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Abstract

:

Land-use changes produce variations in upper soil hydraulic properties and alter the hydrological response and hydraulic behavior of streams. Thus, the combined effect of variations in soil properties and current hydraulics interacts with the exposure of structures exposed and their degree of physical vulnerability. This study aims to evaluate the effect of land-use evolution from 1976 to 2017 on the physical vulnerability of structures exposed to floods in the Combeima cathment, Colombia, proposing two novel approaches: (i) based on soil infiltration capacity variation (CN) in the basin and changes in stream flow velocity (v), (ii) through soil water storage variation in the root zone (Hu). Hydrological and hydraulic modeling and the implementation of four physical vulnerability assessment methods were performed using GIS analysis. Findings indicate that simplifying physical vulnerability estimations through CN, Hu, and   v   variations in catchments and at cross-section resolutions is possible, allowing a detailed analysis of the land-use change effect on the vulnerability of structures. The scaling behavior of the physical vulnerability of structures was identified when Hu is defined as a scale variable and, similarly, concerning flow velocity in the stream. Therefore, applying the power law could be useful in planning processes with limited information.
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1. Introduction


Catastrophic events and physical damage due to natural processes are increasing worldwide [1], mainly affecting developing countries [2]. Floods are one of many recurrent hydrometeorological events and produce the most significant losses [3]. In this sense, flood risk management must incorporate elements associated with understanding the threats and their relationship with economic development and land-use and climate changes [4], among others, which affect the magnitude of floods [5] and the physical vulnerability of structures exposed to them. Once integrated and understood, adequate mitigation and adaptation measures can be designed [6].



The term vulnerability has been defined as the probability of an element being affected by the occurrence of a threatening event [7]. In this sense, the physical dimension of vulnerability encompasses the susceptibility of structures that can be negatively affected by a threatening event [8]. Various methods have been proposed to assess vulnerability conceptualizing the relationship between the magnitude of the flood event and its effect on the exposed element [9]. Currently, the concept of vulnerability considers variables such as the effect of an event on spatial, temporal, and social factors [10], resistance, resilience, and susceptibility [11], the degree of exposure, protection, recovery, and reconstruction [12], and the degree of structural and non-structural damage relative to the intensity of the threat [13,14]. In practical terms, to assess vulnerability, various techniques have been used, such as the simulation of the degree of damage or failure of structures [15], the empirical evaluation carried out after the occurrence of the event [16], the elaboration of damage curves [17], and the estimation of the magnitude of floods [18], among others. Furthermore, some researchers have suggested that vulnerability should be analyzed as a dynamic characteristic resulting from the interactions between individual, social, structural, and dimensional factors, which can vary temporarily or change over time [19,20].



Conversely, climate and land-use changes, among others, have been recognized to affect the hydrological response of basins in the flood regime [21,22]. In the specific case of evaluating the physical vulnerability of structures exposed to floods in a land-use change scenario, some methods such as those based on visible damage rating [23], land-use patterns measurement and mapping [24], the concept of Emergy to perform an economic analysis of flood occurrence [25], morphological variables and soil characteristics in basins [26], among others have been proposed. However, such analyses require the use of large data sets that, in some cases, may not be available, making implementation challenging.



Based on the above, this research proposes to evaluate the physical vulnerability to flooding using a method that incorporates variables related to soil infiltration capacity dynamics in the basin as an effect of the vegetation cover change and the hydrological response of the basin on the hydraulic behavior of the stream in a cross-section with an exposed structure. Accordingly, the aims of this study are (i) to evaluate the physical vulnerability of structures to floods in a land-use change scenario; (ii) to propose the evaluation of the physical vulnerability of structures through the variation of the infiltration capacity represented by the curve number (CN) proposed by [27], soil water storage in the root zone (Hu), and stream flow velocity (v) in a cross-section with an exposed structure, and (iii) to examine the scaling properties of physical vulnerability in relation to CN, Hu, and  v . For this, the hydrological and hydraulic modeling of the Combeima river catchment located in Colombia will be carried out to evaluate the land-use change effect during the 1976–2017 period in 22 structures, such as bridges and retaining walls located along the main stream.




2. Materials and Methods


2.1. Study Area


The hydrological and hydraulic modeling of the Combeima river catchment, located in the intertropical convergence zone in Colombia, was carried out (Figure 1). The basin has a drainage area of 274 km2 and an elevation range between 5150 and 700 m a.s.l. It has a bimodal rainfall regime with an annual average of 1816 mm and an average temperature of 16 °C. The main stream is predominantly mountainous with a length of 57.4 km, an average slope of 8.47%, and an average and maximum annual flow of 4893 and 8828 m3 s−1, respectively. At elevations above 4000 m a.s.l., there is paramo vegetation, and in the rest of the basin, there are evergreen forests, subsistence crops, and grassland areas with scattered bushes.



Geologically, the basin is mainly comprised of metamorphic rocks belonging to the lithostratigraphic units Gneiss and Amphibolites of Tierradentro (gneisses, amphibolites, and mylonites), Metasedimentites of Santa Teresa (cherts, subgrawacas, and lidites) and the Cajamarca Complex (black and green schists, amphibolites, marbles, serpentinites, and mylonites).



The hydraulic property values of the soil in the Combeima river basin reported by [28] and obtained applying the pedotransfer functions proposed by [29] were employed in this study. Hence, soil water storage in the root zone (Hu) and vertical (Ks) and horizontal (Kss) hydraulic conductivity values were weighted according to the depth of each soil horizon for hydrological modeling and correspond to modal values (Table 1).




2.2. Hydrologic and Hydraulic Modeling


The TETIS hydrological model v9.1 [32] was implemented for its ability to represent the rainfall-runoff process in a land-use change scenario [31,32,33,34]. The modeling was carried out with a cell size of 90 m × 90 m, based on vegetation cover maps of the study area elaborated by Instituto Geográfico Agustín Codazzi and Corporación Autónoma Regional del Tolima at a scale of 1:25,000 in the years 1976, 1981, 1991, 2000, 2007, and 2017. Likewise, the time series of seven precipitation stations with daily temporal resolution were employed (Figure 1). This allowed analyzing 41 years of land-use changes in ten-year periods. Thus, it is possible to detect changes in runoff when analyzing land-use changes in 11-year intervals on a daily scale. In this case, the temporal resolution and the analysis period are consistent with various studies [35,36]. Likewise, the 2017–2018 period was used for calibration, and the one from 1984 to 1985 was utilized for validation. The Nash–Sutcliffe Efficiency (NSE) index was used to assess the predictive skill of the hydrological model.



Flow behavior in the Combeima river course was modeled with the one-dimensional HEC-RAS v5.0.7 model of the Army Corps of Engineers, extensively applied in present-day modeling (e.g., [37]). A 20 km long section of the river was analyzed between the town of Villa-Restrepo and the city of Ibagué (Figure 1). One hundred and forty-eight cross-sections of the stream were measured. Twenty-four of these were associated with infrastructure subject to being evaluated for their physical vulnerability to floods in land-use change scenarios (Figure 1), including two catchment structures, nine retaining walls, and 13 bridges.



In this analysis, three types of boundary conditions were defined: (i) the geometry of the cross-sections of the stream, (ii) the roughness parameter to the right, center, and left of the channel of each cross-section, and (iii) the flows and water depth measured at the upstream and downstream border of the study reach. The cross-section width was variable, ranging from 40 to 60 m, and Manning’s roughness coefficients (n) were defined as varying between 0.03 and 0.04 in the center of the channel and between 0.04 and 0.06 on the left and right stream banks. Steady flow calibration was performed by adjusting Manning’s roughness parameter until differences of less than 20% were obtained between the observed and simulated water depth in each cross-section [38].




2.3. Physical Vulnerability Assessment


Two new methods were proposed to estimate the physical vulnerability of structures exposed to floods in land-use change scenarios at the basin scale: (i) vulnerability based on flow velocity and curve number (VFVCN) and (ii) vulnerability based on soil water storage variation (VVHu). These were then contrasted with state-of-the-art methods such as the vulnerability and mapping of floods based on land-use patterns (MFLUP) [39] and the vulnerability in land-use change scenarios (VLUCS) [26], allowing the quantification of the similarity between the evaluated methods.



2.3.1. Vulnerability Based on Flow Velocity and Curve Number (VFVCN)


In this method, the physical vulnerability (   V  i j    ) of structure  i  in cross-section  j  is evaluated as a function of the flow velocity (   v  i j    ) in cross-section  j  where structure i is located, and   C  N  j k     is the infiltration capacity of area  k  of the catchment basin in cross-section  j , corresponding to the curve number proposed by USDA-SCS (1972) and represented as shown in Equation (1).


𝑉𝑖𝑗 = 𝑣𝑖𝑗 ∩ 𝐶𝑁𝑗𝑘



(1)








2.3.2. Vulnerability Based on Soil Water Storage Variation (VVHu)


In this model,    V  i j     is evaluated as a function of the flow velocity (   v  i j    ) and the soil water storage variation in the root zone in afferent area  k  of cross-section  j  where the exposed structure (  H  u  j k    ) is exposed. This can be expressed as indicated in Equation (2).


   V  i j   =  v  i j    ∩  H  u  j k    



(2)








2.3.3. Vulnerability and Mapping of Floods Based on Land-Use Patterns (MFLUP)


The vulnerability assessment proposed by [24] was carried out using the MFLUP method for urban areas as a function of the inverse of distance d of structure  i  to the center of the flood zone in cross-section  j  and the quotient between the number of affected structures and the total number of structures exposed to a flood event. However, since the analysis performed in this study was not carried out in an urban environment, the method was adapted as described in Equation (3).


   V  i j   =  1   d  i j        ∩       h  i j      H  i j        



(3)




where,    V  i j     is the physical vulnerability of structure  i  in cross-section   j ,      d  i j     is the distance of structure  i  to the center of the floodplain in cross-section  j ,    h  i j     represents the maximum water sheet depth over the exposed structure i in cross-section  j  during the flood event, and    H  i j     is the height of the exposed structure  i  in cross-section  j .




2.3.4. Vulnerability in Land-Use Change Scenarios Based on Morpho-Edaphological Attributes (VLUCS)


As part of the validation process of the VFVCN and VVHu methods, the VLUCS model proposed by [26] for the evaluation of the physical vulnerability (   V  i j    ) as a function of the weighted combination of morpho-edaphological attributes of the basin was implemented, considering as the closing point section  j , where structure  i  is located. In the current study, the evaluation of the physical vulnerability in afferent area  k  of cross-section  j , where the exposed structure  i  is located, was considered as indicated in Equation (4).


   V  i j   = a ×  S  t k   + b ×  A i  + c ×  S  p k   + d × L  u  j k    



(4)




where,    S  t k     is the soil type in the afferent area,    A i    is the elevation to which the exposed structure is exposed, and    S  p k     is the slope of afferent area  k  to cross-section  j  where the exposed structure  i  is located.   L  u  j k     corresponds to the current soil use, and coefficients  a ,  b ,  c , and  d  represent the weights of each attribute.




2.3.5. Mapping Physical Vulnerability Levels


The analysis considered the water depth due to its relationship with the physical vulnerability of a structure to floods to define the levels of vulnerability and elaborate the maps that represent it. This approach has widely been used because of its ease in obtaining level measurements in streams [38,39,40].



The physical vulnerability levels per method were defined according to the water depth and relative to the total height of the exposed structure in the cross-section of a stream. These values were obtained from the hydraulic simulation of the stream. When water depth (   h  i j    ) was <33% of the height of the exposed structure, the vulnerability level was considered low. When 3% of the    h  i j     ≤ 66%, the vulnerability level was medium, and when    h  i j     > 66%, the level was considered high.





2.4. Similarity between Vulnerability Assessment Methods


The similarity between the implemented methods was evaluated by applying hierarchical clustering [41] to validate the results obtained from the physical vulnerability of structures exposed to floods in land-use change scenarios per method. The levels of physical vulnerability defined in the high, medium, and low categories were grouped in an agglomerative hierarchical clustering (AHC) based on a distance matrix to measure the similarity between the applied methods. In this study, the similarity was considered more realistic when its magnitude reached values higher than 0.75 [42]. AHC has extensively been applied in flood risk analysis (e.g., [43]).




2.5. Statistical Scaling of Physical Vulnerability


Changes in land-use have been reported to modify the hydraulic properties of soil and affect the maximum streamflow magnitude [42,43]. Likewise, the wide-sense simple scaling (WSSS) flood regime with upper soil hydraulic properties has been verified at the basin scale [28]. Therefore, this study proposes to examine the WSSS of physical flood vulnerability of structures within a basin under land-cover change scenarios with   H u  ,   C N  , and    v  i j     as scales. To this end, the WSSS was described as    Y λ  ≝  λ α   Y s    where ≝ shows equality in the probability distributions of exceedance, λ is the scale factor that, in this case, can be   H u  ,   C N   or    v  i j    , and α is the scale exponent. Under these conditions, physical vulnerability is represented as the observed variable    V λ    that has finite moments   E  [   V λ r   ]    of order r, and the aleatory variables (   V λ r   ) and    (   λ α   V s   )    have the same probability distribution, indicating the invariance with scale λ. Thus, the scaling exponent is a linear function of r that is related to the WSSS [44] (Equation (5)) and, according to [28], it can be expressed as (i) the linearity of the logarithm of moments m of order r, expressed as   l o g  m r   ( λ )    versus   l o g λ   for each r, and (ii) by the linearity of the r scale exponents (Equation (5)).


  log E  [   V λ r   ]  = r n log λ + log E  [   V λ r   ]   



(5)









3. Results and Discussion


3.1. Calibration and Validation of Models


The Nash–Sutcliffe Efficiency (NSE) index values obtained in the calibration and validation phases were 0.601 for the 1984–1985 period and 0.63 for the 2017–2018 period (Figure 2a,b). These values indicate that the model appropriately describes the rainfall–runoff process [45] and, in this case, those corresponding to the maximum flows in the study area. Otherwise, when calibrating the hydraulic model, differences of less than 12% were found between the observed and calculated depth in 148 cross-sections of the simulated stream reach, leading to using Manning’s n coefficients in a value range between 0.03 and 0.06 (Figure 2c,d).




3.2. Effect of Land-Use Change on the Flood Regime


The land-use change effect on the maximum flows at the basin scale can be identified since the size of the basin analyzed corresponds to a mesoscale [22]. In this study, the results of the hydrological modeling indicate that the lowest magnitudes of the maximum flows occurred during the years 1976 and 2017 when the basin covers were predominantly forests and crops. In contrast, between the years 1987 and 2000, the highest magnitudes of the peak flows were registered when grassland areas in the basin predominated (Figure 2). Different researchers [36,46] have reported similar results when evaluating land-use change employing hydrological modeling and are consistent with observations made in experimental plots by [47]. These results are due to soil infiltration capacity variation as a land-use change effect in hydrographic basins [43,46]. Similarly, applying the Generalized Extreme Value (GEV) function for a 100-year return period, the flood frequency analysis for each land-use change scenario showed the largest quantile magnitudes in 1987 and 2000, when grassland areas predominated in the basin (Figure 3).



Figure 3 and Table 2 indicate that during the 1976–1987 scenarios, the forest, grassland, and impervious surface areas increased by 22.98, 5.22, and 9.25%, respectively, and the crop areas decreased by 37.45%. These changes led to an increase in the maximum flow rate, flow velocity, and depth by 40.00%, 8.82%, and 23.22%, respectively. It is important to clarify that in the current study, populated centers, rocky outcrops, and glaciers were considered impervious surfaces. In the water catchment area assessed, the glacier of the Tolima volcano, located from 4700 up to 5150 m a.s.l., has reduced its size from 1985 to 1991, according to the land-use maps available. Furthermore, during this period, a catastrophic flood event forced the relocation of the town center of Juntas [48]. This event explains, in part, the decrease in the impervious surface between 1987 and 1991 (Figure 3). During the 1987–1991 scenarios, grassland and forests occupied 33.19% and 50.72% of the basin area, producing a decrease in flow velocity, water height, and peak flow by 4.58%, 22.46 %, and 10.34%, respectively.



On the other hand, in the 1991 and 2000 scenarios, areas with forests and crops decreased by 13.75 and 8.70%, while grassland and impervious surfaces increased by 21.96 and 0.49%, respectively. These changes led to an increase in the flow velocity, depth, and maximum discharge of the stream by 2.35, 1.07, and 3.04%, respectively. This behavior is similar to that reported by [42,49] and could be related to the decrease in soil infiltration capacity that produces, in turn, an increase in surface runoff [50].



Similarly, in the 2000 and 2007 scenarios, areas with forests and crops increased by 36.82 and 6.96%, and grassland areas decreased by 45.12%. These changes led to a decrease in the maximum flow rate by 13.79% (Figure 4). Likewise, in 2007 and 2017, the crop area increased by 10.13%, and the grassland area decreased by 1.13%, leading to a reduction in velocity, water height, and maximum flow by 3.80, 11.11, and 4.99%, respectively. These results are consistent with observations reported by [51,52] in experimental plots and by [50,53] in hydrological modeling.




3.3. Effect of Land-Use Change on the Physical Vulnerability


The results of the hydrological and hydraulic modeling allowed the evaluation of the physical vulnerability of exposed structures in land-use change scenarios (   V  i j    ) by applying the MFLUP, VLUCS, VVHu, and VFVCN methods (Table 3). In the simulated stream reach sections for the years 1976, 2007, and 2017, the levels of physical vulnerability and lower maximum flows are observed, related to the larger areas of forests and crops in the basin. Likewise, the 1987 and 2000 scenarios show the most extensive areas with grassland and impervious surfaces, which produce, as a hydrological response in the basin, the largest magnitudes in the simulated maximum flows and, therefore, the highest estimated physical vulnerabilities in the cross-sections analyzed. This behavior shows consistency in all the methods applied for the land-use scenarios analyzed (Table 3, Figure 4 and Figure 5).



The MFLUP and VFVHu methods showed higher sensitivity to land-use changes in the basin. This is because the first considers area changes per land-use, and the latter integrates soil water storage changes in the root zone and the flow velocity in the cross-section in which the exposed structure is located (Figure 5 and Figure 6).



The VLUCS method did not reflect noticeable changes in the level of vulnerability when modifying the maximum flow and the water depth due to land-use change (Table 2 and Table 3), aspects that define the degree of exposure of the structure concerning the current flow. This result can be attributed to the fact that this method estimates vulnerability based on the slope of the basin, land-use, soil type, and the elevation at which the exposed element is located [26], i.e., it estimates vulnerability based on the basin and its land-use attributes.



The greater capacity of the VVHu method to represent changes in the physical vulnerability of structures exposed to flooding in land-use change scenarios is explained by the fact that it incorporates in its estimation the response of the basin to variations in infiltration capacity and the current flow velocity in the channel. In addition, the structures with greater exposure have higher vulnerability values [54], and this exposure varies according to the land-use evolution in the basin [55,56].



Likewise, physical vulnerability mapping using GIS showed that higher flow velocities are related to high levels of vulnerability (Figure 6), consistent with what was reported by [57,58].




3.4. Analysis of Similarity between Methods


Based on the results obtained from the evaluation of physical vulnerability using four methods in different analysis scenarios, only those cases in which there were coincidences in the levels of vulnerability in each cross-section evaluated were selected for performing an AHC. The analysis indicates that VVHu shows 90% similarity with MFLUP. Likewise, VFVCN presents a similarity of 70% with respect to VLUCS (Figure 7). Therefore, the methods proposed in this paper, i.e., VVHu and VFVCN, exhibit a high similarity in relation to MFLUP and VFVCN [37]. These are based on the vulnerability evaluation concerning the level of exposure of structures near streams and morpho-edaphological characteristics of the basin. Thus, the methods proposed in this research are a new approach to evaluating physical vulnerability since they are based on analyzing the variation of the hydraulic properties of the soil (Hu and CN), and flow velocity ( v ) in the cross-section where the exposed structures are located.




3.5. Scaling Physical Vulnerability in a Land-Use Change Scenario


Logarithms Hu and  v  with respect to (   V  i j    ) showed a broad, simple scaling (Figure 8a,c) since they present linearity in order r moments for each scale (Figure 8b,d). Regressions for scale Hu showed R2 values between 0.7587 and 0.7647. In the case of scale  v , R2 values varied between 0.5839 and 0.7751. These results indicate that both the current flow velocity and the soil water storage in the root zone represent the effect of land-use change in the basin on the hydraulics of the current (flow) directly in contact with the exposed structures.



Nevertheless, the variables related to current hydraulics could improve the estimation of the physical vulnerability to floods in a land-use change scenario. In this way, it is possible to represent the response of the natural system in a variable land-use scenario in the basin and use it together with the flow velocity to estimate its effect on the physical vulnerability of structures exposed to floods by using the power law and GIS mapping.





4. Conclusions


The findings of this study show that land-use changes affect the magnitude of floods. In particular, the increase in permeable areas produces flood attenuation due to the increase in soil infiltration capacity. Likewise, the decrease in forest and crop cover and the increase in land uses with low infiltration capacity generate increases in peak flow, flow velocity, and water depth in the cross-sections, directly related to the physical vulnerability level of exposed structures.



Under the conditions in which this analysis was carried out, physical vulnerability estimation can be improved by incorporating hydraulic properties of the soil, such as Hu and CN, together with flow variables, such as flow velocity, since they vary with land-use evolution at the basin scale, facilitating the mapping of the physical vulnerability of structures exposed to floods by using GIS. However, the methodology shows limitations since it is necessary to obtain cross-sections of the stream to implement a hydraulic model according to the level of detail required for each case study. In this sense, the manifestation of the WSSS with the incorporation of scales such as Hu, CN, and  v  contributes to simplifying the process of estimating the physical vulnerability in cross-sections of a stream by projecting land-use variation at the basin scale, given the ease of applying the power law without requiring a hydraulic modeling process. Therefore, this approach could be useful and practical in land-use planning processes in small basins using GIS and could facilitate the prediction of the physical vulnerability of structures close to surface water currents in land-use change scenarios with scarce information.
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Figure 1. Location of the study area. 
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Figure 2. Hydrological modeling: (a) calibration period: 1984–1985, (b) validation period: 2017–2018, (c) hydraulic model calibration, (d) Manning’s n coefficient values adopted in the simulated stream reach. 
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Figure 3. Hydrological response by land–use change period. (a) land–use areas, (b) annual maxima, and (c) flood quantiles. 






Figure 3. Hydrological response by land–use change period. (a) land–use areas, (b) annual maxima, and (c) flood quantiles.



[image: Water 15 01214 g003]







[image: Water 15 01214 g004 550] 





Figure 4. Simulated variations of land-use change, soil infiltration capacity (CN), soil water content in the root zone (Hu), stream flow velocity ( v ), and water depth ( h ) (in order, from top to bottom) related to land-use change during the 1976–2017 period in sections S48–S53 located in the lower part of the stream reach analyzed. 
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Figure 5. Evaluation of the physical vulnerability to floods by applying the following methods: (a) vulnerability and mapping of floods based on land-use patterns (MFLUP); (b) vulnerability in land-use change scenarios (VLUCS); (c) vulnerability based on flow velocity and curve number (VFVCN); and (d) vulnerability based on soil water storage variation (VVHu). 
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Figure 6. Changes in physical vulnerability in the 1976–2017 period applying the four methods analyzed. MFLUP: vulnerability and mapping of floods based on land-use patterns; VLUCS: vulnerability in land-use change scenarios; VFVCN: vulnerability based on flow velocity and curve number; VVHu vulnerability based on soil water storage variation. 
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Figure 7. Dendrogram of similarity of the methods used in this study to assess the physical vulnerability of structures. 
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Figure 8. Scalable behavior manifestation of physical vulnerability with respect to (a) soil water storage variation in the root zone (Hu) and (c) stream flow velocity variation ( v ). Linearity of scale exponents with (b) Hu variation and (d)  v  variation. 
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Table 1. Modal values of the hydraulic properties of soils in the Combeima river basin, Colombia, reported by Peña et al. (2016) [28]. * Taxonomic classification of soils defined by the United States Department of Agriculture (USDA) [30,31].
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Soil

Unit *

	
Forest

	
Grassland

	
Crop




	
   H u   

(mm)

	
   K s s   

(mm h−1)

	
   K s   

(mm h−1)

	
   H u   

(mm)

	
   K s s   

(mm h−1)

	
   K s   

(mm h−1)

	
   H u   

(mm)

	
   K s s   

(mm h−1)

	
   K s   

(mm h−1)






	
MKB

	
102.6

	
75.7

	
68.2

	
10.3

	
7.6

	
6.8

	
24.6

	
18.2

	
16.4




	
MKG

	
153.2

	
58.2

	
57.9

	
22.8

	
8.8

	
8.7

	
54.6

	
21.0

	
20.8




	
MQC

	
149.3

	
28.0

	
28.6

	
11.6

	
2.0

	
2.0

	
27.9

	
4.8

	
4.8




	
MQD

	
140.1

	
177.7

	
114.7

	
11.9

	
14.5

	
9.4

	
28.6

	
34.9

	
22.5




	
MQE

	
194.9

	
22.8

	
22.2

	
18.0

	
2.1

	
2.1

	
43.3

	
5.1

	
4.9




	
MDA

	
100.8

	
105.8

	
80.9

	
8.5

	
8.9

	
6.8

	
20.4

	
21.4

	
16.3




	
MGA

	
54.9

	
236.7

	
114.5

	
54.9

	
236.7

	
114.5

	
54.9

	
236.7

	
114.5




	
MGB

	
133.3

	
576.5

	
104.6

	
4.5

	
21.5

	
10.5

	
10.9

	
51.5

	
25.2




	
MGC

	
93.2

	
119.4

	
78.0

	
23.0

	
99.4

	
18.0

	
55.2

	
238.6

	
43.3




	
MWD

	
0.0

	
3011.7

	
3008.6

	
0.0

	
3011.7

	
3008.6

	
0.0

	
3011.7

	
3008.6




	
PWD

	
117.7

	
14.9

	
14.1

	
9.0

	
1.1

	
1.0

	
21.6

	
2.7

	
2.5




	
PWL

	
112.6

	
203.0

	
53.6

	
5.6

	
10.6

	
2.7

	
13.5

	
24.4

	
6.4




	
MQO

	
126.5

	
29.7

	
20.9

	
19.8

	
4.6

	
3.3

	
47.4

	
11.1

	
7.8




	
MKI

	
40.4

	
454.4

	
127.4

	
3.2

	
36.1

	
10.1

	
7.7

	
86.5

	
24.3




	
MQH

	
130.8

	
12.4

	
11.6

	
21.4

	
2.0

	
1.9

	
51.3

	
4.9

	
4.6




	
MQJ

	
129.6

	
9.9

	
7.9

	
13.9

	
1.1

	
851.6

	
33.4

	
2.5

	
2.0




	
MWA

	
0.0

	
10.6

	
10.0

	
0.0

	
1.9

	
1.8

	
0.0

	
4.5

	
4.3




	
MWC

	
0.0

	
14.4

	
13.9

	
0.0

	
2.9

	
2.8

	
0.0

	
6.9

	
6.6




	
MWJ

	
123.1

	
20.1

	
12.1

	
14.3

	
2.3

	
1.4

	
34.3

	
5.6

	
3.4




	
PWH

	
50.5

	
186.9

	
155.6

	
3.4

	
12.6

	
10.5

	
8.2

	
30.3

	
25.2
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Table 2. Hydraulic characteristics of cross-sections per year.
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Year

	
Cross-Section Number

	
Velocity

(m s−1)

	
Water Depth

(m)

	
Qmax

(m3 s−1)

	
   H u   

(mm)

	
   K s   

(mm h−1)

	
    C N    






	
1976

	
53

	
3.19

	
1.35

	
41.12

	
60.73

	
15.52

	
58




	
52

	
1.48

	
2.94

	
41.12

	
82.99

	
14.34

	
58




	
51

	
3.49

	
2.20

	
41.12

	
126.50

	
20.86

	
58




	
49

	
3.59

	
1.58

	
41.12

	
67.27

	
24.74

	
58




	
48

	
4.45

	
1.33

	
41.12

	
37.65

	
19.10

	
58




	
42

	
4.76

	
1.09

	
41.12

	
54.05

	
15.52

	
58




	
1987

	
53

	
3.57

	
1.61

	
57.56

	
86.68

	
15.14

	
59




	
52

	
1.18

	
3.34

	
57.56

	
81.05

	
14.34

	
59




	
51

	
3.64

	
2.62

	
57.56

	
126.50

	
14.34

	
59




	
49

	
3.99

	
1.91

	
57.56

	
107.73

	
15.14

	
59




	
48

	
4.84

	
1.66

	
57.56

	
137.90

	
11.22

	
59




	
42

	
5.50

	
1.24

	
57.56

	
80.72

	
15.52

	
58




	
1991

	
53

	
3.44

	
1.52

	
51.61

	
74.74

	
3.57

	
58




	
52

	
1.69

	
3.21

	
51.61

	
43.29

	
3.91

	
58




	
51

	
3.64

	
2.45

	
51.61

	
47.40

	
3.91

	
58




	
49

	
3.86

	
1.79

	
51.61

	
40.90

	
4.20

	
58




	
48

	
4.75

	
1.54

	
51.61

	
37.65

	
4.20

	
58




	
42

	
5.18

	
1.20

	
51.61

	
106.02

	
3.15

	
59




	
2000

	
53

	
3.48

	
1.54

	
53.18

	
74.74

	
12.41

	
59




	
52

	
1.72

	
3.24

	
53.18

	
43.29

	
14.34

	
59




	
51

	
3.64

	
2.50

	
53.18

	
47.40

	
14.34

	
59




	
49

	
3.90

	
1.83

	
53.18

	
40.90

	
11.15

	
59




	
48

	
4.76

	
1.56

	
53.18

	
37.65

	
11.15

	
59




	
42

	
5.27

	
1.21

	
53.18

	
106.02

	
15.52

	
60




	
2007

	
53

	
3.30

	
1.43

	
45.84

	
74.74

	
15.52

	
48




	
52

	
1.57

	
3.07

	
45.84

	
43.29

	
7.82

	
48




	
51

	
3.62

	
2.30

	
45.84

	
47.40

	
7.82

	
48




	
49

	
3.73

	
1.68

	
45.84

	
40.90

	
6.30

	
48




	
48

	
4.61

	
1.432

	
45.84

	
37.65

	
6.30

	
48




	
42

	
4.92

	
1.146

	
45.84

	
106.02

	
6.30

	
47




	
2017

	
53

	
3.25

	
1.39

	
43.56

	
74.74

	
8.36

	
41




	
52

	
1.53

	
3.01

	
43.56

	
43.29

	
14.34

	
41




	
51

	
3.56

	
2.25

	
43.56

	
47.40

	
14.34

	
41




	
49

	
3.67

	
1.63

	
43.56

	
40.90

	
19.10

	
41




	
48

	
4.56

	
1.34

	
43.56

	
37.65

	
19.10

	
41




	
42

	
4.87

	
1.34

	
43.56

	
106.02

	
15.52

	
43
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Table 3. Variation of physical vulnerability in the land-use change scenarios evaluated per method.
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Cross

	
Scenario 1976

	
Scenario 1987

	
Scenario 1991

	
Scenario 2000

	
Scenario 2007

	
Scenario 2017




	
Section

	
MFLUP

	
VLUCS

	
VFVCN

	
VVHu

	
MFLUP

	
VLUCS

	
VFVCN

	
VVHu

	
MFLUP

	
VLUCS

	
VFVCN

	
VVHu

	
MFLUP

	
VLUCS

	
VFVCN

	
VVHu

	
MFLUP

	
VLUCS

	
VFVCN

	
VVHu

	
MFLUP

	
VLUCS

	
VFVCN

	
VVHu






	
147
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Notes: Physical vulnerability levels correspond to the following colors: green = low, yellow = medium, and red = high. MFLUP: vulnerability and mapping of floods based on land-use patterns, VLUCS: vulnerability in land-use change scenarios, VFVCN: vulnerability based on flow velocity and curve number, VVHu: vulnerability based on soil water storage variation.
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