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Abstract

:

River discharge is crucial to water resources development and ecological protection. However, in some arid areas of northwest China, it is still difficult to measure discharge accurately. In this study, unmanned aerial vehicle (UAV) imagery has been used to estimate river discharge at two river sections in the upper reaches of the Shiyang River in the eastern part of the Qilian Mountains based on the Manning formula. The estimated discharges at those two sections are 1.16 m3/s and 3.11 m3/s, respectively. Taking the discharges measured by an acoustic Doppler current profiler (ADCP) as the reference, the relative error of the estimates is below 5%, which is accurate enough for water resources management in mountain basin regions. Multiple high-resolution satellite images were also used to calculate water discharges at the two sections, which were in good agreement with the discharges estimated from UAVs. This study demonstrates the feasibility of using UAVs to estimate river discharge, which is of great significance for future regional-scale water resource assessments.
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1. Introduction


River discharge is an important indicator of the water cycle and a basic element of water balance, which plays an important role in the development and utilization of regional water resources and river ecological protection [1,2]. For a long time, the acquisition of river discharge has mainly depended on manual observation at hydrological stations [3,4]. However, in some mountainous areas, it is difficult to establish fixed hydrological stations to measure river discharge due to poor natural conditions and an underdeveloped social economy [4].



The development of high-resolution remote sensing provides a new way to acquire river discharges in ungauged areas. Ling (2012) used multi-source satellite remote sensing data to monitor changes in the submerged area of islands in the middle of the Yangtze River and established an area–runoff relationship curve to forecast the river flow [5]. Great progress has been made in estimating the flow of large rivers based on satellite remote sensing data [6,7,8]. However, due to the coarse spatial resolution, long revisit period, susceptibility to weather conditions, and other limitations of satellite data, the above methods are difficult to apply to small and medium-sized rivers in mountainous areas [9].



In recent years, the development of unmanned aerial vehicle (UAV) aerial photogrammetry makes it convenient and reliable to obtain the terrain information of the underlying surface [10,11,12,13]. It has been widely used in monitoring dynamic changes in mountain glaciers [10,11,12,13,14], river morphology [15,16] and surface deformation [17], water quality [18], water turbidity [19], flood events [20], and changes in the coastal zone [21]. For river monitoring, many studies have been carried out using UAV data for river information gathering and discharge estimation [22] and river terraces and water erosion change monitoring [23]. Compared with satellite data, UAV data has advantages in terms of data accuracy [24,25,26]. Yang (2021) used the high-precision digital orthophoto map (DOM) and digital surface model (DSM) obtained by UAV aerial photography, combined with the classic Manning formula river flow algorithm, to estimate river flow velocity and discharge [9]. Compared with the measured discharge, the average relative error of this method is 10.74%, which proves the feasibility of combining UAV data and the Manning formula to estimate runoff.



A large number of glaciers developed in the Qilian Mountains provide a great amount of meltwater for the Shiyang River [27,28]. In recent years, with the rapid retreat of glaciers in the Qilian Mountains, glacier meltwater has increased river runoff. However, with the continuous retreat of glaciers, glacier meltwater will decrease after reaching a maximum, which restricts the utilization of water resources in the Hexi Corridor [29,30]. It is of great significance to acquire the runoff of mountain rivers for the estimation and utilization of water resources in the Hexi area. However, there are few observations of runoff available in the Qilian Mountains [31].



The objective of this study is to estimate river discharges for ungauged alpine river basins using UAV imagery. Two experimental river sections of the Shiyang River have been chosen to investigate this method. First, the 3D surface model of the river is retrieved from UAV imagery and then the hydraulic gradient is calculated. After that, we estimate discharge based on the Manning formula combined with the hydraulic radius and cross-sectional area measured by ADCP. Finally, the discharges at those two sections are validated against ADCP measurements.




2. Materials and Methods


2.1. Study Area


The Qilian Mountains are located in the transition zone between the arid area in northwest China and the Qinghai-Tibet Plateau [28] at the northwest boundary of the East Asian summer monsoon and is jointly influenced by the East Asian monsoon, Indian monsoon, and westerlies. The average annual precipitation is about 250 mm, which is mainly concentrated in summer [28]. The Shiyang River originates from the eastern part of the Qilian Mountains (Figure 1). It is 250 km long. The terrain is high in the south and low in the north, sloping from southwest to northeast. The altitude of the mountainous area ranges from 2000 to 5000 m. In this region, rainfall is scarce, and the ecological environment is fragile. Water resources are the key factors that control the evolution of the ecosystem and limit social and economic development.



As Earth’s climate warms, the glaciers in the Shiyang River are highly sensitive to climate change and show a higher shrinkage rate than other glaciers studied in the Qilian Mountains. The total area of glaciers in the Shiyang River decreased by 28.3% from 1972 to 2007 [27]. The UAV survey and ADCP measurements were conducted at two experimental river sections, namely Section A and Section B (Figure 1). Section A is situated at the upper reaches of the river, with an altitude of 3255 m asl; section B is located about 20 km downstream of section A, with an altitude of 2574 m asl.




2.2. UAV Data Collection and Processing


A Phantom 4 Pro quadcopter system equipped with a 20-megapixel fixed-lens camera (DJI, Shenzhen, China) was used in this research to acquire aerial images on 10 July 2021. It is a rotorcraft, and each battery provides a maximum flight time of 20 min. Images collected by each UAV survey were processed into DOMs and DSMs using a structure-from-motion photogrammetry (SfM) workflow [32]. Pix4D software (www.pix4d.com, accessed on 20 August 2021) was used to splice the river section images obtained in the field, and synthetic images of the study area were obtained. In this study, the UAV was used to capture high-resolution images of the river in the study area as follows: (1) UAV route planning: flight routes were arranged according to the width, direction, location, and surrounding terrain of the river so that the study area was located in the center of the flight area; the flights were planned using the DJI-GS-Pro flight planning software to maintain 66% lateral overlap and 88% longitudinal overlap between the images. The average flight height was approximately 80 m. (2) UAV data sorting: we classified, sorted, and numbered the segmented UAV image data. (3) River information extraction: the segmented UAV image was imported into Pix4D software, and the complete river section image was derived through image mosaic, point cloud encryption, quality analysis, and other steps. The average errors in both vertical and horizontal directions measured by UAV were at the level of centimeters, which was accurate enough to meet the extraction of river topographic information [10].




2.3. ADCP Measurements


During the UAV survey, the cross-sectional profiles (Figure 2), river flow velocities, and discharges for sections A and B were measured by an acoustic Doppler current profiler (ADCP). The RiverRay ADCP comprises four 600 kHz transducers with a beam angle of 30°, which measures flow velocity at a resolution of 1 mm/s [33]. At the same time, the positions of those two sections were determined by GPS, so that they can be accurately located on the UAV imagery.




2.4. High-Resolution Satellite Images


To acquire river discharges for a longer term, we also combined multiple high-resolution satellite images with ADCP measurements to monitor runoff from May to August at the two sections. The satellite data involved in this study are shown in Table 1.




2.5. Discharge Estimation Based on the Manning Formula


The Manning formula is an empirical formula for calculating non-pressurized water flow [9], which is based on the Chezy formula proposed by French engineer Chezy in 1796, as shown in Equation (1):


  v = C  R  1 / 2    J  1 / 2    



(1)




where  v  is the average flow velocity of the section, m/s; R is the hydraulic radius, which is related to the shape of the cross-section; J is hydraulic gradient; and C is the Chezy coefficient, which indicates the comprehensive effect of reactive boundary conditions on water flow, m1/2/s.



Most of the natural river flow is turbulent flow in the resistance square region [34], and the Chezy coefficient is commonly calculated using the Manning formula, as shown in Equation (2). The river discharge is then given by Equation (3) [35]:


  C =  1 n   R  1 / 6    



(2)






  Q = v × A =  1 n   R  2 / 3    J  1 / 2   A  



(3)




where n is roughness, which is a dimensionless index to measure the roughness of the river surface; and A is the cross-sectional area, m2.



The Manning formula involves four parameters: area of cross-section, roughness, hydraulic gradient, and hydraulic radius. According to their characteristics, these parameters can be divided into two categories: measured parameters and aerial parameters.



The measured parameters include cross-sectional area and hydraulic radius. The cross-sectional area refers to the area of the submerged river below the water surface. Hydraulic radius is the coefficient representing the shape of the cross-section, which is estimated as the ratio of the cross-sectional area to the wet circumference. In this study, both parameters will be obtained from the measured underwater terrain by ACDP.



The aerial parameters include roughness and hydraulic gradient. Roughness reflects the resistance of the channel to water flow. Hydraulic gradient refers to the ratio of the amount of head loss to the distance along the flow direction. The head loss of a natural rivers is expressed as the change of surface elevation. This can be extracted from DSM and DOM images obtained by UAVs. Roughness can be determined from DOM images by analyzing riverbank type, pebble particle size and its distribution at the bottom of the river, and tidal flat vegetation.





3. Results


3.1. Hydraulic Gradient


Hydraulic gradient describes the slope of vertical sections. It is quite sensitive to elevation variation, and UAVs can capture and record subtle changes in the underlying surface. In this study, the longitudinal elevation variation of the river reach is derived from the DOM image. The hydraulic gradient is determined as the ratio of elevation difference between the upstream parts and downstream parts to the corresponding distance. The elevations of the upstream and downstream parts as well as the estimated hydraulic gradients of the two reaches A and B are shown in Table 2.




3.2. Hydraulic Radius


Hydraulic radius reflects the water carrying capacity of the cross-section and is closely related to the shape of the cross-section. In this study, the complete cross-sectional shape (Figure 2) was obtained by combining the underwater data measured by ADCP with the water terrain data measured by UAV. Based on that profile, the cross-sectional area and wet circumference can be obtained. The ratio of these two parameters is thus the hydraulic radius, as shown in Table 1.




3.3. Roughness


Roughness reflects the amount of frictional resistance in rivers. In this study, it is determined depending on prior knowledge. The roughness of the two sections were 0.07 and 0.08, respectively.




3.4. River Discharges


The parameters required by the Manning formula for discharge estimation have been obtained step by step as noted above. As is shown in Table 1, the estimated river discharge using UAVs at section A is 1.16 m3/s, which is located in the upper reaches, where most of the runoff is replenished by the glacier meltwater at the top of the mountain. Section B has a higher river discharge (3.11 m3/s). It is located in the middle reaches, which collect more slope water. Compared with ADCP reference, the river discharge calculated based on the UAV aerial survey is very close to that measured by ADCP. The relative error is below 5%. This indicates that the accuracy of this method is good enough to meet the requirements in the application of mountain rivers.



For section B, we obtained a satellite image that was captured on 3 July 2021, which is close to the date of the UAV flight (10 July 2021). As is shown in Figure 2, the cross-sectional shapes retrieved from satellite and UAV images are almost the same. The water level on 10 July 2021 is slightly higher than that on 3 July 2021. This indicates that the two data sources can be matched (Figure 2). The river discharges from May to August were calculated from the cross-sectional shape retrieved from satellite images. It is found that both section A in the upstream and section B in the downstream have the highest runoff in August and the smallest runoff in May (Table 3).





4. Discussion


4.1. Influencing Factors


The major factors affecting the accuracy of this study come from the acquisition of underlying surface data.



First, the performance of this method largely depends on the accuracy of UAV aerial survey data. In the previous study, it was demonstrated that the horizontal error and vertical error of this series of UAVs are ±0.51 cm and ±4.39 cm, respectively [36]. The overall data accuracy is at centimeter-level, which has advantages in obtaining the shape of river cross-section and detecting ground objects. The main factor affecting the accuracy of the composite image is the meteorological conditions at the time of data acquisition. For example, when wind force is greater than level 4, the number of effective UAV images, which can be used for an image mosaic, will be reduced by about 10% due to the changes in UAV pose. In addition, the blocking effect of beach vegetation on water flow, the particle size distribution of sand and gravel in the river bed, and the underwater information are still difficult to determine with UAV imagery.



Second, among those parameters required in the Manning formula for discharge estimation, the roughness is relatively subjective and relies to a great extent on prior knowledge. When robust hydraulic gradient and hydraulic radius can be retrieved, the accuracy of estimated discharges depends largely on roughness [37,38]. In this study, the determination of roughness is based on the “Table of Natural River Roughness” [39]. Different values of roughness will result in a big difference in the results.




4.2. Comparison of Two River Sections


The cross-sectional area of section B is larger than that of section A, but the hydraulic radius of the two sections is almost the same, which indicates that the morphology of the two sections has a lot in common and is comparable.



The hydraulic gradient of section A is relatively larger. Therefore, the flow velocity is faster than that at section B. In addition, Section A is an alluvial channel, and its beach mostly consists of sub-rounded large stones. Section B is also an alluvial channel. However, compared with section A, the roundness of stones is relatively higher, the size of stones is smaller, and the beach has more vegetation. Therefore, the roughness of section B is higher than that of section A.



The watershed area controlled by section A is approximately 36.4 km², and the runoff mainly comes from glacier and snow meltwater in the alpine region. The watershed area controlled by section B is approximately 175.6 km², and the runoff includes not only glacier and snow meltwater but also the contribution of slope soil water. The basin area controlled by section B is 5 times that of section A, but the discharge is only 3 times that of section A, indicating that alpine snow and ice meltwater replenishment plays an important role in river runoff in the Qilian Mountains.



Comparing the river discharges at these two sections from May to August 2021 in the Shiyang River basin, it is found that the maximum discharge occurred in August, whereas the discharge in May is the lowest. At section A, river discharges increased more rapidly from May to July than from July to August. Glacier meltwater has made the largest contribution to total runoff. Due to the lower temperature, the runoff in May was relatively lower. As the temperature increased, there was more meltwater, which resulted in a larger discharge in July. At section B, the variation in discharges was not so significant. This may be because section A has a larger control area, and the runoff sources are more diverse.




4.3. The Implications of this Study for Further Research


No matter whether discharges are obtained by satellite or UAV imagery, the accuracy evaluation is always performed by comparison with in situ measurements. Therefore, the accuracy of the measurements is particularly important. Most of the previous studies adopted the “velocity area method” to obtain cross-sectional information and used the “one-point method” to synthesize the average velocity and discharge [9], which would lead to large errors. However, the ADCP used in this study can obtain more accurate cross-sectional morphology and flow velocities at different positions, which will result in more accurate river discharges.



A high-precision 3D river model is established using UAV aerial survey data, and a stable and reliable discharge estimation method is explored. However, this method is limited by time and space, and it is difficult to carry out continuously on a large scale. Future research will focus on how to combine satellite, UAV, and ground observations to acquire a large-scale and continuous river discharge dataset.





5. Conclusions


River discharge is fundamental to water resource development and ecological protection. However, in an area lacking in situ measurements, especially in the arid area of northwest China, it is still a problem to acquire river discharge conveniently and accurately. In this study, UAVs and multi-source satellites are used to calculate discharges at two sections of the Shiyang River in the eastern part of the Qilian Mountains based on the Manning formula. Compared to previous studies, ADCP in situ observation were also carried out in this study to acquire accurate river morphology, which has improved the accuracy of the estimation. The estimated discharges at sections A and B using UAVs are 1.16 m3/s and 3.11 m3/s, respectively, which are validated against ADCP reference. The relative error turned out to be less than 5%. However, the determination of roughness depends partly on prior knowledge, which brings uncertainty into the estimates. In general, UAVs can monitor surface runoff more effectively and have great potential for water resources management in alpine regions. Combining UAVs of higher spatial resolution and multi-source satellites with a better temporal resolution makes it possible to acquire runoff for a longer term. In addition, the operational use of fixed cameras will be also a promising method for continuous river flow monitoring at hydrological stations in the future.
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Figure 1. (a) Location of the Shiyang River in the Qilian Mountains; (b) locations of A and B in the Shiyang River basin; (c) orthophoto at A; (d) orthophoto at B. 
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Figure 2. The profiles of sections (A—top) and (B—bottom) measured by ADCP and reconstructed by remote sensing images. 
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Table 1. Satellite data.






Table 1. Satellite data.










	Time
	Satellite Data in Section A
	Satellite Data in Section B





	6 May 2021
	-
	Jilin-1(0.75 m)



	8 May 2021
	SuperView-03(0.5 m)
	-



	3 July 2021
	SuperView-02(0.5 m)
	-



	17 August 2021
	-
	Jilin-1(0.75 m)



	20 August 2021
	TRIPLESAT-2(0.8 m)
	










[image: Table] 





Table 2. Estimated parameters, aerial parameters, and discharges of two sections.
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Parameters

	
Section A

	
Section B






	
Estimated parameters

	
Channel width (m)

	
3.1

	
11.4




	
Section area (m2)

	
1.05

	
3.66




	
Flow velocity (m/s)

	
1.06

	
0.85




	
Wet circumference (m)

	
3.5

	
12.5




	
Hydraulic radius (m)

	
0.30

	
0.29




	
Aerial parameters

	
Upstream elevation (m)

	
3255.91

	
2574.37




	
Downstream elevation (m)

	
3255.22

	
2573.42




	
Hydraulic gradient

	
0.030

	
0.024




	
Roughness

	
0.07

	
0.08




	
Discharges

	
Manning discharge (m3/s)

	
1.16

	
3.11




	
Measured discharge (m3/s)

	
1.11

	
3.10




	
Relative error

	
0.05 (4.5%)

	
0.01 (0.3%)
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Table 3. Discharges of two sections in different seasons.






Table 3. Discharges of two sections in different seasons.





	Time
	Discharge in Section A (m3/s)
	Discharge in Section B (m3/s)





	6 May 2021
	0.81
	-



	8 May 2021
	-
	2.75



	3 July 2021
	-
	3.09



	10 July 2021
	1.16
	3.11



	17 August 2021
	-
	3.40



	20 August 2021
	1.25
	-
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