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Correspondence to:E. Rodŕıguez-Rubio (erodriguezrubio@yahoo.com.ar)

Received: 18 May 2011 – Revised: 15 September 2011 – Accepted: 1 October 2012 – Published: 2 April 2013

Abstract. Indices of the interannual and interdecadal vari-
ability at Tumaco Island (2◦ N; 79◦ W; Colombia), based on
time series of sea surface temperature (SST), air tempera-
ture (AT) and precipitation (P ) from a coastal station, are
presented regarding the period 1960–2010. These indices are
derived from the first two EOF (empirical orthogonal func-
tion) modes of the normalized time series, which grasp 84 %
of the explained variance. The first EOF represents the inter-
annual variability closely correlated with the ENSO-related
SST variability of region Nĩno 1+2 (r = 0.74; lag= 1), Niño
3 (r = 0.71; lag= 1), and the well-known period band 2–
8 yr. Furthermore, the first EOF also accounts for the extreme
warm events in the eastern equatorial Pacific due to them be-
ing well correlated with the E index (r = 0.70). The second
EOF represents a much longer variability dominated by the
ENSO-like mode or Pacific Decadal Oscillation (PDO), rep-
resented by two interdecadal modes (8–16 yr and 20–30 yr),
and may account also with moderate warm events and cool
events, being more sensitive to cool events.

1 Introduction

The Colombian Pacific ocean is located in the Panama Bight
and is described as part of the eastern tropical Pacific Ocean
delimited by the Isthmus of Panama (9◦ N) and Puntilla Santa
Elena (2◦ S) (Fig. 1). It extends westward from the coasts of
Panama, Colombia and Ecuador to about 81◦ W, and is sub-
ject to pronounced seasonal variations in oceanic conditions
related to changes in the position of the Intertropical Con-
vergence Zone (ITCZ) and the development of the low wind
jet event usually referred to as the Panama Jet (Chelton et
al., 2001; Rodŕıguez-Rubio et al., 2003; Kessler, 2006). At

the same time, the region is also subject to strong interan-
nual forcing associated with the El Niño Southern Oscilla-
tion (e.g. Fiedler et al., 1992; Poveda and Mesa, 1997; Wang
and Fiedler, 2006).

The eastern tropical Pacific is a region affected mainly by
the El Niño Southern Oscillation (ENSO), a global air–sea
interaction phenomenon with interannual time scales (typi-
cally in the 1.5–8 yr band) that is the largest source of vari-
ability in the tropical region (e.g. Rasmusson and Carpen-
ter, 1982; Wang and Fiedler, 2006; Mestas-Nuñez and Miller,
2006).

For longer time periods, several studies have documented
decadal-to-interdecadal variability in the Pacific Ocean,
mainly in the tropics and North Pacific (e.g. Nitta and Ya-
mada, 1989; Trenberth, 1990; Mestas-Nuñez and Miller,
2006). Nevertheless, South America has a few studies with
long coastal in situ time series of atmospheric and oceanic
variables to study the interannual and interdecadal variabil-
ity (Montecinos et al., 2003).

Here, coastal monthly time series of sea surface tempera-
ture (SST), air temperature (AT) and precipitation (P ) from
a coastal station located on Tumaco Island in the Colombian
Pacific for the period 1960–2010 were used and analyzed us-
ing statistical methods focusing on the interannual to inter-
decadal variability.

2 Data and methodology

Sea surface temperatures (SST), air temperature (AT)
and precipitation (P ) monthly time series were obtained
from coastal station of the “Centro de Investigaciones
Oceanogŕaficas e Hidrogŕaficas del Pacifico-CCCP”, located
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Fig. 1.Map of the study area and location of Tumaco coastal station.

on Tumaco Island (01◦49′12′′ N; 78◦43′43′′ W) in the
Colombian Pacific Ocean; data from 1960 to 2010 (Fig. 1).
Several statistical techniques were used to guarantee the ho-
mogeneity and continuity of the time series, including stan-
dard normal homogeneity test (e.g. Thom, 1966; Brock-
well and Davis, 1991), seasonal decomposition (Wei, 2006)
and geospatial models (Barón-Leguizaḿon, 2003). The lat-
ter technique was used to fill gaps in the precipitation and air
temperature time series.

The mean climatology calculated over 1971–2000 was re-
moved to define the anomalies. The Monthly Niño 1+2 (0–
10◦ S) (90–80◦ W), Niño 3 (5◦ N–5◦ S) (150–90◦ W), Niño
4 (5◦ N–5◦ S) (160◦ E–150◦ W), Niño 3.4 (5◦ N–5◦ S) (170–
120◦ W) and decadal Pacific Decadal Oscillation index was
taken from the Joint Institute for the Study of the Atmo-
sphere and Ocean (JISAO,http://www.jisao.washington.edu/

Table 1. Cross-correlation of the EOFs with Niño region SST
anomalies (indices), E and C indices.

Indices Cross-correlation
(EOF1)

Cross-correlation
(EOF2)

SST Nĩno 1+2 0.74 (lag 1) 0.32 (lag 1)
SST Nĩno 3 0.71 (lag 1) 0.42 (lag 1)
SST Nĩno 3.4 0.62 (lag 2) 0.43 (lag 0)
SST Nĩno 4
E
C

0.47 (lag 2)
0.70 (lag 1)
0.30 (lag 2)

0.41 (lag 0)
0.23 (lag 1)
0.42 (lag 0)

datasets/). The uncorrelated indices (E and C) proposed by
Takahashi et al. (2011), which respectively account for the
extreme warm events in the eastern and cold/moderate warm
events in the central equatorial Pacific, were analyzed against
the first two EOF coefficients from the Tumaco index.

Two statistical methods were used to characterize the inter-
annual and decadal variability. First, the empirical orthogonal
function (EOF) analysis was used to isolate the most impor-
tant modes of variability in the simultaneous and standard-
ized matrix of SST, AT andP anomalies data (e.g. Emery
and Thomson, 2001; Von Storch and Zwiers, 2001). Second,
the wavelet analysis (Torrence and Compo, 1998; Emery and
Thomson, 2001; Weng and Lau, 1994) was used to sepa-
rate the existing oscillations within the original signal (see
Garćes-Vargas et al., 2005 for an application). In this study
the continuous Morlet wavelet transformation was used and
applied onto the time series obtained from the EOF analy-
sis. The advantage of using the Morlet wavelet is its com-
plex nature that is able to detect both time-dependent am-
plitude and phase for different frequencies exhibited in the
time series (Lau and Weng, 1995). The wavelet analysis in
this study uses the chi-squared distribution to find the 95 %
confidence level, assuming a background Fourier red noise
spectrum modelled by a univarite lag-1 autoregressive pro-
cess (AR1). The confidence level is applied to the contours
and the confidence line for the global wavelet spectrum (Tor-
rence and Compo, 1998).

3 Results

The first two EOF coefficients (EOF1, EOF2) of monthly
sea–air variables from Tumaco are shown in Fig. 2. They
represent 50 % and 34 % of the total variance, respectively.
As can be seen from Table 1, The EOF1 is well correlated
with El Niño 1+2 (= 0.74; lag= 1; p < 0.05) and Nĩno 3 re-
gion (r = 0.71; lag= 1; p < 0.05). These interannual modes
can be interpreted as the ENSO signal in the air–sea vari-
ables in Tumaco and show the ENSO history between 1961
to 2010 in the Colombian Pacific Ocean. Furthermore, the
cross-correlation between EOF1 and E index (that accounts
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Fig. 2.Time series of EOF1 (top) and EOF2 (bottom) of the sea–air variables of Tumaco, Colombia.

for extreme warm events in the eastern equatorial Pacific)
was well correlated (r = 0.70; lag= 1; p < 0.05).

The wavelet analysis applied to EOF1 shows two high en-
ergetic interannual modes with dominant frequencies around
periods 2.3 and 4.9 yr at a 95 % confidence level (see Fig. 3a).
These two frequencies may be identified with those aris-
ing from quasi-biennial oscillation (QBO) and the El Niño
Southern Oscillation (ENSO) (Barnett, 1991; Neelin et al.,
1998; Lau and Weng, 1995) and reported regarding the
Colombian Pacific by Poveda and Mesa (1997), Waylen and
Poveda (2002) and D́ıaz-Ochoa et al. (2004). In Fig. 3b, most
of the power is concentrated within the ENSO band of 2–8 yr,
although there is appreciable power at longer periods, both
signal significant at a 95 % confidence level. Scale-averaged
wavelet power over the 2–8 yr band for the EOF1 (Fig. 3d)
shows a distinct period between 1961 and 1977 when ENSO
variance was low, and 1981 to 2003 period when ENSO vari-
ance was high, decreasing from 2003 to 2010. The change
in the variance can be interpreted like a climate regime shift
in the EOF1 time series (Fig. 3d, red bars). The regime of
1960–1977 shows a low and quasi-stable variance period.
The next regime 1977–1989 shows a sustainable variance
increase with a maximum related to El Niño 1982–1983.
The 1989–2003 period shows an important variance increase,
with the peak at 1997–1998 related to the El Niño. After of
2003 the variance decreases until 2010 (Fig. 3d). The vari-
ance change found in the Tumaco EOF air–sea time series

resembles the changes in the interdecadal timescale in the
time series of physical and biological variables reported by
Hare and Mantua (2000) and Mantua and Hare (2002) for
the Pacific Ocean, and Mestas-Nuñez and Miller (2006) for
the Eastern Tropical Pacific.

Cross-correlation analysis was made between EOF2 and
all SST ENOS indices, showing poor correlation (r < 0.50,
Table 1) in all cases and indicating that there is another factor
of variability in the signal different of the well-known ENSO
mode. On the other hand, cross-correlation between EOF2
and C index (which accounts for moderate warm events
and cool events) does not exceed 0.42 (p < 0.05); neverthe-
less, a cross-correlation whenC > 0.5 (r = 0.34; lag= −1;
p < 0.05) andC <−0.5 (r = 0.64; lag= 0; p < 0.05) shows
that EOF2 from the Tumaco index is more sensitive to cool
events. The wavelet analysis was applied to EOF2 (Fig. 4),
showing that most of the power is concentrated within the
interdecadal band of 8–16 yr; the signal of the ENSO period
(2–8 yr) is still observed but less energetic. Scale-averaged
wavelet power over the 6–20 yr band for the EOF2 shows
a distinct period between 1961 and 1976 when decadal
variance was high, and the 1977 to 2010 period when the
signal shows a tendency to decrease with low variances.
This low-frequency variability appears to be dominated by
decadal periods 8–16 yr and 20–30 yr, related to the SST
mode in the tropical Pacific referred to as the ENSO-like
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Fig. 3. Morlet wavelet power spectrum of EOF1(a), global wavelet spectrum(b), time series of EOF1(c) and 2–8 yr scale-averaged power
wavelet of the EOF1 time series of Tumaco sea–air variables(d).

mode (Mestas-Nũnez and Enfied, 1999; Barlow et al., 2001;
Montecinos et al., 2003; Mestas-Nuñez and Miller, 2006).

4 Final discussion

Low-frequency climate variability in the Colombian Pacific
Ocean consists of at least two EOF modes that together rep-
resent 84 % of the total variability. The first EOF represents
the interannual variability closely correlated with the ENSO-
related SST variability of region Niño 1+2, and the well-
known period band 2–8 yr. Furthermore, the first EOF also
accounts for the extreme warm events in the eastern equa-
torial Pacific due to them being well correlated with the E
index. The second EOF represents a much longer variabil-
ity dominated by the ENSO-like mode or Pacific Decadal
Oscillation (PDO), represented by two interdecadal modes
(8–16 yr and 20–30 yr), and may also account for moderate
warm events and cool events, being more sensitive to cool
events. It is important to note that EOF2 has more variance
in the∼ 8 yr band prior to∼ 1980 as well as a reduction in
variability after 1980 that accounts for a interdecadal climate
shift in the ENSO signal when the ENSO cycle exhibited fre-
quency and amplitude changes before and after the late 1970s
(An and Wang, 2000).

The mechanisms that driving of interdecadal fluctuations
in the Pacific are not well understood (Mestas-Nuñez and
Miller, 2006) and they are discussed over ocean basin-scale,
nevertheless the role of the coastal areas in the decadal vari-
ability are poorly studied. In South America, coastal time se-
ries of air–sea variables like those found in Tumaco are no
longer available to study the low frequency variability of the
ocean along the coast of South America and its relation to
basin-scale variability (e.g. Montecinos et al., 2003).

The time series from the first EOF coefficients from the
Tumaco coastal station could potentially be proposed, like in-
terannual index of ocean–atmosphere variability for the west-
ern coast of Columbia. EOF1 shows good correlation with
nearer ENSO indices located in the eastern part of the Pacific
Ocean (Nĩno 1+2 and Nĩno 3) based only on the SST anoma-
lies and the E index proposed by Takahashi et al. (2011).
The close relationship between EOF1 and eastern El Niño
zones is an indication that the signal of the first EOF can
be more useful as an ENOS influence index for the west-
ern coast of Columbia than the Oceanic Niño Index (ONI)
normally used in the region. The Tumaco index is obviously
highly related to extreme El Nino events since the correlation
between EOF1 and the E index reaches 0.70. The correlation
between the C index (that accounts for moderate warm events
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Fig. 4.Morlet wavelet power spectrum of EOF2(a), global wavelet spectrum(b), time series of EOF2(c) and 6–20 yr scale-averaged power
wavelet of the EOF2 time series of Tumaco sea–air variables(d).

and cool events) and the Tumaco index does not exceed 0.42
(with EOF2), which is significant (P < 0.05). It suggests that
the Tumaco index may account to some extent for the tele-
connection pattern associated to Central Pacific El Nino/La
Niña, and also be more sensitive to cool events due to best
correlation (0.64) with the cool signal (C <−0.5) of the C
index.

On the other hand, the low frequency signal in the Tu-
maco time series shows that interdecadal air–sea variability
in the Colombian Pacific Ocean is related to North Pacific
interdecadal oscillation or ENSO-like modes. These results
confirm the basin-wide character of this long-term variabil-
ity suggested by other works with other coastal time series
located in the southern part of South America.
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