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ABSTRACT: While, climatologically, most areas of the Peruvian Pacific region do not experience precipitation, they can be
affected by heavy rain and flooding during strong El Niflo events with severe socio-economic impacts. Only four strong El
Nifio events took place within the last five decades (1972/1973, 1982/1983, 1997/1998 and 2015/2016) which led to significant
rainfall events in the northern part of Peru. Here a detailed analysis of the evolution of precipitation during these events was
performed using gauge records from 1964 to 2016 from a network of 145 meteorological stations located along the Peruvian
Pacific region. Through empirical orthogonal function analysis, the rainfall anomalies variability is interpreted as resulting
from the combination of a meridional see-saw mode (North—South) (Ep mode) and a zonal see-saw mode (East—West) (Cp
mode) that represent, respectively, 34 and 21% of the explained variance. It is shown that the extreme 1982/1983 and 1997/1998
El Nifio events have a dominant projection on the Ep mode that has a strong loading in the northern region, while the 1972/1973
and 2015/2016 EI Nifio events have a relatively weak projection onto the Ep mode (about ten times less at the peak rainy season
than the extreme events) and mostly project onto the Cp mode. Also, it is shown that while all events are associated with positive
rainfall anomalies in the northern part of Peru which is accounted for by the Ep mode, the evolution of rainfall anomalies along
the Cp mode exhibits a significant dispersion. This suggests that the impact of strong El Nifio events on the highlands along the
coast cannot solely be inferred from the magnitude of the sea surface temperature anomalies in the central equatorial Pacific.
Overall, our study illustrates the nonlinearity of the ENSO teleconnection on the rainfall along the coast of Peru during strong

El Nifio events.
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1. Introduction

The El Nifio Southern Oscillation (ENSO) is the largest
mode of climate variability at the interannual time scale.
It has a strong impact on many regions surrounding the
Pacific Ocean. The ENSO phenomenon influences the
regional climate remotely through so-called teleconnec-
tions. First, ENSO is associated with the release of adia-
batic heat to the troposphere, modifying main atmospheric
pathways, leading to the so-called atmospheric teleconnec-
tions (Bjerknes, 1969; Horel and Wallace, 1981; Keshava-
murty, 1982; Philander, 1985; Trenberth et al., 1998; Diaz
et al.,2001). The atmospheric ENSO teleconnections have
been extensively studied as they can provide a mecha-
nism by which the main mode of interannual variabil-
ity in the tropics, that is ENSO, can impact regional cli-
mate over the globe. For the coast of Peru where dry
mean conditions usually prevail south of 7°S, these are
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particularly spectacular during strong El Nifio events,
because the coastal region experiences heavy rainfall as far
south as the Lima region (Takahashi and Martinez, 2017).
Second, ENSO is associated with planetary oceanic wave
activity along the equator (i.e. Kelvin wave) which can
propagate along the coasts of South America and alter the
local oceanic circulation in regions which usually experi-
ence a persistent upwelling (Clarke, 1983). Countries such
as Ecuador and Peru are particularly sensitive to this type
of teleconnection, known as oceanic teleconnection. Pre-
vious studies have shown in particular that when the sea
surface temperature (SST) off Paita (5°S) reaches ~26 °C,
episodes of heavy rainfall can take place suggesting forma-
tion of deep local convection under coastal warm SST like
what happens in the central western Pacific at large scale
(e.g. Woodman, 1999).

Northern Peru has previously experienced devastating
rainfall events during El Nifio events. For instance, the cost
on society and economy associated with the 1982/1983
El Nifio event has been estimated at US$ 3.283 million
while the 1997/1998 El Nifio event exceeded US$
3.500 million; these values equate to 11.6 and 6.2% of the
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respective annual gross domestic product (GDP) (Vargas,
2009).

While it is expected that strong El Nifio events impact
rainfall in the north of Peru, there is still uncertainty on the
magnitude and extent of anomalous rainfall patterns during
those events (Rau et al., 2017). This is due to the complex
of physical processes at work and the limited number of
registered strong events (only four since the 1950s) pre-
venting robust statistics. Another limitation is attributed
to the diversity of ENSO. Recent studies pointed out that
ENSO can be understood as resulting from at least two dis-
tinct regimes (Kao and Yu, 2009; Takahashi et al., 2011,
Capotondi et al., 2015) which encompass the two different
types of events (Yeh er al., 2009; Takahashi ez al., 2011).
Extreme El Nifio events tend to be characterized by peak
SST anomalies in the far eastern Pacific and are referred
to as eastern Pacific (EP) El Nifio, whereas a different
type of event consists in peak SST anomalies confined
to the central Pacific (CP). These events are referred as
CP event (Kug et al., 2009). Because the SST warming
is located at a different place along the equator, these two
types of El Nifio events are associated with a distinct atmo-
spheric teleconnection (Hastenrath, 1978; Ropelewski and
Halpert, 1987; Barsugli and Sardeshmukh, 2002; Frauen
et al., 2014; Capotondi et al., 2015). They are also associ-
ated with different oceanic teleconnections particularly in
the absence of a persistent coastal warming off Peru during
CP El Nifio events, conversely to that during EP El Nifio
events (Dewitte et al., 2012).

Recent studies have pointed out that the impact on rain-
fall along the coast of Peru is distinct during these two
types of El Nifio events (Lavado and Espinoza, 2014; Bour-
rel et al., 2015; Rau et al., 2017). EP El Nifio events are
associated with heavy rainfall in northern Peru while CP El
Nifio produces dryer conditions upstream along the Pacific
slope. These studies focused on the average rainy season
and on the peak phase of ENSO while events can differ
in their evolution. Here we take a closer look at the rela-
tionship between ENSO and rainfall during strong El Nifio
events by observing that these events have different evolu-
tions. Four strong El Nifio events took place over the last
five decades and produced noticeable rainfall in Peru: the
1972/1973, 1982/1983, 1997/1998 and 2015/2016 El Nifio
events. While not fully documented yet, we include in our
analysis the recent 2015/2016 El Nifio event as it has been
recorded as the largest El Nifio event to date since 1997.
The selection of these events is based on the Nifio3.4 index
(i.e. SST anomalies averaged from 5°S to 5°N and 170° to
120°W). All these events had a comparable value of the
Nifo3.4 index at the peak phase of the event (1.9, 2.1,
2.3 and 2.3 °C, respectively, for December). While these
events have comparable magnitudes, they present a dif-
ferent evolution and projection on SST anomalies in the
tropical Pacific, which is thought to be influential on their
teleconnections over Peru.

To illustrate the former statement, we present Figure 1
which shows the evolution of the so-called C and E indices
defined by Takahashi et al. (2011) for these four events.
The E and C indices are based on the first two PC time
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series of the empirical orthogonal function (EOF) analysis
of SST over the tropical Pacific and account for the vari-
ability of the EP and CP EI Nifio events, respectively (see
Section 2.3 for details). The composite evolution of the
composite of the other 12 moderate El Nifio events over
the period 1950-2016 is also presented as a benchmark
for comparison.

First, Figure 1 shows that the EP El Nifio events are
distinct from the CP EI Nifio events because the E index
is characterized by large anomalies for EP El Nifio, which
is not the case for CP El Nifio events. For the C index, the
magnitude is comparable for both types of events although
there is a tendency for lower values for EP El Nifio than for
CP El Nifo events. The striking feature in Figure 1 is the
large dispersion in the evolution of the E index for strong
events with for instance, the 1997/1998 El Nifio event
peaking in December 1997, while the 1982/1983 presents
a double peak, one in December 1982 and the other one
in June 1983. The 1972/1973 El Nifio peaked earlier in
the year in August 1972 with still a secondary peak in
December 1972, with also significantly lower values of the
E index. The 2015/2016 El Nifio event is more comparable
to the 1972/1973 El Niiio in terms of the magnitude of the
E index, although it peaked in January 2016 while the 1972
El Nifio peaked twice [in August (0) and December (0)].
Such dispersion in evolution and magnitude is likely to
reflect onto precipitation along the coast, which is the focus
of this article. In particular, we document the relationship
between the temporal evolution of strong El Nifio events
and rainfall along the coast of Peru to gain knowledge in
the local and large-scale factors that determine the extent
and magnitude of rainfall. Our study can be viewed as an
extension of former studies (Lavado and Espinoza, 2014;
Bourrel et al., 2015; Rau et al., 2017) that focused on the
impact of the two types of El Nifio on rainfall. While these
studies used the £ and C indices to account for the ENSO
variability at basin scale and investigate how rainfall in
Peru projected onto these modes, our purpose is here to
document the rainfall variability without assuming any
a priori relationship with ENSO diversity. Our study is
also motivated by the societal demand and the need to
provide an interpretation of recent precipitation conditions
in Peru associated with the 2015/2016 El Nifio event that
has been categorized as a strong event by the international
community (L’Heureux et al., 2017) while having much
less dramatic consequences than the 1997/1998 El Nifio
for instance (SENAMHI, 2015). In that sense our study
is also aimed at evaluating the nonlinearity of the ENSO
teleconnection over Peru during strong El Nifio event.

This article is structured as follows. Sections 2 and 3
provide a description of the study region, the in situ rainfall
observed data set and El Nifio indices, as well as the
method for deriving the two main modes of variability in
rainfall along the coast of Peru. Section 4 describes the
characteristics of the modes and documents their statistical
properties and relationship with ENSO. The four strong El
Nifio events are documented in the light of the obtained
indices. Section 5 summarizes the results and discusses
perspectives of this work.
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RAINFALL ALONG THE COAST OF PERU DURING STRONG EL NINO EVENTS

(@)

©o -

E Index (°C)

TTTTTTTTTTTT
J M JJAOD

Year(0)

TTTTTT
A J

Year(+1)

T
F

1739

(b)
—— EI Nifio 1972/1973
© —— EI Nifio 1982/1983
<~ - —— EI Nifio 1997/1998
O o — EI Nifio 2015/2016
bt El Niflo Moderate
2
O
|

TTTTTTTTTTTI
J AOD

Year(0)

J M

= »

Year(+1

Figure 1. Evolution of the (a) E and (b) C indices of the four strong El Nifio events (1972/1973, 1982/1983, 1997/1998 and 2015/2016) and the

composite of moderate events. The E and C indices are defined as in Takahashi ez al. (2011) from the HadISST data set over the period 1950-2016.

The composite for moderate events includes 12 events from 1950 to 2016 (i.e. years 1957/1958, 1963/1964, 1965/1966, 1968/1969, 1969/1970,

1977/1978, 1987/1988, 1991/1992, 1994/1995, 2002/2003, 2004/2005 and 2009/2010). The hatching in grey line represents the dispersion (standard
deviation) among the 12 moderate El Nifio events. [Colour figure can be viewed at wileyonlinelibrary.com].

2. Study area and data sets
2.1.

The Peruvian Pacific region is located from the shores of
the eastern tropical Pacific to the west side of the Andes
Mountains, between 3.5° and 18.5°S latitude and 69.5°
and 80°W longitude (Figure 2). It presents an altitudinal
west—east gradient that ranges from sea level to 4000 m
above sea level (masl). It comprises a coastal strip as well
as part of the Andes. The study area can be divided into an
upper and lower region separated by an altitudinal level
of around 1000 m (Brack and Mendiola, 2000; Rundel
et al., 2007). The lower region, that is, the coastal strip,
is characterized by an arid climate with very low rainfall.
The higher region exhibits a low mean annual rainfall
of about 300 mm year™!; average rainfall values increase
with altitude and decrease with latitude progressing from
northern to central areas. Large increases in rainfall are
associated with the influence of oceanic warming in the EP
during extreme El Nifio events (Horel and Cornejo, 1986;
Goldberg et al., 1987; Tapley and Waylen, 1990; Bendix
and Bendix, 2006; Douglas et al., 2009; Cai et al., 2014;
Lavado and Espinoza, 2014; Bourrel et al., 2015; Tedeschi
etal.,2015).

Study area

2.2.  Monthly rainfall data set

The rainfall data set is composed of records from 145 mete-
orological stations distributed in lower and higher areas,
ranging from sea level to 4406 m elevation, in the Peru-
vian Pacific region. These data were made available by the
National Service of Meteorology and Hydrology of Peru
(SENAMHI). The data set is composed of monthly rain-
fall data recorded over 52 years from 1964 to 2016 (see
Figure 2 for the location of the stations). Missing data rep-
resent approximately 5% of the total data set. Quality con-
trol and homogenization of the data set were performed
earlier by Bourrel ez al. (2015) and Rau et al. (2017) using
the regional vector method (taking into consideration ele-
vation, watershed boundaries and latitude) and the signifi-
cant correlation between the neighbouring stations.

© 2017 Royal Meteorological Society

A previous study on the north-central Peruvian Pacific
(Bourrel et al., 2015) presented a regionalization which
defined nine regions (R1-R9) based on rainfall variability
(see map of Figure 7). R1 and R3 correspond to the lower
region located along the coast. R2 and R4—R9 represent
highlands localized on the slopes of the Andes. Each cli-
matically homogeneous region follows a rainfall regime
based on proximal and homogeneous pluviometric sta-
tions and physiographic/topographical pattern constraints
according to the regional vector methodology [RVM;
Brunet-Moret (1979) cited by Bourrel ef al. (2015)]. Rau
et al. (2017) redefined these regions as a regionalized prod-
uct along the whole Peruvian Pacific slope and coast fol-
lowing the RVM methodology combined with a k-means
cluster analysis. This product showed the main modes of
influence of the ENSO that influence the rainfall variability
at seasonal and interannual time scales.

2.3.

In this study, we use the E and C indices as defined
by Takahashi et al. (2011) based on SST data from the
HadISST data set (Rayner et al., 2003). These two indices
are derived from the first two dominant principal compo-
nents (PC) time series (PC1 and PC2) of the EOF analysis
of SST over the tropical Pacific, as follows: E = &\/fcz
and C = PC1=PC2. g

They are n%dependent by construction and depict the
variability of EP El Nifio (120°-90°E, 15°S—-15°N) and
CP El Nifio events (170°E—100°W), respectively. These
have been used in previous relevant studies to document
ENSO teleconnections on rainfall in Peru (Lavado and
Espinoza, 2014; Bourrel et al., 2015; Rau et al., 2017).

El Nino indices

3. Methodology

3.1.

The quality-checked rainfall from the 145 meteorological
stations was gridded at a spatial resolution of 0.5° using
Cressman technique (Cressman, 1959; Doty, 1995). This

Interpolation of rainfall

Int. J. Climatol. 38: 17371747 (2018)
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Figure 2. Map of the Peruvian Pacific slope (red outline) and north centre area (blue outline) (Bourrel et al., 2015) and location of the
145 meteorological stations (turquoise dots) provided by the National Service of Meteorology and Hydrology of Peru (SENAMHI) from
1964 to 2016. [Colour figure can be viewed at wileyonlinelibrary.com].

spatial resolution was chosen as it represents the average
distance between every station to its closest neighbours.
The rainfall anomalies (P — F), where P represents the
observed monthly rainfall and P the mean climatology
of rainfall, were computed over two distinct periods
(1964—1977 and 1978-2016) to take into account the
climate shift in the Pacific Ocean of the 1970s (Trenberth
and Stepaniak, 2001), so that anomalies are referred to the
mean seasonal cycle calculated over two different periods
for the periods after and before 1977. Note that it was
verified that has little impact on the results but still allows
emphasizing anomalous events prior to 1977.

© 2017 Royal Meteorological Society

3.2.  EOF analysis of the rainfall data set

In order to characterize the rainfall variability, we use the
EOF analysis. EOF modes are statistical modes that are
aimed to grasp aspects of the physical mechanisms. How-
ever, sometimes some modes arise to satisfy the orthog-
onality conditions and do not necessarily have a simple
physical interpretation. It is sometimes convenient to lin-
early combine EOF modes, which is equivalent to rotate
the EOF modes, to infer mode patterns and associated time
series that correspond readily to an observed process. The
rotation is aimed at maximizing the variance along pre-
ferred directions that correspond to peculiar evolutions of

Int. J. Climatol. 38: 1737-1747 (2018)
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some events. In the case of our data set a strong positive
skewness of the distribution is observed which corresponds
to the impact of extreme ENSO events. It is therefore con-
venient to describe the variability along the direction of the
evolution of extreme events from the first rotated mode.
The second rotated mode more arises from the orthog-
onality condition and therefore accounts for the rainfall
variability associated with moderate events. The angle of
the rotation can be determined objectively from an EOF
analysis in the space of the PC time series of the previous
EOF analysis of the data.

Here, for precipitation data, the maximization procedure
yields a rotation of 60° to be performed on the original
EOF modes (PC1 and PC2). The corresponding indices

defined as Ep = PCI_T\/M

Cp= \/3.PC14PC2

are thus follows: and

. The corresponding patterns are obtained

by projecting the data onto these two indices through
bilinear regression analysis. Regression analysis as a
function of calendar month is also used to relate the Ep
and Cp indices to the £ and C indices, noting that they
have a distinct seasonal evolution and seasonal phase lock-
ing. The significance of the regression coefficients was
estimated using a #-test and retaining the 95% confidence
level. At last, we also calculated composite evolution of
precipitation anomalies based on the results of the EOF
analysis that is averaging the associated time series of
the rotated modes for extreme ENSO events over the
time period covering the temporal evolution of the events
(i.e. over 2 years). While the significance level is difficult
to estimate for strong El Nifio events (because they are
too few), it was estimated for the composite of moder-
ate El Nifio events based on a bootstrap method (Efron
and Tibshirani, 1993). The latter consisted in randomly
selecting 7 events among the 12 events and calculate the
composite. The operation is repeated 1000 times which
allows estimating the PDF of the mean Cp and Ep values
as a function of calendar month, yielding the threshold
for the 95% significance level. These moderate 12 events
were selected from Yu and Kim (2013).

4. Results

4.1.

As a first step, the rainfall variability is described based
on the estimate of the two rotated EOF modes (Section
3.2). Figure 3(a) presents the phase space of the rotated
EOF time series while Figure 3(b) displays the mode pat-
terns. By construction the rainfall during extreme EI Nifio
events should be accounted for by the Ep mode [x-axis of
Figure 3(a)]. However, the striking feature of Figure 3(a)
is that only the 1997/1998 and 1982/1983 El Nifio events
align along the x-axis during their developing phase (with
little component on the y-axis), while the 1972/1973 and
2015/2016 El Nifio events have their variance dominantly
explained by the Cp mode (main projection along the
y-axis). The 1972/1973 and 2015/2016 El Nifio events

Modes of rainfall variability
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exhibit weak or moderate rainfall anomalies along the Cp
mode, while the 1997/1998 and 1982/1983 El Nifio events
exhibit significant anomalous rainfall conditions along the
Ep mode for at least 3 months (January—March).

The mode patterns (Figure 3(b)) reveal that the Ep mode
that explains 34% of the explained variance has a strong
loading in the northern Peru (Piura region) and consists
in a meridional see-saw with a node at the latitude of
~12°S (Lima). To the south of this critical latitude, rain-
fall anomalies during extreme EI Nifio events tend to be
negative in the highland but still positive near the coast.
The second mode pattern (Cp) explains 21% of the vari-
ance in rainfall anomalies and is characterized by a zonal
east—west gradient that is more pronounced south of 15°S.
This mode has its stronger loading in the inner domain
indicating it is more related to high-altitude rainfall vari-
ability. The PC time series of the Ep (Cp) mode is corre-
lated to the E (C) index at 44% (21%), which is significant
at the 95% level. These relatively low values of correlation
are likely associated with the distinct seasonality of rainfall
and SST anomalies in the tropical Pacific during ENSO.
This is investigated further in the subsequent section.

4.2. Seasonality and link with ENSO

While El Nifio events tend to peak in austral summer
[September (Y0) to January (Y1)], the rainy season in
northern Peru concentrates around February (Y1) to April
(Y1) (Bourrel et al., 2015). There is thus a strong sea-
sonal phase locking of the relationship between rainfall
anomalies and ENSO. The seasonality of the relation-
ship between ENSO and rainfall anomalies is investigated
based on the rainfall and ENSO indices described previ-
ously. Figure 4 indicates that the peak variance for the Ep
mode takes place in March while the Cp mode peaks in
February. We note a sharp increase in rainfall variability
from December to January for the Ep mode, which corre-
sponds to the onset of the rainy season. The variance of
the Cp mode also reduces earlier than that of the Ep mode
suggesting more oceanic influence for the Ep mode, partic-
ularly associated with oceanic Kelvin wave activity (Bour-
rel et al., 2015). By construction the Ep mode is positively
skewed (skewness of Ep =6.18) and thus relates the most
to the £ mode while the Cp mode is much more symmet-
ric (skewness of Cp =0.87). A bilinear regression analysis
of the Ep and Cp modes onto the £ and C indices pro-
vides the approximate Ep and Cp indices explained by E
and C: Ep=0.44*E 4+ 0.04*C and Cp =0.15¥E — 0.24*C,
which indicates that the Ep mode is mostly related to the
E mode, while the Cp mode is influenced by both the E
and C modes. Note the negative coefficient over C for Cp
meaning that during a CP EI Nifio event (i.e. C>0), Cp is
negative so that the highlands along the coast experience
a deficit of precipitation (Figure 3(b), right). In order to
refine this analysis and take into account the marked sea-
sonality in both the ENSO and rainfall indices (Figure 4),
the climatological regression coefficients of the Ep and
Cp indices onto the E and C indices are estimated, which
consists in carrying the aforementioned regression anal-
ysis for each calendar month (Figure 5). The results of

Int. J. Climatol. 38: 17371747 (2018)
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El Nifio). The dots in black line correspond to the December value (Y1) of all other El Nifio events. Zoom: (a) in interval [—2,2] (right-hand side).

(b) Associated patterns (Ep and Cp) of rainfall anomalies over the period 1964—-2016. Ep mode (first mode) (left-hand side) and Cp mode (second
mode) (right-hand side). The thick black line indicates the zero contour. [Colour figure can be viewed at wileyonlinelibrary.com].

Figure 5 indicate that the Ep mode is tightly linked to the
E index in March that is at the peak month of the rainy
season. Interestingly, the Cp mode is also strongly related
to the C index in February, which consists in an inverse
relationship. Extreme El Nifio events thus tend to yield
a deficit in precipitation in the highland at the onset of
the rainy season. Interestingly, the regression coefficient
linking the Ep index to the C index peaks in April, which
suggests that the magnitude of the SST anomalies in the CP
(i.e. C mode) tends to determine the persistence of rainfall
anomalies during extreme El Nifio event in the northern
region of Peru. On the other hand, strong EP El Nifio event
(E index) can also be influential on the Cp mode increas-
ing precipitation in the highlands in April and December.
In light of these results, in the following we take a closer
look at the differences between the evolutions of the strong
events.

4.3.

Figure 6 shows the evolution of the Ep and Cp indices
during the four strong El Nifio events. The composite
evolution of moderate El Nifio events is also displayed
so as to highlight the anomalous conditions during strong
events. Clear differences in the evolution of the strong El
Nifo events can be observed. A striking feature revealed in
Figure 6 is the large difference in the magnitude of the Ep

Differences between strong events

© 2017 Royal Meteorological Society

index at the peak of the events, with the 1997/1998 (Ep =~ 8
in March) and 1982/1983 (Ep = 6 in January and Ep =~ 10
in April) being associated with a much larger rainfall
anomaly in the northern part of Peru and an extended
period of anomalous rainy conditions (lasting until June
1998 and July 1983) than the 1972/1973 and 2015/2016 El
Nifio events (Ep < +1). The 1972/1973 and 2015/2016 El
Nifio events also differ in terms of their projection on the
Cp mode as the 1972/1973 event exhibits a positive value
of the Cp index in January (Y1) while the 2015/2016 has a
negative value of the Cp index, a situation that is inverted
in the subsequent month [February (Y1)]. The evolution
of the 1972/1973 and 2015/2016 El Nifio events thus falls
within the error for the composite of moderate El Nifio
events. Note also that the 1982/1983 and 2015/2016 El
Nifio events have a comparable negative value of the Cp
mode at the peak phase, which is similar to the composite
of the moderate El Nifio events. This means that these two
strong El Nifio events were associated with a deficit in rain-
fall over the highlands. On the other hand, the 1997/1998
El Nifio event also has a marked projection on the Cp but
positive values during the rainy season, indicating that the
highlands are associated with excess rainfall.

We now consider the regionalized product of Bourrel
et al. (2015) in order to provide more details on the spatial
variability of the impact of the strong El Nifio events on

Int. J. Climatol. 38: 1737-1747 (2018)
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the precipitation responses. This is also considered a con-
sistency check of the relevance of the Ep and Cp modes for
depicting the rainfall anomalies associated with the strong
El Nifio events. Figure 7 provides the evolution of the Ep
and Cp indices during the strong El Nifio events along
with the rainfall anomalies for the nine climatological
homogeneous regions (Table 1) Bourrel et al. (2015). It
indicates that the evolution of the Ep and Cp modes during
the strong El Nifio grasps in general the peculiarities of
the homogeneous regions, with, in particular, the Ep mode
accounting to a large extent for the rainfall anomalies
in the R1, R2 and R3 regions during the 1997/1998 and
1982/1983 El Nifno events, while the rainfall anomalies
in the highland regions (R4-R9) evolving like the Cp
mode for all events except during the 1982/1983 EI Nifio
in R5-R7 and during the 2015/2016 El Nifo. During
the latter event, the Cp mode accounts for the evolution
of rainfall anomalies only in the R1 region although the
magnitude of the anomalies is underestimated by the
Cp mode.

5. Discussion and conclusions

While El Nifio events are generally classified from the
amplitude of some indices at their peak phase (classically
the NINO3.4 index), they can exhibit significant differ-
ences in their evolution, which is influential on their tele-
connections and local impact. We have showed here that

© 2017 Royal Meteorological Society

the four strongest El Nifio events of the last five decades
are associated with a distinct rainfall anomaly evolution
along the Pacific coast and slope. The different rainfall
anomaly evolution during these El Nifio events is inter-
preted as resulting from the contribution of two modes, the
first mode accounting for heavy precipitation in the north-
ern part of Peru and slight rainfalls in coastal zones south-
ward, and characterized by a meridional see-saw pattern
(Ep) with a node at the latitude of Lima (12°S), and the sec-
ond mode associated with high variability (dryer and wet
conditions) in the highlands along the coast and character-
ized by a marked zonal contrast (Cp). We show that the
evolution of these two modes exhibits a large dispersion in
evolution among strong El Nifio events, with in particular
the 1982/1983 and 1997/1998 EIl Nifio events having the
strongest impact by far over the northern region of Peru.
The 1972/1973 and 2015/2016 EI Nifio events have a much
weaker rainfall anomaly in the northern part of Peru and
are statistically hardly distinguishable from the moderate
El Nifio events. The strong El Nifio events are also in gen-
eral associated with driest conditions over the highlands
and to the South, with the 1982/1983 and 2015/2016 El
Niflo events exhibiting comparable negative anomalies of
the Cp mode than the moderate El Nifio composite. How-
ever, the 1997/1998 El Nifio event was associated with
significant positive rainfall anomalies over the highlands.
The impact of the strong El Nifio events over the highlands
is thus also diverse.
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Overall, our results illustrate the nonlinear nature of the
ENSO teleconnection of the rainfall over the western coast
of Peru and the difficulty to predict anomalous rainfall
conditions during strong El Nifio events, which has a
strong societal relevance. In particular, small changes
in rainfall over highland areas can affect agriculture,
water reservoir storage level and hydroelectric resources
(BCRP, 2016). Our approach has been to model the
complex of physical processes operating in nature with
a linear statistical relationship between SST and rainfall
variability during ENSO, which, although convenient
for forecasting purpose, can be considered, oversimpli-
fied due to the diversity in forcing mechanisms of the
anomalous rainfall in this region. Still our model takes
into account the nonlinear evolution of ENSO through
the consideration of the two ENSO regimes, which add
a dimension to the commonly used approach. Among

© 2017 Royal Meteorological Society

the physical mechanisms producing heavy rainfall during
strong EP Pacific El Nifio events, the one associated
with the deep convection triggered by SST when the
latter is above ~26 °C (Woodman, 1999) can be used for
the interpretation of the differences among events. The
characteristics of SST along the coast of Peru during such
events are likely influential on the distribution and mag-
nitude of rainfall. As an illustration, we present Figure 8
that shows the evolution of the Nifiol+2 index (based on
total SST) during the four events. It shows that during
the 1982/1983 and 1997/1998 El Nifo events, the total
temperature in the Nifiol+2 region was above 26 °C for
almost 6 months while during the 2015/2016 El Nifio
event, it only hardly reaches 26 °C during 1 month. The
pattern of SST anomalies was also distinct between events
(Figure 9), which could also drive mesoscale low-level
atmospheric circulation and influence the distribution
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Table 1. Observed monthly rainfall with respect to mean climatology (M. C. over the 1964-2016 period) during the El

Nifio events of 1972/1973, 1982/1983, 1997/1998 and 2015/2016 [between January of the developing year J(YO) and

December of the decaying year D(Y1)]. The dark green colour represents rain values above 80% of the monthly mean
climatology. [Colour table can be viewed at wileyonlinelibrary.com].

J] F M AMIJ JAS ONUD J F M A M J J AS ON D
Year (0) Year (+1)

M. C. 46 78 125 58 21 5 1 0 O 1 2 12 46 78 125 58 21 5 1 0 0 1 2 12
RI 19721973 5 60855023 8 9 0 2 0 0 2 6 87 9 01 0 0 2
1982/1983 2 2 0 16 1 0 0 0 O 1 5 90 03 2 0 12
1997/1998 4 37 116 58 18 5 3 0 9 9 46 479 01 3 0 2
201512016 18 59 #3500 78 43 3 1 0 0 3 4 3 - - - - -
M. C. 118 194 257 152 40 15 4 6 13 29 31 65 118 194 257 152 49 15 4 6 13 29 31 65
R2 1972/1973 109 140 4760 150 70 27 4 12 8 8 39 105 101 251 251 239 72 25 7 10 26 8 18 69
1982/1983 90 115 39 118 48 2 2 0 5 223 0 23 69 44 i3
1997/1998 72 117 185 142 10 9 1 0 51 10 0 7 27 40 35 42
20152016 108 95 444N 90 47 4 2 0 O 31 78 4 168 172 229 - - - - - - — — _
M.C. 14 25 54 15 4 1 0 1 1 3 3 3 14 25 5 15 4 1 0 1 1 3 3 3
R3 1972/1973 2 28022410 0 1 0 O 1 1 1 4 37 20 01 5 0 1 0
1982/1983 1 4 1 7 0 0 0 0 1 4 7 00 1 9 0 1
1997/1998 0 13 8 16 1 1 0 1 1 1 8 00 2 2 0 3
20152016 38 23 81 27 9 1 0 1 5 11 24 20 20 49 40 - - - — — — — - —
M. C. 103 131 171 106 48 22 14 17 44 80 61 68 103 131 171 106 48 22 14 17 44 80 61 68
R4 1972/1973 62 90 242 71 68 11 4 21 36 40 55 82 140 104 178 2 37 71 72 46 71
1982/1983 62 74 57 87 59 6 6 4 43 115“164 92 19 13 22 73 59 28 87
1997/1998 42 159 76 90 25 24 0 4 38 53 197 72 12 3 8 44 97 36 60
20152016 173 83 435 111 99 1 5 5 6 75 122 41 170 192 209 - - - - - — — — —
M. C. 114 136 168 93 30 12 7 10 28 67 49 74 114 136 168 12 7 10 28 67 49 74
RS 1972/1973 115 143 256 102 36 11 6 11 11 27 40 74 182 75 203 23 21 8 68 93 82 86
1982/1983 61 55 90 105 28 O 7 3 13 104 80 125 156 159 165 17 0 2 23 102 78 [
1997/1998 41 182 49 107 36 6 1 3 28 59 JIOONZM3] 215 235 275 7 0 8 25 72 37 60
20152016 139 82 217 111 54 6 7 0 15 55 87 144 56 153 88 - - - — - - - -
M. C. 68 92 122 43 8 1 1 2 6 27 29 41 68 92 122 43 8 1 1 2 6 27 29 4l
R6 1972/1973 83 1070255020 7 1 3 6 6 6 17 38 |27 74 153 9 0 6 6 18 26 29 76
1982/1983 26 54 53 29 2 0 O 1 0O 4 5 4 57 78 241 0 0 0 0 4 8 17 18
1997/1998 51 104 26 25 7 0 0 o0 7 19 [N570048 483N 206 61 9 4 0 0 6 36 9 40
2015/2016 177 81 333 82 8 0 3 0 19 56 79 87 118 175 199 - - — — — — — — -
M. C. 91 106 118 40 9 2 1 3 10 30 33 61 91 106 118 40 9 2 1 3 10 30 33 6l
R7 19721973 71 10002860 63 0 1 5 5 21 22 24 57 152 113 148 880 21 0 3 5 30 44 41 100
1982/1983 94 114 52 24 0 0 1 O 1 43 42 37 77 81 120 4 2 6 0 0 2 13 24 57
1997/1998 67 115 39 22 2 0 0 1 12 18 51 fi80 128 135 31 3 1 0 o0 36 19 42
20152016 84 52 102 39 10 1 0 3 1 12 22 48 24 73 72 - — — — - — — _— _
M.C. 76 91 99 29 5 1 1 2 5 15 18 50 76 91 99 29 5 1 1 2 5 15 18 50
R8 1972/1973 89 101 33 2 0 1 0 6 16 11 49 99 8 130 49 11 0 0 3 15 17 9 84
1982/1983 58 92 56 18 2 1 2 1 4 29 19 20 26 115 19 6 2 1 2 2 3 13 80
1997/1998 69 113 39 12 1 0 0 1 7 nhlss 152 176 32 0 0 0 1 2 6 5 40
20152016 94 84 152 48 2 1 0 4 2 10 24 58 22 109 96 - - - - - — — — -
M. C. 97 112 118 37 8 3 2 5 9 16 20 50 97 112 118 37 8 3 2 5 9 16 20 50
RO 1972/1973 178 11502260 68 5 0 1 1 21 26 23 76 105 101 106 61 5 1 0 5 13 11 26 54
1982/1983 73 117 64 6 1 0 0 0 O 13 13 2 13 28 51 4 3 0 0 0 0 0 13 45
1997/1998 100 95 61 33 9 0 0 59 23 27 30 B350 217 174 53 0 15 0 7 15 31 51 59
20152016 122 134 186 49 7 4 1 5 20 42 16 8 3 95 71 - - — - - — — _ _

of deep convection. The mechanisms associated with
SST changes along the coast of Peru during El Nifo
events are tightly linked to both the El Nifio equatorial
dynamics (remote forcing) and upwelling dynamics (local
forcing), which could thus be sources of the differences in
rainfall between events. A recent study (Paek et al., 2017)
indicates for instance that the 2015/2016 El Nifio event
dynamics can be interpreted as resulting from processes

© 2017 Royal Meteorological Society

associated with both the EP and CP El Nifio events,
conversely to the 1997/1998 El Nifio that is diagnosed as
a ‘pure’ EP El Nifio event.

Other factors explaining the differences between events
include the distinct characteristics between EI Nifio
events of processes associated with synoptic variability
due to either the Madden—Julian oscillation (Madden
and Julian, 1972) or the extra-tropical storm activity of
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Figure 8. Evolution of the SST in the Nifiol+2 region during the fourth
strong El Nifio events. The horizontal line indicates the convection
threshold temperature (~26°C). SST is obtained from the HadISST
data set over the period 1950—2016. [Colour figure can be viewed at
wileyonlinelibrary.com].

the mid-latitudes that are influential on the along-shore
winds along the coast of Peru (Dewitte etal., 2011)
or the South Pacific meridional mode (Zhang et al.,
2014). Local processes of air—sea interactions are also
thought to be at work during El Nifio events in this region
(B. Dewitte, 2017; personal communication). While
local SST anomalies are not likely to be the only factor
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influencing the rainfall conditions during strong El Nifio
events (Takahashi and Martinez, 2017), our study calls for
investigating the sensitivity of the rainfall distribution and
evolution to the regional oceanic conditions, which could
be through the use of a regional atmospheric model. This
is planned for future work.

Noteworthy, while extreme El Nifio events are forecasted
to increase in frequency in a warmer climate (Cai et al.,
2014), our study suggests that there might not be a straight-
forward relationship with the rainfall events over Peru
considering the dispersion between events documented
here over the observational record. In addition, one aspect
that is not currently well accounted for in global coupled
models is the regional SST anomalies along the coast of
Peru and Ecuador (Takahashi ez al., 2014), which calls for
investigating regional physical processes explaining such
a diverse response of rainfall under strong El Nifio condi-
tions. Considering the likely impact of decadal variability
on the relationship between ENSO and rainfall in Peru
(Bourrel et al., 2015; Segura et al., 2016), the investigation
of such processes would have to consider the influence of
decadal variability.
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