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ABSTRACT

Evaluating the impacts of climate change on coastal basins with a Mediterranean climate represents a significant challenge concerning water
security. Consequently, an assessment was conducted on the effects of climate change on hydrological components in a basin within the
Coastal Mountain Range of Central Chile. The hydrological model SWAT-+ was used, forced by two Shared Socioeconomic Pathways (SSP2-4.5
and SSP5-8.5), incorporating a downscaling process and analyzing both extreme and non-extreme events. Climate projections were made for
the following three periods: near (2015-2030), middle (2015-2060), and distant (2015-2100) future. Results indicate a consistent rise in aver-
age temperatures across all periods, coupled with decreased precipitation for most of the year. Particularly in the distant future, austral
summer stands out as the most impacted season, with projections showing a substantial decrease in precipitation (27 and 54% for SSP2-
4.5 and SSP5-8.5, respectively), accompanied by significant increases in both maximum and minimum temperatures. Moreover, the stream-
flow is anticipated to decline considerably in the austral autumn (—8 and —83% for SSP2-4.5 and SSP5-8.5, respectively). Additionally, as
consequences of climate change an increase in droughts (during the dry season) and flooding problems (during the wet season) are expected
in the basin, increasing the risk for both extremes.
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HIGHLIGHTS

® procedure for evaluating climate projections in a basin.

® |mpacts of climate change in coastal basins with a Mediterranean climate.

® Short-, medium-, and long-term climate projections of precipitation, flow, maximum and minimum temperature are presented.
® | ong-term hydrological components are evaluated on a seasonal and monthly basis.

1. INTRODUCTION

Water is one of the natural resources most affected by the effects of climate change, having direct implications on people’s
lives, the ecosystem, and the global economy (Escanilla-Minchel et al. 2020; Mufioz et al. 2020a). One of the most evident
manifestations of climate change is its influence on the water balance and hydrological processes throughout the world
(Ha et al. 2019). The latter suggests that water resource management must focus on a preventive approach for adaptation
to climate change, incorporating the knowledge of the close relationships between the hydrological cycle and climate
(Ha et al. 2019).

Climate change is attributable to human activities that have altered the composition of the global atmosphere, this added to
the natural variability of the climate observed during comparable periods (Calvin ef al. 2023). According to the IPCC, human
influence on climate has been the dominant cause (with a 95% probability or greater) of more than half of the observed
increase in global mean surface temperature in the period 1951-2010. The latter has caused sea-level rise (Koutsoyiannis
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2020), ocean warming, rapid ice and snow melting, and changed the frequency or intensity of climatic extremes in the second
half of the 20th century (IPCC 2014). Assessment of the effects of these climate variations, at a local and regional scale,
reflects the need to improve the abilities to estimate the hydrological process variability at the basin scale (Lu et al. 2010).
Using hydrological models plays an essential role in identifying the current and future effects of climate change, generating
scenarios that allow us to adopt mitigation measures (Pérez-Sanchez et al. 2020).

Since 2010, Chile has experienced one of the most severe droughts of the last century. The so-called mega-drought
(Garreaud et al. 2020), combined with intensive agricultural and forestry activities and the current water management
system, has caused water scarcity, particularly in the Mediterranean and semi-arid regions of Chile (Mufioz et al. 2020a).
The conflicts over water in Chile have deepened in the last 10 years, involving the legal, political, economic, social, and
environmental spheres (Bauer 2015).

Assessing the impacts of climate change on Mediterranean river basins is a huge challenge, as these basins are character-
ized by a marked annual cycle, with dry summers and very wet winters (Essa ef al. 2023), which can lead to such basins
experiencing a wide range of natural and anthropogenic threats to water security. Threats include severe droughts and
extreme floods, seawater intrusion into coastal aquifers, degradation of fertile soils, and desertification due to poor and unsus-
tainable management (Vozinaki et al. 2018). It should be noted that Mediterranean droughts, particularly those that occur
during the wet season, can have a strong impact on water resources by reducing groundwater (GWQ) levels and the water
available in dams and reservoirs (Tramblay et al. 2020).

On a local scale, some studies show how climate change can be added as an additional stress factor within the center-south
of Chile (Barrientos ef al. 2020) and these new conditions are more critical for the Cordillera de la Costa basins in central
Chile (Stehr ef al. 2008; Torres et al. 2015). Valdés-Pineda et al. 2014 using the PRECIS model have predicted a
reduction between 60 and 70%, compared to the current regime for the Maule (34°41-36°33" S) and the Los Lagos
(40° 13'-44° 3’ S) regions, being more intense during the austral spring season (i.e. October to December).

Despite significant efforts in this regard, some questions remain unanswered, particularly for the Mediterranean river
basins in Chile. One of the most critical gaps is related to how much rainfall and temperatures will increase or decrease
in the basin, and how the hydrological cycle will be affected by climate change. Also, how much will the flow of the streams
decrease if the trend of reduced rainfall — such as the current one - continues to increase? On the other hand, other doubts
arise, such as: What will be the months of greatest floods to make decisions in terms of water management? In which seasons
of the year will the greatest drought be experienced? Will the effects of climate change be seen in the short, medium or long
term? In the event that no changes are made to mitigate climate change, how will rainfall, discharge, max and min tempera-
ture be affected? The answers to these questions would be of great support to water resource managers and private and public
entities to develop preventive approaches to climate change adaptation in coastal basins located in the south-central region of
Chile.

The objective of this work is to evaluate the effects of climate change on hydrologic processes in a Mediterranean-climate
river basin in the Cordillera de la Costa of south-central region of Chile, for near (2015-2030), medium (2015-2060), and
far future (2015-2100), considering the Shared Socioeconomic Pathway (SSP2-4.5 and SSP5-8.5) scenarios. To achieve this,
the SSP2-4.5 and SSP5-8.5 are spatially downscaled using the Quantile Mapping Bias Correction method (Escanilla-Min-
chel et al. 2020) and subsequently analyzed to verify the accuracy by comparing historical observed data and GCM
outputs in the period 1979-2015. Such bias-corrected scenarios provide precipitation and temperature projections at a
regional scale as input data to a hydrological model that quantifies the changes in hydrological dynamics of the basin.
The hydrological model used was SWAT+ (Bieger et al. 2017) and the output results are associated with climate change
on hydrologic components discharge, evapotranspiration (ET), percolation (PERC), surface runoff (SURQ), GWQ, and
water yield (WYLD).

2. METHODS
2.1. Study area

The study area is located in the coastal zone of south-central Chile and corresponds to the Andalién River basin (Figure 1).
This basin drains from the western slope of the Cordillera de la Costa, between 36°42’ and 36°56’ S and between 72°36" and
73°04' W. The basin area delimited at the Rio Andalién Camino a Penco streamflow gauging and meteorological stations
(7 m.a.s.l.), close to the outlet, is 751.2 km2. The Andalién River is 36 km long and outlet flows are discharged into the
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Figure 1 | Location of the Andalién River basin in the geographic context.

Bay of Concepcidn, before crossing the metropolitan area of the city of Concepcién, and total inhabitants in the basin is
272,254, The basin maximal altitude is 567 m.a.s.l. (Castillo 2008).

According to the Chilean General Directorate of Waters (DGA), the Andalién River basin is under the influence of a Med-
iterranean bioclimate (DGA 2004), while according to the Koppen-Geiger classification, the climate in the basin is warm
temperate, with four well-marked cold and humid months (Kottek ef al. 2006). More than 70% of the annual precipitation
in the basin occurs between May-August (winter months), when the annual mean precipitation ranges between 1,200 and
1,400 mm. The average temperature is 13 °C, with thermal amplitudes of 8.1 °C (Castillo 2017).

The main soil types in the basin are granitic rocks, characterized by their low permeability and abundant porosity (Stolpe
2006) which favors the surface runoff generation through the mechanism of infiltration excess (Horton 1933; Morbidelli et al.
2018). According to the National Forestry Corporation (CONAF), the dominant land use/land cover (LULC) corresponds to
non-native adult and young plantations (60.7%), followed by native forest and mixed forest (17.0%), agriculture (8.3%), grass-
lands (7.0%), urban and industrial areas (3.9%), areas without vegetation (2.7%) and other uses (0.5%) (CONAF 2015;
Orellana et al. 2022).

2.2. Hydrological model

The hydrological model used in this study is the Soil and Water Assessment Tool Plus (SWAT+) (Arnold et al. 1998) devel-
oped by the United States Department of Agriculture (USDA). SWAT+ is a physically-based model that works in a
continuous-time interval (Wu ef al. 2020) and allows simulating hydrologic processes and water quality. The model works
on a semi-distributed processes basis designed to calculate water routing, sediment loads, and concentration of nutrients
(Eckhardt et al. 2005). Also, the model has been used in several studies involving the effects of climate change on water
resources (Wangpimool et al. 2013).

SWAT-+ requires two types of spatially distributed input data and hydro-climatic time series. Spatial data includes a digital
elevation model (DEM), LULC and soil type. LULC was obtained through the analysis of satellite images from Landsat 5 and

Downloaded from http://iwaponline.com/hr/article-pdf/55/12/1197/1515576/nh2024069.pdf
bv LINIVERSITY OF | EEDS user



Hydrology Research Vol 55 No 12, 1200

8 sensors (base on (Orellana ef al. (2022)) and the LULC classes of the basin were assigned in equivalence to those of the
SWAT+ model: FRST (Native and Mixed Forest), FRSE (Adult Plantation), RNGB (Young Plantation), AGRL (Agricultural
Coverage), UIDU (Industrial and Urban Zone), RNGE (Thickets and Prairie), BARR (Soil devoid of vegetation), WETN (Wet-
lands), and WATR (Surface Water Bodies).

The time series includes hydro-climatic data as precipitation, solar radiation, relative humidity, wind speed, and tempera-
ture (Welde & Gebremariam 2017). SWAT+ also has a weather generator tool that allows gap-filling missing data during
certain periods of time in the simulation cycle. The latter is achieved by providing long-term daily data of precipitation
and maximum and minimum temperatures (Mengistu ef al. 2019).

SWAT+ is more adaptable than SWAT in terms of spatial representation (Wu et al. 2020) and code flexibility. This semi-
distributed model works by dividing a watershed into several sub-watersheds, which are then subdivided into hydrological
response units (HRUs). Such HRUs are composed of soil types, slopes range grouped, and similar LULC (Ayivi & Jha 2018).

2.2.1. Calibration and validation of the hydrological model SWAT +

Calibration is performed by modifying some model parameters and comparing the simulated streamflow with the observed
data. Eleven parameters are used for this process, based on Orellana ef al. (2022). Such parameters have been widely used in
several studies in different countries (Verichev et al. 2020) and also in Chile (Tan et al. 2017).

The most relevant parameter from the sensitive model output is CN2 (Curve Number for humidity II conditions). This par-
ameter directly affects the amount of runoff generated, which finally has an important influence on the streamflow. The
second most sensitive parameter of the model is ALPHA_BF (Alpha Factor of the base flow), which directly controls the
base flow and the amount of water that is discharged into the aquifer. The third parameter is SOL_AWC1 (Water Holding
Capacity), which controls the amount of evaporation from the soil, the fourth parameter is SOL_K1 (Hydraulic Conductivity),
which influences the amount of water that infiltrates into the soil and the last parameter is GWQMN (Minimum Depth for
Return Flow) which is related to the amount of GWQ that discharges into rivers.

The calibration and validation periods comprise evaluating the model performance in 5 years (2003-2007) and nine years
(2008-2016), respectively.

The optimal values for the calibration parameters and the average of each parameter for each year are detailed in Table 1.
In the validation period, five sets of parameters obtained in each model were evaluated, as well as their average.

To evaluate the model performance for both periods (calibration and validation), four statistical indicators are used. These
indicators are coefficient of determination (R?), the Nash-Sutcliffe efficiency (NSE), the percentage bias (PBIAS) and the
Kling-Gupta efficiency (KGE) (Brouziyne ef al. 2017). The change criteria associated with these four indicators are the
same as those classified by Kouchi (Kouchi ef al. 2017).

2.3. Generation of climate change scenarios

SSP2-4.5 and SSP5-8.5, GCM selection and downscaling process.

GCMs are mathematical models that seek to represent the climate system of the Earth (Lee ef al. 2014). The models simu-
late the planetary atmosphere and ocean circulation processes and have been used in several studies (Oti ef al. 2020). To
estimate the climate change effects on the water balance in the Andalién River basin, simulated climate change data from
GCM are obtained. After that, a statistical downscaling process is performed to the GCM data to be incorporated into the
hydrological model. The downscaling process allows the spatial resolution scale of the GCMs to be improved from a
global to a regional scale and to generate hydrological projections through a selected hydrological model (Bae et al.
2011), for this case applying the SWAT+ model.

The Intergovernmental Panel on Climate Change (IPCC) has determined four greenhouse gas emission scenarios in the
Sixth Assessment Report (AR6): Climate Change of 2022, known as the SSP5-8.5, SSP3-7.0, SSP2-4.5, and SSP1-2.6 (IPCC
2023).

For this study, two scenarios are considered: medium (SSP2-4.5) and high (SSP5-8.5) (Luo ef al. 2019). The SSP2-4.5 scen-
ario represents the development of the middle of the road where socioeconomic factors follow their historical trends without
significant changes, while SSP5-8.5 represents the worst-case scenario with the upper end of the range of future roads. These
two scenarios were selected as they offer contrasting pathways that are relevant to studying potential impacts and policy
implications across a range of sectors. (Kassaye ef al. 2024).
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Table 1 | Calibration parameters for the SWAT model

Parameter Description Range 2003 2004 2005 2006 2007 Average
MGT1 CN2 Initial SCS runoff curve number for —85% —80% —62% —62% —80% —74%
moisture condition II
GW GW_DELAY Groundwater delay time (days) [0-400] 45 10 40 40 10 29.00
ALPHA_BF  Baseflow alpha factor (days) [0,1-0.3] 0.1 0.95 0.2 0.2 0.9 0.47
[0.9-1]
GWQMN Threshold depth of water in the shallow [0-5,000] 250 0.1 7 7 1 53.02
aquifer required for return flow to occur
(mm H,0)
GW_REVAP Groundwater ‘revap’coefficient [0.02-0.2] 0.02 0.02 0.05 0.05 0.05 0.04
REVAPMN  Threshold depth of water in the shallow [0-500] 250 100 11 11 0.3 74.46
aquifer required for ‘revap’ or percolation
to the depth aquifer to occur (mm H,O)
RCHRG_DP Deep aquifer percolation fraction [0-1] 1 0.47 0.5 0.5 0.2 0.53
HRU HRU_SLP Average slope steepness (m/m) —10% —50% 92%  92% 2% 25%
OV_N Manning’s ‘n’ value for overland flow [0.01-0.41] 0.3 0.25 0.41 0.41 0.25 0.32
CANMX Maximum canopy storage (mm H,0) [0-100] 10 0 15 15 0 8.00
ESCO Soil evaporation compensation factor [0.01-1] 0.4 0.2 0.2 0.2 0.01 0.20
EPCO Plant uptake compensation factor [0.01-1] 0.7 0.1 0.8 0.8 1 0.68
SOL SOL_Z1 Depth from soil surface to bottom of layer —71% —81% —70% —70% —81% —75%
(mm)
SOL_BD1 Moist bulk density (Mg/m3 or g/cm3) [1.1-1.9] 1.39 19 1.29 1.29 1.9 1.55
SOL_AWC1 Available water capacity of the soil layer [0-1] 0.4 0.16 0.4 0.4 0.16 0.30
(mm H,O/mm soil)
SOL_K1 Saturates hydraulic conductivity (mm/h) [0 - 2,000] 33 1.75 33 33 1.75 20.50
RTE CH_N2 Manning’s ‘n’ value for the main channel [-0.01-0.3] 0.15 0.3 015 015 03 0.21
CH_K Effective hydraulic conductivity in the main  [-0.01-500]  1.81 1 1.81 1.81 1 1.49

channel alluvium (mm/h)

Based on the greenhouse gas emission scenarios, there is a set of several GCMs developed by different working groups
worldwide. The combination of analysis of these models could provide a better evaluation of the water resources than a
single GCM (Pierce ef al. 2009). Therefore, it is preferable to use the ensemble modeling approach rather than a single

model simulation (Ehsan ef al. 2019).

A model ensemble has been shown to provide high confidence and optimally quantify uncertainties in future climate pro-
jections (Tebaldi & Knutti 2007). In this study, the precipitation data, daily maximum and minimum temperatures of an
ensemble of eight models from the Coupled Model Intercomparison Project Phase 6 (CMIP6) are analyzed (Table 2).
These were selected according to the availability of GCMs in Infrastructure for the European Network for Earth System Mod-

elling database (Is-Enes 2021) and their adjustment to the observed data average.

Table 2 | Summary of global circulation model ensemble used

Nominal
GCM Institution/Center Resolution Ensemble Member
ACCESS-CM2  Australian Community Climate and Earth System Simulator (ACCESS) 250 km rlilp1fl
ACCESS- Australian Community Climate and Earth System Simulator (ACCESS) 250 km r13ilpifl,
ESM1-5 r15ilplfl
INM-CM4-8 Institute of Numerical Mathematics (INM) 100 km rlilp1fl
MRI-ESM2-0 The Meteorological Research Institute (MRI) 100 km r5ilp1fl
IPSL-CM6A-LR  Institut Pierre Simon Laplace — Climate Model Version 6 (IPSL-CM6-LR) 250 km r14ilpifl
CanESM5 Canadian Centre for Climate Modelling and Analysis Earth System Model 500 km r10ilpifl,
version 5 (CanESM5) r19i1p2f1
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A GCM model includes ten to twenty atmospheric layers and sometimes up to thirty layers on the oceans (IPCC 2014). By
default, the horizontal resolution in these models ranges between 250 and 600 km. Therefore, a downscaling process is
required to represent from a coarse-scale atmospheric information to a regional or local scale (von Storch et al. 1993).
Also, the purpose of this is to identify possible biases between observed and simulated climate variables, which constitute
the basis for correcting future GCM projections (Chen et al. 2019), reaching up to a basin-scale projection. Bias correction
uses transformation algorithms, depending on the downscaling method used to adjust the result of the GCM.

In this study, a statistical downscaling through the Quantile Mapping Bias Correction method is performed (Escanilla-
Minchel et al. 2020). This method is comparatively efficient from a computational point of view, easily transferable to
other regions, and it is based on standard and accepted statistical procedures (Fowler ef al. 2007).

In the downscaling process, two meteorological time-series datasets in two subsequent periods have been used: (i) observed
and simulated historical period and (ii) projected period, which includes daily precipitation and maximum and minimum
temperature data. The first period includes both observed data from 1979 to 2014 obtained from the Rio Andalién
Camino a Penco meteorological station and GCM simulations output data. The second period includes an ensemble of
GCM projected climate data from 2015 to 2100 obtained from Is-Enes (2021).

The downscaled ensemble of meteorological data projections for each SSP is entered into the SWAT-+ hydrological model,
already calibrated and validated. In this way, the potential climate change effects on the hydrologic processes in Andalién
river basin are obtained.

The overall modeling framework for the evaluation of climate change effects on hydrologic components in a Mediterra-
nean-climate river basin is shown in Figure 2.

3. RESULTS

3.1. Calibration and validation of the SWAT+ model

Applying the SWAT+ model in the Andalién river basin, a total of 27 sub-basins was delineated considering a threshold of
1,500 ha, based on a comparison with regional hydrographic maps. The number of HRUs varied between 268 and 326 HRUs,
according to the combinations between soil type, terrain slope classification (0-15%, 15-30%, and 30-100%), and LULC.

The entire simulation period was divided into an 8-year spin-up period (1994-2002), followed by a 5-year calibration period
(2003-2007) and a 9-year validation period (2008-2016). For each calibration year, a model with its respective land use map
and a set of calibration parameters was generated with the corresponding year.

i Preprocessing, calibration and validation phase Hydrologic projections phase Scenario analysis phase

Hydro-Climatic Time Series
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Figure 2 | Modeling framework for the evaluation of climate change effects on hydrologic components in a Mediterranean-climate river
basin.
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In the validation period, five sets of parameters obtained in each model were evaluated, as well as their average (Figures 3(b)
and 3(c)).

Figure 3(a) shows the hydrograph during the calibration and validation period at the Rio Andalién Camino a Penco station.
We can see that, for the calibration period, from 2003 to 2004, the maximum discharges are overestimated, and subsequently,
from 2005 to 2007, the results have a better fit. In the validation period, we can see that from 2008 to 2013, in wet periods
there is a discharge overestimation and in dry periods there is an underestimation. From 2013 to 2015 there is a general
underestimation of simulated discharge. In Figures 3(b) and 3(c), we can see how the obtained discharge in the calibration
(Figure 3(b)) has a better fit for low discharge and a greater dispersion for high discharge. This is much more accentuated in
the validation period (Figure 3(c)).

4. PERFORMANCE ANALYSIS OF THE BIAS CORRECTION METHOD FOR THE OBSERVED HISTORICAL
PERIOD 1979-2005

The historical observed mean daily time series of precipitation and temperatures are compared with the mean daily historical
data of the GCM for the same period (1979-2014). The goal of this process is to verify if the bias correction method is per-
forming correctly. Subsequently, the observed historical data are contrasted with daily averages of the GCM projections SSP2-
4.5 and SSP5-8.5 also to evaluate the bias correction.
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Figure 3 | (a) Observed and simulated monthly discharge for calibration and validation periods. (b) Scatter plot of observed and simulated
monthly discharge for calibration periods. (c) Scatter plot of observed and simulated monthly discharge for validation periods.
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4.1. Historical

For the precipitation time series, maximum and minimum daily mean temperatures, we can see that the adjustment of the
historical period of the GCM with the observed data is efficient after applying the bias correction method, since the
values of RMSE and MSE in precipitation are 0.18 and 0.03, respectively, and for minimum and maximum temperature
the values of RMSE and MSE are less than 1.15 x 101,

4.2. Projections

When comparing daily averages of projected precipitation and observed time series data (Figures 4(a) and 4(b)), we can see
that the bias correction is not as efficient as with the simulated historical series (Figure 6), which typically occurs when
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Figure 4 | (a) Observed and projected precipitation without bias correction. (b) Observed and projected precipitation with bias correction. (c)
Averages of maximum temperatures projected without bias correction and (d) averages of maximum temperatures projected with bias
correction. (e) Averages of projected minimum temperatures without bias correction. (f) Averages of historical minimum temperatures with
bias correction.
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projected data are compared with observed data (Escanilla-Minchel ef al. 2020). It should be noted that at the daily scale,
precipitation increases by 9.31% for SSP2-4.5 and decreases by 2.28% for SSP5-8.5.

The daily GCM averages of the maximum and minimum temperature projections (SSP2-4.5 and SSP5-8.5) are shown in
Figures 4(c)-4(f). Here, we can see that after the correction of the bias, there is a generalized increase in the maximum
and minimum temperatures, which in maximum temperature is 8.61 and 12.63%, for SSP2-4.5 and SSP58.5, respectively,
and that in the case of the minimum temperature is 17.83 and 24.63%, for SSP2-4.5 and SSP58.5, respectively, which
shows that the increase in average temperature that we observe is produced especially by the increase in minimum tempera-
ture. This is consistent with the study by Glynis et al. 2021, which concludes that the maximum temperature is not increasing
as much as the minimum temperature (in daily scale) (Glynis et al. 2021).

4.3. Verification

The observed data and the data projected by SSP2-4.5 and SSP5-8.5 were compared for the period from 2016 to 2020, to
check the effectiveness of the projections already made.

Figure 5(a), where the observed and projected precipitation data are compared, shows that the average projected precipi-
tation is greater than the observed data, which is 31.87% for SSP2-4.5 and 34.22% for SSP5-8.5, which is mainly due to the
increase in extreme events expected in the future (Ghosh & Mujumdar 2008; Gouveia et al. 2022).

Figure 5(b) shows that the projected maximum temperature follows practically the same trend as the observed data, with a
percentage difference of 1.15% in SSP2-4.5 and 0.97% in SSP5-8.5. Whereas Figure 5(c) shows that within the minimum
temperatures, the observed temperature is always higher than the simulated temperature and the lower temperatures are
always lower than the simulated ones, which translates into a percentage difference of 8.69% in SSP2-4.5 and 9.62% in
SSP5-8.5.

4.4. Table with primary statistics on the observed, verified (by the GCM) and predicted (by the GCM)
In Table 3, you can see that the asymmetry in the maximum temperature tends to be negative, which implies that the smallest
extremes are far from the mean, while the precipitation and minimum temperature tend to be positive, which implies that the
largest extreme values are further away from the mean.

On the other hand, in kurtosis, the verification periods tend to deliver negative values, which implies that there are fewer
extreme values, while the simulation periods tend to deliver positive values which indicates that there are more extreme

values.
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Figure 5 | (a) Precipitation verification period 2015-2020. (b) Max. temperature verification period 2015-2020. (c) Min. temperature verifi-
cation period 2015-2020.
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Table 3 | Primary statistics on the observed, verified (by the GCM) and predicted (by the GCM) data

Observed Data Data Projected SSP2-4.5 Data Projected SSP5-8.5
Historical Period  Verification Period  Verification Period  Simulated Period  Verification Period  Simulated Period
(1979-2014) (2015-2020) (2015-2020) (2015-2100) (2015-2020) (2015-2100)
PP Mean 1,121.99 824.47 1,443.99 1,278.62 1,413.62 1,278.62
Standard deviation  265.80 386.49 175.16 143.49 75.26 143.49
Skewness 0.05 -0.96 0.62 0.55 0.16 0.55
Kurtosis —-0.99 -0.75 —1.28 0.18 —1.38 0.18
Autocorrelation at 0.01 0.01 -0.41 0.23 —0.46 0.23
lag-1
Autocorrelation at -0.19 NA NA 0.14 NA 0.14
lag-10
Autocorrelation at —0.06 NA NA -0.01 NA -0.01
lag-30
Tmax Mean 19.17 20.43 19.37 20.49 19.42 20.49
Standard deviation 0.35 2.24 0.27 0.70 0.20 0.70
Skewness —0.58 1.29 —0.18 -0.30 0.15 -0.30
Kurtosis -0.02 -0.19 -2.05 -1.22 —-1.93 —-1.22
Autocorrelation at -0.14 -0.01 0.52 0.92 —0.08 0.92
lag-1
Autocorrelation at 0.23 NA NA 0.67 NA 0.67
lag-10
Autocorrelation at -0.02 NA NA 0.03 NA 0.03
lag-30
Tmin Mean 6.79 7.57 7.54 8.50 7.61 8.50
Standard deviation 0.29 1.39 0.22 0.57 0.13 0.57
Skewness -0.42 1.30 0.08 -0.34 —0.42 -0.34
Kurtosis 0.89 -0.19 —-1.61 -1.11 —1.18 -1.11
Autocorrelation at -0.21 -0.05 0.20 0.92 -0.13 0.92
lag-1
Autocorrelation at -0.11 NA NA 0.63 NA 0.63
lag-10
Autocorrelation at -0.09 NA NA 0.03 NA 0.03
lag-30

In the 30-year autocorrelation, a decrease in rainfall is shown, but on the other hand, for the maximum and minimum temp-
erature, an increase in the values is observed.

5. CLIMATE CHANGE PROJECTIONS WITHOUT CONSIDERING EXTREME EVENTS

It is likely that the occurrence of extreme events, such as floods, heat waves and droughts, will intensify because of the climate
change (Githui ef al. 2009). Figure 6 shows that extreme precipitation values projections influence the results of the

(a) Project Precipitation SSP 4.5 (b) Project Precipitation SSP 8.5
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Figure 6 | (a) Projected precipitation of an ensemble of 10 GCMs in SSP2-4.5 and (b) projected precipitation of 10 GCMs in SSP5-8.5.
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hydrologic components delivered by the models. To consider the uncertainty associated with extreme events, the 5 and 95%
percentiles are used, eliminating the values that are outside this range, as seen in Figures 6(a) and 6(b).

Four average time periods are also defined that represent a specific year, the first period is from 2010 to 2015, which is
represented in the year 2015, the second period is from 2027 to 2030, which is represented in the year 2030, the third
period is from the year 2057 to 2060, which is represented in 2060 and finally the fourth period is from the year 2097 to
2100, which is represented in the year 2100.

The representative year 2015 is observed data and the other three representative years are GCM simulated data. Consider-
ing the difference between these representative years, we define three periods called near future (2015-2030), middle future
(2015-2060) and far future (2015-2100).

5.1. Analysis of the results for the near (2025), medium (2050), and far future (2100)

The precipitation, discharge and maximum and minimum temperature projection results for SSP2-4.5 and SSP5-8.5 in the
period 2015-2100 are shown in Figure 7. For both discharge and precipitation, a decrease is estimated as shown in
Figures 7(a) and 7(b). For the temperature projections, the trends are upward for both maximum and minimum (Figures 7(c)
and 7(d)). Also, we observed a variation in maximum temperature greater than the minimum temperature for the year 2100 in
both SSP2-4.5 and SSP5-8.5.

Figure 7 shows that, for the three periods, the precipitation and temperature projections are more unfavorable in SSP5-8.5
than in SSP2-4.5. In SSP2-4.5, as time advances, there is a tendency to decrease precipitation between the near future and the
middle future, rising again in the far future. Temperatures always maintain an increasing trend, while precipitation trend in
SSP5-8.5 always decreases as the temperatures increases in the three periods.

Figure 7(a) shows a steady decrease in precipitation, which is much more accentuated in the average rainfall of the 8 GCMs
of the SSP5.8.5 than in the average GCM of the SSP2-4.5, with the difference between them being 30%. This is reflected in
Figure 7(b), which shows a similar trend to precipitation, because one of the most important factors in the flow is the precipi-
tation of the basin.

On the other hand, in Figure 7(c), a pronounced increase in the maximum temperature is observed, but it is even greater in
SSP5-8.5 than in SSP2-4.5, with the difference between them in the year 2100 being approximately 2.6 °C. On the other hand,
for the minimum temperature, the temperature increase is not as pronounced and the difference between SSP5-8.5 and SSP2-
4.5 is 2.0 °C.

From this it can be concluded that, on an annual scale, the increase in the average temperature is due to the pronounced
increase in the maximum temperature, since by the year 2100, the maximum temperature increases by 5.2 °C, while the mini-
mum temperature increased by 4.2 °C.
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Figure 7 | SSP2-4.5 and SSP5-8.5 projections. (a) Precipitation; (b) discharge; (c) maximum temperature; and (d) minimum temperature.
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5.2. Interannual variability
5.2.1. Seasonal variability

For the analysis of the expected seasonal variability, only the far future period (2015-2100) is considered since magnitudes of
the hydrologic components are expected to steady in the long term. In this way, the climate change effects on hydrologic com-
ponents can be evaluated for an extended period that will correspond to the most unfavorable condition for both SSP2-4.5
and SSP5-8.5.

The results of seasonal variability are shown in Table 4, where we can see that, for the austral summer, precipitation
decreases by 27% in SSP2-4.5 and 54% in SSP5-8.5. In general, an increase in the maximum and minimum temperature is
expected, regardless of the scenarios tested. In summer, the maximum temperature increase is expected to reach 6.5 °C at
SSP5-8.5, while in winter less significant temperature variations may occur. Regarding discharge, in summer for SSP2-4.5,
an increase of 33.7% is estimated, while in autumn for SSP5-8.5 an 83.7% decrease in discharge is expected.

5.2.2. Expected monthly variability

The results of the monthly variability of precipitation, maximum and minimum temperatures and flow showed that: Regard-
ing precipitation, the most important decrease appears between June and August for SSP5-8.5, with increases during April
and May for SSP2-4.5. The largest increases in maximum and minimum temperatures are estimated between March and
July for both SSPs, while for November a decrease of 0.9 °C is projected for SSP2-4.5.

Figure 8 shows discharge (Figures 8(a) and 8(c)) and precipitation (Figures 8(b) and 8(d)) for the SSP2-4.5 and 8.5 scen-
arios. In the first scenario, there is less variability in both components, and they also follow similar seasonal trends in the
projected periods. However, there is an advance in downloading, with the peak in July rather than August. This is mainly
due to the rainfall regime of the basin, in which floods are produced by rains that have the same delay along with discharge.
These changes in the timing of seasonal discharge suggest that there are likely to be significant effects on water resources,
including water supply (municipal, industrial and irrigated).

The hydrologic components evaluated in SWAT+ are ET, PERC, SURQ, subsurface runoff (LATQ), GWQ, and WYLD.

Figures 9(a) and 9(c) show hydrologic components of the observed representative year (2015) in contrast to discharge (bar
plot), while Figures 9(b) and 9(d) held for the worst representative year (2100). Here, we observe a directly proportional
relationship between the hydrologic components and discharge, therefore, any variation on these components is also man-
ifested in the discharge.

In the SSP5-8.5 scenario, there is a significant increase in discharge and also in hydrological components, which is due to
the increase in extreme events in the basin. As for the SSP2-4.5 scenario, there is an extreme discharge offset that peaks in July
instead of June.

5.3. Climate change projections considering extreme events

Modeling results using the SSP2-4.5 and SSP5-8.5 projections for the components of the hydrological cycle are presented in
Table 5. Here, we consider discarded extreme events as being outside the 5th and 95th percentiles. We can see that in the
entire period under the SSP2-8.5 scenario, there is an increase in discharge. This does not mean that this variable increases
steadily over time, but that incorporating extreme events generates localized floods in the time ranges analyzed.

With SSP5-8.5, there is a similar response, except for the 2005-2100 period, which, even with extreme precipitation, gen-
erates a decrease in discharge. This leads to the conclusion that this period continues to be the most unfavorable one.

Table 4 | Seasonal variability for SSP2-4.5 and SSP5-8.5

Seasonal variability

Precipitation Tmax (°C) Tomin (°C) Discharge
Seasons 4.5 8.5 4.5 8.5 4.5 8.5 4.5 8.5
Summer —27.6% —54.8% 33 6.5 1.6 3.7 33.7% —17.4%
Autumn 20.5% —9.8% 2.4 46 2.7 49 —8.6% —83.7%
Winter 8.7% ~31.6% 2.3 43 25 44 7.4% —63.6%
Spring 23.3% ~9.9% 2.8 5.6 2.0 3.7 30.9% —43.8%
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Figure 8 | (a) Monthly discharge projections in SSP2-4.5, (b) monthly precipitation projections in SSP2-4.5, () monthly discharge projections
in SSP5-8.5, and (d) monthly precipitation projections in SSP5-8.5.
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Table 5 | Percentage variation of the different hydrological components

Hydrologic components

2005-2025 2005-2050 2005-2100

4.5 8.5 4.5 8.5 4.5 8.5
Q (Discharge) 49.49% 40.09% 45.36% 27.79% 40.68% —5.45%
ET (Evapotranspiration) 16.30% 15.96% 15.27% 14.33% 13.90% 1.53%
PERC (Percolation) 55.75% 45.75% 49.59% 34.03% 46.17% 1.74%
SURQ (Surface runoff) 46.11% 39.48% 44.03% 30.99% 39.21% 5.59%
LATQ (Subsurface runoff) 46.15% 37.38% 41.78% 27.86% 37.54% 0.24%
GWQ (Groundwater) 55.65% 45.83% 49.58% 33.92% 46.33% 1.86%
WYLD 48.94% 40.80% 45.29% 31.23% 41.01% 3.95%

In addition, as seen above, the discharge has a direct relationship with the other hydrological components where we high-
light PERC and GWQ that have similar variations, and SURQ which is generally greater than LATQ, due to the type of soil
and the fact that the response time in a flood event is shorter, which does not allow water infiltration.

6. DISCUSSION

In this study, a comprehensive method for evaluating the effects of climate change on hydrological components using the
SWAT+ model is presented. Evaluating the impact of climate change on hydrology and water resources has some limitations
and uncertainties. Both the limitations and the uncertainties can be found at different stages of the methodological appli-
cation: from the hydrological modeling, related to the different shares socioeconomic pathway (SSP) and the different
GCMs, to the downscaling process and its projected results (Ouyang et al. 2015). These limitations are discussed in the
following.

6.1. Hydrological modeling uncertainty

Although the calibration and validation of SWAT+ show accurate precision, there is still uncertainty associated to the model
spatial distribution, the input data, and its parameters (Yu et al. 2020).

This is since the hydrological cycle has a high level of uncertainty in each of its processes (Dimitriadis ef al. 2021) and this
added to the fact that daily data are not available for some climatic variables, such as solar radiation, relative humidity and
wind speed. These variables were obtained by a stochastic meteorological generator within the SWAT+ model based on the
monthly statistics from the surrounding meteorological stations in the study area (Ouyang ef al. 2015). Such gap-filling data
could increase the modeling uncertainty. However, they help to overcome the lack of data problem, allowing hydrologic
simulations when sufficient public meteorological data is available (Cerkasova et al. 2018).

SWAT+ calibration results are highly influenced by the model objective function, since it inherits the uncertainty associ-
ated with the above-mentioned gap-filling meteorological data. This means that the final simulated data have the same
drawbacks, affecting the statistical indicators. For example, NSE and R? are more sensitive to high discharge than to low dis-
charge (Legates & McCabe 1999). This makes a better model calibration performance in the wet period.

6.2. Uncertainty related to shared SSP and GCMs

There is a great uncertainty regarding how future greenhouse gases behave, as well as how the response of the global and
regional climate system will be in these emission scenarios (Stehr et al. 2008).

According to the IPCC, the global temperature difference between the CMPI6 scenarios is the major source of uncertainty
at the end of the 21st century (Scafetta 2024). This is associated with GCM capability to simulate future climates; even if it
adequately simulates the current one, it may not be as reliable for future climate projections. To reduce this uncertainty, GCM
ensembles are usually used (Cabré 2011) rather than the use of few GCMs that not provide a representative sample of the
entire range of uncertainty. Therefore, GCM ensembles can help determine whether the projected changes are significant,
considering the uncertainty of the model. The next generation of global climate models may improve current results
(Araya-Osses et al. 2020) as they consider more variables. One of the variables to consider may be changes in land use,
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therefore, it would be interesting to combine scenarios of land use changes with climate change projections that are available
at the time of carrying out said investigation.

6.3. Downscaling method uncertainty

Advances in local prediction capacity and the evaluation of the potential climate change effects on water availability and dis-
tribution provide a real capacity to improve water resource management (Stehr ef al. 2008). One of the primary sources of
error in future climate projections is to assume that the daily precipitation time series that occurs or not in the future is iden-
tical to the past one, without modifying the occurrence and distribution of future precipitation. The weights based on the grid
distance used for downscaling are also a major source of uncertainty (Ouyang ef al. 2015).

6.4. Results

The results show a decrease in projected precipitation ranging between 9.8 and 54.8% for different periods. This agrees with
previous studies like Christensen 2007 and Quintana & Aceituno 2012 that conclude that precipitation will have changes in
its spatial and temporal distribution. Also, GCM simulations show precipitation decreases between 10 and 30% that are
expected in south-central Chile at the end of the century (2080-2100) (Valdés-Pineda et al. 2014). According to Araya-
Osses et al. (2020), decreases in winter precipitation over 40% are projected, while precipitation projections for two
basins in the Bio-Bio region, Vergara and Lonquimay rivers, will decrease between the years 2071 and 2100 in 15.4 and
33.5%, respectively (Stehr et al. 2008).

Average air temperature variations between 2.4 and 4.7 °C are expected in the study area, for SSP2-4.5 and SSP5-8.5. This
figure is higher than that obtained in a study carried out by Stehr et al. (2008) in two basins near the Andalién River in the Bio-
Bio Region (Lonquimay River basin and Vergara River basin), in which temperature values ranged between 2 and 3.5 °C
(Stehr 2008).

Discharge projection has the greater variation, increasing up to 33.7% in some periods and decreasing up to 83.7% in
others. According to Carrasco et al. (2005, 2008), this is because of discharge fluctuations triggered by changes in glacier melt-
ing, depending on the season (Pizarro et al. 2013). In the same context, Pizarro et al. (2014) compared the maximum annual
discharge in 30 years, observing an average increase of 22.6%. In simulated studies performed in the Bio-Bio Region, we can
also see a wide range of variations for the future annual average discharge (from —81 to +7%) (Stehr ef al. 2010). This is in
line with what was studied by Bloschl ef al. (2019), where it is mentioned that variability in discharge remains controversial,
since there are individual extreme events that do not represent an increase in discharge in the long term, but rather it is
decreasing (Bloschl ef al. 2019). On the other hand, it should be noted that Pizarro mentions that although future projections
show a great variation in discharge levels, this is not consistent with the data observed in the records; they have not shown
patterns of change in a consistent way (Pizarro ef al. 2022), and it is possible that the differences in the findings are related to
the methodologies used and local effects. Additionally, we believe that the results of our study can be generalized to basins
with characteristics similar to those of the Andalién River.

In this study, a high variation in the components of hydrology is shown, although this variation agrees with the other
elements, such as precipitation, maximum and minimum temperature; in other studies, it is mentioned that the components
of hydrology should not vary since the behavior of the Humboldt current, which could intensify with climate change, by cool-
ing surface waters near the coast of Chile. The Humboldt current produces a cooling effect on the air masses that enter the
continent from the ocean, neutralizing global warming in the coastal strip (Araya-Osses et al. 2020).

Notably, the greater variation observed in the SSP5-8.5 scenario in certain seasons and months can be attributed to a com-
bination of factors. First, the SSP5-8.5 scenario represents a higher emissions trajectory, which tends to amplify the sensitivity
of the regional climate system (Meinshausen ef al. 2020). This increased sensitivity results in stronger responses to greenhouse
gas forcing during specific periods, such as summer and winter, when temperature and precipitation patterns are more likely
to show pronounced variability, which typically occurs in warm, Mediterranean-type climates such as the Andalien Basin. In
addition, the parameters used in the model, particularly those related to temperature, are more reactive in higher emissions
scenarios, leading to greater variations in the results.

7. CONCLUSION

An evaluation of climate change is performed successfully in the coastal basin of Central Chile. This was achieved by analyz-
ing the effects of two climate change scenarios at medium (SSP2-4.5) and high (SSP5-8.5) emission of greenhouse gases, using
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ensembles of ten CMIP6 models. Using a GCM ensemble is recommended to reduce the different sources of uncertainty and
to analyze the robustness of the results (Araya-Osses et al. 2020). Subsequently, the simulated data are downscaled by using a
Quantile Mapping Bias Correction method that provides precipitation and temperature projections. The latter allowed the
development of the SWAT+ hydrological model applied to the Andalién river basin that estimates the effects in the hydro-
logical cycle under the projected meteorological conditions, thus evaluating the effects associated with climate change
(Garreaud 2011).

In this study, we found a constant temperature increase in both SSPs. A decrease in rainfall is also observed in some
months, while in others an increase in rainfall is seen. This translates into flooding due to spillage during certain months,
which is consistent with other studies, as seen above. The consequences of these variations might cause basin droughts
(mainly in the dry season), and flooding problems previously seen in the Andalién river basin (Knutti e al. 2010). These con-
ditions, added to the mega-drought that affects this area (Mufioz ef al. 2020b), can affect human life in the towns along the
Andalién river (Serur & Sarma 2018). Therefore, it is recommended to update flood studies with the new projected hydro-
logical conditions in order to estimate the impacts of future extreme events. Additionally, this will help determine if the
existing hydraulic structures (designed for different hydrological conditions) may be affected or overwhelmed by these
extreme events. On the other hand, it is suggested to carry out studies of climate change projections in basins adjacent to
the Andalien River basin, which include sediment transport and changes in land use.

After a few decades, depending on the characteristics of the basin and climate change scenarios, the total flow of this basin
will fall below the current level, but the number of extreme events will increase in frequency and intensity. For this reason,
decision makers must plan reasonable strategies based on watershed characteristics, for example land use changes, to adapt
to the impact of climate change. (Luo ef al. 2019) and thus reduce its consequences on ecosystems, agricultural production,
and the risk of extinction of flora and fauna that therefore will reduce threats to food security and water resources (Araya-
Osses et al. 2020). It is imperative to implement measures to take advantage of storing any excess water in the wet seasons
to use it during dry seasons (Githui ef al. 2009).

The predictions made could significantly contribute to decision-making regarding the future directions of water resource
management policies and climate adaptation efforts. Integrating these predictions into local and regional government plan-
ning would enhance community resilience by enabling proactive measures and the sustainable management of water during
drought periods. Although these results, like those of all studies on hydrology and climate change, present a certain degree of
uncertainty, they highlight key trends that are undoubtedly useful for water resource planning.
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