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Abstract
The Northeastern Argentine (NEA) region is one of the most productive and vulnerable to climate risk due to frequent extreme
precipitation events (EPE). The present study aims to identify and explain the spatiotemporal distribution of precipitation in the
NEA region to assess its heterogeneity. A cluster analysis from Ward’s hierarchical method was applied using observational
precipitation collected at meteorological stations during 1959–2018. The elbowmethod and a nonhierarchical analysis of K-means
were also useful to define the correct number of clusters. The three groups obtained responded to an east-west precipitation
gradient that generated a zonal atmospheric circulation, and the positive anomalies mostly coincided with El Niño-Southern
Oscillation (ENSO) events. Although they had similar seasonal rainfall and annual amplitudes, each subregion presented its
specific variability at different temporal scales. Positive anomalies were more significant in the east of the NEA region, which
is reflected in the displacement of isohyets in the last decades. Our results suggest that almost the entire NEA region is highly
vulnerable to EPE, but with higher intensity and frequency in the center and east. Due to the agricultural and ecological importance
of this region and the socioeconomic effects of EPE, studies with more detailed scales than the regional ones are necessary.

1 Introduction

Climate change impacts are multiscale, with both positive and
negative consequences that affect the sustainable development
of regions (Nan et al. 2011). In addition, climate variability
may lead to variation in the frequency of extreme events that
disturb ecosystems and food production and adversely impact
human settlements (García and Pedraza 2008). Southeastern
South America presents substantial departures from the mean
climate at different timescales leading to frequent extreme
precipitation events (EPE; Magrin et al. 2014). Flood-related
disasters are the most frequent type of hazard in South
America (57%) and represent the main cause of economic
losses of the remaining natural catastrophes (WMO 2014).

Therefore, EPE is the most devastating and costly factor,
and several observational studies have found that these events
have increased in frequency and severity. Recurring wet
events during 1970–2005 generated floods with severe conse-
quences on productive systems and forced population dis-
placements (Lovino et al. 2018).

The Northeastern Argentine (NEA) region, usually called
the Mesopotamia, is the richest in biodiversity than any other
region in Argentina. This area extends over important hydro-
logical basins with abundant rivers and streams. Furthermore,
it is a highly productive region where the main economic
activities are logging and its related industries, such as wood
and paper. The NEA region is sensitive to climate variability
with potential consequences on water resources and very var-
ied agricultural activities. The principal rivers present low
coasts, and increased precipitation causes severe floods in
urban and rural areas due to high discharges (Lovino et al.
2014; Magrin et al. 2014). Two of the major floods in this
region occurred in 1983 and 2003. In both cases, more than
100,000 people had to be evacuated, and there were economic
losses in the millions (Krepper and Zucarelli 2010; WMO
2014). Intermittent floods from 2014 to the present have also
caused severe damage in the region.

Most of the studies related to EPE in the NEA region have
been conducted at the South American level. Responses to
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climate variability are generally sought in sea surface temper-
ature anomalies associated with El Niño and La Niña episodes
that produce unusual heat and water vapor fluxes from the
tropical Pacific Ocean to the atmosphere. There are significant
impacts on seasonal and monthly precipitation amounts in
numerous regions of South America during the different El
Niño-Southern Oscillation (ENSO) phases (Tedeschi et al.
2016). Several studies have related precipitation in southeast-
ern South America to the interannual ENSO timescales, show-
ing increased precipitation and thus leading to higher river
flows. However, evidence has also been found that regional
decadal variability may be strongly modulated by natural cli-
matic variations (Vera et al. 2010).

The NEA region is described as homogeneous according to
climate, resources, and relief. However, in such a large region,
significant differences have often been found when considering
their climate and variability, thus defining a more detailed zon-
ing (Aliaga et al. 2016; Carvalho et al. 2016; Fazel et al. 2018;
Lu et al. 2019). The present study was aimed at evaluating
whether there are subregions in the NEA region that have their
specific rainfall regime and variability, and thus improve our
understanding of EPE using daily and monthly rainfall. These
results could be of significance in modeling regional precipita-
tion changes to global and zonal climate variations. They may
have practical application in subregional-scale aquatic ecosys-
tem conservation and flood management. In addition, climate
change projections and their impact on society and ecosystems
have become a vital issue for decision-makers.

2 Materials and methods

2.1 Precipitation data set

In the present paper, the NEA region is considered a hetero-
geneous area in terms of relief, climate, and natural resources,
delimited by −24.29° <lat <− 32.14°, −53.70° <long <−
62.70° (Fig. 1). The NEA region has an area of approximately
350,000 km2 and contains several Argentine provinces (Fig.
1). The historical data set was obtained from 48 meteorolog-
ical stations (Fig. 1) provided by the National Institute of
Agricultural Technology (INTA, Argentina) and the
National Meteorological Service (SMN, Argentina). The ana-
lyzed period covered from 1959 to 2018, expressed in daily
and monthly rainfall data.

2.2 Methods

2.2.1 Cluster analysis

The goal of clustering is the statistical classification of individ-
ual objects into groups. A hierarchical grouping method was
considered due to its extensive use to define groups that have

high internal homogeneity (Aliaga et al. 2017). Ward’s cluster
analysis was applied to generate groups considering precipita-
tion, in which N objects are divided into several clusters so that
the objects in the same cluster are similar to each other. The
process then finds at each stage those clusters whose merger
gives the minimum increase in the total within-group error sum
of squares. The Euclidean distance was used as a dissimilarity
measure, which—according to Oliveira et al. (2017)—is appro-
priate for climatic data regionalization in South America. As a
variable for the cluster examination, precipitation from each of
the stations was selected, resulting in three climatologically
homogeneous subregions.

Hierarchical clustering analysis was applied to identify the
appropriate number of clusters through the elbow method
(Zhang et al. 2016). This method examines the percentage of
variance explained as a function of the number of clusters. The
grouping number is plotted linearly to identify the moment at
which changes in distance are no longer significant. At some
point, the marginal gain drops dramatically and will give an
angle in the graph. The correct “k” number of clusters is chosen
at this point, hence the elbow criterion. Once the number of
groups has been defined, a nonhierarchical analysis—in this
case, K-means—is applied to determine the composition of each
cluster. K-means is one of the most popular clustering methods
based on partitioning. It is a very simple and fast algorithm for
cluster head selection. The combination of these methodologies
has been tested positively by several authors (Bholowalia and
Kumar 2014; Zambelli 2016; Syakur et al. 2018).

2.2.2 Climate interpolation data

Interpolation is a geostatistical exploration technique to esti-
mate unknown values of any geographic point data: elevation,
rainfall, temperature, etc. Interpolation calculates values for
cells in a raster from a limited number of sample data points
(Samanta et al. 2012). In this case, the kriging method based
on statistical models including autocorrelation was applied.
Kriging aims to develop a better linear impartial estimate for
an unknown location. The projected values are weighted lin-
ear combinations of the available data because the mean error
is 0 (Menafoglio et al. 2013). Ordinary kriging was chosen
assuming no trend in the area data, with a regular spherical
size of 0.01. This technique has shown results with a better fit
to the climatological data analysis (Zhang et al. 2015; Aalto
et al. 2016; Karki et al. 2016).

2.2.3 Precipitation variability and trend

Once the rainfall zoning was defined, the Fourier transform
was applied to the data of each cluster. The purpose of apply-
ing a mathematical transformation to a series is to obtain use-
ful information of the series that is hidden in its frequency
contents, which is called the series spectrum and demonstrates
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the frequencies existing in the data series. The algorithm
called fast Fourier transform (FFT), obtained following the
methodology by Daneshmand et al. (2015), was used in this
case.

The Standardized Precipitation Index (SPI) was designed
to quantify the precipitation deficit for several timescales,
reflecting the impact on the availability of different water re-
sources. Thus, it was chosen and applied to the rainfall data
series to identify dry and wet events. It is a helpful indicator to
assess the impact on water resources and several activities
(Yagoub et al. 2017). SPI has been widely applied for analysis
at different spatial and temporal scales and recommended as
the most appropriate for South American regions (Orlowsky
and Seneviratne 2013; Paulo et al. 2016; Penalba and Rivera
2016). SPI was calculated considering 3-, 6-, and 12-month
timescales, which allowed representing short- and long-term
events, respectively (monthly, seasonal, and annual scales).
To highlight the frequency and intensity of rainfall events,
only values ≥ 1.0 were analyzed, including moderate (1.0–
1.49), severe (1.5–1.9), and extreme (>2.0) intensities. The
possibility of calculating SPI at various timescales allows tem-
porary flexibility in precipitation conditions concerning water
supply. These timescales reflect the effects of EPE on different
water resources. Shorter term timescales (weeks to months)
are used to characterize meteorological conditions relevant to
agricultural activities since soil moisture has a relatively fast

response to precipitation anomalies. Longer term timescales
(from seasons to years) are used to monitor hydrological set-
tings significant for water supply management since ground-
water, streamflow, and reservoir storage reflect longer term
precipitation anomalies (Sirdas and Sen 2003; OMM 2012).

The spatiotemporal displacement of isohyets at a decadal
scale was performed. The trend was also studied using the
average anomalies of each group during the study period.
Rainfall variability was related to ENSO events through the
Oceanic Niño Index (ONI) (https://origin.cpc.ncep.noaa.gov/
products/analysis_monitoring/ensostuff/ONI_v5.php),
developed by the National Oceanic and Atmospheric
Administration (NOAA, USA), which allows identifying
warm (El Niño) and cold (La Niña) events in the Tropical
Pacific Ocean (http://www.cpc.ncep.noaa.gov/). Warm
events occur with the development of a positive SST
anomaly (> +0.5 °C), whereas cold events are defined by the
occurrence of a negative anomaly (< −0.5 °C).

3 Results and discussions

3.1 Rainfall distribution and zoning

The combination of two cluster analyses and the elbow meth-
od determined that the optimum number of clusters for the

Fig. 1 The NEA region (Argentina) in the southeast of South America; its main rivers, wetlands, and meteorological stations were chosen considering
record length and completeness
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NEA region was three (Fig. 2). Hereinafter, we will refer to
the three clusters as C1, C2, and C3. These clusters represent
the daily and monthly precipitation from the 48 meteorologi-
cal stations located in the NEA region. Cluster arrangement
indicated the transition from a very wet climate in the north-
east to a moderately humid climate toward the east (Fig. 3).
The zoning showed a gradient, in which precipitation

decreased from east to west. The average rainfall decreased
from 1840 to 1010 mm/year (C1 to C3; Fig. 3).

Seasonal rainfall was observed in all clusters with the
highest rainfall in spring and autumn (southern hemisphere).
The three subregions registered the minimum annual rainfall
in the winter months (July–August). In C1, the maximum
precipitation was recorded in the spring months (October),

Fig. 2 Precipitation zoning
through the interpolation of the
three clusters (represented by
meteorological stations) in the
NEA region (study period 1959–
2018)

Fig. 3 Annual distribution of average monthly precipitation in C1, C2, and C3 of the NEA region (study period 1959–2018)
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whereas in C2 and C3 (Fig. 3), it occurs in the autumn months
(March–April). Although rainfall decreases toward the west,
annual amplitudes were similar in the three subregions, ap-
proximately 107 mm/year. The progressive precipitation de-
creases between the clusters respond to the dominant atmo-
spheric circulation, characterized by high relative humidity
due to the entrance of wet air masses entering the continent
from the South Atlantic Anticyclone. These air masses gener-
ally come from the east and northeast, and they discharge
moisture in the form of precipitation throughout the region,
decreasing to the west.

3.2 Subregional precipitation variability

The FFT analysis showed different signals in each cluster.
Some of them respond to an interdecadal variation, such as
15 years in C2. Within the interannual frequencies, those of 8,
4, and 2 years were identified (Fig. 4). The annual signal is the
most intense in all groups, although, in C2, it has a higher
domain with respect to the other frequencies. The 6-, 4-, and
2-month signals were also present throughout the NEA re-
gion. Data transformation allows observing that, although
there are similar seasonality and annual amplitude of rainfall
in the three clusters (Fig. 3), the yearly seasonal frequency is
noticeably higher toward the west (Fig. 4). The density spectra
show that C1 has a low seasonal rainfall regime, whereas, in
C2 and C3, the precipitation seasonality is well defined.

Tropical-oceanic atmosphere oscillations affect rainfall
variability at low latitudes; in the NEA region, it is influenced
by the South Atlantic Ocean anticyclone. The South Atlantic
convergence zone has a quasi-stationary character and vari-
ability over a wide range of timescales, contributing to the
annual variation of rainfall in the southern hemisphere, as
observed in each cluster (Gilliland and Keim 2018; Kayano
et al. 2019). The interannual and seasonal frequencies could
be related to the Madden Julian Oscillation (MJO; Bridgman
and Oliver 2006). Alvarez et al. (2016) determined the region-
al influence of the MJO swing in South America, along with
its marked seasonal variations. In December–February (sum-
mer), when the South American monsoon system was active,
there was a higher precipitation frequency. In March–May
(autumn), it was similar but attenuated in the extra-tropics.
In September–November (spring), higher rainfall was also
observed, coinciding with those shown in Fig. 3. These sig-
nals are generated primarily through the propagation of the
Rossby Wave energy produced by the anomalous heating re-
gion associated with MJO (Alvarez et al. 2016).

Values of ≥ 1.0 were analyzed to highlight the frequency
and intensity of SPI wet categories in the NEA region. Table 1
shows the number of events per year on three timescales (3, 6,
and 12 months) for each cluster. The complete analysis allows
observing the relationship between the frequency of events
and the timescale used to calculate SPI. The frequency

Fig. 4 Spectral density of monthly precipitation in C1, C2, and C3 by fast
Fourier transform (study period 1959–2018)
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decreases as the timescale increases. Therefore, the highest
number of events was recorded on the 3-month scale in all
NEA subregions. However, the 3-month events were more
frequent in C3. This scale reflects short- and medium-term
humidity conditions and provides a seasonal estimate of pre-
cipitation. In central agricultural regions, such as the NEA
region, a 3-month SPI could be more effective in highlighting
the existence of humidity conditions than the Palmer index
(OMM 2012). Comparing the 3-month SPI with more extend-
ed timescales allows identifying wet events in the middle of a
long-term drought, avoiding misinterpretations. Information
derived from a 6-month SPI reflects the effects on river flows
and abnormal storage levels, which are markedly higher in C3
(Table 1). The 12-month SPI shows a higher frequency in C1
and is generally linked to effects on river channels, reservoir
levels, and even groundwater levels.

Moderate events are predominant in all groups, although
they decrease as the timescale increases. In the east of the
NEA region, extreme events are more notable than in the rest
of the region. To the west, C2 and C3 have a high number of
total events, represented by a higher number of mainly mod-
erate and severe events (Table 1). In C1, the highest frequen-
cies were recorded in the years 1973, 1975, 1983, 1990, 1998,
2014, and 2015. They coincide with the most extended events
in 1975, 1983, 1998, and 2014. The highest number of wet

events was recorded in 1998, whereas the period of the highest
intensity was in 1975. In C2, most events were recorded in
1966, 1983, and 2014–2016, coinciding in this case with the
longest duration events. Finally, in C3, the highest number of
wet events was recorded in 1972, 1973, 1978, 1981, 1986,
1991, 2001–2003, and 2007, coinciding in 1991 and 2001–
2007 with those of the longest duration.

In terms of intensities, in C1, the most extreme SPI values
were recorded in all 3-, 6-, and 12-month timescales, with values
of 3.0, 3.2, and 2.9, respectively. As mentioned, in C1 the event
with the highest value was recorded in 1975, with a value of
3.03 (Fig. 5). There were also other considerably high values in
1972, 1983, and 1998, as well as the continuity of EPE in 2014–
2016. In C2, the most intense extreme events were recorded in
1959, 1986, 1998, and 2010. The latter marked the maximum
value of SPI: 2.95. Finally, in C3, they were recorded in 1972,
1991, and 2000, with the highest value of 2.84 in 1991. These
EPE periods are usually related to the intense activity in the
convergence zone of the South Atlantic Ocean (Carvalho et al.
2004), which could explain these intensities in the north of the
NEA region (Cerne and Vera 2011).

The analysis of precipitation anomalies allows identifying
that C1 presents the most significant anomalies, both positive
and negative (Fig. 6). The variability of the anomalies de-
creases toward the west; in C3, it oscillates in ±200 mm/year.

Table 1 Number and intensity of EPE according to SPI per year on three timescales (3, 6, and 12 months). Summary of total of events and maximum
intensity registered in each cluster and category (study period 1959–2018)

Cluster1 - SPI 3 Cluster1 - SPI 6 Cluster1 - SPI 12 Cluster 2-SPI 3 Cluster 2-SPI 6 Cluster 2-SPI 12 Cluster 3-SPI 3 Cluster 3-SPI 6 Cluster 3-SPI 12

Year Mo
d

Se
v

Ext Ʃ Mo
d

Se
v

Ext Ʃ Mo
d

Se
v

Ext Ʃ Mo
d

Se
v

Ext Ʃ Mo
d

Se
v

Ext Ʃ Mo
d

Se
v

Ext Ʃ Mo
d

Se
v

Ext Ʃ Mo
d

Se
v

Ext Ʃ Mo
d

Se
v

Ext Ʃ

1959 - - - 1 1 1 1 - 1 2 3 2 2 1 5 -
1960 1 1 2 - - 1 1 2 1 1 2 1 1 2 2 1 1 -
1963 1 1 - - - - - - - -
1965 2 1 3 1 1 2 1 1 1 2 3 1 1 2 - 1 1 1 1 -
1966 1 1 1 1 2 1* 1 1 1 1 3 1 1* 2 2 2* 1 5 2 1 3 1 2 1 4 1 1 2
1967 - - - 1 1 1 1 - 1 1 1 1 1 3 -
1968 - - - 2 2 - - 1 1 - -
1969 - - - 1 1 - - - - -
1970 - - - 1 1 - - - - -
1971 1 1 - - - - - 1 1 1 1 -
1972 1 1* 1 3 2 1* 1 4 - 2 1 3 2 1 3 - 1 2 1 4 1 1 2 -
1973 - 1 1 2* 1 3 2 1* 3 2* 1* 3 2 1* 3 1 2 1 4 2 3 1 6 2 1* 3
1974 - - - - - 1 1 - - 1 1
1975 1* 1 2* 2 4 3* 3 6 - - - - 1 1 -
1977 - - - 1 1 - - - - -
1978 - - - 1 1 1 1 - 3 2 5 3 1 4 4 4
1979 1 1 - - 1 1 - - - - -
1980 - - - - - - 1 1 2 1 1 -
1981 - - - - - - 1 2 3 3 2 5 3 2 5
1982 2 1 3 1 1 2 - 2 2 1 5 2 1 1 4 - 1 1 2 1* 1 -
1983 1 2 1* 4 2 1* 3 1 1 1* 3 1 2 3 2* 2 4 1 3* 1 5 1 1 2 2 2 2 2
1984 - - 1 1 1 3 1 1 1 1 - 2 2 4 2 2 2* 2
1985 1 1 1 1 - 1 2 3 2 1* 3 1 1 2 1 3 1 1 -
1986 1 1 2 1* 1 - 1 2 1* 4 2 2* 4 1* 1 2 3* 3 1 7 2 2* 2 6 1* 1 1 3
1987 2 2 1 1 2 1 1 1 1 - 1 1* 2 1 1 1 1 1 1* 2
1989 1* 1 - - - - - - - -
1990 1 2* 1 4 1 2* 1 4 1 1* 2 2* 2 4 3* 3 1 1 2 1 1 1 1 1 1
1991 - 1 1 2 1 1* 2 1 1 2 2 - 2 1 3 3 1 1 5 3* 1 4
1992 1 1 1 1 - 1* 1 1* 1 1 1 1 1 2 - 2 2
1993 - - - 1 1 - 1 1 2 1 3 2 2 -
1994 1 1 - - - - - - - -
1995 - 1 1 - 1 1 - - - - -
1996 2 1 3 1 1 - 2 2 - - - - -
1997 2* 2 1 2* 3 3 2* 5 1 2 3 1 1 2 - 1 1 - -
1998 2 2* 2 6 1 1* 2 2 3* 2* 7 1 1* 2 1 1* 2 1 1 1* 3 1 2 1 4 2 1 1* 4 1 1* 2
1999 - - 1 1 - - 1 1 - - -
2000 1 1 2 2 - - - - 3 2 1 6 2 2 1 5 1 1
2001 1 1 2 2 1 3 1* 1 1 1 - - 1 1 2 2 2 1 1 1 3
2002 2 2 4 2 1 3 1* 1 2 2 1 5 1* 2 1 4 1* 1 1 3 2 1 3 2 2 1 5 1* 1 2
2003 2 2 1* 1 1* 1 1 1 1 1* 2 2 1* 3 2 2 3 2* 5 1 1* 1 3
2004 - - - 1 1 - - - - -
2005 1 1 - - 1 1 - - 1 1 2 2 -
2006 - - - - - - 1 1 - -
2007 3 3 1* 1 1* 1 1 1 - - 1 1* 2 2* 1 1 4 1* 2* 3
2009 1 2 1 4 1 1 2 - 1 1 2 1 1 2 - 1 1 1 1 -
2010 1 1 2 1* 3 1* 1 2 1 1 2 1 1* 2 1* 1 2 1 1 2 2* 1 3 1 1
2011 - - - - - - - - -
2012 1 1 - - 1 1 2 1 1 - 2 1 3 1 2 3 -
2013 - 1 1 - - 2 2 - 1 1 1 1 -
2014 1 2 2* 5 2 1* 3 1 1 1* 3 - - - - 1 1 -
2015 2 1 2 5 2* 1 3 2 2* 1 5 3 1 4 2 1 3 1 1 1 1 - -
2016 1* 1 1 2 1* 4 1 1* 2 2 1* 3 2 2 1 5 3* 2* 5 2 2 1 1 -
2017 2* 1 3 1 1 1 1 2 1 1 4 3 2 5 3 2 5 - - 1 1
2018 - 2 2 1* 1 - - 2* 2 - - -
Sum 41 22 13 76 37 20 8 65 29 18 6 53 45 27 10 82 35 23 9 67 27 15 7 49 45 35 10 90 55 26 11 92 28 14 5 47
Máx
value 3.0 3.2 2.9 3.0 3.1 3.0 2.8 2.5 2.4

*At least one event lasted for 3 or more months
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The most severe negative anomalies occurred in 1977 and
1994 in C1, whereas the positive ones were identified in
1982 and 2013–2015. During the rest of the study period,
several similarities in the anomalies are observed between
C1 and C2. The maximum positive anomalies that coincide
with the floods of 1983 and 1985 stand out as those of the
most significant damage in the study area (WMO 2014). It is
noticeable that at the subregional level, all have a positive
trend in terms of annual anomalies; however, in C1, it is con-
siderably higher (Fig. 6).

The isohyets displacement (Fig. 7) exposes the extreme
positive anomalies (1982, 2013–2015). Every three decades,
the last one experiences an increase in precipitation represent-
ed by the movement of its isohyets (1981–1990 and 2011–
2018). This could suggest that, in the previous decade
(1950s), there was also a period of extreme rainfall, following
the decadal frequency observed for 60 years. Although rainfall
data are not available, strong El Niño events were recorded in
1957 and 1958 (NOAA-http://www.cpc.ncep.noaa.gov). The
isohyets displacement in C1 and C2 agrees with the positive

trend of precipitation anomalies (Fig. 6), as well as with the
evidence obtained in studies showing a positive trend in terms
of precipitation increase in the NEA region and other regions
in Argentina (Doyle et al. 2012; Barros et al. 2015). As shown
by the spatial distribution of isohyets and anomalies, this pos-
itive trend in precipitation is not similar throughout the region.
This increase in rainfall in most of subtropical Argentina (C1
and C2) since 1960 has favored agricultural yields and the
extension of agricultural land, but also the most frequent
heavy rains and the consequent flooding of rural and urban
areas. Floods have also been encouraged by changes in land
use (Barros et al. 2015; Carril et al. 2016). Many of the pos-
itive trends in the precipitation series were statistically signif-
icant at 10%, and in some cases even at 5%, confidence level.
In addition, there is paleoclimate evidence that the wetting
trend that began in 1960 has been unprecedented in at least
250 years (Piovano et al. 2002).

C1 shows significant similarities between the intensity of
ENSO-El Niño events (ONI ≥0.5) and monthly rainfall (Fig.
8). In particular, highlights reached in 1966, 1972, 1983,

Fig. 5 Averages (bars) and maximum (dots) of EPE per year according to the 3-month SPI in C1, C2, and C3 of the NEA region. Moderate (yellow),
severe (green), and extreme (blue) intensities (study period 1959–2018)

Fig. 6 Annual rainfall anomaly (solid lines) and lineal trend (intermittent lines) in C1, C2, and C3 of the NEA region (study period 1959–2018)
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1997–1998, 2010, and 2015–2016. Only in 1975, there was
an EPE that is not visibly influenced by ENSO. In the center
of the NEA region, C2 presents coincidences with C1, except
in 1997 and 2015, when there was no notable increase in
rainfall above average. In C3, to the mentioned periods, coin-
cidences in 1964, 1978, and 1992 are added. Therefore, C3
shows a higher frequency of extreme rainfall coincidences
with El Niño events, according to ONI. This agrees with the
responses found to the increased precipitation in the NEA
region. Since 1960, they can be explained by a positive asso-
ciation between precipitations in ENSO indices (Barros et al.
2015). The NEA region has a maximum positive correlation
of annual rainfall with the southward displacement of the
South Atlantic Anticyclone that increases the wet advection
of the Atlantic Ocean (Sun et al. 2017; Gilliland and Keim
2018). Given the dependence of monthly and seasonal precip-
itation amounts on the frequency of EPE, it is reasonable to
expect to be modulated by ENSO at some preferred locations.
As the most dramatic social and economic impacts of climate
variability are due to the associated variability of extreme
events, it is worth detailing the association between ENSO
and extreme rainfall events (Tedeschi et al. 2016).

Anomalies and extreme events are not the only cause of
flooding. In cases such as those of 1987, 1990, or 1999, anom-
alies were extraordinary, but there were no massive floods. It
has been shown that the incidence and severity of floods are

increasing. This is attributed to the fact that since the 1960s
there have been at least three significant changes that may
have affected the hydrometeorology of the region: changes
in land use, mainly deforestation, which increases runoff
levels; hydroelectric development, which regulates the flow
rates; and increased seasonal rainfall.

4 Conclusions

The present paper assesses the heterogeneity of precipita-
tion in the Northeastern Argentine region. Precipitation
observations in this region in the period 1959–2018 show
that (1) three homogeneous precipitation subregions (C1,
C2, and C3) were identified; (2) C1 presented a higher
rainfall seasonality than C2 and C3; (3) according to SPI,
3- and 6-month timescale events were more frequent in
C3, and 12-month timescale events were more frequent in
C1; (4) in the last decade, there was a displacement of
isohyets, especially in C1, coinciding with the highest
positive trend in the region.

The combination of agglomeration methods allowed
obtaining an appropriate number of clusters that represent
the precipitation subregions. The clusters show an east-west
spatial gradient (2000 to 800 mm/year). The annual amplitude
is similar in the three clusters, but in C1, the maximum rainfall

Fig. 7 Decadal spatial displacement of isohyets (from 800 to 2200 mm/year) throughout the three rainfall subregions of the NEA region (study period
1959–2018)
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is registered in spring and C2 and C3 in autumn. According to
SPI, the frequency of events decreases with the scale of anal-
ysis used. In each subregion, moderate events are the most
frequent. The EPE scales reflect the range of their effects. In
C3, the 3- and 6-month events represent short- and medium-
term effects on moisture conditions, provide a seasonal esti-
mate of precipitation in agricultural regions, and reflect effects
on river flows and abnormal storage levels. The 12-month SPI
shows a higher frequency in C1 and is generally linked to
effects on river channels, reservoir levels, and even ground-
water levels. The index allowed classifying the periods in
which the most significant floods were recorded in the study
area (1983, 2003, 1973–1975, and 2014–2016).

The anomaly variability made it possible to identify signif-
icant differences between the clusters. Their intensity de-
creases in the east-west direction. C1 showed the highest pos-
itive anomalies in the last 60 years. Although there are coin-
cidences in the periods of positive anomalies in most of the
critical wet events (e.g., 2002–2003, 2015–2016), one of the
most critical floods in 1983 was only reflected in C1. In agree-
ment with other authors, the analysis of rainfall with ONI
showed that ENSO events have a leading influence on the
study area and that the intensity and impact of these phenom-
ena vary from one subregion to another (a higher frequency of
matches was recorded in C3). Many positive anomalies re-
spond to ENSO events, but they do not explain all recorded

Fig. 8 Specific monthly precipitation (gray bars), monthly average precipitation (intermittent line), and ONI intensity (gray line) in the three clusters of
the NEA region. El Niño events are indicated by red lines (study period 1959–2018)
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floods or EPE, so there must be other phenomena that cause
these anomalies. Considering the different subregional re-
sponses, it is essential to conduct studies at the subregional
level in terms of the effects of zonal phenomena. The present
paper could help in this regard and focus efforts on the effi-
cient development of resources in the NEA region. Due to the
damage already being caused by extreme rains, the first and
most urgent adaptation required is to strengthen early warning
systems and contingency planning to deal with climatic
extremes.
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