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ABSTRACT
A streamflow drought climatology was developed over the Central Andes of Argentina, a semi-
arid region highly vulnerable to climatic variations, based on the analysis of daily historical
streamflow records. A threshold level approach was applied on a daily basis for three different
severity levels in order to depict the main characteristics of droughts – number of drought events,
mean duration and mean severity – over the period 1957–2014. Based on three annual indices
that summarize the frequency of drought events, their duration and severity, we identified the
main regional dry periods and the main modes of variability through an empirical decomposition.
These modes are linked to La Niña conditions on inter-annual time scales and the Pacific Decadal
Oscillation for the decadal variations, showing the influence of the tropical Pacific Ocean in the
development of streamflow drought conditions and its relevance for potential predictability of
hydroclimatic variations over the region.
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1 Introduction

Drought is a complex natural hazard that impacts
ecosystems and society in many ways (van Loon
2015). This recurrent phenomenon occurs across a
wide range of temporal and spatial scales, and its
impacts are evident at both environmental and socio-
economic levels. Persistent anomalous atmospheric
conditions can trigger the occurrence of meteorological
droughts, which are usually defined as deficits in pre-
cipitation. Prolonged meteorological droughts can lead
to soil moisture droughts (i.e. deficits of soil moisture
reducing the supply of moisture to vegetation, usually
referred to as agricultural droughts) and hydrological
droughts. Hydrological drought refers to a lack of
water in the hydrological system, manifesting itself in
abnormally low streamflow in rivers and abnormally
low levels in lakes, reservoirs and groundwater
(Tallaksen and van Lanen 2004). In regions where
snow accumulation plays an important role in the
seasonal hydrological cycle, anomalies in air tempera-
ture can also influence hydrological drought develop-
ment and recovery (van Loon et al. 2015). Moreover,
the timing and severity of these events are not always
coincident with both precipitation and temperature
anomalies, given the complexity of the hydrological

processes in drought propagation. Therefore, besides
good predictions of the meteorological situation,
knowledge of the propagation of drought through the
terrestrial hydrological cycle is crucial for drought
management (van Loon et al. 2015).

In the Central Andes of Argentina (CAA, located
between 28 and 38°S), a region of the South American
arid diagonal (Bruniard 1982), irrigation and a variety
of socio-economic activities are highly dependent on
streamflow. Four large artificial oases are located in the
region, with vineyards, olives and fruit trees being the
main crops (Contreras et al. 2011). Most of the popula-
tion and economic activities are assembled in these
artificial oases, representing, in the case of Mendoza
province, just 4% of the territory and concentrating
98% of the total population (Morábito et al. 2009).
Over the study area, a water dispute between the pro-
vinces of La Pampa and Mendoza (McIntyre 2007)
shows the existing vulnerability to water overuse (e.g.
flood irrigation for agriculture) and misuse (e.g. irriga-
tion of urban green spaces at forbidden times) over the
upper basins. In this sense, the occurrence of stream-
flow droughts can exacerbate these water conflicts and
their impacts on society and the environment. The
snowpack accumulated in the CAA is the main water
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source of the major rivers of the region (Masiokas et al.
2006). The hydrological cycle and, therefore, the avail-
ability of water for human consumption, agricultural
activities and the generation of electricity, are strongly
influenced by snowfall and temperature.

In the region of the CAA, there are few studies that
have focused on streamflow droughts. In general,
hydrological drought has received little attention
given its impacts are not immediate. Fernández and
Buscemi (2000) and Díaz et al. (2016) characterized
hydrological drought events in the central-west region
of Argentina at the annual time scale by a given level of
demand. Prieto et al. (2012) studied the atmospheric
circulation and sea-surface temperature (SST) that ori-
ginated the droughts of 1924/25 and 1968/69 over the
CAA, also analysing their socio-economic impact. Vich
et al. (2007) analysed the trends in annual, monthly
and daily maximum and minimum flows, among other
indicators, for the major rivers of Mendoza province,
finding significant changes in 40 of the 210 time series
investigated, most of them associated with periods of
low flows. Understanding the hydroclimatic causes of
streamflow drought, its frequency, severity and dura-
tion, and the development of reliable predictions are of
critical importance for impact assessment. In this
sense, the ENSO (El Niño Southern Oscillation) phe-
nomenon and its impact over the CAA have been
broadly discussed in several papers (Carril et al. 1997,
Compagnucci and Vargas 1998, Compagnucci and
Araneo 2007). There is a general agreement about
having above-normal streamflow conditions during El
Niño years; nevertheless, during La Niña years the
occurrence of low snowfall (i.e. potential streamflow
drought conditions) is not straightforward (Masiokas
et al. 2006, 2012). As for future changes in streamflow,
the results obtained by Boninsegna and Villalba (2006)
and Villalba et al. (2016) indicate a likely decrease in
streamflow during the 21st century, associated with a
decrease in snowfall, and an early peak in the hydro-
graph due to increases in the freezing level. Both fac-
tors could seriously increase the occurrence of
streamflow droughts, compromising the survival of
the irrigated oasis, given the overlap between environ-
mental water needs and the increasing demand of
water resources for human consumption.

The aim of this study is to perform a spatial and
temporal assessment of hydrological droughts over the
CAA, by comparing streamflow records with reference
to several daily varying threshold levels. The character-
ization of streamflow droughts in terms of frequency,
mean duration and severity will provide baseline infor-
mation for regional water agencies that continuously
manage surface runoff for irrigation and human

consumption. Links between streamflow drought
occurrence and El Niño/La Niña events will be
explored, together with the predictability of low-fre-
quency modes associated with remote climate forcings,
such as the Pacific Decadal Oscillation (PDO). The
study area and the hydrological database used in the
study are described in Section 2.1, the definition of
streamflow drought is given in Section 2.2, and the
methodology for the time series analysis is in Section
2.3. Section 3 presents the results of the streamflow
drought climatology (Section 3.1), and an assessment
of the trends and periodicities present in the analysed
time series (Section 3.2). Section 4 exposes a discussion
linking our findings with previous literature, while the
main conclusions are given in Section 5.

2 Data and methodology

2.1 Study area and database

The study area, located between 31 and 37°S, includes
the major rivers of San Juan and Mendoza provinces
(Fig. 1), which arise in the higher elevations of the
Andes ranges and feed the agricultural oases that sus-
tain the life of almost 2.5 million inhabitants (INDEC
2010). The Andes, with a mean elevation of 4000 m a.s.
l., act as a permanent barrier to the humid fluxes from
the South Pacific mid-latitude synoptic systems. The
climate progresses from arid in the northwest to semi-
arid in the southeast, with predominantly summer
rainfalls associated with moist air masses from the
Amazon and Atlantic basins (Schwerdtfeger 1976).
The Andes are composed of three parallel mountain
ranges separated by deep tectonic valleys: the
Cordillera Principal, Cordillera Frontal and
Precordillera (Compagnucci and Vargas 1998). The
main rivers that flow across the foothills of the CAA
from north to south are the Jachal, San Juan, Mendoza,
Tunuyán, Diamante, Atuel and Grande (Fig. 1).

Daily streamflow data from 21 streamgauges were
obtained from the hydrological database belonging to
the Water Resources Agency of Argentina (http://bdhi.
hidricosargentina.gov.ar/). Figure 1 shows the spatial
distribution of the streamgauges and the main rivers of
the CAA. From these records, eight time series were
selected as representative of the climatology (see
Fig. 1), based on the quality of the data, the spatial
representativeness and the length of dataset. The names
and relevant particulars of the selected streamgauges
are summarized in Table 1. Several infilling methods
were applied for the study area depending on the size
of the missing data gap, the hydrological conditions at
the site when the gap occurred and the availability of
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nearby gauging stations, following the recommenda-
tions made by WMO (2008) and the methodology
used by Vich et al. (2014). We used inference in cases
when short gaps occurred (approximately 1–3 d), poly-
nomial interpolation for gaps of 4–30 d, and interpola-
tion from analogue gauging stations for gaps of more
than 30 d. The polynomial interpolation was used to fill
data mostly during recession flows, using a cubic

polynomial curve. Linear regressions between the refer-
ence series and data from neighbouring stations were
used to complete temporal gaps (>30 d) only for sta-
tions that explain more than 80% of the temporal
behaviour of streamflow. After this procedure, the
time series selected for the climatological assessment
had less than 6% of missing data for the period
1957–2014 (57 years, Table 1). Even when not all the

Figure 1. Location of the study area, the main rivers of the region and the spatial distribution of the hydrological stations used for
the analysis. Stations marked with a black circle were used for the climatology of streamflow droughts.

Table 1. Geographical characteristics of the selected stations, period of record, percentage of missing data and mean streamflow
values.
ID River Station name Lat. (°S) Long. (°W) Altitude

(m a.s.l.)
No. of years of

record (time period)
Missing data (%) Mean streamflow (m3/s)

1208 San Juan Km 47.3 31º 30ʹ 59.7” 68º 56ʹ 24.6” 945 59 (1955–2014) 0.00 59.28
1205 De Los Patos Alvarez Condarco 31º 55ʹ 13.0” 69º 42ʹ 13.0” 1950 57 (1957–2014) 3.00 19.03
1420 Tupungato Punta de Vacas 32º 52ʹ 51.0” 69º 46ʹ 06.0” 2450 65 (1949–2014) 3.69 22.98
1413 Mendoza Guido 32º 54ʹ 55.0” 69º 14ʹ 16.0” 1550 58 (1956–2014) 0.00 45.22
1419 Tunuyán Valle de Uco 33º 46ʹ 35.5” 69º 16ʹ 21.1” 1200 60 (1954–2014) 0.00 28.30
1403 Atuel La Angostura 35º 05ʹ 56.8” 68º 52ʹ 25.8” 1200 83 (1931–2014) 0.00 34.41
1415 Salado Cañada Ancha 35º 11ʹ 52.9” 69º 46ʹ 58.1” 1700 74 (1940–2014) 5.67 10.13
2001 Barrancas Barrancas 36° 48ʹ 26.0ʹ’ 69° 53ʹ 37.0ʹ’ 950 57 (1957–2014) 0.00 35.99
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cases with missing data were filled, some of the gaps
were recorded in wet years (i.e. without drought occur-
rence), or during the dry season, thus increasing the
completeness of the records. Between the headwaters
and the location of the streamgauges, there are no
major reservoirs or dam constructions that can alter
the natural flow and, therefore, the estimation of
streamflow drought occurrences.

Figure 2 shows the annual hydrological cycle of the
eight rivers selected for the climatological analysis. The
hydrological cycle is pronounced, with a peak during
the southern hemisphere warm season that is asso-
ciated with snowmelt and glaciermelt due to the
increase in temperatures, and the low-flow season dur-
ing cold winter months. The annual streamflow cycle
was defined as the period between 1 July and 30 June.
A similar behaviour is observed among the main rivers
of the region (Fig. 2), with a peak between November
and January in San Juan, De Los Patos, Salado and
Barrancas, and between December and February in
Tupungato, Mendoza, Tunuyán and Atuel. The length
of the high-flow season can be attributed to a migration
of snowmelt from lower to higher elevations, which is a
common feature in large mountainous catchments.
Given that the 0°C isotherm fluctuates from 2930 m
in winter to 4090 m in summer (Secretaría de
Ambiente y Desarrollo Sustentable de la Nación
2015), in a normal year the rivers have a large surface
of snow and glaciers that contributes to the streamflow,
typically during the months from October to March.

We used the Oceanic Niño Index (see http://www.
cpc.ncep.noaa.gov/products/analysis_monitoring/enso
stuff/ensoyears.shtml for details) to define El Niño and
La Niña events, being periods when the 3-month

running means of ERSST v4 (Huang et al. 2015) SST
anomalies in the Niño 3.4 region (5°N–5°S, 120°–170°
W) were above 0.5°C or below –0.5°C for five conse-
cutive months or more. The PDO index is defined as
the leading empirical orthogonal function (EOF) of
mean November–March SST anomalies for the Pacific
Ocean to the north of 20°N (Mantua et al. 1997) and it
was obtained through the JISAO website (http://
research.jisao.washington.edu/data_sets/).

2.2 Streamflow drought definition

To identify streamflow drought occurrences, we used a
threshold level approach, a methodology introduced by
Yevjevich (1967) and widely used in recent studies (Fleig
et al. 2006, Beyene et al. 2014, van Loon et al. 2015). The
threshold levels (also referred to as truncation levels) were
derived from the flow–duration curve as the flow equalled
or exceeded for 70% (Q70), 80% (Q80) and 90% (Q90) of
the time, as indicators of moderate, severe and extreme
streamflow droughts, respectively (Rivera et al. 2017).
The thresholds were selected in order to balance the
appearance of multi-year droughts (i.e. droughts lasting
longer than 365 d) and zero-drought years (when the flow
never falls below the threshold level in a year), both
important features when choosing a consistent threshold
level (Tallaksen and Hisdal 1997). A big advantage of this
methodology in comparison with the use of standardized
drought indices is that it allows quantification of the
deficit volume, which is an important characteristic in
water resources management (van Loon 2015).

With this methodology, a drought event starts when
the flow falls below the threshold, and ends when the
threshold is exceeded or when the water deficit volume

Figure 2. Hydrological cycle of the eight selected rivers for the climatology of streamflow droughts over the CAA.
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below the threshold has been replenished (Stahl 2001).
Taking into account the seasonality in the streamflow
records over the study area (see Fig. 2), we decided to
analyse the high-flow season, defined from 1 October
to 31 March. The use of a daily varying threshold for
the identification of streamflow droughts over the CAA
is novel, considering that previous studies used an
annual constant threshold level for drought definition
(Fernández and Buscemi 2000, Díaz et al. 2016). In this
sense, the methodology represents in a better way the
variation of the water demand during the warm season,
hence allowing a more adequate quantification of
streamflow droughts. Given that the use of the thresh-
old level method applied on daily data introduces the
problem of dependency between deficits and minor
drought events, the streamflow time series were
smoothed with a 7-day moving average prior to the
threshold level calculation, following the World
Meteorological Organization (WMO) (2008)
recommendation.

In order to illustrate the streamflow drought defini-
tion based on the threshold level method, Figure 3
shows an example of streamflow drought identification
through the different thresholds for the Tunuyán River
during the hydrological years 1995/96–1997/98. It can
be observed that during most of 1995/96 and 1997/98
the streamflow was above the threshold levels, while
during 1996/97 the occurrence of moderate, severe and
extreme droughts was evident over a large proportion
of the year, particularly during the warm season. The
methodology allows identification of the onset and end

of the streamflow drought events and other parameters,
which are shown in Figure 3 for the extreme droughts
(streamflow below the Q90 threshold) during October
1996 and February 1997. These characteristics are the
number of drought events (E1 and E2); the duration of
each event (D1 and D2) and its severity (area between
Q90 and Q, i.e. S1 and S2). The threshold levels during
the low-flow period are similar and no major deficit
volume is recorded during this season, supporting the
choice of analysing only the high-flow season.

Table 2 shows the streamflow drought parameters
used in this study, based on a previous study by Hisdal
et al. (2001), which were derived for the high-flow
season considering the three selected threshold levels:
the seasonal number of drought days (SNDD), the
seasonal cumulative deficit volume (SCDV) and the
number of drought events per season (SNDE). The
SNDD is a duration-based indicator, while the SCDV
is a deficit-based indicator and the SNDE reflects the
frequency of drought events (Wu et al. 2008). These
three parameters were calculated as a regional average
for the 1957/58–2013/14 period. For the streamflow
drought climatology, we also calculated the total num-
ber of drought events (TNDE), mean drought duration
(MDD) and its mean severity, expressed as the cumu-
lative deficit volume standardized by the mean flow
(CDV) (Table 2). These statistics provide information
about the mean features of streamflow droughts over
the eight selected basins for the 1957/58–2013/14 per-
iod. In order to eliminate minor droughts that can
influence the statistical analysis of drought

Figure 3. Comparison of streamflow at Tunuyán River during the period 1995/96–1997/98 with the three different threshold levels
calculated with data from 1957/58–2013/14. Darker colours indicate higher drought severity, i.e. progressing from Q70 (moderate
drought) to Q90 (extreme drought). A detail of the drought periods during the warm season of the hydrological year 1996/97 is also
shown, including an illustration of drought characteristics for two extreme events (E1 and E2), with drought durations D1 and D2
and severities (area between Q90 and Q) S1 and S2, respectively.
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characteristics (Tallaksen et al. 1997), all drought
events with duration of less than 10 d were excluded
from the analysis. We also excluded events that per-
sisted for less than 20 and 30 d, in order to quantify
deficits in streamflow levels that can affect water
demand of diverse activities. It is worthwhile to men-
tion that, even when the region is characterized by an
arid to semi-arid climate, none of the analysed rivers
are intermittent or ephemeral, which guarantees a
proper definition of drought events based on the
selected thresholds.

2.3 Time series analysis

The temporal variability in the time series of hydro-
logical indices predominantly occurs with preferred
time scales, often called modes. These modes provide
a simplified description of the variations over a study
area, and can be linked to variations in climate oscilla-
tions. For the estimation of the main modes of varia-
bility in the seasonal streamflow drought indices, we
used the Complete Ensemble Empirical Mode
Decomposition with Adaptive Noise (CEEMDAN)
(Colominas et al. 2014). This method decomposes a
time series in a finite number of components, called
intrinsic mode functions (IMF), extracted from high-
to low-frequency oscillations, plus a final trend that is
either monotonic or constant (Colominas et al. 2015).
In this sense, we can decompose the original stream-
flow drought indices into several oscillatory modes of
variability and a trend. Therefore, this novel technique
has several possible applications in both understanding
streamflow drought variability and in drought forecast-
ing at different time scales.

The CEEMDAN approach proves to be an impor-
tant improvement of the original empirical mode

decomposition (EMD) (Huang et al. 1998), achieving
a negligible reconstruction error and solving the pro-
blem of different numbers of modes for different
realizations of signal plus noise (Colominas et al.
2014). The method is robust in the presence of non-
stationary data and is adequate for the study of time
series that possesses nonlinear variations, such as
most hydroclimatic records (Wu and Huang 2009).
According to Sang et al. (2014), the EMD can be an
effective alternative for trend identification in hydro-
logical time series, hence, this feature also applies to
the CEEMDAN approach. Moreover, each of the
components (i.e. modes) has a physical meaning
and reveals important characteristics of the signal
(Autret et al. 2013). Below, we present the basic
steps of the calculation of the EMD, which show
the simplicity of the method. The reader is referred
to Colominas et al. (2014, 2015) for a full description
of the CEEMDAN method and its main advantages
with respect to EMD and the ensemble EMD (Wu
and Huang 2009):

(1) Set k = 0, and define r0 = x(t).
(2) Identify the extremes (maximum and minimum)

of rk, and generate the upper (emax) and lower
(emin) envelopes connecting all the local
extremes through a cubic spline interpolation.

(3) Calculate the mean envelope m = (emin + emax)/2.
(4) Subtract the mean envelope from the time

series in order to obtain the first IMF time
series hk+1 = rk − m.

(5) Verify whether hk+1 is an IMF. To be considered
as an IMF, a signal must fulfill two conditions:
(i) the number of extremes (maxima and
minima) and the number of zero-crossings
must be equal or differ at most by one; and (ii)
the local mean, defined as the mean of the upper

Table 2. Streamflow drought parameters used in this study for each of the threshold levels. d: days with observed streamflow below
the selected threshold; v: difference between observed streamflow and selected threshold (in m3/s); Q: seasonal mean flow (in m3/
s); and E: streamflow drought event.
Parameter Description Formula Time step

TNDE Total number of streamflow drought events (1957/58–2013/14)
TNDE ¼ PN

i¼1
Ei

-

MDD Mean drought duration (d) (1957/58–2013/14)
MDD ¼ 1

TNDE

PN

i¼1
di

-

CDV Mean cumulative deficit volume standardized by seasonal mean flow (d) (1957/58–2013/14)
CDV ¼ 1

�Q
1

TNDE

PN

i¼1
vi

-

SNDD Seasonal number of days below the selected threshold (d) (drought days)
SNDD ¼ PN

i¼1
di

Annual

SCDV Seasonal cumulative deficit volume standardized by seasonal mean flow
SCDV ¼ 1

�Q

PN

i¼1
vi

Annual

SNDE Number of drought events per season
SNDE ¼ PN

i¼1
Eiseason

Annual
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and lower envelopes must be zero. If hk+1 is an
IMF, save hk+1, compute the residue

rkþ1 ¼ x tð Þ � Pkþ1

i¼1
hi, do k = k + 1 and treat rk

as input data in Step 2. If hk+1 is not an IMF,
treat hk+1 as r0 and repeat steps 2 to 4 as many
times as needed.

(6) Continue until the final residue rk becomes a
monotonic function or a function only contain-
ing less than three extremes (McMahon et al.
2008) from which no more IFM can be
extracted. In that case, a complete sifting process
of series x(t) by EMD stops. The decomposition
results can be expressed as:

x tð Þ ¼
XK

i¼1

hk þ rk (1)

The use of the CEEMDAN technique for the identifi-
cation of the main modes of variability present in
hydro-meteorological variables is novel in the study
region. Recent studies (Antico et al. 2014, 2016) have
analysed, through CEEMDAN, the temporal variability
in the Paraná River, the third largest river in South
America, located in La Plata Basin. The technique was
also used by Rivera and Penalba (2014) for the assess-
ment of nonlinear trends in the drought-affected area
over southern South America.

3 Results

3.1 Streamflow drought climatology: 1957/58–
2013/14

Table 3 lists the climatological values of the streamflow
drought parameters for the selected basins during the
high-flow season (October–March). Description of the
values is given for the droughts that lasted at least 10 d,
for the moderate, severe and extreme drought levels.
The region with the largest number of streamflow
drought events is located upstream of Punta de
Vacas, in the headwaters of the Cuevas, Mendoza and
Tupungato rivers, and over the Tunuyán basin, with
more than 80 drought events in the 57 hydrological
years (Table 3). De Los Patos, San Juan, Salado and
Barrancas basins have a lower number of drought
events, ranging between 58 and 64. This is also
observed for the severe and extreme events, with values
ranging from 42 to 46 and 22 to 26, respectively. There
is a clear relationship between the number of drought
events and mean duration: the basins where the occur-
rence of droughts is more frequent corresponds to
shorter drought duration, and vice versa. The pattern

of fewer but longer streamflow droughts over the
northern basins (i.e. De los Patos and San Juan)
could be attributed to the geographical morphology
(longitudinal extent of the Andes and changes in
slope) or an atmospheric process (position on the east-
ern edge of the South Pacific anticyclone). This feature
is also evident over the southern Mendoza basins
(Salado and Barrancas rivers). Once a drought event
has been established over these basins, it has a mean
duration of between 54 and 59 d in the case of the Q70
threshold, between 42 and 45 d for Q80 and between
31 and 51 d for Q90. Moreover, the standard deviation
of the duration of droughts is higher than in the rest of
the basins, indicating a larger inter-annual variability.
In comparison, over most of the Mendoza province
basins (Atuel, Mendoza, Tupungato and Tunuyán),
mean drought duration is between 20 and 35 d in the
case of moderate droughts, with little variation with
respect to the selected threshold (Table 3). The stan-
dardized deficit volume for the eight basins ranges
between 18 and 32 d for the Q70 threshold, a para-
meter that decreases as the severity level increases. The
interpretation of the values of deficit volume is related
to the number of days per year in which the river
would have no flow due to the accumulated streamflow
drought conditions. Due to the pooling procedure, the
cumulative deficit volume shows an increase as the
minor drought duration increases.

When considering streamflow drought events with
duration longer than 20 d, the statistics show an
increase in mean drought duration and a decrease in
the number of drought events, in comparison with the
results obtained for the streamflow drought events >10
d (Table 3). This effect can be interpreted from
Figure 3. For instance, if we consider that D1 = 105 d
and D2 = 19 d, mean drought duration during the
1996/97 season is 62 d. Now considering E2 as a
minor drought event (i.e. with duration <20 d), mean
drought duration will increase to 105 d, and drought
frequency will be reduced to a single event. In this
sense, similar results are obtained when considering
streamflow drought events longer than 30 d (Table 3).
Similarly, an increase in the mean CDV is observed in
all the basins when increasing the duration of the
minor droughts.

Comparing the streamflow drought climatology
with the climatology of meteorological droughts per-
formed by Rivera (2014), a larger number of meteor-
ological droughts was identified over the region in the
period 1961–2008. This could be associated with the
fact that not all meteorological droughts, which result
from a shortage of precipitation, will eventually lead to
a streamflow drought, as suggested by Wong et al.
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(2013). Meteorological droughts tend to evolve collec-
tively into a prolonged hydrological drought, a feature
known as pooling (Van Loon and Van Lanen 2012).
Moreover, comparing mean drought durations, it is
observed that streamflow droughts have longer mean
duration than meteorological droughts. In this sense,
droughts become longer in duration in moving from
meteorological to hydrological drought (Wang et al.
2016), a feature known as lengthening. Over the study
area, the influence of temperature is another factor that
can contribute, with the observed difference in the
number of droughts based on precipitation and

streamflow records. Abnormally cold seasons can inhi-
bit the snowmelt and glaciermelt processes and, there-
fore, foster streamflow drought conditions even when
rainfall and snowfall amounts are normal (Araneo and
Villalba 2015).

Even when there are spatial differences in the cli-
matological values of the streamflow drought para-
meters, the regional average of the annual drought
indices (SNDD, SCDV and SNDE) can give useful
information. This statement is supported by the strong
coherence between streamflow time series over the
CAA, typically from the Jachal to the Colorado basins

Table 3. Climatological values for the total number of drought events (TNDE), mean drought duration (MDD) and cumulative deficit
volume standardized by the seasonal mean flow (CDV) for the eight selected basins and their standard deviation (SD) for the Q70,
Q80 and Q90 threshold levels and the three levels for minor drought definition.

Drought duration ≥ 10 d Drought duration ≥ 20 d Drought duration ≥ 30 d

Q70 Q80 Q90 Q70 Q80 Q90 Q70 Q80 Q90

San Juan (1208)
TNDE 64 47 26 37 28 16 25 19 11
MDD (d) 58.4 45.0 31.9 80.0 62.6 50.8 101.4 79.4 68.7
SD (d) 57.2 41.7 17.6 55.4 40.9 20.3 56.1 43.1 24.9
CDV (d) 23.2 16.5 10.5 34.7 20.1 13.7 32.9 21.3 16.2
SD (d) 22.9 17.1 11.6 28.6 17.2 11.1 22.5 16.6 9.0

De Los Patos (1205)
TNDE 60 46 25 35 27 12 24 17 9
MDD (d) 53.9 45.2 44.8 82.5 60.3 71.1 98.9 81.8 82.8
SD (d) 54.3 43.0 57.3 57.1 50.2 63.1 54.8 51.5 62.4
CDV (d) 24.6 16.7 10.4 31.8 18.1 15.5 32.7 26.4 16.6
SD (d) 26.3 20.2 15.4 26.6 21.5 17.8 27.8 22.8 18.9

Tupungato (1420)
TNDE 90 55 37 37 28 18 23 15 8
MDD (d) 25.8 26.7 21.5 50.9 38.8 32.1 63.8 47.2 42.2
SD (d) 17.0 12.2 8.6 31.5 18.3 11.0 37.1 18.5 7.0
CDV (d) 21.0 15.6 8.5 27.9 15.9 10.5 29.0 15.5 12.5
SD (d) 21.7 14.0 7.9 21.5 13.9 7.7 20.9 11.5 7.0

Mendoza (1413)
TNDE 94 58 31 38 23 17 23 15 7
MDD (d) 26.3 25.7 23.0 44.3 44.6 33.2 60.4 54.8 50.8
SD (d) 16.5 12.4 11.3 24.2 26.9 12.1 35.3 29.4 20.8
CDV (d) 20.9 12.8 7.1 22.4 14.0 9.0 23.7 16.3 12.6
SD (d) 20.0 14.6 8.7 20.9 14.8 9.1 20.3 14.4 10.6

Tunuyán (1419)
TNDE 84 56 32 30 20 14 18 15 7
MDD (d) 30.5 24.7 21.3 53.8 49.3 35.5 73.7 55.7 43.5
SD (d) 30.2 16.9 9.2 34.1 23.2 19.3 44.1 20.4 18.0
CDV (d) 20.6 14.9 8.9 30.6 21.3 11.7 32.6 23.3 8.1
SD (d) 22.4 15.2 8.2 22.6 13.7 6.8 22.5 13.0 4.3

Atuel (1403)
TNDE 75 63 33 36 28 14 27 15 6
MDD (d) 34.0 26.8 21.0 59.0 44.6 30.2 71.2 59.2 40.0
SD (d) 32.5 15.7 7.9 35.7 27.4 8.2 39.1 32.4 5.8
CDV (d) 17.9 14.9 7.0 25.7 16.2 7.8 26.8 17.6 13.0
SD (d) 19.6 13.9 8.4 18.9 13.8 9.0 18.6 15.3 10.7

Salado (1415)
TNDE 64 42 22 40 23 10 26 17 8
MDD (d) 56.9 47.8 51.1 67.2 65.2 81.7 85.8 84.7 90.7
SD (d) 58.7 44.6 49.2 57.3 42.5 52.1 57.8 52.2 49.5
CDV (d) 32.0 23.4 15.2 32.3 26.7 16.5 40.4 27.8 18.6
SD (d) 30.6 23.2 16.8 31.8 24.1 18.1 33.1 24.7 18.5

Barrancas (2001)
TNDE 58 44 25 38 23 14 21 15 9
MDD (d) 56.9 50.8 44.0 75.2 77.5 54.7 103.2 91.8 70.4
SD (d) 46.3 51.8 48.9 52.2 50.0 48.4 47.5 44.8 53.2
CDV (d) 24.9 16.9 8.5 26.7 19.7 9.4 32.8 21.3 13.5
SD (d) 24.3 19.3 14.0 24.8 20.0 15.0 25.2 20.7 17.2
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(Compagnucci and Araneo 2005). Moreover, the cor-
relation coefficients between the time series of the eight
basins were calculated, with significant correlations
obtained for the three annual indices among all the
basins (not shown). The temporal evolution of the
regional average of the eight selected stations (Fig. 1,
Table 2) for SNDE, SNDD and SCDV is shown in
Figure 4((a)–(c)). It is apparent that a dry period
occurred from 1957/58 until the end of the 1970s,
which is reflected in the high values of the three
indices. The end of this dry period is in agreement
with historical analysis of precipitation over the CAA,
which shows a regime shift between 1976 and 1977
(Compagnucci et al. 2002), and also was registered in
the snowpack records over the Central Andes
(Masiokas et al. 2006). In some of the years, the values
of the SNDE are higher for the extreme drought cate-
gory in comparison with the severe and moderate
categories (Fig. 4(a)). This is attributed to the occur-
rence of dry pulses that are evident considering higher
thresholds, a feature that is shown in Figure 3. For
instance, between October and February of 1996/97,
three drought events can be identified for the extreme

drought level (two of them are labeled as E1 and E2 in
Fig. 3), which are part of two severe drought events and
one moderate drought event.

During the period 1980–2010 there is a predomi-
nance of few drought occurrences, interrupted during
the years 1990/91, 1995/96–1999/00 and 2004/05. Since
the hydrological year 2010/11, a sharp increase is
observed in all the indices, which is a consequence of
dry winters during the period 2010–2014 which con-
tributed to poor snow accumulation over the central
Andes (Masiokas et al. 2014). This recent dry period
was also observed in the reduced levels of Cuyo region
dams (Diario La Provincia 2015) and it is reflected in a
water crisis declared by the irrigation departments of
Mendoza and San Juan provinces. More details on the
long-term variability of these annual time series are
given in Section 3.2.

The year 1968/69 shows higher values of regional
SNDD and SCDV for the three severity levels, and
also higher SNDE for the Q90 threshold (Fig. 4).
During the 1967/68–1971/72 period, the regional
SNDD was above 60 for the Q70 threshold. Severity
shows a peak during the years 1968/69 and 1970/71,

Figure 4. Regional average of the SNDE (a), SNDD (b) and SCDV (c) time series constructed with the eight selected stations for the
period 1957/58–2013/14.
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with the equivalent of more than 50 days without
streamflow for the Q70 threshold in the whole
region. This dry period corresponds to the occur-
rence of the longest and more severe meteorological
droughts over central-western Argentina (Rivera
2014). Other relevant streamflow droughts occurred
during 1975/76–1976/77, 1981/82, 1990/91, 1995/96–
1999/00, 2004/05 and 2010/11–2013/14. The 1981/82
and 1990/91 events were particularly strong for the
San Juan and De los Patos basins, with over 150 days
with streamflow drought conditions, more than half
of the days with severe conditions. Based on the
SNDD and SCDV, the 2010/11–2013/14 period was
record breaking in Tunuyán and Tupungato basins.
Also, the SNDE recorded for the Q70 and Q80
thresholds shows large values during the 2011/12–
2012/13 period. The 2010/11 year shows the third
highest SCDV of the analysed period considering the
three severity thresholds.

3.2 Trends and periodicities in SNDD

For a better assessment of the temporal variations in
the annual time series, we decided to analyse only the
evolution of the seasonal number of drought days
(SNDD) identified with the Q70 threshold, given the
continuity of the time series (i.e. lack of long periods
with zero values) in comparison with the time series
based on other thresholds (see Fig. 4(b)). This is in line
with the analysis performed by Rivera and Penalba
(2014) for the temporal evolution of meteorological
droughts over southern South America. Given the
strong relationship between duration (SNDD) and
severity (SCDV) for the three different threshold levels
(r = 0.946, p < 0.01, see Fig. 4), we verified that the
main modes of variability do not change if we consider
the SCDV based on Q70 instead of the SNDD (results
not shown).

Figure 5 shows the main modes of variability asso-
ciated with the SNDD for moderate streamflow
droughts over the CAA. If we consider the seasons
with more than 90 d with streamflow drought condi-
tions, seven of the 14 years (1964/65, 1967/68, 1970/
71, 1971/72, 1998/99, 2010/11 and 2011/12) corre-
spond to La Niña years and four (1962/63, 1996/97,
2012/13 and 2013/14) to cold conditions with SST
anomalies not reaching the La Niña threshold
(Fig. 5). The rest of the years are characterized by
warm SST episodes, two of them (1968/69 and 1976/
77) being El Niño years. The CEEMDAN approach
first extracted the higher-frequency variations from

the data, represented by IMF1, and the successive
applications of the algorithm produced the remaining
IMFs. Low-frequency variations are represented by
the higher-order IMFs. The first two modes of varia-
bility account for the inter-annual variations in the
SNDD, while the remaining IMFs and the residual can
be associated with the inter-decadal variability. The
IMF1 has an average oscillation of 2.0–3.1 years, with
higher amplitude during the first decades of record
(Fig. 5). The IMF2 has an average period of 7.0–
9.3 years and shows an increase in amplitude since
the beginning of the 1990s, which led to an increase in
the number of years with excess and dry conditions,
also in line with the temporal variability associated
with the IMF3 (average oscillation of 11.2–14.0 years).
The IMF4 has an average oscillation of 28 years, with
amplitude around 20 d which shows a decrease with
time. The residual represents a nonlinear trend which
shows a reversal in the sign during the second half of
the 1980s, a result that has been observed in other
hydro-meteorological variables over southern South
America (Krepper and Zucarelli 2012, Rivera et al.
2013, Rivera and Penalba 2014) and is indicative of
the existence of a low-frequency oscillation that led to
an increase in both SNDD and SCDV during the last
20 years. This oscillation fluctuates between 25 and 60
dry days per year.

In order to analyse the decadal variations in SNDD,
we considered the sum of IMFs 3 and 4, and the
residual of the decomposition as a decadal component
of the SNDD. We compared this oscillatory mode
with the decadal component of the PDO, which was
obtained by applying the CEEMDAN method to this
time series and grouping the modes 3, 4 and the
residual. Figure 6 shows the temporal evolution of
the two time series. The occurrences of dry periods
(i.e. higher number of dry days) are in phase with
negative values of the PDO, which is particularly out-
standing during the periods 1967/68–1971/72 and
2010/11–2013/14 (see Figs. 4 and 6). In addition,
both time series are significantly correlated (r = –
0.607, p < 0.01), showing that the PDO has a signifi-
cant influence in the modulation of low frequency of
streamflow droughts over the CAA. There is a clear
decoupling in the period 1999/00–2008/09; neverthe-
less, the inter-annual modes of the PDO show positive
values, indicating that these modes contribute to the
low values of SNDD during this period. The inter-
annual contribution of the PDO was also relevant
during the dry period 2010/11–2013/14 (result not
shown).
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Even when the 1968/69 season seems to be the most
extreme regarding the duration (SNDD) and severity
(SCDV) of droughts (Fig. 4), and the 1967/68–1970/71
period is highlighted as one of the driest periods of the

whole record over the CAA, the consistency in the dry
period of the years 2010/11–2013/14 is remarkable, with
more than 100 days per season having streamflows
below the Q70 threshold, averaged over eight locations.

Figure 5. Decomposition of the SNDD for the Q70 threshold based on the CEEMDAN approach. The top panel shows the original
signal, while the rest of the panels show the IMFs and the residual of the decomposition. As expressed in Equation (1) (Section 2.3),
the sum of the four IMF and the residual represents the original signal. Notice that the scale of the y-axis changes depending on the
amplitude of the IMF considered.
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4 Discussion

Extended periods of rivers flowing with reduced
streamflow may have significant impacts on natural
ecosystems, social activities and the regional econ-
omy. The increase in the demand for water resources
to cover environmental needs, to satisfy human and
industrial consumption, and for the generation of
hydroelectric power, requires an improvement in
water management, especially during periods of low
streamflows. In the CAA, agriculture is a key activity
that is only possible through irrigation (Montaña
et al. 2016), this region having the largest irrigated
surface of Argentina (Morábito et al. 2009). Wine
production in the region is both the main source of
income and the main consumer of water for irriga-
tion (Castex et al. 2015). In this sense, streamflow
drought periods exacerbate the pressure on water
resources, often leading to water conflicts and eco-
nomic losses. To deal with the recurrent drought
conditions over the CAA, farmers and agricultural
workers (especially those integrated within the indus-
try or connected to the export chain) have gradually
moved away from the foothills to settle in the upper
lands, looking for lower temperatures, proximity to
water sources, better water quality and less pollution
(Montaña et al. 2016).

The threshold level method applied to the daily
hydrographs of eight representative basins of the CAA
allowed us to obtain the main characteristics of stream-
flow droughts over the last 57 years. These parameters
are usually considered in various engineering applica-
tions, such as the design of reservoirs and irrigation
channels. This new approach for streamflow drought
identification (which consists in considering the daily

variation of streamflows instead of using a fixed yearly
value), can allow a proper evaluation of hydrological
conditions, especially in a region with marked season-
ality and that can be affected by several types of stream-
flow droughts, depending on precipitation, temperature
or a combination of both. Differences in the mean
values of streamflow drought duration and severity,
and in the number of drought events, were observed
in the northern basins (31–32°S) and in the basins of
southern Mendoza province (35–37°S) with respect to
those located in central and northern Mendoza (32–35°
S). Differences could be attributed to the geographical
morphology related to differences in the longitudinal
extent of the Andes and to the position of the eastern
edge of the South Pacific anticyclone. Both factors could
enhance the occurrence of fewer but longer streamflow
droughts, with respect to the basins over the central part
of Mendoza province. Comparing the Blanco (32°S) and
Mendoza (33°S) rivers, Lascano Kezic (2010) identified
the contribution of glaciermelt to the streamflow levels
during the dry years 1968/69 and 1996/97, with values of
26% and 50%, respectively. This shows that the differ-
ence in glaciermelt contribution can be linked to geo-
morphological differences between the basins, a factor
that needs to be further explored. Another factor that
can explain the spatial differences in streamflow drought
parameters is the intra-seasonal variation of temperature
associated with the Madden-Julian Oscillation, which is
relevant over the CAA (Álvarez et al. 2016). This intra-
seasonal variation can act as regulator of the snowmelt
and, therefore, modify the streamflow amount during
the warm season. Given that the focus of this research is
based on inter-annual to inter-decadal variations,
further research is needed to establish the role of intra-
seasonal variability on streamflow droughts.

Figure 6. Temporal evolution of the decadal components of the PDO and the SNDD based on the Q70 threshold for the period
1957/58–2013/14.
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With the streamflow drought events identified, we
constructed three annual indices based on the
streamflow drought climatology for Europe given by
Hisdal et al. (2001). These indices account for the
number of drought events per season (SNDE), their
duration (SNDD) and severity (SCDV). Based on the
temporal evolution of these indices during the 1957/
58–2013/14 period, a clear relationship is observed
between the duration and severity of drought events.
Even when this relationship is usually nonlinear and
depends on the propagation of droughts (Van Loon
et al. 2014) related to climatic and catchment char-
acteristics (van Lanen et al. 2013), the temporal varia-
bility in both time series is similar and can be
attributed to the same climatic processes. In this
sense, we applied a novel technique (CEEMDAN) to
decompose the SNDD time series based on the Q70
threshold, which allowed us to identify the five main
modes of variability. This assessment showed the role
of ENSO and the PDO in modulating the inter-
annual and inter-decadal variations of streamflow
droughts. Eleven of the 14 driest years are related to
either La Niña events or cold SST conditions over the
tropical Pacific Ocean. The decadal modes of the
PDO account for 37% of the decadal variations in
streamflow droughts, which are marked during the
1957–1999 period. The negative phase of the PDO is
in agreement with a larger number of days with
streamflow droughts and also with a larger deficit
volume, and vice versa. The CEEDMAN method has
several possible applications in both understanding
streamflow drought variability and its potential for
estimating the predictability of streamflow droughts
at different time scales.

The design of reservoirs and associated infrastruc-
ture is often based on 30- or 50-year average stream-
flows and the assumption of a steady-state climate
(Eden and Lawford 2003). Therefore, an approach
that considers the nonlinearity of the climatic system
must be considered for the development of adaptation
and mitigation strategies. The residual of the
CEEDMAN approach showed the existence of a non-
linear trend towards an increase in the duration and
severity of streamflow drought conditions during
recent years. This trend contributed to more than
40 days with low streamflow per season during the
last 5 years, reaching the highest values since the late
1970s. Since the hydrological year 2010/11, streamflow
drought conditions have developed over the CAA,
mostly related to cold SST conditions in the tropical
Pacific Ocean. This period had an average value of over
100 yearly days with streamflow drought conditions,
standing out as one of the most relevant dry periods of

the past century, comparable with the 1967/68–1971/72
period.

During recent decades, several studies have been
performed worldwide regarding the climatological
aspects of streamflow droughts (Wu et al. 2008), the
development of streamflow drought indicators for
monitoring and drought characterization (Shukla and
Wood 2008, Vicente-Serrano et al. 2012) and the gen-
eration of early warning plans to mitigate their impact
(Walker and Douglas 2003, Garrote et al. 2009). There
is a need to provide long-term baseline monitoring and
analysis of low flows to support integrated river basin
management (WMO 2008).

5 Conclusions

The hydrological drought conditions over the CAA
during the past 57 years were assessed in terms of
streamflow variations through the daily varying thresh-
old level method. A climatological assessment of
streamflow droughts based on their frequency, mean
duration and mean severity allowed us to identify sev-
eral regional differences in drought characteristics.
Basins located north of 32°S or south of 35°S recorded
50% fewer streamflow drought events than the basins
in the central part of the study area, a factor that could
be related to the geomorphology of the basins or to
regional climate conditions. There is a clear relation-
ship between the number of drought events and their
mean duration: the basins where the occurrence of
droughts is more frequent correspond with shorter
drought duration, and vice versa. Regional differences
show almost 100% more drought days in the basins
with less frequent drought conditions. These results are
dependent on the severity level and the minimum
drought duration.

Regionally averaged annual indices accounting for the
frequency of streamflow drought events (SNDE), their
duration (SNDD) and severity (SCDV) were constructed
for the temporal analysis of streamflow droughts. Given
the significant relationship between severity and duration
(streamflow droughts with longer mean duration have
large cumulative deficit volumes), we applied the
CEEMDAN approach only to the SNDD time series
considering the Q70 threshold. This method allowed the
identification of both inter-annual and inter-decadal
modes of variability, which were linked to El Niño/La
Niña occurrences and the PDO. A strong consistency was
obtained considering the years with higher values of
SNDD and the relationship to La Niña events or to cold
SST conditions (not reaching the La Niña threshold) over
the tropical Pacific Ocean. Regarding the decadal varia-
tions in streamflow drought periods, the contribution of
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the PDO is more relevant during the 1957/58–1998/99
period. Looking at the recent drought period (2010/11–
2013/14), the PDO accounts for half of the precipitation
trends recorded in the Central Andes (Boisier et al. 2016),
suggesting that anthropogenic forcing may be playing a
role in drought persistence. Between 2010/11 and 2013/
14, for almost 60% of the period, streamflows were below
the Q70 threshold, highlighting this dry period as one of
the most prolonged on record. We recommend a contin-
uous regional monitoring of streamflow time series based
on a daily threshold level, with the objective to optimize
the management of hydrological resources that are being
reduced and are becoming inadequate for the needs of the
agricultural sector, the generation of hydropower and
human requirements.
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