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Abstract

:

The Topo River basin, located in the tropical region of Ecuador, is considered a little-known and well-preserved basin, with limited access conditions and scarce data that hinder its hydrological understanding. However, this gap can be addressed through this study, which evaluates morphometric and hydrometeorological factors, relating them to water storage in the Topo River basin and comparing these results with other watersheds. The aim is to identify the morphometric and hydrometeorological factors that control the variability in water storage. Firstly, a morphometric characterization was conducted. Then, a hydrometeorological characterization was carried out based on climatic data from a single station with less than two years of data, along with the calculation of the water balance. Finally, water storage in the Topo basin was compared with the main morphometric and hydrometeorological characteristics of other basins. The results showed that the Topo River basin stores 9.1 mm annually (0.20% of its precipitation), and this storage is the result of its high runoff coefficient. It was concluded that basins with lower precipitation, higher evapotranspiration ranges, larger areas, gentler slopes, smaller altitude ranges, longer rivers, and basins that are narrow and oval-shaped may have higher water storage capacity.
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1. Introduction


Water is an essential resource for numerous productive activities, but the lack of precise hydrometeorological information limits the understanding of the water balance and availability, making it difficult to identify deficits or surpluses that could affect a basin [1]. Interactions between hydrometeorology and morphometry in watersheds have been widely studied [2], although mountainous basins in South America, particularly, have received little attention [3], which slows progress in understanding the hydrology of these ecosystems.



In Latin America, there are studies on morphometry applied to water management; however, in Ecuador, records combining the physiographic and morphometric characterization of basins for water management are scarce [4]. Additionally, in tropical mountain ecosystems, water storage is highly influenced by climatic variations [5] and changes in morphometry [2], significantly affecting the water balance [6]. These modifications can alter precipitation patterns, evapotranspiration rates, and water infiltration [7].



The water balance, which includes precipitation, runoff, and evapotranspiration, depends on the accuracy with which these components are measured, and together with the morphometry of a basin, provides a solid basis for understanding its water storage capacity [7]. Hydrometeorological and morphometric characteristics are key to determining how water is stored and released in hydrological systems [8], highlighting the importance of studies that evaluate their influence on the regulation of the water balance [6].



To understand water storage in a basin, it may be necessary to infer it through the analysis of hydrometeorological and morphometric characteristics. These characteristics largely determine how water is stored and released, according to [9]. Therefore, understanding the role of these characteristics in regulating the water balance is crucial in hydrological studies, as noted by Auge et al. [10].



Such research is valuable for assessing water availability in poorly monitored and accessible systems and establishing a baseline. This baseline is essential for intensifying applied research on mountain hydrology to better understand the water balance and availability in basins and sub-basins, which will allow for the proper management of this resource for various productive activities, as pointed out by [8].



However, most of these studies have predominantly focused on temperate or cold regions, with little attention paid to tropical climates. Moreover, there has been minimal focus on short-term analyses, particularly those that span only a few years of observations, as noted by Morejón Miranda et al. [11]. On the other hand, the unique challenges that arise from studying these areas are due to their inaccessibility and the lack of detailed field data. When dealing with a mountainous basin with limited field information, it is essential to rely on global data sources and remote technologies to gather relevant information.



This tropical basin of the Topo River, located in the eastern part of Ecuador, is currently of interest to energy authorities (ECUAGESA) due to its potential as a hydroelectric power producer. However, the basin has not yet been fully explored, creating uncertainty about water availability.



Based on the above, this research studies water storage through the water balance in a tropical mountain system, where hydrometeorological data have been recorded over a period of less than two years. In turn, this water storage is compared with the morphometric and hydrometeorological characteristics of the Topo River basin with other watersheds. The aim is to identify the morphometric and hydrometeorological parameters that provide insight into the state of water storage in little-known basins, with scarce data based on their morphometric and hydrometeorological parameters.



Although studying a mountainous basin with limited information and accessibility presents unique challenges, it is possible to conduct a comprehensive analysis using a combination of global data, remote technologies, and strategic field visits. This multidisciplinary approach is essential for effectively understanding and managing natural resources in these critical inaccessible areas.



For this purpose, Pearson’s correlation coefficient indicated by Lalinde et al. [12] and the method proposed by Lvovitch in 1959 [11], for the calculation of the water balance, will serve as a basis for evaluating water storage in mountainous basins and relating it to morphometry and hydrometeorology across various basins. By employing this approach, we aim to improve our understanding of the influence of these hydrometeorological and morphometric characteristics on the dynamics of the water balance within a basin, emphasizing water storage. This initiative marks the beginning of future research efforts to understand water dynamics in a basin based on its morphometric and hydrometeorological characteristics.




2. Materials and Methods


Firstly, we begin with a detailed description of the study area, covering its geology, soil types, and land use, which will allow us to infer water storage in relation to the morphometric and hydrometeorological characteristics of the basin. The cartographic data were obtained from the platform ‘Geographic Information System for Agricultural Applications in Land Management and Integrated Watershed Management’ of the University of Azuay (Cuenca, Ecuador), which stores spatial information related to Ecuador [13].



2.1. Description of the Study Area


The basin is located in the province of Tungurahua, Ecuador, within the Baños canton. Its origin lies in the northwestern part of Cerro Hermoso or Tupu, within the Llanganates mountain range. The Topo River originates at an altitude of 3700 m.a.s.l, although discrepancies reported by Rivadeneira et al. [14] mention its origin at 3000 m.a.s.l. The Topo River basin encompasses altitudinal zones ranging from 1291 to 4809 m.a.s.l. The confluence of the Pastaza and Topo rivers occurs at an altitude of 1291 m.a.s.l, to the south of the basin. The basin covers a total area of 370.24 km2 [Figure 1].



The Topo River basin is protected by the boundaries of the Llanganates National Park [Figure 2], which preserves much of the basin in its natural state. The geological materials that form the foundation of the basin come from the Tena, Napo, and Hollín formations, according to Rivadeneira et al. [14]. The Topo River is part of the Amazon River system and spans 45 km in its main course.



2.1.1. Geology of the Basin


The geology of the Topo River basin has been meticulously described, as shown in Figure 3. According to this map, the basin is primarily composed of a variety of metamorphic materials, as mentioned in [15]. It contains alluvial deposits that form elevated terraces, composed of a variety of materials including granitic and metamorphic rocks, gravel, and silty sand. Additionally, there are lahar deposits consisting of boulders and gravel with variable permeability, covered by a layer of plastic clayey silt soil, according to [15].



Volcanic activity in the area, particularly the influence of nearby volcanoes such as Cotopaxi and Tungurahua, has left a significant imprint on the local geology. These volcanic events have led to the deposition of materials such as lahars, pyroclasts, and ash, thus contributing to the formation of soils with impermeable layers, as mentioned in the study by Arumí et al. [16].




2.1.2. Soil and Land Use in the Topo River Basin


The Topo River basin predominantly features inceptisols [Figure 4], according to the ‘Geographic Information System for Agricultural Applications in Land Management’. According to the National Institute of Meteorology and Hydrology (INAMHI), soil moisture does not show a deficit in this area. Research by [17] indicates that the soils in the Llanganates mountain range region, where the Topo River originates, are granitic in nature, with coarse texture, limited porosity, and permeability, although fissures in the rock allow for some water infiltration. According to [18], granitic rocks retain around 16% of water.



Regarding vegetation, [19] identifies premontane humid forests between 700 and 1400 m.a.s.l, and montane humid forests at altitudes of 2400 to 3700 m.a.s.l. Above 3000 m, páramo vegetation can be found, according to [20]. Hofstede et al. [21] and [22] describe the presence of grass páramos between 3000 and 4500 m.a.s.l, with a mix of shrubs, grasses, and high-Andean forests, as noted by Izco et al. [23] and [24].



Although the presence of andisols in the páramos of the Llanganates has not been confirmed, studies suggest that these soils, with high water retention capacity, could be found between 3000 and 4809 m.a.s.l. In the lower part of the basin, the soil has a silty clay texture.





2.2. Water Balance


For the calculation of the surface water balance in the Topo River basin, the following Formula (1) was used, according to the approach proposed by [25], which is based on the principles established by Lvovitch (1959).


     d S ( t )   d t    = P ( t ) − E T ( t ) − R ( t )  



(1)




where S(t): Water storage in the basin as a function of time (soil, vegetation cover, aquifers, natural or artificial lakes, among others) [mm]. P(t): Precipitation as a function of time [mm]. ET(t): Actual evapotranspiration of the basin as a function of time [mm]. R(t): Surface runoff at the basin outlet as a function of time [mm].



The water balance equation incorporates actual evapotranspiration along with in situ measurements of precipitation and runoff over an analysis period from 1 January 2021 to 31 August 2022, with intervals of fifteen minutes. The study area for the water balance was limited to the point where the basin’s flow was determined (intake point, 1520 m.a.s.l), covering a total area of 370.24 km2 within the basin. The variables that make up the water balance equation were analyzed as detailed below.



2.2.1. Hydrometeorological Characterization of the Topo River Basin


For the calculation of the water balance, it is crucial to conduct a rigorous quality control of the hydrometeorological data. A visual inspection and a homogeneity test were performed to detect potential outliers or missing data. The collected and analyzed data were recorded at five-minute intervals for variables such as precipitation, temperature, relative humidity, solar radiation, wind speed, and pressure, obtained from a single station called M01, located in the lower part of the Topo River basin.



For streamflow, data were recorded every fifteen minutes at an altitude of 1520 m.a.s.l. Therefore, the analysis of the climatic data was carried out for the study period from 1 January 2021 to 31 August 2022, in fifteen-minute intervals. Although there were no nearby meteorological stations with fifteen-minute records, efforts were made to provide a better interpretation of the available data.



The records from station M01 showed no outliers or missing data, but validation tests were conducted by comparing the monthly records with neighboring stations. Linear regressions and double mass curves were used to evaluate variables such as precipitation, temperature, relative humidity, and streamflow at a monthly level.



Missing and outlier data were identified in the streamflow measurements during the study period, and this issue was addressed by using historical data with the same streamflow data scale from the three years prior to the study period to complete and validate the information.



One of the key variables in the calculation of the water balance is actual evapotranspiration, which represents the amount of water returning to the atmosphere. The process for estimating this variable is detailed below, considering climatic factors and vegetation cover, allowing for an accurate measure adapted to the specific conditions of the basin under study.




2.2.2. Actual Evapotranspiration


Firstly, we began by calculating the reference evapotranspiration for each climatic data point at a 15 min scale. The FAO Penman–Monteith equation was used due to its ability to consider multiple climatic parameters and provide greater accuracy in the estimates. Since the equation used is adapted for hourly intervals, following FAO’s recommendation for sub-daily periods, such as the 15 min climatic data available in this research, the equation for reference evapotranspiration is as follows:


  E T o =    0.408 ∆   R n − G   + γ   37     T   h r   + 273     u   2       e   °       T   h r     −   e   a       ∆ + γ   1 + 0.34   u   2         



(2)




where ETo is the reference evapotranspiration (mm hour−1), Rn is the net radiation at the surface (MJ m−2 h−1), G is the soil heat flux (MJ m−2 h−1), Thr is the mean air temperature (°C), u2 is the wind speed at 2 m height –(m s−1), ea is the actual vapor pressure (kPa), Δ is the slope of the vapor pressure curve at Thr (kPa °C−1), Thr is the air temperature [°C], γ is the psychrometric constant (kPa °C−1), and e°(Thr) is the saturation vapor pressure at air temperature (kPa).



Since the evapotranspiration derived from the FAO equation is considered as reference evapotranspiration, the crop coefficient (Kc) was determined to calculate actual evapotranspiration (ET). Given that this research has climatic information from only one station (M01), there is a limitation in the spatial representation of actual evapotranspiration within the basin, as well as of other hydrometeorological parameters.



To calculate ET, a Kc was derived that, according to FAO, reflects the various physical and physiological characteristics of each crop. The determination of Kc was performed using satellite images based on the Normalized Difference Vegetation Index (NDVI), following the methodology proposed by Cuesta et al. [26]. Through this approach, an average Kc value was obtained that covers the entire area of the Topo River basin. The equation for the crop coefficient according to Cuesta et al. [26] is a function of the NDVI and is presented below in Equation (3).


  K c = 1.25 ∗ N D V I + 0.2  



(3)








2.2.3. Normalized Difference Vegetation Index (NDVI) and Crop Coefficient Kc


It is important to mention that the NDVI is a widely used indicator for analyzing the quantity, quality, and development of vegetation. It is obtained from measurements or remote sensors, often installed on space platforms. In simple terms, the NDVI provides information about the abundance and density of vegetation that is perceptible in a satellite image, as noted by [27].



The NDVI map was generated using a raster file from the Land Viewer website, which was captured by the Sentinel 2 satellite on 8 September 2022, with a cloud coverage index of 20%. It has a low resolution in terms of raster pixels (X: 20 m, Y: 20 m). Based on the approach proposed by Mejía et al. [28], land use in the basin area was classified according to NDVI values, establishing the categories presented in Table 1. Subsequently, the physical characteristics of the vegetation covering the basin were characterized using specific NDVI values for the Topo River basin. It should be noted that the NDVI range (0.2–0.45) was not detected in the study basin; therefore, only detailed NDVI values are available in Figure 5 and Table 2.



After determining the NDVI in the study basin, the calculation of actual evapotranspiration (ET) for each climatic data point at the 15 min scale in the basin was carried out using the following Equation (4).


  E T = E T o ∗ K c  



(4)







The characterization of the physical appearance of the vegetation covering the basin, using specific NDVI values from the Topo River basin, can be observed in Figure 5. The coefficient, which varies from 0.65 to 1 (corresponding to forests), predominantly represents the main vegetation cover in the basin. The average value of the crop coefficient (Kc) calculated for the Topo basin was 1.14, as detailed in Table 2.





2.3. Hydrometeorological Dynamics of the Topo River Basin


After determining the evapotranspiration and validating the climatic variables from the M01 station, a hydrometeorological characterization of the basin was conducted [Figure 6]. The average annual precipitation in the lower region of the basin is notably high, reaching 4659 mm, which classifies it as a rainy area. Precipitation is consistent throughout the year.



The intensity of precipitation reaches 50 mm/h in the Topo basin. Solar radiation shows higher incidence during the last months of the year. Relative humidity is high in the lower region of the basin, especially during the rainy months, contributing to a humid tropical climate. Atmospheric pressure varies seasonally and tends to be higher in the Amazon region, according to Cunalata et al. [29]; in the Topo basin, high-pressure levels are observed from May to September. Wind speed is higher from July to November in the Topo basin. The average temperature is 17.5 °C, with low-temperature levels observed from May to September. Actual evapotranspiration shows high levels during the last months of the year in the basin.



Runoff is significant, with peaks during the rainy months (April to August) and minima during the months with less precipitation (August to December–January to April). The limitation in the duration and geographical extent of the climatic data prevents a robust analysis that would allow the identification of long-term climatological trends, which would be necessary to evaluate the behavior of climatic variables in seasonal cycles or in response to climate variability phenomena over several years. To provide a comparison with a longer period, it would be necessary to have climatic records from several years and from multiple stations with data recorded at the same temporal scale, which unfortunately is not available in this case due to the limitations of the monitoring network in the region and the lack of stations that capture data with the same temporal precision.



After determining the annual water storage in the Topo basin through the calculation of the water balance, we began to identify the morphometric and hydrometeorological parameters that influence the variation in water storage. Subsequently, these variables were compared with the morphometric and hydrometeorological parameters of other basins, with the aim of identifying the determining factors that control the variability in water storage through a Pearson correlation matrix. This comparative approach helps to better understand hydrological dynamics and establish common patterns that influence the water storage capacity of mountainous basins.




2.4. Morphometric Characterization of the Topo River Basin


The data for the morphometric characterization were obtained from maps, cartographic sheets, and aerial photographs, with detailed hydrographic and topographic information [30]. These data were used to analyze the morphometric factors that influence water storage through the water balance.



Morphometric analyses of the basin were conducted using georeferenced satellite images in WGS84–UTM 17S coordinates, utilizing a Digital Elevation Model (DEM) from the hydroelectric company ECUAGESA, with a pixel resolution of (X: 12.5 m; Y: 12.5 m). The results, supported by Geographic Information Systems (GIS), allowed the generation of thematic maps that describe the morphometric characteristics of the Topo River basin.



Using ArcGIS, the morphometric parameters of the basin were identified, as shown in Table 3. The organization of the drainage system is illustrated in Figure 7a according to [21], and a slope map [Figure 7b] and the hypsometric curve defining the altitudinal levels of the basin [Figure 7c] are presented. The basin is in a state of equilibrium between erosion and sedimentation, according to the hypsometric curves of [31].



Table 3 details the morphometric parameters, highlighting that 40% of the surface is occupied by páramos [20]. The broad altitudinal range (1291 to 4809 m.a.s.l.) mainly hosts premontane and montane rainforests, which influence the hydrological dynamics and water storage.



Classified as a sixth-order basin, it has an average slope of 45%, with 46% of the mountainous area having slopes between 14° and 26° in the southwest, and 40% with slopes greater than 35% in the northeastern zone [Figure 7b]. The basin covers 370.24 km2, with a perimeter of 104.81 km and a native rainforest topography in premontane and montane areas. Additionally, it includes lakes in the páramos covering 1.42 km2 and a main river of 45 km with a slope of 5%. The drainage pattern is dendritic, with a total river length of approximately 943.11 km.



The basin has a moderately elongated shape, with an elongation coefficient of 0.74 and moderate compaction, suggesting high torrentiality and a well-developed drainage system. The drainage density (2.14) indicates a dense system influenced by the mountainous topography.



Vargas et al. [31] have identified the presence of non-permanent permanent snows above 4200 m.a.s.l. on Cerro Hermoso. This phenomenon could play a crucial role in the region’s water supply, as the accumulation of snow in the upper basin significantly contributes to surface runoff during melting periods [30]. However, this dynamic is not uniform across all Andean regions. For instance, at Antisana volcano, Ecuador, only a small proportion of river water comes from glacier melt, underscoring the variability in water sources in different basins. Furthermore, it should be noted that information regarding the location and volume of these snow layers, highlighted by Vargas et al. [31], remains limited, as aerial photographs have not successfully captured the snow contrast in the Topo River basin, thus hindering proper monitoring. The Topo River, which originates at an altitude of 3700 m.a.s.l., flows through an ecosystem of montane rainforests. Therefore, in the upper basin of the Topo River, where this montane rainforest ecosystem predominates, the presence of a glacial layer in its upper part would be nonexistent.




2.5. Relationship of Water Storage with Morphometrics and Hydrometeorology


To address the understanding of the interaction between morphometric and hydrometeorological variables with water storage in the basin, a comprehensive comparison was conducted with different annual water storage values in several basins. This review focused on seeking studies that analyzed the water balance of watersheds, especially those highlighting annual water storage estimates along with morphometric and hydrometeorological parameters.



After compiling a variety of relevant studies from the Santa Inés [32], Lago del Fuerte Reservoir [33], Río Blanco [34], Río Sumpulito [35], Tres Valles [36], and Río Yarumayo [37] basins, a detailed analysis was carried out. This analysis aimed to identify any inferences or correlations that might exist between water storage and morphometric and hydrometeorological characteristics by applying a Pearson correlation matrix [PC], as indicated in the research of [38]. These morphometric and hydrometeorological variables included the following: annual water storage (S), annual precipitation (Prec), annual actual evapotranspiration (ET), watershed area (A), mean slope (MS), altitude (Alt), length of the main river (Cm), drainage density (Dd), Gravelius compactness coefficient (Kc), watershed perimeter (P), and form factor (IF).



By examining these studies, patterns or trends suggesting the influence of certain morphometric and hydrometeorological variables on water storage were identified. This process provided a solid foundation for exploring the complex relationship between watershed morphometry and climate concerning water storage.





3. Results


3.1. Water Balance of the Basin


In Figure 8, an analysis of the water balance of the Topo River basin during the period from January 2021 to August 2022 is presented. A total of 7900.9 mm of precipitation was recorded, of which 88.37% became runoff (6981.9 mm), 10.99% was converted to actual evapotranspiration (867.9 mm), and 0.65% was stored (51.0 mm) in the basin at the end of the analysis period.



During the study period, the average water storage in the basin was observed to be 155 mm. There were periods of storage above and below this average, with a maximum of 288.3 mm in April 2022 and a minimum of 49.4 mm in August 2022. This behavior is related to variations in evapotranspiration rates, precipitation, and runoff. Regarding actual evapotranspiration, an average value of 44 mm was noted, with a maximum of 56 mm in November 2021 and a minimum of 34 mm in March 2022.



Annually, precipitation was 4658.6 mm, with 11.44% of actual evapotranspiration (533.0 mm), 88.36% generating runoff (4116.5 mm), and an average annual storage of 9.1 mm, equivalent to 0.20% of annual precipitation. The basin exhibits a high level of surface runoff with no subsurface contributions from other basins. The runoff coefficient in the Topo River basin is 0.88 annually, due to the presence of clayey soils and steep slopes that favor this type of runoff, supported by Ibáñez et al. [39].



The dynamics of annual water storage in the basin reflect a marked seasonal behavior, with a water surplus between January and July, followed by a progressive decrease from August to December. This pattern is mainly influenced by changes in the climatic parameters of the region, such as variations in precipitation, evapotranspiration, and temperature. These combined factors condition the availability of water resources throughout the year in the basin [Figure 9].




3.2. Potential Relationship of Water Storage with Morphometry and Hydrometeorology


Next, in Table 4, a detailed analysis of the relationship between the morphometric and hydrometeorological parameters of several watersheds in relation to water storage is presented. Firstly, the importance of precipitation volume is highlighted as a crucial factor for increasing water storage in a watershed; however, this parameter indicates that greater precipitation dynamics do not necessarily lead to higher water storage in a watershed.



The evapotranspiration factor, although it acts as a loss of water storage, shows an interesting trend. It is observed that as the value of evapotranspiration increases in other watersheds, the volume of storage tends to be greater.



On the other hand, concerning the watershed area, it is observed that a larger size ensures greater water storage. The average slope of the watershed presents an interesting factor, as there is an inversely proportional relationship with water storage. This suggests that watersheds with steeper slopes tend to have lower water storage. Additionally, the altitude of the watersheds provides an inversely proportional relationship to storage, indicating that watersheds at higher altitudes result in less water storage.



When observing the relationship between the length of the main river channel and water storage, a directly proportional correlation is confirmed. A longer main river length is associated with greater storage, while a shorter length tends to result in less water storage.



Drainage density (Dd) does not show a clear association with water storage in the analyzed watersheds due to its weak negative correlation. The form factor (IF) demonstrates that narrow watersheds tend to have greater storage compared to wider watersheds. Conversely, the Gravelius compactness index (Kc) shows a positive relationship with water storage, suggesting that watersheds with more oval shapes tend to retain a greater volume of water.



These findings provide a deeper understanding of the complex interactions between morphometric and hydrometeorological parameters in the context of water storage in watersheds. They highlight that water storage depends on various physical and climatic characteristics present in a watershed.





4. Discussion


The Topo River basin presents a combination of morphometric and hydrometeorological factors that contribute to its water storage capacity, reflected in its variety of rivers and lakes. The lack of alterations due to forest activities has preserved the natural soil conditions, ensuring that the hydrometeorological and morphometric dynamics of the basin remain unaltered.



The Topo River basin exhibits distinctive hydrological behavior due to a combination of morphometric and meteorological factors, as well as the preservation of its forest cover. With an annual precipitation of 4659 mm, where 88.36% becomes runoff (4116.53 mm), while 11.44% (533 mm) corresponds to evapotranspiration, the average annual storage is only 9.12 mm, equivalent to 0.20% of total precipitation. This low annual storage percentage is short compared to other basins, where storage values are significantly higher.



For example, various studies in Amazonian basins in Ecuador, such as the El Puyo station, report that annual evapotranspiration is 19.21% (879.3 mm), and annual water storage is higher relative to the Topo basin, reflecting a wetter ecosystem and greater water retention capacity [19]. In the Chiguaza River basin, southeast of Topo, 36% of annual precipitation evaporates (1080 mm), indicating a more balanced water budget [40]. Similarly, in the Araujo River basin, evapotranspiration reaches 40% (1400 mm) of an annual precipitation of 3500 mm [41].



In the Andean regions, hydrological behavior is diverse. The microbasins of the Joya de los Sachas canton exhibit a water surplus of 16.93% due to runoff (17%) and evapotranspiration (32.5%), suggesting more efficient storage than in the Topo basin [42]. Additionally, the Chilcay microbasin, in southern Andes, has a storage of 18.7 mm in a forested and protective vegetation ecosystem, although with relatively low evapotranspiration of 680.5 mm [43]. In the Zhurucay basin, despite lower precipitation (1281 mm/year), annual water storage is reported to be 32 mm [44].



In other mountainous regions outside Ecuador, such as the Georgia basin in the United States, a significantly greater storage capacity is recorded, reaching 219 mm annually [45]. In Venezuela, the Canoabo River basin stores 260 mm per year, representing a considerable value compared to the Topo basin, even though precipitation is lower (1000 to 1200 mm annually) and evapotranspiration is lower (between 62 and 92 mm) [46].



When comparing the Topo River basin with the other studied basins, it is evident that its water storage capacity is low. This can be attributed to its high runoff, which constitutes the majority of the water balance. Nevertheless, the preservation of forest cover in the Topo basin plays a crucial role in regulating the water cycle by facilitating infiltration and water storage, as highlighted in the findings of [47] and other studies, such as [48].



The analysis of the morphometric and hydrometeorological parameters of the Topo River basin in relation to water storage compared to other basins in previous studies reveals significant findings. While rainfall is crucial for increasing water storage, its impact is not always direct. Factors such as soil water retention capacity and basin shape influence the retention and distribution of water [49,50]. Moreover, although evapotranspiration represents a loss of water, its increase can correlate with greater water storage in some basins.



It is noteworthy that in this area, the runoff coefficient is very high (0.88) compared to different runoff coefficients found in the Andes or other mountainous areas, a finding supported by the Joint Amazon Cooperation Commission, which indicates that in the Amazon region, the runoff coefficient is 0.91, meaning that a significant proportion of precipitation flows into rivers and water bodies. It is important to emphasize that, in tropical areas with high precipitation, the number of drainage channels is greater due to the soil’s inability to absorb water, exacerbated by volcanic activity that has produced impermeable soils, increasing water flow in the Topo basin, as noted by Morejón Miranda et al. [11]. The precipitation in the basin is high and aligns with the high runoff coefficient, which relates to the previously mentioned findings by Morejón Miranda et al. [11], where it is also emphasized that runoff coefficients above 0.42 occur in annual precipitation exceeding 1600 mm.



Furthermore, the geological composition of the basin, primarily composed of metamorphic and granitic materials, contributes to maintaining a constant high flow throughout the year; this is also supported by research such as [19]. This geological composition of the basin also exhibits significant surface runoff, including limestone, sandstone, and silty clay soils, favoring high surface runoff [42]. As stated by Vidal et al. [48], this research confirms that an increase in the runoff coefficient implies a reduction in water storage capacity, as the increase in impermeable areas decreases infiltration and storage capacity, resulting in an increase in runoff, a factor observed in the Topo basin.



On the other hand, morphometric factors such as drainage density (2.14) are high compared to other basins, and in conjunction with the bifurcation index (4.5) in the basin suggest a tendency towards torrential flow and low water storage capacity [51], affecting the infiltration capacity and promoting surface water movement [52,53]. This could lead to the presence of aquifers with relatively shallow water levels, according to Arumí et al. [16]. Additionally, there is no strong relationship between drainage density and water storage in the analyzed basins; however, an inverse trend between drainage density and storage is observed, demonstrating the findings of Busnelli et al. [51], which indicate that higher drainage density values promote greater runoff, reduced infiltration, and low water storage, a dynamic that relates to the Topo basin.



Another factor contributing to lower water storage is the steep slopes with higher altitude ranges in the Topo basin, showing an inverse relationship with water storage, suggesting that steeper basins retain less water due to increased runoff.



A further relevant factor observed is that when the main river is longer, it generates less stored water. In contrast, it was found that the Gravelius compactness index (Kc) has a positive relationship with water storage, implying that basins with a more elongated shape tend to retain a greater volume of water, as detailed in the research of [34]. This is also reflected by the shape factor (IF), which is inversely proportional to water storage, where narrower basins with a longer river length generate better water storage.



Finally, based on the aforementioned points, the applicability of this study lies in establishing viable alternatives to better understand the hydrological behavior of little-known basins, where data are scarce. By comparing the morphometric and hydrometeorological parameters of several basins with those of the Topo River basin, it is possible to infer the state of water storage under the conditions of the basin’s morphology, such as area, perimeter, shape factors, compactness indices, average basin slope, average altitude, and drainage density, providing valuable preliminary information for the management of water resources in tropical areas with limited data coverage.




5. Conclusions


The conclusions drawn from the analysis of water storage in different watersheds, including the Topo River watershed, allow for the identification of key patterns in the behavior of watersheds with diverse morphometric and climatic characteristics.



In particular, it is noteworthy that although the Topo River watershed receives a considerable volume of annual precipitation (4658.6 mm), only a small percentage (0.20%) is stored. This low level of storage appears to be influenced by factors such as soil impermeability, steep slopes (45%), and a high runoff coefficient (0.88), reflecting the importance of these parameters in the hydric dynamics.



The Pearson correlation analysis reveals relationships between morphometric and climatic variables and water storage. Although precipitation is a key factor for water storage, its effect is not always direct (PC = −0.4). Evapotranspiration, generally viewed as a factor that reduces storage, may be related to greater storage in certain watersheds (PC = 0.65). Furthermore, watersheds with larger areas and longer main rivers exhibit greater storage potential (PC = 0.77 and 0.73, respectively), while those with steep slopes and large altitudinal ranges tend to reduce their storage capacity (PC = −0.35 and −0.59).



Conversely, well-drained, wide, and rounded watersheds, contrary to what one might expect, show lower water storage, with correlation coefficients suggesting a negative relationship with these characteristics (PC = −0.50, −0.10, and −0.68). These findings underscore the complexity of the processes influencing water storage and the need to consider a variety of factors in managing water resources in watersheds, especially in those with extreme characteristics or data scarcity.



Finally, one of the main drawbacks of this research is undoubtedly the lack of long-term data. However, the novelty of this work lies in the fact that, despite this limitation, it is possible to obtain an initial perception of the hydrological balance behavior in the watershed based on morphometric characteristics. This lays the groundwork for future investigations and opens the door to more comprehensive interventions.



Despite the limitations of data and accessibility, global data sources and remote technologies have allowed for a thorough analysis in this research. When studying mountainous watersheds that are difficult to access and have limited field information, it is crucial to use global data sources and remote technologies, such as satellite imagery and lower-resolution digital elevation models. These sources provided an overview of the watershed and its characteristics. However, it is important to validate these data with field visits to obtain detailed information about local geology, hydrology, and ecology, although these visits can be challenging to organize and costly in remote areas.



This research has been valuable in assessing water availability in under-monitored systems in tropical mountain climates with inaccessibility and limited information.
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Figure 1. Location of the study area; (a) study area with the location of the meteorological station; (b) country where the Topo River basin is located; (c) location of the study site in Tungurahua Province. 
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Figure 2. Location of Llanganates National Park according to [9]. 
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Figure 3. Geological map of the Topo River basin. 
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Figure 4. Soil taxonomy of the basin. 
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Figure 5. NDVI representation in the Topo River basin. 
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Figure 6. Monthly hydrometeorological dynamics of the Topo River basin. (a) Variation in actual evapotranspiration; (b) variation in precipitation; (c) variation in pressure; (d) variation in relative humidity; (e) variation in solar radiation; (f) variation in temperature; (g) variation in wind speed; (h) variation in flow. 
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Figure 7. Morphometry of the Topo River basin. (a) Drainage network; (b) slopes; (c) hypsometric curve. 
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Figure 8. Water balance in the Topo River basin. (a) Dynamics of precipitation and flow; (b) dynamics of actual evapotranspiration; (c) variation in water storage; (d) cumulative water storage in the Topo basin. 
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Figure 9. Variation in annual water storage. 
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Table 1. NDVI classification.
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	Category
	Range
	Type
	Description





	1
	−n–0.2
	Without vegetation, water, shadows
	River-associated soils



	2
	0.2–0.45
	Soil without cover or sparse vegetation
	Urban area soils



	3
	0.45–0.55
	Sparse vegetation
	Grasslands



	4
	0.55–0.65
	Scattered vegetation
	Soils associated with agricultural activities and shrub and herbaceous vegetation



	5
	065–1
	Forest
	Soil with abundant shrub vegetation










 





Table 2. Crop coefficient (Kc) representative of the Topo River basin.
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Code

	
NDVI

	
Description

	
Kc = 1.25 * NDVI + 0.2

	
Kc

	
Kc Topo Basin




	

	

	

	

	
Minimum

	
Maximum

	
Mean

	






	
1

	
−0.96

	
−0.0225

	
Bodies of water

	
−1

	
0.17

	
−0.62

	
1.14




	
2

	
0.45

	
0.55

	
Grasslands

	
0.7625

	
0.89

	
0.78




	
3

	
0.55

	
0.65

	
Sparse vegetation

	
0.8875

	
1.01

	
0.92




	
4

	
0.65

	
1

	
Forest

	
1.0125

	
1.45

	
1.23











 





Table 3. Morphometric data of the Topo River basin.
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	Data
	Legend
	Unit
	Value





	Landscape type
	-
	-
	Mountain



	Relief
	-
	-
	Rugged



	Soil texture
	-
	-
	Silty clay (lower basin)



	Geological formation
	-
	-
	Tena, Napo, Hollín



	Soil taxonomy
	-
	-
	Inceptisols, andisols



	Altitude
	-
	m.a.s.l.
	1291–4809



	Land use
	-
	-
	Forest, herbaceous and shrubby vegetation, grasslands



	Mean slope of the basin
	MS
	%
	45



	Lagoon area
	Al
	Km2
	1.52



	Basin area
	A
	Km2
	370.24



	Basin perimeter
	P
	Km
	104.81



	Axial length
	L
	Km
	32.05



	Basin relief
	Hc
	m
	3518



	Total drainage length
	Ct
	Km
	943.11



	Main river length
	Cm
	Km
	45



	Number of sixth-order streams
	N6
	-
	1



	Drainage density
	Dd
	Km/Km2
	2.14



	Main channel slope
	SI
	%
	5



	Elongation
	E
	-
	0.74



	Compactness
	C
	-
	0.5



	Stream frequency
	Fn
	-
	3.12



	Total sinuosity coefficient
	SI
	-
	1.40



	Number of streams
	Nr
	-
	2540



	Elongation index
	Ias
	-
	1.60



	Number of bends
	CN
	-
	72.43



	Shape factor
	IF
	-
	0.43



	Basin circularity
	C
	-
	0.5



	Average width
	Ap
	Km
	20



	Asymmetry index
	Ias
	-
	1.7



	Gravelius compactness coefficient
	Kc
	-
	1.4



	Bifurcation ratio
	Rb
	-
	4.5










 





Table 4. Relationship of water storage with morphometry and hydrometeorology in different watersheds.
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	Basin
	S [mm]
	Prec [mm]
	ET [mm]
	A [km2]
	PM [%]
	Alt [m.a.s.l.]
	CM [km]
	Dd [km/km2]
	Kc
	P [Km]
	IF





	Topo
	9.12
	4658.63
	533
	370.24
	45
	3518
	45
	2.14
	1.4
	104.81
	0.4



	Santa Inés
	383
	1354
	762
	20
	10
	1010
	11
	1
	-
	27
	-



	Del embalse lago del fuerte
	146
	849
	703
	19.94
	5.41
	289
	-
	1.24
	1.51
	-
	0.8



	Río Blanco
	161.33
	-
	-
	104.12
	1.4
	333
	23.77
	0.23
	2.23
	80.65
	0.2



	Sumpulito
	360.74
	2125.4
	1104.34
	40.07
	7.84
	1332
	12.29
	1.89
	1.94
	43.65
	0.5



	Tres Valles
	736.64
	1161.94
	-
	3958.61
	15.26
	350
	187.93
	-
	2.15
	473.36
	0.1



	Yarumayo
	51.74
	1082.31
	826.21
	416.58
	22.29
	3731
	13.9
	1.21
	1.43
	104.2
	-



	PC
	-
	−0.4
	0.6
	0.8
	−0.4
	−0.6
	0.7
	−0.1
	0.7
	0.7
	−0.5
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