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Abstract

:

This paper presents the results of one of the hydrological models, the InVEST “Annual Water Yield” (InVEST–AWY), applied to the Meta River basin in Colombia, which covers an area of 113,981 km². The study evaluates the performance of the model in different subbasins of the Meta River basin. The model’s accuracy was assessed using different statistical measures, including Nash–Sutcliffe Efficiency (NSE) coefficient, Root Mean Square Error (RMSE), correlation coefficients for the calibration (rcal) and validation (rval) periods. The overall performance of the model in the Meta River basin is relatively poor as indicated by the low NSE value of 0.07 and high RMSE value of 1071.61. In addition, the model explains only a 7% of the variance in the observed data. The sensitivity analysis revealed that a 30% reduction in crop coefficient (Kc) values would result in a 10.7% decrease in water yield. The model estimated, for example, the annual average water yield of the river in 2018 as 1.98 × 1011 m3/year or 6273.4 m3/s, which is 1.3% lower than the reported value. The upper Meta River subbasin shows the highest NSE value (0.49), indicating a good result between observed and simulated water discharge. In contrast, the South Cravo River subbasin shows a negative NSE value of −1.29, indicating poor model performance. The Yucao River subbasin and the upper Casanare River subbasin also show lower NSE values compared to the upper Meta River subbasin, indicating less accurate model performance in these subbasins. The correlation coefficients in calibration (rcal) and validation (rval) for the upper Meta River, Yucao River, South Cravo River, and upper Casanare River subbasins were 0.79 and 0.83, 0.4 and 0.22, 0.5 and −0.25, and 0 and 0.18, respectively. These results provide useful insights into the limitations for the proper use of the InVEST–AWY model in Colombia. This study is the first to use the InVEST–AWY model on a large scale in the territory of Colombia, allowing to evaluate its effectiveness in hydrological modeling for water management.
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1. Introduction


Water is vital for human activities. This resource provides ecosystem services such as water provision, purification, and regulation, which are crucial for the health and productivity of natural ecosystems, as well as for human well-being. However, as the world’s population continues to grow and the effects of climate change become more noticeable, the demand for water resources is increasing, and the availability of clean water is becoming increasingly scarce [1,2,3].



Effective planning and management of water resources require the use models to predict water yield and to understand the complex interactions between different water sources and uses [4]. However, some of the challenges in hydrology modeling are the low availability of information in remote environments, as well as the lack of knowledge of ecosystems as providers of water [5].



The Meta River basin in Colombia has an approximate area of 99,500 to 105,000 km² [6]. The river has a length of 1002 km from Guamal (upstream) to the mouth in the Orinoco River [7]. This river basin has a large percentage of areas suitable for agricultural activities [8], suggesting higher pressure on the water resources of this region in the future.



In Colombia, some studies have quantified water resources at the basin-scale level [9,10,11,12,13,14,15,16,17]. Among the limitations for water modeling in Colombia is access to hydro-climatological data in its eastern regions due to low station coverage [18].



Modeling hydrological services requires significant implementation effort and data requirements, which may not always be available [19]. For example, [16] performed one of the largest scale hydrological modeling projects in the Magdalena River basin in Colombia, which obtained good results using global and in-situ hydrometeorological information as input for multiple hydrological models.



When selecting a hydrological model, it is important to consider its capability to represent the hydrological characteristics of the region. For instance, [20] used selection scores to choose a model for the Kangsabati River basin, where they compared five conceptual models (AWBM, GR4J, HBV-light, SRM, and Sacramento) and five semi-distributed models (HEC–HMS, VIC, HFAM, HSPF, and TOPMODEL). They selected the GR4J and VIC models because they had the best performance criteria for their research zone.



Although hydrological models have different approaches to simulate the hydrological cycle, they all require input data such as rainfall, runoff, wind speed, relative humidity, soil type, catchment properties, hydrogeology, and other properties in a daily scale [20,21]. However, there are also differences between the models. The InVEST “Annual Water Yield” (InVEST–AWY) model is easy to use and requires minimum input data but may not perform well for large watersheds with low data. Nonetheless, the model can be calibrated using the Soil and Water Assessment Tool (SWAT) model outputs [22]. On the other hand, HEC-HMS is a powerful model that can handle large watersheds but requires a significant amount of input data and expertise to use effectively [23].



Furthermore, some models like Sacramento and GR4J use a lumped approach, while others like HEC-HMS and VIC use a distributed approach [20,24]. The lumped approach models are easier to use and require less input data, but they may not be suitable for large watersheds. The distributed approach models, on the other hand, are more complex and require more input data, but they can handle large watersheds and provide more accurate results [25].



Some models may require long-term series of observed hydrological and meteorological data to calibrate the model parameters, which can be difficult to obtain [24]. Models like SWAT, VIC, and GR4J may require a significant amount of input data and expertise to use effectively [23,26,27]. In areas where a reliable weather monitoring system is absent, utilizing satellite information for hydrological modeling can be a viable solution [28]. Nonetheless, the overestimation of weather variables, such as precipitation, remains a concern [28].



One of the most used models in catchment scale is the Soil and Water Assessment Tool (SWAT) [29]. However, it requires a vast amount of daily hydroclimatic information and can only be applicable in zones with good weather station data coverage. [17] used SWAT to determine water yield in northeastern Colombia, in an area with a high density of weather stations, and established the relationship between water availability, land-use change, and climate change.



Due to the high demand for information in some hydrological models [30] and the lack of hydroclimatic information in remote zones, it is necessary to explore models that require less information and computational effort but can still provide a good approximation of hydrological services assessment [31]. One such tool is the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) [32], a model developed in 2007 by Stanford University, the World Wildlife Fund (WWF), and the Nature Conservancy (TCN). It contains several sub-models to assess ecosystem services [33], including a model for estimating water yield.



Hydrological models are often limited by their requirements for extensive daily data and the high computational expense associated with watershed modeling [34]. However, the InVEST–AWY model, which simplifies parameters in a spatial format, offers a fast and convenient approach to accessing relevant information with a relatively lower computational burden compared to more complex models such as SWAT [35]. The InVEST–AWY model has several advantages, including its requirement for fewer inputs and ease of setup, which makes it accessible to a broader range of users [35]. In addition, the InVEST–AWY model provides estimates at a finer spatial resolution, making it suitable for assessments at different scales. The model can also estimate annual water yield using remotely-sensed data, which are especially useful in areas where ground-based data is unavailable or scarce. For example, a study conducted by [36] used the InVEST–AWY model to estimate the impact of climate change on water resources in the Shule River basin (China), where the model provided accurate estimates of annual water yield with an R2 of 0.986 and RMSE of 3, comparable to those obtained from more complex models such as SWAT.



The Orinoco region (Región de la Orinoquía) in Colombia faces limitations in weather station coverage, which can affect the accuracy of hydrological modeling [37]. The Orinoco River is one of the world’s longest rivers, ranking third in terms of annual average water discharge [38]. However, the sources of water that feed it have not been studied in detail [39]. The Orinoco River basin is a key and strategic conservation area, with over 200,000 km2 of natural savannas [18]. Nevertheless, significant plans for agro-industrial expansion in the Orinoco region may seriously affect water availability [18].



Hydrological models, such as SWAT, VIC, GR4J, InVEST-AWY, and HEC-HMS, are commonly used for hydrological simulations. However, in areas with a low density of weather stations, these models may have key uncertainties in accurately estimating water yield [40]. For example, a study that used the SWAT model for three U.S. watersheds found that the model’s ability to simulate evapotranspiration was affected by parameter equifinality, energy-related weather input uncertainty, and limited process representation [41]. To address this uncertainty, the study proposed a remote sensing-based solution that assimilates remotely-sensed potential evapotranspiration [41].



Another key uncertainty in hydrological models is related to their ability to accurately simulate extreme hydrological events, such as floods and droughts. A study that used the Variable Infiltration Capacity (VIC) land surface model found that uncertainties in model structure, parameter identifiability, and meteorological forcings limit the reliability of model predictions [42]. To address these challenges, the study used a Bayesian statistical inference framework for parameter uncertainty modeling of the VIC model [42].



The InVEST–AWY model is based on the Budyko framework and has been shown to provide similar estimates of the spatial distribution of water yield as SWAT in some cases [43]. However, the InVEST–AWY model may not accurately estimate the spatial distribution of water yield in some areas with poor evapotranspiration estimation, such as the upper Upatoi Creek watershed in Georgia, USA [43].



The InVEST is gaining interest in the ecosystem services community [44]. This model has reached popularity and has had good results in China in recent years [45,46,47,48,49,50]. Its sub-model “Annual Water Yield” does not require a high level of expertise or extensive data analysis. It is based on the Budyko curve [51] and estimates annual average runoff at the pixel level, using subbasin-level and basin-level inputs such as precipitation, reference evapotranspiration, land use/cover, soil depth, and available water content for plants. This model can produce accurate results; however, it is important to consider an exhaustive sensitivity and calibration analysis due to the high uncertainty that can be introduced by climatic data, the heterogeneous non-spatiality, subsequently affecting the spatial estimation of water yield [52].



The InVEST–AWY model has some flaws and uncertainties, especially in areas with few weather stations and in-situ data [44,53]. The model’s sensitivity to eco-hydrological parameters and the effect of extrapolating a lumped theory to a fully distributed model are some of the uncertainties associated with the model [44]. The effect of climate input errors, especially annual precipitation, and errors in the eco-hydrological parameter Z, are also significant sources of uncertainty [44]. In areas with limited data, the model’s accuracy may be limited, and the results may be unreliable [53]. To manage these uncertainties, it is recommended to use multiple models and data sources to validate the results [54]. Incorporating more data sources, such as remote-sensing data, reanalysis, and gridded observations, can improve the accuracy of the model [40,55].



This study aims to assess the effectiveness of the InVEST–AWY model and to estimate the annual average water yield (hereinafter, by “Water yield” we mean “Water discharge”) in the Meta River basin (Colombia) from 1983 to 2021 using this model. The study’s results provide spatially explicit information on the variability of water yield within the basin. Moreover, it presents a comprehensive assessment of the InVEST–AWY model effectiveness on a large scale in a critical region for future agricultural production in Colombia.




2. Materials and Methods


2.1. Study Area


The Meta River basin was delineated using the ArcSWAT tool version 2012.10.24 for ArcGIS 10.6 (https://swat.tamu.edu/software/arcswat/, accessed on 24 December 2022) with a 30 m resolution Digital Elevation Model (DEM) from the Global Multi-Resolution Topography (GMRT) dataset (https://www.gmrt.org/GMRTMapTool/, accessed on 15 December 2022). The delimitation process resulted in an area of 113,981 km². We also evaluated the performance of the InVEST–AWY model in four subbasins where gauging stations were available, in order to identify areas where the model performed best. The Meta River is a major tributary of the Orinoco River, and its basin spans across several departments in Colombia, including Meta, Casanare, Cundinamarca, Boyacá, Arauca, Vichada, and Bogotá (Figure 1).




2.2. Materials


2.2.1. Data Requirement


To estimate annual water yield using the InVEST–AWY model, several input variables must be provided, including annual average precipitation, annual average reference evapotranspiration, land use/cover with biophysical table, root restricting layer depth, plant available water content, and watershed and sub-watershed maps.



Once all necessary information has been compiled, it is resampled at a spatial resolution of approximately 1 km and projected onto the World Geodetic System 84 (WGS84) coordinate system to ensure consistency with the LULC (land use/land cover) raster data. Table 1 lists all input variables, including the year, source, tool/equation, and format.




2.2.2. Meteorological Data


The meteorological data used in this study, including annual precipitation (Figure 2A), annual average water discharge, and annual mean maximum and minimum air temperature, were obtained from the IDEAM (Instituto de Hidrología, Meteorología y Estudios Ambientales) website [58]. We identified 246 hydrometeorological stations measuring air temperature, precipitation, and water discharge in the upper Meta River subbasin, while only one hydrometeorological station measuring water discharge was found in the Yucao River subbasin, and four hydrometeorological stations measuring precipitation and air temperature were in the South Cravo River subbasin. Finally, we found 20 hydrometeorological stations in the upper Casanare River subbasin. The in-situ gauging station records were available from 1983 onwards. The annual potential evapotranspiration (Figure 2E) was calculated using the Hargreaves equation [59] with air temperature data from in-situ stations and extraterrestrial solar radiation data calculated from [60] using the package environment in R [61]. The resulting data were then spatially interpolated into a resolution of 1 km × 1 km. The following Equation (1) was used to calculate potential evapotranspiration—PET (Eto).


  E t o = 0.0023 × R a     T m a x − T m i n   2   + 17.8   +     T m a x − T m i n     1 / 2    



(1)




where Tmax and Tmin are maximum and minimum air temperatures (°C); Ra is the terrestrial radiation (MJ m−2 d−1). The PET, calculated in the upper Meta River, Yucao River, South Cravo River, and upper Casanare River subbasins, ranges from a minimum of 789.5 mm/year in the upper Casanare River subbasin to a maximum of 1834.6 mm/year in the upper Meta River subbasin, with a mean value of 1540.7 mm/year in the latter.




2.2.3. Soil Data


The root restricting layer (RRL), as shown in Figure 2D, is the depth of soil where plant roots cannot grow effectively. For this study, a global raster for plant root restricting layer depth was used from [56]. It was found that the upper Meta River, Yucao River, South Cravo River, and upper Casanare River subbasins have different root restricting layer values, ranging from a minimum of 254.7 mm in the upper Meta River subbasin to a maximum of 2000 mm in the Yucao River subbasin, with a mean value of 1815.1 mm in all zones. RRL values can be influenced by factors such as soil compaction, depth to bedrock, and soil structure [62].



Plant available water content (PAWC) is defined as the difference between the fraction of volumetric field capacity and permanent wilting point. In this study, we utilized the global PAWC raster grid from [57]. This dataset provides AWC for seven soil depth intervals (0 to 200 cm depth) and was merged into a single file using the equation recommended by [57]. PAWC values shown in Figure 2C, range from a minimum of 0.1 mm/mm of soil in the upper Casanare River subbasin to a maximum of 0.4 mm/mm of soil in the upper Meta River subbasin, with a mean value of 0.2 mm/mm of soil in all zones.




2.2.4. Land Use/Land Cover Data and Kc


In this study, we used a map elaborated by IDEAM, which employs land use/cover data from the period 2014–2018 [63]. We processed this map into a raster file that combines the 36 land-use/land-cover (LULC) classes into 19 land-use types (Figure 2B, Table 2). We also generated a biophysical table in comma-separated values (CSV) format that contains information related to the LULC map. This table consists of five columns: land-use (LU) code, LULC description, Kc, root depth, and LULC vegetation.



Kc (crop coefficient) values for agricultural land is a dimensionless value used in agriculture to estimate the water needs of crops at different stages of their growth. The FAO (Food and Agriculture Organization of the United Nations) has developed a widely used set of Kc values for various crops, which are based on research carried out in different climatic regions worldwide. The Kc values range from 0 to 1, where 0 represents no water loss, and 1 represents the maximum water loss; these values were extracted from [64]. Land uses different from crops were found in [65] and adapted to our research.




2.2.5. Water Discharge Data


The present study focuses on five hydrometeorological stations (Table 3). The Aceitico gauging station, which is situated in the downstream area of the study basin, represents the final point of the water outflow from the study area. According to the gauge data reported by IDEAM, the maximum annual average water discharge was reported in 2021 with a value of 9288.5 m3/s. On the other hand, the minimum water discharge was reported in 1992 with a value of 3647.6 m3/s. The long-term (for 1983–2021) annual average water discharge was calculated as 5256.8 m3/s. Details of the meteorological stations used in this study are listed in Table 3. To facilitate statistics and to compare water discharges by stations and by the InVEST–AWY model, it was necessary to divide the annual water yield volume (m3) generated by the InVEST–AWY model by the number of seconds in a standard year (3.156 × 107 s).




2.2.6. Zhang Coefficient


The Zhang coefficient (Z) is a parameter that ranges from 1 to 30 and captures the precipitation pattern and hydrogeological characteristics of the basin. This parameter is not enough to be used as a sensitivity and calibration factor [52]. Ref. [66] carried out a study in Australia and found that Z could be estimated as 0.2 N, where N is the number of rainfall events per year. In this study, we calculated the annual average number of rainfall events (N > 1 mm) for the study basin and divided it by 5 to estimate Z. This basin had an annual average of 177 rainy days during the period 1980–2021, and the Z value was assumed to be 30.




2.2.7. The InVEST–AWY Model


The InVEST–AWY model estimates the relative contributions of water from different parts of a landscape, offering insight into how changes in land use/cover patterns affect annual surface water yield and hydropower production [35]. The water yield module in the InVEST–AWY model is built on the annual average precipitation and the Budyko curve [51]. The annual water yield (AWY) for each pixel follows the Equation (2):


  A W Y   x   =   1 −   A E T   x     P   X       × P   x   ,  



(2)




where AET(x) is annual evapotranspiration for each pixel x, and P is annual precipitation for each pixel x. For land with vegetation or land use/cover types (LULC), the evapotranspiration fraction of the water balance is     A E T   x     P   x      ; it is based on the Budyko curve Expression (3) proposed by [67,68]:


    A E T   x     P   x     = 1 +   P E T   x     P   x     −     1 +       A E T   x     P   x         w         1   w     ,  



(3)




where PET(x) is the potential evapotranspiration, which is defined as:


  P E T ( x ) = K c ( x ) ×   E T   0   ( x )  



(4)




where Kc(x) is the yield coefficient per pixel x and     E T   0     is the potential evapotranspiration per pixel x. W(x) is a non-physical parameter that characterizes the natural climatic properties of the soil (Equation (5)):


  W   x   = Z ×     A W C   x     P   x       + 1.25  



(5)







  A W C   x     is the water available to the plant, and Z is the Zhang coefficient, which depends on annual precipitation.



For other land use/cover (LULC) types, such as open water surface, urban areas, and wetlands, actual evaporation (AET) is calculated directly from the reference evaporation     E T   0     x     and has an upper limit determined by precipitation (Equation (6)):


  A E T   x   = M i n   K c   l x   ×   E T   0     x   × P   x     ,  



(6)




where     E T   0     x     is the reference evapotranspiration;   K c ( l x )   is the evaporation factor for each LULC type. The model generates total and average water yields at the subbasin level.





2.3. Methods


2.3.1. Methodology


The methodology flowchart adapted from [69] and used in this study is illustrated in Figure 3. The first step of this study involved the preparation of various datasets, including precipitation, reference evapotranspiration, plant available water content, root restricting layer, land use/land cover (LULC) with biophysical table, and watershed delimitation maps. These datasets were essential for accurately modeling water yield in the Meta River basin using the InVEST–AWY model.




2.3.2. Sensitivity Analysis


In the sensitivity analysis, a study carried out by [52] demonstrated that the InVEST–AWY model has low sensitivity with respect to the Zhang coefficient. Nonetheless, this study made in different zones in the UK highlighted the importance of selecting appropriate model parameters and input data, especially precipitation, which had a significant impact on water yield. A 10% increase in precipitation resulted in an 11–27% increase in water yield, while in some catchments, a 10% increase in PET resulted in a 14% decrease in water yield. Rooting depth and AWC had little effect on yield, with a 10% increase in either resulting in a yield decrease of 0–3%. Kc sensitivity was found to be like PET sensitivity. In another study by [19], the model was calibrated for five hydrographic subbasins in Ecuador with Z values ≥ 3 and errors of less than 7%. However, the model could not satisfactorily calibrate the remaining four sub-basins, as water production was underestimated by 20% to 50%. In this study, we carried out a sensitivity analysis for the KC and Zhang coefficients using the 2018 dataset.



Model Sensitivity to Z


To evaluate the sensitivity of the Zhang coefficient, we used a baseline value of Z = 30, which is defined as the number of rainfall days in a year divided by 5. As stated earlier, the average number of rainfall days for the study zone is 177. As the Z value ranges from 1 to 30, we decreased this value to 1 to evaluate the change in water yield. Our findings indicate that when Z = 15, the water yield increased by 9%, but when Z = 1, the water yield increased by 101% (Figure 4).




Model Sensitivity to Kc


To evaluate the sensitivity of water yield to Kc, we varied this value only for the crop covers in the study zone. The FAO has proposed Kc values for crops found in the Meta River basin that vary between 0.4 and 1.2. We used the baseline Kc values shown in Table 2 and subsequently multiplied them by 0.7, 0.8, 1.2, and 1.3 to evaluate the changes in water yield resulting from the variation in Kc values (Table 4).



The results of the sensitivity analysis showed that a 30% reduction in Kc values in crops would result in a 10.7% decrease in water yield, while increasing Kc values by 30% would only increase water yield by 2%. These findings demonstrate that the Kc value is not a key sensitivity factor for the InVEST–AWY model, unlike Z.





2.3.3. Calibration and Validation


Water yield, the net amount of water produced by a catchment, is a critical factor for sustainable water resource management. It can be estimated by calculating the difference between precipitation and actual evapotranspiration for each LULC type within the catchment [45]. To achieve accurate estimates of water yield, calibration and validation of the model using observed data are essential. A sensitivity analysis is also necessary to determine the variation in the model parameters. Once the optimal parameters have been identified, they can be used for final calibration and validation.



The InVEST–AWY model was calibrated using annual data from 1983 to 2012, which were available at the Aceitico gauging station. The validation period covered the years from 2013 to 2021 (Figure 5). The performance of the model was evaluated by minimizing the average bias and optimizing the coefficient of determination (R2), and Root Mean Square Error (RMSE).



The calibration process involved the use of the InVEST–AWY model in Python. We employed the Automatic Hyperparameter Optimization (AHO) algorithm to identify the best-calibrated model series generated by the InVEST–AWY model using machine learning [70]. We modeled 100 runs for each year from 1983 to 2012, varying the Kc and Z parameters. Based on the interactions, it was found that the InVEST–AWY model performed best when Z = 1 and Kc = 1.10.



However, despite finding the best combination of parameters for the Meta River basin, only the upper Meta River subbasin displayed high correlation coefficients during both calibration (0.79) and validation (0.83) phases, indicating that the model captured the observed data well for this zone. Conversely, the Yucao and South Cravo rivers had lower correlation coefficients, 0.4 and −0.25, respectively, indicating that the model may not be well-suited for these zones, particularly during the validation phase. The upper Casanare River showed no correlation during calibration, but an improvement was noted during validation (0.18), which implies that the model may need further refinement for this zone. The Meta River exhibited moderate correlation coefficients during both calibration (0.5) and validation (0.28), suggesting that the model performed reasonably well, but improvements may be needed. Details for each subbasin are listed in Table 5.



The accurate estimation of water yield is essential for understanding the water balance of a catchment, but the calibration and validation phases may be affected by various factors such as bypassing of gauging stations, catchment transfers, and subsurface runoff [52] found that catchments where a significant proportion of the total water yield leaves via subsurface runoff or other routes were characterized by a significant overestimation of the total yield as gauged from water discharge. In addition, ref. [71] discovered that catchments with a high cover of land-use and land-cover (LULC) classes with a high value of Kc are sensitive to precipitation data, potentially leading to a 150% change in modeled water yield in response to a 30% error.






3. Results, Discussion, and Limitations


3.1. Water Yield Formation


Based on the InVEST–AWY model, we estimated the annual water yield for the Meta River basin from 1983 to 2021. For example, our analysis indicated that the total water yield for the basin in 2018 was 1.98 × 1011 m3/year (6273.4 m3/s or 1748.6 mm/year (Figure 6)), which is 1.3% lower than the value reported by IDEAM. The mean precipitation was found to be 2517.3 mm/year; the mean actual evapotranspiration (AET) was 768.7 mm/year.



In the upper Meta River subbasin, where the model performed better, we obtained a coefficient of determination (R2) of 0.55 and Nash–Sutcliffe Efficiency coefficient (NSE) of 0.49 from 1983 to 2021, using the same parameters as the Meta River basin. The results in the upper Meta River subbasin were found to be directly related to the high density of hydrometeorological stations in the area, as the model is highly sensitive to precipitation and evapotranspiration [44,48].



The spatial patterns analysis revealed that the annual water yield exhibited higher values in the northwest of the basin, particularly in the first delimited subbasin, with variations ranging from 1100 to 5300 mm/year. On the other hand, other annual water yield values showed a significant pattern in the southeast of the basin, which represents the lowest part of the study area and where the rivers merge to form the Meta River.



To assess the effectiveness of the model, statistics were computed for five studied zones where the InVEST–AWY model tool was applied. The full climatological dataset from 1983 to 2021 was utilized to evaluate various performance metrics, including Nash–Sutcliffe Efficiency (NSE) coefficient, Root Mean Square Error (RMSE), R-squared (R2), and standard deviation of the differences (DIF STD) between observed and modeled data. The results of the evaluation are presented in Table 5, which provides a detailed breakdown of the model’s performance in each studied zone.



The results of hydrological modeling showed that the Meta River basin had poor performance, with an NSE value of 0.07 and a high RMSE value of 1071.61. The correlation coefficients during calibration (rcal) and validation (rval) were low (0.50 and 0.28, respectively), indicating that the model had low accuracy in predicting the observed annual water discharge. The complexity of the basin’s climate and topography, as well as a deficient hydrometeorological monitoring system, could be contributing factors to these results.



The upper Meta River subbasin had the best performance among all subbasins, with an NSE value of 0.49 and a low RMSE value of 135.37. The correlation coefficient values for calibration and validation periods were high (0.79 and 0.83, respectively), indicating that the model had high accuracy in predicting the observed annual water discharge. This could be since the upper Meta River subbasin is the area with the greatest presence of hydrometeorological stations that allows accurate monitoring.



The Yucao River subbasin had moderate performance, with an NSE value of 0.03 and a moderate RMSE value of 57.49. The correlation coefficient during calibration was high (0.40), suggesting that the model had a good ability to capture the variability of the observed annual water discharge. However, the coefficient of determination during validation was low (0.22), indicating that the model had low accuracy in predicting the observed annual water discharge.



The South Cravo River subbasin had the worst performance among all subbasins, with an NSE value of −1.29 and a low RMSE value of 24.75. The correlation coefficients for calibration and validation (rcal and rval) periods were also low (0.50 and −0.25, respectively), indicating that the model had low accuracy in predicting the observed annual water discharge.



The upper Casanare River subbasin had very poor performance, with a negative NSE value of −0.49 and a high RMSE value of 452.32. The correlation coefficients were low for calibration and validation periods (0 and 0.18, respectively), suggesting that the model had low accuracy in predicting the observed annual water discharge. The upper Casanare River subbasin has a heterogeneous land use pattern and complex surface and underground hydraulic dynamics, which could have made it challenging to model the hydrological processes accurately.




3.2. Limitations


3.2.1. Model Limitations


The model relies on yearly averages and disregards temporal (including seasonal) variations in water supply and hydropower production, leading to inadequate estimations of water availability and energy production during extreme events such as droughts or floods. In addition, the model oversimplifies the concept of consumptive demand, which can impact its precision in estimating water availability for various purposes. Consequently, this constraint can have substantial implications in evaluating the effects of LULC changes on water resources [35].



The InVEST–AWY model simplifies the hydrological process by lacking differentiation between surface and subsurface water runoff. Consequently, this oversimplification introduces several uncertainties in the model simulation [50].



The model exhibits low sensitivity to modifications in the Z coefficient, but it is highly sensitive to precipitation. Therefore, it is imperative to evaluate the precision of yearly data [48].




3.2.2. Uncertainties from In-Situ Data


The lack of hydrogeological studies in the Meta River basin poses a limitation in identifying the hydrogeological dynamics that may influence the percentage of groundwater contribution to the primary rivers measured by IDEAM stations. Nonetheless, a study carried out by [9] revealed the existence of groundwater wells with hydraulic transmissivity ranging between 4 to 279 m2/day in the northeastern region of the study basin, which could mean a varied water dynamics in aquifers.



The study is subject to uncertainties of the model due to the insufficiency of information from the selected stations. One of the five stations used for the study is automated. Moreover, data gaps were observed for several stations within the study area, including the Aceitico gauging station, which lacks annual data from 1980 to 1982 and reported atypical values in 2003, 2016, and 2021. Similarly, for the Cravo Norte gauging station, there was a gap in information from 1980 to 1993; in Puente Yopal, there were also gaps in annual water discharge data for 2007–2009 and 2014–2016. These gaps in information and atypical values could affect the accuracy of the model’s calibration and validation, thus limiting its ability to provide precise estimations of water runoff in the study area.




3.2.3. Human Effect on Water Discharge


According to [72], the change in water runoff in the Meta River basin cannot be solely attributed to macroclimatic phenomena or human activities on the local scale. Meanwhile, [18] reported that groundwater extraction provides about 5% of the total demand from various sectors in the region, but the actual value could be higher due to unreported or illegal extractions.






4. Conclusions


While the InVEST–AWY model did not show satisfied results for the Meta River basin as a whole, our study demonstrated that the model could be a valuable tool for identifying subbasins where it could work adequately. This allows for the establishment of selection criteria for areas of interest.



In our study, we identified the upper Meta River subbasin delimited for the Humapo gauging station as having the most climate monitoring stations in the study area. However, due to a lack of hydrogeological studies in the area, it is difficult to establish the proven uncertainty of groundwater contribution to surface runoff measured by IDEAM stations.



Atypical events, such as those reported during 2003, 2016, and 2021, have been observed at the stations that are not related to El Niño and La Niña fluctuations. These reports should be analyzed on a daily scale and related to multiple climatic and anthropogenic variables to better understand their causes.



In future studies, it is important to consider using the InVEST “Annual Water Yield” model in areas with a high density of weather stations. Alternatively, global data such as CHIRPS can be used, with necessary corrections for overestimation or underestimation of precipitation. It is also crucial to validate the calculated evapotranspiration with in-situ data reported by the authorities.
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Figure 1. Location of the Meta River basin (Research zone) and its subbasins in Colombia. Subbasin 1: upper Meta River subbasin; Subbasin 2: Yucao River subbasin; Subbasin 3: South Cravo River subbasin; Subbasin 4: upper Casanare River subbasin. 






Figure 1. Location of the Meta River basin (Research zone) and its subbasins in Colombia. Subbasin 1: upper Meta River subbasin; Subbasin 2: Yucao River subbasin; Subbasin 3: South Cravo River subbasin; Subbasin 4: upper Casanare River subbasin.



[image: Water 15 01617 g001]







[image: Water 15 01617 g002 550] 





Figure 2. Geospatial data for the InVEST–AWY model: (A) Annual precipitation; (B) Different LULC types: 1—urban area, 2–8—crops, 9—pastures, 10—forests, 11–13—shrubby area, 14—sands, 15—rocks, 16—bare grounds, 17—snow cover, 18—aquatic vegetation, and 19—water bodies; (C) Water content in the soil; (D) Soil depth; (E) Potential evapotranspiration (PET); (F) Digital elevation model (DEM). 
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Figure 3. Methodology flowchart for calculation of water yield in the Meta River basin using the InVEST–AWY model. 
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Figure 4. Water yield (WY) variation using different Zhang coefficient (Z). 
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Figure 5. Changes in the observed (solid blue line) and modeled (solid red line) water discharge (Q) of the studied rivers of the Meta River basin for 1980–2021. The dotted line is the sixth-degree polynomial trend of the corresponding (observed or modeled) water discharge. R2 is the coefficient of approximation of the trend line; rcal and rval are the correlation coefficients for the period of calibration (1983–2012) and validation (2013–2021), respectively. 
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Figure 6. Annual water yield formation in the subbasins of the Meta River basin for 2018. (1) upper Meta River subbasin; (2) Yucao River subbasin; (3) South Cravo River subbasin; (4) upper Casanare River subbasin. 
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Table 1. Dataset used in the InVEST–AWY modeling.
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	Data
	Period
	Source
	Tool
	Format





	Annual average precipitation
	1983–2021
	Instituto de Hidrología, Meteorología y Estudios Ambientales—IDEAM
	RStudio
	Raster



	Annual average water discharge
	1983–2021
	Instituto de Hidrología, Meteorología y Estudios Ambientales—IDEAM
	-
	CSV



	Evapotranspiration
	1983–2021
	Instituto de Hidrología, Meteorología y Estudios Ambientales IDEAM (air temperature)
	Hargreaves equation
	Raster



	Root Restricting Layer Depth
	–
	[56]
	RStudio
	Raster



	Plant Available Water Content
	–
	[57]
	RStudio
	Raster



	Land Use/

Land Cover
	2018
	Instituto de Hidrología, Meteorología y Estudios Ambientales—IDEAM
	ArcMAP software
	Raster



	Watersheds DEM
	–
	GMRTMapTool/ArcSWAT
	ArcMAP software
	Shapefile



	Biophysical Table
	–
	FAO/IDEAM data
	–
	CSV



	Z Coefficient
	–
	–
	–
	Ranges from 1 to 30
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Table 2. Crop coefficient (Kc) and land use/land cover (LULC) used in the biophysical table.






Table 2. Crop coefficient (Kc) and land use/land cover (LULC) used in the biophysical table.





	LU Code
	LULC Description
	Kc





	1
	Urban area
	0.1



	2
	Short duration crops
	1.1



	3
	Cereals
	1.2



	4
	Oilseeds and legumes
	1.2



	5
	Vegetables
	0.9



	6
	Tubers
	0.9



	7
	Permanent crops
	1.1



	8
	Agroforestry crops
	1.2



	9
	Pasture
	1.0



	10
	Forest
	1.0



	11
	Grassland
	0.9



	12
	Shrubland
	1.1



	13
	Secondary vegetation
	1.1



	14
	Sand
	0.3



	15
	Rocks
	0.3



	16
	Bare soils/grounds
	0.3



	17
	Snow cover
	0.2



	18
	Aquatic vegetation
	1.0



	19
	Water surface
	1.0
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Table 3. The gauging stations used in the study (AAWD–annual average water discharge).






Table 3. The gauging stations used in the study (AAWD–annual average water discharge).





	Code
	Station (River)
	Basin Area (km2)
	Automatic
	Period
	AAWD (m3/s)





	35117010
	Humapo (upper Meta River)
	26,343
	No
	1980–2021
	1576.3



	35127020
	Campamento Yucao (Yucao River)
	1797
	No
	1980–2021
	88.3



	35217010
	Puente Yopal (South Cravo River)
	1187
	Yes
	1980–2021
	97.2



	36027050
	Cravo Norte (upper Casanare River)
	22,872
	No
	1994–2021
	494.2



	35257040
	Aceitico (Meta River)
	113,981
	No
	1983–2021
	5256.8
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Table 4. Annual average water yield (AAWY) variation in 2018 using different variation of the Kc coefficient.






Table 4. Annual average water yield (AAWY) variation in 2018 using different variation of the Kc coefficient.





	
Variable

	
Kc Variation, %




	
−30

	
−20

	
0

	
20

	
30






	
AAWY, m3/s

	
6946.77

	
6761.73

	
6273.40

	
6194.28

	
6150.58




	
Change in AWY, %

	
−10.7

	
−7.8

	
0.0

	
1.3

	
2.0
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Table 5. Metrics for the model performance in the studied subbasin during calibration and validation periods using the InVEST–AWY model.






Table 5. Metrics for the model performance in the studied subbasin during calibration and validation periods using the InVEST–AWY model.





	Basin/Subbasin
	NSE
	RMSE
	rcal
	rval
	DIF STD





	Meta River basin
	0.07
	1071.61
	0.5
	0.28
	1083.62



	Upper Meta River subbasin
	0.49
	135.37
	0.79
	0.83
	132.81



	Yucao River subbasin
	0.03
	57.49
	0.4
	0.22
	40.61



	South Cravo River subbasin
	−1.29
	24.75
	0.5
	−0.25
	24.92



	Upper Casanare River subbasin
	−0.49
	452.32
	0
	0.18
	261.12
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