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Abstract

This study evaluated the water supply and regulation of the San Pedro River basin, located
in the municipality of Puerto Libertador (Córdoba, Colombia), under climate change
scenarios, using the SWAT (Soil and Water Assessment Tool) hydrological model. The
model was calibrated and validated in SWAT-CUP using the SUFI-2 algorithm, based
on observed streamflow series and sensitive hydrological parameters. Observed and
satellite climate data, CHIRPS for precipitation and ERA5-Land for temperature, radiation,
humidity, and wind, were employed. Climatic data were integrated along with spatial
information on soils, land use, and topography, allowing for an adequate representation
of the basin’s heterogeneity. The model showed acceptable performance (NSE > 0.6;
PBIAS < ±15%), reproducing the seasonal variability and the average flow behavior.
Climate projections under RCP 4.5 and RCP 8.5 scenarios, derived from the MIROC5 model
(CMIP5), indicated a slight decrease in mean streamflow and an increase in interannual
variability for the period 2040–2070, suggesting a potential reduction in surface water
availability and natural hydrological regulation by mid-century. The Water Regulation
Index (WRI) exhibited a downward trend in most sub-basins, particularly in areas affected
by forest loss and agricultural expansion. The WRI showed a downward trend in most
sub-basins, especially those with loss of forest cover and a predominance of agricultural
uses. These findings provide basin-specific evidence on how climate change and land-use
pressures may jointly affect hydrological regulation in tropical Andean–Caribbean basins.
These results highlight the usefulness of the SWAT model as a decision-support tool for
integrated water resources management in the San Pedro River basin and similar tropical
Andean–Caribbean catchments, supporting basin-scale climate adaptation planning. They
also emphasize the importance of conserving headwater ecosystems and forest cover
to sustain hydrological regulation, reduce vulnerability to flow extremes, and enhance
long-term regional water security.

Keywords: hydrological modeling; SWAT model; climate change scenarios (RCP 4.5 and 8.5);
water regulation index (WRI)
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1. Introduction
Current water demands across global economic and industrial sectors exert increasing

pressure on freshwater availability [1]. Concurrently, climate change alters precipitation
regimes, potential evapotranspiration (ETo), and temperature patterns, leading to signifi-
cant modifications in surface water supply (SWS) in terms of magnitude, seasonality, and
reliability [2]. These impacts are particularly pronounced in tropical regions, where strong
rainfall seasonality and high climate variability amplify hydrological sensitivity to climate
forcing [3]. Northern Colombia is characterized by tropical Andean–Caribbean basins with
highly seasonal rainfall regimes and strong interannual variability associated with the
El Niño–Southern Oscillation (ENSO) [4,5]. Annual precipitation in this region typically
ranges between approximately 1500 and 3000 mm, with marked dry seasons that directly
affect streamflow availability and water regulation capacity. In this context, the San Pedro
River basin, located in the department of Córdoba, exhibits a unimodal rainfall pattern with
a pronounced dry season, which plays a critical role in controlling surface water availability
and baseflow dynamics [6]. The interaction between climate variability, projected climate
change, and existing land-use pressures increases the basin’s vulnerability to water scarcity
and hydrological extremes [7].

For the mid-century period (2040–2070), climate change scenarios (RCP 4.5 and RCP 8.5)
project increases in average temperature and alterations in the distribution and intensity
of precipitation [2,8]. Which could intensify the reduction in flows and water supply,
directly affecting local water security and ecosystem services dependent on the natural
regime of the San Pedro River [9]. This challenge is further compounded by anthropogenic
pressures associated with land-use and land-cover changes, mainly driven by agricultural
and livestock expansion, which have reduced the basin’s capacity to regulate water re-
sources [10,11]. The quantification of surface water supply (SWS) constitutes a fundamental
tool for hydrological characterization and for evaluating water availability at the basin
scale [12]. Its estimation is based on the principle of conservation of mass, expressed by
the general equation of the water balance [4]. In this regard, semi-distributed hydrological
models provide a suitable framework for representing spatial heterogeneity by dividing
watersheds into sub-basins or hydrological response units (HRUs) and simulating key
physical processes such as runoff generation, infiltration, evapotranspiration, and ground-
water flow [13,14]. SWAT provides a scalable framework for medium and large basins
by incorporating topography, soil properties, vegetation cover, and land management
practices [15].

Previous SWAT-based climate change impact studies have reported contrasting hydro-
logical responses depending on regional hydroclimatic conditions, emission scenarios, and
model configurations [11,16,17]. Several studies in tropical and subtropical basins indicate
reductions in mean streamflow and baseflow under future warming due to increased
evapotranspiration demand. Others report stable or locally increased runoff associated
with projected intensification of precipitation or seasonal shifts [18,19]. In Andean and
Caribbean-influenced basins, uncertainties persist regarding the magnitude and timing of
future surface water availability, as well as the capacity of forested headwaters to buffer
climate-induced hydrological stress [18,20,21]. These contrasting findings highlight the
need for basin-specific assessments that explicitly evaluate both surface water supply and
hydrological regulation under consistent modeling frameworks [22].

In the Brazilian Amazon demonstrated that SWAT simulations driven by orbital data
can adequately reproduce seasonal flow patterns and water balance components, although
uncertainties remain during extreme events [3]. Similarly, evaluations of reanalysis prod-
ucts such as ERA5-Land in Alpine and Cerrado basins [12,23] indicate good performance
for temperature-driven processes, while emphasizing the key role of evapotranspiration
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and soil–vegetation interactions in shaping hydrological responses under climate variability.
More recently, ref. [24] highlighted the potential of GloFAS–ERA5 discharge reanalysis data
to support SWAT calibration in data-scarce regions, while cautioning about uncertainty
propagation in climate change applications. Building on this perspective, recent SWAT-
based studies have increasingly emphasized the importance of integrating climate-driven
hydrological changes with land-use dynamics and water demand analyses to better charac-
terize future water security. For instance, ref. [1] demonstrated that land-use transitions
under alternative development pathways can significantly alter the balance between water
supply and demand, often amplifying climate-induced pressures in dryland and transi-
tional regions. Similarly, applications in semi-arid and agricultural basins highlight that
irrigation demand and cropping patterns can offset or even outweigh projected changes in
runoff, underscoring the need to jointly assess hydrological availability and consumptive
use [25,26]. Advances in calibration and uncertainty analysis, such as the use of SUFI-2 and
spatially explicit HRUs, have improved the robustness of SWAT simulations in data-scarce
basins of Latin America and elsewhere [27], while regional reviews confirm the model’s
flexibility across contrasting hydroclimatic settings, including Mediterranean and tropical
catchments [15].

Despite its wide applicability, SWAT implementation requires reliable hydrometeoro-
logical time series and rigorous calibration and validation procedures, commonly supported
by tools such as SWAT-CUP and multi-site SUFI-2 approaches [13]. Although it simplifies
certain processes such as the heterogeneity of watersheds or deep groundwater flow, it
offers robust results for general trends and water planning at the basin scale [15]. Thus,
SWAT constitutes a suitable tool for integrating water balance and physical basin modeling,
facilitating integrated resource management and the assessment of climate change impacts
in the watershed [28,29]. SWAT’s ability to integrate physical processes and simulate the
watershed-scale hydrological system, one of the main challenges in its implementation is
the scarcity of input climate data, particularly continuous precipitation and temperature
series, which are essential for calculating runoff, evapotranspiration, and baseflow [3,19].
This limitation is common in watersheds of developing countries or remote regions, where
meteorological stations are few, records are incomplete. To overcome these barriers, satel-
lite and reanalysis products such as ERA5-Land and CHIRPS [30], provide precipitation
and temperature estimates with broad spatial coverage and daily or monthly temporal
resolution [31]. Several studies have shown that the use of these products enables reli-
able simulations of the water balance and watershed stability, even in basins with limited
monitoring, thereby increasing the applicability of the SWAT model in regions with scarce
hydrometeorological information [24]. However, it is important to consider that these
datasets require local validation and bias correction, [32].

The Water Regulation Index (WRI) is an indicator that assesses a basin’s capacity to
moderate flow variability and maintain water availability over time [33]. high WRI reflects
a basin with effective hydrological regulation, in which runoff processes and surface and
groundwater storage attenuate streamflow variability during extreme events and sustain
baseflow conditions during dry periods. In contrast, a low WRI indicates limited regulatory
capacity, making the basin more vulnerable to hydrological extremes such as droughts
and floods [18]. This indicator, along with surface water supply (SWS) modeling and
the analysis of future climate scenarios, is fundamental for the planning and sustainable
management of water resources [34].

With the above described, the present research aims to evaluate the dynamics of
the hydrological system in the face of future climate change scenarios proposed by the
IPCC (RCPs) in the San Pedro river basin, located in the municipality of Puerto Libertador,
considering the seasonal variability in precipitation, temperature projections and the water
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regulation capacity of the basin. Unlike previous SWAT-based climate impact studies
that primarily focus on streamflow magnitude [3,13,19], this study evaluates hydrological
regulation through the Water Regulation Index (WRI), explicitly accounting for storage and
flow buffering processes under climate change scenarios.

Based on this context, the present study addresses the following research questions:
(i) how does climate change under RCP 4.5 and RCP 8.5 scenarios affect surface water
supply and streamflow variability in the San Pedro River basin? (ii) How do projected
climate changes influence the basin’s water regulation capacity as quantified by the Water
Regulation Index (WRI)?

2. Materials and Methods
The study area is in the municipality of Puerto Libertador, Córdoba, and corresponds to

the San Pedro River basin, with an area of 710 km2, as shown in Figure 1. It is situated within
the so-called warm lowlands with abundant rainfall (multiannual average between 2000
and 4000 mm) and high temperatures (average between 24 ◦C and 36 ◦C) [35]. Geographi-
cally, the San Pedro River basin is located between the coordinates −75◦48′ W, 8◦0′ N and
−75◦36′ W, 7◦36′ N. The availability of weather stations in the study area is limited; there
is only one rain gauge within the basin. Therefore, the use of CHIRPS (Climate Hazards
Group, University of California, Santa Barbara, CA, USA) and ERA5-Land reanalysis data
(European Centre for Medium-Range Weather Forecasts, ECMWF, Reading, UK) were used
as inputs for the construction of the hydrological model [36]. It should be noted that the
Soil and Water Assessment Tool (SWAT; USDA Agricultural Research Service, USA) is a
semi-distributed model, so the extraction of precipitation and temperature series is carried
out using virtual stations.

Figure 1. Location map of the San Pedro river basin, located in the municipality of Puerto Libertador,
department of Córdoba (Colombia).
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2.1. SWAT Hydrology

The SWAT (Soil and Water Assessment Tool) model is a distributed, continuous
simulation hydrologic model developed by the USDA-ARS (United States Department of
Agriculture—Agricultural Research Service, Beltsville, MD, USA). It is designed to predict
the impact of land-use management practices, climatic conditions, and environmental
changes on water resources, sediments, and water quality in watersheds at various spatial
and temporal scales [37].

The hydrological component of SWAT is based on the soil water balance, expressed by
Equation (1):

SWt = SW0 +
t

∑
i=1

(
Rday − Qsur f − Ea − Wseep − Qw

)
(1)

where the following definitions are used:

• SWt = soil water content at time t (mm);
• SW0 = initial soil water content (mm);
• Rday = daily precipitation (mm);
• Qsur f = surface runoff (mm);
• Ea = evapotranspiration (mm);
• Wseep = percolation or flow into the vadose zone (mm);
• Qw = baseflow or discharge from the aquifer into the channel (mm).

The model divides the basin into sub-basins and subsequently into Hydrological
Response Units (HRUs), which represent homogeneous areas according to soil type, vege-
tation cover, and slope. This allows for the spatially accurate simulation of hydrological
processes, as illustrated in Figure 2.

Temperature 

Soil Wind speed 

Solar radiation 

Slope 

Hydrography Precipitation 

Land Cover 

Input        
variables 

Hydrological 
Model SWAT 

Water balance 

Sensitivity analysis 

Calibration and Validation 

Simulation

Results 

Figure 2. SWAT hydrological model methodological flow.

2.2. Data Acquisition

The proper execution of the SWAT model depends on the availability and quality of
the spatial and climatic information that feeds it [38]. For this study, four main inputs were
used: the Digital Elevation Model (DEM), the soil map, the land use and land cover (LULC)
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map, and climatic data. The modeling was performed in ArcSWAT. The DEM was obtained
from ALOS PALSAR, with a spatial resolution of 12.5 m, and was used for watershed
delineation and the generation of topographic parameters (such as slope). The soil map
was provided by the Agustín Codazzi Geographic Institute (IGAC), while the land cover
map came from IDEAM, with a resolution of 100,000 m. Due to the limited availability
of observed data in the study basin, climate data were obtained from satellite products
and reanalysis. Daily precipitation was obtained from CHIRPS (0.05◦ resolution), and
temperature, solar radiation, humidity, and wind variables were obtained from ERA5-Land
(0.1◦ resolution) [23,39]. All datasets were processed at a daily scale and clipped to the
study area for subsequent integration into the SWAT model.

The basin exhibits marked topographic variability, with slopes ranging from 0 to over
15%. Areas with gentle slopes (0–12%) predominate in the northern and central parts,
while moderate (12–25%) and steep (>25%) slopes [40], are concentrated mainly towards
the south and southwest of the basin (Figure 3a) [41]. This distribution directly influences
runoff processes and flow generation within the SWAT model [37]. Regarding land cover,
the basin exhibits a heterogeneous mosaic dominated by agricultural land, mixed forests,
and pastures (Figure 3b). Agricultural areas, both general and row crops, are distributed
in the areas of lower slope, while forests and pastures predominate in the higher and
steeper areas. This land use pattern has a significant impact on simulated infiltration and
evapotranspiration [42].

Figure 3. Spatial input maps used in the configuration of the SWAT model for the San Pedro River
basin (Puerto Libertador, Córdoba): (a) slope map derived from the digital elevation model (DEM),
(b) land cover and land use map, and (c) map of soil mapping units.

Regarding soil types, the main orders identified were Dystropepts, Udifluvents, and
Eutropepts, with subgroups such as Typic Dystropepts, Typic Udifluvents, and Oxic Dys-
tropepts (Figure 3c) [37]. Dystropept and Eutropept soils, characteristic of mountainous
areas, predominate in the higher elevations and exhibit good drainage, while Udifluvents
are located in flatter areas associated with recent alluvial deposits [41]. Overall, the spatial
variation in slope, land cover, and soil type influences the hydrological behavior of the
basin, affecting key parameters of the SWAT model such as surface runoff, aquifer recharge,
and soil water retention.
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2.3. SWAT Model Configuration

The SWAT model simulates the hydrological cycle in two main phases: runoff gen-
eration and the concentration of surface flow along the drainage network [42]. For its
implementation, the watershed was divided into sub-basins and hydrological response
units (HRUs), which allowed for a detailed representation of the spatial heterogeneity of
land cover, slope, and soil types [24].

2.4. Model Calibration

The calibration strategy focused on achieving stable and physically consistent parame-
ter sets suitable for climate change impact assessment, rather than maximizing goodness-
of-fit metrics through extensive parameter tuning, the calibration and validation of the
SWAT model were performed using SWAT-CUP software (Version 5.1.6), employing SUFI-2
(Sequential Uncertainty Fitting, version 2) [43].

This procedure allows for adjusting the model’s most sensitive hydrological parameters
to reduce the difference between simulated and observed flows, ensuring a more realistic
representation of hydrological processes. SWAT-CUP is a complementary tool to the SWAT
model designed to perform the calibration, validation, and uncertainty analysis of its
hydrological parameters [13,44]. The total simulation period spanned the years 1990–2013,
of which 1990–1992 was considered a warm-up period, 1993–2003 for calibration, and
2004–2013 for model validation.

The process was run on a monthly timescale due to gaps in the daily flow series. The
most sensitive hydrological parameters were selected based on the literature and previous
experience with SWAT (Table 1), defining an initial variation range for each [22]. The
SUFI-2 algorithm generated a set of 400 automatic simulations, progressively optimizing
the parameter values until the best fit was achieved [16].

Table 1. Selected hydrological parameters and initial value ranges used in the SWAT model calibration.

Parameter Definition Value Initial Value End

r__CN2.mgt Number of the initial curve for the moisture condition −0.3 0.3
v__ALPHA_BF.gw Baseline flow recession constant (days) 0 1
v__GWQMN.gw Water limit level in the shallow aquifer 0 5000
v__GW_REVAP.gw Coefficient of water rise to saturation zone (dimensionless) 0 0.2
v__REVAPMN.gw Threshold water in the shallow aquifer for revap to occur (mm) 0.01 500
v__RCHRG_DP.gw Deep aquifer percolation fraction 0.01 1
r__SOL_Z().sol Depth from the soil surface to bottom of the layer −0.25 0.25
r__SOL_BD().sol Moist bulk density −0.5 0.6
r__SOL_AWC().sol Soil available water capacity (mm H20/mm soil) −0.2 0.4
r__SOL_K().sol Saturated hydraulic conductivity (mm/hour) −0.8 0.8
v__ESCO.hru Soil evaporation compensation factor(dimensionless) 0 0.1

The model’s performance was evaluated using Nash–Sutcliffe (NSE, Equation (1))
statistics, the Coefficient of Determination (R2, Equation (2)), and the Bias Percentage
Index (PBIAS, Equation (3)), complemented by the p-factor and r-factor uncertainty indices,
corresponding to the 95% prediction interval (95PPU) [45]. Once calibration was complete,
the adjusted parameters were incorporated into the model for independent validation,
verifying the predictive capacity of SWAT in the subsequent period [46]. His process
allowed for the identification of the model’s reliability in simulating the flow rate at the San
Pedro AUT station, as well as quantifying the uncertainty associated with the calibrated
parameters [26].
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Nash–Sutcliffe efficiency coefficient (NSE):

NSE = 1 − ∑n
i=1

(
Yi − Ŷi

)2

∑n
i=1

(
Yi − Y

)2 (2)

Correlation coefficient R2:

R2 =

 ∑n
i=1

(
Yi − Y

)(
Ŷi − Ŷ

)
√

∑n
i=1

(
Yi − Y

)2
√

∑n
i=1

(
Ŷi − Ŷ

)2


2

(3)

Percent Bias (PBIAS):

PBIAS = 100 × ∑n
i=1

(
Ŷi − Yi

)
∑n

i=1 Yi
(4)

where Yi is the observed value, Ŷi is the estimated or predicted value, and Y and Ŷ are the
mean observed and simulated values, respectively.

NSE assesses the overall predictive skill of the model by quantifying the agreement
between simulated and observed streamflow and penalizing large errors. The correlation
coefficient evaluates the model’s ability to reproduce the temporal variability and dynamic
behavior of the observed flow, while PBIAS measures the average tendency of the simulated
values to overestimate or underestimate observations [3,44]. The combined use of these
complementary metrics provides a robust assessment of model performance, capturing
accuracy, variability, and systematic bias, and is considered sufficient for climate change
impact studies when the model has been properly calibrated and validated [46]. The SUFI-2
method assumes that all uncertainty in the input data, parameters, and model structure is
reflected in the uncertainty of the simulated outputs. To reduce this uncertainty, the user
defines initial ranges for the parameters, within which SUFI-2 generates multiple combi-
nations using Latin hypercube sampling (LHS). Each set is run in SWAT and evaluated
against observed flow rates using the NSE, PBIAS, and R2 indicators [43].

A sensitivity analysis was conducted using the SUFI-2 algorithm in SWAT-CUP to
identify the most influential parameters controlling the hydrological response of the basin.
Table 2 indicate that parameters related to surface runoff and groundwater processes
were the most sensitive, particularly CN2.mgt, GWQMN.gw, and RCHRG_DP.gw, which
regulate runoff generation, baseflow contribution, and deep percolation, respectively.
Similar sensitivities have been reported in previous SWAT applications [47].

Table 2. Parameters adjusted during the SWAT model calibration process using the SUFI-2.

Ranking Parameter Description t-Stat p-Value Adjusted Value

1 R_CN2.mgt Curve Number (surface runoff) −5.981 5 × 10−9 0.0356

2 V_GWQMN.gw Minimum depth of water in the shallow
aquifer required for return flow (mm) 7.201 0 4768.75

3 V_RCHRG_DP.gw Deep aquifer percolation fraction −3.825 0.000152 0.5339

4 R_SOL_K(..).sol Saturated hydraulic conductivity of the soil
layer (mm/h) −2.147 0.032 0.314

5 R_SOL_AWC(..).sol Available water capacity of the soil layer 1.976 0.049 0.0231
6 V_GW_REVAP.gw Groundwater re-evaporation coefficient 5.264 0.000003 0.14

7 V_REVAPMN.gw Threshold depth of water in the shallow
aquifer for re-evaporation (mm) −1.662 0.097 5.6349

8 R_SOL_BD(..).sol Soil bulk density (g/cm3) 1.263 0.208 0.3676
9 R_SOL_Z(..).sol Soil layer depth (mm) 1.09 0.277 0.223
10 V_ALPHA_BF.gw Baseflow alpha factor (days−1) −0.745 0.456 0.296
11 V_ESCO.hru Soil evaporation compensation factor 0.99 0.323 0.014
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Soil-related parameters such as SOL_K and SOL_AWC showed moderate sensitivity,
reflecting their role in infiltration and soil water storage (Table 2). Overall, the sensitivity
analysis highlights the dominant role of surface runoff and groundwater dynamics in
controlling streamflow variability in the basin, supporting their prioritization during
calibration [48,49]. Taken together, these results reflect that surface runoff and groundwater
dynamics are the main drivers of the basin’s hydrological regime, making their proper
calibration essential to ensure the representativeness of the SWAT model.

During the calibration phase, the model obtained a Nash–Sutcliffe Efficiency Coef-
ficient (NSE) of 0.52, a Coefficient of Determination (R2) of 0.55, and a Percentage Bias
(PBIAS) of –12.6%, indicating acceptable performance according to the criteria of [44]. These
results show that the model reasonably reproduces the monthly variability in the flow rate,
although it presents a slight overestimation in the simulated values (Figure 4).

Figure 4. Observed and simulated multi-year time series of mean monthly flow during the
(a) calibration (1993–2003) and (b) validation (2006–2013) of the SWAT model in the San Pedro
River basin.

During the validation period, the fit indicators improved, reaching NSE = 0.61,
R2 = 0.71, and PBIAS = 12%, reflecting a greater correspondence between simulated and
observed flows (Table 3). This behavior suggests that the model maintains its predictive
capacity outside the calibration range, demonstrating stability and temporal consistency in
the hydrological simulation.

Table 3. SWAT model performance statistics during monthly calibration and validation in the San
Pedro River basin.

Temporal Scale Period NSE R2 PBIAS (%)

Monthly Calibration 0.52 0.55 −12.6
Validation 0.61 0.71 12
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In general, the calibrated model satisfactorily represents the monthly hydrological
response of the basin, adequately reproducing the patterns of increase and decrease in flow.
However, there was a slight underestimation of peak runoff c with the limitations of the
CHIRPS and ERA5-Land satellite products in detecting extreme precipitation events in
tropical areas. Despite these limitations, the overall performance of the model is robust and
acceptable for hydrological simulation and scenario evaluation in the San Pedro River basin.

2.5. Acquisition of Future Climate Data

The MIROC5 model (Model for Interdisciplinary Research on Climate), part of the
CMIP5 suite, was used to project climate change scenarios under the RCP 4.5 and RCP
8.5 emission scenarios for the period 2040–2070 [2,50]. Data were obtained from the NEX-
GDDP project (NASA Earth Exchange Global Daily Downscaled Projections https://www.
nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp (accessed on 15
January 2024)), which provides spatially downscaled climate information at a resolution of
0.25◦. Virtual stations were defined for the extraction of the series as shown in Figure 5.
The MIROC5 model was selected due to its proven performance in simulating temperature
and precipitation patterns in tropical regions and its extensive use in climate change impact
studies in Latin America. Previous evaluations have shown that MIROC5 adequately re-
produces large-scale atmospheric circulation and interannual climate variability associated
with ENSO, which is a dominant driver of hydroclimatic variability in northern Colombia.
In addition, MIROC5 outputs are consistently available within the NEX-GDDP dataset,
ensuring methodological coherence and comparability with previous regional assessments.

Figure 5. Spatial location of the virtual stations used for the extraction of projected climate data from
the MIROC5 global model under the RCP 4.5 and RCP 8.5 scenarios.

These scenarios were selected to represent contrasting and widely adopted future
emission pathways in climate impact assessments. RCP 4.5 corresponds to an intermediate
stabilization scenario, whereas RCP 8.5 represents a high-emission pathway that allows the
evaluation of more extreme climate change impacts [2]. Lower- and intermediate-forcing
scenarios such as RCP 2.6 and RCP 6.0 were not considered, as they either assume strong
mitigation efforts that are less relevant to the scope of this regional impact study or provide

https://doi.org/10.3390/hydrology13020045
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climate responses that are largely intermediate between RCP 4.5 and RCP 8.5, while also
presenting more limited model availability [50]. The projections adopted the same time
scale used by IDEAM in its national climate assessments [48,51], with a simulation window
from 2037 to 2070, considering three years of initial warming.

The analysis focused on the mid-century period (2040–2070), which is commonly
adopted in climate impact assessments to capture stabilized climate signals while limiting
the uncertainty associated with near-term variability (2025–2039) and far-future projec-
tions (2071–2099). This temporal window also ensures consistency with national climate
assessments conducted in Colombia, facilitating comparison and interpretation of results.

2.6. Water Regulation Index (WRI)

The Water Regulation Index (WRI) was estimated following the methodology of the
National Water Study [40]. This indicator expresses a basin’s capacity to regulate its flow
regime, based on the Flow Duration Curve (FDC) generated with the daily flows simulated
in SWAT [52]. For each sub-basin, the Weibull distribution was applied to the daily flows of
the RCP 4.5 and RCP 8.5 scenarios, obtaining the respective FDCs. The WRI was calculated
as the ratio between the partial volume (Vp) (area under the curve corresponding to the
mean flow) and the total volume (Vt) (total area under the FDC) according to Equation (5):

WRI =
Vp

Vt
(5)

The WRI values were interpreted according to the categories established by IDEAM [33],
classifying water regulation into ranges of poor, moderate, good, or high. The comparison
between historical WRI values (1990–2020) and future values allowed for the analysis of
possible changes in the basin’s regulation capacity under projected climatic conditions.

3. Results
The hydrological response of the basin to projected climate change was evaluated

through SWAT simulations under RCP 4.5 and RCP 8.5 scenarios, using the historical period
as a reference. The results highlight changes in streamflow behavior and key water balance
components driven by variations in precipitation and temperature patterns. Emphasis is
placed on the comparison between future scenarios and current conditions, allowing the
identification of emerging trends, relative differences between emission pathways, and
their implications for water regulation capacity. These findings provide a clear basis for
assessing the sensitivity of the basin to climate forcing and for supporting decision-making
in the context of long-term water resources planning.

3.1. Modeling 1990–2020

It is important to point out that between the years 2010–2012, several La Niña events
occurred, causing heavy rains in the municipality of Puerto Libertador, contributing to
the significant increase in the flow of the San Pedro River during these years [40,51]. The
results of the historical hydrological modeling (Figure 6) show an average precipitation
of 3064.40 mm for the San Pedro River basin, reflecting the humid tropical conditions
characteristic of the region [6].

Approximately 30.4% (912.90 mm) corresponded to potential evapotranspiration (PET),
while actual evapotranspiration reached an average value of 660.90 mm, evidencing a mod-
erate water limitation of the soil associated with vegetation cover and soil properties [18].
Surface runoff represented a significant fraction of the balance, with an average of 961.12 mm,
influenced by the mean Curve Number (CN) value of 78.87, which suggests a predominance
of agricultural land and pastures with medium to low infiltration capacity. Lateral flow and
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shallow aquifer return contributed 206.09 mm and 1125.43 mm, respectively, indicating high
hydrological connectivity between the soil and the underground system [42].

Figure 6. Results of hydrological modeling (1990–2020) in the San Pedro River basin. Arrows
indicate flow directions, and numbers show water fluxes in mm for each component: potential
evapotranspiration (PET), actual evapotranspiration, surface runoff, lateral flow, shallow aquifer
return, recharge to shallow and deep aquifers, and re-evaporation (revap) from the shallow aquifer.
All units are in mm.

Regarding recharge to the shallow aquifer, the model estimated a value of 1204.93 mm,
while recharge to the deep aquifer was 60.25 mm, confirming that most of the groundwater
flow remains in the unconfined zone. Finally, re-evaporation (revap) from the shallow
aquifer to the unsaturated zone represented 17.74 mm, a minor but relevant contribution to
the dynamics of moisture storage [30].

3.2. Future Climate Series 2040–2070

Annual precipitation series and projected monthly averages for the San Pedro River
basin were analyzed for the period 2040–2070 under the RCP 4.5 and RCP 8.5 scenarios,
contrasting them with the reference historical series [53]. Figures 1 and 2 present, respec-
tively, the annual series with their linear fit and the composite monthly averages for the
projection period.

The annual series shows high interannual variability in both scenarios, with values
ranging from approximately 1500 to 3500 mm (Figure 7). The least squares fit applied to
each series shows slopes of opposite signs, negative in the RCP 4.5 scenario and positive
in the RCP 8.5 scenario. The magnitude of these linear changes is low in relation to
the observed interannual dispersion, so the detected trend represents a small-amplitude
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component compared to the year-to-year oscillations. Visually, the RCP 4.5 scenario tends
toward slightly lower mean values toward the end of the period [54], while RCP 8.5 shows
a slight increase in mean annual precipitation.

  
(a) (b) 

Figure 7. Projected precipitation series for the San Pedro river basin under the RCP 4.5 (a) and
RCP 8.5 (b) scenarios of the MIROC5 model for the period 2040–2070.

Regarding the monthly distribution, the compositions for the period 2040–2070 indi-
cate that the seasonal rainfall pattern is maintained, with peaks concentrated in the first half
of the year. However, differences in the magnitude of precipitation are observed compared
to historical climatology. In the RCP 8.5 scenario, the projected monthly averages show a
relative increase between April and June, months in which the main difference with the
historical period is concentrated [20,52]. In the RCP 4.5 scenario, the monthly averages
are, in general terms, at similar or slightly lower values than those historically observed.
These variations do not imply a shift in the seasonality of the rainfall regime, as the peaks
continue to be concentrated in the months corresponding to the wet season.

Figure 8 shows a higher precipitation regime under the RCP 8.5 scenario, with maxi-
mum monthly values reaching between 300 and 320 mm, in contrast to the lower values
recorded for RCP 4.5 [55]. This behavior suggests that the projected increase in average
temperature for the higher emissions scenario could intensify evaporation processes from
oceans and continental surfaces, increasing atmospheric humidity and, consequently, en-
hancing regional precipitation [20,56]. These results are consistent with those reported
in [56], which indicates that during the near future (2020–2040), climate projections show
variations in the temporal distribution of precipitation without significant increases in its
intensity or frequency. However, from the medium future (2040–2070) onward, the greatest
differences between scenarios are projected, attributable to the cumulative effect of the
increase in GHG concentration [2]. This increase would induce an intensification of the
hydrological cycle, expressed in greater volumes of precipitation during the wet season
and in the possible appearance of longer and more contrasting dry spells between periods.

The projected thermal behavior for the period 2040–2070 shows a sustained increase
in both maximum and minimum temperatures compared to the historical period under
both greenhouse gas (GHG) concentration scenarios. For the average monthly maximum
temperature, projections indicate values higher than historical averages throughout the
year, with a more pronounced increase under the RCP 8.5 scenario, which reaches values
close to 33–34 ◦C in March and April, compared to 31–32 ◦C under the RCP 4.5 scenario
and 29–30 ◦C in the historical record. This behavior demonstrates a shift in the thermal
range towards higher values and a widening of the seasonal gradient, particularly between
the wet (April–June) and dry (December–February) months [54].
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Figure 8. Comparison of the average monthly multi-year precipitation between the historical period
(1990–2020) and the future scenarios RCP 4.5 and RCP 8.5 (2040–2070) in the San Pedro River basin.

Regarding the average monthly minimum temperature, the projections also reveal
a generalized increase compared to historical conditions, although of a smaller relative
magnitude than that observed in maximum temperatures. The RCP 8.5 scenario maintains
values higher than those of RCP 4.5 for almost the entire year, with differences ranging
between 0.3 ◦C and 0.8 ◦C (Figure 9), reaching the greatest contrasts in July to Septem-
ber. In both scenarios, minimum temperatures tend to stabilize towards the end of the
year, suggesting a reduction in the daily temperature range. Overall, the results reflect a
regional temperature intensification consistent with the projected increase in GHG concen-
trations [57], being more pronounced in the RCP 8.5 scenario. This temperature increase
could have direct implications for potential evapotranspiration and local water dynamics,
by favoring higher evaporation rates and modifying the surface energy balance.

(a) (b) 

Figure 9. Projections of the average monthly maximum (a) and minimum (b) temperatures under the
RCP 4.5–8.5 scenarios compared to the historical period (1990–2020) for the San Pedro River basin.

As shown in Figure 10, both scenarios exhibit high interannual variability, with peak
discharges exceeding 70 m3/s, although with notable differences in the frequency and
intensity of extreme events. Under the RCP 4.5 scenario, flows show a more irregular
distribution with alternating periods of high and low inflows, reaching maximum values
around 60–70 m3/s. Some stability is evident in the average values, suggesting that under
moderate mitigation conditions, the hydrological regime could remain within a range like
the current one, although with isolated high-discharge events.
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Figure 10. Time series of simulated flow (m3/s) for the period 2040–2070 under the RCP 4.5 and
RCP 8.5 scenarios in the San Pedro River basin.

In contrast, under the RCP 8.5 scenario, high-discharge events become more intense
and persistent, reaching peak values of approximately 80–90 m3/s, while low-flow phases
tend to be more prolonged. This pattern reflects a substantial increase in hydrological
variability, characterized by a wider range between wet and dry conditions. Such behavior
is likely linked to the projected rise in air temperature and shifts in precipitation patterns,
which together intensify evapotranspiration demand and promote short-duration, high-
intensity rainfall events. These processes enhance surface runoff during wet periods and
exacerbate soil moisture deficits during dry spells, reducing baseflow contributions to the
river system.

Therefore, the basin is expected to experience a more unstable hydrological regime,
with higher flood risk during extreme precipitation events and longer periods of reduced
streamflow that may compromise water availability. These changes have important im-
plications for agricultural production, domestic water supply, and aquatic ecosystems,
particularly through altered flow seasonality and increased stress on ecological processes.
The projected conditions under RCP 8.5 highlight the need for adaptive water resources
management strategies that account for greater climatic uncertainty, strengthen basin regu-
lation capacity, and integrate climate change mitigation efforts to reduce vulnerability to
the most critical future scenarios.

Table 3 shows the corresponding percentile comparison. A decrease in the magnitude
of the less frequent peaks (occurring at 10% and 25%), i.e., the highest flows, is evident, of
approximately 15 m3/s for scenario 4.5 RCP and 14 m3/s for scenario 8.5 RCP, compared
to historical data. A decrease in the magnitude of the peaks with medium occurrence
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also observed, of approximately 18 m3/s for scenario 4.5 RCP and 16 m3/s for scenario
8.5 RCP, compared to historical data. Finally, an increase in the magnitude of the low flows
(occurring at 75%) of approximately 0.1 m3/s observed for scenario 8.5 RCP, and a decrease
of 2 m3/s for scenario 4.5 RCP, compared to historical data. An increase in the magnitude
of low flows (occurring at 75%) of approximately 0.14 m3/s observed for the RCP 8.5
scenario, while for the RCP 4.5 scenario there is a decrease of approximately 2.5 m3/s in
these low flows.

For the months of January–March, both climate change scenarios show an increase in
average flow from approximately 11 m3/s to 20 m3/s, indicating that the scenarios exhibit
slightly better water supply conditions for dry seasons (Figure 11). However, this does
not necessarily indicate greater resource availability, as this depends on the distribution
of flows throughout the basin. On the other hand, a significant decrease in average flow
values is expected for the months of May–November in the San Pedro River basin, with a
difference of 20 m3/s for the RCP 8.5 scenario and a difference of 25 m3/s for the RCP 4.5
scenario. In general, the RCP 4.5 scenario exhibits the worst conditions for water supply in
the medium future (2040–2070), directly influenced by the distribution and frequency of
rainfall intensity for this scenario.

Figure 11. Comparison of Curves: Historical vs. RCP 4.5 vs. RCP 8.5 (Multiannual Monthly
Mean Discharge).

The pronounced reduction in wet season flows, particularly under the RCP 4.5 scenario,
indicates a diminished capacity of the basin to store excess rainfall and gradually release
it during drier periods. In contrast, the higher flows projected under RCP 8.5 may be
explained by more intense precipitation events that enhance direct runoff but reduce
infiltration and groundwater recharge. This behavior reinforces the decline observed in
the Water Regulation Index, as greater flow variability and reduced storage efficiency
undermine the basin’s natural buffering capacity. From a water management perspective,
these results imply that future water security in the San Pedro River basin will depend less
on total flow volumes and more on maintaining hydrological regulation processes through
ecosystem conservation and land-use management.
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3.3. Water Regulation Index

The Water Regulation Index (WRI) calculated for the 11 sub-basins defined above by
integrating the results obtained from the modeling. Subsequently, the WRI results under
RCP 4.5 and RCP 8.5 climate change scenarios compared with the historical WRIs from 1990
to 2022, obtained from the historical modeling. The results indicate a current good water
regulation condition for 9 sub-basins and a fair condition for sub-basins 4 and 7. Under
the RCP 4.5 scenario, a decrease in WRI is evident, resulting in moderate regulation for
sub-basins 2, 3, and 10. Under the RCP 8.5 scenario, a moderate water regulation condition
is observed for most sub-basins, with sub-basins 5, 6, and 8 whit good water regulation.

According to Figure 12, the overall condition of the total surface water supply for the
San Pedro River basin is moderately good for the period 2040–2070 under both climate
change scenarios evaluated. However, the potential changes in water regulation in the
upper part of the basin, where Paramillo National Natural Park is located, are particularly
noteworthy. This area represents a significant source of rivers, including the San Pedro
River, making the conservation of the dense forests in this region a priority. The middle
and lower parts of the basin would be much more impacted under the RCP scenarios. This
explained by the land cover in these areas, which is a mosaic of crops and pastures, leaving
the soil unprotected and susceptible to erosion. This affects infiltration and runoff processes
and reduces the basin’s capacity to regulate water.

Figure 12. Water Regulation Index (WRI) for the historical period and future scenarios RCP 4.5 and
RCP 8.5. The spatial transition from areas with high water regulation capacity (green) to areas with
moderate regulation (yellow) observed under climate change conditions. Numbers within the maps
indicate the 11 sub-basins described in the text.

The Water Regulation Index (WRI) reveals that both RCP 4.5 and RCP 8.5 scenarios
lead to a decline in the basin’s hydrological regulation capacity. Under RCP 4.5, this
reduction is associated with decreasing mean flows and persistent dry-season deficits. In
contrast, although RCP 8.5 exhibits higher monthly flows during certain periods, the WRI
indicates that these increases driven by faster runoff processes rather than improved water
storage. As a result, higher discharges under RCP 8.5 do not translate into better regulation
but reflect a more unstable and reactive hydrological regime. These results highlight the
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importance of using the WRI alongside streamflow analyses to accurately assess climate
change impacts on hydrological stability.

4. Discussion
The main objective of this study was to evaluate the impacts of mid-century climate

change (2040–2070) on hydrological behavior and water regulation capacity in the San
Pedro River basin using the SWAT model and the Water Regulation Index (WRI) under
RCP 4.5 and RCP 8.5 scenarios. The results demonstrate that the calibrated SWAT model
adequately reproduces the observed hydrological dynamics, providing a reliable basis for
scenario analysis. The simulations indicate a generalized reduction in streamflow across
most flow conditions, accompanied by increased evapotranspiration and altered runoff
generation processes. These changes translate into a measurable decline in hydrological
regulation capacity, with most sub-basins shifting from good to medium WRI conditions.

The calibration and validation of the SWAT model using the SUFI−2 module of SWAT-
CUP yielded acceptable metrics (NSE > 0.6, PBIAS within ±15%) (Table 3), demonstrating
adequate model performance in reproducing the observed hydrological dynamics. These
values are within the ranges recommended by [44] and are comparable with similar studies
conducted in tropical basins in Colombia [4,48,58]. The model’s ability to represent the
hydrological cycle was influenced by the scarcity of local meteorological stations, which
necessitated the use of satellite products (CHIRPS and ERA5-Land) as the primary source
of information. The high correlation obtained between CHIRPS and observed data (R = 0.8)
as shown in Table 2, supports its applicability in areas with low observation density, as
reported in [3,59]. The simulated water balance indicates that, despite high precipitation,
hydrological regulation in the San Pedro River basin is constrained by runoff-dominated
processes associated with agricultural land use and limited soil infiltration, consistent with
other tropical Andean basins [25,58]. The model application supports the interpretation of
relative hydrological responses to future climate scenarios at the basin scale, particularly in
data-scarce contexts.

The projected precipitation patterns for the 2040–2070 period under the RCP 4.5 and
RCP 8.5 scenarios indicate that the basin preserves its historical rainfall seasonality, with
precipitation maxima remaining concentrated in the first half of the year [55,56]. As shown
in Figure 8, under RCP 8.5 the precipitation is projected to increase during the core wet-
season months (April–June), suggesting an intensification of rainfall rather than a shift
in its temporal distribution, whereas under RCP 4.5 monthly precipitation remains like
or slightly lower than historical values. This behavior implies that future hydrological
impacts are likely driven by changes in rainfall intensity rather than alterations in the
seasonal regime [36,38]. Temperature projections further reinforce this interpretation, as
both scenarios show sustained increases in maximum and minimum temperatures relative
to the historical period, with a markedly stronger warming signal under RCP 8.5 [54,55,60]
(Figure 9). Projected monthly maximum temperatures reach approximately 33–34 ◦C in
March and April under RCP 8.5, compared to 31–32 ◦C under RCP 4.5 and 29–30 ◦C
historically, reflecting a clear upward shift in the thermal regime and an amplification of
seasonal temperature variability [9,60].

The most pronounced decreases occur under median- and high-flow conditions (P50–P90)
(Table 4), where reductions exceed 16 m3/s in both scenarios, suggesting that future climate
change is likely to diminish not only extreme flows but also the core of the annual discharge
regime. This pattern reflects a contraction of the flow distribution, potentially driven by
increased evapotranspiration demand and changes in precipitation seasonality [1,56,60], which
together reduce effective runoff generation. Although low-flow conditions (P25) show a
slight increase under RCP 8.5, this response is marginal and insufficient to compensate for
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the substantial losses observed at higher percentiles, indicating limited buffering capacity
during dry periods (Table 4). Under the RCP 4.5 scenario, a general reduction in mean
and low flows was projected, indicating an intensification of water deficits during the dry
season (Figure 11). In contrast, the RCP 8.5 scenario showed a relative increase in low flows
accompanied by a slight reduction in peak flows, suggesting a redistribution of runoff
processes and enhanced hydrological variability [58,61]. Despite higher flows under RCP
8.5, discharge redistribution reflects a less regulated regime, with concentrated runoff and
reduced storage efficiency such that increased mean monthly flows do not necessarily
improve water availability or regulation [39,55].

Table 4. Comparison of historical and projected flow percentiles under RCP 4.5 and RCP 8.5 scenarios
(period 2040–2070).

Percentile Q Historical (m3/s) Q RCP 4.5 (m3/s) Q RCP 8.5 (m3/s) H-RCP 4.5 (m3/s) H-RCP 8.5 (m3/s)

P25 16.61 14.13 16.75 −2.47 0.14
P50 41.75 23.18 25.5 −18.56 −16.25
P75 52.50 34.08 36.5 −18.42 −16
P90 61.66 44.57 46.5 −17.09 −15.1

From a water management perspective, these changes have critical implications for
the municipality of Puerto Libertador. Under RCP 4.5, persistent reductions in streamflow
could exacerbate dry-season water deficits, affecting agricultural supply, domestic use,
and ecosystem services. Under RCP 8.5, although higher flows may temporarily increase
water availability during certain months, the increased variability and concentration of
runoff elevate the risks of flooding during the rainy season and water scarcity during
prolonged dry periods. This dual pressure complicates operational water management and
infrastructure planning.

The analysis focused on the mid-century period (2040–2070); during this period,
projected increases in air temperature enhance atmospheric evaporative demand, directly
affecting evapotranspiration rates, soil moisture availability, groundwater recharge, and
baseflow contributions [2]. The hydrological processes related to water storage and delayed
flow release, such as groundwater recharge and baseflow, are expected to be clearer. This
makes the 2040–2070 period particularly suitable for assessing changes in water regulation
capacity as quantified by the WRI. A limitation of this study is that near-term projections
(2025–2039) were not analyzed because this period may be more strongly influenced
by short-term climate variability, making it more difficult to isolate long-term trends in
hydrological response. Likewise, late-century projections (2071–2099) were not included
due to the increasing uncertainty associated with climate projections toward the end of
the century. Future research could extend the analysis to additional time horizons to
provide a more comprehensive assessment of hydrological change and its implications for
water regulation.

The WRI revealed a decrease in the basin’s regulatory capacity for the period 2040–2070,
shifting from a good to a medium condition in most sub-basins (Figure 12). This result
coincides with observations by in the La Vieja basin [62], who report significant reductions
in the WRI associated with the loss of forest cover and the increase in potential evapotran-
spiration. The negative trend in the WRI observed in the San Pedro River basin suggests
a weakening of water storage and gradual release mechanisms, particularly those linked
to groundwater recharge and baseflow contributions [40,61]. This reduction in hydrolog-
ical regulation directly affects the resilience of the water system (Figure 12). The strong
relationship between vegetation cover and water regulation highlights the role of forest
ecosystems in sustaining infiltration and groundwater recharge [11,27]. Under RCP 4.5,
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reduced flows and recharge weaken regulations, while under RCP 8.5, the dominance of
rapid surface runoff over subsurface storage leads to comparable or greater declines in
regulatory efficiency despite higher discharges. This confirms that hydrological regulation
depends not only on water volume but also on flow pathways and timing [38,48].

The observed reduction in hydrological regulation and streamflow under future cli-
mate scenarios is consistent with previous studies conducted in tropical and Andean
basins [21], where increasing air temperature, rising evaporative demand, and land-use
pressures reduce effective precipitation and groundwater recharge, leading to greater hydro-
logical variability and reduced buffering capacity [17]. Similar climate-driven alterations in
streamflow regimes and water availability have been reported in Colombian basins and
other tropical environments using physically based hydrological models, including SWAT
and comparable modeling frameworks [48,63]. In this context, the present study does not
aim to claim methodological novelty in model application but rather contributes to a basin-
scale integrated assessment combining SWAT simulations with the WRI to explicitly link
projected climate forcing with changes in both water availability and regulatory capacity in
a data-scarce watershed. The model performance achieved acceptable calibration metrics,
the results should be interpreted with appropriate caution given the limitations associated
with observational data scarcity, satellite-derived forcing uncertainty, and the inherent
complexity of tropical hydroclimatic processes.

5. Conclusions
In developing this research project, a comprehensive compilation of basin-specific data

was required to support model setup and scenario analysis for a subsequent projection of the
climate change scenarios proposed by [2,22]. The model calibration was performed globally,
which introduces a bias in the hydrological modeling of the upper and middle parts of the
basin. Even so, the hydrological model exhibited acceptable to good performance statistics
in terms of calibration and validation. [43]. The difference in the water balance results
between the RCP 4.5 and 8.5 scenarios was not significant, but the difference between both
scenarios and current conditions was noticeable. This can be attributed to the medium-term
future considered (2040–2070) in the model, where the concentration of greenhouse gases
does not represent a significant difference between the two scenarios, whereas it would
for a more distant future (2070–2100). The hydrological model generated in this project
does not fully capture the climatic variability in ENSO phenomena, making it necessary to
strengthen the model with observed local climatic information.

The use of alternative satellite climate data sources showed good correlation with
observed precipitation data and moderate correlation with temperature data. Climate
models with higher resolution, allowing for a better description of the dynamics of climate
variables at a local scale, exhibited better performance [23,59]. A total of 11 parameters
used for the calibration process, including the curve number and various soil properties
such as electrical conductivity and bulk density. The need to include more parameters
to optimize calibration noted, as the execution time of the SWAT-CUP software is longer
with additional parameters. The PBIAS, R2, and NSE statistics [8,49] allow for a precise
evaluation of the simulated flow series, revealing how well they fit the observed values
and the percentage by which they underestimate or overestimate them.

This study contributes to the understanding of climate change impacts on hydrological
regulation in medium-sized tropical basins by combining a physically based hydrological
model with a water regulation index under future climate scenarios. While similar SWAT-
based studies exist, the integration of percentile-based flow analysis with regulation metrics
provides a clearer representation of changes in flow distribution, which is particularly
relevant for water management and ecosystem sustainability [12,48]. The results emphasize
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that projected hydrological impacts are driven not only by changes in mean conditions but
also by alterations in flow variability, reinforcing the need to incorporate such indicators into
basin-scale planning [4,55]. Despite inherent uncertainties, the findings provide consistent
evidence of future pressure on water resources and support integrated modeling as a
decision-support tool in data-scarce regions.
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