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Summary: In this paper, the central Pacific cold event of  2008 and its exceptionally warm conditions in the eastern tropical 
Pacific are analyzed by using rainfall data of  south Ecuadorian meteorological stations, sea surface temperatures in the El 
Niño3 and 1+2 regions, and simulations with the Weather Research and Forecasting (WRF) model. It can be shown that El 
Niño-like rainfall conditions with severe inundations occur particularly in the coastal plains of  southern Ecuador while a 
central Pacific cold event prevails. In contrary to previous situations, positive rainfall anomalies as a result of  El Niño-like 
conditions in the El Niño1+2 region during the 2008 La Niña event occurred in both regions, the coastal plains and the 
highlands, for the first time. A detailed analysis of  the ocean-atmosphere system during episodes of  heavy rainfall reveals 
typical El Niño circulation and rainfall patterns as observed during previous El Niño events for the coastal area and La 
Niña-like conditions for the highlands. The spreading of  Pacific instability in the Niño1+2 region to the eastern escarpment 
of  the Andes could be the result of  a temporary eastward shift of  the Walker circulation. The unusual combination of  El 
Niño-like conditions in the eastern tropical Pacific during a La Niña state in the central Pacific is the newest indicator for 
an impact mode shift regarding severe rainfall anomalies during El Niño/La Niña events in the traditional El Niño area 
of  southern Ecuador since the end of  the last century. Since 2000, El Niño events unexpectedly provide below average 
rainfall while central Pacific La Niña conditions generate exceptional severe flooding in the normally drier coastal plains. 
The novel sea surface temperature (SST) anomaly dipole structure between the eastern and central/western tropical Pacific 
and the weakening of  El Niño events since 2000 could be due to natural decadal oscillations in the El Niño background 
state, the Pacific Decadal Oscillation (PDO). However, the observed atmospheric patterns and the recent increase of  the 
SST anomaly difference between the central and the eastern tropical Pacific resemble structures that also result from climate 
change simulations.

Zusammenfassung: Mit Hilfe von meteorologischen Messdaten, Meeresoberflächentemperaturen des tropischen Pazifiks 
und Simulationen mit dem WRF (Weather Research and Forecasting) Mesoskalamodell wird das mit anormal warmen, küs-
tennahen Meerestemperaturen einhergehende La Niña-Ereignis 2008 für das südliche Ecuador untersucht. Es zeigt sich, 
dass erstmalig aufgrund El Niño-artiger Bedingungen in der Niño1+2 Region hohe Niederschläge insbesondere im Küs-
tenvorland Ecuadors zeitgleich zu einem offiziell verlautbarten La Niña-Ereignis im Zentralpazifik auftreten. Gleichzeitig 
sind auch im Hochland hohe Niederschläge zu verzeichnen, die normalerweise nur in einem La Niña-Jahr (mit trockener 
Küstenebene) auftreten. Diese neuartigen Wetterverhältnisse könnten mit einer Ostwärtsverlagerung der zonalen Walker-
Zirkulation verknüpft sein. Insgesamt ist das 2008-Ereignis ein weiteres Indiz für eine Veränderung des ENSO-Systems und 
seines Einflusses auf  die ENSO-Kernregionen Ecuador und Nordperu. Es zeigt sich, dass seit 2000 El Niño-Ereignisse we-
niger intensiv ablaufen, während im Zuge von La Niña-Events unüblich hohe Niederschläge in dem normalerweise deutlich 
zu trockenen Küstenvorland auftreten. Die dafür verantwortliche, neuartige Dipolstuktur der Meeresoberflächentemperatu-
ren im tropischen Pazifik (Kalte La Niña-Bedingungen in der 3+4 Region, warme El Niño-Bedingungen in der 1+2 Region) 
könnte eine Folge der Pazifischen Dekadischen Oszillation (PDO) sein, die zum Jahrtausendwechsel von der Warm- in die 
Kaltphase gewechselt ist. Ähnliche Zirkulationsmuster ergeben allerdings auch jüngste Klimawandel-Szenariorechungen, 
sodass beim derzeitigen Forschungsstand nicht entschieden werden kann, ob die beschriebenen Anomalien im ENSO-
Kerngebiet in Ecuador und Nordperu natürlichen oder anthropogenen Ursprungs sind.
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1 Introduction

The El Niño/La Niña (EN/LN) phenomenon is 
one of the most investigated natural atmospheric sys-
tems. It is generally related to warm/cold pool oscil-

lations in the tropical Pacific and the tropical Walker 
circulation, summarized in the ENSO concept (El 
Niño-Southern Oscillation) (WyrtKi 1975; ZeBiaK 
and cane 1987 and many others thereafter). The 
classification of EN and LN events is frequently con-
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ducted by means of the classical Southern Oscillation 
Index (SOI), which should be <-1 (>1) for a warm 
(cold) event (e.g., Kiladis and van loon 1988). Many 
other indices had been evolved under different foci 
to characterize the Pacific EN/LN status. For ex-
ample, the American Weather Service frequently 
uses the N3 or N3.4 Index regarding the sea surface 
temperatures (SST) in the N3 resp. N3.4 region, the 
Oceanic Niño Index (smith and reynolds 2003 
and 2004), the Multivariate ENSO Index (Wolter 
and timlin 1998) and the Trans-Niño Index by 
trenBerth and stePaniaK (2001). Several theories 
like the Delayed-Oscillator-Theory have been de-
veloped over the last decades to describe a typical 
ENSO regime (ZeBiaK and cane 1987; suareZ and 
schoPf 1988; ), but all past events exhibited slightly 
different behaviours (for the “traditional” EN area 
of Ecuador refer for instance to Bendix 2000a; 
Bendix et al. 2003; taKahashi 2004; douglas et 
al. 2009). More recently, atmospheric patterns like 
the Madden-Julian-Oscillation (e.g., taKayaBu et 
al. 1999; Kessler 2001) and Westerly Wind Bursts 
(WBB) (e.g., Waliser et al. 2003) have interacted with 
ENSO, particularly being responsible for the onset as 
well as the specific characteristics of single events. 
Because EN/LN can cause devasting droughts and 
floods especially in the Maritime Continent and 
South America (glantZ 1984; roPeleWsKi and 
halPert 1987), a proper ENSO forecast as well as a 
prognosis of global climate change effects on ENSO 
intensity and impacts is needed. While in the 80s of 
the last century, ENSO forecasts seemed on the way 
to becoming possible (e.g., Barnett et al. 1988), in 
the following years, the complexity of the phenom-
enon made short-term forecasts as well as long-term 
prognoses with numerical models a difficult and to 
date not satisfactorily accomplished task (Kerr 1999; 
an et al. 2005; latif and Keenlyside 2009). 

From a statistical point of view, the increase (de-
crease) of EN (LN) in the last century since 1970 was 
claimed to be most unlikely due to natural variabil-
ity (trenBerth and hoar 1997). However, apparent 
changes in EN/LN are supposed to be the result of 
decadal variations in the background state of ENSO 
(an et al. 2005), which might be altered by global 
warming likewise (fedorov and Philander 2000). 
One important element of the ENSO background 
state seems to be the Pacific Decadal Oscillation 
(PDO), a 20-30 year fluctuation pattern of the Pacific 
Ocean (Pavia et al. 2006; schoennagel et al. 2006). 
With regard to global warming, the Walker circula-
tion in the tropical Pacific is assumed to be weak-
ening (PoWer and smith 2007; vecchi and soden 

2007) and consequently, EN should decrease to low-
er amplitude events in a warmer future (meehl et al. 
2006). Due to the poor representation of the ENSO 
phenomenon in numerical models, several studies 
underline the great importance of monitoring the 
change of EN/LN with observational data (latif 
and Keenlyside 2009; vecchi 2008). One of the 
most sensitive regions to observe changing meteoro-
logical impacts of EN/LN events is the “traditional” 
Niño region in southern Ecuador (e.g., mcPhaden 
2004; taKahashi 2004) on the east coast of tropical 
South America. Severe flooding (droughts) normally 
occur during January and April of an EN (LN) year, 
particularly in the coastal plains (Bendix and Bendix 
1998; Bendix 2000b; Bendix et al. 2003; vuille et 
al. 2000 and 2003), while the highlands and the east-
ern escarpment of the Andes react with anomalously 
dry (wet) conditions (vuille et al. 2003; Bendix and 
Bendix 2006). 

At the end of 2007, a new Pacific LN event 
emerged, peaking in February 2008. Unexpectedly, 
this event was accompanied by El Niño-like flooding 
in the coastal plains of the “traditional” El Niño area 
(southern Ecuador and the north Peruvian Sechura 
desert; see Photo 1). Affected provinces in the coastal 
plain of Ecuador were El Oro, Esmeraldas, Guayas, 
Los Ríos, and Manabí. 63,596 hectares of arable land 
were completely destroyed by the flooding and some 
97,353 hectares were impaired. The inundations af-
fected more than 250,000 people who lacked food, 
shelter, health, water and sanitation. One result of 
the exceptional environmental conditions was an in-
crease of water-born diseases like dengue fever in the 
provinces of Los Rios and El Oro (OCHA 2008 a, 
b). At the same time, heavy rainfalls un-typically oc-
curred in the highlands of southern Ecuador. In late 

Photo 1: Flooding close to Guayaquil (province Guayas) on 
10 March 2008 (Photo: J. Bendix)
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March 2008, the heavy precipitation led to severe 
landslides, destroying infrastructure such as e.g., the 
new connecting road between Catamayo and the 
provincial capital Loja.

Comparing two mostly reversed El Niño indi-
ces for this time, the TNI (Trans-Niño Index) after 
trenBerth and stePaniaK (2001) and the SOI, the 
uniqueness of this event is characterized by a clear 
discordance of both indices for the period January 
to April 2008: While the SOI shows positive values 
between 0.56 and 2.05 and therefore indicates strong 
LN conditions, the TNI values point to strong El 
Niño conditions by ranging between 2.1 and 2.95. 
The main goal of the current paper is to analyse the 
obvious changes in the ENSO regime and to unveil 
possible causes. A major spatial focus is on a latitu-
dinal transect along the core ENSO area of south-
ern Ecuador, the study site of a multidisciplinary 
ecological research project where climatic changes 
might severely affect ecosystem functioning and its 
services (Bendix and BecK 2009; fries et al. 2009; 
Bendix et al. 2010).

2 Study area, data and methods

2.1 Study area

The study area comprises the “traditional” El 
Niño region of southern Ecuador and the tropical 
Pacific Ocean, particularly the El Niño3.4 and 1+2 
regions (Fig. 1). 

The climate of southern Ecuador is clearly af-
fected by the cold Peru Current off the coast of 
Ecuador in combination with the location of the 
South Pacific anticyclone. There are pronounced 
W-E and N-S rainfall gradients at the coast with 
relatively dry areas south of Guayaquil and towards 
northern Peru (Sechura desert). Rainfall generally 
increases towards the higher parts of the west-fac-
ing slopes of the Andean cordillera which is char-
acterized by a significant height depression between 
southern Ecuador and northern Peru (the so-called 
Huancabamba depression, BecK et al. 2008). The 
spatial rainfall distribution in the highlands is 
patchy due the complex terrain structure where pro-
nounced windward and leeward effects cause an al-
ternation between moist (e.g., at Loja) and semiarid 
conditions (e.g., Catamayo) on a small horizontal 
distance (e.g., richter 2003). The eastern escarp-
ment of the Andes reveals per-humid conditions 
with rainfall between 2000 and >6000 mm (Bendix 
et al. 2006a; rollenBecK et al. 2007; Bendix et al. 

2008). The annual course of precipitation is charac-
terized by a nearly unimodal peak in March-April 
in the coastal plains of southern Ecuador, con-
comitant with the normal El Niño rainfall season. 
The highlands depict a bimodal regime with two 
maxima (March-April, October-November) during 
the equinoxes while the eastern Andean escarpment 
and the adjacent Amazon area are characterized by 
rainfall in all seasons, partly peaking in June-July in 
the higher altitudes (for more details refer to Bendix 
and lauer 1992). Besides the general climatic zona-
tion of Ecuador, a detailed analysis of cloudiness by 
using satellite data reveals that the spatial-temporal 
structure of rainfall is locally modified by the topo-
graphic situation, particularly in the Andean region 
(Bendix et al. 2004, 2006b).

With regard to sea surface temperature (SST) 
anomalies, the delineation of El Niño regions in 
figure 1 follows international standards where the 
Niño1 region encompasses the cold upwelling area 
off the coast of northern Peru, the Niño2 region the 
coastal waters close to the equator and the Niño3 
region great portions of the central and eastern 
equatorial Pacific. The Niño4 region comprises the 
warm pool of the western Pacific and is thus com-
monly combined with the Niño3 to the Niño3.4 re-
gion (5°N-5°S; 120°-170°W) for the distinction of 
EN/LN years. For more details, the reader may refer 
to cane (1991) and trenBerth and hoar (1996). 

2.2 Data and data analysis

South Ecuadorian rainfall data are available 
from January 1964 – January 2009 (24 h totals are 
provided for the period of 19:00 to 19:00 Local 
Standard Time, hereafter LST, LST=UTC-5h) for 
different locations and provided by the Instituto 
Nacional de Meteorología e Hidrología del Ecuador 
(INAMHI). 

Anomalies of rainfall for single El Niño/La 
Niña events are displayed in terms of standard de-
viation, calculated for the main El Niño/La Niña 
season ( January to April) based on deviations from 
long-term average and standard deviation: 

 P    = (p   - Av) / s  (1)

where P   is the January-April rainfall anomaly of 
an event (ev) in terms of standard deviation, p   the 
rainfall sum ( January to April) of an event (ev) and 
Av(s) the long term average (standard deviation) of 
January-April rainfall (1964–2009). 
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High resolution rainfall data from two stations 
east of Loja on the eastern Andean slopes (ECSF 
Estación Científica de San Francisco, lat. 3°58’18’’ S, 
long. 79°4’45’’ W, alt. 1,860 m a.s.l and ECSF-Cerro 
at 3,180 m a.s.l) are measured in a tropical mountain 
rainforest with a BIRAL present weather sensor (for 
more details refer to rollenBecK et al. 2007).

Hourly GOES IR satellite data, ingested and proc-
essed with the FMet tool at the Marburg satellite sta-
tion (for more details refer to cermaK et al. 2008), are 
inspected visually to analyze the diurnal course and 
the spatial location of deep convection.

Time series of weekly averaged SST data and 
anomalies are taken from NOAA’s Climate Prediction 
Center (CPC). The data are generated by means of the 
Optimum Interpolation (OI) analysis (reynolds and 
smith 1994, 1995). We conducted the SST anomaly 
difference calculations between the N1+2 and N3.4 
regions on the basis of long-term NOAA time se-
ries (rayner et al. 2003) which are also based on the 
smith and reynolds ERSST.v2 data set. Additionally, 
data of the Pacific Decadal Oscillation (PDO) in-
dex from the National Centers for Environmental 
Prediction (NCEP) are used, also based on the smith 
and reynolds ERSST.v2 data set. Standard trend and 
moving average (11 year) analyses are applied to the SST 
anomaly difference time series and the latter also to the 
PDO data set. The MODIS (MODerate Resolution 
Imaging Spectoradiometer) SST product is used, which 
provides images of average weekly SST. The SST-
product is based on the method of Walton et al. (1998). 

2.3 Numerical model

To simulate wind field patterns for the periods of 
exceptional rainfall of the 2008 event, the mesoscale 
Weather Research and Forecasting (WRF) model is 
used. WRF is a fully-compressible and non-hydro-
static model suite with terrain-following vertical co-
ordinates. The equations are solved on an Arakawa 
C-grid and the time-splitting technique of Runge-
Kutta (WicKer and sKamarocK 2002). 

For the simulations, a two-way-nested domain 
with 36 km and 12 km is used and 28 sigma lev-
els are selected. The coarse domain has 135 x 51 
grid points and is centred at 82.5°W and 3.5°S. The 
small domain covers an area extending from 85.61 
W to 75.17 W and from 1.25°N to 7.23°S, which is 
large enough to capture N1 and N2 regions. WRF is 
driven by the NCEP/NCAR reanalysis data, which 
offers time-dependent lateral boundary conditions 
(Kalnay et al. 1996) as well. The bottom boundary 
conditions are provided by the NOAA land-surface 
model (chen and dudhia 2001). In order to capture 
the SST anomaly, we used the 0.5° resolution global 
NCEP SST data set (gemmill et al. 2007). 

The model is run with the following set of physics 
options for both domains: The cumulus convection 
is parameterized from Kain-Fritsch new Eta model 
(Kain and fritsch 1993) and the precipitation com-
putations are made by an explicit 3-ice microphysics 
scheme (lin et al. 1983). With the Rapid Radiative 
Transfer Model (RRTM) the longwave (mlaWer et 
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Fig. 1: (a) El Niño regions in the tropical Pacific as internationally used for ENSO research, and (b) location map of 
meteorological stations in the “traditional” El Niño area used in the current study. Note that isoline labels mark terrain 
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al. 1997) and shortwave radiation (dudhia 1989) is 
simulated. The surface is represented by the Yonsei 
University (YSU) boundary layer scheme (hong et 
al. 2006) including the Monin-Obukhov scheme 
(monin and oBuKhov 1954). 

3 Results

3.1 Rainfall anomalies in southern Ecuador dur�Rainfall anomalies in southern Ecuador dur�
ing EN/LN events

Figure 2 and table 1 point out that rainfall anom-
alies during EN and LN events in the traditional El 
Niño region of southern Ecuador generally reveal 
coherent tendencies in the coastal plain (meteoro-
logical stations Guayaquil, Machala, Milagro), which 
particularly hold for the main events of the last cen-
tury. Until the LN 1999, the coastal stations show 
weak/moderate positive anomalies during weak/
moderate EN events (e.g., EN 1973, 1992) and strong 
reactions mostly with a rainfall surplus of s >+3 for 
strong events (EN 1983, 1998). At the same time, 
LN events are coherently characterized by drier than 
normal conditions. The situation at the highland sta-
tions is less consistent, but a general tendency can 
be observed as well: Weak/moderate El Niño situ-
ations are related to drier than normal conditions 
in January to April, while LN conditions normally 
mean positive rainfall anomalies in the highland. 
However, it is striking that especially the strong EN 
of 1983 caused clearly positive anomalies in the area 
of Cariamanga and Loja. Strikingly, the data shows 
that these usual impacts of EN/LN abruptly change 
after the major 1998/99 EN/LN events. EN events 
in the current century generally seem to decrease 

in intensity and the impact on rainfall in southern 
Ecuador reverses. The EN 2002/03 reveals drier (in-
stead of expected moister) than normal conditions 
in the coastal lowlands, a tendency continuing to the 
very weak warm event of 2005 (rainfall -0.69 s  for 
Milagro). At the same time, the most recent LN 2008 
shows for the first time in the observations excep-
tional positive rainfall anomalies in both regions, the 
coast and the highlands, causing severe inundations 
at the coast and hazardous landslides in the latter at 
the same time. This situation seems to initiate a gen-
eral impact mode change towards an El Niño rainfall 
regime during central Pacific La Niña conditions and 
vice versa in the Niño tracer region, the coastal low-
lands of southern Ecuador. Hence, it is very impor-
tant to pinpoint the course of the weather in January 
to March for the exceptional situation of the 2008 
central Pacific cold phase.

3.2 Rainfall in southern Ecuador and SST devel�
opment during the 2008 event

Figure 3 illustrates the development of SSTs in 
the central and eastern tropical Pacific and the re-
lated rainfall situation at a representative coastal 
(Milagro) and highland (Loja) station in southern 
Ecuador. It is shown that periods of extraordinary 
positive rainfall anomalies in the coastal lowlands 
start to occur when SST anomalies in the Niño1+2 
(N1+2) region are becoming neutral/positive at the 
end of January/mid February while at the same time, 
cold LN conditions intensify in the central Pacific 
(Fig. 3). While SST is below average until the end 
of January in both regions (N1+2 and N3.4), N1+2 
starts to warm up at the beginning of February, with 
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Fig. 2: Rainfall anomalies (in terms of standard deviation σ) for El Niño (EN) and La Niña (LN) events in the coastal plain 
(meteorological station Milagro) and the Andean highland region (meteorological Station Loja) of southern Ecuador. The 
anomalies are calculated for the main EN/LN seasons (January to April), with exception of 2009 (January only)



156 Vol. 65 · No. 2

two peaks, at the end of February and the end of 
March with average positive anomalies of >1 °C. It 
is striking that the first stronger rain events at the 
coast (Milagro, 69.2 mm on 28 Jan = +8.1 σ) coin-
cide with SSTs converging to 26 °C. While SSTs in 
the N1+2 region further increase in February by de-
veloping coastal EN-like conditions, N3.4-SSTs cool 
down, generating a central Pacific LN with lowest 
temperatures in the middle of February. The SST 
difference between the eastern and central Pacific 
peaks at the transition from February to March. 
The first devasting rain event hit the coastal area 
mid February when average SSTs in the N1+2 re-
gion reach 26–27 °C (rainfall Milagro 104 mm on 15 
Feb = +12.9 σ), followed by the first strong rainfall 

events in the highlands (Loja 37.8 mm on 17 Feb 
= +17.0 σ, 41.8 mm on 26 Feb=+19.0 σ), which co-
incide with increasing SST differences between the 
cold Niño3.4 (N3.4) and warm N1+2 region. At the 
beginning of March, highest positive SST anoma-
lies in the eastern tropical Pacific (N1+2) eventually 
lead to a second period of severe precipitation and 
flooding in the coastal parts of southern Ecuador 
(116 mm at Milagro on 2 Mar = +14.6 σ), continuing 
until mid of March (106 mm at Milagro on 18 Mar 
= +13.3 σ). The whole period from mid February to 
mid March is also characterized by recurring strong 
rain events in the highlands at Loja, partly in phase 
(e.g., 2 March) but mostly out of phase (e.g., 26 Feb, 9 
and 13 Mar) with a rainfall peak in the coastal plains. 
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EN83 3.179 3.556 1.507 nd 0.112
EN87 2.036 0.453 -0.489 -1.105 -0.751
LN88 -0.961 -0.626 -0.267 0.196 0.22
EN92 0.74 1.494 -0.718 -0.782 -0.929
EN98 4.25 3.27 2.196 -0.845 -0.246
LN99 -1.096 -0.05 1.295 0.785 1.551
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Fig. 3: (a) Weekly averages of sea surface temperature SST (lines) and SST anomalies (bars) in the eastern (Niño1+2 
region) and central (Niño3.4 region) tropical Pacific and (b) daily rainfall amounts for the coast (Milagro) and the high�
lands (Loja) of southern Ecuador J-M 2008. Note that average daily rainfall in the period J-M is 10.6 mm (σ = 7.2 mm) at 
Milagro (1964-2006) and 3.9 mm (σ = 2.0 mm) at Loja

Tab. 1: Rainfall anomalies (in terms of standard deviation σ) for El Niño (EN) and La Niña (LN) events in the coastal 
plains and the Andean highland region of southern Ecuador (nd: no data available)
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A final extraordinary rainfall event in the highlands 
of South Ecuador occurred at the end of March and 
destroyed the main connection road between Loja 
and the Catamayo airport (36.6/41.4 mm at Loja on 
30/31 Mar = +16.4/18.8 σ). 

3.3 SST pattern during periods of  exceptional 
positive rainfall anomalies

To understand the atmospheric processes for the 
major days of heavy rainfall, spatial SST fields are an-
alysed in more detail. The weekly SST maps for the 
periods of heavy rainfall are displayed in figure 4. The 
SST maps show temperature values between 18 and 30 
°C as well as a signature for permanent cloudy areas 
in which SSTs could not be determined because of a 
permanent cloud cover during the week. With regard 
to deep convective rainfall, the SST directly off the 
coast in the N1+2 region coincides best with precipi-
tation in the coastal plains (e.g., Bendix et al. 2000). 
Several studies emphasized that the SST-threshold for 
the formation of deep convection is 26 °C, due to the 
exponential relationship between temperature and 
evaporation (graham and Barnett 1987; Waliser 
and graham 1993; Zhang 1993). A SST of around 
28 °C was proven to trigger exceptional deep convec-
tion (gadgil et al. 1984; Waliser 1996a; Bendix and 
Bendix 2006) while at SSTs >29.5 °C, a rapid decrease 
of convective activity is observed. SSTs of 30 °C are 
found to generate only the same convection rate as at 
SSTs of 22 °C (Waliser and graham 1993; Waliser 
1996a, b). Moreover, model studies have proven that, 
in comparison to the absolute SST-value, horizontal 
SST-gradients are of focal importance as a trigger of 
deep convection (lau et al. 1997; Bony et al. 1997; 
tomPKins and craig 1999; tomPKins 2001). This is of 
special interest for the northern boundary of the Peru 
Current’s upwelling area close to southern Ecuador 
where it is most likely that warm water of the N2 re-
gions encounters cold water of the N1 region under 
EN conditions. For the first exceptional rain period 
at the coast (SST map 10–17 Feb), figure 4a reveals 
that both criteria for deep convection, SSTs > 26 °C 
at the coastline close to Milagro and horizontal SST 
gradients particularly in the Gulf of Guayaquil (GoG, 
22–26 °C), are met. The highest SST is observed in the 
GoG, partly reaching values of 28°C. In the N3 area, 
cold water with SST <20 °C is located in the western 
part while the eastern region has higher temperatures.

The severe rainfall in the highlands at the end 
of February and the second phase of heavy precipi-
tation in the coastal area (SST composite 26 Feb to 

4 Mar, Fig. 4b) are concomitant with the most pro-
nounced increase of SSTs in the N3 region in the 
second half of February. This confirms the finding 
of vuille et al. (2000) that highland precipitation is 
particularly sensitive to SSTs in the N3 region where 
the eastern part in this transition from February to 
March is warmer than the N1+2 region. As during 
the first phase of heavy rainfall at the coast, the GoG 
reveals high SST values with marked SST gradients 
to the water off the shoreline on a smaller scale. In 
comparison to the first phase, SSTs in the north-
eastern equatorial Pacific are generally enhanced and 
the cold upwelling directly at the coastline of north-
ern Peru has retreated southwards to ~12°S.  

By mid March (SST composite 13-20 Mar, Fig. 
4c) heavy rainfall predominantly occurs in the coast-
al plains, while at the same time declines in the high-
lands. This situation coincides with a clear cooling 
in the western and central part of the N3 region. 
While in the GoG and the adjacent coastline high 
SSTs >26, but <28°C prevail, the cold upwelling 
has moved back north to the coast of northern Peru 
(~6°S).  

At the end of March (SST map 23 Mar – 5 
Apr, Fig. 4d), SSTs rise in the entire N3 area while 
at the same time, the highest SSTs are reached off 
the coast of Costa Rica. The cold upwelling at the 
north Peruvian coast produces an area of colder 
offshore water running parallel to the Ecuadorian 
and Columbian coast. This line generates local SST 
gradients, particularly to the warm GoG water close 
to the most affected region around Milagro and 
Guayaquil. The clearly enhanced N3 SST, which is 
particularly warmer in the eastern part compared to 
the N1+2 region, might be responsible for the dev-
asting rainfall event in the highlands. At the same 
time, the SST gradients close to the coast of south-
ern Ecuador and the GoG are suspected to generate 
stronger rainfall events at the coast with precipita-
tion amounts of >150 mm for the period between 23 
March and 5 April.

3.4 Atmospheric circulation during periods of  
exceptional positive rainfall anomalies

With regard to the overturning zonal Walker cir-
culation in the tropical Pacific, EN events have been 
proven to reveal clear westerly wind anomalies in the 
N3.4 region, while LN is generally associated with 
easterly wind anomalies in the lower troposphere and 
the reverse flow in the higher troposphere (clarKe 
and van gorder 2003). The wind situation in the 
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Fig. 4: MODIS weekly SST maps of the N1+2 and N3 region for the weeks of heavy rainfall (a) 10–17 Feb 2008, (b) 26 Feb 
–4 Mar 2008, (c) 13–20 Mar 2008 and (d) 29 Mar–4 Apr 2008



159J. Bendix et al.: El Niño meets La Niña – anomalous rainfall patterns in ...2011

eastern tropical Pacific is more complex. murPhree 
and reynolds (1995) show for the 1989 LN and 1992 
EN events that the meridional wind component in 
the lower troposphere dominates with S (NW) ele-
ments during EN (LN). For the 2008 LN event, 
simulated wind field patterns show distinct regional 
circulation patterns for all periods of heavy rainfall, 
which clearly modulate the spatial occurrence and 
extent of the precipitation fields. 

Figure 5 shows the relative frequency of (i) 
cold, potentially rain bearing clouds, (ii) simulated 
cumulative precipitation and (iii) measured rain-
fall at the study area in the Andes of southeast-
ern Ecuador for the three main devastating pre-
cipitation events in 2008. The first event of heavy 
rainfall on 15 February 2008 reveals a typical rain-
fall distribution for the onset of the significantly 
enhanced rainy season during El Niño situations 
(Bendix 2000b). The main simulated rainfall is lo-

cated over the GoG, affecting the adjacent coastal 
plains (and thus, the station Milagro) (Fig. 5, left). 
Heavy rainfall generally extends to the lower parts 
of the western Andean slopes but does not reach 
the highlands and the eastern Andean slopes. 
The cloud frequency map generally confirms the 
main simulated rainfall area in the coastal plains. 
However, the small simulated rain area close to the 
south-eastern Ecuadorian border is not marked by 
high cloud frequencies. The inspection of single 
GOES images (not shown here) reveals that a con-
vective cloud cluster forms at 00:00 LST close to 
Guayaquil remaining stationary with a cold core 
(231 K) over the GoG up to 17:00 LST. This typi-
cal feature can be explained by the high SSTs in 
the GoG and the concave shape of the coastline, 
which fosters confluence of nocturnal land breeze, 
initiating deep convection over the exceptional 
warm water in the gulf (Bendix 2000b). The event 
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on 2 March slightly differs from the situation in 
mid February. Heavy rainfall mainly occurs along 
the western foothills of the Andean cordillera, par-
ticularly in central and southern Ecuador. While 
the station Milagro close to the GoG experiences 
the strongest rainfall of the whole event, the east-
ern Andean escarpment is not affected by heavy 
precipitation (Fig. 5, centre). The spatial structure 
of the simulated rain area is confirmed by the cold 
cloud frequency map. Single GOES IR slots (not 
shown) point to clear convective activity over the 
GoG and the western Andean slopes between 
22:00 LST (1 Mar) and 03:00 LST (2 Mar). The third 
situation leading to severe flooding and landslides 
in the highland of southern Ecuador by the end 
of March 2008 is completely different compared 
to the other two events. It is mainly characterized 
by more isolated but intensive cellular convection. 
The simulated rainfall map for 30 March reveals 
moderate to strong precipitation along the west-
ern and the eastern escarpment of the Andes and 
scattered isolated centres of heavy rainfall includ-
ing the highland area of southern Ecuador around 
Loja (Fig. 5, right). Even the eastern escarpment 
receives strong rainfall during 30–31 March, par-
ticularly in the early morning hours. Also the cloud 
frequency map reveals high cloudiness with partly 
cellular extension in the area of the eastern slopes 
of the south Ecuadorian Andes. 

Figure 6 illustrates the circulation patterns 
related to the three heavy rainfall events. On 15 
February 2008, the simulated 925 hPa wind field 
shows the typical characteristics of EN events 
with southerly winds crossing the equator in the 
eastern Pacific. The coastal waters off the coast of 
Ecuador and the GoG are in the centre of a low 
level clockwise vortex, which is situated more west 
in the upper troposphere (300 hPa) (Fig. 6, upper 
left). At the eastern boundary of the N3 region, 
the wind field is characterized by anti-clockwise 
vortex f low in both atmospheric levels, which is 
related to the LN-cold pool that reaches the east-
ern edge of the N3 region (Fig. 4a). The atmos-
pheric instability in the transition zone of the N3 
and N2 regions due to the distinct SST gradients 
leads to deep convection, which endures for sev-
eral days in the area, indicated in the SST maps 
of figure 4 by the white cloud signature. In the 
GoG, the high SSTs at the direct coastline (maxi-
mum is 28°C in front of Guayaquil and Milagro, 
see fig. 4a), as well as extremely strong SST gra-
dients (some neighbouring pixels record values 
between 21 and 26°C), contribute to the strong 

MAXIMUM VECTOR: 12,2 m s-1

MAXIMUM VECTOR: 18,3 m s-1

 0°

10°S

 0°

10°S

100°W 90°W 80°W 70°W

100°W 90°W 80°W 70°W

a)

MAXIMUM VECTOR: 11,9 m s-1

 0°

10°S

100°W 90°W 80°W 70°W

a)

b)

MAXIMUM VECTOR: 15,4 m s-1

 0°

10°S

100°W 90°W 80°W 70°W

b)

MAXIMUM VECTOR: 13,4 m s-1

 0°

10°S

100°W 90°W 80°W 70°W

a)

MAXIMUM VECTOR: 14,9 m s-1

 0°

10°S

100°W 90°W 80°W 70°W

b)

Fig. 6: (a) Simulated wind field of domain 1 at 925 hPa and 
(b) 300 hPa for 09.00 LST on (upper left) 15 Feb 2008, (up�
per right) 02.00 LST on 2 Mar 2008 and (lower left) 05.00 
LST on 30 Mar 2008



161J. Bendix et al.: El Niño meets La Niña – anomalous rainfall patterns in ...2011

rainfall event that covers the whole coastal area of 
southern Ecuador up to the Peruvian border. Like 
the rainfall patterns, the atmospheric circulation 
of the second event (2 March) reveals only slight 
differences, particularly in the lower troposphere 
(925 hPa). The winds at the 925 hPa level gener-
ally depict the same southerly direction typical for 
EN conditions, but with a more intense clockwise 
vortex circulation over Ecuador, which might be 
triggered by the clearly enhanced SSTs off the 
coast of northern Peru (Fig. 4b). This intensifi-
cation provides continuous moisture f low to the 
western slopes of the Andes, where forced con-
vection eventually leads to the formation of heavy 
rainfall. In the upper troposphere, easterlies are 
well-established until long. ~95°W. The third 
period with differing rainfall patterns is charac-
terised by deviating circulation patterns. The low 
level wind field (925 hPa) depicts that the clock-
wise vortex is shifted to north Peru with a greater 
extensions of the area of minimum wind veloc-
ity ranging from the coastal waters towards the 
Andes and the adjacent eastern Amazon. Even if 
the wind field over the coastal waters off the coast 
of Ecuador is dominated by weak south-westerly 
winds, the south-eastern Ecuadorian Andes are 
already characterised by LN-like north-easterly 
to north-westerly winds (also confirmed by wind 
observations). Upper air circulation reveals well-
developed easterlies until long. ~100°W, where an 
anti-clockwise vortex circulation is displayed over 
the eastern edge of the N3 region. Especially the 
western N1 region shows strong convection dur-
ing the whole week (white cloud area in SST map 
Fig. 4d).

The vertical circulation and the atmospheric hu-
midity fields during the three events are displayed 
in figure 7 along a cross-section through southern 
Ecuador (lat. 3°S). For the event on 15 Feb (Fig. 7, 
top), a well-established updraft area is found over 
the whole Andes. However major updraft and moist 
convection with saturation conditions up to the 
400 hPa level are simulated, starting at the western 
Andean slopes, extending to the coastal plains of 
southern Ecuador. Similar circulation patterns can 
be observed for 2 March with the major updraft 
area over the western escarpment of the Andes. 
However, deep saturation is not as horizontally and 
vertically extended as in the first period (Fig. 7, cen-
tre). Figure 7 (bottom) points out that the third pe-
riod on 30 March is characterized by a completely 
different situation. The main updraft area is located 
at the eastern escarpment of the Andes reaching up 

to the 200 hPa level. The upward motion is accom-
panied by deep moisture saturation conditions up to 
the 400 hPa level, responsible for the heavy rainfall 
events in the Andes.
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4 Discussion and conclusions

The analysis of the course of the 2008 LN event 
in the N3 and N1+2 region, and the traditional EN 
area of southern Ecuador, confirms that EN condi-
tions in the eastern tropical Pacific can prevail even 
if the central Pacific exhibits LN cold pool condi-
tions. With regard to the generation of heavy rainfall 
in the central El Niño area of southern Ecuador, it 
has turned out that EN and LN-like rainfall events 
can occur under these specific conditions concur-
rently in one rainy season where the first situations 
mostly affect the western Andean slopes and the 
coastal plains, while the latter shows main impacts 
in the highlands and the eastern escarpment of the 
Andes.

It should be stressed that the 2008 situation is 
not the first time that rainfall anomalies in South 
Ecuador do not render the traditional central Pacific 
ENSO (and thus SOI) behaviour, which means that 
cold (warm) events bring higher (lower) precipita-
tion to the coastal part of Ecuador and vice versa for 
the Andean highlands. Since the beginning of the 
21st century, central Pacific warm events (e.g., 2002-
2005) have been partly characterized by below-av-
erage rainfall in the traditional EN area of southern 
Ecuador (Bendix and Bendix 2006). Thus, the 2008 

central Pacific LN event is only the latest example 
of anomalous teleconnections in the tropical Pacific. 
However, the question arises as to the mechanism 
that induces this rapid change in the current century 
and if it is due to natural variability or a signal of 
global climate change. 

By inspecting time series of tropical Pacific SST 
anomalies (Fig. 8) as one major trigger of the zonal 
overturning circulation in the tropical Pacific, it is 
evident that 2008 is the year with the highest SST 
anomaly difference between the eastern (N1+2 re-
gion) and the central tropical (N3.4 region) Pacific 
since 1871 (Fig. 8a). Additionally, the 11-year moving 
average points to a general increase of this differ-
ence, which is particularly intensified at the begin-
ning of the current century. For almost all of the past 
centuries, the direction of the temperature anomaly 
in the central and eastern tropical Pacific has been 
consistent. Since 2000, the SST anomalies of both 
regions have been predominantly out of phase (Fig. 
8b), the main reason for the greater differences be-
tween the central and eastern tropical Pacific, and 
the impact mode change in the traditional El Niño 
region of southern Ecuador. 

The observed change could be a signal of glo-
bal warming, which is already evident in the trop-
ical Pacific-South American region (vuille et al. 
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2003). Model studies reveal that global warming 
would affect the tropical eastern Pacific more 
than the central-western part (vecchi and soden 
2007; latif and Keenlyside 2008). One major 
expected effect is the weakening of the trades 
and the south Pacific anticyclone that is moving 
southwards (vecchi et al. 2006). This might lead 
to lower intensities of the cold upwelling off the 
South American tropical west coast, associated 
with an increase of SSTs and atmospheric up-
draft conditions in the N1+2 region (vecchi and 
soden 2007). Furthermore, palaeodata suggest 
that the Innertropical Convergence Zone (ITCZ) 
is shifted southward during periods of CO2-
driven warming (toggWeiler 2009). All these 
effects could intensify the circulation patterns 
of the normal rainy season in southern Ecuador, 
where the southward shift of the ITCZ brings 
warm equatorial surface water with north-west-
erly low level wind stress to the coast of south-
ern Ecuador and northern Peru during January to 
April, which leads to atmospheric instability and 
rainfall. Convective rainfall and thunderstorms in 
the highlands at Loja are known to be related to 
westerly wind anomalies in this season (Bendix 
and lauer 1992). Consequently, above normal 
SSTs in the N1+2 region that are associated with 
westerly wind anomalies could generally mean 
El Niño-like rainfall conditions in both areas of 
the traditional El Niño region (as 2008) while a 
central Pacific LN prevails. Additionally, the ob-
served novel SST-anomaly dipole pattern should 
intensify the zonal Walker circulation and its up-
draft branch over southern Ecuador due to an 
increase of the thermal asymmetry between the 
N1+2 and particularly the N3 region as seen in 
the current study. On the other hand, the weaken-
ing of an ENSO-driven EN situation (as 2002 and 
2005; for 2002 see also mcPhaden 2004) could be 
a result of a reduced thermal asymmetry between 
eastern and western Pacific. Thus, a weakening 
of the Walker circulation and its updraft branch 
in the N1+2 region might occur. This could lead 
to below normal precipitation as observed for the 
weak EN situations in the current century, but 
also an eastward shift of convection (vecchi and 
soden 2007), which could lead to a propagation 
of Pacific instability across the Andes (as end of 
March 2008).

However, EN/LN circulation patterns in 
the tropical Pacific also interact with the back-
ground signal of the Pacific Decadal Oscillation 
(PDO). In a PDO warm phase, the north Pacific 

anticyclone is shifted towards the western north 
Pacific, which facilities the wind-driven trans-
port of warm equatorial water to the N3.4 region. 
This would favour the development of ENSO-
driven EN conditions. In a PDO cold phase, the 
N-Pacific anticyclone is shifted eastwards, thus 
boosting the impact of occurring LN conditions 
in the N3.4 region while at the same time mod-
erating the effect of emerging central Pacific EN 
events. Additionally, the eastern position of the 
anticyclone during a PDO cold phase fosters the 
shallow meridional overturning circulation in the 
eastern Pacific, particularly dominant during the 
rainy season in southern Ecuador ( J-A). The well-
developed EN events in the 80s and 90s of the 
last century, encompassing both strong events in 
1983 and 1998, were accompanied by a PDO warm 
phase, which supports the interrelation between 
ENSO and PDO. The strong LN 1999 marked the 
onset of a PDO cold phase that could generally 
explain the weak EN and strong LN intensities at 
the beginning of the century. To summarize, the 
observed novel constellation of EN in the N1+2 
region accompanied by strong LN conditions in 
the N3.4 region could be also the result of a PDO 
cold phase that induces similar atmosphere-ocean 
circulation patterns in the tropical Pacific as ex-
pected from global warming. However, SST data 
show that the decoupled N1+2 and N3.4 anoma-
lies of the 2008 event have not occurred during 
previous PDO cold phases and it is striking that 
PDO and SST anomaly difference oscillations 
are out of phase at the end of the 60s of the last 
century (Fig. 8a). Even if no sound estimate of 
climate change effects on PDO is hitherto avail-
able, it can be concluded that the novel situation 
with the dipole structure of SST anomalies in the 
central and eastern tropical Pacific in connection 
with exceptional EN-like rainfall anomalies in the 
traditional El Niño region of southern Ecuador 
must be due to a combination of long-term natu-
ral variability (PDO) and a climate change signal. 
At this time, it is not possible to decide which 
signal has the major impact. Future studies are 
needed to disentangle the effect of climate change 
on PDO and its relation to ENSO regimes and se-
vere f lood/drought events in the tropical Pacific 
land areas. The general lesson learnt is that central 
Pacific SST and the SOI are becoming more unre-
liable indicators for the SST and rainfall situation 
in the N1+2 region, and the traditional EN area of 
southern Ecuador and northern Peru, particularly 
in PDO cold phases under climate change. 
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