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Abstract: We identified and analysed droughts in the La Plata Basin (divided into seven sub-basins)
for the current period (1961–2005) and estimated their expected evolution under future climate
projections for the periods 2011–2040, 2041–2070, and 2071–2099. Future climate projections were
analysed from results of the Eta Regional Climate Model (grid resolution of approximately 10 km)
forced by the global climate model HadGEM2-ES over the La Plata basin, and considering a RCP4.5
emission scenario. Within each sub-basin, we particularly focused our drought analyses on croplands
and grasslands, due to their economic relevance. The three-month Standardized Precipitation
Evapotranspiration Index (SPEI3) was used for drought identification and characterization. Droughts
were evaluated in terms of time (percentage of time from the total length of each climate scenario),
space (percentage of total area), and severity (SPEI3 values) of cells characterized by cropland and
grassland for each sub-basin and climate scenario. Drought-severity–area–frequency curves were
developed to quantitatively relate the frequency distribution of drought occurrence to drought
severity and area. For the period 2011–2040, droughts dominate the northern sub-basins, whereas
alternating wet and short dry periods dominate the southern sub-basins. Wet climate spread from
south to north within the La Plata Basin as more distant future scenarios were analysed, due to both
a greater number of wet periods and fewer droughts. The area of each sub-basin affected by drought
in all climate scenarios was highly varied temporally and spatially. The likelihood of the occurrence
of droughts differed significantly between the studied cover types in the Lower Paraguay sub-basin,
being higher for cropland than for grassland. Mainly in the Upper Paraguay and in the Upper Paraná
basins the climate projections for all scenarios showed an increase of moderate and severe droughts
over large regions dedicated to crops and grasses. On the other hand, for the near future, the Lower
Uruguay and the River Plata basins showed a decrease of drought severity compared to the current
period. Projections suggest an increase in competition among uses in these regions and the need for
a potential relocation of certain crops from the northern regions towards cooler regions located in
the centre and south. Further research should consider other climate projections and perform high
spatial resolution studies in localized areas.
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1. Introduction

The La Plata Basin (LPB) is located in the centre-south of South America. It comprises five countries
with a total extent of 3,174,229 km2. As droughts affect economic and social activities within the basin [1],
the study of present and future climate scenarios is essential. In this study, drought is understood as
a period which is drier (e.g., resulting from lower rainfall or/and higher temperatures) than usual.
Several authors have focused their work on specific drought spells that occurred over certain regions
within the La Plata Basin (e.g., [2–7]). Comprehensive works on droughts were mostly conducted
on monthly time-scales (e.g., [3,8–11]) and a few on daily time-scales [4,12]. In general, they showed
a decrease of drought spells after the mid-1970s. For example, Penalba and Vargas [9] detected
a 20% decrease in the number of dry months per year, and Barrucand et al. [3] reported fewer dry
months during the warm season (October to March) between 25 ◦S and 40 ◦S in the region, passing
from 2–3 months during 1904–1920 to 1–2 months from 1980–2000. Moreover, various studies have
documented inter-annual trends in the region’s climate over the last 40 years [13]. Doyle et al. [14]
described an increase in the annual precipitation in the region by 5 mm/year between 1960 and 2005.
Penalba and Robledo [15] reported a 10–25% decrease in daily rainfall in winter, but a 33–60% increase
in the remaining seasons during 1950–2000. Dufek et al. [16] reported a 7–9% increase in the number
of warm nights and a 5%–9% decrease in the number of cold nights in most of the region during
1961–1990. Much literature describes severe droughts in recent years [5,6,12,17–20].

With regard to the modelling of the current climate and the evaluation of projections of the effects
of climate change on the basin, several studies were conducted by assembling different emission
scenarios (RCP 8.5, RCP 6.0, RCP 4.5, and RCP 2.6) with regional climate models (RCM, e.g., REGCM3,
RegCM4, Eta, RCA, MM5, and REMO) driven by global climate models (GCM, e.g., HadGEM2,
HadCM3, MIROC5, EC5OM, ECHAM5, GFDL, and MPI) (e.g., [3,11,13,21–40]). In order to assess
a wide range of uncertainty sources, in recent years many studies have followed an ensemble modelling
approach. This implies the generation of ensembles of simulations performed with different RCMs
driven by different GCMs for different emission scenarios. However, this has prompted debate over
both the appropriate interpretation of ensembles as well as how best to communicate uncertainty about
future climate change to decision makers [41]. The most ambitious collaborative initiative for producing
ensembles of RCM simulations over the La Plata Basin was performed within the CLARIS-LPB Project
(a Europe–South America network for climate change assessment and impact studies [42,43]). A suite
of seven coordinated RCM simulations over South America (with an approximate grid resolution of
50 km) driven by both the ERA-interim [44] reanalysis and a set of GCMs were evaluated [34,36–40,42].
Carril et al. [36] found relatively good agreement for the annual precipitation average cycle over
the La Plata Basin by applying an ensemble of RCMs. Moreover, they stated that these results were
due to the cancelation of offsetting errors in the individual models. Menéndez et al. [37] found
that the ensemble seasonal (December, January and February, DJF) mean precipitation compared to
the CPC-Unified Gauge-Based data [45] is underestimated in the southern LPB down to 3 mm/day
and it is overestimated in the northern and eastern LPB up to 4 mm/day. Solman et al. [38] found that
although the results of the ensemble of the RCMs systematically improved the quality of the modelled
climate compared to the single RCM model evaluated in the CLARIS-LPB project, they did not identify
anyone producing systematically worse or better results for every variable over every region. Moreover,
they highlighted that the individual models should be built and evaluated after a deep analysis of
the characteristics of the study region. In that sense, the National Institute for Space Research (INPE,
São Paulo, Brazil) started using and developing different versions of the Eta Model [46–51] for regional
climate simulations and projections in the region at the beginning of the XXI century and thus has
an excellent knowledge of the study region [46–48,51–56]. Based on previous studies [24,51,52],
Mourao [27] applied to the La Plata Basin the Eta Regional Climate Model with a grid resolution of
approximately 10 km and forced by the global climate model HadGEM2-ES [57–59]. Validation of
the model for the current period (1961–1990) was performed based on the Climatic Research Unit
database (CRU) [60]. In general, the Eta Model is capable of capturing the spatial and temporal
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patterns of precipitation and temperature compared to the observed data and precedent studies. In DJF
the daily average precipitation is underestimated by 1 mm/day in the north and overestimated by
1 mm/day over the east and south border of the basin. The DJF average temperature is underestimated
by 2 ◦C over the east border of the basin. Under- and over-estimations by about 1 ◦C are observed
in the north of the basin. However, Menéndez et al. [37] found that the ensemble seasonal (DJF)
temperature compared to the CRU data [60] is overestimated by 3 ◦C in the southern and western
LPB and underestimated by 2.5 ◦C in the eastern LPB. In addition, they estimated the potential
evapotranspiration (PET) for the current climate.

Concerning the future climate, several models showed, in general, a precipitation increase over
the La Plata Basin region [29–31,33,34,37]. According to Menéndez et al. [37], for the period 2071–2100,
the seasonal mean precipitation (DJF) from the CLARIS LPB ensemble under the SRES A1B scenario is
projected to increase between 20% and 40% over the southern LPB. A slight decrease to 5 % or stability
of precipitation is projected over the northern LPB. Moderate increases ranging 5–30% are projected
over the remaining regions of LPB. Considering an RCP4.5 emission scenario [61] and compared to
the 1961–1990 period, Mourao [27] reported that the projection of the daily average precipitation in DJF
indicates an increase of up to 1 mm/day in the south and a decrease down to 3 mm/day in the north
of the basin for the period 2011–2040; an increase of up to 1 mm/day in the south, southwest and west,
and a decrease down to 1 mm/day in the north and northeast of the basin for the period 2041–2070; and
an increase in the south/southwest of up to 2 mm/day and a decrease in the north/northeast down to
1 mm/day for the period 2071–2099. On the other hand, most of the RCMs and ensembles agree that
the average temperature for the entire trimester (DJF) is projected to increase. Menéndez et al. [37]
reported an increase of up to 2 ◦C over the southern and up to 4 ◦C over the northern LPB. They also
analysed the evapotranspiration projection for the period 1971–2100 (DJF), finding an increase up
to 30% between 20◦ S and 40◦ S compared to the current climate (1960–1990). Mourao [27] reported
the greatest differences of temperature between the 10◦ S and 23◦ S latitudes with a DJF average
temperature increase of up to 3 ◦C between 2011 and 2040, 3.5 ◦C between 2041 and 2070, and 4 ◦C
between 2071 and 2099.

Drought indices are often used to monitor droughts, and the information derived from these
indices can be used in planning and designing applications. The World Meteorological Organization
(WMO) and the Global Water Partnership (GWP) [62] presented some of the most commonly used
drought indices applied across drought-prone regions. They were categorized by type and ease
of use, including meteorology, soil moisture, hydrology, remote sensing and modelled indices.
The SPI drought index (Standardized Precipitation Index [63]) is widely used worldwide, and it
has been applied in LPB [7,9,22,34]. By applying the SPI3 and using a CMIP5 multi-model ensemble,
Penalba and Rivera [22] analysed future changes in drought characteristics over southern South
America, finding that the occurrence of droughts will be more frequent during the 21st century,
with shorter durations and greater severities. The projections show increases in drought frequency
changes of about 10–30%, accompanied with increases of 5–15% in the mean drought severity and
a decrease of 10–30% in the mean drought duration. Penalba and Rivera [7] also applied several
drought indices based on precipitation data. The Standardized Precipitation–Evapotranspiration
Index (SPEI) accounts for two key variables, P (precipitation) and PET, which are significantly
affected by climate change [62,64–66]. The WMO and GWP [62], and Hao and Singh [66] recommend
the SPEI to identify and monitor conditions associated with drought impacts. For regional drought
analysis, it is useful to quantitatively relate the frequency distribution of drought occurrence to other
aspects, such as drought severity, duration and area [67]. Several authors applied a method named
drought-severity–area–frequency (SAF) curves [68–71], but mostly not to LPB. Mishra and Singh [68]
suggested the use of SAF curves for studying annual drought severity and their occurrence covering
the percentage of the area in the basin (for the present period and future climate). Loukas and
Vasiliades [70] stated that SAF curves provide useful information to characterize a regional drought
event and to plan water resource management in semi-arid regions. Kim and Valdés [72] studied
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the temporal and spatial characteristics of droughts to provide a framework for sustainable water
resource management at a regional scale. Despite the abundance of literature, strong conclusions on
drought trends within the La Plata Basin are difficult to draw.

Economic activities developed on cropland and grassland are key for the economy of the La Plata
Basin [1]. The combined effect of new agricultural technologies, global increases in food demand [73],
and higher precipitation have shaped the landscape of the region during the last 40 years. Grasslands
and croplands have expanded to marginal areas [74–77], and such patterns are also expected in
the future [78,79]. The main goal of this study is to analyse droughts under different climate scenarios
in the La Plata Basin, specifically focusing on regions covered by croplands and grasslands, given
their relevance to the economy of the La Plata Basin. Particularly, the study aims at characterizing
droughts in terms of magnitude, occurrence, and spatial coverage for the current period (1961–2005)
and to estimate their expected evolution under future climate projections for the periods 2011–2040,
2041–2070, and 2071–2099.

2. Materials and Methods

2.1. Data and Regional Extent

We identified and characterized dry and wet periods within the La Plata Basin (Figure 1) for
the current period and future scenarios on a monthly time scale, on a distributed spatial scale, and
by using the SPEI [64,65]. The SPEI is based on a monthly climatic water balance D = P – PET, which
provides a simple measure of the water surplus or deficit for a specific analysed month. The D
values are accumulated at different time scales to obtain different SPEI values (e.g., SPEI1, SPEI3,
SPEI6, SPEI12, for 1, 3, 6, and 12 months, respectively, among others). Three-parameter Log-logistic
distribution is used to fit the D series, as this distribution shows a gradual decrease in the curve
for low values, and coherent probabilities are obtained for very low values of D. The distribution
parameters are calculated by applying the probability weighted moments (PWMs) method by means
of the unbiased estimator given by Hosking [80], as the standard deviation of the SPEI series does
not change among the different SPEI time scales. Then, the probability distribution function of D is
calculated according to the Log-logistic distribution (F(x)). The SPEI is obtained as the standardized
values of F(x) following the approximation of Abramowitz and Stegun [81]. The average value of
the SPEI is 0, and the standard deviation is 1. The SPEI is a standardized variable, and it can therefore
be compared with other SPEI values over time and space. For example, an SPEI of 0 indicates a value
corresponding to 50% of the cumulative probability of D, according to a Log-logistic distribution.
A detailed description of the SPEI can be found in Vicente-Serrano et al. [64].

The three-month SPEI (SPEI3) was chosen in this study as it provides seasonal information.
SPEI3 values < 0 were designated as dry periods, whereas SPEI3 values ≥ 0 were designated as
wet periods. Moderate to severe droughts were assumed as those dry periods with SPEI3 < −1
(e.g., [63,81–83]). According to the WMO and GWP [62], the inclusion of temperature data to calculate
PET allows the SPEI to account for the impact of this variable on a drought situation, and it is
appropriate when looking at the impact of climate change under various future scenarios. The SPEI3
calculation was based on current and future monthly series of P and PET provided by the INPE.
These were estimated using the regional climatic model Eta, which was specifically modelled in
the La Plata Basin under the boundary conditions of the HadGEM2-ES model and the moderate CO2

emissions scenario RCP 4.5 [24,27,51,54,55]. We used data spatially distributed in 0.11 arc degree cells
(approximately 10 × 10 km) and temporarily divided into a control period and three future climate
scenarios: 1961–2005, 2011–2040, 2041–2070, and 2070–2099, henceforth scenarios Sc0, Sc1, Sc2, and
Sc3, respectively. The control period corresponds to a modelled period resulting from previous studies
where the Eta model was calibrated and validated with observed climatic series [24,27,51]. It should
be noted that all calculations for the analysis of droughts were performed at the cell level and avoiding
spatial averaging. We also considered as analysis units the seven sub-basins that comprise the La Plata
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Basin defined by the Intergovernmental Coordinating Committee of the Countries of the La Plata Basin
(CIC) (Table 1 and Figure 1a). The sub-basins were named as: Upper Paraguay (UpPy), Upper Paraná
(UpPn), Lower Paraguay (LoPy), Lower Paraná (LoPn), Upper Uruguay (UpUy), Lower Uruguay
(LoUy), and Río de la Plata (PlBn). Finally, land cover data corresponding to cropland and grassland
were extracted from the Global Land Cover-SHARE (FAO) land cover database (Figure 1b, [84]),
which is spatially distributed in 0.00833 arc degree cells (approximately 1 × 1 km). We aggregated
the land cover data in 0.11 arc degree cells (i.e., the calculation unit) by assigning the land cover value
corresponding to the predominant land cover type within each cell. We verified this assumption by
comparing, for each defined sub-basin, the area corresponding to each land cover type starting from
the 0.11 and 0.00833 arc degree data. We show the mean annual P and PET for each sub-basin and
climate scenario in Table 2.
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Figure 1. (a) Sub-basins that comprise the La Plata Basin. The continuous red line represents the sub-basin
borders; and the discontinuous line and coloured background represent the countries and international
administrative borders. (b) Land cover types within the La Plata Basin, based on the GLC-SHARE land
cover database [84]. UpPy: Upper Paraguay; UpPn: Upper Paraná; LoPy: Lower Paraguay; LoPn: Lower
Paraná; UpUy: Upper Uruguay; LoUy: Lower Uruguay; PlBn: Río de la Plata.

Table 1. Characteristics of the sub-basins that comprise the La Plata Basin and percentage of sub-basin
area covered by cropland and grassland.

Sub-Basin Abbreviation
Area % of Sub-Basin Area

(km2) Cropland Grassland

Upper Paraguay UpPy 600,086 18 5
Upper Paraná UpPn 899,628 68 4

Lower Paraguay LoPy 520,068 12 5
Lower Paraná LoPn 610,885 38 5

Upper Uruguay UpUy 116,470 41 4
Lower Uruguay LoUy 236,980 22 52
La Plata River PlBn 190,112 75 10

Total (km2) 3,174,229
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Table 2. Mean annual precipitation (P) and potential evapotranspiration (PET) of sub-basins that
comprise the La Plata Basin for the analysed climate scenarios.

Mean Annual P (mm/Year)

Climate Scenarios UpPy UpPn LoPy LoPn UpUy LoUy PlBn

1961–2005 1201 1792 1005 1032 2254 1609 1138
2011–2040 1042 1501 963 1112 2478 1795 1309
2041–2070 1167 1780 1105 1220 2781 1878 1279
2071–2099 1226 1848 1170 1270 2914 1961 1294

Mean Annual PET (mm/Year)

Climate Scenarios UpPy UpPn LoPy LoPn UpUy LoUy PlBn

1961–2005 2579 2169 2243 2113 1825 1820 1780
2011–2040 2916 2532 2407 2074 1915 1802 1687
2041–2070 3008 2513 2466 2158 1962 1874 1809
2071–2099 2983 2527 2407 2126 1952 1863 1797

2.2. Data Analysis

Analyses were developed on a monthly time scale and using the 10 × 10 km cells as calculation
units for the seven sub-basins comprising the La Plata Basin. As a first approximation to the identification
of spatial patterns on P and PET, we analysed the variation with respect to the current period of both
variables for the different future time horizons. To this aim, we averaged the monthly values of P
and PET in each cell for the entire period comprising each scenario. Afterwards, the variation of each
scenario’s PET and P, relative to Sc0, was calculated per cell. We identified the dry and wet periods
for the present climate and future scenarios in each cell by using the three-month SPEI (SPEI3). For
each climate scenario and each cell, we temporally averaged on the one hand, the 12 SPIE3 values
together (corresponding to a cycle of one year) and, on the other hand, the SPEI3 values corresponding
to each three-month period separately; that is January, February, and March (SPEI3JFM), February,
March, and April (SPEI3FMA), and so on, until the SPIE3 corresponding to December, January, and
February (SPEI3DJF).

Afterwards, we analysed the droughts in relation to two key land cover types in the La Plata
Basin: cropland and grassland [1]. The land cover types were defined following GLC-SHARE [84].
Cropland (light brown legend in Figure 1b) includes herbaceous crops, woody crops, and multiple
or layered crops. The herbaceous crops class is composed of a main layer of cultivated herbaceous
plants, including herbaceous crops used for hay, such as soybean, sunflower, wheat, and maize; all
the non-perennial crops that do not last for more than two growing seasons; and crops like sugar cane
which are regularly harvested while the root system can remain for more than one year in the field.
The woody crops class includes a main layer of permanent crops (trees and/or shrub crops) and all
types of orchards and plantations (fruit trees, coffee and tea plantation, oil palms, rubber plantation,
etc.). Finally, the multiple or layered crops class combines different land covers as two layers of
different crops (woody + herbaceous) or the presence of one important layer of natural vegetation
(mainly trees) that covers one layer of cultivated crops. Grassland (yellow legend in Figure 1b) includes
natural herbaceous plants (grasslands, prairies, steppes, and savannahs) covering more than 10%
of the land, irrespective of different human and/or animal activities, such as grazing, selective fire
management, etc. Woody plants (trees and/or shrubs) can be present within this cover type when
provided they do not exceed 10% of the cover. For each scenario (ScY1 with duration Z months),
sub-basin (Sbn X1), land cover type (A), and monthly time step (note that each month represents three
consecutive months in the SPEI3), we analysed the probability of occurrence (Figure 2) and the spatial
coverage of dry and wet periods of different magnitudes and return periods.

For the probability of occurrence (Figure 2), we specifically analysed the SPEI3 for the months of
November, December, and January (SPEI3NDJ) as crops and grasses may be significantly affected by
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droughts during this three-month period [1]. To simplify, the SPEI3 values were classified according to
the magnitude of the dry/wet period: <−1.5 for severe droughts, between −1.5 and −1.0 for moderate
droughts, between −1.0 and 0 for light dry periods, between 0 and 1.0 for light wet periods, and >1.0
for moderate to severe wet periods (e.g., [63,81,82]). We calculated the probability that a land cover
type within a sub-basin falls into each SPEI3NDJ category during a specific climate scenario period.
To do this, we determined the number of cells belonging to each category (coloured areas within
each bar; Figure 2a). Second, we selected only the values corresponding to the SPEI3NDJ (dotted
bars; Figure 2a) and summed the total number of cells belonging to each category (Figure 2b). Finally,
we calculated the percentage of cells within each category (total area of each colour; Figure 2b) from
the total number of cells. The total number of cells corresponded to the multiplication of the number
of cells from each land cover type within each sub-basin (N cells) by the number of SPEI3NDJ values
(i.e., one per year). This procedure allows the synthesis of the dry/wet conditions for each land
cover type, sub-basin, and climate scenario, by aggregating cells and avoiding the calculation of
spatial averages. To better assess the spatial-temporal droughts for different periods in LPB based
on the gridded SPEI3NDJ data, the drought SAF curves were developed and subsequently analysed
following Mishra and Singh [67,68] and Mishra and Desai [69]. We first estimated the drought severity
based on the values of the SPEI3NDJ. Then, we (1) calculated the drought severity for each year,
climate scenario, sub-basin and land use; (2) estimated the drought severity associated with different
areal extents (SPEI3NDJ for different total area percentages covered by each land use); (3) selected
the probability distribution for each SPEI3NDJ series corresponding to different area extents and land
uses; (4) performed a frequency analysis using the selected probability distribution for the drought
severity of different areal extents in order to associate drought severity with different return periods;
and (5) finally, developed the drought SAF curves for each climate scenario, sub-basin and land use.
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Figure 2. Procedure to calculate the probability of occurrence (expressed as percentage) that a land
cover type (A) within a sub-basin (Sbn X1) belongs to each category according to the magnitude of
the dry/wet period (from severe droughts (red) to severe wet periods (dark green); see legend) during
a specific climate scenario period (ScY1) and for the SPEI3NDJ. (a) Determination of the number of
cells belonging to each category for each month (SPEI3). (b) Selection of the SPEI3NDJ values and
calculation of the percentage of each category (each different coloured total area divided by the total
area by 100).
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2.3. Limitations of the Methodology

Although the data used in this study (mainly P and PET) are based on scientifically-rigorous
studies [24,27,51], they result from the application of a single RCM (Eta Model) and a GCM
(HadGEM2-ES), thus, the conclusions derived from this study are inextricably affected by the models’
uncertainty. Additionally, we made a series of simplifying assumptions. We did not consider in this
study the different water resource management scenarios derived from the operation of the hydraulic
infrastructures in each sub-basin. We assumed invariant land cover types in future climate scenarios in
our analyses of droughts in relation to cropland and grassland. We based the drought characterization
on the use of the SPEI3 and SPEI3NDJ although, in some cases, these periods may not be the most
critical for certain crops and specific conditions. For the estimation of the mean SPEI annual cycle,
we temporarily averaged the SPEI3 values for each cell to identify dry and/wet periods of different
magnitude, however, the averaging may have masked weak or punctual trends. We carefully analysed
our results by minimizing comparisons with absolute values as the length of the control climate
scenario differs from that of the future scenarios. Finally, although the existence of a drought is
an important factor to be considered when evaluating the potential impact of droughts on croplands
and grasslands, other factors, which were not analysed in this study, are also key, such as characteristics
of soil, surface, and groundwater hydrology, landscape and topography, type of crops, biological and
farm/crops management, and climate variables, among others.

3. Results

3.1. Precipitation and Evapotranspiration

In the introductory section, the results from the validation of the Eta model for the current
period (1961–1990) performed in precedent studies [24,27,51] were shown. In general, the Eta Model
was able to capture the spatial and temporal patterns of observed precipitation and temperature.
In this study we conducted a complementary analysis. From the monthly CRU database [60] we
calculated the mean monthly fluctuation of precipitation for 80 rainfall gauges within the La Plata
Basin for the period 1961–2005. We applied the geostatistical method named Kriging and estimated
the mean monthly fluctuation of precipitation for each sub-basin. The ranges of the differences
between modelled and observed precipitation were, in mm/day: UpPy: 1.55 to −0.86, UpPn: 2.33
to −0.33, LoPy: 0.53 to −1.10, LoPn: 0.70 to −1.35, UpUy: 2.94 to −0.33, LoUy: 1.87 to −0.88, and
PlBn: 0.84 to −0.23. The highest difference corresponded to UpUy. Focusing on the NDJ period,
the over- and under-estimation was, in mm/day: UpPy: −0.8, UpPn: 0.5, LoPy: −0.5, LoPn: 0.0,
UpUy: 1.2, LoUy: 0.9 and PlBn: 0.8. As seen, the results were similar to precedent studies, suggesting
that the performance of the models is adequate for the proposed study.

P and PET varied in future scenarios compared to the current period following a marked
north–south spatial pattern (Figures 3 and 4). The colours in Figure 3 represent the temporal mean
changes of the ratio between P for each cell over the future climate conditions and the P for the current
period (same for PET). An increase of P favours less dry (or wetter) climate conditions, whereas
an increase of PET favours drier (or less wet) climate conditions. The P temporal mean changes for
most cells comprising UpPy, UpPn, and LoPy in Sc1 were negative and became positive in Sc2 and Sc3
(the ratio contained values higher than one, Figure 3). However, certain cells within these sub-basins
showed both positive and negative P mean change values for all climate scenarios, which highlights
the high spatial variability of this variable (Figure 4). The P temporal mean changes for most of the cells
comprising LoPn, UpUy, LoUy, and PlBn were both positive and negative in Sc1 and moved towards
positive values in Sc2 and Sc3 (Figure 3). This also showed an important spatial variability within each
sub-basin (Figure 4). The PET temporal mean changes for most of the cells comprising UpPy, LoPy,
UpPn, and UpUy were positive for all climate scenarios. The PET temporal mean changes for most of
the cells comprising LoPn, LoUy and PlBn in Sc1 were negative and moved towards positive values in
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Sc2 and Sc3 (Figure 3). In general, the spatial variability of the PET mean changes was lower than that
of P, and remained similar for all scenarios (Figure 4).Water 2017, 9, 857  9 of 24 
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Figure 3. Left column: Ratio between P from each climate scenario (Sc1, Sc2 and Sc3) and P from
the current period (Sc0). Centre column: same analysis as in left column but using PET. Right
column: Average SPEI3 value of each analysed cell (10 × 10 km), for all scenarios and compared
to the current period.
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Figure 4. For each analysed 10 × 10 km cell, PET and P mean monthly change (mm) for climate 

scenarios Sc1 (2011–2040), Sc2 (2041–2070), and Sc3 (2070–2099) compared to the Sc0 (1961–2005). 

Blue dots show, for each cell, the average PET and P change for the whole period of analysis. Red 
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3.2. Three-Month SPEI (SPEI3) 

Figures 3, and 6–8 show SPEI3 variations in future scenarios compared to the current period 

(Figure 5) following a marked north–south spatial pattern. Climate conditions in all future scenarios 

Figure 4. For each analysed 10 × 10 km cell, PET and P mean monthly change (mm) for climate
scenarios Sc1 (2011–2040), Sc2 (2041–2070), and Sc3 (2070–2099) compared to the Sc0 (1961–2005). Blue
dots show, for each cell, the average PET and P change for the whole period of analysis. Red asterisks
show the average monthly PET and P change (mm) for the whole sub-basin.

3.2. Three-Month SPEI (SPEI3)

Figures 3 and 6–8 show SPEI3 variations in future scenarios compared to the current period (Figure 5)
following a marked north–south spatial pattern. Climate conditions in all future scenarios were drier
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(conditioned by PET) in UpPy, UpPn, and LoPy, and wetter (conditioned by P) in the remaining
sub-basins. SPEI3 showed an important spatial and temporal variability within each sub-basin
throughout the year in all analysed climate scenarios (Figures 5–8).
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Figure 5. Mean SPEI3 for each analysed cell (10 × 10 km) and for the Sc0. The month indicated in
the lower right corner of each sub-plot corresponds to the last month of the three used for the SPEI3
calculation. For example, the January sub-plot corresponds to the three-month SPEI3 of November,
December, and January (SPEI3NDJ).
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Figure 6. Mean SPEI3 for each analysed cell (10 × 10 km) and for the Sc1 (compared to the current
period). The month indicated in the lower right corner of each sub-plot corresponds to the last
month of the three used for the SPEI3 calculation. For example, the January sub-plot corresponds to
the three-month SPEI3 of November, December, and January (SPEI3NDJ).
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Figure 7. Mean SPEI3 for each analysed cell (10 × 10 km) and for the Sc2 (compared to the current
period). The month indicated in the lower right corner of each sub-plot corresponds to the last
month of the three used for the SPEI3 calculation. For example, the January sub-plot corresponds to
the three-month SPEI3 of November, December, and January (SPEI3NDJ).
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Figure 8. Mean SPEI3 for each analysed cell (10 × 10 km) and for the Sc3 (compared to the current
period). The month indicated in the lower right corner of each sub-plot corresponds to the last
month of the three used for the SPEI3 calculation. For example, the January sub-plot corresponds to
the three-month SPEI3 of November, December, and January (SPEI3NDJ).
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3.3. Seasonal Drought Aspects (Time, Severity, Area and Frequency)

Figure 9 shows the percentages of time (from the total length of each scenario) that the area of
each land cover type falls into in each SPEI3NDJ category of dry/wet conditions. In UpPy and UpPn,
the percentage of the time of occurrence of both moderate and severe droughts over cropland and
grassland areas varied among the sub-basins and scenarios, but it was similar between both land cover
types. In UpPy, the likelihood of moderate and severe droughts increased from 9–10% in Sc0 to 52–54%
in Sc1, to 41–51% in Sc2, and to 39–40% in Sc3, for cropland and grassland, respectively. In UpPn,
moderate and severe droughts increased from 10–7% in Sc0 to 51–47% in Sc1, to 26–28% in Sc2, and
41–45% in Sc3 for cropland and grassland, respectively. In LoPy, relevant differences in relation to
the land cover type were found. Meanwhile the likelihood of suffering moderate to severe droughts
for the cropland areas increased significantly in the future scenarios (from 21% in Sc0 to 54% in Sc1,
to 47% in Sc2, and to 33% in Sc3), and increased slightly (from 2% in Sc0 to 8% in Sc1 and Sc2, and
to 3% in Sc3) for grassland areas. In LoPn, moderate and severe droughts occurred in a similar way
for both land cover types. Droughts decreased from 29 to 30% in Sc0 to 12–11% for Sc1, from 19 to
11% in Sc2, and from 9 to 3% in Sc3 for cropland and grassland, respectively. In UpUy, moderate and
severe droughts slightly increased in Sc1 compared to Sc0 for cropland (40% in Sc0 to 45% in Sc1), and
slightly decreased for grassland (38% in Sc0 to 34% in Sc1). Droughts decreased significantly for Sc2, to
27% for cropland and 20% for grassland, and remained the same for Sc3 (23–20%). In LoUy, droughts
strongly decreased in Sc1 for cropland and grassland (from 31% in Sc0 to 13% in Sc1, and from 36 to
14%, respectively). In Sc2, the probability of occurrence of moderate and severe droughts was 23% for
cropland and 26% for grassland, and in Sc3, 16% for cropland and 13% for grassland. For PlBn, it was
54–55% in Sc0, 14% and 16% in Sc1, 51% and 41% in Sc2, and 29% and 36% for Sc3, for cropland and
grassland, respectively (Figure 9).

Figure 10 shows the drought SAF curves for each climate scenario, sub-basin and land use.
The future climate scenarios were calculated based on SPEI3NDJ values compared to the series from
the current period. In UpPy and UpPn, the drought severity increased for the future scenarios and
the areas covered by crops and grasses. Projections show severe droughts for the UpPy and UpPn
areas covered by crops and grasses for a return period (Tr) equal or higher than 10 years. In LoPy
the behaviour of the drought over cropland and grassland areas differs. While the entire cropland
area presents severe droughts for Tr equal to five years, the entire grassland areas present moderate
droughts for the entire Tr range analysed (five to 100 years). In LoPn, the areas covered by the analysed
land uses are projected to suffer less droughts than in the current period. Nevertheless, more than
20% of the analysed areas are projected to suffer moderate droughts in Sc1 and Sc3 for Tr equal to
five years. In Sc2 and Tr equal to five years, more than 30% of the analysed areas with moderate and
severe droughts are expected. In UpUy, similar behaviour for Sc0 and Sc1 is expected, that is, more
than the 50% of the analysed areas are expected to suffer moderate droughts for Tr equal to five years
and severe droughts for Tr equal to 25 years. For Sc2, only 10% and for Sc3 5% of the areas indicate
moderate droughts with Tr equal to five years and 50% of the areas with Tr equal to 25 years. In LoUy,
the situation improves for the Sc1. In Sc0 more than 60% of the analysed areas are under moderate
drought conditions for Tr equal to five years and 50% under severe drought conditions for Tr equal to
10 years. However, for Sc1 drought is not expected for Tr equal to five years and 50% of the cropland
and grassland areas showed moderate drought conditions for Tr equal to 50 years. For Sc2 and Tr
equal or higher than 25 years, the behaviour is similar to Sc0, however, for Sc2 and lower Tr values,
the areas under drought were reduced compared with Sc0. For Sc3, there is an important drought
severity variability depending on the considered area. While 30% of the area covered by crops and
grasses presents moderate conditions for Tr equal to 10 years, no drought conditions are shown in
the whole analysed areas and for Tr equal to 100 years. In PlBn, Sc1 presents better drought conditions
compared to Sc0. While for Sc0 the whole area presents moderate droughts for Tr equal to five years,
for Sc1 no drought conditions are detected for Tr equal to five years. For Sc2 and Sc3 the behaviour of
the drought severity is similar to Sc0.
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Figure 9. Percentage of time (from the total length of each scenario) that each land cover type (Cro:
cropland and Gra: grassland) area falls into each SPEI3NDJ category, which accounts for different
magnitudes of the dry/wet periods, for each analysed sub-basin and climate scenario. Values of
SPEI3NDJ <−1.5 indicate severe droughts (red bars); between −1.5 and −1.0 indicate moderate
droughts (orange bars); between −1.0 and 0 indicate light dry conditions (yellow bars); between 0 and
1.0 indicate light wet conditions; and >1.0 indicate moderate to severe wet conditions (green bars).
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Figure 10. NDJ drought-severity–area–frequency curves for each climate scenario, sub-basin and
land use. The future climate scenarios (Tr: return period) were calculated based on SPEI3NDJ values
compared to the series from the current period. The X-axis show the percentage of the area covered
by grasses or crops in each sub-basin. The Y-axis corresponds to the SPEINDJ values associated to
different areas covered by grasses and crops.
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4. Discussion

Whereas for the far future (2041–2070 and 2071–2099) the projected changes of P and PET were
expected to be positive or neutral in most of the La Plata Basin, for the near future (2011–2040)
they varied spatially throughout the basin, since P changes negatively in the north and positively in
the south, and the opposite is true for PET. PET projections for the scenario 2071–2099 agree with
Menendez et al. [37], showing an increase over the northern LPB and a decrease over the southern LPB
compared to the current period. Our results for drought partially contrast with Penalba and Rivera [22]
who used the SPI as the drought indicator. Unlike the SPEI, the SPI depends exclusively on P, which
might somewhat explain why we found drier conditions than the mentioned authors, mainly in
the centre and north of the basin where the PET expected changes are more important. In addition,
some of the differences could be related to the GCM and RGM used in each study. These results also
reveal the importance of the effect of the expected PET changes, accounted for by the SPEI in these
regions. In addition, the results reinforce the conclusions stated by the WMO and GWP [62] about
the suitability of the use of the SPEI for the study of droughts under climate change conditions. Based
on the climate projections, we envisage an increase of droughts in the north of the La Plata Basin and
an alternation of wet and short dry periods towards the south in the near future. As more distant
future scenarios are analysed, a decrease in the number of droughts from south to north is obtained.
However, the high spatial and temporal variability exhibited by droughts when analysed at the cell
level reveals that regional analyses, although suited to summarizing general patterns for large regions,
run the risk of obviating particular trends.

The fact that the percentage of the area under drought conditions covered by crops was much
higher than that covered by grasses in the LoPy sub-basin may be mainly attributed to the specific
geographical distribution of the land cover types across this sub-basin and their differing associated
climates. In the remaining sub-basins, however, both land cover types were affected in the same
manner, despite the high temporal variation of the area under drought conditions. When focusing on
the three-month period November, December, and January, differences between land cover types were
found in some sub-basins. These results may respond to two reasons. First, both land cover types are
located in different regions within each sub-basin and, in some cases (mainly LoPn, UpUy, and PlBn),
the extensions dedicated to cropland are higher than those dedicated to grassland. Second, there is
great spatial heterogeneity of the appearance of droughts in each sub-basin (mainly LoPy, LoPn, and
UpUy). These results highlight the importance of conducting high spatial resolution studies in order
to accurately characterize droughts in localized areas and during specific periods.

Mainly in UpPy and UpPn, the projections for all climate scenarios show an increase of moderate
and severe droughts over large regions dedicated to crops and grasses. On the other hand, for
the near future, in LoUy and PlBn a decrease in drought severity is projected. Changes in agricultural
productivity with consequences for food security associated with climate change are expected to
exhibit large spatial variability [85]. These changes will vary by crop, region, soil type, and social
and economic agent, among others. The projected moderate increase of PET and P in the centre and
south of the La Plata Basin might have a positive impact on cropland and grassland, in agreement
with the CLARIS LPB project [43] results. Conversely, significant PET rises expected in the north
of the basin might negatively impact both land cover types. These projections suggest the need for
a potential relocation of certain crops from the northern regions towards cooler regions located in
the centre and south. The above suggests likely future effects on grassland and crops, such as their
expansion towards marginal regions and an increase in competition among uses in those locations.
Actually, in the centre and south of the basin, some authors have already described significant increases
of annual crops at the expense of grassland [86], and the expansion of grassland and crops to marginal
regions (e.g., [13,78,79]).

Although agricultural systems have their own ability to adapt to climate eventualities [87],
the abrupt rate of change expected in these regions, mainly for the near future, could exceed
this responsiveness [88]. To deal with this question, adaptation plans should be promoted [13].
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Improvement of hydraulic infrastructures [17], cultivation of climate-resilient crop varieties, or
management of planting dates to avoid the exposition of the crop to droughts or frosts at the most
susceptible stages [2,3,43,89–91] are examples of possible adaptation measures. On the other hand,
although droughts are widespread in the La Plata Basin, their management is not uniform across
the five countries comprising the region. While, in some cases, there are drought monitoring and
warning tools, in other cases droughts are undervalued [17]. In this case, analyses like this are
important as they provide an overview of the major trends of droughts across large areas, which is
particularly useful when managing watersheds that expand across several countries.

5. Conclusions

In this study, we analysed droughts in the La Plata Basin, specifically focusing on regions covered
by croplands and grasslands, for different climate scenarios. The following summarizes the key
derived conclusions:

1. The changes of P and PET (compared to the current period 1961–2005) for the nearest future
scenario 2011–2040 showed a marked north–south spatial pattern within the basin. Our results
envisage a decrease of rainfall in the north (negative changes of P) but an increase in the south
(positive changes of P), and the opposite for PET. An increase of both P and PET (positive changes)
are projected for the periods 2041–2070 and 2070–2099 across the whole basin.

2. Based on the climate projections, we expect that the north of La Plata Basin will be characterized
by an increase of droughts, whereas the south will be dominated by alternating wet and dry
periods, during 2011–2040. The wetter climate, however, is expected to spread from south to
north in the distant future.

3. The high variability of droughts in terms of space, time, and magnitude when analysing at
the cell scale highlights the importance of conducting high spatial resolution studies in order to
accurately project droughts on localized areas and design tailored measures.

4. Only for LoPy were relevant differences in the probability of the occurrence of droughts between
cropland and grassland areas found, this being higher in the former.

5. Mainly in UpPy and UpPn did the projections for all climate scenarios show an increase of
moderate and severe droughts over large regions dedicated to crops and grasses, while for
the near future, in LoUy and PlBn the projections show a decrease of drought severity compared
to the current period. These projections suggest the need for a potential relocation of certain crops
from the northern regions towards cooler regions located in the centre and south, and an increase
in competition among uses in these regions.

6. When characterizing droughts under a changing climate, it is essential to use indices that involve
the relevant climate variables in the study area. In our case, evapotranspiration highly conditions
drought occurrence in the north, whereas precipitation is key in the south of the La Plata Basin,
thus the SPEI was suitable for this case study.

Regional analyses like ours, although suited to summarizing general patterns for large regions,
run the risk of obviating particular behaviours. Further research should conduct high spatial resolution
drought studies in localized areas. In addition, different climate projection models should be included.
Drought occurrence is one of the various key factors to consider when evaluating the potential impact
of droughts on croplands and grasslands. Hence, further research should include the analysis of other
factors, such as the characteristics of soils, hydrology, landscape, and topography, the production of
different types of crops and grasses, biological and farm/crop management, and other climatic factors.
Particularly, each sub-basin’s water use, infrastructure, and available regulation capacity should be
included in future studies as they may condition how droughts impact society and how they are
managed. It is an important future task to quantitatively evaluate the degree of satisfaction with
the current and future water demands and to analyse the regulatory requirements to meet different
levels of demand. In order to move towards a successful integrated drought management plan, it
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would be essential to have a primary integrated regional vision of the current situation in the sub-basins
and the need for new facilities based on different future climate scenarios.
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