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ABSTRACT: This study detects climate trends and variability from precipitation and temperature observations in Ecuador and
assesses their links to the El Nifio Southern Oscillation (ENSO) for the period 1966—2011, using the El Nifio 1+2 and EI Nifio
3.4 indices. Excluding the Amazonian region (for which there is a lack of data), two main regions were distinguishable in terms
of variability and trends among climate variables, especially for precipitation. In general, there was no trend in precipitation
for the coastal region, and a very close relationship between the magnitude and seasonal distribution of precipitation and the
El Nifio 142 variability was found. In contrast, for the mountainous region (the Andes), there was an increase of precipitation
during the study period, and a signal of El Nifio 3.4 influence was detected. Temperatures were spatially homogeneous and
showed an intense warming trend, except for maximum temperatures in the coastal region. The El Nifio 142 influence on
temperature was large from January to July. The results provide evidence of the close control exerted by the ENSO, especially
in the coast of Ecuador, as well as for the occurrence of significant warming across the country independent of the ENSO

phenomenon.
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1. Introduction

The tropical Andean region has been recognized as an
area of high vulnerability to climate change and related
hydroclimatic hazards (IPCC-SREX, 2012; WFP, 2014).
The climate of the region is affected by various and
contrasting topographic and atmospheric mechanisms,
leading to complex phenomena and different degrees of
variability, which complicates assessment of possible
climate change effects. The region is affected by the dis-
placement of the Intertropical Convergence Zone (ITCZ)
but is also subject to trade winds, the influence of Hadley
and Walker circulations cells and moisture advection from
the Amazonian basin. Moreover, the Andean mountain
chain induces topographic uplift of air masses, thus sub-
stantially modulating the precipitation regime (Poveda
et al., 2006; Herzog et al., 2011). One of the major con-
cerns for understanding climate variability and extremes
is related to the coupled atmospheric—oceanic modes. The
El Nifio Southern Oscillation (ENSO) is the main pattern
of climate variability in the Pacific Ocean region and the
tropical Andes (Poveda et al., 2006) and is characterized
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by periodic fluctuations in the sea surface temperature
(SST) and related anomalies in surface air pressure over
the Pacific Ocean and spatial propagation worldwide in
the mid troposphere (e.g. Vicente-Serrano et al., 2011).
This phenomenon induces inter-annual climate variability,
and during its warm (EI Nifio) and cold (La Nifa) phases,
extreme events including floods and droughts cause dis-
asters, affecting millions of people in the region (Grimm
et al., 2000; Larkin and Harrison, 2002). Another impor-
tant driver of variability is the Pacific Decadal Oscillation
(PDO), a pattern exhibited by the surface waters of the
Pacific Ocean north of 20°N, which shifts between warm
and cool phases at inter-decadal timescales (Mantua et al.,
1997; Hare et al., 1999). Despite this signal being most
evident in the North Pacific, there is increasing evidence of
its influence in South America (Mantua and Hare, 2002).

Climate change is thought to increase the frequency and
magnitude of hydroclimatic hazards (Stocker et al., 2013)
and other climate-related processes including glacier
retreat and water availability in the region (Bradley et al.,
2006; Vuille et al., 2008; Lopez-Moreno et al., 2014).
Furthermore, the economies in large areas of the countries
in the region are based on traditional activities of local
communities, which largely depend on climate variabil-
ity (particularly as it affects water availability and the
temperature conditions).
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The issues noted above highlight the need for a compre-
hensive understanding of climate variability and change
processes in the Andean countries, particularly in relation
to prevention of climate disasters and the negative impacts
of climate change on the environment and societies (Mora
and Willems, 2012). Evidence of this includes the grow-
ing scientific literature on climate variability and trends on
national and regional levels in South America in general
and for the tropical Andes and the Amazonian basin in
particular (see examples in Poveda et al., 2006 and Gar-
reaud, 2009). On the transnational level, Espinoza-Villar
et al. (2009) reported a significant decrease in precipitation
since the 1980s in the Amazonian basin and precipitation
variability strongly influenced by the ENSO. A broader
study by Haylock et al. (2006) showed increasing precipi-
tation in Ecuador and northern Peru and contrasting trends
in the southern countries of the continent. Although the
occurrence of global warming has been accepted during
recent decades, the cooling of the Chilean coastal region
reported by Falvey and Garreaud (2009) demonstrates the
need for local high-resolution studies to better characterize
climate trends and variability. This has not been possible
in some countries mainly due to the absence of long-term
data and in other cases, due to the lack of adequate quality
control and homogenization of the available data sets. Dur-
ing the last few years, significant progress has been made,
and quality data is now available from long-term stations
in South America. This has resulted in a number of reports
addressing climate trends and variability for a number of
countries in the region (e.g. Carmona and Poveda, 2014
for Colombia; Casimiro et al., 2013 for Pera; Seiler et al.,
2013 for Bolivia; and Skansi et al., 2013 for the entire
South America).

The study of climate trends and variability in Ecuador
is particularly interesting because of its exposure to the
Pacific Ocean and the direct effects of the ENSO. In
relation to the latter, the presence of the Andes barrier is
likely to strongly modify the ENSO signal (Vuille et al.,
2000). Various studies have considered precipitation in
Ecuador (Rossel er al., 1999; Bendix and Bendix, 2006;
Buytaert et al., 2006) or have focused on precipitation
and temperature in small areas of the country (Mora and
Willems, 2012). In general, a strong connection between
the ENSO and precipitation in Ecuador has been found, but
none of the previous studies analysed stations throughout
the entire country. Moreover, the various studies focusing
on precipitation trends did not show agreement on the
sign of the trends, these being strongly dependent on the
stations and the time period analysed. Thus, a study of
trends and variability in precipitation and temperature,
based on up-to-date data for the entire country, has been
lacking. With the availability of climate data recently
recovered and digitalized by the Ecuador National Institute
for Meteorology and Hydrology (Instituto Nacional de
Meteorologia e Hidrologia — INAMHI), this type of study
is now possible for the entire country, except in large
areas of the Amazonas sector where the observation station
network is extremely sparse.
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The present study aims at investigating the main
spatio-temporal variability of precipitation and tempera-
ture in Ecuador along with their long-term trends, based on
a principal component analysis (PCA) and a multi-period
trend analysis. Moreover, the spatio-temporal effects of
the ENSO phenomenon on the country based on correla-
tions between the climate variables and the El Nifio 142
and the El Nifio 3.4 indices are evaluated.

2. Study area

Ecuador is located in the South American continent
between the Pacific Ocean and the Amazon basin, occu-
pying an area of 256 370km? to the north and (mostly)
south of the Equator (Figure 1). The Andean mountain
chain crosses the country in a north—south direction
and constitutes a substantial topographic barrier, with
large areas exceeding 4000 m asl and the highest summits
reaching approximately 6300 m asl. The average precipi-
tation along the coast and in the lowlands for the period
1965-2011 was approximately 1600 mm year~!, whereas
at the stations in the Andes, the annual precipitation does
not reach 900 mm. The sole station located in the Ama-
zonian basin registered an average precipitation value of
4600 mm~' during the study period. The meridional ITCZ
displacement and SST fluctuations determine the precip-
itation regimes. The rainy season is associated with the
ITCZ and the equatorial front location in its southernmost
position where warm moist air masses originanting from
the northwest cover the coastal region, bringing significant
rainfall and raising air temperatures. Inversely, the north-
ernmost ITCZ displacement and the equatorial front result
in the presence of cooler and dryer air masses descending
from upwelling regions in the southwest, influencing
the dry season (Rossel and Cadier, 2009). Consequently,
precipitation is not evenly distributed during the year,
with 80% of the annual rainfall occurring from December
to May (the ‘wet season’). No distinct seasons can be
distinguished for temperature, which grades from the
coast (annual average 26 °C) to the mountains (12 °C)
(Figure 1, right bottom plot).

3. Data and methods
3.1.

Data on daily precipitation and maximum and mini-
mum temperatures were obtained from INHAMI and were
pre-processed at the International Research Centre on
EL Nifio (Centro Internacional para la Investigacion del
Fenémeno de El Nifio; CIIFEN) within the framework
of the project Climate Change and Biodiversity Informa-
tion for the Enhancement of Conservation and Adapta-
tion Policies in the Tropical Andes Region. Daily climate
series from 50 stations in Ecuador were quality con-
trolled using the specifically designed HOMER software,
which identified and removed gross measurement errors
and identified and corrected transcription and data format-
ting problems (Aguilar et al., 2003). The present study

Climate data
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Figure 1. Location of Ecuador showing those meteorological stations that were included in the analysis (triangles) and those that were discarded
(circles). The right plot shows the mean precipitation (bars) and temperature (lines) monthly regimes in the coastal lowlands and in the Andean
mountain stations.

identified 19 stations with sufficient data coverage for the
period 1966-2011(less than 15% of daily missing val-
ues) and from these data, computed monthly average val-
ues for daily maximum (7',,,) and minimum (7;,) air
temperature and monthly accumulations of daily precip-
itation, only when all daily records within a month were
present. Inhomogeneities and missing values in monthly
data were checked and reconstructed using HOMER soft-
ware (see details in Mestre et al., 2013), which contains,
as a preliminary detection tool, the pairwise algorithm
and the two-factor analysis of variance (ANOVA) model
for correction described by Caussinus and Mestre (2004).
A conservative homogenization procedure combining the
automatic application of the algorithm with a supervised
check was performed to discard from correction those
break points that could be caused by climate processes.
This resulted in corrections involving 11 break points
among 5 precipitation stations and 36 break points among
12 temperature stations. These break points were consid-
ered to be independent of the variability or trends intrinsic
to the climate series. The spatial coverage of the stations
was reasonable except for the Amazonian region (east),
where data was scarce and not suitable for climatological
analysis (Figure 1).

The ENSO is a complex ocean-atmospheric phe-
nomenon of variable extent and intensity and contrasted
impacts. Proof of this is the number of indices used to
characterize it [Oceanic Nifio Index (ONI), Southern
Oscillation Index (SOI) or the indices computed for each
ENSO region, i.e. El Nifio 1+2, El Nifio 3, El Nifio 4, El
Nifio 3.4] or even the existence of various ENSO modes

© 2016 Royal Meteorological Society

(EI Nifio and El Nifio Modoki, e.g.: Ashok et al., 2007,
Takahashi er al.,2011). It is known that the ENSO has con-
trasted impacts over the coast and inlands of tropical South
America. On the coast, strong convection due to warmer
SST during El Nifio enhances precipitation with respect
to neutral ENSO conditions (Rossel and Cadier, 2009).
On the contrary, convection over the central Pacific during
El Nifio affects Walker circulation in the upper tropo-
sphere, and intense subsidence occurs over Brazil, leading
to drought conditions over the inlands of the continent
(Poveda et al., 2006). In order to reflect these two con-
trasted impacts, two ENSO indices were selected, El Nifio
142 and El Nifio 3.4 (http://www.cpc.ncep.noaa.gov/),
that represent anomalies in the coastal region and central
Pacific SST, respectively.

El Nifio (warm) and La Nifia (cold) events were identi-
fied on the basis of thresholds of the smoothed (3-month
moving average) series of El Nifio 142 and El Nifio 3.4.
For El Nifio 142, the ICEN index (Coastal El Nifio Index,
Indice Costero El Nino, ENFEN, 2012) was used, which
considers El Nifio events as those months with a value >1
and La Nifa events as those months with a value <—1.
Months with values within that range were considered to
be ‘neutral events’. For El Nifio 3.4, the ONI (CPC-NOAA,
2006) was used, for which El Nifio months are those with a
value >0.5 and La Nifia months those with a value <—0.5.
El Nifio/La Nifia years defined from the ICEN and ONI
indices do not necessarily coincide, indicating the complex
spatio-temporal variability of the ENSO. Figure 2 shows
the series of the two respective indices, indicating when EIl
Nifio, La Nifia and neutral months occurred.

Int. J. Climatol. 36: 3839-3855 (2016)
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Figure 2. Temporal series of ICEAM and ONI indices, with indication of El Nifo, and La Nifa events.

3.2.  Exploratory analysis

Prior to assessing trends in the data series, an exploratory
analysis was performed to detect possible redundancies
and search for common patterns in the evolution of cli-
mate variables. This was performed using a PCA in S mode
(with the climate series from the various stations as input
variables and the various monthly values as the cases).
This technique enables the detection of autocorrelation
in the sample of variables (through a correlation matrix)
and constructs new orthogonal (non-correlated) variables,
termed principal components (PCs), which are lineal com-
binations of the original variables and capture most of the
original variance in the data (Jolliffe, 2005). To facilitate
the interpretation of the resulting PCs (i.e. the basic modes
of variability in precipitation and temperature), a varimax
rotation of the axis was performed, which enabled their
approximation to the original variables to be maximized
(Richman, 1986).

3.3.

Following completion of the exploratory analysis, trends
in the climate series were computed and their statisti-
cal significance was assessed using the Mann—Kendall

Trend and correlation analyses

© 2016 Royal Meteorological Society

test. This test has been broadly used in climatological
studies for detecting trends because of its non-parametric
nature, which prevents outliers or non-normal distribu-
tions from affecting the probability of rejecting the null
hypothesis (no trend). Prior to applying the trend test,
the trend-free pre-whitening procedure (Yue et al., 2002)
for removing the autocorrelation (AR1) was performed,
when present in the series. This entire procedure was per-
formed using the ‘zyp’ package developed by Bronaugh
and Werner (2013) for the R statistical computing envi-
ronment. The length of the climate series enabled trends
for different sub-periods to be computed and so enabled
the detection of points at which a change in the sign
of the trend occurred or years where the trend weak-
ened or became stronger. This was achieved by calculating
trends for all possible combinations of periods of a min-
imum of 30 years in length, from the beginning of the
study period. The results were trend matrices (so-called
heat maps), which are easy to interpret and facilitate
clear visual representations of the information. Trend anal-
yses for the annual and seasonal means (temperature)
and totals (precipitation) were performed based on the
long-term precipitation regime (Figure 1) (as there are no

Int. J. Climatol. 36: 3839-3855 (2016)
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Figure 3. Spatial and temporal variability of precipitation. Upper panels show the factorial scores for the PCs obtained. Lower panels show the
loading factors of precipitation series with each PC. The scale indicates the intensity and sign, and the point size indicates the absolute values for the
loading factors. Spatial extent of the Andean chain is depicted by a contour line at 1000 m asl.

conventional seasons in the regions near the Equator). The
‘wet season’ was defined as December—May and the ‘dry
season’ as June—November, and trend analyses for total
precipitation and averaged temperature for these seasons
were performed.

To characterize the influence of the ENSO on the climate
of Ecuador, correlation tests (Pearson’s correlation) were
performed between the ENSO indices and the climate
variables on the monthly level. These correlations were
computed on the detrended series of precipitation, T,
and T,,; this was done to remove noise in the observed
trends of the climate variables during the study period.

4. Results
4.1.

Figure 3 shows the main variability in precipitation across
Ecuador. Three PCs explained most of the variance in the
original precipitation series, although the third PC rep-
resented only one station (the sole station located in the
Amazonian basin), and thus it was discarded from further
analyses. In Figure 3, the loading factors for the PCs show
a clear spatial structure. PC1 explained 34% of the vari-
ance and represents the stations located in the lowlands

Precipitation
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near the Pacific Ocean coast. The temporal evolution of
precipitation at these stations is summarized by the factor
scores for PC1 (left upper panel). This shows a station-
ary evolution of precipitation (no trend) with two peaks
(in the years 1983 and 1997, respectively), which cor-
respond to the most extreme El Nifio events when the
maximum ocean temperatures were recorded (discussed
below). In contrast, PC2 showed an increasing trend in pre-
cipitation associated with stations located in the Andean
region. The 1965-2011 trend analysis was conducted for
all stations, but a more detailed analysis (30-year time
slice running trends) was performed only for those sta-
tions that were more representative of each PC (the station
most correlated with each extracted PC). This was per-
formed for the total annual precipitation and also for the
wet and dry seasons. Table 1 shows the percentage of sta-
tions showing positive and negative precipitation trends
during the study period. For annual precipitation, there
was a prevalence of positive coefficients (78%) but no sig-
nificant trends at the 95% confidence level. This propor-
tion was also observed for the wet season (with only two
stations showing significant positive trends), but for the
dry season, negative coefficients prevailed (although they
were mostly non-significant). We sorted the stations by PC
and confirmed that stations represented by PC1 showed no

Int. J. Climatol. 36: 3839-3855 (2016)
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Table 1. Percentage of stations showing negative and positive tau coefficients and significant trends in precipitation.
Tau coeff. Annual Wet season Dry season
% Stations % Sig. % Stations % Sig. % Stations % Sig.
All Negative 21 0 11 0 79 0
Positive 79 0 89 11 21 0
PCl1 Negative 50 0 25 0 100 0
Positive 50 0 75 0 0 0
pC2 Negative 0 0 0 0 56 0
Positive 100 0 100 11 44 0
PC1 Annual Wet season Dry season
2011+ 2011+ 2011+
L]
2009 2009+ 2009~
L]
2007 4 2007+ 2007~
L]
2005 - 2005+ . 2005~
2
] 2003 4 2003+ 2003~
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Figure 4. Heat maps showing running trends of precipitation for the most representative stations for PC1 and PC2. X and Y-axes indicate the start
and ending year, respectively, of the time slices for the trend analysis. The scale indicates the intensity of the trend based on Mann—Kendall’s tau
coefficient. Dots indicate a significant trend (p < 0.05).

clear trends, although there was a prevalence of negative
(positive) coefficients for the wet (dry) seasons. In contrast,
stations represented by PC2 showed predominantly posi-
tive coefficients (except for the dry season), although most
were not statistically significant. However, the sign or sig-
nificance of the trend varied depending on the period cho-
sen. Figure 4 shows the running trends for the most repre-
sentative stations for PC1 and PC2 (Pichilingue and Canar
stations, respectively; Table 2). Each pixel in the heat map
depicts the Mann—Kendall’s tau value for a time period,
with the starting year indicated in the x-axis and the ending
year indicated in the y-axis. The entire time series are also
shown in the small embedded graphs. For PC1, positive

© 2016 Royal Meteorological Society

coefficients predominated the annual and wet season pre-
cipitation, and negative coefficients predominated the dry
season. Most coefficients were not significant, except for
the wet season, for time slices around 1975-2010, when
positive trends were observed. This effect was even more
pronounced for PC2, where the trends become significant
for annual and wet season precipitation in approximately
the same time window, suggesting an intensification of
positive trends in precipitation in recent decades.

4.2. Temperature

Figure 5 shows the PCs that summarize the variability

of T, across Ecuador. Three PCs explained most of

Int. J. Climatol. 36: 3839-3855 (2016)
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Table 2. Locations of the meteorological stations used in the study.

Station name Latitude Longitude Elevation Precipitation Temperature
Mean SD PC Mean SD PC
1IZOBAMBA -0.4 —78.6 3058 1458.9 258.2 2 12.1 0.50 3
PORTOVIEJO-UTM -1.0 —-80.5 46 523.1 321.9 1 26.3 0.61 2
PICHILINGUE -1.1 -79.5 120 2132.3 823.2 1 25.5 0.55 2
PUYO -1.5 -77.9 960 4590.8 549.9 3 21.7 0.48 1
LA CONCORDIA 0.0 -79.4 379 3238.6 960.4 1 24.5 0.59 2
PUERTO ILA -0.5 -79.3 319 2738.2 825.5 1 24.6 0.65 2
CANAR -2.6 —78.9 3083 481.8 113.7 2 12.0 0.48 3
LA ARGELIA-LOJA —-4.0 -79.2 2160 946.9 182.0 2 16.4 0.55 1
MILAGRO(INGENIO VALDEZ) 2.1 -79.6 13 1379.0 781.3 1 25.6 0.62 2
EL ANGEL 0.6 -77.9 3000 768.1 273.6 2 11.9 0.74 1
SAN GABRIEL 0.6 -77.8 2860 994 .4 211.2 2 12.0 0.55 1
OTAVALO 0.2 -78.3 2550 867.3 193.2 2 14.8 0.61 3
PAUTE -2.8 —78.8 2194 746.7 150.2 2 17.7 0.51 1
GUALACEO -29 —78.8 2230 779.3 181.4 2 17.2 0.59 1
SARAGURO -3.6 -79.2 2525 725.2 164.9 2 15.1 0.73 1
CARIAMANGA —-4.3 -79.6 1950 1394.1 471.7 1 18.7 0.63 3
CELICA —4.1 —-80.0 1904 1151.9 455.3 1 15.8 0.66 3
CHONE-U.CATOLICA -0.7 -80.0 36 1271.8 576.6 1 26.1 0.65 2
ZARUMA -3.7 —79.6 1100 1269.3 378.0 1 22.9 0.62 1
PC1 PC2 PC3
2 - 5 - 3 -
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Figure 5. Spatial and temporal variability of maximum temperature. Upper panels show the factorial scores for the PCs obtained. Lower panels show
the loading factors of precipitation series with each PC. The scale indicates the intensity and sign, and the point size indicates the absolute values
for the loading factors. Spatial extent of the Andean chain is depicted by a contour line at 1000 m asl.
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Table 3. Percentage of stations showing negative and positive tau

coefficients and significant trends in 7', (a) and T;;, (b).

Tau sign Annual Wet season Dry season

% % % % % %

Stations Sig. Stations Sig. Stations Sig.

(a) Tmax
Negative 16 0 32 0 5 0
Positive 84 37 68 32 95 37
PC1 Negative 0 0 0 0 0 0
Positive 100 78 56 67 44 78
PC2 Negative 50 0 67 0 17 0
Positive 50 0 33 0 83 0
PC3 Negative 0 0 50 0 0 0
Positive 100 0 50 0 100 0

(b) Tmin
All  Negative 0 0 0 0 0 0
Positive 100 84 100 74 100 84
PC1 Negative 0 0 0 0 0 0
Positive 100 100 100 88 100 88
PC2 Negative 0 0 0 0 0 0
Positive 100 71 100 71 100 71
PC3 Negative 0 0 0 0 0 0
Positive 100 75 100 50 100 100

the original variance and showed a spatial pattern simi-
lar to the PCs for precipitation. PC1 explained 31% of
the original variance and grouped stations located along
the Andean mountain chain (more or less the same sta-
tions for PC2 in the analysis of precipitation). The factorial
scores showed a trend of steeply increasing temperature
at these stations. PC2 explained 23% of the variance and
grouped stations located in the lowlands near the coastline;
these were largely the same stations for PC1 in the anal-
ysis of precipitation. No clear trend was evident among
these stations during the entire study period, although a
trend of increase (decrease) was observed during the first
(last) decades of the period. PC3 represented several sta-
tions in the Andean chain that were not represented by
PC1. For these stations, no clear trend was evident for
the entire period, although trends of partial increase and
decrease were apparent. Table 3a summarizes the trends
for all stations, sorted by both season and PC. In gen-
eral, the observed trends confirmed the pattern shown in
Figure 5, with a predominance of significant increasing
T max Tor stations represented by PC1 and no significant
coefficients for the other stations. No substantial differ-
ences were observed between trends in 7', during the wet
and the dry seasons. Figure 6 shows the running trends in
T ax Of the most representative stations for each PC (Puyo,
Pichilingue and Izobamba stations, Table 2). For PC1, sig-
nificant trends of increase in temperature were found for all
time windows, although slightly less steep for the wet sea-
sons. For PC2, a clear break point was observed in approx-
imately 1975, following which a significant decrease in
T .ax Was observed. In general, insignificant positive trends
were observed for PC3, except for the dry season when
trends of increasing T, were evident, especially for the
time windows towards the end of the period.
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E. MORAN-TEJEDA et al.

Figure 7 shows the spatio-temporal variability of T,
across Ecuador. The spatial structure of the PCs was simi-
lar to that observed for T’ , with stations grouped in three
PCs. The evolution of T';, in the three PCs showed a gen-
eral trend of increase superimposed on strong inter-annual
variability, which clearly differed among the three PCs.
From Table 3b, it is evident that almost all stations showed
a significant increase in 7',;,, but with a slightly lower per-
centage evident for the wet seasons. The heat maps in
Figure 8 show the running trends for time windows for
the stations most representative of each PC. For most time
windows, PCs and seasons, the positive T, ;, trends were
significant, except for some time windows in PC1.

4.3.

Figure 9 shows the correlation coefficients between the
precipitation series and the El Nifio 142 (Figure 9(a)) and
El Nifio 3.4 (Figure 9(b)) series. The maps show that the
correlation values had the same spatial pattern as in the
PCA. In general, the stations located near the coastline
showed positive and strong correlations between precipi-
tation and El Nifio 142, whereas correlations with El Nifio
3.4 were slightly weaker. In contrast, the stations located
in the Andes showed no correlation with El Nifio 142
and a negative correlation with El Nifio 3.4. Correlations
for the entire series (including all months consecutively)
were not very strong (albeit significant in many cases) as
the precipitation in some months was not correlated with
either the El Nifio 142 or El Nifio 3.4. This was assessed
in detail using heat maps showing correlations between
the detrended precipitation in each month and the circu-
lation indices at different levels of monthly aggregation
(backwards) for the most representative stations of PC1
and PC2 (see Section 4.1). Thus, PC1 precipitation (coastal
stations) showed a significant positive correlation with El
Nifio 142 from March to December. The effect of the
ENSO on coastal precipitation was evident in the same
month as the ENSO anomalies, as the maximum correla-
tion for monthly precipitation was recorded in the 1-month
El Nifio 14+2. However, the El Nifio 142 also showed some
predictive capacity for precipitation based on significant
correlations with El Nifio 142 at different aggregation lev-
els (up to 12 months). Stations represented by PC2 showed
little correlation with El Nifio 1+2. The signal of El Nifio
3.4 on precipitation was less evident than that of El Nifo
142 in the coastal region but stronger in the Andes. For
PC1, the signal commenced in April and was maintained
until December. Moreover, the signal was stronger for the
El Nifio 3.4 values aggregated some months in advance.
Precipitation variability at the stations represented by PC2
was partially explained by El Nifio 3.4, especially for pre-
cipitation in January, July, August and September.
Figures 10 and 11 show the correlation for 7, and
T in With each ENSO index, respectively. As with precip-
itation, a positive relationship was found between El Nifio
142/El Nifo 3.4 and T, /T ;»- These relationships were
especially significant for the first half of the year, although
El Nifio 3.4 also showed significant correlations in various

ENSO control on precipitation and temperature
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Figure 6. Heat maps showing running trends of maximum temperature for the most representative stations for PC1, PC2 and PC3. x- and y-axes
indicate the start and ending year, respectively, of the time slices for the trend analysis. The scale indicates the intensity of the trend based on
Mann—Kendall’s tau coefficient. Dots indicate a significant trend (p < 0.05).

months during the second half of the year. However, in
the case of temperatures, there was no clear spatial cor-
respondence between the PCs (Figure 5) and the level of
correlation. In fact, the internal structure of monthly corre-
lations (heat maps) showed no clear differences among the
three PCs, contrary to what was found for precipitation.
Moreover, the fact that correlations were computed on the
detrended series of temperature indicates that the strong
relationship found between the ENSO and temperature
for certain months of the year was independent of
the warming experienced in the region during recent
decades.

© 2016 Royal Meteorological Society

The control that the ENSO exerted on precipitation
and temperature implied, in practical terms, that during
the peaks of the phenomenon, the climatic conditions
markedly deviated from the average. To demonstrate
this, the mean precipitation (Figure 12) and temperature
(Figure 13) during warm events (El Nifio), cold events
(La Nifia) and months with ‘neutral conditions’ (see
Section 3.1) were calculated according to the coastal
index El Nifio 142 and the central pacific index El Nifio
3.4. Figure 12 shows that for the wet season and only for
stations represented by PC1 (the coastal region), precip-
itation during El Nifio events according to the El Nifio

Int. J. Climatol. 36: 3839-3855 (2016)
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142 (Figure 12(a)) index was double than during normal
months. During La Nifia events, precipitation was less
than average and almost a factor of three less than during
El Niflo events. Precipitation in the Andes region (PC2)
shows little difference according to El Nifio 142, but it
does show significant differences according to El Nifio
3.4 (Figure 12(b)). In this case, the effect of the ENSO on
precipitation is the opposite than for the coastal region, i.e.
during El Nifio events, precipitation shows below-average
values, whereas La Nifia events are associated to pre-
cipitation higher than average. During the dry season,
the differences between events were exacerbated for the
coastal region according to El Nifio 142 and in the Andes
according to El Nifio 3.4. It must be taken into account that
the high values of precipitation shown in Figure 12 might
be markedly influenced by two extreme El Nifio events
that took place in 1982-1983 and 1997-1998 (in these
intense events, the ENSO is equally explained by El Nifio
142 and El Nifio 3.4, indicating the large areal extent of
the episodes), during which historical maximum levels of
precipitation were recorded (see Figure 3, PC1). Thus, for
the small embedded boxplots in Figure 12, those extreme
events were removed from the analysis; this showed that
the differences were less, but the pattern was still evident.

Temperature (Figure 13) showed the same pattern as
precipitation but with smaller differences. Only significant

© 2016 Royal Meteorological Society

differences were observed at stations represented by PC2
(coastal stations) and by El Nifio 142 (Figure 13(a)),
whereas at the Andes stations, the differences were more
subtle. From Figures 10 and 11, it appears that the effect of
the ENSO on temperature was independent of the location
of stations, but in Figure 13, it was noticed mainly at
the coastal stations where the magnitude of temperatures
clearly differed amongst the ENSO events.

5. Discussion and conclusions

From the available climate data, two main regions of
Ecuador were identified in terms of variability of precipi-
tation and temperature: the coastal region and the Andean
region. Because of lacking data availability, the present
study was able to include data for only one station located
on the Amazonian side of the Andes. This station showed
a contrasting evolution of precipitation, and it is hypothe-
sized that if more stations had been available in the Ama-
zonian basin, a third climatic region may well have been
distinguished.

In terms of climate trends, precipitation along the coast
showed no particular trend, whereas precipitation at
stations located in the Andean mountain chain showed
trends of increasing precipitation; these were significant

Int. J. Climatol. 36: 3839-3855 (2016)
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Figure 8. Heat maps showing running trends of minimum temperature for the most representative stations for PC1, PC2 and PC3. x- and y-axes
indicate the start and end year, respectively, of the time slices for the trend analysis. The scale indicates the intensity of the trend based on
Mann-Kendall’s tau coefficient. Dots indicate a significant trend (p < 0.05).

for the time slices starting in the mid-1970s, especially
during the wet season. This is in agreement with the
increasing trend observed by Haylock et al. (2006) in
most daily rainfall indices over Ecuador and northern
Peru as well as over Brazil, Paraguay, Uruguay and north-
ern and central Argentina (in contrast to a decrease in
precipitation in southern Peru and southern Chile). The
authors related such trends in regional rainfall to a general
decrease of the SOI (sea level pressure anomalies between
Taihti and Darwin); this is inconsistent, however, with the
present study’s results as more frequent El Nifio conditions
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related to negative SOI values would involve a decrease
in precipitation in the Ecuadorian Andes, as observed in
here. However, the SOI presents some weaknesses as an
indicator of the ENSO and precipitation variability over
the South American continent and more specifically over
Ecuador. This is mainly because the sea level pressures
at Taihti are not necessarily representative of the pressure
gradients over the eastern Pacific and because Taihti and
Darwin are not located over the equator but somewhat
south of it (18°S and 12°S, respectively). There is evidence
of an uncoupling between the SOI and the ENSO indices

Int. J. Climatol. 36: 38393855 (2016)
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during the last decade (Takahashi, K., 2015, personal
communication), which prevents the discussion of any
recent trend of precipitation over South America based
on such indicator. Further research is necessary to clarify
the causes of both the variability and trends found in
Andean precipitation; this may have important implica-
tions for water resources and glacier survival in a warmer
climate.

Although there were differing patterns of inter-annual
evolution in temperature across Ecuador, there was a
strong trend of increase during the study period. However,
differences in trends were evident for the minimum and
maximum temperatures. For T ;. , the trend was homo-
geneous for the entire country (particularly strong for
the coastal stations), but for 7., there was substantial
spatial heterogeneity with trends of temperature decrease
in the coastal region and a strong trend of temperature
increase throughout most of the Andean region. Tem-
peratures were significantly correlated with the El Nifio
142 index, especially in the western lowlands, and to a
lesser extent with El Nifio 3.4; however, the positive trend
appeared to be independent of the ENSO phenomenon and
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may therefore have been a consequence of global warming
caused by increased greenhouse gases. The mean ratio of
increase of approximately 0.25°C per decade (data not
shown) is within the range of warming ratios reported for
various regions of the tropical Andes, including 0.11 and
0.10°C per decade for the Bolivian and Peruvian Andes,
respectively (Casimiro et al., 2013; Seiler et al., 2013) and
0.32°C for the tropical Andes for the period 1974—1998
(Vuille and Bradley, 2000). Warming is expected to con-
tinue in the region, with the main threat to the environ-
ment and societies being related to the retreat of glaciers,
with subsequent effects on the availability (an increase in
the short-term, but a decrease in the long-term) of fresh
water for downstream populations (Bradley et al., 2006)
and also an increase in the atmospheric water demand,
which may affect water stress in crops and natural vege-
tation.

With respect to climate variability, precipitation along
coastal Ecuador was observed to be strongly correlated
with the El Nifio 142 index. The two periods of heavy
precipitation (1982—-1983 and 1997-1998) correspond to
two of the most extreme El Nifio events recorded (Rein,

Int. J. Climatol. 36: 3839-3855 (2016)
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2007). The influence of the ENSO was stronger during the
dry season (June—November) than during the wet season
(December—May). Unlike in the coastal region, El Nifio
142 does not explain precipitation in the Andes; however,
there was a signal of El Nifio 3.4. This is a clear example
of how the El Nifio 142, which is based on SST from the
region near the coasts of Peru and Ecuador, is a robust
index for characterizing the short-term ENSO and related
precipitation caused by local convection in the coastal
regions. In contrast, the El Nifio 3.4 characterizes the SST
in the central Pacific and reflects the signal of more gen-
eral mid-troposphere circulation in the Pacific region and
the effects of anomalous Walker circulation during ENSO
events. Thus, it is a better predictor of precipitation vari-
ability for inland and highland regions such as the Andes.
However, the correlations found between precipitation and
El Nifio 3.4 in the Andes were not as strong as those
between El Nifio 14-2 and coastal precipitation. The reason
for this is that other sources of variability affect precip-
itation in the Andes. The present study did not explore
the decadal variability associated to the PDO. However,
a spectral analysis performed over the two PCs (data not
shown) reveals the sign of two sources of variability: PC1
depicts a frequency peak at 4.8-year periods, indicating
the inter-annual sign of ENSO variability, and a secondary
peak at 12-year periods, related to the decadal variability
of the PDO. On the contrary, PC2 shows the opposite sig-
nal, the main peak of frequency at 16-year periods (decadal
variability) and a secondary peak at 5-year periods (ENSO
variability), indicating that the PDO may be a better mod-
ulator of Andean precipitation than the ENSO.

© 2016 Royal Meteorological Society

The impact of ENSO on precipitation in South America
is well known: warmer than usual Pacific region SSTs (El
Nifio) trigger convection in coastal regions, leading to large
precipitation events, especially on the coast of Ecuador and
Peru. This is enhanced by the weakened South Pacific trade
winds, which allow the ITCZ to migrate to the south and
to transport warm moist air to the coastal area (Rossel and
Cadier, 2009). On the other hand, the enhanced coastal
convection leads to intense subsidence over Brazil and
Central America, which suppresses deep tropical convec-
tion and leads to negative rainfall anomalies and drought
conditions over the remainder of the continent (Grimm
et al., 2000; Coelho et al., 2002; Poveda et al., 2006).
However, other atmospheric circulation mechanisms must
be taken into account while explaining precipitation vari-
ability in this region. For example, Bazo et al. (2013)
found that precipitation in the northwestern part of Peru is
explained not only by the ENSO but also by other modes
of variability including the Indian Ocean Dipole or the
equatorial Atlantic Oscillation. The inner complexity of
the ENSO phenomenon must also be considered as evi-
denced by the numerous ENSO regions that have been
defined (El Nifio 142, El Nifio 3, El Nifio 4, El Nifio 3+4),
the contrasting effects in different regions and its complex
variability involving different recognizable ENSO modes
(EI Nino and EI Nifio Modoki, e.g.: Ashok et al., 2007;
Takahashi et al., 2011). Moreover, the effect of the ENSO
on the precipitation in the region is far from being station-
ary; the overlapping of ENSO events with the PDO could
partially explain recent changes in the temporal and spa-
tial ENSO effects over the Andes; thus, whether the PDO

Int. J. Climatol. 36: 3839-3855 (2016)
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Figure 12. Differences in precipitation during El Nifio events, La Nifia events and ‘normal’ months according to El Nifio 142 (a) and El Nifio 3.4 (b)
indices. Small embedded boxplots show the differences following removal of the extreme El Nifio events of 1982—1983 and 1997-1998. Boxplots
show the 10th, 25th, 50th, 75th and 90th quantiles.

is in its cold or warm phase, the impacts of the ENSO on
precipitation can be reduced or enhanced (Garreaud et al.,
2009; Herzog et al., 2011).

The present study complements the findings of vari-
ous studies carried out in the tropical Andes and adjacent
regions and contributes to the identification of the main
characteristics of climate variability and current trends
in the region, especifically for Ecuador. Previous studies
focused on different aspects of climate variability that the
present study addressed here. For example, Vuille ef al.
(2000) studied the variability of temperature and precip-
itation in a large set of meteorological stations across
the Ecuadorian Andes for the period 1963—1992. Simi-
lar to the present study, they found that El Nifio (La Nifia)
years were associated with below-average (above-average)
precipitation, which is a common feature on other inland
regions (Poveda et al., 2006), and just the opposite of

© 2016 Royal Meteorological Society

what happens in the coastal region. Rossel and Cadier
(2009) focused on the coast of Ecuador for the 19641993
period and found El Nifio a good predictor of precipi-
tation but stressed the necessity of using longer records
in order to confirm the strength of the relationship. Oth-
ers, such as Espinoza-Villar et al. (2009) in a regional
study of the Amazonian basin, found, in terms of pre-
cipiation, a long-term decrease during 1975-2003, which
was not observed for any of the precipiation records in
the present study. The latter studies either focused on a
restricted region of Ecuador and a partial spatio-temporal
characteristic of the climate or lacked data from the last
10 years. In this sense, the present study puts together
the analysis of temporal variability and trends with spa-
tial variability and their association with the ENSO in
the entire continental Ecuador. Also, the present study’s
updated climate data informs on the recent variability and

Int. J. Climatol. 36: 3839-3855 (2016)
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Figure 13. Differences in temperature during El Nifio events, La Nifia events and ‘normal’ months according to El Nifio 1+2 (a) and El Nifio 3.4 (b)
indices. Boxplots show the 10th, 25th, 50th, 75th and 90th quantiles.

trends of precipitation and temperature. In this regard,
the present study’s multi-period trend analysis advances
the understanding of climate trends in the region, indicat-
ing a recent enhancement of precipitation and a differing
behaviour of maximum and minimum temperature, with
the first showing a slight hiatus during the last decade
of the long-term observed warming. Ongoing research
should focus on understanding the different sources of
variability and the hydrological/environmental implica-
tions of the observed and future trends on the climate of
Ecuador.
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