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The Peruvian Upwelling Ecosystem (PUE) is one of the most productive ecosys-
tem in the world in terms of productivity and fish catches, partly because its geo-
graphical location is affected by remote physical processes, such as the
interannual climate variability of the Equatorial Pacific Ocean (EPO), whose dom-
inant signal is El Niño Southern Oscillation (ENSO). In order to assess the ther-
mal effects of ENSO off Peru, a Peruvian Coastal Thermal Index (PCTI) was
developed representing 87.7% of the total variation of the Sea Surface Tempera-
ture (SST) anomalies of the PUE. Between 1982 and 2014, the PCTI detected
12 warm periods and 16 cold periods in the PUE. PCTI had a linear trend compo-
nent, a low frequency component and a noise component, with 1.5%, 94.5% and
4% contributions to the total variance, respectively. Wavelet analysis of PCTI
showed significant peaks of variability between the years 1996 and 1999 between
periods of 0.4 and 6 years. A regime shift in variance of PCTI was detected in
1999, with a lower variance between 1999 and 2014 than between 1982 and
1998, which agreed with the start of a cold phase of the Pacific Decadal Oscilla-
tion. The decrease of variance of the PCTI could be linked to an increase of the
local winds associated with a higher intensity of the average state of South Pacific
Anticyclone. This atmospheric change might have strengthened the coastal
upwelling and counteracted the intensity of warm periods in the PUE. Finally, the
comparison of different indexes allowed to detect four periods where neutral con-
ditions occurred in the EPO while warm periods occurred in the PUE (1993,
2008, 2012 and 2014); and 1 period where a warm episode occurred in the EPO
(2004–2005) while a neutral condition occurred in the PUE.
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1 | INTRODUCTION

El Niño Southern Oscillation (ENSO) is a coupled ocean–
atmosphere process that fluctuates interannually between two
opposite states: a warm phase (El Nino) and a cold phase
(La Niña) (McPhaden, Zebiak, & Glantz, 2006) with impor-
tant teleconnections and cascading effects worldwide

(McPhaden, 2002; Rasmusson & Carpenter, 1982; Trenberth,
Branstator, Karoly, & Kumar, 1998). In fact, NOAA (2003)
has defined El Niño (EN) and La Niña (LN) episodes, based
on the Oceanic Niño Index (ONI). ONI is calculated as a
3 month running average of Sea Surface Temperature (SST)
anomalies (SSTA) in the Niño 3.4 region (120�–170�W,
5�N–5�S) of Equatorial Pacific Ocean (EPO).
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Recent studies have shown two types of EN episodes
that can be distinguished based on the location of the maxi-
mum SSTA: (a) the Eastern Tropical Pacific EN (EP El
Niño) and the Central Tropical Pacific EN (CP El Niño)
(Capotondi et al., 2015; U.S. CLIVAR Report, 2013). This
two types of EN episodes have different characteristics in
their origin and development mechanisms (Kao & Yu,
2009; Kug, Jin, & An, 2009). Takahashi, Montecinos,
Goubanova, and Dewitte (2011) introduced some indices
that distinguished cold and moderate warm episodes in the
Central Equatorial Pacific, and extreme warm episodes in
the Eastern Equatorial Pacific. Furthermore, Yu and Kim
(2013) identified a third scenario, called the Mixed type,
where both EP El Niño and CP El Niño coexist.

ENSO has also numerous teleconnections worldwide,
mostly associated to the North Pacific Gyre Oscillation
dynamics (NPGO), driven by the atmospheric variability
in the North Pacific. The NPGO capture the decadal
expression of CP El Niño in the extratropical regions,
much as the Pacific Decadal Oscillation (PDO) captures
the low frequency expression of EP El Niño (Di Lorenzo
et al., 2013). Several studies showed that the frequency of
CP El Niño has increased in recent decades (Kao & Yu,
2009; Kug et al., 2009; Lee & McPhaden, 2010; Takaha-
shi et al., 2011).

In addition, climate models have projected an increase
in the frequency of extreme EN episodes due to global
warming (Cai et al., 2014). On the other hand, since 2002, a
recent hiatus in global warming, associated to a La Niña-
like decadal cooling, may have decreased the intensity of
EN episodes (Kosaka & Xie, 2013).

The Peruvian Upwelling Ecosystem (PUE) is one of the
most productive ecosystem in the world in terms of fish
catches and is strongly impacted by ENSO phases (Chavez,
Bertrand, Guevara-Carrasco, Soler, & Csirke, 2008). The
PUE has important linkages with local and regional pro-
cesses. Locally, within approximately 100 km off the coast,
the PUE is characterized by the coastal upwelling, which is
influenced by local alongshore winds and Trade winds
(Bakun, 1990). The coastal upwelling brings to surface,
subsurface cold, nutrient-rich waters, triggering a high pro-
ductivity which supports the largest anchovy fishery of the
world (Chavez et al., 2008; Pennington et al., 2006; Zuta &
Guillén, 1970). Nearshore waters are cold also because a
quasi-permanent low-level stratus cloud deck inhibits solar
radiation reaching the ocean surface (Amador, Alfaro,
Lizano, & Magaña, 2006; Klein & Hartmann, 1993).
Regionally, it is known that the two main physical effects
of EN episodes on the PUE are: (a) an anomalous increase
of the coastal SST, and (b) an anomalous deepening of the
thermocline off the Peruvian coast, associated to a decrease
in nutrients (Arntz & Fahrbach, 1996; Barber & Chavez,
1983). On the other hand, the main effects of LN episodes
over the PUE are: a shallower thermocline, colder coastal

temperatures, and increase in nutrients, compared to normal
years (Xu, Chaia, Ñiquen, & Chavez, 2013). Thus, we use
the term “thermal effects” to refer to anomalous changes in
SST in the PUE caused by EN and LN episodes.

Furthermore, the PUE has linkages with non ENSO
related climate variability, for instance, decadal variability
(warm and cold regimes) associated to anchovy and sardine
alternations (Chavez, Ryan, Lluch-Cota, & Ñiquen, 2003);
the South Pacific Anticyclone (SPA), an important atmo-
spheric structure located in the subtropical area that drives
alongshore winds in the whole Humboldt Current System
(Rahn & Garreaud, 2014); subseasonal activity originating
from remote equatorial forcing, that is, downwelling and
upwelling Kelvin waves (Belmadani, Echevin, Dewitte, &
Colas, 2012; Camayo & Campos, 2006; Illig et al., 2014);
and climate change would generate a moderate decrease
of upwelling rates off Peru (Echevin, Goubanova,
Belmadani, & Dewitte, 2012).

ENSO diversity has generated different impacts on the
PUE. For instance, during the 1997–1998 EN, considered
as a strong EP El Niño (Karnauskas, 2013; Yu & Kim,
2013), the warm pool displacement reached the Peruvian
waters (Colas, Capet, McWilliams, & Shchepetkin, 2008);
while during the 2004–2005 EN, considered as a CP El
Niño (Dewitte et al., 2012; Yu & Kim, 2013), cold condi-
tions remained off Peru (Dewitte et al., 2012).

The thermal effects of EN episodes on PUE can be
counteracted by several factors and feedbacks, such as the
intensification of upwelling-favourable winds driven by the
SPA (Rahn & Garreaud, 2014). In fact, 1994–1995
(Karnauskas, 2013) and 2004–2005 (Dewitte et al., 2012)
EN episodes were detected by ONI, while weak eastern
Pacific SST anomalies were recorded and cold conditions
remained off Peru during both periods.

On the other hand, local factors can generate warm
periods in PUE without the remote equatorial forcing, such
as the historical warm period which occurred in 1925 in
PUE (Takahashi & Martinez, 2017), during a probable neu-
tral state of ONI. In fact, an exceptional coastal warm
period occurred during the austral summer-autumn seasons
of 2017 in PUE, while a transition from LN episode to a
neutral phase was occurring in EPO according to ONI
(ENFEN, 2017; Ramírez & Briones, 2017).

As there have been important differences in the thermal
conditions between the PUE and the EPO, there is a need to
develop a suitable and representative index for the detection
and forecasting of warm and cold periods off Peru, so the
objective of this work is to develop and analyse an index of
the coastal thermal effects of ENSO on the PUE. This paper
is organized as follows: section 2 describes details about
data and methods. The results are presented and discussed
in section 3 and section 4, respectively. Finally, conclusions
and recommendations are given in section 5.
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2 | DATA AND METHODS

2.1 | Data

OISST (Optimum Interpolation Sea Surface Temperature)
version2 obtained from the NOAA NCDC (National Cli-
matic Data Center of the National Oceanic and Atmospheric
Administration). The period covered was 1982–2014, with
a spatial resolution of 0.25� and monthly averaged
(Reynolds et al., 2007).

ONI, representative of the EPO obtained from NOAA
CPC (Climate Prediction Center) (NOAA, 2015) for the
same period.

Smoothed Niño 1 + 2 index (called here SN1 + 2), was
calculated as the 3 month running average of Niño 1 + 2
index (N1 + 2). N1 + 2 comprises the area between 80�–
90�W, 0�N–10�S in the Tropical Pacific Ocean, based on a
2� grid data of the Extended Reconstruction of Historical
Sea Surface Temperature version 3b (ERSSTv3b; Smith,
Reynolds, Peterson, & Lawrimore, 2008) and was obtained
from NOAA CPC (Climate Prediction Center) (NOAA,
2015) for the same period.

Thermocline depth off Peru (called here Z15) is the
depth of the 15 �C isotherm obtained from IMARPE, details
about its calculations can be found in Espinoza-Morriberón
et al. (2017). The period covered was 1982–2008.

2.2 | Methods

The study area was a coastal band located between 5�–19�S
and 90�–70�W (Figure 1), representative of the PUE. The
boundary of the upwelling area was defined as the maxi-
mum zonal gradient of the annual SST, which determine a

thermal front between coastal and oceanic waters. The
SSTA was calculated by removing the mean annual cycle
of the 1982–2010 SST series.

The Peruvian Coastal Thermal Index (PCTI) was calcu-
lated as a 3 month running average of the first normalized
principal component (PC) of the SSTA in the coastal zone.
Singular value decomposition (SVD) was used to obtain the
PC time series and EOF maps of the SSTA matrix. The
PCTI was categorized into three conditions: cold (<−0.6),
neutral (−0.6 a 0.4) and warm (>0.4). The PCTI has to per-
sist at least three consecutive months over/under the thresh-
olds to be categorized as a warm/cold period.

Several tools of time series analysis were used to ana-
lyse the PCTI in the time and frequency domains: robust
regression analysis to remove the linear trend (Venables &
Ripley, 2002), spectral analysis to identify frequencies with
greater variability (Chatfield, 1996), Fourier filters to
decompose signals from detrended PCTI (Emery &
Thomson, 2004), wavelet analysis to detect time-frequency
variations (Liu, Liang, & Weisberg, 2007; Torrence &
Compo, 1998), sequential analysis to detect regime shift
(Rodionov, 2004) and finally cross-correlation between
PCTI and ONI to explore the lags (Venables & Ripley,
2002). The data analysis was performed using the R statisti-
cal software (R Core Team, 2016).

3 | RESULTS

3.1 | Temporal and spatial variations of the PCTI

The PCTI explained 87.7% of variability of the data, and
was able to detect the thermal effects of the main EN epi-
sodes in 1986–1987, 1992–1993 and 1997–1998 in the
PUE (Figure 2). On the other hand, the PCTI was also able
to detect the thermal effects of the main LN episodes in
1988–1989 and 1999–2000. The frequency distribution of
the PCTI showed a positive asymmetry, due to the occur-
rence of a few high temperatures caused by EN episodes
(Figure 3).

The PCTI detected 12 warm periods in the PUE
between 1982 and 2014 (Table 1). The five more intense
warm periods were: from September 1982 to September
1983 with a peak of +4.6 (effect of EN 1982–1983 epi-
sode), from December 1986 to November 1987 with a peak
of +1.51 (effect of EN 1986–1987 episode), from
September 1991 to June 1992 with a peak of +2.27 (effect
of EN 1991–1992 episode), from March 1997 to June 1998
with a peak of +3.2 (effect of EN 1997–1998 episode) and
from May 2014 to July 2014 with a peak of +1.27.

The PCTI detected 16 cold periods in the PUE between
1982 and 2014 (Table 2). The five more intense cold
periods were: from February 1982 to April 1982, from
February 1984 to June 1986 with a minimum value of
−1.04 (effect of LN 1984–1985 episode), from June to
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FIGURE 1 SST in the Peruvian Upwelling Ecosystem (PUE) from 1982
to 2014 [Colour figure can be viewed at wileyonlinelibrary.com]
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December 1988 with −0.96 (effect of LN 1988–1989 epi-
sode), from August 2010 to April 2011 with −1.34 (effect
of LN 2010–2011 episode), from January to August 2013
with −1.44 (neutral period in the EPO).

The spatial structure of the PCTI, that is, the first EOF
(87.7%) of the SSTA is shown in Figure 4. The PCTI dis-
played a large positive pattern in the Northern and
Central Peru.

3.2 | Spectral frequencies of the PCTI

The PCTI presented a significant linear trend of −0.132
year−1 (p < .05). A spectral analysis of the detrended PCTI,
and it exhibited six peaks of maximum variability at periods
of 1.5, 2.1, 3, 3.7, 4.7 and 5.5 years (Figure 5). The PCTI
was decomposed into three components: a linear trend com-
ponent (Figure 2a), a large periods component (periods
higher than 1.5 years) (Figure 6a) and a noise component
(periods lower than 1.5 years) (Figure 6b). The contribu-
tions to the total variance of three components were: 1.5%

FIGURE 2 Monthly time series of PCTI,
SN1 + 2, ONI and linear trend (thick dashed
line) from 1982 to 2014 [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 3 Frequency distribution of PCTI from 1982 to 2014 [Colour
figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Warm periods of PCTI from 1982 to 2014

N� Periods
Maximum
value PCTI

Duration
(months)

1 September 1982 to September 1983 4.6 13

2 December 1986 to November 1987 1.51 12

3 September 1991 to June 1992 2.27 10

4 March 1993 to September 1993 1.12 7

5 October 1994 to January 1995 0.65 4

6 March 1997 to June 1998 3.2 16

7 October 2002 to January 2003 0.73 4

8 August 2006 to December 2006 0.75 5

9 July 2008 to September 2008 0.83 3

10 June 2009 to August 2009 0.72 3

11 May 2012 to August 2012 0.77 4

12 May 2014 to July 2014 1.27 3
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(linear component), 94.5% (high periods component) and
4% (noise component).

A wavelet analysis (Figure 7) showed the greatest vari-
ability in periods between 0.4 and 6 years, with a significant
peak between 1996–1999, and minor peaks in periods
between 0.4 to 2 years, during 1992–1993, 1997–1998,
2002–2003 and 2006–2007. In addition, a band of high var-
iability was observed in periods of 4–6 years between 1990
and 2002.

3.3 | Regime shift in the PCTI

Although the time series of the PCTI is relatively short
(33 years), a sequential analysis based on the algorithm of
Rodionov (2004) was performed by using annual averages.
The algorithm was applied to detect possible shifts in both
the mean and the variance, after the PCTI was detrended
with robust regression. The analysis did not detect any
changes in the mean, but detected a significant shift regime
in the variance in 1999 (Figure 8) with a higher variance in
the 1982–1998 regime, and lower variance in the
1999–2014 regime.

3.4 | Comparison of the PCTI with other indexes

The PCTI was compared to other indexes, such as ONI and
SN1 + 2, during the study period (1982–2014) (Tables 3
and 4), by identifying warm and cold periods in the three
time series. The same approach was used for ONI and SN1
+ 2 (Table 5).

According to the ONI (Table 3), nine EN episodes and
six LN episodes occurred in the EPO, meanwhile according
to PCTI (Table 4), 12 warm periods and 12 cold periods
occurred in the PUE. On the other hand, according to the
SN1 + 2 index (Table 5), fourteen warm periods and seven
cold periods occurred in the region Niño 1 + 2.

Comparison of indexes revealed five cases where the
ONI and the PCTI did not match (Table 3). In four periods,
ONI presented neutral conditions while, PCTI presented
warm conditions (March–September 1993, July–September
2008, May–August 2012 and May–July 2014), and in one
period ONI presented a warm condition (Jul 2004 to April
2005) while PCTI presented a neutral condition.

Based on the ONI variability during the study period,
15 significant episodes (EN and LN) occurred in 33 years
(Table 3), while according to the PCTI variability 24 signifi-
cant cold and warm periods occurred during the study
period, that is, 60% higher. More interestingly, the ratio
between the PCTI and the SN1 + 2 warm and cold events
is 24/21 (Table 4), that is, a 14% higher.

Cross-correlation between PCTI and ONI (Figure 9)
showed a lag in which ONI precedes PCTI of 1 month, with
a Pearson correlation coefficient of 0.69 (p < .05).

ONI detected six LN episodes, while PCTI also detected
cold periods, during the study period. However, the SN1
+ 2 index detected five cold periods and one neutral period,
probably because the SN1 + 2 is more influenced by the
EPO than the more coastal PCTI, that better represents PUE
conditions.

In addition, in order to investigate the subsurface ENSO
variability along the coast, a correlation between the anoma-
lies of Z15 off Peru and PCTI was performed (Figure 11),
and a significant correlation of +0.85 was found, indicating
that an anomalous increase (decrease) of the thermocline

TABLE 2 Cold periods of PCTI from 1982 to 2014

N� Periods
Minimum
value PCTI

Duration
(months)

1 February 1982 to April 1982 −1.41 3

2 February 1984 to April 1984 −0.87 3

3 December 1984 to August 1985 −1.04 9

4 February 1986 to June 1986 −0.95 5

5 June 1988 to December 1988 −0.96 7

6 January 1996 to March 1996 −0.9 3

7 June 1996 to August 1996 −0.84 3

8 April 1999 to June 1999 −0.94 3

9 September 2001 to January 2002 −0.92 5

10 April 2004 to July 2004 −0.92 4

11 September 2005 to November 2005 −0.7 3

12 April 2007 to December 2007 −1.11 9

13 December 2008 to March 2009 −0.75 4

14 August 2010 to April 2011 −1.34 9

15 September 2011 to February 2012 −1.2 6

16 January 2013 to August 2013 −1.44 8
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FIGURE 4 First EOF of sea surface temperature anomalies in the
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depth off PUE was associated to a warm (cold) period
of PCTI.

4 | DISCUSSION

The PCTI was developed to detect warm and cold periods
in the PUE, using SVD analysis, often used in climate stud-
ies (Von Storch & Zwiers, 1999). The PCTI better repre-
sents PUE conditions, because in addition to ENSO effects,
it captures a significant part of the upwelling variability; it

FIGURE 5 Frequency spectrum of PCTI
1982 to 2014 [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 6 PCTI signal decomposition: (a) low frequency signal and
(b) noise from 1982 to 2014

FIGURE 7 Wavelet spectrum of PCTI from 1982 to 2014 [Colour figure
can be viewed at wileyonlinelibrary.com]

TABLE 4 Cross table of warm and cold periods between PCTI and
SN1 + 2 from 1982 to 2014

SN1 + 2

Cold Neutral Warm Total

PCTI Cold 7 5 0 12

Neutral 0 20 2 22

Warm 0 0 12 12

Total 7 25 14 46

TABLE 5 Cross table of warm and cold periods between ONI and
SN1 + 2 from 1982 to 2014

SN1 + 2

Cold Neutral Warm Total

ONI Cold 5 1 0 6

Neutral 2 24 5 31

Warm 0 0 9 9

Total 7 25 14 46

TABLE 3 Cross table of warm and cold periods between ONI and PCTI
from 1982 to 2014

PCTI

Cold Neutral Warm Total

ONI Cold 6 0 0 6

Neutral 6 21 4 31

Warm 0 1 8 9

Total 12 22 12 46
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is based on temporally continuous satellite SST data cover-
ing the whole area of the PUE, thus it cannot be replaced
by in situ local information from coastal stations containing
less comprehensive spatial integration, specially over the
continental shelf.

Temporal variation of PCTI allowed to detect the dura-
tion of the thermal effects of EP and CP El Niño episodes.
According to Yu and Kim (2013) during the period
1982–2014, two EP El Niño episodes were detected, five
CP El Niño episodes and two Mixed type episodes. The
thermal effects of EP El Niño 1982–1983 and 1997–1998,
produced warm periods of 13 and 16 months, respectively,
on the PUE according to PCTI. On the other hand, the ther-
mal effects of CP El Niño 1991–1992, 1994–1995,
2002–2003 and 2009–2010, produced warm periods of
10, 4, 4 and 3 months, respectively, on the PUE according
to PCTI. The CP El Niño 2004–2005 had no thermal effects
on PUE.

It is noteworthy that warm periods of PCTI coincided
with the peaks of the time series of in situ annual average
of SST from piers along the Peruvian coast (figure 7 from
Gutiérrez et al., 2011), in fact there is a significant

correlation between SSTA from satellite data and in situ
data at Chicama station (Figure 12).

The PCTI showed a regime shift in variance in 1999,
which agreed with the regime shift of the PDO (Mantua,
Hare, Zhang, Wallace, & Francis, 1997), which started a
cold phase in 1999 (figure 6 from Newman et al., 2016;
McPhaden, 2015). The warm phase of the PDO
(1977–1998) is consistent with warm periods of PCTI, asso-
ciated to EN 1982–1983, 1986–1987, 1991–1992,
1997–1998 events, which are considered of moderate to
very strong intensity. On the other hand, the cold phase of
the PDO agreed with warm periods of PCTI, associated to
EN 2002–2003, 2004–2005, 2006–2007 and 2009–2010,
considered as weak to moderate. It is noteworthy, that a
decrease in the amplitude of PCTI and SST from piers
along the Peruvian coast were seen since 1999 (figure
7 from Gutiérrez et al., 2011).

The change of variance of PCTI could be influenced by
the SPA. An analysis of the differences in atmospheric pres-
sure (Figure 10a,b) and wind stress (Figure 10c) from the
periods 1982–1998 and 1999–2014 showed that the trade
winds were more intense in the recent period. Stronger
winds could produce more upwelling, counteracting thermal
effects of EN episodes on the PUE, thus reducing the PCTI
variability during 2000–2014 period. In addition, stronger
trade winds along the coast of South America could facili-
tate the meridional transport of cold waters from Southern
regions, also counteracting El Niño thermal effects on
the PUE.

It is very important to explore in more detail five cases
where PCTI and ONI did not match. In the first four cases,
while warm periods occurred in the PUE, neutral conditions
occurred in the EPO. In the first case, an EN condition was
developing in the EPO which could have influenced the
warm event in the PUE (March and September 1993), how-
ever possibly due to the passage of upwelling Kelvin waves
(Boulanger & Menkes, 1995) EN conditions did not become
an EN episode. In the second case, during the neutral phase
previous to EN episode 2009–2010, downwelling Kelvin
waves generated (L’Heureux, Bell, & Halpert, 2009) a
warm event in the PUE (July and September 2008). In the
third and fourth cases, an EN condition was developing in
the EPO and the passage of downwelling Kelvin waves
(Halpert, Bell, & L'Heureux, 2013; L'Heureux, Halpert, &
Bell, 2015) generated warm periods in the PUE (May to
August 2012 and May to July 2014), however due to the
lack of westerly wind bursts, EN conditions did not evolved
to an EN episode (Menkes et al., 2014).

In the fifth case, while a warm episode occurred in the
EPO (Jul 2004 to April 2005), a neutral condition occurred
in the PUE, because the CP El Niño 2004–2005 did not dis-
played an eastward warm pool displacement to the PUE.

There were also differences between SN1 + 2 and PTCI
conditions, probably because N1 + 2 area is more

FIGURE 8 Regime shift analysis of PCTI from 1982 to 2014 [Colour
figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 Cross-correlation function between PCTI and ONI [Colour
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11 Correlation between time series of PCTI and Z15 anomalies from
1982 to 2008. Squares (triangles) points indicate Z15 anomalies associated to
warm (cold) periods of PCTI [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 12 Comparison between sea surface temperature anomalies of
satellite and in situ data in Chicama from 1982 to 2014
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influenced by the passage of downwelling Kelvin waves
than more coastal area of PUE. In two cases, while warm
periods occurred in the Niño 1 + 2 region (November 2003
to January 2004 and October to December 2004), neutral
periods occurred in the PUE. On the other hand, in five
cases cold periods occurred in the PUE, while neutral
periods occurred in the Niño 1 + 2 region. In one case, a
cold period occurred in the PUE (February and April 1982)
possibly due to intensification of alongshore winds, while a
neutral period occurred in the Niño 1 + 2 region. Finally, in
three cases, cold periods occurred in the PUE (April to June
1999, April to July 2004, September to November 2005 and
December 2008 to March 2009), while neutral periods
occurred in the Niño 1 + 2 region, possibly due to increase
of alongshore winds associated to an intensification of the
South Pacific Anticyclone.

Finally, it is worth mentioning that El Niño Phenomenon
National Study (“ENFEN”), a Peruvian National Committee
in charge of monitoring ENSO effects, has been using the
SN1 + 2 index as the “Coastal Index of El Niño” (“ICEN”
in Spanish) to monitor warm and cold anomalous periods off
the Peruvian coast (ENFEN, 2012). However, ICEN has a
limited spatial representativity, because its latitudinal range
spans only from 0�S to 10�S and it has a coarse spatial reso-
lution of 2�, these limitations were overcome by PCTI.

5 | CONCLUSIONS AND
RECOMMENDATIONS

A PCTI was developed to represent the interannual varia-
tion of SST in the PUE. The added value of PCTI lies in
the better description of the PUE compared to other indexes,
because it covers most of the Peruvian area in the continen-
tal shelf, therefore including the thermal variability of the
coastal upwelling, combined with the influence of EN and
LN episodes.

The PCTI is the 3 month running average of the first
normalized PC of the SSTA of the PUE, and represented
87.7% of total variance of SSTA, with a positive asymmetry
in its frequency distribution. Between 1982 and 2014, the
PCTI detected 12 warm periods and 16 cold periods in the
PUE. The PCTI showed a linear trend component, a low
frequency component and a noise component, with 1.5%,
94.5% and 4% contributions to total variance, respectively.
Wavelet analysis of the PCTI showed the greatest variability
in periods between 0.4 and 6 years, with significant peaks
between the years 1996–1999.

Sequential analysis detected a regime shift of PCTI in
1999, with a variance decreasing from 1982–1998 to
1999–2014, which agreed with the transition phase of the
PDO, which started a cold phase in 1999. The decrease of
variance of the PCTI could be linked to the increase of the
local wind associated with a higher intensity of the average
state of South Pacific Anticyclone during the last 30 years

that could have strengthened the upwelling and counteracted
the intensity of warm periods in the PUE.

The comparison of indexes allowed to detect four cases
where neutral conditions occurred in the EPO while warm
periods occurred in the PUE (1993, 2008, 2012 and 2014);
and one case where a warm episode occurred in the
EPO (2004–2005) while a neutral condition occurred in
the PUE.

As a recommendation, in this work we considered a
fixed the boundary of the upwelling area, as the maximum
zonal gradient of the annual SST, that separate coastal and
oceanic waters. We suggest to explore a dynamical bound-
ary of the upwelling area, as the maximum zonal gradient
of each month of the climatology of SST.
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