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Abstract

:

After the formation of the bend ice cover, the ice thickness of the bend is not uniformly distributed, and an open-water area is usually formed downstream of the bend. The spatial and temporal variation of the ice thickness in seven cross sections was determined via Unmanned Aerial Vehicle Ground Penetrating Radar (UAV-GPR) technology and traditional borehole measurements. The plane morphology change of the open water was observed by Sentinel-2. The results show that the average dielectric permittivity of GPR was 3.231, 3.249, and 3.317 on three surveys (5 January 2022, 16 February 2022, and 25 February 2022) of the Yellow River ice growing period, respectively. The average ice thickness of the three surveys was 0.402 m, 0.509 m, and 0.633 m, respectively. The ice thickness of the concave bank was larger than that of the convex bank. The plane morphology of the open water first shrinks rapidly longitudinally and then shrinks slowly transversely. The vertical boundary of the open water was composed of two arcs, in which the slope of Arc I (close to the water surface) was steeper than that of Arc II, and the hazardous distance of the open-water boundary was 10.3 m. The increased flow mostly affected the slope change of Arc I. Finally, we discuss the variation of hummocky ice and flat ice in GPR images and the physical factors affecting GPR detection accuracy, as well as the ice-thickness variation of concave and convex banks in relation to channel curvature.
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1. Introduction


The formation and development of river ice is a complex process that is affected by meteorological, hydrological, and topographical conditions [1,2]. Due to the particularity of the bend terrain, ice floes and frazil ice are easy to accumulate and form juxtaposed ice covers, which greatly reduce ice transport capacity [3] and, in severe cases, raises water levels, causing ice disasters. The accumulation area of the bend is hummocky ice, and the other area is flat ice. At the same time, open water is usually formed downstream of the bend due to the reduction in ice floes and increase in the hydraulic slope [4]. Due to the combined effect of low air temperature (less than 0 °C) and turbulent water flow, the existence of open water will cause an increase in frazil ice, which will block the downstream river and form ice jams in serious cases. Monitoring changes in the ice thickness and open water in the bend is important for modern society in many respects, for example, in relation to simulation of ice cover in the bend [5], analyses of ice-induced scour and erosion in ice engineering [6], and ice flood forecasting [7,8,9].



Ice thickness, one of the most important physical parameters of river ice, and its distribution, directly determine the process of ice growth and thawing at the bend with the combined action of meteorology and hydrodynamics. The traditional monitoring method is to drill holes, which has high credibility but low efficiency and high working intensity. Other high precision methods for measuring ice thickness have since been developed, e.g., thermal resistance wires [10] and ultrasonic waves [11,12], but they cannot adapt to the spatial survey of ice thickness because they need to be fixed on the ice sheet.



Ground penetrating radar (GPR) is a very useful nondestructive detection technology for mapping ice thickness [13]. Ice thickness can be calculated by obtaining the round-trip time of electromagnetic waves in the ice sheet and the corresponding radar speed or dielectric permittivity. GPR has been used extensively in sea ice [14,15,16], glacier ice [17,18], and river/lake ice [19,20,21,22], and is also deployed in manual towing, surface vehicles, aircrafts, and satellites [23]. In the late 1980s, some ice-thickness profiles of the Tanana River and Yukon River in Alaska were obtained by helicopter-mounted short-pulse radar with 500 MHz, 600 MHz, and 900 MHz antennae, respectively [24,25,26]. Li et al. [27] detected ice thickness at 25 points and analysed theoretically the influence of gas bubble content and ice crystal structures on dielectric permittivity. Liu et al. [28] tested the ice thickness of two 50 m long lines using the GPR system they developed. Kämäri et al. [29] surveyed the ice thickness of 45 cross-sections with high-frequency GPR of 800 MHz in a meandering shallow river. Fu et al. [30,31] developed double-frequency GPR to measure ice thickness and water depth simultaneously and presented a recommended range of values for the dielectric permittivity. Bai et al. [32] developed a layer-tracking method for ice-thickness detection based on GPR mounted on a UAV. Deng et al. [33], Wei et al. [34], and Li et al. [13] measured ice thickness automatically and continuously at a fixed position by hanging GPR throughout the ice period. These previous studies focused on testing GPR technology or analyzing dielectric permittivity. However, this paper mainly presents the detailed morphology changes of the ice cover of a river bend using GPR technology, which is useful to understand the characteristics and the mechanism of ice-cover formation and reduce ice disasters.



Remote sensing technology is another approach for providing river ice information, but the spatial resolution of images needs to be able to distinguish between ice, water, and the surrounding landscape [35]. High-resolution images from satellites such as Sentinel-2A/B (10 m) and Landsat (30 m) could be used to measure the length and area of river ice, to classify river ice, open water, and land [36,37], to reveal temporal and spatial distribution characteristics [38], to extract river ice phenology [39], and to identify ice jams and ice dams [40]. Moreover, moderate resolution (0.25–1 km) and high temporal resolution images such as moderate-resolution imaging spectroradiometer (MODIS) and advanced very high-resolution radiometer (AVHRR) are often used to study ice breakups in near-infrared bands [35]. Synthetic aperture radar (SAR) images, insensitive to cloud cover, are commonly used to identify ice surface roughness and classification [41] and to retrieve ice thickness [42,43]. However, to our knowledge, previous studies have not studied the evolution of open water formed after ice cover in the bend by remote sensing, which helps refine computer simulations of open water changes in the future.



This paper provides unique information on spatial and temporal variations of river ice thickness and open water in the Shisifenzi bend of the Yellow River using UAV-GPR and Sentinel-2. The aims were (1) to analyze the spatial and temporal characteristics of river ice thickness in the Shisifenzi bend, (2) to analyze the change characteristics of open water downstream of the bend, (3) to quantify the river flow’s influence on the ice growth at the open-water boundary, and (4) to discuss the factors affecting the accuracy of using UAV-GPR to detect hummocky ice and flat ice in the Shisifenzi bend and the change features of the ice thickness in the concave and convex banks.




2. Materials and Methods


2.1. Study Area


The study area (Figure 1) is in Inner Mongolia, China, which is a semi-arid region, with dry winters and little snow. Figure 2a shows the Shisifenzi bend (111°2′53″E, 40°17′39″N) in the mainstream of the Yellow River, which is a typical funnel bend characterized by a wide entrance and a narrow exit. The angle of the bend is about 120°, the hydraulic slope is about 0.1%, the average altitude is 991.8 m, the river width is 250–600 m, and the average water depth is 8 m. The Toudaoguai hydrological station is 3.1 km away from this bend, which recorded a stream flow of 325–1190 m3/s during the ice period of 2021–2022. The concave bank revetment is made of erosion protection measures in the form of galvanized iron wire gabions. The convex bank is a wasteland and has no protection.



According to records of the video camera system [13,33] fixed at the bend, sporadic ice floes appeared on the concave bank at 00:00 on 20 November 2021, with an air temperature of −8 °C. Afterward, the ice floes increased gradually, and ice concentration increased accordingly. At 7:00 on 18 December 2021, ice cover first formed at the narrow location of the bend, i.e., between sections CS3 and CS5 in Figure 2a. Meanwhile, many ice floes accumulated upstream, and the open water was formed downstream of the bend. On 28 February 2022, the ice cover began to melt and thin. At 14:00 on 13 March 2022, the ice cover of the bend cracked and slid downstream, and the ice cover completely disappeared at 16:00 on 15 March 2022.




2.2. Ice Thickness Measurement Using UAV-GPR


Figure 2b shows that the UAV-GPR, named IGPR-30, is equipped with a DJI M600, an air-coupled GPR with a central frequency of 400 MHz, the Trimble Real-Time Kinetic Global Positioning System (RTK GPS), and a two-megapixel infrared camera. The GPR weighs approximately 3.5 kg and is designed to detect ice thickness of 6 m, with a sampling frequency of 5 GHz and ice-thickness resolution of 1 mm. The fully loaded UAV is remotely controlled with a range of 2 km and can fly continuously for 15–30 min at −30 °C.



Figure 2c shows how the ice-thickness detection system works, with the transmitting antenna emitting electromagnetic waves into the ice cover and the receiving antenna collecting the reflected waves from the air–ice interface and the ice–water interface, respectively. The ice thickness is detected at average intervals of 1 m on the flight path, with the RTK GPS giving the coordinates of each measurement point. The infrared camera records the ice surface conditions in real time.



Three surveys with the UAV-GPR were carried out at the Shisifenzi bend during the ice growth period of winter 2021–2022, on 5 January 2022 (green solid line in Figure 2a), 16 February 2022 (red solid line in Figure 2a), and 25 February 2022 (blue solid line in Figure 2a). The flight on 5 January 2022 was near the CS3 section and was mainly to test the performance of the UAV-GPR system, which is why it differed from the flight paths on February 16 and 25. The UAV flew from the concave bank to the convex bank in a single flight and then returned to the concave bank. To ensure the stability of radar detection, the flight speed was generally controlled at 2–3 m/s, and the single flight time was approximately 5–8 min. The height of the UAV-GPR from the ice surface was controlled in the range of 5–10 m to reduce the attenuation of electromagnetic waves in the air, and the GPR detection time window was set to 70 ns. Seven cross sections (black dash line in Figure 2a) were planned, named CS0, CS1, CS2, CS3, CS4, CS5, and CS6 from upstream to downstream, respectively. These cross sections were as close as possible to the UAV flight paths.



Due to the large number of obstacles e.g., trees and telegraph poles on both banks, we did not use the automatic flight function but used the manual flight control to detect the ice thickness. In the upstream of the bend, some flight paths did not reach the convex bank since the sight distance was longer. Some ice thickness was not detected due to the sudden increase in flight height resulting in exceeding the detection time window, especially upstream of CS0. Finally, we obtained 1124 valid radar ice thickness data on 5 January 2022, 4043 valid ice thickness data on 16 February 2022, and 3449 valid radar ice thickness data on 25 February 2022.



Figure 3 shows the typical GPR profile obtained on 25 February 2022. The stepped GPR image (dotted box) of the concave bank is the gabions revetment. The layer tracking algorithm [32] supplemented by manual corrections was used to track the air interface, ice–air interface, and ice–water interface in the GPR profile. The ice thickness was calculated by Equations (1) and (2).


    H   i   =   v   i   ∆ t / 2 =   v   i       t   1   −   t   2     / 2 ,  



(1)






    v   i   = c /    ε   i    ,  



(2)




where     H   i     is the ice thickness detected by IGPR-30, cm;     v   i     is the radar wave velocity in the ice cover, cm ns−1;   ∆ t   is the two-way time in the ice cover, ns;     t   1     and     t   2     are the two-way time from radar-air interface to ice-water interface and to ice-air interface, respectively, ns; and   c   is the propagation velocity of the radar wave in air, equal to 30 cm ns−1;     ε   i     is the dielectric permittivity of ice.




2.3. Open Water Monitoring with Sentinel-2


Sentinel-2 has two satellites (2A and 2B), with a Multi-Spectral Imager (MSI) covering 13 spectral bands and an image width of 290 km. The L2A-level images, processed with geometric correction, radiometric calibration, and atmospheric correction, were downloaded for free at the Copernicus Open Access Hub (https://scihub.copernicus.eu/dhus/#/home (24 November 2021, 4 December 2021, 19 December 2021, 24 December 2021, and 29 December 2021, 13 January 2022, 2 February 2022, 22 February 2022, 4 March 2022, and 14 March 2022)). The RGB true color images of Band 2, Band 3, and Band 4 combination were selected with a spatial resolution of 10 m.



In order to study the change characteristics of the open water in the winter of 2021–2022, eight images with less clouds were selected, corresponding to 19 December 2021, 24 December 2021, 29 December 2021, 13 January 2022, 2 February 2022, 22 February 2022, 4 March 2022, and 14 March 2022. Based on the ESRI’s ArcMap software, the boundaries of the open water were delineated manually, and data such as length, width, and area were also calculated.



In order to analyze the accumulation of floating ice in the early freeze-up, three images on 24 November 2021, 4 December 2021, and 9 December 2021 were selected.




2.4. Measured Ice Thickness and Dielectric Permittivity


Nature ice cover is the composite of pure ice and other substances. Air bubbles, unfrozen water, and sediment are the main factors affecting the dielectric permittivity of the ice cover. The dielectric permittivity of air bubbles, pure ice, unfrozen water, and sediment are 1, 3.17, 81, and 5.5, respectively [13].



In order to obtain the dielectric permittivity of the ice cover during the different periods, ice thickness (    H   i    ) was measured by a Kovacs ice drill with 0.09 m diameter and ice-thickness measuring gauges (Roseburg, OR, USA). We drilled 2, 19, and 8 ice holes on 5 January 2022, 16 February 2022, and 25 February 2022, respectively. The 29 ice holes overlapped with the UAV flight paths, and the two-way time (    t   1   −   t   2   )   of the ice cover in the radar image of the corresponding location was obtained. The dielectric permittivity (    ε   i    ) was calculated based on Equations (1) and (2). Table 1 shows the calculated dielectric permittivity for the three surveys. The average dielectric permittivity of each survey was 3.231, 3.249, and 3.317 on 5 January 2022, 16 February 2022, and 25 February 2022, respectively. Since there was sediment within the Yellow River ice, three average values were larger than the pure ice dielectric permittivity of 3.17 [13]. This paper calculated the valid ice thickness data using the average dielectric permittivity for the corresponding survey time. Figure 4 shows the ice thickness measured by ice drill compared with the ice thickness measured by GPR.




2.5. Spatial Interpolation Processing


In order to analyze the spatial and temporal distribution characteristics of the ice thickness of the bend, the detected ice thickness data were interpolated onto the 10 m-by-10 m grid using the natural neighborhood method of the Surfer software. The overlapping area of the interpolation results between 16 February 2022 and 25 February 2022 was selected for the study area. The boundaries of the bend and open water were delineated manually using ESRI’s ArcMap software based on the orthophoto image taken by DJI Phantom 4 on 27 February 2022. The interpolated data outside the boundary of the bend and open water were removed based on the boundary files (SHP format) using the Surfer’s blank method. In addition, the interpolated result on 5 January 2022 was removed only for data outside the bend boundary. After interpolation to generate ice-thickness contour maps, we also plotted the profile along CS0, CS1, CS2, CS3, CS4, CS5, and CS6 in the Surfer software, respectively.





3. Results


3.1. Spatial and Temporal Distribution of Ice thickness


Figure 5a is the contour map of the ice thickness near CS3 (narrowest part of the bend) on 5 January 2022. The spatial distribution of the ice thickness was not uniform, and the ice thickness of the concave bank was larger than that of the convex bank. The average ice thickness was 0.402 m with a standard deviation of 0.044 m. In the region, the minimum ice thickness of 0.259 m was in the middle of CS3. This is because this is the location of the main channel where larger flow velocity under the ice cover can inhibit ice growth, which is consistent with the observation of Kämäri et al. [29]. However, the maximum ice thickness of 0.555 m was in the concave bank. This is because in the early stages of ice-cover formation, a large amount of ice floes and frazil slush flowed towards the concave bank (CS3) and formed greater initial ice thickness in the concave bank. In addition, this survey (5 January 2022) was less than a month after the ice cover formed (18 December 2021). Frazil ice upstream may have continued to flow toward the concave bank of CS3 and accumulated under the ice cover.



Figure 5b,c show that the ice-thickness distribution in the bend was uneven on 16 February 2022 and 25 February 2022. The ice thickness characteristic values are shown in Table 2. In Figure 5b,c, the thin ice strip, connected to open water, could be clearly observed. The previous observation of flow velocity under ice cover showed that this strip area was the main channel with a large flow velocity [44]. Li et al. [45] built the improved Stefan equation with additional flow velocity based on data from the Songhuajiang River, northeast of China, which showed that the higher the flow velocity the lower the ice thickness. Moreover, the ice thickness and flow velocity in the Sävar River, in the northern part of Sweden, observed by Polvi et al. [46], showed that ice thickness is thinner in areas of large flow velocity.



In addition, the ice thickness was thicker near the concave bank in the upstream of CS3. On 16 February 2022, the average ice thickness of the concave bank for CS0, CS1, CS2, and CS3 were 0.539 m, 0.624 m, 0.634 m, and 0.614 m, respectively. The average ice thickness of the convex bank for CS0, CS1, CS2, and CS3 were 0.569 m, 0.547 m, 0.523 m, and 0.543 m, respectively. On 25 February 2022, the average ice thickness of the concave bank for CS0, CS1, CS2, and CS3 were 0.586 m, 0.678 m, 0.755 m, and 0.648 m, respectively. The average ice thickness of the convex bank for CS0, CS1, CS2, and CS3 were 0.574 m, 0.589 m, 0.645 m, and 0.565 m, respectively.



Two peak areas are observed in the concave bank of Figure 5b, and the obvious groove was formed between CS2 and CS3. In Figure 5c, the two peak areas can also be observed in the concave bank, but the groove is less obvious, and the ice-thickness contour tends to smooth out. The ice thickness in the groove grew a little faster. It seems more likely that the reduced flow velocities in the groove allowed for greater thermal ice growth from 16 February 2022 to 25 February 2022, since ice thickness is thicker where the flow velocity is low [45,46].



Figure 5d is the contour map of ice-thickness growth in the bend from 16 February 2022 to 25 February 2022. It shows that the mainstream area ice thickness grew less; meanwhile, the non-mainstream area grew more. This may be due to the large flow velocity in the mainstream inhibiting the ice-thickness growth. In the region between CS0 and CS5, the average growth rate of the ice thickness in the mainstream region was 0.006 m d−1 with a standard deviation of 0.003 m d−1, and the average growth rate of ice thickness in the non-mainstream region was 0.008 m d−1 with a standard deviation of 0.005 m d−1. The growth rate of ice thickness in the non-mainstream region was 1.242 times faster than that in the mainstream from 16 February 2022 to 25 February 2022.




3.2. Plane Morphology Change of the Open Water


The high-resolution Sentinel-2 images were used to observe the plane changes of the open water throughout the winter of 2021–2022. Figure 6 shows the process from the formation (Figure 6a) to the disappearance (Figure 6h) of the open water in the Shisifenzi bend. The open water was diamond-shaped, narrow upstream and downstream and wide in the middle. Moreover, as the ice cover grew, the area of the open water was reduced. The area reduction was divided into two stages, rapid reduction (Figure 6a–c) and slow reduction (Figure 6c–g).



In order to quantitatively describe the change of the open water, the ESRI’s ArcMap platform was used to measure the length, width, and area of the open water. Both CS7 and CS8 were used to observe the transversal changes of the open water, and their cross-section lengths were 292.5 m and 360.7 m, respectively. The longitudinal length of the initial formed open water (Figure 6a) was 2886.7 m, and the total area of the channel downstream of the bend shown in Figure 6a was 970,543 m2. The subsequent changes in the length, width, and area of the open water were normalized. The relative length is the open water actual length divided by the total length (2886.7 m) of the initial formed open water. The relative width is the open water actual length divided by the channel width. The relative area is the open water actual area divided by the total area (970,543 m2) of the channel downstream of the bend. The results are shown in Figure 7a.



In Figure 7a, the relative area rapidly shrank from 0.59 to 0.17 in the first stage. During this phase (from 19 December 2021 to 29 December 2021), average air temperature dropped extremely from −3.0 °C to −16.4 °C, as shown in Figure 7b. More frazil ice quickly accumulated downstream of the open water, causing rapid reduction. In the second stage, the relative area slowly shrank from 0.17 to 0.13. During this phase (from 29 December 2021 to 4 March 2022), the average air temperature rose, then fell, then rose again, and each process was slow, as shown in Figure 7b. Due to the lack of lower negative air temperature, the ice cover near the open water grew slowly transversely, so the open-water area was also reduced slowly. Moreover, the change in the relative longitudinal length was similar to the change in the relative area, which rapidly decreased from 1 to 0.48 in the first stage but remained almost constant at 0.46 in the second stage.



In addition, for CS7 in the upper part of the open water in Figure 7a, the relative width was reduced from 0.65 to 0.55 in the first stage and then to 0.41 in the second stage. The new growth of ice cover in the open water was mainly located on the right bank, and there was no change on the left bank since the left bank is a mainstream region with a high flow velocity. The transverse growth rate of the ice cover on the right bank slowed down with time, since there was no lower and longer negative air temperature to promote ice-cover growth. During this stage, the average air temperature was on an upward trend, up to −2.5 °C on 22 January 2022, as shown in Figure 7b. For CS8 in the lower part of the open water in Figure 7, the open water width was quickly reduced from 0.74 to 0.24 in the first stage due to the accumulation of the broken bank ice and frazil ice driven hydrodynamically. Afterward, it remained almost constant at 0.23 in the second stage. This was because the hydrodynamic erosion capacity was equal to the thermal growth capacity of ice cover when the open water was narrowed to a certain extent. In the future, an unmanned boat carrying Acoustic Doppler Current Profilers (ADCP) could be used to measure the three-dimensional velocity in the open water at a different period to quantify the relationship between hydrodynamic erosion and thermal growth of the ice cover in open water.




3.3. Vertical Growth of Ice Thickness at the Boundary of the Open Water


When the UAV-GPR flew over the open water, the open-water area was shown as a straight line in the radar image and the ice thickness at the open-water boundary can be clearly distinguished. This way could detect the vertical growth of the ice cover at the boundary of the open water, which was the supplement of the remote sensing plane observation. Since the UAV route was not perpendicular to the open-water boundary, the original radar ice thickness was projected vertically along the open-water boundary. The projected ice thickness at the boundary of the open water is shown in Figure 8 (results of the 16 February 2022) and Figure 9 (results of the 25 February 2022). Figure 8a–c and Figure 9a–b represent the ice thickness at the boundary of the open water on the convex bank. Figure 8d–f and Figure 9c–d represent the ice thickness at the boundary of the open water on the concave bank.



Figure 8 and Figure 9 show that the ice cover at the boundary was of two arcs, named Arc I and Arc II, respectively. Arc I was close to the open-water surface and was relatively steep. Its ice cover was thin and had a low bearing capacity, which was the most dangerous area. However, Arc II had a gentle slope. Its ice cover thickened and the bearing capacity increased.



The starting ice thickness of Arc II on 16 February 2022 was between 0.34 m and 0.51 m, with an average value of 0.43 m; the starting ice thickness of Arc II on 25 February 2022 ranged from 0.41 m to 0.53 m, with an average value of 0.45 m.



Considering the safety of working on ice covers, the horizontal distance of Arc I was defined as the hazardous distance of the boundary of the open water. The hazardous distance on 16 February 2022 was between 3.47 m and 7.28 m; the hazardous distance on 25 February 2022 ranged from 6.63 m to 10.3 m. The most hazardous distance was 10.3 m near the open water.



In order to analyze the characteristics of the ice cover vertical growth, the average slope, i.e., ice thickness divided by the horizontal distance, of Arc I and Arc II were calculated, respectively. The slope at different locations and different times of the open water was plotted with the inlet of the open water as the distance 0 point, as shown in Figure 10.



Figure 10a shows that the slope of Arc I on 25 February 2022 (5.79%) was smaller than the slope on 16 February 2022 (8.10%), which meant that the slope of Arc I on 25 February 2022 was gentler and the vertical growth of the ice cover was slower. This was caused by an increased discharge which broke the original balance of hydrodynamic erosion and the thermal growth of the ice cover. Figure 10c shows the flow increased from 583 m3/s to 654 m3/s between 16 February 2022 and 25 February 2022. In addition, we found that the further away from the inlet of the open water, the smaller the slope of Arc I. The slope of Arc I of the convex bank was generally larger than that of the convex bank. That is to say, the convex bank slope was steeper, which was because the bend flow scoured the ice cover on the concave bank and the hydrodynamics inhibited the vertical growth of the concave bank ice. The average slope of the convex and concave banks for two measurements were 8.60% and 6.10%, respectively. If the slope change of Arc I was used to express the hydrodynamic inhibition ability of the growth of the concave bank ice cover, the hydrodynamic inhibition of the concave bank was 30% greater than that of the convex bank in the ice growth of the open water.



Figure 10b shows that the slope of most of Arc II was significantly smaller than that of Arc I. There was no obvious change in the slope of the concave and convex banks and no effect of the slope slowing produced by the continuous increase in the river flow. These indicate that the flow in the open water mainly affected the ice-cover growth in Arc I.





4. Discussion


4.1. Detection of Hummocky Ice and Flat Ice Using UAV-GPR


When ice freezes up in the bend, ice floes in the mainstream squeeze and stack on each other, forming hummocky ice (HI) with larger ice surface roughness (Figure 11a). The ice floes in the non-mainstream freeze steadily, forming flat ice (FI) with small ice surface roughness (Figure 11b). In general, the material composition of HI is more complex than that of FI. During radar detection of the ice thickness, the radar waves will be strongly reflected when they encounter materials with different dielectric permittivity. The greater the difference in dielectric permittivity, the stronger the reflected wave.



Figure 12a shows the radar image of part of CS3 at the beginning of the ice cover (5 January 2022). In the HI area, the amplitude of the radar reflections from the ice surface and ice bottom are strong, showing irregular pleat shapes. It is not easy to automatically track the interfaces of air–ice and ice–water using layer-tracking algorithms [32]. Manual tracking interfaces and interpretation are required. The reason for the HI radar image is that the interfaces of air–ice and ice–water are uneven with large gaps, as shown in Figure 12a. The radar waves may repeatedly encounter air–ice–air…ice on the ice surface, and ice–water–ice…water on the ice bottom, forming a cluttered interface. In the FI area, the air–ice interface can be clearly distinguished automatically due to the flatted ice surface. A small pit, shown in the red dotted box in Figure 12a, appears on the ice-water in the FI area, which may be caused by water scouring.



Figure 12b,c give the radar image of part of CS3 at the end of the ice-cover growth (16 February 2022 and 25 February 2022). Compared with the HI image on 5 January 2022, shown in Figure 12a, the air–ice interface becomes smooth and can be tracked automatically. The combined effects of diurnal air temperature difference, solar radiation, and wind make the surface of the HI melt and become relatively flat. Sometimes, the small amount of snowfall will fill the surface gaps in the HI area. In addition, the ice–water interface of the HI area becomes a regular hyperbolic shape, which can also be clearly distinguished. This may be due to water scouring, which makes small irregular gaps into large regular gullies in the ice bottom.



The accuracy of measuring HI and FI using UAV-GPR is different. The measurement error of FI is basically within 10%, and the error of HI is about 10%-15% based on the 54 measured ice thickness data in the Yellow River ice [47]. We consider two reasons for the large error of HI from a measurement aspect. (1) The ice surface or ice bottom in the HI area may be uneven, which means we could not obtain the accurate measured ice thickness when drilling. (2) Two-way time of drilling location could not be obtained accurately due to the irregular interface in the radar image of a cross-section, especially at the early stage of freezing. Sometimes, some unreasonable dielectric permittivity, e.g., 5.478, 4.862, and 1.973 in Table 1, would be calculated by Equations (1) and (2). This is because the continuous GPR image resolution is small for the single borehole location, leading to an unreasonable two-way time acquisition, especial in the HI area. In the future, when UAV-GPR flies above the drilling position, it should stay for a few seconds to obtain a stable two-way time.



The dielectric permittivity or radar wave velocity is the central factor in the accuracy of radar detection of ice thickness. For ice physics, Yellow River natural ice is a four-phase mixture of pure ice, bubbles, sediment, and unfrozen water. The dielectric permittivity of natural ice should be the combination of a four-material dielectric permittivity based on volume ratio. Two ice samples (Figure 13) were cut on 14 February 2022 in the areas of HI and FI, respectively. The ice thickness of the HI was thicker than that of the FI. FI in Figure 14a has a small amount of sediment and air bubbles on the surface layer, while the rest of the ice is shining brightly. Its surface layer 0–13 cm is granular ice and 13–42 cm is columnar ice. For HI in Figure 14b, the sediment content in ice gradually increases and the bubble content is more and unevenly distributed. The crystal type of HI is granular from 0 cm to 59 cm. In addition, the air bubble and sediment content and distribution within the ice are random, and the unfrozen water content will change in phase with ice temperature and grain boundary size. Therefore, it is a challenge to accurately detect the ice thickness using GPR.



Previous field experiments have found that the radar wave velocity was larger during the ice growth period than during the ice melting period. It might be influenced by the air temperature [48]. Li et al. [13] revealed that the unfrozen water content in the ice was the central factor controlling the variation of radar wave velocity. The unfrozen water content depended on the ice temperature, which in turn was controlled by air temperature, solar radiation, and ice thickness. Based on such a physical mechanism, two radar wave velocity correction models (Logistic Function) were constructed based on the air temperature (Equation (3)) or the combination of air temperature and the previous time of ice thickness (Equation (4)), respectively.


    v   r   = A / ( 1 +   C   1     e     D   1     θ   a     ) + B ,  



(3)






    v   r   = A / ( 1 +     C   1   +   C   2   h +   C   3     h   2   +   C   4     h   3       e       D   1   +   D   2   h +   D   3     h   2   +   D   4     h   3       θ   a     ) + B ,  



(4)




where,     v   r     represents the radar wave velocity;     θ   a     represents the air temperature;   h   represents the previous ice thickness; the sum of   A   and   B   indicates the radar wave velocity of three-phase Yellow River ice;   B   indicates the radar wave velocity of two-phase Yellow River water, with A and   B   obtained by statistical optimization under theoretical guidance; and     C   1   ,   C   2   ,   C   3   ,   C   4   ,       D   1   ,   D   2   ,   D   3   ,   and     D   4     represent the accommodation coefficient and logistic growth rate, respectively. Their values are chosen in Table 3 of [13].



Since there was no previous time of ice thickness at the same position of the UAV measurements, we used the correction model based on air temperature (Equation (3)) to correct the radar wave velocity in the areas of the HI and the FI. The air temperature needed for calibration was sourced from the Toudaoguai hydrological station which is 3.1 km from the Shisifenzi bend. Depending on whether air temperature was rising or falling at the time of the measured ice thickness, the corresponding coefficient was chosen in Table 3. The correlation coefficient for the 0–13 cm ice layer was chosen for granular ice in Table 3. The remaining ice layer was chosen for columnar ice in Table 3. Finally, the corrected ice thickness at the location of the ice hole was calculated by weighing the thickness of the granular ice and the columnar ice.



The corrected results show that the correction effect of the FI was better than that of the HI. After correction, the root mean square error (RMSE) of the radar wave velocity in the FI was reduced by 4.38%, but the RMSE of the radar wave velocity in the HI increased by 3.90%. This may be because the correction model of Li et al. [13] was constructed based on the data of the FI. The model did not consider the high sediment content in the HI. In the future, we should continue to explore the relationship between high sediment content in ice and radar wave velocity and develop new correction models.



Although there is some error in the ice-thickness measurement by the UAV-GPR, its efficiency is high. In general, it takes 1.5 h for two people to measure the ice thickness of seven cross sections in the Shisifenzi bend. In addition, in the emergency monitoring, i.e., ice floes, thin ice, ice jams, ice dams, and ice in the melting period, UAV-GPR could significantly improve the efficiency of ice-thickness measurement and ensure people’s safety.




4.2. Comparison of the Ice Thickness on Concave and Convex Banks


In order to quantify the ice thickness variation of the concave and convex bank in the bend, the ice thickness comparison parameter (  M  ) was introduced. The calculation formula is shown in Equation (5). The   M   values of CS0–CS6 sections were calculated, respectively. The positive values of   M   indicate the ice thickness of the concave bank was thicker than that of the convex bank, while negative values were the opposite.


  M =       H   c a   −   H   c v      /    H   c v     ,  



(5)




where   M   is the percent;     H   c a     is the average ice thickness of the concave bank, m; and     H   c v     is the average ice thickness of the convex bank, m. The location of the thalweg was used to divide the concave bank and convex bank.



Figure 14a shows the average ice thickness and standard deviation of the concave and convex banks for three surveys from CS0 to CS6. Using CS3 as the river midline distance point 0, the upstream section was positive and the downstream section was negative. The ice thickness was thicker near the concave bank in the upstream of CS3 in the three surveys. As shown in the red dotted area of Figure 15, there was a very large and relatively calm flow area in the concave bank upstream of CS3. Early in freeze-up, more ice floes and frazil slush upstream accumulated in the area, which formed a greater initial ice thickness in the concave bank. Moreover, the area may likely have greater thermal ice-cover growth in the winter since it is far from the thalweg.



Figure 14b shows that the M of the three surveys in CS3 were not significantly different, which were 13.8%, 12.9%, 14.7% on 5 January 2022, 16 February 2022, and 25 February 2022, respectively. In the upstream of CS3, the M value gradually increased from CS0 to CS2 on 16 February 2022 and 25 February 2022. The maximum M was 21.2% in CS2. This may be the result of early ice-cover formation. As shown in the blue dotted area of Figure 15b, the big accumulation area formed and CS2 is located at ahead of the accumulation body. The ice thickness in the concave bank of CS2 may be thicker.



In the downstream of CS3, the M values on 16 February 2022 were negative, indicating that the ice thickness was thicker near the convex bank. This may be the result of larger initial ice thickness in the early freeze-up since the convex bank in the downstream of CS3 is the slow flow area where ice floes are easily captured. Meanwhile, during the ice-cover growth period, high flow velocity in the concave bank inhibits the thermodynamic growth of ice cover. However, for CS4 and CS5 on 25 February 2022, the M values were positive, showing that the ice thickness was thicker near the concave bank. This means that the ice thickness of the concave bank grew faster than that of convex bank from 16 February 2022 to 25 February 2022, which exceeds the natural thermal growth rate of the ice cover. Figure 16 shows the discharge increased from 583 m3/s to 654 m3/s and the water level rose from 988.03 m to 988.17 m from 16 February 2022 to 25 February 2022. The increased discharge and water level may lead to the redistribution of unstable and unfrozen ice at the bottom of the ice, resulting in the local rapid increase in ice thickness near CS4 and CS5.



The change of M value is more likely to be related to the channel curvature. When the curvature becomes larger, the concave bank may more easily accumulate frazil slush and form the bigger initial ice thickness. In straighter reaches, the thalweg will be closer to the center of the channel and the flow conditions near the left and right banks will be more similar, and the M value would approach zero. In the future, we will look for bends with different curvatures to measure ice thickness using UAV-GPR and thus find their quantitative relationship. In addition, the flight path should coincide with the planned cross-section as much as possible.





5. Conclusions


Combined with UAV-GPR and Sentinel-2 technology, the process of river ice morphology change could be monitored. This paper studied the spatial and temporal variations of ice thickness and open water in the Shisifenzi bend of Yellow River. Some conclusions are listed as follows:




	(1)

	
The average dielectric permittivity were 3.231, 3.249, and 3.317 on 5 January 2022, 16 February 2022, and 25 February 2022, respectively, which are larger than the pure ice dielectric permittivity of 3.17. The average ice thicknesses were 0.402 m ± 0.044 m, 0.509 m ± 0.066 m, and 0.633 m ± 0.082 m on the three surveys in the Shisifenzi bend, respectively.




	(2)

	
The ice thickness distribution in the bend was uneven. The ice thickness was thicker near the concave bank in the upstream of CS3. In addition, the ice thickness was thinner in the mainstream. The average growth rate of ice thickness in the mainstream was 0.006 m d−1, and in the non-mainstream region it was 0.008 m d−1. The former was 1.242 times more than the latter.




	(3)

	
In the downstream of the Shisifenzi bend, the plane morphology changes of the open water went through two stages. Firstly, the longitudinal length of the open water rapidly shortened, driven mainly by the hydrodynamic effect bringing frazil ice and broken bank ice. Secondly, the non-mainstream ice cover near the open water grew slowly transversely under the effect of accumulated negative air temperature.




	(4)

	
The vertical growth of ice thickness at the boundary of the open water was not uniform. The ice-cover boundary was of two arcs, named Arc I (close to the open-water surface) and Arc II. The slope of Arc I was steeper than that of Arc II and the hazardous distance of the open-water boundary was 10.3 m. The increased flow made the change in the slope of Arc I, which broke the original balance of the hydrodynamic erosion and the thermal growth of ice cover. Moreover, it mostly affected the ice-cover growth change in Arc I, not in Arc II.
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Figure 1. The location of the Shisifenzi bend on the Yellow River, China. Red box is the area where the UAV-GPR measured ice thickness. 
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Figure 2. (a) Three flight paths of the UAV-GPR on 5 January 2022, 16 February 2022, and 25 February 2022) and seven planned cross sections (from CS0 to CS6) on the Shisifenzi Bend (red box in Figure 2) of the Yellow River, (b) the UAV-GPR system, (c) the schematic diagram of ice-thickness detection by the UAV-GPR. In (a), points A, B, C, D, E, and F represent the intersection of the flight path with the boundary of open water on 16 February 2022; points G, H, J and K represent the intersection of the flight path with the boundary of open water on 25 February 2022. The white dots in (a) represent the locations of the drilled ice holes. The background in (a) is an orthophoto image taken by DJI Phantom 4 on 27 February 2022. 
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Figure 3. The typical GPR profile on 25 February 2022. 
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Figure 4. Ice thickness measured by ice drill vs that measured by GPR. 
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Figure 5. The spatial distribution of the ice thickness on the (a) 5 January 2022, (b) 16 February 2022, (c) 25 February 2022, and (d) changes in the ice thickness between 16 February 2022 and 25 February 2022. The CS0–CS6 are the observation cross sections laid out. These contour maps were interpolated onto the 10 m-by-10 m grid. 
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Figure 6. Plane morphology changes of the open water of the Shisifenzi bend in the winter of 2021–2022. The red solid boxes in (a,b,h) is the same as the range from (c–g). Both CS7 and CS8 are the cross sections for observing the transverse variation of the open water. 
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Figure 7. (a) The change of relative length, width, and area of the open water over time; (b) air temperature in the winter of 2021–2022. 
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Figure 8. Ice thickness at the boundary of the open water on 16 February 2022. The distance starting point of each image is the boundary of the open water. The (a) A, (b) B, (c) C, (d) D, (e) E, (f) F represent the locations in the Figure 2a. The blue dotted line is the demarcation between I and II. The blue solid line is the demarcation between water and revetment. 
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Figure 9. Ice thickness at the boundary of the open water on 25 February 2022. The distance starting point of each image is the boundary of the open water. The (a) G, (b) H, (c) J, (d) K represent the locations in the Figure 2a. I and II represent two arcs at the boundary of the ice cover. The blue dotted line is the demarcation between I and II. The blue solid line is the demarcation between water and revetment. 
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Figure 10. The slope of (a) Arc I and (b) Arc II at different locations on 16 February 2022 and on 25 February 2022. (c) the flow changes of Toudaoguai hydrological station. 
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Figure 11. Field and schematic diagram of (a) Hummocky Ice and (b) Flat Ice. 
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Figure 12. The part radar image on the CS3 at (a) 5 January 2022, (b) 16 February 2022 and (c) 25 February 2022. In (a), (b) and (c), the 0 ns in the radar image is based on the UAV flight altitude. 
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Figure 13. The natural ice, crystal type, and air bubble of (a) flat ice (FI) and (b) hummocky ice (HI). The ice samples were cut on 14 February 2022 in the Shisifenzi bend of the Yellow River. 
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Figure 14. (a) the average ice thickness and standard deviation of the concave and convex banks at different surveys and locations; (b) the percentage (  M  ) of the average ice thickness of the concave bank was greater than that of the convex bank. The negative   M   represents that the average ice thickness of the convex bank was larger than that of the concave bank. 
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Figure 15. The Sentinel images in early freeze-up of bend on (a) 24 November 2021, (b) 4 December 2021, (c) 9 December 2021, and (d) 19 December 2021. The CS0–CS6 were the planned observation cross sections. The area enclosed by red dotted line represents the calm flow area in the concave bank. The area enclosed by blue dotted line represents the big accumulation area at the early freeze-up. 
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Figure 16. The discharge of river and water level in Toudaoguai station. 
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Table 1. The dielectric permittivity on the three surveys.






Table 1. The dielectric permittivity on the three surveys.





	
Time

	
Measured Ice Thickness (cm)

	
Two-Way Time (ns)

	
Dielectric Permittivity

	
Average Dielectric Permittivity for Each Survey






	
5 January 2022

	
50.5

	
6.089

	
3.271

	
3.231




	
54.6

	
6.501

	
3.190




	
16 February 2022

	
57.0

	
6.387

	
2.825

	
3.249




	
66.0

	
6.638

	
2.276




	
81.4

	
8.827

	
2.646




	
68.7

	
10.720

	
5.478 *




	
66.8

	
9.820

	
4.862 *




	
83.8

	
7.846

	
1.973 *




	
84.4

	
10.025

	
3.174




	
82.8

	
9.717

	
3.099




	
70.6

	
9.307

	
3.910




	
75.6

	
8.828

	
3.068




	
56.8

	
7.391

	
3.809




	
62.6

	
7.493

	
3.224




	
69.0

	
8.162

	
3.148




	
63.0

	
7.504

	
3.192




	
83.8

	
9.956

	
3.176




	
87.0

	
11.061

	
3.637




	
94.6

	
11.251

	
3.182




	
92.2

	
11.529

	
3.518




	
64.8

	
8.746

	
4.098




	
25 February 2022

	
65.1

	
7.769

	
3.205

	
3.317




	
61.8

	
7.436

	
3.258




	
63.7

	
7.671

	
3.263




	
55.8

	
6.848

	
3.389




	
67.8

	
8.184

	
3.278




	
87.9

	
10.600

	
3.272




	
84.9

	
10.621

	
3.521




	
78.6

	
9.587

	
3.347








* The outlier values, which are not included in the calculation of the average dielectric permittivity. The reasons for the appearance of outlier values are discussed in Section 4.1.
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Table 2. The characteristic values of the ice thickness distribution in the bend for the three surveys.






Table 2. The characteristic values of the ice thickness distribution in the bend for the three surveys.





	
Time

	
Ice Thickness (m)




	
Minimum Value

	
Maximum Value

	
Average Value

	
Standard Deviation






	
5 January 2022

	
0.259

	
0.555

	
0.402

	
0.044




	
16 February 2022

	
0.004

	
0.781

	
0.590

	
0.066




	
25 February 2022

	
0.007

	
0.964

	
0.633

	
0.082
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Table 3. Correlation coefficient in Equation (3).






Table 3. Correlation coefficient in Equation (3).





	
Coefficients

	
Air Temperature




	
Rising Process

	
Falling Process




	
Granular Ice

	
Columnar Ice

	
Granular Ice

	
Columnar Ice






	
A

	
13.6800

	
13.6800

	
13.6800

	
13.6800




	
B

	
3.3300

	
3.3300

	
3.3300

	
3.3300




	
C1

	
0.033

	
0.032

	
0.061

	
0.060




	
D1

	
0.163

	
0.165

	
0.147

	
0.148

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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 (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Air temperature (°C)

~a— open water length
& open water widih n CS7
& open water widih n CS§
& open waterarea

— 5
.
— e
oo
ber  28Decomber  ISamary  SFebany | Mach
2021 pies 22 2
Time
2
b) hourly value
s @

— daly everago vl ‘MH

28 December
01

ISjanary  SFebuary 1 March

22

022 By
Time





media/file4.png
111°2'40"E 111°2'S0"E 111°3'0"E
g A — P
' , Legend
===- Planned Cross Section
= Flight path (5 January 2022)
Flight path (16 February 2022)
— Flight path (25 February 2022)

m
300

40°17'50"N

Transmitter Receiver

40°17'40"N
40°17'40"N

z z
3 :
= =
-~ -~
= =
(— =)
- -+

e e e e E————
111°2'10"E 111°2"20"E 111°2'30"E

(a)






media/file30.png
(c) 19 December 2021





media/file18.png
50

Distance(m)

0.0

0.4
02 -
7 0.3
204 -
S 0.5 -
S 0.6
8 0.7

0.8 1

Distance(m)

0.9

50

0.0

0.0

- 0.1

- 02 &
: o
N 0.3 ::?.r
- 04 ©
03 =

0.1 4
202
g i
% 0.3-_
204 -
Q 0.5 4
= 0.6 -
D .
9 0.7 -

0.8~

0.9 -

water

JUQUWI}AAI






media/file21.jpg
Water

schematic diagram feld ik schematic diagram

() Hummocky lee (HI) (b) Flat lee (FI)





media/file26.png
Depth (cm)

20—

30—

40—

50—

Nature  Crystal Bubble Nature Crystal Bubble
ice structure ice structure

)

901 Je[nuURID)

\I/
'|\

901 Jeuwinjoy)

901 Je[nueIr)

59

@ o)





media/file27.jpg
I 5 January 2022

EE concave bank
16 February 2022 [ convex bank

(@)

g
7 O 2s February 2022
2 o6
2 oos
g
2 0
H
00
CrossSection_CS0) cst cs2 o cs s cs6
400 ED 20 10 o 100
Upsiream Distance from CS3 (m) Downsieam
200% . ®)
s [
10.0% -
o o S
“t00%
o S danuary 2022
o 16 February 2022 .
o 25 Febnary 2022 .
il icsy c cs2 cp s css cs6
0 300 20 10 o 10 E

Distance from CS3 (m)





media/file3.jpg





media/file22.png
sediment ,
. O
sedimente (O ° O bubble &
€
Jce ® e
. Ice
o ©° ° bubble
) (o]
Water
Water X o
schematic diagram field field schematic diagram

(a) Hummocky Ice (HI) (b) Flat Ice (FI)





media/file19.jpg
I T ] a{e g T 25 February 2022
] LR ENEIRER SRR T )/

0 R g0

s e g2 He

offt 8 -7 Fool

4+ - B o 12 g0l ad

3 oL L B 5809 N6 pobmary 2022

0 50 100150200250300 350 0 50 100150200250 300350 14 Februry 21 Febrary 28 Feruary
Disanc rom open wate le (1) Diiancs fomopen watrnet () 2022 202 2022

(@ slope of Arc1 () slope of Are 1T PR o T e





media/file7.jpg
100 g
© 5 January 2022

® 16 February 2022
® 25 February 2022 .

s
8
L

%
g
L

=
3
L

Ice thickness by GPR (cm)

70 80 90 100

Ice thickness by ice drill (cm)





media/file28.png
{ I 5 January 2022

| B 25 February 2022

B 16 February 2022 D convex bank

(a)

g
2
=
S 06
=
Q
2 0.4
(D]
=1)]
=
g 02
<
0.0
Cross Section CS0 CSI CS2 CS3 CS4 CS5 CS6
400 300 200 100 0 -100 -200
Upstream Distance from CS3 (m) Downstream
20.0% - o (b)
]
s s
10.0% - e
[
[ ]
T it i s S B8 S 5 B 5 I 5 RS 55 O 5 R 5 SRS S i S
’ ®
= .
~10.0% -
® 5 January 2022
-20.0%- ® 16 February 2022 @
® 25 February 2022 °
_30.0% 1€SO . | CS1_ _Cs2_ ___Cs3 Cs4 _ CSs _Cs6_
400 300 200 100 0 -100 -200

Distance from CS3 (m)





media/file10.png
Latitude(®)

Ice thickness(m) '
i Concave
0.55 \ bank
40.295- '
40.294-
40293 g
Bend boundary N
Convex bank‘:
111.044 111.045 111.046
Longitude(®)
(a) 5 January 2022
40.299- Ice thickness(m)
40.298-
40.297-
! Concave
&~ 40.296- | "1 bank
e ! ‘
c 1
-
£ 40295 !
(-1 1
— .
40.294 !
40.293 !
40.292- Bend boundary T
111.045 111.047

111.041

111.043

Longitude (°)

(¢) 25 February 2022

Latitude(°®)

Ice thickness(m)

40.299- CS0
efeme o Csl1
' S~ 0.8
40.298- 0.7
0.6
40.297- €S2 0.5
'\ Concave ] 0.4
40.296- \‘. bank 0.3
' 0.2
40.295- 0.1
0
40.294-
CS5
40293 | s
1 - i _.
- ,\ Convex bank
40.292- Bend boundary : CS6
111.041 111.043 111.045 111.047
Longitude(®)
(b) 16 February 2022
40.299+ CSo Increased ice thickness (m)
40.298-
40.297-
&~ 40.296-
z
=
=
= 40.295-
<
-
40.294-
40.293-
Convex bank
40.292- Bend boundary
111.041 111.043 111.045 111.047
Longitude(®)
(d)






media/file32.png
Discharge of river (m*/s)

680 ] 1 988.5
—#— Discharge : 16 February 2022 :
—&— water level ! 25 February 2022
660 - : |
! ! - 9088.4
640 - :
E - 988.3
620 - E
600 l - 988.2
580 - : :
| i - 988.1
560 l
— | i 988.0
10 February 15 February 20 February 25 February 2 March
2022 2022 2022 2022 2022

Time

(uw) 19A9] J9Je M\





media/file14.png
Normalization value

Air temperature (°C)

.04 (a) —A— open water length

: —@— open water width in CS7
0.9 ] —@— open water width in CS8
0.8 - —<O— open water area

0=
0.6 _
0.5 -
0.4 -
0.3 i

0.2 -
0.1 5

OO | { | 1
7 December 28 December 18 January 8 February 1 March
2021 2021 2022 2022 2022

Time

20

1 (b) — hourly value
15 - daily average value

10 H

_5_

—10 —

_15_.

—20 -

& T I I I
7 December 28 December 18 January 8 February 1 March
2021 2021 2022 2022 2022
Time






media/file11.jpg
(€) 2 February





media/file6.png
o)
=
A
D)
E
—
=
A
:
F

0 26 52 78 104 130
Concave bank Distance (m) Convex bank






media/file15.jpg
Distance(m) Distance(m)
2 4 0 2 w0 o o oW o w0 s

ins @A

R

Tu B

Distance(m)
2 o4 0 2 0 o

©c






nav.xhtml


  remotesensing-15-03180


  
    		
      remotesensing-15-03180
    


  




  





media/file16.png
Distance(m)

| <]

0.0

[ 0.1
L2
£ 0.3
- 0.4

SOUYOIY) 99|

oo o0
© 9o W
(w) s

revetment [

Distance(m)
50 40 30 20 10 0
0.0 |.|.|.|.|Z
0.1 5
0.2
bl
o
© (.4
S5 0.5 -
= 0.6 -
§ 0.7 H water
0.8 ] (a) A
0.9
Distance(m)

40

Distance(m)

M

S
N

water revetment

(e) E

[ 0.5 )

Distance(m)

Distance(m)
50 40 30 20 10 0
0.0 I T I |Z
0.1 7
'S 0.2 - o8 /
s h /
” 0.3 1 //// /1/
2 (.4 -
S5 0.5
= 0.6 -
§ 0.7 . water
0.8 -
! ¢) C
0.9 ©

5

water

(HF

revetment |






media/file2.png
o’(\go\.‘?; P
~e Shisifenzi ,

Toudaoguai
A hydrological station






media/file20.png
Slope (%)

14
12~
10
8 -
6 -
=

2

BEO0e®O

convex bank on 16 February 2022
concave bank on 16 February 2022
convex bank on 25 February 2022
concave bank on 25 February 2022

» @)

0 50 100 150200250300 350

Distance from open water inlet (m)

(a) slope of Arc I

44 o O convex bank on 16 February 2022
® concave bank on 16 February 2022
[0 convex bank on 25 February 2022
3 B concave bank on 25 February 2022
2

5

O. .D |

0 50 100 150200250300 350

Discharge of river (m?’/s)

630

660
640 -
620
600

580

25 February 2022
A

16 February 2022

14 February 21 February 28 February

2022

2022

2022

Distance from open water inlet (m)

(b) slope of Arc Il

Time
(c) variation in discharge





media/file23.jpg
Distance (m) Distrnce (m) Distance (m)

0 51015203 303 a5 056 P Sl BNBPIME DS oo A

(@5 January 2022





media/file5.jpg
Y
£
g
z
2
&

0 26 52 78 104 130 156
Concave bank Distance (m)






media/file24.png
Distance (m) Distance (m)

Distance (m)
O 5 10 1520 25 3035 4045 50 55 0 5 10 152025 3035 4045
11 11 1 111 ]

0 5 10 1520 25 30 35 4045 50 55
L1 1 1 1 1 1 11|

Lh Lh L o s
W W o O O
o th O h O th

o @
= )
2 E
= =
+— +—
= &
: :
o

s s
= =

= o o
S &
o

(a) 5 January 2022 (b) 16 February 2022 (c) 25 February 2022





media/file29.jpg





media/file1.jpg
ongolid
Shisifenzi

Tne?

Yellow River

Toudaoguai
“hydrological station/






media/file31.jpg
Discharge of river (m*/s)

680

660 -

640

620

600

580

560

988.5

—=— Discharge |16 February 2022
—— water level 25 February 2022
Foss.4
F o883
Fos8.2
Foss.1
T T 988.0
10 February 15 February 20February 25 February 2 March
2022 2022 2022 2022 2022

Time

(w) [or0] Jo1E





media/file25.jpg
Depth (cm)

Nawre  Crystal — Bubble Natwre  Crystal  Bubble
e stmucture i stmeture

0
10|
20— o
H °
30 3 ]
° £
40|






media/file12.png
(a) 19 December 2021

200 400 » < . 3 - | 400 800
m y i | [ e—] )|

(e) 2 February 2022 (f) 22 February 2022 (g) 4 March 2022 (h) 14 March 2022





media/file9.jpg
Tee thickncssm) 40290
oss o

| w0297

i s
o

Lonstuie
() 16 February 2022
e o bt
oz
£ o
3

e nes  nnes s
Longiude ) Longitude)
(c) 25 February 2022 @





media/file0.png





media/file8.png
Ice thickness by GPR (cm)

100

90 -

80

0=

60 -

® 5 January 2022
® 16 February 2022

® 25 February 2022 °
o ¢
e
® ,/.
° e e
,0®
J/‘
e o
,o'. »
2

60 70 80 90

Ice thickness by ice drill (cm)

100





media/file17.jpg
Distance(m) Distance(m)
50 40 30 20 10 0 0 10 20 30 40 50
00 Loy P L 00
o1 Foi
go02 Forg
7034 Fo3g
204 o4 g
205 LosE
=06 lzf 06 2
Bo7 (;_,_075
08 water @G o 2hos
09 @ © 2l o9
Distance(m) Distance(m)
50 40 30 20 10 0 0 10 20 30 40 s
00 Lo e L vl e 00
014 For
Fo02d Forg
Fo3 Fosg
Zoa Foag
g
Bos 5 FosE
S ]
<064 s oz
Bor g Lor2
b water water | & Foo
. BH @K g
09 09






