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Abstract

:

The high-resolution topography is very crucial to investigate the hydrological and hydrodynamic process. To resolve the deficiency problem of high resolution terrain data in rivers, the Quartic Hermite Spline with Parameter (QHSP) method constructing the river channel terrain based on the limited cross-section data is presented. The proposed method is able to not only improve the reliability of the constructed river terrain, but also avoid the numerical oscillations caused by the existing constructing approach, e.g., the Cubic Hermite Spline (CHS) method. The performance of the proposed QHSP method is validated against two benchmark tests. Comparing the constructed river terrains, the QHSP method can improve the accuracy by at least 15%. For the simulated flood process, the QHSP method could reproduce more acceptable modeling results as well, e.g., in Wangmaogou catchment, the numerical model applying the Digital Elevation Model (DEM) produced by the QHSP method could increase the reliability by 18.5% higher than that of CHS method. It is indicated that the QHSP method is more reliable for river terrain model construction than the CHS and is a more reasonable tool investigating the hydrodynamic processes in river channels lacking of high resolution topography data.
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1. Introduction


When investigating the hydrological and hydrodynamic process in rivers, high-resolution topography for river channels is indispensable. For instance, river channel terrain plays a very importance role in reliably simulating the flood propagation and inundation processes by using 2D shallow water models [1,2,3,4,5]. River channel terrain, a key spatial layer estimating channel networks in a catchment, slope gradients, flow direction and other controlling factors of the water movement, is one of the most important spatial input data sets in hydrological modeling [6]. Without high-resolution topography, there will be deviations in computed hydraulic factors, such as water depth and flow velocity, and in turn the rain-runoff process, thus affecting flood assessment and management.



The LiDAR (Light Detection And Ranging) technique is an ideal way to obtain topographical data [7,8], but it is difficult to survey the river bed under water, due to the limit existing in the Airborne LiDAR bathymetry device [9,10,11,12]. An alternative way to measure the river bed topography is the SONAR (Sound Navigation And Ranging) technique [13,14]. The river channel terrain acquired through SONAR has fine resolution, but the equipment is not feasible everywhere, e.g., it cannot work in very shallow water. The traditional method expressing a river channel is to employ the measured cross sections of the river bed at the distance from tens to hundreds of meters, but it is difficult to provide continuous 3D terrain.



To overcome the shortcomings of existing techniques, some numerical methods were developed to create whole river bed terrain according to the available cross-section data. Merwade et al. [15]; Mateo Lazaro et al. [16] interpolated river bed bathymetry on the basis of the ArcGIS environment, introducing different spatial interpolating methods in Cartesian and flow-oriented coordinate systems to evaluate anisotropic effects [17]. Flanagin et al. [18] and Schappi et al. [19] used Kochanek–Bartels splines and a bilinear techniques to reproduce the river bed terrain from cross sections, respectively. The troublesome thing for these methods is that breaklines need to input to define river banks. In order to efficiently generate river channel, Caviedes-Voulli et al. [20] implemented the Cubic Hermite Spline (CHS) method to create a continuous and smooth river channel topography from the cross-section data, but the river channel interpolated by CHS method cannot adjust river trend to fit the surrounding terrain. In the actual situation, the river trend is complicated and it may be meandering. That means an independent variable, x, is not monotonically increasing, and there may be a regression of x value (a fixed x may correspond to two y values) as shown in Figure 1a. In this case, it is prone to cause constructing errors by using CHS approach as plotted in Figure 1b in section A.



Base on the research of Jun-Cheng et al. [21], this work developed an approach termed as Quartic Hermite Spline with Parameter (QHSP) method to construct more accurate river terrain from the available cross sections. The paper is structured as follows: Section 2 presents the QHSP method constructing river bed terrain; Section 3 illustrates the improved accuracy of the QHSP method against a benchmark test of a synthetic sinusoidal river; Section 4 applies the QHSP method to generate a realistic river bed terrain and demonstrates the higher accuracy of the terrain itself and the modeled results on it; and finally, brief conclusions are drawn in Section 5.




2. Constructing Method for River Bed Terrain from Available Cross Sections


2.1. Procedure for River Terrain Model Construction


When generating 3D river bed terrain, the approach applying the available cross-section data to interpolate the required points for the river channel are commonly used, e.g., Caviedes-Voulli et al. [20]. In this type of approach, two coordinate systems termed as planar and cross-section coordinates are applied as plotted in Figure 2. The planar coordinates have the variables of x and y describing the planar information. The cross-section coordinate system expresses the spatial information at a cross section consisting of surveyed points with the variables of n and Z, where n denotes the point number from the left bank to the right one, Z represents the elevation of a point (Figure 3). On the defined coordinate systems, the procedure generating the point clouds of river channel follows the four steps:



Step 1: preliminary treatment. In the planar coordinate system, the thalweg is produced by connecting the lowest point of the river-sections. The left and right bank lines are defined by respectively connecting the highest points at the left and right hand sides of the cross sections, as shown in Figure 2;



Step 2: reconstructing cross sections and generating the basic point clouds. For each cross section, the shape is reconstructed linearly from the measured points in cross-section coordinate, i.e., the section is divided into a fixed amount of points from the thalweg to the top of the left and right banks. For example, the sections Si and Si+1 have 3 and 7 points with the same planar distance respectively at the left and right banks (Figure 4). The basic point clouds are generated according to the reconstructed points;



Step 3: determining the planar positions of the interpolated river channel points. The new points should be interpolated between the two corresponding basic points at the existing neighbor sections. In this step, the planar locations of the interpolated points are determined by using the CHS method or the proposed one termed as QHSP in this work (Figure 4);



Step 4: computing the elevation of the interpolated river channel points. The elevation of each interpolated point in Step is computed through linearly interpolating the elevation of the corresponding basic points in existing cross section. The point cloud data (x, y, z) of the whole river is obtained and could be converted into raster data for model use.



As the Step 3 is a key step to produce more reliable results, the method generating the planar trend of the river and the locations of the interpolated points is improved in this work to obtain higher accuracy.




2.2. River Terrain Model Construction in the Planar Coordinate System


Caviedes-Voulli et al. [20] have developed the Cubic Hermite Spline (CHS) method to obtain a smooth and consecutive interpolated river channel. A sole river channel can be interpolated by using the CHS method if the two adjacent cross sections are given. However, the CHS method may cause unrealistic river trend as shown in Figure 1, especially when the river section data is rare. To solve this problem, the Quartic Hermite Spline with Parameter μ (QHSP) is proposed in this work. The key task is to determine the location of a newly inserted point Pj between the nth points of the sections Si and Si+1. The xj coordinate of the Pj is defined by equally dividing the straight line connecting the points of Pi,n and Pi+1,n, e.g., the line is divided into 7 segments in Figure 4. The interpolating formula for the considered point Pj using the QHSP method can be expressed as:


yj=a0yi+a1yi+1+b0(xi+1−xi)tanθi+b1(xi+1−xi)tanθi+1



(1)




where tanθi and tanθi+1 are the tangent of the main flow direction at the cross section Si and Si+1. The coefficients of a0, a1, b0 and b1 can be evaluated from:


a0=1+(μ−3)δ2−(2μ−2)δ3+μδ4a1=−(μ−3)δ2+(2μ−2)δ3−μδ4b0=δ+(μ−2)δ2−(2μ−1)h3+μδ4b1=−(μ−3)δ2−(2μ+1)δ3−μδ4



(2)




where, the parameter δ modifying the position of the interpolated channel points along the x-axis in the planar coordinate system can be depicted as:


δ=xj−xixi+1−xi



(3)







In this method, the novelty is the introduction of the parameter μ which is used to flexibly adjust the trend of the river channel. As sketched in Figure 5, different value of μ can reconstruct different thalweg, e.g., if μ = 0, the reconstructed thalweg by the QHSP method is the same as that of the CHS method, if μ = 1 or μ = −1, the trend of thalweg is deflected to the left and right river bank, respectively.



When choosing a proper value of μ, a high-resolution aerial-view image or high accurate map of the river can be used to verify the performance of different μ, through comparing the constructed river tendency and that shown in the image or map between Si and Si+1. This procedure is repeated for all cross sections to produce the continuous and reliable river channel point cloud.




2.3. Constructing Error Treatment


As plotted in Figure 4, the x value of the river sections used for interpolation is increasing. But for meandering river, it is impossible to ensure the river trend always towards an irreversible direction. In this case, the method could encounter drastic oscillations, e.g., Figure 6a displays such an error occurring in interpolation process. To resolve this problem, the y-coordinate is applied instead when the river trend in x direction is reversed. Under such condition, the modified interpolating formula for the considered point Pj using the QHSP method is


xj=a0xi+a1xi+1+b0(yi+1−yi)tanθi+b1(yi+1−yi)tantanθi+1



(4)







In Equation (4), the parameter a and b are obtained as that in Equation (2) and accordingly, the parameter δ is modified as


δ=yj−yiyi+1−yi



(5)







By using the improved QHSP method, the unrealistic interpolation happens in the Figure 6a can be eliminated as shown in Figure 6b.




2.4. Elevation Interpolation of River Channel


The Section 2.2 and Section 2.3 present the approach determining the planar locations of the interpolated points. The elevation of the point needs to be evaluated as well. In this work, the elevation zj of the considered point Pj is linearly interpolated from the corresponding given data in the sections Si and Si+1. In other words, the zj can be computed by interpolating the elevation at Pi,n and Pi+1,n as plotted in Figure 4 in a linear way as


zj=zi,n+zi+1,n−zi,nmj



(6)




where, m denotes the number of segments divided equally between the line connecting the Pi,n and Pi+1,n.



After this step, both the planar and the vertical positions of the new point Pj are known. In a sum, Equation (1) is used to determine the y valued of the considered point Pj whose x value of xj is a given one linear interpolated between sections Si and Si+1. I. The parameters applied in Equation (1) are computed by Equations (2) and (3), while when Equation (6) is utilized to compute the z value of the point Pj. Other inserted points can be interpolated in the same way and terrain point clouds between the given sections can be generated.





3. Channel Construction for a Synthetic Sinusoidal River


3.1. Benchmark Introduction


A synthetic sinusoidal river is applied to test the reliability of the proposed QHSP method. In this benchmark test, the planar location of the river channel can be presented as that by Morales-Hernandez et al. [22].


y(x)=A[1+(2xL−1)2]−1sin(2πxL)



(7)




where A denotes the amplitudes; The period L = 2000 m is taken into account; The length of the river along the x axis is 4350 m. The river-section is defined by a function z(n) where n is an arbitrary point along the cross section


z(n)=4h+GxW2(n−W2)2−(d+Gx)+E



(8)







In Equation (8) has two independent variables x and n, where the thalweg position of the considered cross section is determined by x; n means the variable changing along the cross section. The river depth d = 5 m; the channel gradient G = 0.001; the width of the cross section W = 50 m and the elevation of the river bank E = 2800 m. The river channel is plotted in Figure 7. To consider general conditions, three types of the river channel with A = 400, 600 and 800 m are employed in this work to depict the performance of the QHSP method.




3.2. Channel Terrain Construction for the Synthetic Sinusoidal River


In this work, for each type of river channel, four test cases termed as A, B, C, and D are used by considering different given cross sections as shown in Figure 8a–d, respectively, where the given cross sections with the available measured points are marked in black. The distance between the given cross sections for case A, B, C, D are 500, 1000, 1000, and 750 m respectively. The difference between case B and C is that the locations of the cross sections are at the inflection points and those with the highest gradient, respectively. The QHSP and CHS methods are applied to construct the river terrains and the accuracy is compared by evaluating the constructed thalweg, cross sections (x = 1750, 2750, and 3250 m) and quantitative errors.



3.2.1. River Thalweg Construction


Constructing the thalweg could reflect the accuracy of a method. As plotted in Figure 8, the black curve represents the realistic sinusoidal river with the amplitude of 600 m, while the interpolated thalwegs by CHS and QHSP method are indicated by blue dashed lines and red dotted curves, respectively.



When using CHS method, the interpolated thalweg does not agree well with synthetic sinusoidal river in test cases B, C and D, especially for the test case B. The constructed thalweg in case A fit the river trend well, indicating that the CHS method requires more cross sections to produce reliable results. The QHSP method could considerably improve the accuracy for thalweg construction in cases B, C, and D through adjusting the parameter μ, showing that the QHSP method is able to correct the river trend deviation caused by the exiting method. The same results can also be found for the sinusoidal river with the amplitudes of 400 and 600 m which are not plotted herein but the accuracy is analyzed in Table 1.




3.2.2. Cross-Section Construction


A reliable interpolated planar river trend does not mean the accurate elevation, to test the performance of the interpolating methods, the constructed cross sections are compared with the realistic one. Figure 9 plots three constructed cross sections S1, S2, and S3 (x = 1750, 2750, and 3250 m) from the interpolated point clouds by using the QHSP and CHS methods for the river with the amplitude of 600 m. The constructed river channel is not exactly the same as the realistic one, but the QHSP method could generate more accurate results than the CHS method for all test cases, especially in the case B. The similar patterns can also be detected when constructing the river channels with the amplitudes of 400 and 800 m.




3.2.3. Error Assessment for the Interpolating Method


To quantitatively show the performance of the QHSP method, the Mean Error (ME in Equation (9)) and Root Mean Square Error (RMSE in Equation (10)) of the constructed river terrain are employed as


ME=∑iN|zCi−zEi|N



(9)






RMSE=∑iN(zCi−zEi)2N



(10)







To facilitate the comparison, the realistic and constructed river channels are converted into 2 m × 2 m raster data and the elevation values are compared at each cell. In Equations (9) and (10), N is the number of the raster cells, zCi and zEi are the constructed and exact or measured elevation data at the ith cell, respectively. The results of the ME and EMSE are listed in Table 1.



On the whole, the river channel constructed by the QHSP method is more accurate than that of the CHS method. For example, in test case B, comparing with the CHS method, the constructing ME of the QHSP method is at least 1 m lower. In test case C and D, the accuracy of the QHSP method can be improved by at least 15%, indicating the QHSP method has better performance than the CHS method when interpolating river channels.



A numerical hydrodynamic model with the framework of a finite-volume Godunov-type scheme [6] is used to simulate a flood process on the constructed river bed, in order to further investigate the performance of the QHSP method constructing river channels. Under the same inflow condition on the left hand boundary (Figure 10), the simulated hydrograph at different cross sections in the four test cases mentioned above on the constructed and the original river beds are compared in Figure 11, Figure 12 and Figure 13. Take the computed results on the original river bed as a reference, the accuracy of the computed hydrograph on the constructed river beds is shown in Table 2 in the form of ME and RMSE.



From Figure 11, Figure 12 and Figure 13 and Table 2, the computed hydrographs on the constructed river bed using the QHSP method display an overall higher accuracy, comparing to that using the CHS method. It is indicated again the CHS method is less applicable than the QHSP method, the latter could generate more reliable river channel terrain, through introducing a parameter μ to modify the river channel closer to the realistic one when having the same available river-section data.






4. Channel Construction for a Realistic River


4.1. River Channel Construction


In order to test the performance of the proposed QHSP method constructing river channel for a realistic river, a surveyed river channel in Wangmaogou catchment is employed. For this test case, a Digital Elevation Model (DEM) with 2 m resolution and 51 cross sections highlighted in green lines are available through survey (Figure 14).



The available cross sections are utilized to construct the river bed terrain by using the CHS and the QHSP methods, the accuracy is compared in terms of ME and RMSE in Table 3. The result illustrates the QHSP method could increase the reliability by 15% to 16%, comparing to the CHS method.




4.2. Flood Process Simulation on the Constructed River Bed


To further validate the higher accuracy of the proposed QHSP method used for river channel terrain construction, a flood process in the river channel caused by a storm in Wangmaogou catchment is simulated on the constructed river terrain. Since the terrain for the whole catchment is required, the constructed river channel is embedded into the available DEM of the catchment by using the ArcGIS tools provided by ESRI (Environmental Systems Research Institute, Inc, Redlands, CA, USA) (Figure 15).



The net rainfall process evaluated by considering the hydrological factors such as the hyetograph representing a heavy storm with the return period of about 300 years and the infiltration processes is used as shown in Table 4. The flood event is modeled and the propagation process at t = 2 h in the constructed river channel are plotted in Figure 16. To quantitatively reflect the net improvement of the QHSP method, the computed hydrographs at 8 cross sections (Figure 14) on the original and constructed river channel using QHSP and CHS methods are compared in Figure 17 and the simulating errors are listed in Table 5.



Figure 17 plots that the simulated flood peak of the QHSP method is closer to that on the surveyed 3D bed than the CHS method. Besides, the computed hydrographs of the QHSP method are always in better agreement with those on the surveyed 3D bed. The phenomenon is also expressed in Table 5, demonstrating the computed errors by using the QHSP method are much lower than the CHS method at the considering sections. The accuracy of the QHSP method in terms of ME is increased by 18.5% and higher than 30% than the CHS method at Section S6 and other sections, respectively. The similar result can also be indicated by the RMSE factor. The proposed QHSP method is therefore more suitable than the CHS method for the river bed construction.





5. Conclusions


This work proposed a new approach termed as QHSP method to construct river channel terrain based on the limited available cross-section data. The QHSP method is able to not only improve the reliability of the constructed river terrain, but also avoid the numerical failures in terms of unrealistic oscillations caused by the existing constructing approach, e.g., CHS method. After validated against two benchmark tests including a synthetic sinusoidal river and a realistic river channel, it is concluded that

	
The QHSP method can effectively resolve the unrealistic oscillations in the plane interpolation process by modifying the reversing tendency of x and y coordinates.



	
Comparing to the CHS method, the proposed QHSP method can produce a more accurate river channel by using the same amount of the cross sections. The accuracy of the constructed river bed terrain can be improved by higher than 15% in terms of ME for the two test cases.



	
On the constructed river channel by using the QHSP method, the computed hydrograph of flood process is more reliable than that employing the CHS methods, e.g., the former can improve the simulating accuracy by at least 18.5% in all cross sections in the Wangmaogou catchment.








The QHSP method is therefore an ideal approach for reliable river channel construction from limited available cross-section data. It is also more applicable to generate terrain date for hydrodynamic modeling, providing a more proper tool to investigate hydrologic and hydrodynamic process in the regions without sufficient topography data.
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Figure 1. (a) Meandering river channel and (b) erroneous river trend constructed by using the Cubic Hermite Spline (CHS) method. 
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Figure 2. The planar view of a river channel with measured cross sections. 
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Figure 3. An available cross section with surveyed points. 
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Figure 4. River channel construction using the QHSP (Quartic Hermite Spline with Parameter) method. 
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Figure 5. The constructed thalweg affected by different values of the parameter μ. 
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Figure 6. Constructing error and the treatment. (a) Constructing errors occurring by using the existing method; (b) the corrected river trend construction using the proposed QHSP method. 
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Figure 7. Synthetic sinusoidal river with the amplitude of 400 m. Unit: m. 
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Figure 8. Constructed river thalweg in Case (a) A, (b) B, (c) C, and (d) D with the amplitude of 600 m. 
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Figure 9. Constructed cross section (a) S1, (b) S2, and (c) S3 for the river with the amplitude of 600 m. 
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Figure 10. Inflow hydrograph. 
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Figure 11. Computed hydrograph for test case (a) A, (b) B, (c) C, and (d) D at Section S1 in the constructed river with the amplitude of 600 m. 
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Figure 12. Computed hydrograph for test case (a) A, (b) B, (c) C, and (d) D at Section S2 in the constructed river with the amplitude of 600 m. 
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Figure 13. Computed hydrograph for test case and (d) D at Section S3 in the constructed river with the amplitude of 600 m. (a) case A; (b) B, (c) C. 
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Figure 14. DEM (Digital Elevation Model) and available cross sections for Wangmaogou catchment. Unit: m. 
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Figure 15. Constructed river channel at Wangmaogou catchment by using (a) CHS and (b) QHSP methods. Unit: m. 
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Figure 16. Flood simulation on the DEM constructed by using QHSP method at t = 2. 
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Figure 17. Comparison between the computed hydrographs at considered cross sections in Wangmaogou catchment. (a) Section S1; (b) Section S2; (c) Section S3; (d) Section S4; (e) Section S5; (f) Section S6; (g) Section S7; (h) Section S8. 
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Table 1. Errors of constructed elevation for the sinusoidal rivers with 3 amplitudes.






Table 1. Errors of constructed elevation for the sinusoidal rivers with 3 amplitudes.





	
Amplitude

	
400

	
600

	
800




	
Errors

	
ME (m)

	
RMSE (m)

	
ME (m)

	
RMSE (m)

	
ME (m)

	
RMSE (m)






	
CHS_A

	
0.16

	
0.49

	
0.15

	
0.48

	
0.16

	
0.51




	
QHSP_A

	
0.11

	
0.29

	
0.07

	
0.23

	
0.09

	
0.28




	
CHS_B

	
1.24

	
2.60

	
1.24

	
2.62

	
1.27

	
2.64




	
QHSP_B

	
0.10

	
0.32

	
0.20

	
0.67

	
0.25

	
0.87




	
CHS_C

	
0.51

	
1.44

	
0.61

	
1.70

	
0.72

	
1.91




	
QHSP_C

	
0.36

	
1.07

	
0.46

	
1.37

	
0.56

	
1.60




	
CHS_D

	
0.46

	
1.36

	
0.54

	
1.56

	
0.61

	
1.69




	
QHSP_D

	
0.09

	
0.30

	
0.11

	
0.37

	
0.16

	
0.52








Note: CHS_A denotes using the CHS method for the case A and others are the same.
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