry off the coast of Peru. Fig. 12 presents the
dominant singular value decomposition (SVD) mode between the
10-year running mean SST and the 10-year running skewness SST
which explains 73% of the covariance. The comparable mode
patterns and the highly correlated SVD time series (c=0.89)
indicate that both quantities are related, which supports the above
interpretation of the residual effect of the changing EKW forcing on
the mean condition off Peru. As a consistency check we also verified
that the time series obtained by projecting the decadal SST mode
(Fig. 11A) onto the SST interannual anomalies has a positive trend
of its 15-year running mean (i.e. cooling tendency) and skewness
(i.e. reduction of positive asymmetry).
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Fig. 12. Dominant SVD mode between the 10-year running mean SST and the 10-year running skewness SST: spatial patterns for the mean (A) and the skewness (B). The
percentage of the total variance explained by the mode is indicated. (C) Associated time series for the mean (plain line) and the skewness (dotted line). The running mean
and skewness time series were low-pass filtered with a frequency cut-off of 7 yr~! before performing the SVD analysis. Multiplying the spatial pattern with the associated
time series leads to a field having °C as a unit. The percentage of the total covariance between the mean and skewness explained by the mode and the correlation between

the time series are indicated.

5. Discussion and conclusion

The SODA oceanic reanalysis and a high-resolution model
experiment were used to study the characteristics of EKW and
its connection with the coast of Peru. The focus was on the change
in characteristics under the mean conditions associated with the
two types of El Nifo, considering that the EKW characteristics
(amplitude, asymmetry and vertical structure) may be distinc-
tively altered during both types of events. It is shown that, for EP
El Nifio, the EKW is characterised by a large positive asymmetry
for both baroclinic modes whereas during CP El Nifio, the second
baroclinic mode EKW is negatively skewed over the ENSO cycle in
the eastern Pacific and the first baroclinic mode EKW has a basin
scale structure with a weak amplitude near the eastern boundary.
These characteristics are consistent with the results of Dewitte
et al. (2011a) who analysed the EKW characteristics in a long
term coupled simulation that accounts for many features of the
EP and CP dynamics (Kug et al., 2010). In particular, during EP El
Niflo, the first two baroclinic modes have comparable contribu-
tion to the recharge-discharge process (Jin, 1997) whereas during
CP, the recharge-discharge process is less effective due to the
basin mode pattern of the first baroclinic mode.

A high-resolution regional oceanic model simulation is then
performed. It uses the SODA data as open boundary conditions.
The simulation is shown to reproduce realistically many aspects
of the mean circulation and interannual variability. In particular,
despite the use of climatological heat flux forcing, the model
simulates CP and EP SST composites that are consistent with
satellite data. The composite analysis reveals in particular that, at
the peak phase (DJF) of the CP El Nifio, the mean SST is close to its

seasonal value while during the decaying phase (MAM), the SST is
cooler than normal all along the coast of Peru. This to some extent
is reflected in the subsurface conditions as evidenced by the mean
thermocline depth (15 °C isotherm depth) estimated from the
model and the in-situ observations (Fig. 9). Thus, the mean
condition during CP El Nifio may favour the rectification of the
mean SST by the interannual EKW since the thermocline remains
relatively shallow during the whole El Nifio cycle. Such process is
likely if the coastal SST variability is skewed (asymmetrical) in
relation to the skewed equatorial forcing. We verified that mean
SST changes off Peru co-vary with the SST asymmetry low-
frequency modulation, which suggests the cumulative process
of cool (less warm) SST anomalies on the mean SST in relation to
the increase occurrence of CP El Nifio in the recent decades. As a
consistency check, and to verify that this argument can be
transposed to the coastal dynamics, we compare the vertical
along-shore current pattern at 12°S during EP and CP events with
the dominant EOF mode of the low-frequency along-shore cur-
rents (Fig. 13). The results indicate that the change in vertical
structure of the along-shore current has a comparable pattern for
the CP event and the decadal mode (spatial correlation between
the decadal mode and the composites is 0.88 and 0.41 for CP and
EP events respectively), which suggests that the increased occur-
rence of the CP El Nifio has a residual effect on the mean current
conditions off Peru. The change in vertical structure of the along-
shore current during CP El Nifo is favourable to the reduction in
baroclinic instability since both the surface current and the base
of the PUC are reduced (Fig. 13C), reducing the current shear near
the coast (Marchesiello et al., 2003). Vertical stratification is also
reduced during CP events along the coast (Fig. 13C). A reduction
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Fig. 13. (A, D) Dominant EOF mode of the 10-year low-pass filtered along-shore current anomalies at 12°S. Spatial pattern (A) and associated time series (D). Multiplying
the spatial pattern with the associated time series leads to a field having cm/s as a unit. The mean along-shore current is displayed for the coutours equal to 5 cm/s
(poleward—dotted thick white line) and —3 cm/s (equatorward—plain thick white line). (B, C) Composites of along-shore current anomalies for EP (B) and CP (C) events at
12°S. Units is in cm/s. The mean along-shore current is displayed for the coutours equal to 5 cm/s (poleward—dotted thick white line) and —3 cm/s (equatorward—plain
thick white line). The composite of the 13 °C, 15 °C and 17 °C are also displayed in thick black lines.
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Fig. 14. Dominant EOF mode of the 10-year running mean of EKE: spatial pattern
(A) and associated time series (B). Multiplying the spatial pattern with the
associated time series gives a field having 100 cm? s~2 as unit.

of EKE is expected in such an anomalous coastal mean state,
which is observed in the model (Fig. 14).

Our results have implications for the interpretation of the
long-term trend of SST in this region. Observational records
suggest a cooling trend off the coast of central Peru (Gutierrez
et al, 20114, 2011b) although trends in upwelling favourable
winds remain ambiguous due to the quality of the long-term data
sets (Goubanova et al., 2011; Gutierrez et al., 2011a, 2011b). The

increase of occurrence of CP El Nifio in recent decades (Yeh et al.,
2009; Lee and McPhaden, 2010) suggests that mean to cool
conditions have been favoured off the coast of Peru due to the
change in EKW characteristics. The absence of increasing trend of
the along-shore wind stress in our experiment does not however
exclude its role on the long-term trend of upwelling considering
that the low-frequency modulation of wind stress could also
contribute to a rectified effect on the mean SST through non-
linearities. Although this is unlikely, it deserves further investiga-
tion which is beyond the scope of the present paper.

We now discuss limitations of the study as well as perspec-
tives to this work. We have not considered in this study the role of
the intraseasonal equatorial Kelvin wave (IEKW), which is influ-
ential on the upwelling variability off Peru (Dewitte et al., 2011b)
and might also participate in the rectification process proposed in
this study (see Belmadani et al. (2012) for the 1992-2000 period).
In particular, due to the strong seasonal dependence of the
intraseasonal atmospheric variability with ENSO (Hendon et al.,
2007) and its amplitude modulation by the ENSO phase (Roundy
and Kravitz, 2009), the IEKW activity is likely altered during the
two flavours of El Nifio. The analysis of a previous version of the
SODA reanalysis also suggests a positive trend of the IEKW
activity from the 1950s (Dewitte et al., 2008; Gutierrez et al.,
2011b) although there is still a debate whether atmospheric
reanalyses can reproduce the low-frequency modulation of the
intraseasonal variability considering the non-homogeneous data-
sets that are assimilated (see Jones and Carvalho (2006)). Further
study is required to document this issue.

Another limitation arises from the use of the statistically
downscaled product combined with the COADS climatological
data to force the oceanic regional model. In particular, Goubanova
et al. (2011) show that although the downscaling method cap-
tures some aspects of the El Niflo-La Nifia asymmetry, it tends to
underestimate the amplitude of the upwelling favourable winds
during EP El Nifio. Also the statistical method to derive wind
speed from NCEP Reanalysis does not take explicitly into account
the regional air-sea interactions which may be at work at
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intraseasonal to interannual timescales. For instance, Dewitte
et al. (2011b) show that in the Northern Peru region, there is a
component of the intraseasonal winds that, rather than forcing,
actually responds to SST changes (see also Chelton et al. (2004 ) for
this issue). There is also modelling evidence that the winds
respond to local SST anomalies during EP El Nifio off the coast
of Peru (K. Takahashi, personal communication). The considera-
tion of such processes implies the use of more realistic atmo-
spheric forcing or of a regional coupled model. This is planned for
future work.

Overall our results bring new material for the understanding of
the long-term trend in the Peru upwelling. Whereas previous
studies have focused on the processes of upwelling variability by
the winds to explain long term trends (Bakun, 1990; Bakun and
Weeks, 2008), we suggest here that the oceanic component of the
tropical variability may come into play considering that the EKW
activity has significantly different characteristics during the two
flavours of El Nifio and that the change in El Nifio asymmetry
implies a rectified effect on the mean upwelling condition off Peru.
Future work will be dedicated to the investigation of such process
based on high-resolution coupled general circulation model.
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