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Abstract

:

Research into global water resources is challenged by the lack of ground-based hydrometric stations and limited data sharing. It is difficult to collect good quality, long-term information about river discharges in ungauged regions. Herein, an approach was developed to determine the river discharges of 24 rivers in ungauged regions on the Tibetan Plateau on a long-term scale. This method involved coupling the Manning–Strickler formula, and data from an unmanned aerial vehicle (UAV) and the Gaofen-2, SPOT-5, and Sentinel-2 satellites. We also compared the discharges calculated by using the three satellites’ data. Fundamental information about the rivers was extracted from the UAV data. Comparison of the discharges calculated from the in-situ measurements and the UAV data gave an R2 value of 0.84, an average NSE of 0.79, and an RMSE of 0.11 m3/s. The river discharges calculated with the GF-2 remote sensing data and the in-situ experiments for the same months were compared and the R2, RMSE, and the NSE were 0.80, 1.8 m3/s, and 0.78, respectively. Comparing the discharges calculated over the long term from the measured in-situ data and the SPOT-5 and Sentinel-2 data gave R2 values of 0.93 and 0.92, and RMSE values of 2.56 m3/s and 3.16 m3/s, respectively. The results showed that the GF-2 and UAV were useful for calculating the discharges for low-flow rivers, while the SPOT-5 or the Sentinel-2 satellite gave good results for high-flow river discharges in the long-term. Our results demonstrate that the discharges in ungauged tributaries can be reliably estimated in the long-term with this method. This method extended the previous research, which described river discharge only in one period and provided more support to the monitoring and management of the tributaries in ungauged regions.
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1. Introduction


Half a billion people in the world currently experience severe water scarcity year-round. Rivers are the main source of freshwater for humans and natural ecological systems. Therefore, to ensure human health and wellbeing, it is very important to monitor river discharge and manage water resources [1,2,3].



River discharge data are mainly collected by traditional ground-based hydrometric stations. Hydrometric stations, however, are sparsely distributed in most areas of the world, particularly in developing countries [4,5]. The situation is getting worse, as the number of traditional ground-based hydrometric stations has been decreasing globally year-by-year [2,6,7]. In addition, data from these hydrometric stations are not generally publicly available [8]. Thus, we urgently need to find new ways to derive information about river discharge [9].



Traditional hydrometric stations, hydrological models, and remote sensing technology are the three methods most frequently used to obtain water source data. Traditional hydrometric stations can generate continuous observations at points on the ground. However, the total number of hydrometric stations worldwide has decreased considerably. Through the 1980s, approximately 2000 hydrometric stations were closed down worldwide [2,6]; from 1995 to 2000, the number of hydrometric stations that reported discharge data to the World Meteorological Organization’s Global Runoff Data Center decreased by 90% [7]. In Russia, the operational capacity of hydrometric stations has declined by 25% to 35% since 1985, and there have been decreases in capacity of between 15% and 60% across other former Soviet states. Even in Canada and the USA, the number of river discharge stations has declined by 25% since 1990, with 100 river gauges with long records lost each year [8]. Hydrological research, therefore, has been severely curtailed by the lack of information from hydrometric stations.



Hydrological models that allow the discharge to be calculated continuously can improve the spatial coverage of river discharge information, with empirical hydrological models, conceptual hydrological models, and distributed/semi-distributed hydrological models among the most frequently used. However, models rely on in-situ data from a limited number of hydrometric stations, which means that model parameters are difficult to obtain, particularly in ungauged areas.



Recently, remote sensing has been applied to monitor river discharge, because remote sensing images can provide information about hydraulic elements such as the width of the river and flow velocity, from which river discharge information can be calculated. At present, five remote sensing monitoring methods are frequently used. The first one is the river water balance method [10,11] that allows calculations of the river discharge across a large area using the parameters derived from remote sensing data. The second one is the river cross-section water level method [12], the river discharge can be obtained by combining hydrological models with water level data of river cross-sections from satellite surveys (e.g., TOPEX/Poseidon, ENVISAT). The third one is the river lengthways slope method [4], which uses the lengthways slope data of a river and gives better results for the river cross-section than the water level method; it performs well along long river sections as even coarse satellite elevation data can be used in calculations. The fourth one is the water surface width method that uses water surface boundaries and the river width retrieved from high-precision remote sensing data (e.g., UAV—unmanned aerial vehicle data) to calculate the discharge [13,14]. The fifth one is the slope-area method that is combined with UAV data to estimate river discharge [15] using three different formulas in the Tibetan Plateau and Xinjiang Province, the overall qualification rate of the calculated discharge from the three formulas was 70%, and the average Nash–Sutcliffe efficiency coefficient was 0.97. River discharge attenuation coefficients in the arid desert [16] over the short term were also calculated by using this method in the Xinjiang Province, the base of runoff attenuation in the lower reaches of the Hotan River is 40%. These two previous studies showed that combining the UAV and traditional hydrological formulas could achieve fast and accurate river discharges in the ungauged area.



The remote sensing monitoring approach also has limitations. First, remote sensing monitoring has been mostly applied to large rivers [17], and, as the spatial resolution of remote sensing is a serious constraint, it is easier to obtain information about large rivers than smaller rivers using a range of sources of remote sensing data. Remote sensing data and hydrologic models have to be integrated [14], and there has been very little research about the feasibility of this approach, especially for medium-sized and small rivers. Second, while UAVs have already been used to estimate river discharge [15,16], these studies only calculated river discharge values over short periods. However, to manage water sources effectively, particularly tributaries in ungauged areas, more hydrological information is needed over longer periods of time.



This study tried to extend the previous studies [15,16] and addressed the issues mentioned above as follows: (1) UAV remote sensing was used to obtain image data for tributaries in ungauged water source regions on the Tibetan Plateau; (2) multi-sources remote sensing data were coupled with a traditional river discharge formula to calculate the river discharge over a long time scale; (3) the discharges calculated from three different remote sensing data for rivers were compared and analyzed. The Tibetan Plateau, known as the “Asian Water Tower”, provides water resources for more than 1.4 billion people, so our study is very important for ongoing human health and wellbeing.




2. Materials and Methods


2.1. Study Area


The study area is in northwestern China (Figure 1). Hydrologically, this area is ungauged and is an important water source for China and Central Asia [18]. There are 37 third-grade rivers (R3), 83 fourth-grade rivers (R4), and 357 fifth-grade rivers (R5) in the area, according to the stream order of the Ministry of Water Resources of China (http://www.mwr.gov.cn). However, because of the complex geographical conditions and high costs to construct the monitoring infrastructure, there are only 191 traditional hydrometric stations.



The study area spans the northern and southern Kunlun Mountains and is on the northern edge of the Tibetan Plateau (Figure 1), which provides water resources for more than 1.4 billion people [19]. This area is a key source of water for the main part of the Tibetan Plateau (southern Kunlun Mountains) and the Central Asian desert oasis region (northern Kunlun Mountains). The average elevation of the study area is 3584 m above sea level, and there is permanent snow and glaciers in the mountains. The wet season (May to October) and dry season (November to April) are well-defined. The area has three main features, as follows. Glacial melt is the main source of water for the rivers, and the annual precipitation is less than 200 mm [20]. The water supply in the region is strongly influenced by temperature variations caused by global climate change [21]. Oasis farming accounts for more than 90% of, and dominates, the total water consumption in the northern Kunlun Mountains [22,23].



The present study focused on 13 rivers in the northern Kunlun Mountains and 11 rivers in the southern Kunlun Mountains, where in-situ experiments (UAV flying, river discharge surveys, and depth surveys) were carried out and the river discharges were calculated (Figure 1). The river discharge was also calculated for the Kaqun cross-section (112601). To validate the performance of the method, we compared the river discharge data from the hydrometric measurements against those calculated for the period from 2009 to 2018. The UAV flight path and take-off/landing point are shown in Figure 1. The imaging pattern of the camera on the UAV was set to the orthographic projection pattern to minimize the geometric distortion of images.




2.2. Methods


2.2.1. Framework and Flowchart of this Study


In this section, we provide information about the remote sensing data applied in the study. The river discharges in the long-term were calculated using a six-step process (Figure 2). The first step was surveying and imaging the land surface and river cross-section terrain. The river cross-section should have a stable bank and be as straight as possible, meanwhile, it should be far from human influence. Topographic information and elevation data were collected by an optical remote sensing camera and a global positioning system (GPS) loaded on the UAV. The second step involved processing the UAV data and retrieving the hydrological parameters (e.g., river width, elevation difference of the river cross-sections) that described the river channel topography. Remote sensing images from the UAV, with a spatial resolution of 0.05 m, were processed using Pixel4D software. To weaken the geometrical distortion of the UAV images, the rivers were set in the center of the flight route (Figure 1). The land surface information was processed directly in ArcGIS 10.5, and the hydrological parameters were obtained from remote sensing data. In the third step, the river discharge was calculated using the Manning–Strickler formula, which is based on empirical equations. In the fourth step, river discharge, water depth, and flow velocity were surveyed in-situ (Figure 1 and Figure 2). In the fifth step, the river discharge was validated and analyzed using the survey discharge data from the in-situ experiments and data from the Kaqun hydrometric station. The results from the discharge calculations and the retrieved parameters were validated against the in-situ measurements. The discharges calculated from 2009 to 2018 were validated with the in-situ discharge data from the Kaqun hydrometric station. In the last step, we compared and analyzed the long-term river discharge calculated from three different remote sensing satellites.




2.2.2. The Formula Used to Calculate River Discharge


The Manning–Strickler formula (MSF) was used in this study to calculate the river discharge. This empirical formula is generally used to calculate the average water flow and velocity in a channel or a conduit that is not completely enclosed [24]. It is also used to estimate the water flow of a natural river, based on the assumption that the velocity is stable and the roughness of the river channel is confirmed at the same time [25,26,27,28].



The river discharge was calculated by the following function:


   Q = V · A   



(1)




where Q is the river flow in m3/s, V is the water flow velocity in m/s, and A is the area of the river cross-section in m2, which is determined by the water depth and the width of the water surface.



The water flow velocity, a key parameter in the MSF, is calculated with the following function [29]:


   V =   k n  ·  R   2 / 3    ·  J   



(2)




where k is a conversion constant (m1/3/s) with a value of 1 in this study, n is the roughness coefficient and is an indicator of the river channel roughness; R is the hydraulic radius, which depends on the shape of the river cross-section, and J is the hydraulic gradient that describes the slope of the vertical river channel section.



The hydraulic radius was calculated by the following function:


   R = A / S   



(3)




where S is the wet perimeter of the river (m) when water flows through it.



The hydraulic gradient was obtained using the following equation:


   J =  Δ  H / L   



(4)




where ΔH is the elevation difference (in m) between two points on the contour of the water table and L is the horizontal distance (m) between the two points.



Therefore, river discharge can be finally calculated as:


   Q =   k n  ·  A  5 / 3   /  S   2 / 3    ·   Δ H   ∕  L   



(5)








2.2.3. Geometric Description of the River Profile


The area of the river cross-section is needed for the formula. The river profile is described with a geometric approximation method. From the in-situ experiments and surveys, we found that the river profile was either triangular, trapezoidal, or rectangular (Figure 3). The length of the river was derived from the UAV images by using the ArcGIS software. The parameters used to describe the river profile were calculated from in-situ experiments and UAV images. For example, the river depth was obtained by the in-situ surveying, and the river width was extracted from the UAV images because they have coordinates collected by the GPS on the UAV. The topography of the riverbank was calculated from digital surface model (DSM) images from the UAV, and the DSM data were created by using the elevation information collected by the GPS.




2.2.4. Application of the UAV and Three Remote Sensing Satellites


The river discharge was calculated using data collected by a UAV and remote sensing satellites. The UAV had cameras with three spectral channels and a GPS, so it contributed to the river discharge in two ways (Figure 4). First, the camera on the UAV platform was used to capture precise information about the river channel. Flying automatically in preset routes, the UAV continuously recovered images of the river channel surface at a high spatial resolution (5 cm) and sent the images to the base station in real-time. The hydrological parameters used to calculate the discharge, including river channel width, river water surface width, and river channel length, were then determined precisely from the UAV images. Second, topographical data of the river channel were also acquired from the elevation survey undertaken by the GPS on the UAV. As the images are taken by the camera, the GPS records the horizontal and vertical coordinates of the visual images. The elevation and the horizontal distance of the river channel were generated and calculated from the vertical coordinates.



The input data for the formula were determined from the UAV surveys, calculations of the UAV data, prior knowledge, and the in-situ measurements (Table 1). The elevation differences (ΔH) and the horizontal distance (L) between the two points on the river channel were determined directly from UAV images. The river cross-section area (A) and the wet perimeter of the river (S) were computed using data from UAV images (i.e., the water width and the length of the river channel) and in-situ surveys (used to obtain the water depth). The conversion factor (k) was a constant. The roughness coefficient (n) was taken from a previous study in this region [30], in which the roughness coefficient was determined based on the number of stones and the characteristics of soil in the river channel. A lookup table that included different roughness coefficients for many rivers in this area was created. The water depth (h) in the MSF was determined using in-situ measurements in the first computational process.



 A  is the area of the river cross-section in m2, ΔH is the elevation difference between two points on the contour of the water table in m, L is the horizontal distance between the two points in m, k is a conversion constant in m1/3/s, R is the hydraulic radius, n is the roughness coefficient and is an indicator of the river channel roughness, S is the wet perimeter of the river in m, J is the hydraulic gradient, and h is the average water depth in m.



The width of the water surface at the Kaqun river section (112601) from 2009 to 2018 was obtained from the remote sensing data. In this study, we used images from the Gaofen-2 (GF-2), Systeme Probatoire d’Observation de la Terre-5 (SPOT-5), and the Sentinel-2 (Table 2). The Gaofen-2, launched by China in 2014, has a spatial resolution of 1 m in the Pan band and 4 m in the multi-spectrum bands, which meant that the images were particularly useful for giving measurements of narrow river widths. We used GF-2 data in November 2017 to obtain the water surface width of the river, the data selected due to the in-situ experiments were also carried out in November 2017. The GF-2 data were available for 20171101, 20171113, 20171117, 20171121, 20171125, and 20171129. The SPOT-5 was launched by the France Space Agency Center National d’études Spatiales (CNES) in 2002. We used the Pan band of the SPOT-5 from 2009 to 2013 because of its high spatial resolution of 2.5 m. The spatial resolution of the SPOT-5 was lower than the GF-2, we wanted to compare their performances to calculate the discharge. Data in the spatial resolution of 10 m were also readily available from the Sentinel-2 for 2015 to 2018 (https://scihub.copernicus.eu/dhus/#/home), they were also used to calculate the river discharge and their validation were checked and compared. The visible bands including the blue, green, and red channels from the Sentinel-2 were used in this study. The SPOT-5 data were used for five periods (20090517, 20100910, 20110817, 20130806, and 20130906) and Sentinel-2 data were used for eight periods (20150714, 20150821, 20160518, 20150717, 20170523, 20170925, 20180523, and 20180619). These dates were selected because the quality (cloud cover) of the satellite images met the requirements of this study. The raw remote sensing data were geometrically rectified and the coordinates were unified.




2.2.5. Measuring the Water Depth over Long Time Periods


The water depth is needed to calculate the river discharge. The fact that it is difficult to directly survey the water depth accurately with a UAV or other type of remote sensing satellite posed a challenge for our method. To address this issue, we considered the relationship between the river water depth and the width of the water surface for triangular or trapezoidal river cross-sections (Figure 5) and found that, for these river cross-sections, there was a tangential relationship between the width of the water surface (W_trapezoid and W_triangle in Figure 5) and the water depth (H_trapezoid and H_triangle). The α_ trapezoid and α_ triangle angles can be surveyed, so the width of the water surface can be obtained as long as there are UAV or satellite data for the river channel section. However, this relationship did not apply to rectangular river channels.




2.2.6. Data Analysis and Parameter Sensitivity Analysis


We applied various metrics, including the determination coefficient (R2), root-mean-square error (RMSE), error ratio, and Nash-Sutcliffe efficiency coefficient (NSE), to assess the performance of the MSF method. The determination coefficient reflects the credibility of a measured value, and the NSE is generally used to verify the quality of runoff simulation results [31]. The NSE is used to evaluate the effect of a river discharge calculation, and values close to 1.0 indicate a good simulation result. The NSE is calculated with the following formula:


  N S E = 1 −     ∑   t = 1  t    (  Q m t  −  Q c t  )  2      ∑   t = 1  t    (  Q m t  −    Q m   ¯  )  2     



(6)




where Qc is the calculated discharge, Qm is the measured discharge,      Q m   ¯    is the average measured discharge, and t is the simulation time. We also performed a sensitivity analysis to determine the key parameters in the three methods.





2.3. Materials


2.3.1. UAV Flights and Data Processing


A rotor style Phantom-4-pro UAV (Dajiang Company, Shenzhen, China, https://www.dji.com/cn) was used in this study, the specifications of which are listed in Table 3. The UAV was equipped with an automatic control system linked to a telemetry module. A similar module was used in the ground controller that was connected to Pix4D software (https://www.pix4d.com/) to plan the flight path and manage the UAV flight. The UAV was equipped with a camera system linked to an embedded GPS that collected photogrammetry data. The UAV sensor operated in the red (R), green (G), and blue (B) spectral channels. The precision of the UAV data has been validated in an earlier study. The spatial resolution was 0.51 cm and elevation resolution was 4.39 cm [30], which means that the quality of the data used in this study was high.



A two-person team performed the flights over the cross-section areas of 24 rivers from 3 November to 5 December 2017 (Figure 1). The UAV take-off location was the same for each flight. The temporal variation in the UAV flights at each river was five days. Six flights were conducted in this period, generating a set of six measurements. We did the flights at this time of the year because of the seasonality of these rivers and chose a period of the year when the discharges were low to facilitate the in-situ experiments (e.g., surveys of water depth). The take-off and landing sites were located as close to the center of the flight area as possible, and the flight path was a photogrammetry grid (Figure 1). The distance between the flight paths was 80 m, and an 80% forward and side overlap was set. The flight area measured 300 × 500 m. The UAV was at an altitude of 120 m, chosen to allow for ground surface features, such as glacier caps, trees, and mountains and so that the remote sensing images would have a spatial resolution of 0.05 m. When processing the UAV images, the imaging points (center of the camera objective) and the instantaneous imaging time and location were shown and checked (Figure 1).



The images were obtained in the RAW format during the flight and then converted to JPEG format in Pix4D software. All images had 3D georeferenced information (X, Y, Z) registered by the autopilot recorder mounted on the UAV. Images showing the 24 river channels were processed into an orthophoto with a resolution of 0.05 m and a digital elevation model (DEM) with a 0.20 m resolution in the original WGS84 coordinate system. The Cloth Simulation Filtering algorithm [32] was used to create the orthophoto and DEM. To obtain the river channel data, the orthophoto was converted to the Albers system in ArcGIS 10.5 software. The parameters for the MSF formula were then directly generated using the processed images.




2.3.2. In-Situ Experimental Data


The in-situ flow velocity, river discharge, and water depth were measured when the UAV was flying over the river. The flow velocities were measured using a surface velocity radar (SVR, USA), and the river discharge was measured with a Ponolflow-VA (USA, Acoustic Doppler flow instrument, range of depth 0–5 m). The water depths were surveyed with a staff gauge at the same temporal scale as the river discharge. The elevation of the naked riverbank was used to describe the river profile surveyed using an electronic total station (MS60, Germany). All the in-situ survey data were used to validate the results calculated by the formula or to provide input data.






3. Results


3.1. Validation of the River Discharges Calculated from the UAV


Validation of the river discharge from the calculated results from the MSF over the study period are shown in Figure 6. The MSF gave different results for the river discharges in different locations and river discharges. The R2 value, standard error, and RMSE were 0.84, 0.09 m3/s, and 0.11 m3/s, respectively. The MSF function used in this study performed well and had determination coefficients greater than 0.80, and so gave better results when calculating the discharge of big rivers than for smaller rivers. The average NSE for the MSF for all the calculated river discharges was 0.79, which means that the formula selected in this method was appropriate for this ungauged area. The method used in this study can also supply satisfactory river discharge data compared to the data from the traditional hydrometric stations.




3.2. Performance of the Three Sources of Remote Sensing Data for Calculating the River Discharges


The river discharges calculated from the GF-2, SPOT-5, and Sentinel-2 satellites were checked and compared (Figure 7). We used GF-2 data in November 2017, so that it corresponded with the timing of the in-situ measurements. The images included 20 river cross-sections (Figure 7A), so we calculated the discharges for these cross sections by using the GF-2 data. The R2 value, RMSE, and standard error between the in-situ discharges and those calculated discharges were 0.80, 1.8 m3/s, and 0.10 m3/s, respectively.



We also compared the discharges monitored at the Kaqun hydrometric station and those calculated from the SPOT-5 and Sentinel-2 data in the long-term. We selected, checked, and processed high-quality remote sensing images for the river cross-sections. The river widths were extracted at the Kaqun hydrometric, and then the river discharges were calculated in five periods using the river widths from the SPOT-5 and Sentinel-2. Five periods, all of which were during the high-flow period from May to September, were collected from the SPOT-5 (Figure 7B). The R2 value, RMSE, and standard error between the in-situ discharges and those calculated from the SPOT-5 were 0.93, 2.56 m3/s, and 0.02 m3/s, respectively. Eight river discharges (Figure 7C) in different periods were calculated by using the Sentinel-2 data; the R2 value, RMSE, and standard error between the measured and calculated discharges were 0.92, 3.16 m3/s, and 0.08 m3/s, respectively. The NSE values of the river discharges calculated from the GF-2, SPOT-5, and Sentinel-2 were 0.77, 0.94, and 0.93, respectively.



The three sources of remote sensing data gave good results for calculating the river discharge in this area even though the spatial resolutions were different. The results from the GF-2 were not as good as those from the other two satellites; but in fact, the discharges calculated from the GF-2 data were from the dry season and the river widths were narrow, this influenced its performance. The data from the SPOT-5 and Sentinel-2 satellites were used to calculate the discharges in the wet season from May to October, and the SPOT-5 gave better results than the Sentinel-2 (Figure 7B–D). Furthermore, both data sets gave better results for large river discharges. When the river discharge was smaller than 20 m3/s, the error exceeded 10%. However, there was little difference between the river discharge results calculated from the data from the SPOT-5 and Sentinel-2.




3.3. Comparison of the River Discharges Calculated from the UAV and GF-2 Data


We compared the river discharges calculated from the UAV and GF-2 because they were all calculated for November 2017 (Figure 8). By using the UAV data, the R2 was higher, and the RMSE and standard error were lower when calculating the discharge compared to the GF-2 data, which shows that results from the UAV data were better than those from the GF-2 (Figure 6 and Figure 8). This meant that the measurements of the water surface widths of the rivers from the UAV data were more precise than those from the GF-2 data. In fact, the calculated discharges from the UAV and GF-2 were good for discharges greater than 10 m3/s but, when the river discharge was lower than 5 m3/s, the UAV gave better results than the GF-2. The average river discharges calculated from the UAV data were higher than those from the GF-2 because of the higher spatial resolution. The spatial resolution of the UAV data was at the centimeter level and GF-2 data was at the 1-meter level. Despite the lower spatial resolution of the GF-2 data, the precision of the river discharges from the GF-2 can be used in comparison with the UAV. This is because rivers are linear features, so it is easy to detect and extract the river width. The GF-2 and UAV data both gave good results for the river discharge of the small rivers in this area.





4. Discussion


4.1. Key Parameters and Accuracy of the Method for the Study Area


Sensitivity analysis was used to identify the parameters that influenced the results calculated by the MSF formula (Figure 9). This analysis showed that the water depth, roughness coefficient ( n ), hydraulic gradient, and hydraulic radius were the most influential parameters. The water depth, hydraulic radius, and hydraulic gradient had a strong influence on the river discharge results. For the MSF used in this study, when the water depth, hydraulic radius, and hydraulic gradient were each increased by 10%, the resulting river discharges increased by 6.5% (water depth), 5.9% (hydraulic radius), and 4.1% (hydraulic gradient).



These results are similar to those reported previously [30,33,34,35]. In this study, the hydraulic radius was determined by the wet perimeter and the river cross-section area, which were influenced by the elevation data from the UAV and the water depth surveys. The water depth and the hydraulic radius had similar effects on the river discharge. The hydraulic gradient was calculated from the elevation difference and the horizontal distance of the water surface and, of all the parameters measured, these two were the most strongly influenced by the accuracy of the UAV remote sensing data.




4.2. Method Applicability and Advice for Using this Method


In this study, we extended the previous research [15], which achieved the river discharge in one period by just using a UAV. However, the temporal resolution of the UAV was not as good as satellite remote sensing, so it was difficult to get river cross-section information continuously. When the basic river information was obtained from the UAV and in-situ experiment, river width was the only unknown parameter to calculate the river discharge in the long-term. This parameter can be obtained by using satellite remote sensing but multi-source remote sensing has different and various spatial resolutions, their applicability should be checked, and this study has done the job.



The study relied on measurements of the river profile and water depth. Here, the river cross-sections were described using triangular, trapezoidal, and rectangular shapes. As the river depth was measured in-situ, we were able to calculate the river discharge for all three river cross-section shapes. We calculated the long-term discharges for the triangular and trapezoidal river types when there were remote sensing data for the water surface width. There was a tangential relationship between the water depth and surface width for the triangular and trapezoidal river types (Figure 5). But for the rectangular rivers, it is difficult to use this method because the relationship between the water depth and surface width can’t be created.



To calculate continuous river discharge using our method, there should be a constant and stable relationship between the water depth and water surface width. Therefore, to ensure good results from this method, the river channel should be as straight as possible to ensure that the water velocity is constant; the slopes of the river channel must be stable, to ensure a constant relationship between the water depth and the width of the water surface, and the study river should be as far from human influences as possible.




4.3. Advantages and Disadvantages of UAV Optical Remote Sensing


Optical remote sensing and elevation data from the UAV supported the calculation of river discharges in this study. The UAV remote sensing had three advantages, namely, the high spatial resolution of its images, its flexibility, and cost advantage. A high spatial resolution is a basic feature of UAV remote sensing, and because the UAV flights are at a relatively low altitude imaging issues from the atmosphere are avoided [36,37]. Highly accurate information about the river channel (e.g., river width and section length) and elevation values (e.g., the elevation of the water surface and the difference between two river channel points) can be extracted directly from remote sensing images. Land surface information and more data from larger areas can be generated from the mobile measurements collected by UAVs than from point surveys combined with ground-based traditional hydrometric stations. UAV data are also cost-effective and, for example, the cost of obtaining river discharge data with a UAV is approximately one-tenth that of collecting data traditionally at hydrometric stations.



The UAV method applied in this study also has some limitations. For example, it was not possible to determine all the hydrologic parameters, such as the water depth and flow velocity, from the UAV data in this study. Accurate water depth data must, therefore, be measured in-situ with sonar or a sounding rod [38,39]. While ocean water depths can be obtained from remote sensing data [40], river water depth cannot, because visible light from the sensors rarely reaches the river bottom due to the influence of particulate matter in the water on the optical path [41]. While flow velocity can be surveyed with large UAV platforms, this would increase the cost considerably, thereby reducing the cost-effectiveness of the technique. Continuous surveys are another limitation; while UAVs can be used to obtain river channel information, they cannot be used to monitor river discharge at short time steps (e.g., seconds or minutes) like a traditional hydrologic station. Also, UAVs have a limited range and cannot fly in bad weather conditions.




4.4. Using Data from Multiple Remote Sensing Sources Extended the Application of this Method


More data from satellite remote sensing were used to calculate river discharges in this area compared to the previous study [16] because the satellite data have a higher temporal resolution than the UAV. In this study, the data from the three satellites stretched over 4 to 5 days, and this means that there were many data available to support the river discharge calculations. We proved that the GF-2 data and the UAV data were similarly effective for calculating the discharge for the small rivers in the study area. While the data from the Sentinel-2 or SPOT-5, which has a higher temporal resolution than the UAV, gave good results for large discharges. We achieved good calculated river discharge results from multiple remote sensing sources, which was not only because of the high spatial resolution but also because rivers are linear features, they were easy to detect in the remote sensing images. More importantly, we were able to extend the applicability of the method by using data from multiple remote sensing satellites. If long-term river monitoring data are needed, data from multiple remote sensing satellites should be considered because of their good temporal resolution.



In the future, we should be able to connect this method with multiple space satellite platforms, and, after the initial calculations are done, river discharges could be monitored in the long-term. Once the river width is known, the river discharges could be monitored and calculated in the long-term using UAVs or data from multiplatform satellites, including optical remote sensing (e.g., Landsat [42]), thermal infrared remote sensing [43], microwave remote sensing [44], and/or LiDAR remote sensing [45].





5. Conclusions


In this study, we used UAV and multiple-source remote sensing data including the GF-2, SPOT-5, and Sentinel-2, to calculate the river discharge with the MSF formula for an ungauged water source region of the Tibetan Plateau. The R2 value, average NSE, and RMSE between the in-situ survey results and the results from the UAV data were 0.84, 0.79, and 0.11 m3/s, respectively. We then calculated the discharges with the GF-2 remote sensing data for November 2017 and achieved R2, RMSE, and standard error values of 0.80, 1.8 m3/s, and 0.78 between the discharge calculated from the in-situ results and the GF-2 data, respectively. For long-term discharges calculated using the SPOT-5 data for the Kaqun river cross-section (112601), the R2, RMSE, standard error, and NSE values were 0.93, 2.56 m3/s, 0.02 m3/s, and 0.94. The R2, RMSE, standard error, and NSE values between the discharge calculated with the measured data and the calculated discharges from the Sentinel-2 were 0.92, 3.16 m3/s, 0.08 m3/s, and 0.93, respectively. The UAVs captured precise river channel information that was used to calculate river discharges. Then the remote sensing and UAV data were combined to calculate the river discharge. The GF-2 and UAV gave good results for the low flow rivers, while the SPOT-5 and Sentinel-2 gave good results for the high flow rivers in the long-term. With this method, remote sensing data and hydrological formulas were integrated to obtain accurate values of the discharge from tributaries in the Tibetan Plateau. We believe that this method will be useful for the hydrological model researchers and water resource managers worldwide.
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Figure 1. Study area and in-situ river hydrological parameters. R3 is a third-grade river, R4 is a fourth-grade river, and R5 is a fifth-grade river. 
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Figure 2. Flowchart of this study. 






Figure 2. Flowchart of this study.



[image: Remotesensing 12 02155 g002]







[image: Remotesensing 12 02155 g003 550] 





Figure 3. Schematic of the three river profiles. W is the river width, S is the length of the cross-section of the river channel, and H is the water depth. 
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Figure 4. Schematic of the river channel survey and hydrological parameters obtained from the UAV. W is the width of the water surface, L is the length of the river channel, H is the elevation of the river channel, and S is the horizontal distance of the river channel. 
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Figure 5. Sketch map of the relationship between the river water depth and the width of the water surface for triangular or trapezoidal river cross-sections. 
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Figure 6. Validation of the calculated river discharge from the UAV. 
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Figure 7. Comparison of the river discharges from the GF-2, SPOT-5, and Sentinel-2. (A): Performance of the GF-2 for calculating the river discharge; (B): Performance of the SPOT-5 for calculating the river discharge; (C): Performance of the Sentinel-2 for calculating the river discharge; (D): Comparison of the river discharges from the SPOT-5 and Sentinel-2. 
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Figure 8. Comparison of the discharge results calculated from the UAV and GF-2 data. 
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Figure 9. Sensitivity analysis of the key parameters in the formula. 
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Table 1. Parameters used in the calculations of the formula.
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	Method
	Key Parameters in the Formula
	UAV Survey
	UAV Calculation
	Prior Knowledge
	In-Situ Measurement





	MSF
	1) A; 2)   Δ H  

3) L; 4) k

5) R; 6) n

7) S; 8) J

9) h
	1)   Δ H  

2) L
	1) A; 2) R

3) S; 4) J
	1) k

2) n
	1) h
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Table 2. Remote sensing data from the GF-2, SPOT-5, and Sentinel-2 satellites.
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	Date Source
	Selected Band
	Spatial Resolution
	Temporal

Resolution
	Spectral

Range
	Selected

Date





	GF-2
	Pan
	1 m
	5 d
	450–900 nm
	20171101

20171113

20171117

20171121

20171125

20171129



	SPOT-5
	Pan
	2.5 m
	26/4-5 d
	490–690 nm
	20090517

20100910

20110817

20130806/0906



	Sentinel-2
	Visible

(blue, green, red)
	10 m
	5 d
	Blue: 490 nm

Green: 560 nm

Red: 665 nm
	20150714/0821

20160518/0717

20170523/0925

20180523/0619
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Table 3. Specifications of the aerial remote sensing data and the UAV platform used in this study.
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	Name of Flight Parameters
	Value of Flight Parameters



	UAV type
	Phantom-4-pro



	Aircraft Weight
	1338 g



	Max Ascent Speed

Max Descent Speed

Max Speed

Max Service Ceiling Above

Max Flight Time

Operating Temperature

Satellite Positioning

Systems
	S-mode: 6 m/s; P-mode: 5 m/s

S-mode: 4 m/s; P-mode: 3 m/s

72 kph (S-mode); 58 kph (A-mode); 50 kph (P-mode)

6000 m

Approx. 30 min

0–40 °C

GPS/GLONASS



	Controllable Range
	Pitch: –90 to +30°



	Camera
	FC300X



	Camera type

Sensor

Sensor Bands

Lens

ISO Range

Mechanical Shutter

Electronic Shutter

Max Image Size

Still Photography Modes

Photo
	1″CMOS; Effective pixels: 20 M

3 (R, G, B)

FOV (Field of View) 84°, 8.8 mm, f/2.8–f/11

100–3200 (Auto)

8-1/2000 s

8-1/8000 s

3:2 Aspect Ratio: 5472 × 3648

Single Shot, Burst Shooting: 3/5/7/10/14 frames

JPEG, RAW, JPEG + RAW











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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