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Güiraldes 2160, Ciudad Universitaria, Pab. 2 (C1428EGA), Buenos Aires, Argentina.
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ABSTRACT
There is an increasing demand for future climate scenarios, particularly for impact studies. In this study, simulation outputs taken from a set of three
regional climate models (RCMs) are used to force a hydrologic model to derive future streamflow scenarios for La Plata Basin. As RCMs have biases in
their mean precipitation and temperature fields, a statistical scheme is previously used to remove the systematic part of the bias. Future hydrologic scen-
arios were derived considering two future periods: 2021–2040 (near future) and 2071–2090 (far future). In terms of climate projections, RCMs predict
warmer conditions in almost the whole basin, while precipitation variations are not uniform in sign across the region but overall tend to be positive over
the southern part of the basin. Nevertheless, a trend towards a gradual increase in streamflow was found for the majority of the rivers in the basin par-
ticularly for the near future followed by less uniform variations towards the end of the present century. Future changes in the largest monthly streamflow
are similar to those in the mean values, with also some differences among RCMs and on the period and sub-basin considered.

Keywords: La Plata Basin; regional climate models; future hydrology scenarios; impact studies

1 Introduction

Fresh water availability is one of the largest challenges in the face

of climate change for the present century (Solomon et al. 2007).

Variations in climate conditions, mainly in precipitation, temp-

erature, evaporation and runoff, as well as changes in land

cover could lead to noticeable modifications in the hydrologic

cycle. These changes would naturally have a deeper effect over

the largest freshwater basins among which La Plata Basin

(LPB) is found.

LPB, located in South America, is the fifth largest fresh water

basin in the world. With an area of more than 3 million km2, it

covers parts of five countries: Argentina, Brazil, Bolivia, Para-

guay and Uruguay. With over 100 million inhabitants, 50 big

cities, 75 dams and more than 30 large hydropower plants,

LPB is at the core of the region’s socio-economic activities,

which generate around 70% of the per capita Gross Domestic

Product of the five countries. Current basin hydropower pro-

duction is 309,503 GWh, which contributes 55.5% of the total

energy demand in LPB (Popescu et al. 2012). The basin is

sensitive to well-known modes of climate variability in the

Southern Hemisphere as El Niño-Southern Oscillation (ENSO;

Ropelewski and Halpert 1987, Grimm et al. 2000) and the

Southern Annual Mode (Silvestri and Vera 2003) and it has

experienced significant positive precipitation trends in the last

few decades (Castañeda and Barros 1994, Barros et al. 2008)

which led to large increases in river discharges (Bischoff et al.

2000, Barros et al. 2004, Doyle and Barros 2011). Recent
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studies have shown that these trends in rainfall are mainly

explained by a significant increase in heavy precipitation

events (above the 95th percentile; Doyle et al. 2012). An

arising question here is whether these positive trends will

persist into the future, leading to an intensification of the hydro-

logic cycle, or if they will reverse.

The objective of this paper is to assess the possible variations

in the hydrologic cycle of LPB making focus on precipitation,

temperature and river discharges for the next decades. A set of

regional climate models (RCMs) forced with greenhouse gases

and aerosols concentrations following the A1B emission scen-

ario defined in the IPCC’s Special Report on Emission Scenarios

(see Solomon et al. 2007 for further details) provide daily pre-

cipitation and temperature fields for the period 1991–2090.

These meteorological fields are used to force a semi-distributed

hydrologic model which derives surface and sub-surface runoff

and associated discharges at points in selected rivers. Variations

in river discharges for the upcoming decades are quantified.

This paper is organized as follows: Section 2 describes the

RCM data set as well as the hydrologic model used in this study

along with the methodologies. Results and discussion are included

in Section 3, while conclusions are described in Section 4.

2 Data and methodology

2.1 Regional climate models

This paper considers a set of three RCM simulations that were

derived by Working Package 5 during the development of the

European-South American CLARIS Research Project on

Climate Change Impact over the LPB region (http://www.

claris-eu.org). These RCMs are nested in different global

climate models (GCMs) from which they get the boundary con-

ditions (BC) and which consider the same emission scenario –

A1B – to simulate future climate. Table 1 lists information on

the RCMs as well as the time periods used as ‘present climate’

and ‘future climate’. The need for high temporal resolution

and, at the same time, the limitations due to computational

resources during the CLARIS Project resulted as a compromise

in the selection of three distinct periods, representatives of the

‘present climate’, the ‘near future’ and ‘far future’ conditions,

respectively: 1991–2000, 2021–2040 and 2071–2090.

Although a 10-year period can be considered too short to be

representative of the actual conditions, the selection of this

length resulted once again from the compromise in the project

between ideal and doable simulations.

Daily information on minimum and maximum temperature,

precipitation, wind speed, relative humidity and long- and

short-wave incoming radiation were available from the RCMs

and used to force the hydrologic model (see Section 2.2). It is

worth mentioning that although the Swedish Meteorological

and Hydrological Institute (SMHI) and the Universidad de Cas-

tilla-La Mancha (UCLM) made available climate simulations

from their RCMs (RCA and PROMES, respectively) with no

interruptions from 1991 to 2100, periods 2021–2040 and

2071–2090 were common to the three RCMs and were chosen

for better comparison.

RCM outputs in the present climate were validated against

observations using the Climate Research Unit (CRU) v3.1 data

set developed following the methodology of Mitchell and

Jones (2005) as a proxy of the observed climate. The period

chosen to derive a ‘present climate’ was 1991–2000 and the

meteorological variables considered were monthly mean temp-

erature and accumulated precipitation covering the LPB region.

Figure 1 shows annual, austral summer (December–

January–February; DJF) and austral winter (June–July–

August; JJA) mean and standard deviation of monthly precipi-

tation in the four RCMs and in the CRU data set (hereinafter

referred to as ‘observations’). In the annual scale (top row), the

RCMs represent adequately the east-west precipitation gradient,

with rainfall maxima to the east of the LPB region with values of

about 150–200 mm month21 (near 2000 mm year21). In the

observations, two distinct maxima are found east of 608W, one

centred near 208S related to the South Atlantic Convergence

Zone (SACZ; Kodama 1992) and the other one between 258S
and 308S linked to synoptic-scale activity (Vera et al. 2002).

These maxima are explained by excessive rainfall during the

warm and cold seasons, respectively (see middle and bottom

Table 1 List of RCMs and respective BC obtained from GCMs for present and future periods

RCMs Institution (country)

BC

(GCMs)

Time slices

ReferencesPresent Future

PROMES (PROgnostic

at the MESoscale)

Universidad de Castilla-

La Mancha (Spain)

HadCM3 1991–2000 2021–2040

2071–2090

Sánchez et al. (2007)

and Domı́nguez

et al. (2010)

RCA (Rossby Centre RCM) Swedish Meteorological and

Hydrological

Institute (Sweden)

ECHAM5 Kjellström et al. (2005)

and Samuelsson

et al. (2006)

LMDZ Modèle de

Circulation Générale du LMD

Laboratoire de

Meteorologie Dynamique (France)

LMDZ

global

Li (1999) and

Hourdin et al. (2006)
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rows in the observations column). RCMs can simulate enhanced

rainfall in the eastern half of the LPB domain although the

location and magnitude of the rainfall maximum differ among

the models. For instance, LMDZ depicts a single rainfall

maximum near 308S while PROMES concentrates more rainfall

in the SACZ region. This is not surprising since the last two

models use Hadley Centre version 3 GCM as BC and this

GCM underestimates rainfall in the south of the basin (Vera

et al. 2006, Gulizia et al. 2012). As is the case with GCMs

(Saurral 2010), the most prominent error in the simulations of

rainfall in the RCMs considered in this paper is the notorious

dry patter in the cold season (JJA) in the south of the basin.

RCMs do simulate a maximum of precipitation there but

located east of the actual site. Among the four RCMs, LMDZ

is the one who places this maximum closest to the observations.

Standard deviation of precipitation is well represented in general

by all RCMs. However, PROMES in summer (DJF) simulates

excessive variability over subtropical South America, centred

between 158S and 258S, compared to the observations. An

important point to mention here is that RCMs simulate large rain-

fall values over the Andes particularly in summer which are

inconsistent with the observations and could be explained by

the poor spatial coverage of precipitation gauges over the Andes.

In terms of temperature differences (Figure 2), PROMES and

RCA are warmer than the observations, with differences of about

2–38C in the central part of the basin in both the annual and

summer fields. On the other hand, LMDZ is closer to the obser-

vations in the annual field and somewhat cooler in both summer

and winter. Standard deviation fields in the RCMs are similar to

the observations, although once again PROMES overestimates

its magnitude in general and especially in summer. These

errors in both precipitation and temperature pose restrictions to

the use of the RCMs for hydrologic assessments, and highlight

the necessity of application of correction schemes to remove

the systematic biases in the meteorological fields prior to their

use in impact studies. This issue will be addressed in detail in

Section 2.3.

2.2 Hydrology model

The variable infiltration capacity (VIC) hydrologic model (Liang

et al. 1994, 1996, Nijssen et al. 1997), developed at the Depart-

ment of Civil Engineering of the University of Washington,

USA, is a distributed land surface scheme that solves both

water and energy balances on a grid mesh. It simulates the

main components of the surface and sub-surface hydrologic

Figure 1 Annual (top), DJF (middle) and JJA (bottom) mean (shaded) and standard deviation (dashed black lines) of precipitation in PROMES,
LMDZ and RCA (first to third columns, respectively), and in the observations (fourth column). Units are mm month21. Dashed blue lines depict
the main rivers of the region (see Figure 3 for more details).
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cycle by means of a grid-point representation of soil type and

land cover along with a sub-grid parameterization for processes

related to infiltration. The model’s inputs are information on soil

type, topography and vegetation, as well as daily information on

selected meteorological variables. Its skill to simulate the main

hydrologic features of various basins worldwide has been

proved extensively (Mattheussen et al. 2000, Wood et al.

2002) and it has already been applied to LPB as well (Su and Let-

tenmaier 2009, Saurral 2010).

In this study, soil data were derived from the five-minute

Global Soil Data Task data set taken from the Distributed

Active Archive Center (2000), and vegetation information was

obtained from the University of Maryland’s 1-km Global Land

Cover product (Hansen et al. 2000). The meteorological infor-

mation used to force the model were daily minimum and

maximum temperature, precipitation, wind speed, relative

humidity and long- and short-wave incoming radiation in

periods 1991–2000, 2021–2040 and 2071–2090 obtained

from each RCM. The inclusion of information on relative humid-

ity and radiation is relevant, given that Pierce et al. (2013)

showed that spurious humidity trends can be obtained in VIC

when humidity is parameterized with temperature, precipitation

and wind speed alone (Kimball et al. 1997, Thornton and

Running 1999, Bohn et al. 2013), resulting in trends opposite

to those of the RCMs.

Spatial resolution for VIC was selected at 1/8 degree, and soil,

land cover and meteorological information was re-gridded to that

resolution. All simulations were performed with a time step of

24 h and in water balance mode which does not solve the

surface energy balance, but considers instead that soil tempera-

ture is equal to the air temperature for any given time step. As

this basin lies in a subtropical climate and does not register

frozen precipitation or freezing of the water bodies, all

modules related to snow and melting/sublimation processes in

the model were not included.

Calibration of the hydrologic model consists of tuning

selected parameters related to physical properties of the basin.

Broadly speaking, calibration is done mainly on five specific par-

ameters of the model: Dsmax (the maximum baseflow that can

occur from the lowest soil layer in mm day21), Ds (the fraction

of Dsmax where nonlinear baseflow begins), Ws (the fraction of

the maximum soil moisture of the lowest soil layer where non-

linear baseflow occurs), binf (which defines the shape of the

VIC curve) and the soil depth of each of the layers. In particular,

calibration in this paper was performed by adjusting the infiltra-

tion capacity parameter binf and the depths of each of the three

Figure 2 As in Figure 1 but for mean temperature. Units are 8C. Values lower than 08C are depicted in white. In the observations, areas over the
Atlantic Ocean have been blanked out and are also displayed in white.
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layers in which soil is divided in VIC. binf defines the shape of the

infiltration curve in the model and describes the amount of avail-

able infiltration capacity as a function of gridcell area under sat-

uration, while thicker soil depths lead to slower runoff and

increases the water loss due to evapotranspiration. More details

on the calibration of the VIC model over LPB have been docu-

mented in previous papers (Su and Lettenmaier 2009, Saurral

2010). It is important to mention that although VIC outputs

consist of surface and sub-surface runoff which can be converted

into discharges using a routing scheme (Lohmann et al. 1996,

1998) at daily, monthly and annual time scales, analysis in this

paper concentrates only on the monthly data, given that the

objective is to derive seasonal and annual variations in stream-

flow due to climate change.

Figure 3 displays the location of the rivers and the observed

temperature/precipitation gauge stations considered and Table 2

lists the closing points for which future streamflow scenarios are

derived. Most of the closing points are located in the Paraná,

Uruguay and Paraguay rivers, the three largest in the basin,

while other gauge stations lie in some of their tributaries. Pre-

vious works (Su and Lettenmaier 2009, Saurral 2010) found

that VIC performs best in LPB in the Paraná and Uruguay

rivers, which are characterized by rapid responses of runoff to

precipitation, while its skill to simulate the Paraguay and other

slow rivers is noticeably lower.

2.3 RCMs correction scheme

Several authors have proposed statistical methods to remove the

errors found in climate simulations, mainly to increase their

utility in impact studies (Vidal and Wade 2007, 2008, 2009,

Teutschbein and Seibert 2012, Piani and Haerter 2012). In this

paper, systematic errors in precipitation and temperature fields

are corrected by means of the application of a statistical unbias-

ing scheme known as ‘quantile-based mapping’ which uses the

statistical distributions of both variables and follows the

method proposed by Wood et al. (2002). The scheme first

requires the computation of the percentile distributions of pre-

cipitation and mean temperature in the observations and each

RCMs’ present climate. Once the percentile distributions of

both variables are derived, each future month in each RCM is

Figure 3 Location of the rivers and closing points considered in this
paper. 1 ¼ Paraguay River; 2 ¼ Paraná River; 3 ¼ Paranaı́ba River;
4 ¼ Grande River; 5 ¼ Paranapanema River; 6 ¼ Iguazú River; 7 ¼
Uruguay River; and 8 ¼ Negro River. The topography of the basin in
metres is shown in shading.

Table 2 Closing points location and observed annual mean streamflow (Qmean, in m3 s21)

Station number Station name River Latitude (8) Longitude (8) Qmean (m3 s21)

1 Corrientes Paraná 227.27 258.49 17,101

2 Paso de los Libres Uruguay 229.43 257.42 4428

3 Paraná Paraná 231.46 260.28 14,119

4 Asunción Paraguay 225.15 257.31 3222

5 Posadas Paraná 227.20 255.50 12,539

6 Ladario Paraguay 219.00 257.35 1291

7 Fazenda Santa Fe Paranaı́ba 219.08 250.37 75

8 Rifaı́na Grande 220.05 247.23 1059

9 Salto Grande Uruguay 222.39 251.20 4716

10 Guaira Paraná 224.04 254.14 9470

11 Salto Caxias Iguaçu 225.40 254.25 1912

12 Iraı́ Uruguay 227.11 253.15 1515

13 Salto Osorio Iguaçu 225.31 252.01 1034

14 Itaipú Paraná 225.30 254.30 10,130

15 Furnas Grande 220.39 246.18 924

16 Agua Vermelha Grande 219.51 250.20 2089

17 Emborcacao Paranaı́ba 218.27 247.59 486

18 Itá Uruguay 227.16 252.23 1043

19 Rincón del Bonete Negro 232.50 256.25 579

20 Balsa do Paranapanema Paranapanema 231.17 257.56 978
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assigned its corresponding i-th percentile in the RCM distri-

bution and the same i-th percentile but now in the observations

is found. In the case of temperature, the monthly mean future

value is corrected by adding to the value the difference

between the i-th percentile in the observations and the i-th

percentile in the RCM. In the case of precipitation, each

monthly value is corrected by multiplying the value of the

monthly precipitation by the ratio between the i-th percentile

of rainfall in the observations and the i-th percentile in the

RCM. In a statistical sense, this method aims to keep the RCM

Figure 4 Percent difference in annual (top), DJF (middle) and JJA (bottom) mean precipitation for period 2021–2040 with respect to the present
climate in PROMES, LMDZ and RCA (first to third column, respectively). The fourth and fifth columns show the ensemble mean and standard devi-
ation computed using the three RCMs.

Figure 5 Difference in annual (top), DJF (middle) and JJA (bottom) mean temperature for period 2021–2040 with respect to the present climate in
PROMES, LMDZ and RCA (first to third column, respectively). The fourth and fifth columns show the ensemble mean and standard deviation. Units
are 8C.
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precipitation and temperature distributions close to the observed

ones, and it not only makes a correction in the mean values – as

several unbiasing schemes do – but also takes into account the

variance, kurtosis, asymmetry and other higher-order distri-

bution momenta as well. This method was already found to be

adequate to remove systematic climate biases in impact studies

on LPB using GCMs (see Saurral 2010), but this is the first

time that it has been used to improve RCM simulations for

hydrologic impact assessment in this region.

Results of the application of the unbiasing scheme on RCM

data over selected sub-basins are quantified by the computation

of the normalized root mean square error (NRMSE), defined as

follows:

NRMSE =

�������������������������∑n
i=1 (xOBS

i − xSIM
i )

2
/n

√
�����������������∑n

i=1 (xOBS
i )

2
/n

√ ,

where xOBS
i and xSIM

i denote the observed and simulated variable

x at time i and n accounts for the sample size.

Figure 6 As in Figure 4 but for period 2071–2090.

Figure 7 As in Figure 5 but for period 2071–2090.
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Figure 8 Percent difference in annual (top), DJF (middle) and JJA (bottom) mean evapotranspiration for the period 2021–2040 with respect to the
present climate in PROMES, LMDZ and RCA (first to third column, respectively).

Figure 9 As in Figure 8 but for period 2071–2090.
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3 Results and discussion

3.1 Future climate

Figure 4 depicts the variations in annual, summer and winter

mean precipitation for 2021–2040 with respect to the current

climate in PROMES, LMDZ and RCA along with the ensemble

mean and standard deviation to facilitate the detection of ‘hot

spots’ of change (i.e. regions where the RCMs simulate a

similar variation). The annual field is quite different among the

RCMs although there is a trend towards more rain in the southern

half of the basin, which is particularly noticeable in the RCA and

PROMES models. LMDZ, on the other hand, shows very little

variation, less than 10% either up or down, across all LPB.

Over the northern part, there are discrepancies on the future scen-

arios, with RCA and PROMES predicting more rain and LMDZ

simulating less rain for the near future. Differences also exist

over the west of LPB, with RCA predicting increases in annual

rainfall of nearly 10–20%, almost no change in LMDZ and a

drying trend in PROMES. In the seasonal means, a clear

pattern of increased precipitation on the southern half of the

basin is found in summer (which is expected for all RCMs),

while in winter, the signal is much less clear on LPB and

depends markedly on the RCM. It is interesting to note that the

signal of slightly more rainfall over southern Brazil is about

20–258S in the annual and summer fields is coherent among

the models as there is also a minimum in standard deviation.

On the other hand, the expected increase in rainfall over the

southern half of the basin is less confident, as standard deviation

values there are larger, particularly in the cold season. Whether

this increase in rainfall is related or not to an increase in barocli-

nic activity – the main contributor to rainfall in that region – is

beyond the scope of this paper but will be analysed in future

works.

Variations in temperature for the near future (Figure 5) are

characterized by a clear warming trend in all models. However,

the magnitude of the warming markedly differs across RCMs

varying from almost 38C in the annual mean in the central part

Figure 10 NRMSE of annual time series of (a) precipitation, and (b) temperature in (from top to bottom) PROMES, PROMES corrected with quantile
mapping, LMDZ, LMDZ corrected, RCA and RCA corrected, validated against observations taken from CRU. Results are shown for five random
closing points, namely Asunción, Salto Caxias, Salto Grande, Guaira and Santa Fe (from left to right).
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of the basin in PROMES to less than 18C in the same region in

RCA. Differences across RCMs also exist in the seasonal analy-

sis. For example, RCA predicts a cooling of between 0.58C and

18C over central-southern LPB during the summer, though this

is the only model that predicts a negative temperature change

over the region. As in the case of precipitation, the expected vari-

ations in temperature appear more confident over the central and

northern parts of the basin, as standard deviation values once

again maximize over central and northern Argentina.

For the far future (2071–2090; Figure 6), the increase in rain-

fall is larger during all seasons in the southern parts, being most

clear in summer. During winter, the central and northern parts of

the basin are predicted to have less rainfall in PROMES and

slightly more precipitation in the other two RCMs. LMDZ is

the model depicting the smallest variations in mean precipitation.

Standard deviation analysis indicates variations in precipitation

for 2071–2090 are most likely to occur over the northern part

of the basin, while changes in the southern half appear less

homogeneous among ensemble members.

In terms of temperature (Figure 7), the whole basin would

experience warmer temperatures than in the current climate as

shown by all RCMs, although these changes are most likely

north of about 208S. Changes in the southern and southwestern

parts of the basin are much less variable between members,

resulting in larger standard deviation values. Despite the differ-

ences in magnitude depending on the RCM and the region ana-

lysed, these models mostly agree in projecting a moderate

warming of LPB by the end of this century.

Figures 8 and 9 show variations in annual, summer and

winter mean evapotranspiration in periods 2021–2040 and

2071–2090, respectively, with respect to the present climate.

For 2021–2040, PROMES predicts changes generally

bounded between 230% and 30%, with positive changes

(increased evapotranspiration) over the central and western

parts of the basin in summer and winter. At the same time,

LMDZ indicates more evapotranspiration in the northern half

of the basin in the annual field and also in the two seasons,

while RCA shows small reductions in the evapotranspiration

Figure 11 As in Figure 10 but for summer.
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over much of the basin, but with values no larger than 20%

except for winter where changes of up to 240% are found.

When the period 2071–2090 is considered, variations in

PROMES are very small but LMDZ increases evapotranspira-

tion markedly between 158S and 258S and reduces evapotran-

spiration over the southeastern part of the basin. RCA keeps its

drying trend over much of the basin with larger values compared

to period 2021–2040. However, this RCM predicts an increase

in evapotranspiration over the northeastern edge of the basin

during the cold season.

3.2 Unbiasing of RCM data

The application of the quantile-based mapping technique to the

RCM data leads to a noticeable improvement in the simulations.

This is particularly important in this study, given that errors in

temperature or precipitation fields are immediately transferred

into the hydrologic field, reducing the confidence of the future

hydrology scenarios. Figures 10–12 display NRMSE values

for annual, summer and winter time series, respectively, of pre-

cipitation (top) and temperature (bottom) before and after the

application of the unbiasing scheme and for five selected sub-

basins with closing points at the Asunción, Salto Caxias, Salto

Grande, Guaira and Santa Fe regions. All the grid points

falling inside each sub-basin were averaged and used to derive

the observed and simulated time series. In the case of annual

means (Figure 10), nearly all the simulations reduce their

NRSME values after the unbiasing method except for LMDZ

for precipitation in the Salto Grande sub-basin. The method

does a remarkable job in many of the basins, as in the case of

the Salto Grande region for RCA where NRSME is reduced

from 4.34 to less than 1. In summer (Figure 11), there are also

noticeable improvements over the vast majority of the regions

and RCMs except for the LMDZ model in the Salto Grande

sub-basin. In winter (Figure 12), all simulations are improved

with the application of the unbiasing scheme except for the

PROMES precipitation in Salto Grande, with the largest

improvement seen in LMDZ and RCA for temperature.

Figure 12 As in Figure 10 but for winter.
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3.3 Future hydrology scenarios

Even when temperature, precipitation and evapotranspiration

projections for the upcoming decades show differences across

RCMs, VIC simulations forced with bias-free meteorological

data could provide a fruitful tool for impact studies on water man-

agement and availability in LPB. Figure 13 shows VIC outputs of

mean streamflow at the 20 selected closing points listed in Table 2

for the present climate, near future and far future, according to

each RCM. In the case of the Paraná River, all three RCMs

depict a similar pattern characterized by an increase in streamflow

in the near future followed by a declining trend towards the end of

the century for most of the closing points. In general, fluctuations

either up or down in streamflow for the Paraná River, which

accounts for the largest streamflow in the basin, are predicted to

be less than 10% from the present time into the future according

to the RCM scenarios. The largest differences are found for the

end of the century with streamflow predictions at Corrientes in

the Paraná River ranging from 18,000 m3 s21 (LMDZ) to

24,000 m3 s21 (RCA). These scenarios have a larger-than-

average confidence, given that the sub-basin lies in the region

with low ensemble standard deviations. For the Uruguay River,

RCMs mostly predict increased streamflow for the next decades

except for the LMDZ model which simulates slightly larger dis-

charges in the near future followed by a reversal towards lower

values, getting back to conditions similar to those of the present

climate. RCA predicts increased streamflow at the Middle and

Lower Uruguay River (i.e. Salto Grande, Paso de los Libres)

for the two future periods and an increase followed by a decrease

for the Upper Paraná (i.e. Itá).

Figure 14 shows the magnitude of the largest positive stream-

flow extremes, for the three time slices and the four RCMs. In

general, the pattern is quite similar to that of differences in the

mean values depicted in Figure 13, but in some cases (e.g.

Posadas, in the Paraná River), extreme values attain a

maximum when compared to the other locations in PROMES.

Interestingly, the magnitude of the largest streamflow in

PROMES should be expected by the end of the period (2071–

2090) for most of the sub-basins, while at the same time RCA

and LMDZ predict largest streamflow by 2021–2040 followed

by a decrease towards the end of the present century. As

expected, the potential errors in predicting extremes (both mag-

nitude and timing) are even larger than in the mean values, so

Figure 13 Mean streamflow at the 20 gauge stations (see list in Table 2) in the present climate (blue bars), the 2021–2040 period (red bars) and the
2071–2090 period (light green bars) in units of m3 s21 in (a) PROMES; (b) RCA; and (c) LMDZ. Note that streamflow at station 7 (Fazenda Santa Fe)
has been scaled by a factor of 100 to be discernible in the scale used in the figure.
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these results should be taken with care and considered only in the

framework of a possible future hydrologic scenario over South

America.

4 Conclusions

In this study, simulation outputs taken from a set of three RCMs

have been used to force the VIC hydrologic model. As RCMs

have biases in their mean atmospheric fields and this precludes

their direct use for impact assessments, a statistical scheme to

remove the systematic part of the bias was used. The statistical

bias correction of the systematic errors considered allowed pro-

ducing long-term flows time series with a statistical distribution

close to that of the observations to make them applicable as input

for the hydrology model. This methodology was used in hydro-

logic assessment in previous studies, including the LPB region

(Saurral 2010, Camilloni et al. 2013, Montroull et al. 2013).

The VIC model was then forced with the bias-corrected data

and results were found to be close to the observations in the

present climate.

Future hydrologic scenarios were also derived, considering

RCM data for the periods 2021–2040 (near future) and 2071–

2090 (far future). In terms of climate projections, RCMs

predict warmer conditions in almost the whole basin (with the

exception of the RCA model on central LPB for the period

2021–2040), being particularly large for the end of the

century, while precipitation variations are less uniform across

RCMs. The variation in evapotranspiration is not uniform

when the three RCMs are analysed, but overall a weak trend

towards increased evapotranspiration could be identified over

the northern part of the basin for the next decades. This scenario

is particularly favoured by LMDZ. The majority of the RCMs

coincide to project more rainfall in the southern half of the

basin, but over the central and northern parts (where much of

runoff originates) the variation patterns are less uniform. As

can be expected, the fact that the RCMs used in this paper are

(as in most cases) largely driven by variations in the climate of

the GCMs that provide the BC, the large-scale variations in pre-

cipitation and temperature are pretty much the same to those pre-

dicted by these GCMs. Then, differences in the projection of

rainfall changes among RCMs are comparable to those among

GCMs (Saurral 2010, Montroull et al. 2013).

In general, a trend towards a gradual increase in streamflow

was found for the majority of the rivers in the basin. PROMES

and LMDZ are associated with increased flows in the near

Figure 14 As in Figure 13 but for the largest monthly streamflow in the series. Note that panels have different vertical scales and that streamflow at
station 7 (Fazenda Santa Fe) has been scaled by a factor of 10 to be discernible in the scales used in the figure.
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future followed by a negative trend, leading in consequence to

only minor changes by the end of the century with respect to

the current conditions. Future changes in the largest monthly

streamflow are similar to those in the mean values, with

also some differences among RCMs and in the sub-basins

considered.

There is an increasing demand for future climate scenarios,

particularly for impact studies. Despite the uncertainties in

regional climate projections, these findings could be relevant to

be used in impact assessments of climate change in LPB that

could provide planners and water resources managers with infor-

mation to make decisions about meeting demands, flood risks

and ecosystems fragility in the future.
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under different climate change scenarios. International

Journal of River Basin Management, 11 (4), 389–399.
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