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Abstracts 

In recent years, the Teusacá River basin has experienced economic development based on 

agroindustrial activities, intensive grazing, and construction material exploitation. Furthermore, 

urban expansion and water abstraction in the San Rafael Reservoir have contributed to changes 

in land use and vegetation cover. These changes generate impacts that affect the hydrological 

balance, triggering events such as floods, droughts, and forest fires. Therefore, it is necessary 

to establish a relationship between land use and land cover changes and the hydrological 

response of the basin and, at the same time, assess the likelihood of flooding events. To this 

end, an integrated approach was used, utilizing models in HEC-HMS, HEC-RAS, and various 

maps from open data and ArcGIS to analyze the watershed's hydrological response to changes 

in land cover and precipitation between 2000 and 2018. The results showed that, although the 

curve numbers showed minimal changes between the two years, they were sufficient to generate 

an increase in flows of between 1 and 2 m3 /s over the different return periods. The model also 

demonstrated that there are areas susceptible to flooding with a 5-year return period. It was 

evident that, in 2018, these areas showed flood patches with a depth greater than those recorded 

in 2000. 

Keywords: Hydrologicalmodel, land use, flow, impact, susceptibility.  

 

1. Introduction 

The Teusacá River sub-basin is located in the north eastern part of the Cundinamarca 

Department, in the central-eastern part of the Bogotá River basin, in the Cundinamarca-Boyacá 

plateau. The municipalities of La Calera, Sopó, Guasca, Bogotá, Tocancipá, Choachí, Chía, and 

Ubaque are locatedwithinthissub-basin. It´swatersflowfromtheVerjón and Tunjos highlands in a 

south-northdirectionuntiltheyemptyintothesoutheastern sector ofthe Bogotá River[1]. 

The upper Teusacá River basin constitutes the main natural area near the city of Bogotá, the 

capital. Fundamental ecological processes emerge and take place in this area, generating 

resources and benefits for the population and surrounding areas. These include water 
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management, climate control, and air pollution control in the eastern part of the capital [2]. Both, 

the upper Teusacá River basin and the eastern hills have been subject to regulatory laws since 

the mid-20th century. These laws established the first guidelines for supervising and regulating 

land use and management in the basin area. Previously, people disposed of the land without 

regard for environmental considerations, engaging in activities such as road construction, 

firewood extraction, housing construction, and domestic activities. These development activities 

gave strength to the urbanization process, as well as to the traditional agricultural practices of 

the Teusacá community. In addition, the need for construction materials to meet the development 

needs of Bogotá led the population to participate in mining extraction activities, creating quarries 

for the exploitation of sand and clay [3]. 

Likewise, Pedraza[4]mentioned that similar phenomena occur in the middle-lower basin, since 

changes in the landscape and nature are observed to satisfy human needs, since in recent decades 

deforestation and changes in forest cover in crop and livestock production areas have increased. 

This allocation of use can result in a conflict of use that generates problems and negative impacts 

on the ecosystem, especially of the soil and water resources, since it can have various impacts 

on the quality and sustainability, favoring the degradation and contamination of these. The 

constant increase in population and accelerated urbanization makes the risk of flooding latent, 

putting human health and life at risk [5]. 

The above highlights that the Teusacá River sub-basin has provided various natural resources 

for human activities. Furthermore, Muñoz et al. [6], state that the Teusacá River is one of the 

most important tributaries of the Bogotá River, which supplies at least seven municipalities for 

domestic, agricultural and livestock activities, and also discharges wastewater into the river. Due 

to the urgency of managing resources sustainably, research is emerging that is dedicated to 

evaluating the behavior of water bodies considering the complex interactions between the 

environment and hydrology. As mentioned above, the basin has been affected by changes in land 

use, which directly affect its water supply [7]. Studies revealed that the different hydrological 

responses are linked to vegetation cover as well as to the soils [8]. 

For these hydrological studies, software such asHEC-HMS (Hydrologic Engineering Center-

Hydrologic Modeling System) and HEC-RAS (Hydrological Engineering Center – River 

Analysis System)are normally used, where the first is designed to simulate the level of runoff 

that occurs at a specific point in a basin from a period of precipitation, while the second 

allowshydraulicmodeling todetermine the water level, so its main objective is to determine 

floodable areas. Therefore, in the present study, we intend to use both software programs with 

the intention of generating a more complete scenario regarding the Teusacá River, determining 

the outflow based on precipitation data and vegetation cover, and subsequently, evaluating 

whether a certain maximum flow generates flood zones around the river that could endanger the 

lives and infrastructure of the inhabitants of said area. 

Thereare differentmethodsforcalculatingsurfacerunoffproducedbydifferentprecipitationevents; 

however, oneofthemostaccepted, givenitssimplicity, 

istheoneproposedbytheUnitedStatesSoilConservationService (USSCS). 

Tomeettheobjectiveofthestudy, itwasimportanttoestimatethe curve number (CN) 

accordingtothehydrologicalmethodoftheSoilConservationService (SCS) usedto determine 
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therunoffproductioncapacity after a periodofmaximumprecipitation. Prieto et al. [9]and Ibáñez 

[10],agreethatthismodelallowsthe cumulative surfacerunoffproducedby a stormto be obtained in 

a givenarea. Itisestimatedusing a combinationofland use and thesoilhydrologicalgroup, classified 

as A, B, C, and D, where A correspondsto a soilwith a highinfiltrationrate, whilesoilswith a 

lowinfiltrationrate are included in groupD [11]. 

 

2. Materials and Methods 

Watershed characterization:To achieve the objectives of this study, the morphological 

parameters and indices of the TeusacáRiver basin were estimated (Table1) using ArcGIS 

software. Initially, the raster of the digital elevation model (DEM) obtained from the 

International Center for Tropical Agriculture (CIAT) website was downloaded, selecting the area 

of interest,to then identify the hydrographic network of the basin. For this purpose, the Fill tool 

was used to locate and fill raster sinks, removing small imperfections. The flow direction and 

flow accumulation tools were then used,to obtain the main hydrographic network. To determine 

the area and perimeter of the basin, new fields of type double were created in the attribute table, 

and for the basin length, the meausure tool was used to draw a line from the highest point to the 

lowest point of the basin, equivalent to the average length of the basin, whose value was then 

substituted in equation 1 to obtain the average width of the study area. Knowing these 

parameters, the compactness, shape and elongation ratio indices were calculated using equations 

2, 3 and 4 respectively. 

The drainage density was calculated from the statistical analysis of the drainage network found 

from the Stream to feature tool, from this the information of the sum of the drainage lengths is 

obtained to be able to replace in equation 5. Likewise, to determine the average slope of the basin 

the DEM raster was used in conjunction with the slope tooland reclassify to calculate the slope 

percentages of the study area, and subsequently, the zonal statistics as table tool is used to use 

the data from the “count”column. 

Table 1. Morphologica lparameter equations 

Parameter Equation No. Specification 

Average width of the basin 
𝐵 =

𝐴

𝐿
 

1  

Where 

 

A: Basin area 

L: Length of the basin 

P: Perimeter of the basin 

So: Average slope of the main channel 

Lc: Length of the main channel 

Hmac. Maximum height of the basin 

(msnm) 

Compactness index 
𝐾𝑐 = 0.28

𝑃

√𝐴
 

2 

Form index 
𝐹 =

𝐴

𝐿2
 

3 

Elongation ratio 
𝑅𝑒 = 1,128

√𝐴

𝐿
 

4 

Drain density 
𝐷𝑑 =

𝐴

𝐿
 

5 
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Average slope of the channel 
𝑆𝑚 =

𝐻𝑚𝑎𝑥 − 𝐻𝑚𝑖𝑛

𝐿𝑐
 

6 Hmin. Minimum height of the basin 

(msnm) 

I: precipitation intensity (mm/h) 

T: Delay period (years) 

t: Precipitation duration time (min) 
Concentration time (h) 

 𝑇𝑐 = 0.066(
𝐿𝑐

√𝑆𝑜

)0.77 
7 

 

Precipitation intensity (mm/h) 
𝐼 =

𝑘 ∗ 𝑇𝑚

𝑡𝑛
 

8  

The data in this column indicate the frequency with which a given slope percentage occurs. This 

value is multiplied by the average difference in elevations, and finally, the result is divided by 

the sum of the occurrences. For the average slope of the main channel, equation 6 is used, 

applying the minimum and maximum elevations for the area of interest. Likewise, the Kirpich 

formula, shown in equation 7, was used to calculate the time of concentration. 

The hypsometric curve parameter was constructed by placing the values corresponding to the 

different heights of the basin on the ordinates and the area values that are above the 

corresponding heights on the abscissas, based on the total area of the basin. Again, using the 

DEM raster, a reclassification with equal intervals is performed. Employing the zonal statistics 

as table tool, a table was obtained with the maximum and minimum height values, and the area 

between curves, whose values are used to determine the average, cumulative, and percentage 

elevations. The aforementioned process is projected in Table.  

Table 2. Data for the construction of the hypsometric curve. 

Min Quota Max Cota 
Partial 

areas 
Cumulative 

area 
Area remaining 

on the surface 
% of area 

% of 

accumulated 

area 
Cota Prom 

2,550  2.605 88.77 88.77 375.18 23.66 100.00 2,577.5 
2.605  2.681 28.92 117.69 286.41 7.71 76.34 2.643 
2.681  2.754 29.43 147.12 257.48 7.84 68.63 2,717.5 
2.754  2.826 38.31 185.43 228.05 10.21 60.79 2,790 
2.826  2.899 34.12 219.55 189.75 9.09 50.58 2,862.5 
2.899  2.963 31.68 251.23 155.63 8.44 41.48 2.931 
2.963  3.026 32.19 283.41 123.95 8.58 33.04 2,994.5 
3.026  3.090 27.82 311.23 91.76 7.42 24.46 3.058 
3.090  3.154 18.79 330.03 63.94 5.01 17.04 3.122 
3.154  3.214 14.38 344.41 45.15 3.83 12.03 3.184 
3.214  3.273 12.49 356.90 30.77 3.33 8.20 3,243.5 
3.273  3.337 8.70 365.60 18.28 2.32 4.87 3.305 
3.337  3.410 4.50 370.10 9.58 1.20 2.55 3,373.5 
3.410  3.495 3.38 373.48 5.08 0.90 1.35 3,452.5 
3.495  3.640 1.70 375.18 1.70 0.45 0.45 3,567.5 

    375.18     100.00     

Note: Areas (km2), Heights (msnm). 

Coverage maps (2000-2018) and curve number (CN): To prepare the coverage maps, the open 

data of the AgustínCodazzi Institute (IGAC) were entered and the shapefiles corresponding to 

the area and year of interest were downloaded, subsequently the layers were processed by 
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clipping the layer according to the geoform of the basin, to determine the percentage of the area 

according to the land use classifications. The process was used to obtain the percentages for the 

years 2000 and 2018. 

To determine the curve number, the United States Soil Conservation Service methodology was 

used, which required downloading the land use shapefile, soil type, and digital elevation model. 

Following this, a classification was made according to the hydrological group (GH) according 

to classification A, B, C, or D according to the methodology [12]and the survey of 

Geomechanical information in the Bogotá Savannah [13], which for the present investigation 

was based on the type of rock present. This information is accompanied by the creation of a new 

column that corresponds to the code equivalent to the type of land use, in line with the 

methodology. 

Once they are classified, an intersection is made between both layers, land use and soil type, with 

the intersect tool. The result generates new numeric attribute fields corresponding to Pct A, Pct 

B, PctC, Pct D and LUValue respectively, and one more text type field named LUCode. With 

the help of the Field Calculator tool, it is added that LUCodeis equal to the previously classified 

hydrological group (GH) and LUValue is equal to the Land Use code, and the other values of 

PctA, PctB, PctC, PctD. A value of 100 is added if they match, otherwise zero is placed. This 

way until all the columns are filled with PctB, PctC and PctD. 

Then with the Create Table tool, the intersection shape is entered and the table name 

"CNLookUP" is go into, where the columns LUValue, Description, A, B, C and D are placed, 

and 4 additional rows are created, where the classification is added in the description: water, 

residential, forests and agriculture, and then the corresponding values by hydrological group. 

Finally, with the HEC-GeoHMS tool in the Utility option Generate CN Grid was selected , where 

the digital elevation model, the intersection layer, and the CNLookUP table were entered as 

input. The above produces the raster with the corresponding CN. To determine the average CN 

for each area, the raster is converted to a polygon and the area is multiplied by the curve number, 

divided by the total area of the watershed. 

IDF curves and hyetograph:To generate the intensity-duration-frequency (IDF) curves, 

hydrometeorological data were collected from various stations located in San Luis 1 and 2, La 

Casita, San Pedro, and Parque Sopo. These data were obtained through open sources provided 

by the Regional Autonomous Corporation (CAR), the Institute of Hydrology, Meteorology, and 

Environmental Studies (IDEAM), and the Bogotá Water and Sewer Company (EEAB). From 

this information, the maximum daily precipitation records by month and year for each station 

were extracted. It is important to note that some stations presented incomplete data, so 

complementary information from external research was used. Furthermore, due to the difficulty 

in accessing more accurate data, it was decided to use precipitation records from the period 

between 1980 and 2014; this decision was based on data availability and reliability. To determine 

the calculation of curves and hyetograph, a predefined template was used, in order to obtain the 

coefficients necessary to complete equation 8, and also the values of the hyetographs, to be used 

in the HEC-HMS program, thus facilitating the process of analysis and generation of results.  
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Table 3. Hydrometeorological stations 
Season Code Entity Municipality Latitude Length 

San Luis 1 and 2 2120040 EEAB Bogotá 4°38' N 74°02' W 
La casita 2120112 CAR La Calera 4°38' N 74°01' W 

San Pedro 2120125 IDEAM Sopó 4°52' N 73°58' W 
Parque Sopó 2120134 CAR Sopó 4°45' N 74°01' W 

Note: Hydrometeorological station information downloaded from open sources. 

Modeling in HEC-HMS: Initially, the basin is delimited, for which the model basin was created 

using the ' Basin' Model Manager 'tool, with definition of the work area coordinates by means of 

' Coordinate' System '. Subsequently, the layer containing the coordinate information was 

selected, in this case the digital elevation model, followed by this, the option ' Terrain Data 

Manager' was selected and the DEM file was uploaded, consecutively, in the options of the 

created window of the basin it was selected that the information to be subtracted should be 

extracted from “ terrain 1” from the DEM file. Once done, the menu option 'GIS' - ' Preprocess 

Sins ', to fill empty spaces that the DEM had, then, the ' Preprocessing ' tool was used Drainage 

' with the intention of calculating the drainage network. Next, the ' IdentifyStreams ' ' tool was 

used,with an area value smaller than the study area in order to define the micro-basins, in turn, 

an emission point was created to delimit the basin, corresponding to the mouth of the Teusacá 

River, and with the tool ' create a new break point ' the point was inserted above the reference 

point (shape), then, with the option ' Delineate Elements ' adds the prefixes for the micro-basins 

and sections. Following this, the information for the micro-basins is added, such as area, 

retention time, and curve number. The transformation method is established as SCS Unit 

Hydrograph and the loss method as SCS Curve Number. Subsequently, the 'Precipitation Gages 

' component is created , where the time interval of the hydrograph is specified, which, together 

with the ' Meteorological ' component, Models ' precipitation hyetograph values were entered, 

and then, with the 'Control Specification ' component , the modeling time corresponding to 30 

hours was indicated.  

 

Diagram 1. Peak flow estimate for the Teusacá Riversub-basin. Hec-hms. 
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The Muskingum methodis a flowroutingtechniqueused in hydrologytopredictthepropagationof a 

flow wave along a riverorchannel, whichwasdevelopedbyhydraulicengineer Ven Te Chow in the 

1950s at theUniversityof Iowa. Thismethodisbasedonthecontinuityequation and the Saint-

Venant wave equationtomodelflowbehavior in a channel[14], wheretheprogram divides a 

channelreachinto discrete segments and uses a weightedcombinationofkineticstorage, flux 

storage, and lateral flowstoragetosimulateflowpropagation. 

Thisparameterconsistsoftwoveryimportant variables, the variable k and x , wherek (hours) 

iscalculatedusingthefollowingequation: 

k=〖0,18*(∆x/(S_0^0,25 ))〗^0,76 

Equation 9. 

Where: 

 ∆x=Longitud del tramo 

 S_0=Pendiente media 

while the variable x varies between 0.0 and 0.5.It is usually set to 0.2. However, it should be 

noted that these parameters must meet the following condition ∆t>2∙k∙x, if this condition is not 

met, the number of sub-reaches in the section must be determined, as was the case here. To do 

this, use the following formula: 

∆t>((2∙k∙x))/n  →n>(2∙k∙x)/∆t 

Equation 10. 

Modeling in Hec -Ras: From the peak flows in the different return periods obtained from hec-

hms, we create a new project in the hec -ras software and in the GIS-Tools menu we use the RAS 

-Mapper option.In the terrain section the bathymetry of the section to be studied is imported, in 

this case, the bathymetry was requested from the Regional Autonomous Corporation (CAR) of 

Cundinamarca. The bathymetry corresponds to a section of the Teusacá River located in the 

municipality of Sopó. Once the file is imported, with the geometry option, we add a new 

geometry, where the Rivers, Bank Lines options will be moved and Flow Paths, in this same 

order with the Start option Editing Selected Layer,the river geometry is drawn. Once this editing 

is complete, the river is selected and the Create Cross Section option is used with a left click. 

This is where the distance and length of the cross sections will be set. In this case, the length was 

set to 75 m and the distance between each of the cross sections was 40 m. Later, in the hec -ras 

menu, view / Edit geometry data, click File and Open Geometry Data, selecting the previously 

created geometry, following the procedure in diagram 2. 
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Diagram 2. Flood simulation for a stretch of the Teusacá River. Hec -Ras. 

 

3. Results and Discussion 

The Teusacá River sub-basin crosses eight municipalities: Bogotá, La Calera, Sopó, Tocancipá, 

Chía, Choachí, Ubaque, and Guasca[1]. However, although these municipalities are located 

within the same department, they are associated with different administrative entities, and their 

percentage distribution is very diverse. Some municipalities include both the municipal seat and 

part of the urban area within the basin, while others cover only the rural area. The Teusacá River 

sub-basin has an area of 362,445 km2,according to Campos.[15]This parameter is directly related 

to discharge flow, since the size and location of the basin determines the captured precipitation, 

surface runoff, and water storage capacity. A larger basin means a larger drainage area, meaning 

there is more surface area to receive rainfall. Similarly, the larger the area, the greater the amount 

of water that becomes runoff. However, it is important to take into account the geographic area 
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where the basin is located, since it plays an important role in the runoff generated. According to 

the Campos classification [15], basins within the range of 250 to 500 km2 are classified as 

Intermediate-Small, within which range the study basin is located (see Table 4), which 

corresponds to an area of rapid hydrological response since it presents shorter distances and 

shorter concentration times [16]. Its perimeter was 130.53 km; it runs along the watershed, 

indicating the limit of the basin, as does the average width, since this parameter indicates a 

relationship between the area and its average length. Regarding lengths, these measurements 

alone make it very difficult to infer an in-depth analysis; however, they are used to find other 

indices that are relevant when studying morphometry. 

Following the above, the shape of the basin was analyzed using three corresponding indices (i) 

shape index, (ii) compactness index and (iii) elongation ratio that relate the area to the main 

channel. However, it is noted that these indices do not include the relief factor. The shape index 

(F) is a dimensionless parameter that indicates the way in which surface runoff is controlled, this 

factor will take values lower than 1 in the case of elongated basins, while when it approaches 1 

or has a higher value, they are closer to a circular shape [17]. In this case, the value was 0.184, 

which, according to Horton's classification, the area is in the very elongated category; which 

coincides with the shape of the basin, see Figure 1. A basin with a low shape index is less likely 

to be affected by torrential rain events [18]. 

Table 4. Morphological parameters of the basin 
Morphological parameters 

Main channel length (km)  61,097  
Basin area (km2)  362,445  
Perimeter of the basin (km)  130.53  
Average length of the basin (m)  45.13  
Average width of the basin (m)  8,031  
Drainage density (km/km2)  1,704  
Form factor  0.184  
Elongation ratio  0.484  
Compactness index or Gravelius  1.8  
Highest point masl  3,518.89  
Lowest point masl  2,550  
Average slope of the basin  10.77  
Average slope of the main channel  0.0158  
Concentration time (min)  463,356  

Note: Values obtained by ArcGIS processing. 

Graveliuscompactness index (Kc) relates the perimeter of the basin with that of a circle or 

equivalent area. Kc is associated with the concentration time, which expresses the time it takes 

for a raindrop to travel from the furthest part of the basin to the exit point. The closer the 

coefficient is to 1, the rounder the basin will be; in this case, the basin's susceptibility to flooding 

increases. This is because the distances between points on the watershed with respect to a central 

one are more uniform, resulting in shorter concentration times, generating continuous flood 

waves. However, when basins tend to be more elongated, as in this case, the probability of 

flooding is reduced [16]. In this case, the result was 1.8, classifying it as oval, oblong, or oblong-
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rectangular. Basins with a high compactness coefficient may have shorter concentration times, 

since rainwater tends to converge more quickly towards the central point of the basin [19]. 

Finally, the elongation ratio (Re) relates the diameter of a circle with an area similar to that of 

the basin and the maximum length of the basin, explaining the relationship of the area with the 

main channel. This index is closely related to hydrology [18], according to González, [20]values 

less than 1 indicate basins that have an elongated shape and values close to or greater than 1, 

their shape tends to be round. For the basin studied, its value was 0.484, which again indicates 

its elongated shape. A basin with this type of shape will have a lower probability of experiencing 

intense and simultaneous rainfall that covers the entire surface, reflecting a lower magnitude in 

the floods as mentioned above. 

 

Figure 1. Location of the Teusacá River sub-basin. 

The relief parameters provide third-dimensional information, including the maximum and 

minimum heights of the basin, the average slope of the main channel, and the average slope of 

the basin; the average slope of the main channel can reflect the channel's response capacity to 

the intensity of torrential rains, while the average slope of the basin can indicate the runoff 

velocity [18]. Basins with greater inclination tend to react more quickly to precipitation, 

experiencing an increase in flow [21]. Likewise, basins with a very steep slope are more 

susceptible to erosion, since the speed of the water is faster and there is greater kinetic energy, 

favoring soil wear [22]. According to the POMCA classification [1], basins that are within the 7 
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to 12% range are classified as moderately rugged, therefore, the inclination of the basin is 

moderate, showing a diverse topography between valleys and hills. Related to the previous 

analysis of rising water levels, when a basin has steep slopes, there is a tendency for floods to 

occur in short periods of time [1]. This classification can be seen in Figure 2, where most of the 

basin has an elevation percentage between 7 and 12%. 

The hypsometric curve represents the variation in the average elevation of the basin, where the 

distribution of the different heights of the basin can be observed [23]. These elevation values are 

considered when studying temperature and precipitation. There is no universal classification to 

separate the basin into high, medium, and low. However, characteristics such as hypsometry and 

the longitudinal profile of the main channel can provide an analysis from a hydrographic 

perspective [24]. From Figure 2, we can see that the average elevation of the basin is 2,900 

meters above sea level. According to the Strahler classification, the basin is classified as an old 

river.  

 

Figure 2. Slope and drainage order of the Teusacá River. 

Teusacá River basin. 

On the other hand, regarding vegetation cover, variations were evident between 2000 and 2018. 

Generally, changes in land cover are mostly caused by human activity aimed at manipulating the 

landscape and nature to meet their needs; this change in land cover may reflect the possible use 
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being given to the land. According to Pedraza, [4]in recent decades during the 20th century, there 

was an increase in deforestation and the conversion of forest areas into crop areas. In addition, 

Carrero, [2]who cites other authors, agrees that territorial occupation intensified, mainly in the 

upper-middle part of the basin, given the job offers provided by the owners of the haciendas and 

properties. The author also highlights that the most relevant changes occurred in the 1920s; by 

the end of the 1930s, livestock farming and deforestation activities were already evident. At the 

same time, the introduction of foreign species such as pines and eucalyptus, urban expansion, 

industrial growth, and the use of chemicals in agriculture increasingly dominated the basin. By 

the late 1960s, agriculture had become the most important economic activity. This demand 

continued to grow to meet the needs of the basin's inhabitants, and outside the basin, by the 

2000s, little native forest remained due to the expansion of livestock production systems, focused 

primarily on raising cattle for milk production. This is consistent with the map presented in 

Figure 4, since, by 2000, forest cover represented 1.73% and crop cover 2.43%. The remaining 

percentage is divided between pastures, shrubs, secondary vegetation, mining and industrial 

extraction areas, urban fabric, and bare or degraded areas.  

 

Figure 4. Vegetation cover in 2000 and 2018 based on CLC classification in the Teusacá River 

area. 

Likewise, Figure 4 shows that by 2018, the area of crops, pastures, and natural spaces decreased, 

with clean pasture cover predominating, representing more than 35% of the study area, while 

forest cover accounted for 1.51% and crops 2.13%. This is consistent with the Teusacá River 

POMCA conducted by PlaneaciónEcológicaLtda et al. [1], where pasture cover over casted 
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almost half of the basin. This cover is related to land use; in this case, it is intended for grazing 

and raising dairy cattle, which is distributed from north to south in its central part, becoming the 

most important activity in the area, mainly in the municipality of La Calera. However, it presents 

a land use conflict given these agricultural activities and urbanization projects in areas designated 

for cultivation in protected areas. This conflict becomes a direct cause of soil degradation and 

contamination of natural resources [25]. This degradation is linked to the effects of deforestation 

in conservation areas, changes in land use and habitat transformation, which generate 

environmental problems such as loss of vegetation cover, alteration of ecological services, 

increase in pollutant loads, etc.[26]. 

Similarly, according to Blanco & Martínez, [24]over the years, there has been an increase in the 

urban fabric due to significant growth in the construction sector. In 2011, especially in the 

municipality of Sopó, the growth rate was reported to have reached 79.1%, resulting in an 

increase in the number of buildings constructed compared to previous periods. As reflected in 

Figure 4, in 2000, the urban fabric represented 0.71% of the basin, while in 2018 it represented 

1.91%. 

Vegetation cover dynamics and land use are important characteristics for estimating the curve 

number (CN), in addition to the soil hydrological group (GH) and terrain slope. This hydrological 

parameter represents the soil's infiltration capacity and its response to precipitation, relating to 

the amount of water flowing through the basin [11]. Given the size of the basin studied, it was 

divided into 19 micro-basins, and the average CN was calculated for each of them, thus creating 

Table 5. 

Table 5. Curve number results for 2000 and 2018. 
Micro-basin  CN Prom 2000  CN Prom 2018  

1  81,623 80,463 
2  81,587 81,046 
3  79,873 79,720 
4  82,551 82,751 
5  80,277 79,648 
6  80,281 79,622 
7  81,333 81,482 
8  81,458 81,366 
9  80,528 80,928 

10  81,725 81,272 
11  82,111 82,701 
12  82,857 82,711 
13  82,138 83,713 
14  82,287 80,574 
15  81,481 81,520 
16  81,732 84,378 
17  84,951 84,551 
18  83,229 83,989 
19  82,990 82,582 

Note: Values extracted from ArcGis ; CN: Curve number. 
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As can be seen, the values do not experience abrupt changes, but rather minimal ones. The 

weighted average curve number for the studied basin had a value of 81.8 for both years, 

indicating that the conditions of the territory favor runoff rather than infiltration. Values close to 

zero indicate very high permeability, while values close to 100 indicate impermeability [28]. 

This finding is consistent with studies conducted by Carvajal & Fernández [29]and Gualdrón et 

al. [30], who also determined the curve number in the Betancí sub-basin (Córdoba, Colombia) 

and the upper Suárez River basin (Saboya, Colombia), respectively. In this case, both basins had 

similar characteristics to the analyzed sub-basin, especially with regard to vegetation cover, since 

most of their area was occupied by pastures used for extensive livestock farming. The average 

CN value in one of the studies was 83; the other, although the average was not mentioned, 

showed a range of 80 to 100, indicating a high capacity to generate runoff, according to the 

classification given by the curve method. This runoff potential makes the basin susceptible to 

water erosion if it has bare areas, since a large amount of water, by not infiltrating, flows over 

the surface, increasing the amount and speed at which it moves through the basin, dragging soil 

particles, sediments and organic materials along the soil surface. The magnitude of the erosion 

will depend on the slopes [31]. 

Although crops predominated in 2000 compared to 2018, the CN value was very similar to that 

of 2018. This is because, despite differences in vegetation, soil characteristics play a relevant 

role in estimating the value. In both years, the hydrological groups were the same, and when 

combined with vegetation cover, they resulted in similar values. Furthermore, variations in the 

curve number in each of the microbasins are due to the spatial distribution of soil cover and 

hydrological groups. These factors contribute significantly to the differences observed in CN 

values between different areas of the basin. 

As an example, the study carried out by Tailor & Narendra, in the [11]Mehsana district basin, 

India, revealed an average value of 76 for the bend number. It is important to highlight that this 

basin is mainly characterized by the presence of crops, which could suggest a lower propensity 

to runoff. However, despite this predominant vegetation cover, the value obtained was 

considerably high. This result underlines the significant influence of geographical conditions on 

the estimation of the bend number, highlighting the complexity and importance of taking all 

factors into account when analyzing this hydrological parameter. 

To understand the hydrological behavior of the basin, the average monthly maximum 

precipitation was considered, which plays a crucial role in runoff and flood potential. The 

precipitation recorded by the hydrometeorological stations of San Luis 1 and San Luis 2, La 

Casita, San Pedro, and Parque Sopo was also taken into account. Using the values derived from 

the IDF curves in equation 8 , the precipitation intensities corresponding to different durations 

and frequencies of occurrence were calculated for the return periods of 2, 5, 25, 50, and 100 

years, as projected in Table 6. 

Table 6. Alternating precipitation. 
Alternating Precipitation (mm)  

Minute  T=2  T=5  T=25  T=50  T=100  
5  0.209 0.241 0.309 0.344 0.382 

10  0.217 0.250 0.320 0.356 0.396 
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15  0.226 0.260 0.333 0.371 0.412 
20  0.236 0.271 0.347 0.386 0.430 
25  0.246 0.284 0.363 0.404 0.450 
30  0.259 0.298 0.381 0.424 0.472 
35  0.273 0.314 0.402 0.447 0.497 
40  0.289 0.332 0.426 0.474 0.527 
45  0.308 0.354 0.453 0.504 0.561 
50  0.330 0.380 0.487 0.541 0.602 
55  0.357 0.412 0.527 0.586 0.652 
60  0.392 0.451 0.578 0.642 0.715 
65  0.436 0.502 0.643 0.715 0.796 
70  0.497 0.572 0.733 0.815 0.907 
75  0.587 0.675 0.865 0.962 1,070 
80  0.737 0.848 1,086 1,208 1,344 
85  1,063 1,224 1,568 1,744 1,940 
90  4,843 5,575 7,140 7,942 8,835 
95  1,475 1,698 2,175 2,419 2,691 

100  0.861 0.991 1,270 1,412 1,571 
105  0.651 0.749 0.959 1,067 1,187 
110  0.537 0.618 0.792 0.881 0.980 
115  0.464 0.534 0.684 0.761 0.847 
120  0.412 0.475 0.608 0.676 0.752 
125  0.374 0.430 0.551 0.613 0.682 
130  0.343 0.395 0.506 0.563 0.626 
135 0.318 0.366 0.469 0.522 0.581 
140 0.298 0.343 0.439 0.488 0.543 
145 0.280 0.323 0.413 0.460 0.512 
150 0.265 0.306 0.391 0.435 0.484 
155 0.252 0.291 0.372 0.414 0.460 
160 0.241 0.277 0.355 0.395 0.439 
165 0.231 0.266 0.340 0.378 0.421 
170 0.222 0.255 0.327 0.363 0.404 
175 0.213 0.246 0.314 0.350 0.389 
180 0.206 0.237 0.303 0.338 0.375 

Note: Values for constructing hyetographs from IDF curves. Station averages. 

Hyetographs are graphical representations that show the temporal distribution of precipitation 

intensity during a rainfall event, allowing the analysis of rainfall behavior over a given period of 

time and its impact on runoff [32]. Table 6 shows a direct relationship between the increase in 

the return period and the intensification of precipitation. This phenomenon is explained by the 

nature of the return period, which represents the expected time between successive occurrences 

of an event of a certain magnitude [33]. In this case, the maximum monthly precipitation event 

is used as a reference. This parameter is also related to the concept of climate change, according 

to the report of the Intergovernmental Panel on Climate Change (IPCC). Climate  [31]highlights 

that climate change is increasing the frequency and intensity of extreme weather events, such as 

precipitation and heat waves. Furthermore, studies such as that by Hirsch &Ryberg[32]they have 

found a global trend toward greater variability in precipitation patterns, which can result in 
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changes in the frequency and magnitude of extreme events. This indicates that events that 

previously occurred rarely, such as intense storms, are now occurring with greater frequency and 

intensity. 

On the other hand, in the context of HEC-HMS modeling, it is essential to consider flow routing, 

for which different methods exist. For this purpose, the Muskingum method was used, which 

plays a crucial role in predicting flow propagation along the channel. This prediction takes into 

account both the geomorphological characteristics and the storage capacity of the channel [36]. 

In the Muskingum method, variables k and x are related to flow routing along a channel or river, 

where k is a constant called the storage parameter and x is a weighting factor that expresses the 

relative influence of storage inputs and outputs in the reach. These variables are used to 

determine the speed and direction in which a flow wave will propagate along the channel [37]. 

According to equation 9 and equation 10, the values of the variable 𝑘 were determined. For the 

variable 𝑥, a value of 0.2 was selected, which is a recommended average value according to the 

literature on flow circulation [36]. The results of the calculation of the variable k can be seen in 

Table 7. 

Table 7. k and x values. Muskingum method. 
Stretch k x 

1 2,229 0.2 

2 2,455 0.2 

3 4,791 0.2 

4 0.952 0.2 

5 2,876 0.2 

6 2,214 0.2 

7 0.855 0.2 

8 0.288 0.2 

9 0.570 0.2 

Note: Values entered into the hec-hms program. 

Finally, when the program is run, the corresponding flows are generated for each microbasin, 

section, junction, and sink. In this case, the flows leaving the basin, that is, those from the sink, 

are taken into account during the different return periods and years, for both 2000 and 2018, as 

shown in Table 8. 

Table 8. Flow rates obtained from the HEC-HMS program. 
Maximum flow rate m3 /s 

Return period (years)  
Year  2 5 25 50 100 
2000  8.5 14.4 31.3 41.9 55 
2018  9.4 15.5 32.9 43.7 57 

Note: Maximum flows according to return period for the Teusacá River basin. 

According to the Hydrographic Basin Management and Planning Plan (POMCA), the average 

flow generated in the basin ranges between 6 and 10 m3/s per year, while the flows for the 

different return periods vary between 25.6 and 65.9 m3/s [1]. These values were taken from the 
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analysis developed in the "Environmental Impact Study for the Construction of San Rafael Park." 

However, the methodology used to obtain these results is not clearly explained by the author. 

On the other hand, an increase in flow rates is observed for 2018 when adjusting the curve 

number values for that year. Although the variation in the curve number values was minimal, an 

increase in flow rates of between 1 and 2 m³/s was achieved compared to 2000, highlighting the 

relationship between coverage and the hydrological regime. This phenomenon is also reflected 

in the study conducted by Crespo et al.  [35], where they studied land-use change on hydrology 

in the humid páramos of southern Ecuador, using paired micro-basins. The authors observed that 

the outflow from the micro-basin with crops is lower than that of the micro-basin with intensive 

grazing cover, recording values of 32.9 l/s/km² and 20.5 l/s/km², respectively. They also mention 

that the cultivated microbasin shows a decrease in low and medium flows and an increase in 

peak flows, suggesting a considerable loss of water regulation capacity, attributed to various 

factors such as increased hydraulic conductivity, the construction of artificial drainage systems, 

and soil compaction. They also point out that when animal density is low and rotation techniques 

are used, the hydrological response is not significantly affected. 

Similarly, Gelvez[36]iIn a similar study in the Coello River basin, he mentions changes in land 

use in recent years, such as increased urbanization and, consequently, in agricultural and 

livestock activities, the latter being the most predominant. These changes have resulted in a 

reduction in natural vegetation cover, such as forests, favoring lower vegetation. The author 

notes that, after conducting various simulations, an increase in monthly flow values was 

observed, from 21.93 m³/s to 54.29 m³/s. This increase is attributed to the decrease in 

evapotranspiration due to cover transitions, where the lower presence of forest cover reduces the 

evaporative effect of plant leaves. Furthermore, tree roots have a greater capacity to extract 

moisture from the soil compared to areas with lower vegetation, which reduces retention capacity 

and leads to an increase in long-term discharge into the main waterways of the basin [40]. 

While vegetation is related to water storage, a tropical rainforest has the capacity to store large 

amounts of water, grass roots can barely extract water below 50 cm, while tree roots reach several 

meters. In addition, trees can store up to 12% of precipitation in their leaves and other depressions 

[41]. Similarly, authors Lee et al. [42]and Moraeset al. [43]agree that changes in soil cover alter 

evapotranspiration, soil moisture content, groundwater recharge, runoff processes, and river 

flow. They emphasized that the replacement of deep roots with grasses or shallower roots 

increases soil moisture, groundwater recharge, infiltration and storage capacity, etc. Therefore, 

the shift in economic activity from agriculture to livestock activities in the Teusacá River basin 

has resulted in an increase in the outflow from said basin. 

It is worth highlighting that these hydrological models are usually complex given the number of 

variables that play an important role, such as climate change, which has a direct influence on 

runoff, which is one of the main components of the hydrological cycle [44]. According to Lin et 

al. [45], the influence of climate variability is more significant on surface hydrology than land 

use change, however, accurately determining the impact of temperature change is complicated, 

since thermal fluctuations also exert their own influence on other hydrometeorological variables. 
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Likewise, considering the complexity of hydrological models and the influence of climate 

change, it is crucial to understand how flow levels can influence flood probability. Changes in 

precipitation patterns and temperature can significantly affect the magnitude and frequency of 

runoff events, which in turn can increase flood risk in certain areas. Figure 5 visualizes the area 

chosen to assess flood zones.  

 

Figure 5. Bathymetry of the area susceptible to flooding in the Teusacá River basin. 

The stretch of the river where flood susceptibility was assessed is located in the municipality of 

Sopó, as it is most susceptible due to its geomorphological conditions. According to the 

Hydrographic Basin Management and Planning Plan (POMCA) [1], areas with slopes less than 

3% are considered at risk of flooding. Figure 2 shows that the municipality of Sopó has slopes 

ranging from 0 to 3%, making it susceptible to flooding. In 2008, the Regional Autonomous 

Corporation of Cundinamarca (CAR) issued an alert to residents near the Teusacá River in the 

Sopó Valley and in the municipalities of the middle Bogotá River basin, due to the risk of 

flooding caused by the intense and persistent rains that fell that same year [46]. Likewise, given 

the presence of heavy rains caused by the La Niña phenomenon in 2011, mainly in the Colombian 

Andes, the Bogotá savanna reached its maximum water storage capacity, affecting several 

municipalities in Cundinamarca. As a result of these conditions, 95% of the department of 

Cundinamarca was affected and more than 30,000 hectares were flooded due to heavy rains, a 

phenomenon that was repeated in 2020 and 2011 [46]. According to the flows obtained in the 

HEC-HMS model (Table 8), areas susceptible to flooding have been identified after a 5-year 

return period. 
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Figure 6. Flood patches in the different return periods 

Through the images presented in Figure 6, it can be seen that the areas most prone to flooding in 

2000 were located mainly in the upper and middle sections of the river stretch, with water levels 

ranging between 0.5 and 2 meters. On the other hand, by 2018, it is observed that the most 

vulnerable areas are both the upper and lower sections of the river stretch, with water levels 

varying between 0.7 and 2.3 meters. This analysis suggests that, as the return period increases, 

flood depth tends to increase in certain areas. It is also worth noting that the modeled stretch of 

the Teusacá River is characterized by low slopes, which causes the flow in the channel to be 

predominantly subcritical, presenting high flow depths and low velocities [47]. This highlights 

the importance of considering this factor when assessing flood risk and planning appropriate 

mitigation measures. Figure 7 shows one of the cross sections located in the upper reaches of the 

river, which shows flooding for the 25-, 50-, and 100-year return periods, since the power line 

overflows the riverbank during these periods. However, although there are areas that do not 

experience flooding, the purpose of channel improvements is to carry out a comprehensive 

restoration, maintaining uniform widths and widening sections, especially where tributaries 

enter. 
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Figure 7. Cross section of the upper part of the Teusacá River stretch. 

In this regard, when making channel improvements, it is essential to thoroughly assess the 

retention capacity and design measures that allow for optimal water flow regulation, taking into 

account hydrological conditions and the needs of the local community. According to the 

modeling, for the year 2000, the water volume reached 350 m3, while for the year 2018, the 

volume during these same return periods was 300 and 500 m3, respectively (Figures 8 and 9). 

 

 

Figure 8 and 9. Volume vs. Channel Distance 
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4. Conclusions 

Soil hydrologic conditions are influenced by a variety of factors, including soil characteristics 

and vegetation cover, whose complex interactions determine the soil's capacity to retain and 

release water. Likewise, the rate of change in the hydrologic response to land-use change is 

influenced by the intensity of the change or transition from natural vegetation to another type of 

cover through human activity and the location within the watershed. Adjusting the curve number 

values for 2018 led to a significant increase in streamflow. This finding is consistent with 

previous research that has shown how land-use change, particularly toward agricultural 

activities, can affect a region's hydrology, increasing streamflow and decreasing water regulation 

capacity. Similarly, decreased forest cover and the expansion of low vegetation contribute to this 

phenomenon by reducing evapotranspiration and soil retention capacity. 

It is important to mention that the quality of the available hydrometeorological time series can 

be a significant challenge in hydrological research, as they contain numerous gaps, in addition 

to high variability and hydrometeorological gradients, making it difficult to accurately 

characterize the hydrological response. Despite this, satisfactory results were achieved, 

demonstrating that there is indeed a relationship between vegetation cover and the river's 

hydrological regime. 

On the other hand, the analysis carried out on the stretch of the river located in the municipality 

of Sopó highlights the importance of considering flood susceptibility in areas with slopes less 

than 3%, as indicated in the Hydrographic Basin Management and Planning Plan (POMCA). The 

presence of slopes within this range in the municipality of Sopó makes it particularly vulnerable 

to flooding events. However, despite the change in coverage, overflow phenomena occur in both 

scenarios. It is noteworthy that, by 2018, the water table in some locations was higher than in 

2000. This modeling highlights the need to implement risk management measures in the area, 

especially in the face of relatively short-term events such as the 5-year period, to mitigate the 

potential impacts of flooding on the local population and infrastructure. 
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