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The calculation of a river water surface profile is a very important problem in the field of hydraulic engineering. With the development of research on surface and groundwater coupled simulation, the river water surface profile has become an indispensable boundary condition for simulating the inter-relationship between surface water and groundwater. River channel large-section data are the basic prerequisites for building most hydrodynamic models, and obtaining field data can consume considerable effort and material resources. We extracted river sections using ArcGIS based on the ASTER GDEM data and interpolated the corresponding water levels of different guarantee flow rates in Baoqing and Caizuizi stations. We analyzed the variation of upstream water levels under different Manning coefficients n, and the bed resistance of the Naoli River was determined to be 0.025. In order to ensure the rationality of the model and the reliability of the operation results, three indexes (non-scouring velocity, the shear stress of the riverbed, and the water surface slope) were used to analyze and test the rationality of the simulation results. Ultimately, the calculation of the water surface profile from the Baoqing hydrologic station to the Caizuizi hydrologic station in the Naoli River was achieved using the MIKE 11 hydrodynamics model under the guarantee flow rates of 20%, 50%, 75%, and 95%. Calculating the water surface profile can provide hydrological boundary conditions for surface and groundwater conversion and the combined simulation. Furthermore, the present study can provide a feasible method for calculating a river water surface profile in areas that lack measured section data.
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1 INTRODUCTION
A river water surface profile is based on the data of river topography, transverse and longitudinal sections, and roughness to calculate the water level of each section under a certain fixed flow value and connect the water level value into a curve. As an important part of hydraulics research, the water surface profile plays an important role in surface and underground coupled river basin simulation. The results of water surface line calculations can provide hydrological boundary conditions for a numerical groundwater calculation model, which is the basis for the successful operation of the model. Based on the Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER GDEM) data, the hydrodynamic simulation software MIKE 11, which is widely used and has a high accuracy of calculation results, is adopted in this paper for hydrodynamic calculation, aiming to deduce the river water surface profile under different working conditions in the region without a cross section of the measured river.
In the past 20 years, the principles of river hydraulic calculation have been widely used in many river basins worldwide. In 1871, Saint-Venant (1871) proposed an explicit unsteady flow differential equation, namely Saint-Venant’s equation. The spatio-temporal changes in river water level and flow rate are usually calculated using Saint-Venant’s formula (Strelkoff, 1970; Tayfur et al., 1993; Popescu, 2014), which is based on the conservation of mass and momentum. The calculation of the Saint-Venant formula was very complicated and difficult. In the 1950s, with the development of computer technology and the finite difference method, the numerical simulation of one-dimensional, shallow open channel flow gradually developed and matured. By the 1960s, finite element, finite volume, and other numerical methods were continuously applied to computational fluid dynamics, and two-dimensional and three-dimensional shallow hydrodynamic models emerged. Since the 1990s, several mature commercial software packages for river hydrodynamic models, such as SMS and HEC-RAS, have appeared. At present, the numerical methods to calculate Saint-Venant mainly include the finite difference method (FDM), the finite element method (FEM), and the finite volume method (FVM). After 2000, based on the above numerical methods, researchers began to calculate river dynamics with different hydrodynamic models (Bates and De Roo, 2000; Hunter et al., 2007).
The MIKE series is a piece of commercial software developed by the Danish Institute of Hydraulic Research (DHI) and is composed of MIKE 11, MIKE 21, MIKE NAM, and other parts. MIKE 11 applications, more than any other simulation software, can deal with flood, navigation, water quality, prediction, sediment transport, and other practical problems (Danish Hydraulic Insititute, 2012). MIKE 11 makes use of the finite difference method (FDM), the finite element method (FEM), the finite volume method (FVM), and other numerical methods to calculate different grid points along the flow direction of water level and flow of the hydrodynamic simulation software. This software has the advantages of reliable algorithms, stable calculation, simple processing, and strong regulation functions for hydraulic structures. The MIKE 11 model used in this study can satisfy the hydraulic calculation under complex river channels and different flood flow patterns, with strong adaptability and a wide application range.
At present, MIKE 11 software is widely used in flood control, flood prediction, water quality evaluation and prediction, as well as research, planning, design, management, and evaluation of water conservancy projects. MIKE 11 has been well applied in many countries. As a world-class standard for dynamic simulation of rivers and waterways, MIKE 11 has unlimited river simulation capacity and has become the most powerful and comprehensive method for river hydrodynamic and environmental simulation. This paper used the numerical method of MIKE 11 (HD) to calculate the relationship between the flow rate and water level at different points in the river and to explore the calculation of the water surface line under different working conditions.
River profile data are the basic input into the MIKE 11 hydrodynamic model for simulating water levels. Because obtaining river profile data and hydrological data measured in the field can consume considerable effort and material resources, this paper used the elevation data provided by satellite to complete the section extraction. ASTER GDEM is a global digital elevation model of the land surface of the earth jointly launched by Japan’s METI and the United States NASA on 29 July 2009. ASTER GDEM is a model that can provide global digital elevation data to the public free of charge. It provides elevation data with a plane accuracy of 30 m and a vertical accuracy of 20 m (Chrysoulakis et al., 2011). This is higher than the elevation data accuracy provided by SRTM, which is also widely used at present.
In this paper, ASTER GDEM precision is used to extract the river section as the input for the MIKE 11 hydrodynamic model. ASTER GDEM can provide global digital elevation data to the public free of charge. It has made good progress in hydrological process simulation, engineering planning and design, landform analysis, and geological hazard assessment. In this paper, ASTER GDEM data is used to extract river sections in areas with scarce river section data, and a feasible method is explored to determine the river surface line under different guarantee rates (20%, 50%, 75%, and 95%) in areas without measured river sections. This work can provide information for flood control and reduction of the damage caused by flooding and drought. Moreover, the river water level at different design flood guarantee rates can be used as the boundary conditions in the groundwater numerical model.
2 METHODS
Limited by time, cost, site, or test instruments, it is difficult to carry out experimental research on the actual river model for all projects. Therefore, hydrodynamic simulation software is usually used by researchers to deduce the water surface line of the natural river so as to achieve the expected purpose. At present, there are many calculation methods for river surface lines. The common methods can be generally summarized as artificial trial algorithms and hydrodynamic simulation software calculation methods, and the most widely used method is the hydrodynamic simulation software calculation method.
The MIKE 11 model is a widely used hydrologic simulation system developed by the Danish Institute of Hydraulic Research (MIKE11, 2013). The MIKE 11 model is mainly used to simulate surface runoff, water flow, sediment transport, and river and estuary water quality (Rahman et al., 2011; Thompson et al., 2004; Liu et al., 2007; Keskin et al., 2008). The models include hydrodynamic (HD), convection-dispersion (AD), flood prediction (FF), sediment transport (ST), and rainfall-runoff (RR). MIKE 11 has the advantages of wide applicability, friendly interface, strong scalability, stability, and efficient calculation. Based on the above advantages and the universality of their applications, this study will use the hydrodynamic model of MIKE 11 to complete the water surface profile estimation of the basin.
The hydrodynamic module of MIKE 11, which is the most widely used, is the application basis of other modules such as convection-dispersion, flood prediction, sediment migration, and rainfall-runoff. Establishing the HD model includes simplifying the formula of the control equations, discretizing the equation, solving the numerical value of the control equations, determining the initial and boundary conditions of the model, parameter calibration, model verification, sensitivity analysis, and other steps.
The operation of the MIKE 11 model is based on the dynamic, diffusion, or fully dynamic, vertically integrated mass and momentum equations, namely, Saint-Venant equations, including the continuous equation (Formula 1) and the momentum equation (Formula 2). The solution of these equations is based on the implicit finite difference scheme because this scheme is not subject to the dynamic, diffusion, and other wave conditions (Kamel et al., 2008).
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In this formula, A is the discharge section area (m2);t is (s);Q is the section runoff (m3/s);x is the distance along the direction of the current (m);q is the lateral inflow per unit length of reach (m2/s);α is the momentum distribution coefficient;g is the gravitational acceleration (m2/s);C is the Chezy coefficient (m1/2/s);R is the hydraulic radius (m).
MIKE 11 (HD) solves Saint-Venant equations based on the following assumptions:
(1) the water flow is incompressible, and flow is uniform (such as small changes in density);
(2) the wavelength is larger than the water depth, assuming that the water flow and the bottom of the riverbed are parallel (for example, vertical acceleration can be ignored, assuming that the vertical hydrostatic pressure changes);
(3) the natural gradient of the riverbed is small, and the approximate riverbed angle cosine is 1;
(4) the flow is subcritical flow (MIKE 11 can simulate supercritical flow, but the application conditions are more stringent).
In the MIKE 11 workflow, the river and floodplain are described as a river network system with interconnected tributaries. Abbott’s six-point central implicit difference (discrete) scheme is adopted to solve Saint-Venant equations using the “double-sweep” algorithm. This discrete format is very stable under any conditions. Even though the data volume is very large, it can still maintain the computational stability of the model and efficiently complete the hydrodynamic calculation of rivers and river networks. The change of water level (h) and flow rate (Q) with time is calculated alternately in the order of h-q-h at each node along the flow direction. The model operation is based on the topographic information of rivers and floodplains, and the specific calculation sequence is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic diagram of the alternating calculation of water level and flow at section nodes.
The specific discrete format of the Saint-Venant flow continuity equation is expressed in Figure 2. In the flow continuity equation, after introducing channel width Bs, the equation can be expressed as Formulas 3–5.
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In this formula: [image: image] is the surface area between lattice point j − 1 and lattice point j (m2);[image: image] is the surface area between lattice point j and lattice point j + 1 (m2);[image: image] is the spacing between lattice point j − 1 and lattice point j + 1 (m).
[image: Figure 2]FIGURE 2 | Abbott six-point hermit difference scheme for Saint-Venant continuous equations.
Based on the above equations, the discrete format of the continuous equation can be summarized as shown in Formula 6, which can be further simplified to Formula 7.
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Saint-Venant equations are solved by the “double scan” algorithm.
After the Saint-Venant equations are discretized, the hydraulic parameters (W) at any point in the river channel, including water level and flow, are related to the adjacent grid point W, which can be expressed as the following linear equation (Formula 8).
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In this formula, n+1 is the Time step;bj − 1, j, j+1 is the Node location;[image: image] is the water level node calculated by the discretized flow continuity equation. A flow node is calculated by the discrete momentum equation. If a river has n (odd) nodes, the equations are composed of n linear equations, as follows (Formula 9): 
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In this formula, Hus is the water level of the upstream node (h);Hds is the water level of the downstream node (h).At the first section in MIKE 11, h1= Hus; at the last section, hm= Hds.
The above equations are easy to solve if there is no major tributary inflow on the reach and the upper and lower water level boundaries of the reach are known (they are usually obtained from the measured value of the hydrological station).
3 EXAMPLES
3.1 Study area
The Naoli River basin is located in northeast Heilongjiang province, the heart of the Sanjiang plain, at east longitude 131°31′∼134°10′, north latitude 45°43′∼ 47°45′. It is a tributary of the Ussuri River, originating from the north slope of the Wanda mountain, with a total length of approximately 596 km. It is the largest inland river in the Sanjiang plain, with a total basin area of 24,800 km2, and finally converges with the Qixing River into the Wusuli River. In this basin, the mountainous area accounts for 38.3% of the total area, mainly distributed in the southwest and south of the basin, with the plain accounting for 61.7% of the total area, distributed in the north and middle of the basin (Figure 3).
[image: Figure 3]FIGURE 3 | The location of the research area.
The average annual precipitation in the Naoli River basin is approximately 518 mm (Liu et al., 2013). In 1960, the maximum precipitation was 813 mm, while in 1967, the minimum precipitation was only 351 mm. Over the past 60 years in this basin, the average temperature was 3.14°C, the highest average temperature of 4.49°C occurred in 1990 and 2008, and the lowest average temperature of 1.06°C occurred in 1969. The average relative humidity is 66% in many years and ranges from 70% to 80% in summer and 60%∼70% in winter. The annual average wind speed is between 3.7 m/s and 4.2 m/s. The perennial average sunshine hours were 2509 h. The average solar radiation over the years is between 99 kcal/cm2 and 110 kcal/cm2 (Song, 2012).
The Naoli River is the main branch of the Wusuli River in China, flowing from southwest to northeast. The main tributaries are on the right bank of the river: Big Suolun River, Small Suolun River, Hamatong River, Qing River, Qiliqin River, Big Jia River, and Small Jia River. On the left bank of the river are tributaries of the Qixing River. After the river enters the plain, the bending coefficient is generally above 1.8, and the local reach reaches approximately 3. The river slope changes greatly, including 1/200∼1/800 in the upper reaches of the Naoli River, 1/4,000∼1/15,000 in the middle reaches, and 1/8,000 in the lower reaches. The main stream of the Naoli River originates from the north slope of Wanda mountain in Qitaihe city and flows into the Wusuli River. The Qixing River originates from the Qixing pleated mountain in Shuangyashan city and flows into the Naoli River after passing through the Qixing River wetland reserve.
There are two main hydrological stations in the study river: Baoqing hydrological station and Caizuizi hydrological station. Baoqing station was established in August 1949 and is located in Heilongjiang province, Shuangyashan city, Baoqing town, with geographical coordinates of longitude 132°18′ and north latitude 46°18′. In the catchment area of 3,689 km2, 439 km from the estuary, is a national second-class precision hydrological station. Caizuizi Hydrological Station was established in 1956. It is located in the mountains of Heilongjiang province, Jixi city, Caizuizi village, and its geographical coordinates are longitude 133°20′ north, latitude 47°12′. The catchment area is 20,556 km2. It is the Naoli River downstream control station, and it is a news station at the national level.
3.2 Build model
The river network file, section file, boundary file, and roughness file are needed for model construction.
3.2.1 River network
River network documents mainly include the geometric shapes, lengths, and trends of rivers, estuaries, and river networks, or numerical maps of GIS. The river network file in this study is based on elevation data extraction, and GIS software is used to generate the Shp file, which is input needed by the MIKE 11 model. The river network file extracted from Baoqing station to Caizuizi station along the Naoli River is shown in Figure 4. The total length of the reach is 198.725 km.
[image: Figure 4]FIGURE 4 | Schematic diagram of the research river network (note: marked with geodetic coordinates in the figure).
3.2.2 River section
The section file contains river section information, and the section is arranged according to the research purpose. The section is used to reflect the section shape of the studied section for hydraulic calculation. In this study, the sections of the initial upper boundary Baoqing station and the lower boundary Caizuizi station were physically measured. Other sections between these two were extracted by using ArcGIS and ASTER GDEM elevation data. Every section was arranged every 10 km along the main stream of the Naoli River from Baoqing station to Caizuizi station, and every elevation sampling point was arranged every 30 m vertically along each extracted section from left to right. Nineteen sections were extracted by ASTER GDEM. The layout of all sections is shown in Figure 5.
[image: Figure 5]FIGURE 5 | All sections of the river network (note: marked with geodetic coordinates in the figure).
The position x and riverbed elevation z data of each sampling point in the section were imported into MS EXCEL. The section data were edited into TEXT according to the format required by the MIKE 11 model (format conversion can be realized by using self-programming programs such as FORTRAN, BASIC, and EXCEL VBA). Then, the actual measured sections and extracted section data were input into the MIKE 11 model in the specified format. The actual measured sections of the Baoqing station and the Caizuizi station are shown in Figure 6, and part of the sections extracted from ASTER GDEM elevation data are shown in Figure 7.
[image: Figure 6]FIGURE 6 | The actual measured sections of Baoqing station (A) and Caizuizi station (B) in the main stream of the Naoli River.
[image: Figure 7]FIGURE 7 | The part sections (A) 80 km, (B) 120 km, and (C) 180 km were extracted by ASTER GDEM elevation data in the main stream of the Naoli River.
3.2.3 Model boundary
When using MIKE (HD) to deduce the water profile line, the upstream flow and downstream water level values must be input into the model. Groundwater numerical modeling requires boundary conditions. Mike 11 (Patro et al., 2009; Panda et al., 2010; DHI, 2007) can be used to calculate the water level at different guarantee rates (20%, 50%, 75%, and 95%). As the boundary conditions of the model simulation, the water level and flow of the river sections are calculated to provide data for the numerical simulation of groundwater.
The flow boundary of the Naoli River trunk stream is determined by the measured data from the Baoqing station upstream and the Caizui station downstream. The relationship between water level and flow in the Baoqing station is shown in Figure 8. It was found that the water level relation law corresponding to small flow and large flow was different in the Caizuizi station. Therefore, the water level flow relationship curve of small flow and large flow was made, respectively, and the water level was interpolated according to the flow value under different guarantee rates in Caizuizi station, as shown in Figure 9. The corresponding water levels of different guaranteed flow rates in Baoqing station and Caizui station were interpolated according to the data of daily water level flow in 2013, as shown in Tables 1, 2.
[image: Figure 8]FIGURE 8 | The relationship between water level and flow in Baoqing station.
[image: Figure 9]FIGURE 9 | The relationship between water level and flow in Caizuizi station under flow<17 m3/s and flow≥17 m3/s conditions.
TABLE 1 | The corresponding water level of different guarantee flow rates in Baoqing station.
[image: Table 1]TABLE 2 | The corresponding water level of different guarantee flow rates in Caizuizi station.
[image: Table 2]3.2.4 Model roughness
The bed roughness reflects the riverbed resistance and directly affects the flow speed and flow rate. In the course of flood propagation, roughness affects not only the propagation speed but also the water level. However, bed roughness is determined by many factors, such as the shape of the section, roughness of the bed surface, vegetation coverage, degree of river bend, and water level. Bed roughness is an important sensitive parameter of hydraulic calculation (Xu, 2010; Jia and Zu, 2014). In the hydraulic calculation of a natural river channel, the selection of bed roughness affects the calculation accuracy of the hydrodynamic model. The Manning roughness coefficient n is considered in the parameter calibration of the hydrodynamic model. n is an important coefficient to measure the influence of riverbed wall roughness on water flow and carry out corresponding hydrological analysis. Its value is the key to a one-dimensional numerical simulation of the river channel. The accuracy of n directly affects the calculation accuracy of the hydrodynamic model. In this article, the value of Manning’s coefficient n is determined by a trial algorithm.
4 RESULTS AND DISCUSSION
4.1 Determination of Manning’s coefficient
The parameter calibration of MIKE 11 is the calibration of Manning roughness (n), which is used to improve the rationality of the model. The essence of parameter calibration is that a roughness value is assumed and substituted into the MIKE 11 model for calculation, and then the water level calculation result of the upper station is obtained. The calculated water level of the model is compared with the measured water level of the upper station. If the difference between the calculated value and the measured value meets the allowable range of error, the roughness value can be used as the channel parameter under this flow. If the difference value is greater than the error range, the roughness value is adjusted and substituted into the model again for calculation. The above process is repeated and repeatedly debugged until the difference between the calculated water level and the measured water level is less than 2 cm; then, the roughness calibration is completed.
In this paper, we used the existing measured water level and flow data, the flow of Baoqing station as the upper boundary, and the water level of Caizuizi station as the downstream boundary. The boundary conditions are input into the Mike 11 model, which can calculate the water level of the upstream Baoqing station according to the water level boundary of the downstream Caizui station under different guarantee rates (20%, 50%, 75%, and 95%). The water level of Baoqing station corresponding to different Manning coefficients is shown in Figure 10. By comparing the calculated error with the measured water level of the Baoqing station under different guarantee rates, the Manning coefficient n was determined to be 0.025. Combined with the current situation of the river, the Manning coefficient is reasonable. Using this Manning coefficient, the errors between the calculated water level and the measured water level in Baoqing station under different guarantee rates are shown in Table 3.
[image: Figure 10]FIGURE 10 | The water level of Baoqing station at different Manning coefficients n.
TABLE 3 | The calculated water level and the measured water level of Baoqing station under different guarantee rates when the Manning coefficient is 0.025.
[image: Table 3]4.2 Rationality analysis
Because ASTER GDEM elevation data have a vertical accuracy of 20 m and a horizontal accuracy of 30 m, the river section generated based on this elevation data is uncertain, which will affect the accuracy of the calculation results of the water surface profile. In order to ensure the rationality of the model and the reliability of the operation results, three indexes are used to analyze and test the rationality of the simulation results. The indexes of the test are the non-scouring velocity, the shear stress of the riverbed, and the water surface slope.
4.2.1 Non-scouring velocity
According to the current situation of the riverbed, which is lined with pebbles, the non-scouring velocity should be less than 2.0 m/s. Therefore, it is necessary to check whether the velocity of each section of the water surface line exceeds the non-scouring velocity. If there is a section that exceeds the non-scouring velocity, it is necessary to correct the section. Under the condition that the guarantee rate is 20%, the velocity of each section is shown in Figure 11. Compared with the non-scouring velocity, it can be seen that the calculated flow velocity does not exceed the non-scouring velocity, indicating that the calculation results are reasonable.
[image: Figure 11]FIGURE 11 | The velocity of each section under the condition that the guarantee rate is 20%.
4.2.2 Bed shear stress
The shear stress formula of the riverbed is
[image: image]
In this formula, H is the depth of the water (m);n is the Manning roughness;V is the velocity;R is the hydraulic radius;ρg is the specific gravity of water.
The shear stress value of the riverbed can be obtained according to the formula calculation. Under the condition of a 20% guarantee rate, the shear stress of each section is shown in Table 4. It can be seen there is no extra-large value of bed shear stress in the calculated results, indicating that the calculation results are reasonable.
TABLE 4 | Bed shear stress of each section under a 20% guarantee rate.
[image: Table 4]4.2.3 Water surface slope
The average water surface slope refers to the difference in the water level between the upper and lower reaches of the unit river section horizontal distance along the water flow direction according to Formula 10. The accuracy of the water surface line calculation results is verified by the consistency between the calculated water surface slope and the actual river channel slope.
[image: image]
In this formula, ∆H is the difference in water levels between two ends of reach, and L is the length of the reach.
Based on the measured upstream and downstream boundary sections, it can be calculated that the average ratio of Baoqing station to Caizui station is 0.133‰. The average water surface slope calculated by the hydrodynamic model of MIKE 11 under different conditions is between 0.118‰ and 0.126‰. Therefore, the hydrodynamic model of MIKE 11 established in this study is reasonable. The water surface line results calculated by this model are scientific and reasonable and can be used as the hydrological boundary conditions for the numerical simulation of groundwater flow.
4.3 River water surface profile
Numerical groundwater modeling requires boundary conditions, and Mike 11 can be used to calculate the water level at different guarantee rates (20%, 50%, 75%, and 95%). As the boundary conditions of the model simulation, the water level flow of the section laid in the river section is calculated to provide data for a numerical simulation of groundwater. In the following studies, water level and flow data were used to calculate guarantee rates of 20%, 50%, 75%, and 95%, which can provide the boundary conditions of the groundwater numerical model, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | Water surface profile under different guarantee rates of 20% (A), 50% (B), 75% (C), and 95% (D).
5 CONCLUSION
River channel section data are the basic prerequisite for building most hydrodynamic models, and obtaining such data can consume considerable effort and material resources. In this paper, the feasibility of using ASTER GDEM to extract river section data for the MIKE 11 operation to calculate water surface line at different guarantee rates (20%, 50%, 75%, and 95%) to provide hydrological boundary conditions for surface and groundwater conversion and simulation is examined.
(1) The flow boundary of the Naoli River trunk stream is determined by the measured data from the Baoqing station upstream and the Caizui station downstream. It was found that the water level relation law corresponding to small flow and large flow was different in Caizuizi station. Therefore, water level flow relationship curves of small flow (<17 m3/s) and large flow (≧17 m3/s) were made. The corresponding water levels of different guaranteed flow rates in Baoqing station and Caizui station were interpolated according to the daily water level flow data.
(2) When applying the cross-section data extracted by ASTER GDEM to MIKE 11, the Manning roughness (n) parameter value must be estimated to ensure that the error of the calculated upstream water level and the measured water level meet the allowable error (≤2 cm). Finally, the Manning coefficient was determined to be 0.025.
(3) In view of the uncertainty of the section caused by the accuracy of the ASTER GDEM, in this study, three indexes (non-scouring velocity, the shear stress of the riverbed, and water surface slope) are used to analyze and test the rationality of the simulation results. All three indexes verify the reliability of the model results. Finally, we used the Mike 11 model to calculate the river water level at different guarantee rates (20%, 50%, 75%, and 95%). This can be used as the boundary conditions in the groundwater numerical model. This study can also provide a feasible method for the estimation of water surface lines in some regions with little measured section data of the river.
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