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ABSTRACT

Streamflow simulations from the Inter-Sectoral Impact Model Intercomparison Project phase 2b (ISIMIP2b) were analyzed to evaluate future

changes in surface water resources over northern Patagonia, a region that contributes significantly to the total hydropower production of

Argentina. Ten global hydrological models (GHMs), forced by four general circulation models, effectively capture the winter streamflow maxi-

mum in the Negro river basin. However, most of them face challenges in simulating the late-spring pulse due to a misrepresentation of

temperature over the higher elevations of the Andes. We quantified the future streamflow evolution using a multi-model ensemble from

a subset of the best-performing GHMs under the RCP2.6 and RCP6.0 emission scenarios for two temporal horizons. According to the

multi-model ensemble, there is a projected decrease in the annual streamflow of the analyzed rivers, which is more important considering

the RCP6.0 scenario during the late 21st century, reaching up to �40% relative to the 1979–2005 reference period. This reduction is attributed

to the projected precipitation decline in the headwaters of the Negro river basin in response to changes in the surface pressure patterns.

These results have implications for regional water authorities for the development of adaptation plans considering future demand

projections.
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HIGHLIGHTS

• A set of global hydrological models (GHMs) from the ISIMIP2b project was used to characterize streamflow changes in the Comahue

region.

• A decrease in the annual streamflow is projected along the 21st century, particularly for the Neuquén river.

• Uncertainty is mainly linked to the global climate models used to drive the GHMs.

• Hydropower generation and irrigation for agriculture are expected to face future reductions.
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GRAPHICAL ABSTRACT

1. INTRODUCTION

Water resources availability is strongly affected by climate change. According to the last report of the Intergovernmental
Panel on Climate Change (IPCC), the global water cycle exhibited an overall strengthening since at least 1980 (Gulev
et al. 2021). This strengthening was attributed to human influences affecting the global energy budget, such as the increased

concentrations of greenhouse gases. Human-induced climate change has significant implications for changes in atmospheric
circulation, resulting in substantial changes in precipitation patterns, albeit with regional heterogeneity in trend patterns. The
changes in the spatial and temporal patterns of precipitation and evaporation rates have caused variations in streamflow in

major rivers of the world (Dai et al. 2009; Zhang et al. 2023). Moreover, the increase in global temperatures has led to sig-
nificant changes in the hydrological cycle components associated to the cryosphere, including reductions in snow cover,
snow depth, and glacier volume, together with an early snowmelt pulse (Huss et al. 2017; Shannon et al. 2019).

The main rivers in the northern region of Argentine Patagonia, known as the Comahue region, originate in the Andes

Ranges within the latitudinal band between 37° and 41°S. The streamflow in these rivers is controlled by variations in
winter precipitation, snowmelt, and glaciermelt (Vich et al. 2014). The main socio-economic activities in the northern Pata-
gonia region directly rely on the water availability of the Limay, Neuquén, and Negro rivers (Raggio & Saurral 2021). Up to

25% of the hydropower production of Argentina is generated by hydropower plants such as El Chocón and Piedra del Águila,
located on the Limay river, and the Cerros Colorados Complex, located on the Neuquén river, amounting to approximately
USD300 million per year (Seoane & López 2007; Romero et al. 2020; González et al. 2023). Irrigation for agricultural pro-

duction, oil and mining exploitation, tourism, and sport fishing, also depend on the available water resources (Pessacg et al.
2020). For instance, intensive agriculture in the High Valley (Alto Valle) along the Negro river accounts for more than 75% of
the total national production of apples and pears (Brendel et al. 2020).

Due to the socio-economic relevance of regional water availability, several studies have focused on developing statistical
precipitation forecasts over northern Patagonia, particularly for the austral winter months (González et al. 2010; Romero
et al. 2020). These seasonal forecasts are linked to streamflow generation and enable decision-makers to optimize the oper-
ation of dams and irrigation channels. Nevertheless, water authorities face not only fluctuations in precipitation occurring on

seasonal or interannual timescales but also long-term changes that pose a threat to water security. For instance, a declining
long-term trend in precipitation and streamflow over northern Patagonia has been identified (Seoane & López 2007; Lauro
et al. 2019; Brendel et al. 2020), particularly for minimum annual streamflow, leading to an increase in the frequency of

hydrological droughts (Rivera et al. 2018). This decreasing trend over the last century has been attributed to changes in
large-scale circulation patterns, such as the poleward expansion of the Hadley Circulation and the consequent displacement
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of the extratropical storm tracks (Rivera et al. 2020). Part of this expansion mechanism, which modifies hemispheric circula-

tion patterns, can be explained by the increase in greenhouse gas concentrations (Mindlin et al. 2020; Villamayor et al. 2021).
Henceforth, the influence of anthropogenic climate change on the modulation of regional streamflow and, thus, water avail-
ability is of substantial significance.

Future changes in the magnitude, variability, and temporal distribution of streamflow are dependent mainly on the pro-
jected patterns of temperature, precipitation amount, phase, and timing. Considering the future climate projections for
northern Patagonia, it is expected a significant reduction of precipitation over the headwaters of the main rivers in the
region, particularly during the cold months (Almazroui et al. 2021; Raggio & Saurral 2021). Projected temperature increases

are robust even under low-emissions scenarios (Almazroui et al. 2021), compromising water reservoirs associated with gla-
ciers and permafrost (Forni et al. 2018; Hock et al. 2019). The expected changes in temperature and precipitation will
increase the frequency and severity of droughts, especially under the more severe emissions scenarios (Spinoni et al.
2020), with a direct impact on streamflow generation. Irrigated agriculture, hydropower generation, and water supply for
urban and rural populations will undoubtedly be affected by projected streamflow reductions. In this context, quantifying
the expected changes in regional streamflow over the 21st century is of paramount importance for understanding and antici-

pating potential water stress episodes and developing policy measures to adapt to these changes.
Few studies have assessed the impacts of future climate change on streamflow in northern Patagonia region. These studies

commonly used a complex modeling chain, starting with bias-corrected statistically downscaled general circulation model

(GCM) projections of future climate to drive hydrological models to produce future streamflow projections (Krysanova
et al. 2018; Miller et al. 2021). An early study from Seoane & López (2007) estimated a projected streamflow reduction
for the Limay river of nearly 10% by the end of the 21st century. However, more recent evaluations projected a reduction
ranging from 20% (Pessacg et al. 2020) to 50% (Raggio & Saurral 2021), depending on the selected GCMs, hydrological

models, and rivers. These studies underscore large uncertainties in future streamflow projections for northern Patagonia,
and call for new evaluations to account for climate change impacts on regional water resources.

A valuable dataset to perform this kind of research is based on streamflow simulations from global hydrological models

(GHMs) belonging to the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP). These simulations were commonly
used to quantify the impact of climate change on water resources, addressing aspects such as the seasonal dynamics of river
streamflow, the mean annual discharge and the frequency and intensity of streamflow extremes from both regional and global

perspectives (Gosling et al. 2017; Krysanova et al. 2017; Zaherpour et al. 2018). For example, Ju et al. (2023) used a multi-
model ensemble based on six GHMs to evaluate the uncertainty in terrestrial water storage projections at global scale. Using a
similar methodological approach, Asadieh & Krakauer (2017) identified global changes in high and low streamflow extremes
over the 21st century.

The objective of this research is to use the GHM simulations from ISIMIP to assess future changes in the streamflow of the
main rivers in northern Patagonia (Limay, Neuquén, and Negro rivers). The GHMs are driven by multiple GCMs forced
under two Representative Concentration Pathways (RCPs) that provide quantitative descriptions of greenhouse gases evol-

ution throughout the 21st century. Based on GHM validation over the historical period and using a multi-model ensemble
approach with the best GHMs, we aim to quantify the projected changes in surface water resources and assess their uncer-
tainty. The structure of the paper is organized as follows: Section 2 describes the study area and data; Section 3 summarizes

the methods used in the evaluation; Section 4 provides the main results obtained in the model validation, the future stream-
flow projections and its main drivers; the discussion of the main outcomes is included in Section 5; while the conclusions are
summarized in Section 6.

2. DATA AND STUDY AREA

2.1. Study area

The northern region of Argentine Patagonia is located roughly between 37° and 41°S, bounded by the Andes ranges in the
west and the steppe in the east (Figure 1(a)). The complex topography of the Andes alters the spatial patterns of temperature
and precipitation across the region. The mean elevation of the Andes gradually decreases from over 3,000 m around 37°S to

1,500 m south of 41°S. This factor shapes the mean annual temperature climatology, with temperatures lower than 8 °C over
the higher elevations, increasing to more than 12 °C toward the east (Figure 1(b)). Due to the prevailing westerly winds at
these latitudes, the Andes capture the passages of moist air masses from the Pacific Ocean, creating a precipitation maximum
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exceeding 1,000 mm per year over its higher elevations (Figure 1(c)), concentrated mainly during austral winter. This is associ-

ated with the south–north displacement of the South Pacific semi-permanent High and the passage of cold fronts (Rivera et al.
2018). The topography creates a rainshadow effect that makes the Patagonian steppe a semi-arid region, with annual precipi-
tation below 400 mm.

The Negro river is formed by the Limay and the Neuquén rivers, which are born in the higher elevation of the Andes
(Figure 1(a)). The Limay drainage network is complex, characterized by a series of large glacial lakes and a marked vegetation
gradient, with rainforests in the west and shrublands in the east in response to the spatial changes in precipitation (Lallement

et al. 2020). On the other hand, the Neuquén basin lacks natural lakes that regulate its streamflow, with sparse vegetation
cover consisting in limited natural forest areas in the west and scattered shrublands in the east (Forni et al. 2018). These
basins differences result in distinct annual streamflow and annual cycle features among the Limay and Neuquén basins
(Berri et al. 2019).

2.2. Streamflow observations

Monthly streamflow records from the main rivers in the Comahue region, obtained from the National System of Hydrological
Information (https://snih.hidricosargentina.gob.ar/) were used for the validation of simulated streamflow. The selected

Figure 1 | Location of the study area showing (a) the Negro River Basin with the main rivers of northern Patagonia, the location of the
gauging stations at each of the rivers, and the main reservoirs (1 – Cerros Colorados Complex; 2 – El Chocón; 3 – Alicurá; 4 – Piedra del Águila;
5 – Pichi Picún Leufú); (b) the spatial pattern of mean annual temperature and (c) mean annual precipitation for the period 1976–2005. The
green contour in panels (b) and (c) shows the limit of the Negro River Basin.
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gauging stations are located in the Limay, Neuquén, and Negro rivers (Figure 1(a)), and the monthly streamflow records span

from 1903 to 2017. Following previous studies (Rivera et al. 2018; Lauro et al. 2019), these records were subjected to quality
control procedures to identify data outliers and periods with spurious sequences with data repetition. Data gaps were ident-
ified in the time series of the Limay and Negro rivers. To complete the streamflow records, we applied gap-filling routines

based on data from donor stations in the same river or its main tributaries, requesting a coefficient of determination
higher than 0.9. Most data gaps were completed by calculating linear regressions between the records from the donor stations
and the target stations for infilling. After implementing these procedures, the time series selected for the study retained less
than 1% of missing data. Due to data limitations, we used the 1961–1990 reference period for the Limay river and the 1976–

2005 period for the Neuquén and Negro rivers.
Limay and Neuquen records are unaffected by river regulation or diversion upstream of the gauging stations (Pichi Picún

Leufú Dam became operational after 1999). In contrast, Negro river is expected to exhibit a signal representative of both natu-

ral and anthropogenic influences in the streamflow records. It is beyond the scope of this study to separate both components
or generate a naturalized streamflow record for Negro river.

2.3. ISIMIP simulations

The ISIMIP project adopted climate and socio-economic input data for multiple impact models used to synthesize expected

changes in various sectors considering different levels of global warming (Hempel et al. 2013; Warszawski et al. 2014). This
approach supports adaptation and mitigation decisions requiring regional or global perspectives in the context of facilitating
transformations for sustainable development (Rosenzweig et al. 2017). Given that the more recent phase of ISIMIP (ISI-

MIP3b) was under development at the time of conducting this research, we analyzed the impact models from the global
water sector belonging to phase 2b of ISIMIP (ISIMIP2b). From the 17 available GHMs, we selected the models with
monthly streamflow simulations for at least two emissions scenarios. This condition was satisfied by 10 GHMs, a number

that we consider adequate for the evaluation of streamflow variations over the region and is also in line with previous
research (Giuntoli et al. 2015; Krysanova et al. 2017; Veldkamp et al. 2017). The 10 GHMs are CLM4.5, H08, JULES-
W1, LPJmL, MATSIRO, MPI-HM, ORCHIDEE, ORCHIDEE-DGVM, PCR-GLOBWB, and WaterGAP2-2c (see https://
www.isimip.org/impactmodels/ for a summary of the main characteristics). All the GHMs simulate hydrological processes

and river routing with a spatial resolution of 0.5° (Hattermann et al. 2017). It must be noted that only the WaterGAP2-2c
model is calibrated with observed data from 1,319 stations, covering approximately 54% of the global land area (Krysanova
et al. 2020). These GHMs were driven by climate simulations from four GCMs of the Coupled Model Intercomparison Project

Phase 5 (CMIP5) experiment: GFDL-ESM2M, HadGEM2-ES, IPSL-CMSA-LR, and MIROC5 (see Frieler et al. 2017 for
details). The outputs of these models were subjected to bias correction using the EartH2Observe, WFDEI, and ERA-Interim
data Merged and Bias-corrected for ISIMIP (EWEMBI) reanalysis climate product as a basis, resulting in a final spatial res-

olution of 0.5° latitude by 0.5° longitude. From these models, we analyzed baseline (1976–2005) and future (2021–2050 for the
near-term and 2070–2099 for the long-term) monthly temperature, precipitation, and sea level pressure simulations, to
account for the main drivers of streamflow variability. The future projections were forced by two of the four available

RCPs: the RCP2.6, a low-emission scenario with strong mitigation and in line with a 1.5–2 °C global warming level, and
RCP6.0, a business-as-usual greenhouse gas scenario without explicit mitigation measures (Frieler et al. 2017).

3. METHODS

3.1. Evaluation of hydrological model performance

A point-to-pixel analysis was performed to compare the time series of streamflow observations to the corresponding hydro-
logical model pixel. We selected the streamflow simulations from the 10 GHMs for the grid points corresponding to the
locations of the analyzed stream gauges (Figure 1(a)). To evaluate the performance of ISIMIP2b hydrological models in simu-
lating the amount and variability of the regional streamflow, we used the following comparison statistics: the Pearson

correlation coefficient (PCC), the Nash–Sutcliffe efficiency (NSE), the percent bias (PB), the modified Kling–Gupta efficiency
(KGE), and the volumetric efficiency (VE). The PCC measures the strength of the linear relationship between the streamflow
simulations and the stream gauges observations. The NSE (Nash & Sutcliffe 1970) determines the relative magnitude of the

variance of the residuals compared to the variance of the observed streamflow values. The PB measures the average tendency
of the simulated streamflow to be larger or smaller than the observed streamflow, where positive values indicate overestima-
tion bias and negative values indicate underestimation bias. The KGE (Gupta et al. 2009; Kling et al. 2012) is designed as a
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more general index that compares the variability of the observed and simulated streamflow values by including information

about the correlation between them and their standard deviations, as well as any bias present, expressed by the relation
between the mean values. Finally, the VE (Criss & Winston 2008) represents the fractional mismatch of water volume at
the proper time. A similar set of metrics was employed by Krysanova et al. (2017) for the comparison of simulated and

observed streamflow in 12 large river basins worldwide. The optimal value for PPC, NSE, KGE’, and VE is 1, while for
the PB is 0. Following Duc & Sawada (2023), a NSE of zero is chosen as the boundary between good and bad streamflow
simulation, while a KGE higher than �0.41 indicates a good model performance (Knoben et al. 2019). For the VE, we
used the threshold of 0.33 as a reference for a good streamflow simulation (Ecrepont et al. 2019).

3.2. Multi-model ensemble and quantification of future streamflow changes

The performance of the GHMs in the representation of streamflow characteristics was evaluated using the metrics described
in Section 3.1. For this purpose, a rating index introduced by Jiang et al. (2015) was employed, which provides a comprehen-
sive hierarchical appraisal of model performance. Each model was ranked based on its performance relative to each metric,

allocating a rank of 1 for the best-performing model to 10 for the worst. Then, the ranks were aggregated across all the metrics
and the three selected rivers. Similar approaches were performed by Balu et al. (2023) and Rivera & Arnould (2020) for the
selection of the most suitable GCMs. From the rating index, a multi-model ensemble with the best GHMs was selected to
quantify the projected changes in streamflow using simulations forced by the RCP2.6 and RCP6.0 scenarios in the near-

term (2021–2050) and long-term (2070–2099) future horizons relative to the baseline period of 1976–2005. The mean,
median, and range of the change in future streamflow projections were quantified in the results as percentages relative to
the baseline period. The uncertainty in streamflow projections was identified from the dispersion of all possible combinations

of GHM/GCM, considering also the range of changes from the multi-model ensemble average of the GCMs for each GHM,
and for the multi-model ensemble of the GHMs for each GCM. This approach will help identify the main sources of uncer-
tainty in streamflow projections over the study area.

4. RESULTS AND DISCUSSION

4.1. Hydrological model performance of streamflow simulation

To assess the accuracy of the streamflow simulations, we employed a quantitative approach involving the comparison of the
observed and simulated hydrological cycles during the baseline period selected for each river. It must be noted that the com-
parison is made based on the hydrological simulations resulting from the ensemble of the available GCMs. This ensemble was

created using a simple arithmetic average.

4.1.1. Limay river

The annual cycle of the Limay river during the period 1961–1990 exhibits a winter (June–July–August) peak attributed to rain-
fall, with a second peak occurring in late spring (October–November) due to the melt of the winter snowpack from the higher
elevations of the Andes (Figure 2). Both peaks are similar in magnitude. The larger variability in monthly streamflow is

observed in the months with higher streamflow values. The GHMs generally capture the temporal variability in streamflow,
with PPC values ranging from 0.6 to 0.9 (Table 1), in particular, due to a good representation of the winter maximum and the
period with minimum streamflows. However, the contribution of snowmelt leading to the second peak is not adequately rep-

resented by the GHMs. Models such as CLM45, JULES-W1, ORCHIDEE, ORCHIDEE-DGVM, and PCR-GLOBWB exhibit
the largest underestimations in streamflow (Table 1). On the other hand, H08, LPJmL, MPI-HM, and WaterGAP2-2c models
tend to overestimate the winter peak, although this difference is compensated during spring months, resulting in modest PB

values. Most GHMs underestimate the streamflow values during the period of low streamflows (January–April), with lower
variability compared to the observations. These differences resulted in negative values of NSE for most of the models exhibit-
ing the largest PB values, although all the values of KGE’ and VE metrics showed a good model performance (Table 1).

4.1.2. Neuquén river

Similar to the Limay river, the annual cycle of the Neuquén river for the period 1976–2005 also shows two distinct streamflow

peaks. However, the more significant peak is associated with the snowmelt pulse during late spring, with mean values sur-
passing 450 m3 /s in October and November (Figure 3). The largest variability in monthly streamflow is observed between
May and December, with a well-defined low-flow period between January and April. All the GHMs underestimate the

Journal of Water and Climate Change Vol 00 No 0, 6

Uncorrected Proof

Downloaded from http://iwaponline.com/jwcc/article-pdf/doi/10.2166/wcc.2024.492/1396977/jwc2024492.pdf
by guest
on 03 April 2024



streamflow values and do not represent the main streamflow peak. This difference between simulated and observed stream-
flow resulted in lower PCC values in comparison to the results obtained for Limay river, ranging from 0.3 to 0.8. On average,
the PB is approximately �50%, with individual GHMs ranging from �17 to �84% (Table 1). The largest underestimations are

observed in the simulations from the ORCHIDEE, ORCHIDEE-DGVM, and PCR-GLOBWBmodels. In particular, the simu-
lations based on ORCHIDEE exhibit a streamflow maximum during spring, while the rest of the models show only a winter
maximum. The winter peak is adequately represented by the H08 and LPJmL models but is overestimated in the WaterGAP2-
2c simulations (Figure 3). The differences in simulated and observed streamflow resulted in negative values of NSE for

ORCHIDEE and ORCHIDEE-DVGM models, and also in a poor performance considering the VE metric (Table 1).

4.1.3. Negro river

As a result of the contributions from both the Limay and Neuquén rivers, the annual cycle of Negro river shows higher
streamflows during the winter peak, with mean values of more than 1,000 m3 /s between June and September (Figure 4).
Due to the influences from reservoirs regulating the streamflow over the region, the second maximum during late spring is

not as marked as in Limay and Neuquén rivers. Additionally, the low-flow season is attenuated, with streamflow values
exceeding 500 m3 /s. Despite anthropogenic influences in streamflow, the GHMs adequately capture the temporal variability
in streamflow, with an average PPC of 0.85, being the highest among the three analyzed rivers (Table 1). The models that

Figure 2 | Boxplot of the mean monthly streamflow simulated by the 10 selected GHMs (red) and the observed streamflow (black) at the
Paso Limay station (Limay River) for the period 1961–1990. Each boxplot shows the median and first and third quartiles, while the whiskers
extend to the data values that are 1.5 times the interquartile range above or below the quartiles. Extremes are represented by circles.
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exhibit the larger underestimations in streamflow are the same that showed large underestimations for the Limay river, trans-

lating this signal to the Negro river, albeit with a lesser magnitude considering the CLM45, JULES-W1, and PCR-GLOBWB
models, and with higher underestimations for the ORCHIDEE and ORCHIDEE-DGVM models (Table 1). According to the
NSE and the KGE’, the GHMs that satisfactorily reproduced the streamflow variability of the Negro river are the H08,

LPJmL, MATSIRO, and WaterGAP2-2c. In terms of the VE, all the models showed a good performance.

4.1.4. Regional synthesis and discussion

From the evaluation of the GHMs, a common feature for the selected rivers is that most of the models adequately rep-
resented the winter peak in streamflow. Nevertheless, the models fail to reproduce the second peak during late spring,
associated with snowmelt contribution, which is particularly important for the Neuquén river. Previous studies showed

that this limitation could be explained by a poor estimation of air temperature over the higher elevations of the Andes
by the GCMs, a factor that creates a misrepresentation of the snow accumulation during winter and the following con-
tribution as streamflow during spring (Raggio & Saurral 2021). Another striking feature is the capability of the models
to reproduce the annual cycle of the Negro river, considering that is highly regulated by large dams located over the

Limay and Neuquén rivers (Figure 1). Some of the GHMs include the implementation of dams and reservoirs in the
streamflow simulations, for example, the H08, LPJmL, MATSIRO, PCR-GLOBWB, and WaterGAP2-2c, while others
include only a routine for irrigation, as the CLM4.5 and the MPI-HM models (see https://www.isimip.org/impactmo-

dels/). Changes in land use and land cover and reservoir operations are responsible for a significant increase in water
availability over the lower portion of the Negro basin during both summer and winter (Veldkamp et al. 2017). There-
fore, this result highlights the need for an adequate representation of streamflow regulations by the GHMs and also

Table 1 | Results from the validation metrics for each river and GHM selected

River Hydrological model R PB NSE KGE’ VE

Limay CLM4.5 0.884 �65.409 �1.589 0.309 0.346
H08 0.608 7.731 �1.356 0.129 0.459
JULES-W1 0.832 �31.185 0.187 0.468 0.688
LPJmL 0.608 �3.140 �1.388 �0.069 0.415
MATSIRO 0.600 5.348 0.112 0.596 0.635
MPI-HM 0.744 �1.123 0.217 0.576 0.679
ORCHIDEE 0.879 �26.421 0.369 0.417 0.695
ORCHIDEE-DGVM 0.648 �33.026 �0.623 �0.128 0.570
PCR-GLOBWB 0.881 �66.063 �1.794 0.293 0.339
WaterGAP2-2c 0.740 7.829 0.176 0.646 0.663

Neuquén CLM4.5 0.696 �40.291 0.570 0.431 0.575
H08 0.515 �43.959 0.426 0.121 0.531
JULES-W1 0.490 �55.751 0.288 0.092 0.442
LPJmL 0.348 �46.392 0.169 �0.408 0.455
MATSIRO 0.351 �47.794 0.331 0.115 0.502
MPI-HM 0.575 �56.795 0.312 0.183 0.432
ORCHIDEE 0.728 �80.453 �0.134 �0.115 0.195
ORCHIDEE-DGVM 0.518 �84.076 �0.268 �0.426 0.159
PCR-GLOBWB 0.751 �61.906 0.285 0.259 0.381
WaterGAP2-2c 0.418 �17.927 0.301 0.013 0.436

Negro CLM4.5 0.931 �16.001 �0.797 �0.443 0.752
H08 0.875 10.227 0.524 0.829 0.871
JULES-W1 0.851 �24.815 �2.495 �1.064 0.653
LPJmL 0.765 �3.930 0.591 0.586 0.889
MATSIRO 0.861 9.662 0.544 0.792 0.877
MPI-HM 0.914 �3.689 �4.531 �1.539 0.567
ORCHIDEE 0.751 �35.375 �5.159 �1.975 0.533
ORCHIDEE-DGVM 0.859 �42.754 �8.083 �3.504 0.455
PCR-GLOBWB 0.907 �14.869 �0.671 �0.334 0.778
WaterGAP2-2c 0.815 10.967 0.415 0.589 0.868
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supports our decision of using observed streamflow over Negro river without removing the water management
component.

Considering the rating index, from the initial pool of GHMs, we finally selected the CLM4.5, H08, MATSIRO, MPI-HM,
and WaterGAP2-2c for the evaluation of future streamflow conditions over the study area. It must be noted that, among these
selected models, H08, MATSIRO, and WaterGAP2-2c incorporate human activities for streamflow regulation, while the
models CLM4.5 and MPI-HM include an irrigation scheme in their formulations.

4.2. Future changes in streamflows over northern Patagonia

After selecting the final set of GHMs to represent streamflow in the study area, we assessed the projected changes based on
simulations forced by the RCP2.6 and RCP6.0 scenarios in the near-term (2021–2050) and long-term (2070–2099) future hor-
izons relative to the baseline 1976–2005 period. Given the models’ challenges in adequately representing the snowmelt peak,

we focused on the projection of mean annual streamflow. However, considering that the projected changes can be linked to
shifts in the precipitation patterns, particularly the winter rainfall peak, the changes in annual streamflow can be attributed
mostly to changes in the winter months.

Figure 3 | Boxplot of the mean monthly streamflow simulated by the 10 selected GHMs (red) and the observed streamflow (black) at the
Paso de Indios station (Neuquén River) for the period 1976–2005. Each boxplot shows the median and first and third quartiles, while the
whiskers extend to the data values that are 1.5 times the interquartile range above or below the quartiles. Extremes are represented by
circles.
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4.2.1. Limay river

Future projections for the Limay river show a decrease in annual streamflow for most of the models and scenarios (Figure 5).

On average, the projected reductions range from�10 to �12% for the near-term future under both emissions scenarios, with a
larger dispersion for the RCP2.6 scenario. The GHMs forced by the GFDL and MIROC5 models project the highest declines
for the 2021–2050 period, especially the CLM4.5 and MPI-HM models, while the HadGEM2 simulations show more mod-
erate decreases (Supplementary material, Tables S1 and S2). Streamflow changes by the end of the century show different

responses depending on the emission scenario. Mean reductions of approximately �6% and large dispersion are projected
under the RCP2.6 scenario, with average decreases of almost �25% for the RCP6.0 (Figure 5). The hydrologic response to
the RCP2.6 scenario leads to small projected increases in annual streamflow by some GHMs forced by the IPSL and

MIROC5 climate simulations. However, most simulations project declines in annual streamflow, particularly the GHMs
forced by the GFDL simulations (Supplementary material, Table S1). Considering the RCP6.0 scenario, the most relevant
streamflow decreases for the 2070–2099 period are projected by the CLM4.5 and MPI-HM hydrological models, with the

GFDL simulations leading to reductions of more than �30% in annual streamflow relative to the 1976–2005 baseline (Sup-
plementary material, Table S2).

By evaluating the range of the multi-model projections in Supplementary material (Tables S1 and S2), we can account for

the contribution of GHMs and GCMs to the uncertainty in future streamflow projections for the Limay river. We found that

Figure 4 | Boxplot of the mean monthly streamflow simulated by the 10 selected GHMs (red) and the observed streamflow (black) at the
Paso Córdoba station (Negro River) for the period 1976–2005. Each boxplot shows the median and first and third quartiles, while the whiskers
extend to the data values that are 1.5 times the interquartile range above or below the quartiles. Extremes are represented by circles.
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the largest source of uncertainty is associated with the GCMs, a factor that can be linked to the representation of winter pre-
cipitation amount and variability. The uncertainty signal is lower for the RCP6.0 scenario, particularly considering the end of

the century (Figure 5; Supplementary material, Tables S1 and S2).

4.2.2. Neuquén river

The projected changes in annual streamflow for the Neuquén river show reductions ranging from �10 to �20% for the 2021–

2050 period, which could exceed �30% by the end of the century (Figure 6). Mean reductions for the near-term future are
similar for both emissions scenarios. Similar to the results obtained for the Limay river, the GHMs that exhibit the largest
streamflow reductions are the CLM4.5 and MPI-HM. The highest declines for the 2021–2050 period under the RCP2.6 scen-
ario are projected by the GHMs forced by GFDL and MIROC5 models, while the RCP6.0 scenario exhibits the most

important reductions for the GFDL and IPSL models (Supplementary material, Tables S1 and S2). The changes projected
for the period 2070–2099 show median values similar to the baseline period considering the RCP2.6 scenario, although
with large dispersion and mean reductions of around �5% (Figure 6; Supplementary material, Table S1). Slight streamflow

increases are projected for most of the GHMs forced with the HadGEM2 and MIROC5 models, while reductions larger than
�20% are depicted by the GFDL model. This result shows that, for this emission scenario, the main source of uncertainty for
the quantification of future streamflow at the end of the century is linked to the GCMs and their projected changes in pre-

cipitation and temperature over Neuquén river basin. The GHMs forced by the RCP6.0 scenario show average annual
streamflow reductions of more than �30% (Figure 6). The most relevant streamflow decreases are projected by the
CLM4.5 (–34.8%) and MPI-HM (–42.4%) hydrological models, particularly for the simulations forced with the GFDL and

IPSL models (Supplementary material, Table S2). As observed in the Limay river, the uncertainty signal is lower for the
RCP6.0 scenario, particularly considering the end of the century (Figure 5; Supplementary material, Tables S1 and S2). In
this case, the largest source of uncertainty is associated to the GHMs, a factor that might be linked to the poor representation
of the snowmelt processes in this river.

4.2.3. Negro river

In line with the findings described in previous sections, the streamflow response to projected climate change for the Negro
river shows a reduction in mean annual streamflow for both the near-term and long-term future periods (Figure 7). The mean

projected change for 2021–2050 relative to the baseline period is around �10% for both RCP2.6 and RCP6.0 scenarios,
although with higher dispersion for the simulations based on the RCP2.6 scenario. The GHMs projecting the largest stream-
flow reductions are the CLM4.5 and MPI-HM, particularly when forced with the GFDL model (Supplementary material,

Figure 5 | Boxplot of the projected changes in the annual streamflow of the Limay River for the periods 2021–2050 and 2070–2099,
expressed as the percentage of change relative to the 1976–2005 baseline period. The orange (red) boxplots show the projected changes
considering the RCP2.6 (RCP6.0) scenario. Each boxplot shows the median and first and third quartiles, while the whiskers extend to the
maximum and minimum values of data.
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Tables S1 and S2). There is a projected recovery in mean annual streamflow for the period 2070–2099 considering the RCP2.6
scenario, with slight increases compared to the baseline period projected for the H08 and WaterGAP2-2c forced with the

IPSL and MIROC5 models. However, most simulations show streamflow reductions, with changes close to �20% for the
CLM4.5 and MPI-HMmodels. For the end of the century, the largest streamflow decreases are projected for the RCP6.0 scen-
ario, with mean reductions of almost �30% relative to the baseline period. The most relevant changes are projected with the

CLM4.5 and MPI-HM hydrological models, particularly when forced with the GFDL and the IPSL GCMs (Supplementary
material, Table S2).

By evaluating the range of the multi-model projections in Supplementary material, Tables S1 and S2, we found that the
largest source of uncertainty is associated with the GCMs and, thus, to the representation of winter precipitation amount

and variability. The uncertainty signal is lower for the RCP6.0 scenario, particularly considering the end of the century
(Figure 7, Supplementary material, Tables S1 and S2).

4.2.4. Regional synthesis and drivers of streamflow changes

The mean annual streamflow of the main rivers in northern Patagonia is projected to decrease over the coming decades, with

reductions dependent on the considered emissions scenarios as well as the selected GCM and GHM. The multi-model ensem-
ble shows that the projected reductions for the 2021–2050 period are similar for both emission scenarios, ranging from �10%
to �15% for the three analyzed rivers. This result can be linked to the similar changes projected in regional precipitation for

the RCP2.6 and RCP6.0 scenarios, ranging from reductions between �5 and �10% in the headwaters of the analyzed rivers
(Figure 8). For the near-term future, the hydrological models with the largest projected streamflow reductions are the CLM4.5
and the MPI-HM, particularly when forced with the GFDL and MIROC5 simulations and the RCP2.6 scenario. For the

RCP6.0, the GCMs that generate the largest streamflow declines are the GFDL and IPSL. In line with our results, considering
a high-emissions scenario, Müller et al. (2023) identified a projected decrease in the rivers of the region for the period 2015–
2050 of approximately �15%.

The most relevant streamflow reductions are projected for the end of the century, particularly considering the RCP6.0 scen-

ario, with a decrease in mean annual streamflow projected for the multi-model ensemble ranging from �24% for the Limay
river to �32% for the Neuquén river. This result aligns with the projected increases in the frequency of days with low flows
over northern Patagonia (Giuntoli et al. 2015). Considering the results for the Limay river, the projected streamflow reduction

is higher than the estimation performed by Seoane & López (2007), which ranged roughly between �11 and �18.5% for the
end of the century. Using regional climate models from the CORDEX Project and the InVEST water yield model, Pessacg
et al. (2020) found a projected decrease in the water yield of Limay river of around �20% for the period 2071–2100. Our

Figure 6 | Boxplot of the projected changes in the annual streamflow of the Neuquén River for the periods 2021–2050 and 2070–2099,
expressed as the percentage of change relative to the 1976–2005 baseline period. The orange (red) boxplots show the projected changes
considering the RCP2.6 (RCP6.0) scenario. Each boxplot shows the median and first and third quartiles, while the whiskers extend to the
maximum and minimum values of data.
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results show that some hydrological simulations exceed �30% of reduction in mean annual streamflow by the end of the cen-

tury for the RCP6.0 scenario, and an even higher decrease for the streamflow of the Limay river under the RCP8.5 high-
emissions scenario was projected with the VIC hydrological model (Raggio & Saurral 2021). The most relevant streamflow
reductions are projected by the multi-model ensemble for the Neuquén river, particularly considering the CLM4.5 and MPI-

HM hydrological models. Some of the analyzed simulations project a streamflow decline of almost �50% relative to the refer-
ence period. In line with our results, previous studies identified a reduction in the available water for irrigation of agricultural
areas of the Neuquén river basin (Forni et al. 2018). Similar reductions in the mean annual streamflow were projected by the

VIC hydrological model under the RCP8.5 scenario (Raggio & Saurral 2021). The streamflow of the Negro river responds to
the projected changes in both the Limay and Neuquén rivers, leading to a reduction of approximately �27% in the mean
annual streamflow projected by the multi-model ensemble under the RCP6.0 scenario by the end of the century.

By evaluating the range of the multi-model projections, we found that GCMs are mostly responsible for the uncertainty in

the streamflow projections, a result that aligns with previous research at global and regional scales (Giuntoli et al. 2015;
Krysanova et al. 2017). The only exception, i.e. GHMs as the main source of uncertainty, was found for the Neuquén
river considering the RCP6.0 scenario and the long-term future. This result can be linked to the role of temperature in the

snowmelt processes over the basin, as suggested in previous studies (Giuntoli et al. 2015; Raggio & Saurral 2021).
The projected decreases in mean annual streamflow can be attributed to several factors, some of which are associated to

future precipitation changes in northern Patagonia. Figure 8 shows the projected annual precipitation changes estimated by

the multi-model ensemble of GCMs for the 2021–2050 and 2070–2099 periods, forced with the RCP2.6 and RCP6.0 scen-
arios. For the near-term future, both scenarios exhibit a similar spatial pattern of precipitation change, with projected
decreases ranging from �5 to �10% in the headwaters of the main rivers of the region. The projected precipitation decrease

is reduced from 0 to �5% for the 2070–2099 period under the RCP2.6 scenario and can be interpreted as the atmospheric
response to the mitigation policies included in this scenario (van Vuuren et al. 2011). This aligns with the reduced decrease
in regional streamflow projected for the same scenario at the end of the century (Figures 5–7). The largest precipitation
reductions are projected by the RCP6.0 scenario (Figure 8), particularly over the headwaters of the Nequén river, which exhi-

bits the most relevant projected decreases in streamflow for the 2070–2099 period (Figure 6). This projected trend in
precipitation is expected to result in longer and more severe drought events over the region, with serious implications for
the development of hydrological droughts (Asadieh & Krakauer 2017; Spinoni et al. 2020; Ferreira et al. 2023). The projected
drying signal for the region can be linked to the projected changes in the mean sea level pressure field across the Southern
Hemisphere, particularly during the winter rainy season. For the selected future periods and scenarios, there is a projected
increase in the sea level pressure during winter over South America south of 40°S and the South Pacific Ocean, indicating a

Figure 7 | Boxplot of the projected changes in the annual streamflow of the Negro River for the periods 2021–2050 and 2070–2099,
expressed as the percentage of change relative to the 1976–2005 baseline period. The orange (red) boxplots show the projected changes
considering the RCP2.6 (RCP6.0) scenario. Each boxplot shows the median and first and third quartiles, while the whiskers extend to the
maximum and minimum values of data.
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strengthening of the semi-permanent anticyclone, particularly during 2070–2099 and considering the RCP6.0 scenario (Sup-
plementary material, Figure S1). Additionally, there is a strengthening of the subpolar low-pressure band, a factor that
contributes to an intensification of the southern westerly wind belt, leading to a precipitation decrease over northern Patagonia
(Quintana & Aceituno 2011; Rivera & Arnould 2020). The result is also consistent with a poleward expansion of the Hadley

Circulation and a positive trend in the Southern Annular Mode, factors that were linked to anthropogenic forcings and thus
are dependent on the greenhouse gas emission scenarios (Grise & Davis 2020; Rivera et al. 2020; Garreaud et al. 2021).

5. CONCLUSIONS

Human-induced climate change is expected to generate a reduction in the streamflow of the main rivers (Limay, Neuquén,
and Negro) of the Argentinean portion of northern Patagonia, which account for a significant part of the total hydropower
production of the country and allow the irrigation for the main agricultural activities in the region. This was analyzed con-

sidering a set of 10 GHMs from the ISIMIP2b dataset, driven by bias-corrected GCMs used to produce future precipitation
and temperature projections under the RCP2.6 and RCP6.0 emission scenarios. After a validation procedure, the initial set of
GHMs was reduced to five models, adequately representing the winter streamflow peak but not capturing the late-spring

Figure 8 | Projected spatial patterns of annual precipitation changes by the multi-model ensemble of GCMs for 2021–2050 (left panels) and
2070–2099 (right panels) relative to the 1976–2005 period, forced with the RCP2.6 (upper panels) and RCP6.0 (lower panels) scenarios.
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snowmelt pulse. The multi-model ensemble projects a streamflow decrease during the near-term future (2021–2050) of

around �10 to �15% compared to the 1976–2005 baseline period, with no dependence upon the selected scenario and
river. The uncertainty is given mainly by the different precipitation projections by the GCMs used to drive the GHMs for
the streamflow projections, with dispersion in the projected changes of around 20%. Streamflow projections for the long-

term future (2070–2099) show divergent responses to the selected scenarios, with a mean reduction of �5 to �6% considering
the RCP2.6 scenario but large dispersion in results from individual simulations. This leads to projected streamflow decreases
ranging from �20% to slight streamflow increases relative to the reference period. The projected mean reductions using the
RCP6.0 are between �20 and �40%, with the Neuquén river showing the most important streamflow decreases. The pro-

jected deficit in precipitation in the headwaters of the main rivers in the Comahue region, in response to an increase
(decrease) in surface pressure over Patagonia and the South Pacific Ocean (the subpolar low-pressure belt) during winter
months, was identified as one of the main drivers of the streamflow decrease over the 21st century.

The results of this study serve as a warning for regional water authorities already facing the challenges of managing reduced
water levels for hydropower generation, human consumption, and irrigation for agricultural production. It is important to
highlight that this is the first study analyzing such a large and diverse set of streamflow simulations over northern Patagonia.

The best GHMs identified in this study can be applied to specific basin-scale research, such as quantifying changes in hydro-
logical extremes. Given that the primary source of uncertainty is associated with the GCMs, it is advisable to consider
alternative models to drive the GHMs, particularly those from the latest CMIP6. The adoption of improved bias correction

techniques applied to the GCMs has the potential to decrease uncertainty in future projections. Furthermore, it may result in
a more accurate representation of snowmelt processes during late spring, a crucial factor limiting the ability to provide precise
information regarding the timing and magnitude of the snowmelt pulse, especially over Neuquén river basin.

In light of the projected reduction in surface water availability, the creation of hydrological drought management plans

must be developed to ensure water security for local communities and environmental needs, aspects often not considered
in regional water management strategies. To achieve this, improved modeling of streamflow processes and a thorough under-
standing of their future evolution is of paramount importance for providing robust information for decision-makers and water

managers.
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