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Abstract

:

Near-field remote sensing of surface velocity and river discharge (discharge) were measured using coherent, continuous wave Doppler and pulsed radars. Traditional streamgaging requires sensors be deployed in the water column; however, near-field remote sensing has the potential to transform streamgaging operations through non-contact methods in the U.S. Geological Survey (USGS) and other agencies around the world. To differentiate from satellite or high-altitude platforms, near-field remote sensing is conducted from fixed platforms such as bridges and cable stays. Radar gages were collocated with 10 USGS streamgages in river reaches of varying hydrologic and hydraulic characteristics, where basin size ranged from 381 to 66,200 square kilometers. Radar-derived mean-channel (mean) velocity and discharge were computed using the probability concept and were compared to conventional instantaneous measurements and time series. To test the efficacy of near-field methods, radars were deployed for extended periods of time to capture a range of hydraulic conditions and environmental factors. During the operational phase, continuous time series of surface velocity, radar-derived discharge, and stage-discharge were recorded, computed, and transmitted contemporaneously and continuously in real time every 5 to 15 min. Minimum and maximum surface velocities ranged from 0.30 to 3.84 m per second (m/s); minimum and maximum radar-derived discharges ranged from 0.17 to 4890 cubic meters per second (m3/s); and minimum and maximum stage-discharge ranged from 0.12 to 4950 m3/s. Comparisons between radar and stage-discharge time series were evaluated using goodness-of-fit statistics, which provided a measure of the utility of the probability concept to compute discharge from a singular surface velocity and cross-sectional area relative to conventional methods. Mean velocity and discharge data indicate that velocity radars are highly correlated with conventional methods and are a viable near-field remote sensing technology that can be operationalized to deliver real-time surface velocity, mean velocity, and discharge.
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1. Introduction


The U.S. Geological Survey (USGS) operates approximately 10,330 streamgages in the United States (U.S.), Puerto Rico, and Virgin Islands. The streamgage network constitutes one of the largest in the world [1]. Approximately 80,000 river discharge (discharge or streamflow) measurements are made annually to create or maintain stage-discharge ratings, which relate a stage (water-level elevation) to a discharge. These data are used by various end users for water-resources planning, water-supply/flood/drought forecasting, and early warning networks [1]. Traditional measurements of velocity and discharge are recorded using sensors that are deployed in the water column. At most of these sites, water levels are measured using stilling wells or pressure transducers and converted to discharges that are empirically derived from a rating curve. Because of temporal changes in hydraulics and channel morphology, periodic measurements are needed to maintain the stage-discharge ratings. Typically, data are collected every 6 weeks and during select hydraulic events using mechanical current meters [2,3] or hydroacoustic instrumentation [4,5,6,7,8,9,10,11], including acoustic Doppler velocimeters (ADVs) and acoustic Doppler current profilers (ADCPs). These measurements record velocity and cross-sectional area, which are used to compute discharge.



The near-field remote sensing of streams and rivers has the potential to transform streamgaging operations in the USGS and other agencies around the world. Traditional remote sensing studies focus on satellite-based platforms—which rely largely on imagery, radar altimeters, and physically based fluvial models—to measure top widths and surface-water elevations and compute reach-based river discharge. This research focuses on near-field remote sensing, which offers an alternative worldview, to measure surface velocities and compute at-a-section river discharge using an efficient algorithm based on the probability concept (PC). The probability concept solves the assumption of a monotonic velocity distribution, which serves as the basis for other remote sensing studies such as particle image velocimetry (PIV) and particle tracking velocimetry (PTV). This research demonstrates that regardless of the method selected (physically based, field based, or probability based) computing river discharge can be achieved using multiple methods. It is the end user’s choice to decide which methods are most appropriate for their application.



Particle image and tracking velocimetry has emerged as a method for measuring surface velocity and computing discharge from the ground [12,13,14], from small, unmanned aircraft systems (sUAS) [15,16,17], and from manned aircraft systems [18]. Satellite-based sensors [19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47] can be used to derive parameters such as water elevation, slope, and top width. These parameters are used to compute discharge in regions where streamgage networks are lacking. Pulsed Doppler and coherent Doppler velocity radars have been deployed from river banks [48], helicopters [49], sUAS [50], and can be coupled with pulsed (stage) radars from portable and fixed platforms such as bridges and cable stays [51,52,53]. Although this collection of research has advanced the field of remote sensing of rivers, their principle objective was not to operationalize the process and deliver real-time, continuous time series of velocity and discharge. Rather, this research demonstrates that the real-time delivery of mean-channel (mean) velocity and discharge is possible by combining radars with an efficient discharge algorithm, the probability concept.



The advantages of velocity and stage radars combined with the probability concept include: (1) improved safety, (2) reduced operational costs, (3) improved data delivery, and (4) increased operational efficiency. Safety is improved because hydrographers spend less time in the water and are able to work from stable platforms such as bridges, cable ways, and cable stays. Operational costs are less than stage-discharge streamgages, because fewer site visits are required. Data delivery is improved with radars, because discharge is computed immediately after radar siting and installation. Some stage-discharge ratings require months or years of data collection to establish the requisite number of stage and discharge values to develop a reliable rating. Operational efficiency is increased, because site visits are driven by event, rather than frequency. It should be noted that event-based and a nominal number of visits are needed: (a) to confirm stage-area ratings, (b) to confirm the location (stationing) of the maximum velocity in a cross section, (c) to confirm ϕ, which represents the ratio between the mean velocity and maximum velocity, and (d) to maintain operational functionality, including trouble shooting data transmission mishaps and power checks. The disadvantages of radars include: (1) initial capital costs ($5K to $10K U.S. dollars), (2) restrictive siting requirements, including the need for infrastructure such as a bridge or light cableway, (3) measurement uncertainty associated with poor-surface scattering, (4) wind-influenced (drift) surface velocities, and (5) an inability to reliably detect low surface-water (surface) velocities (less than 0.15 m/s).



This study examines the results of 10 fixed-mount velocity and stage radars collocated with USGS continuous streamgages and addresses the following questions: (1) Can radars accurately measure surface velocities? (2) Can velocity and stage radars be used to accurately compute the mean velocity and discharge when compared to conventional methods that serve as validation (truth)? (3) Can near-field remote sensing deliver real-time mean velocity, stage, and discharge operationally and in the absence of historical data? (4) What environmental and hydraulic factors influence radar-derived surface velocities?




2. Materials and Methods


2.1. Site Selection


The radar gages used in this study are located in the U.S. (Figure 1), and their characteristics are summarized in Table 1, Table 2 and Table 3. The sites were selected using the following criteria: (1) radars were collocated with existing USGS continuous streamgages, (2) radar locations, cross-sectional areas, velocities, and heights above the water surface (air gap) support radar operations, and (3) radars were operated for a sufficient duration of time to capture low and high streamflow conditions. The basins, where the 10 radar gages are located, range in size from 381 to 66,200 kilometers (Table 1) and are characterized by: (1) a variety of land-use types, including agricultural, desert, forest, mixed, and high-gradient mountain environments, (2) operating periods ranging from 2 weeks to 19 months, (3) river top widths (Table 2) ranging from 7 to 380 meters (m), and (4) river hydraulic depths ranging from 0.09 to 7 m. Each of these characteristics has a profound effect on velocity and discharge.



To demonstrate the extensibility of the radar methods, streamflow exceedances were calculated as the percentage of the daily streamflow recorded at a continuous USGS streamgage during the radar deployment relative to the maximum discharge recorded for the historical period of record (Table 3). Streamflow exceedances range from approximately 0% to 5.4%. These metrics indicate the sites and streamflows represent relevant variations in discharge for various hydrologic and hydraulic conditions.




2.2. Doppler Radar Technology


Radars measure velocity and stage remotely [51,52]. When sited properly, near-field remote sensing compares favorably to conventional methods described in Section 2.1. Velocity radars leverage the Doppler effect to translate radar frequencies to a surface velocity [50]. For example, velocity radars used for this research transmit a prescribed, 24-gigahertz (GHz) electromagnetic wave, which encounters small-scale surface waves (scatterers). These small-scale scatterers ride advectively on top of larger surface waveforms. If they are incident to the transmitted radar signal, the movement of these scatterers modify the frequency of the transmitted signal [51], and the frequency of the backscattered signal is shifted. The difference in the transmitted and returned frequencies is the Doppler shift; however, to detect the complete spectrum, the transmitted signal must be coherent where there are no phase discontinuities [51]. A spectral analysis is performed on the reflected signal to assess the quality of the spectrum and compute a value for the surface velocity.



To collect useful surface-velocity measurements, the radar signal is transmitted at an angle to the water surface. This angle is measured internally and is automatically corrected to compute the velocity. Only waves traveling toward or away from the radar serve as effective scatterers. The surface velocity represents the mean value over the footprint of the radar on the water surface and is calculated using Equation (1):


vh = (λ fc)/(2 sin θ)



(1)




where vh = the wave velocity in the look (streamwise) or along-track direction of the radar antenna; λ = wavelength of the transmitted radar signal; fc = shifted frequency; and θ = incidence angle of the radar [51].



When the transmitted signal originating from the radar encounters small-scale waves at incidence angles that are not too large or small, the signal is scattered back to the antennae. Scatterer size and quality is a function of the frequency of the transmitted radar and environmental factors such as wind drift, turbulence, and rain. The length of these small-scale surface waves can be computed using Equation (2):


λb = λ/(2 sin θ)



(2)




where λb= wavelength of the water wave; GHz, λ = wavelength of the transmitted radar signal; GHz, θ = incidence angle, λ = c/v, c = speed of light = 3 × 108 m per second in meter per second (m/s), v = frequency in hertz (Hz), given a K-band radar transmission frequency = 24 GHz, which has a wavelength of approximately 1.25 centimeters (cm) and an incidence angle of 56 degrees from horizontal. The small-scale surface waves that serve as scatterers are computed using Equation (3):


λb = 3 × 108 m/s × 100 cm/m/24E9 Hz/(2 × sin 56 degrees) = 0.75 cm



(3)








2.3. Validation Measurements


Velocity, stage (stage-area ratings) and discharge were measured using conventional methods to assist with: (1) siting the radars and (2) serving as truth to determine the accuracy of the radar-derived discharge at the time of installation and during operation. Vertical velocity profiles were recorded to compute the PC parameters, mean velocity, and discharge described in subsequent sections. Stage-discharge, time-series data were recorded simultaneously with radar data.



Conventional methods were used to assess the accuracy of the radar data and include: (1) instantaneous measurements—in-water, event-based conventional mechanical current meter and hydroacoustic measurements of velocity, stage, and discharge and (2) continuous measurements—empirical stage-discharge measurements of river stage and discharge. The USGS requires the standard error for stage to be ± 3 mm accuracy or better, which is needed to calculate discharge [54]. Of the two conventional methods, instantaneous measurements deliver the lowest expected error in velocity, stage, and discharge. Standard errors for individual discharge measurements vary from 2% for ideal conditions to 19% and greater for conditions dominated by flood flows, wind, ice, boundary effects, streamflow obstructions, or improper equipment and procedures [55,56,57,58]. However, most measurements exhibit standard errors ranging from 3 to 6% [54]. Continuous measurements of stage-discharge offer validation; however, they possess an inherent measure of uncertainty depending on the stability of the stage-discharge rating [57] where uncertainties (95% uncertainty intervals) can range from ±50 to 100% for low streamflow, ±10 to 20% for medium to high streamflow, and ±40% for out-of-bank flow [58].




2.4. Radar Siting


Velocity, cross-sectional area, and discharge were measured and analyzed to assist with data processing [3,4,59,60,61] and siting [62,63]. The same principles used to site conventional streamgages [4] were adopted for siting radar gages, which: (1) consist of straight channels with parallel streamlines, (2) include streambeds free of large rocks, weeds, or obstructions that would create turbulence or slack water, (3) comprise cross sections that are parabolic, trapezoidal, or rectangular, (4) avoid variable streamflow conditions downstream from piers or channel obstructions, (5) avoid highly turbulent conditions, (6) target sections where stream velocities exceed 0.15 m/s and depths greater than 0.15 m, (7) avoid tributaries or contributing drainage, and (8) avoid wind-dominated reaches, eddies, secondary flows, and macroturbulence.



2.4.1. Velocity


Velocity data were collected at cross sections of interest and in the vicinity of the radar footprint. The radar’s ability to record a surface velocity is influenced by: (1) the quality of scatterers or waveforms on the water surface, (2) the air gap or the distance between the bridge deck and the water surface, and (3) the potential bias imposed by wind drift, eddies, secondary flows, and macroturbulence. Current meters, ADVs, ADCPs, and surface velocity radars can be used to characterize the velocity distribution and assist in the computation of the PC parameters discussed in Section 2.6.2. A template for siting and collecting channel and hydraulic data associated with radar deployments was developed to assist with data collection [62].



The SonTek FlowTracker® (FT) is a handheld ADV that is (1) used widely for wading measurements, (2) capable of measuring velocity with an accuracy of ±0.25 cm/s, and (3) capable of sampling a 25-cubic-centimeter (cm3) water volume, which permits velocity sampling close to the air–water interface. When wading was possible, the FT was used to collect velocity and depth data from 25 to 30 verticals that comprise the measured section. The vertical that contains the maximum velocity is referred to as the y-axis and was revisited during each site visit. A vertical velocity profile was acquired at the y-axis location beginning near the channel bottom and extending to the water surface. Depending on the water depth (Di), a minimum of 6 point velocities were measured (channel bottom, 0.2 Di, 0.3 Di, …, 0.8 Di, and near the water surface, while minimizing air entrainment). This procedure was repeated to river left (LEW, to the left facing downstream) and river right (REW, to the right facing downstream) of the y-axis to confirm its location.



When wading was not possible, velocities were collected at the y-axis using an ADCP and a Stationary Bed Test (SBT) by boat, light cableway, or tethered from a bridge or a river bank. When possible, surface velocities were collected concurrently with SBTs using a handheld or portable velocity radar. As with the FT, SBTs were conducted to river left and river right of the y-axis. Discharge was computed using QRev software [10] or an equivalent. Alternatively, when coupled with a Global Positioning System (GPS) receiver, the latitude and longitude of the y-axis can be established using tools such as the Velocity Mapping Toolbox [64,65]. The SBT is processed in WinRiver II software [63] and is used to assess the velocity distribution, which is ingested by R-scripts to compute the PC parameters described in Section 2.6.2. The WinRiver II workflow for processing SBTs included the following steps: (1) select “Moving Bed Test” of interest, (2) select “Playback” and “Reprocess Selected Transect,” (3) select “Configure” and “Averaging Data” and identify the number of ensembles needed to average the SBT to reduce noise in the data, (4) select “View” and “Tabular,” and “Earth Velocity Magnitude and Direction,” and (5) copy the depth and velocity data to a .txt or .csv file.




2.4.2. y-axis


The y-axis (Figure 2) is the location in a stream cross section that contains the maximum velocity and maximum surface velocity [65,66,67,68,69,70,71,72,73,74,75,76]. More importantly, once established, all velocity and depth data, which are needed to translate a surface velocity to a mean velocity [71], are obtained at the y-axis location. It is important to note that the y-axis location rarely coincides with the channel thalweg in open or engineered channels and is determined during the siting phase [62]. Assuming site selection is well posed, research indicates the location of the y-axis is stable and does not vary with stage, velocity, discharge, changes in channel geometry, bed form and material, slope, or alignment [73]. During this research, periodic field verification was conducted to verify the location of the y-axis [62].




2.4.3. Cross-sectional Area


Cross-sectional area surveys were conducted during the siting phase to establish a stage-area rating, which is maintained throughout the radar gage operation. Included in the surveys were the wetted perimeter and above-water points of interest in the floodplain. The stage-area rating is used to compute area, based on the stage recorded by a pulsed radar, bubbler, or pressure transducer. Horizontal and vertical surveys were acquired relative to the collocated USGS streamgage datum using a total station survey, GPS receiver, or an equivalent. AreaComp2 software [77] was used to generate a synthetic stage-area rating to account for areas above the water surface that were measured during the day of siting.




2.4.4. Wind Drift


Wind-corrected discharge can be computed for sites where the surface velocity is affected by wind. The correction (1) relies on measurements from a wind sensor located at a nominal height (10 m) above the water surface and adjacent to the radar, (2) assumes a vertical wind profile based on the Prandtl von Karman (PvK) velocity distribution equation, and (3) assumes a surface-roughness height for water equal to 0.01 cm [78]. Wind-drift corrections are based on the measured wind speed and direction recorded by the sensor every 15 min and are temporal with velocity and stage data. A theoretical wind speed can be computed near the water surface using the PvK distribution and a roughness height of 0.01 cm. Based on the orientation of the river reach (e.g., azimuth equal to 130 degrees), the resultant wind vector can be subtracted from the surface velocity if the winds are concordant (in the direction) of streamflow. If the winds are counter (in the opposite direction) to streamflow, wind velocity is added to the surface velocity.





2.5. Radar Deployments


Radars were installed on bridges at the y-axis location coincident with the maximum surface velocity established during the siting phase. Generally, the maximum velocity will occur at the same vertical as the maximum surface velocity [53,71]. The location of the y-axis was determined initially using a hand-held velocity radar and confirmed using mechanical current meters or hydroacoustics. A minimum of three surface velocities were collected to confirm the y-axis location and magnitude of the maximum surface velocity by sampling river left and river right of the y-axis. Velocity radars can point upstream or downstream from a bridge or walkway. For this research, eight of the 10 deployments were oriented facing upstream to avoid complex streamflow patterns including eddies, secondary flows, and macroturbulence. The remaining two sites were not influenced by bridge piers or streamflow complexities and were deployed facing downstream. Radar deployments can occur from bridges, light cableways, or cable stays (Figure 3). Fixed-mount radars (RQ-30 and RG-30 models) were manufactured and provided by Sommer Messtechnik, and the hand-held radar was manufactured by Applied Concepts, Inc.



Reaches dominated by wind fetch were avoided in an effort to minimize uncertainties in surface velocities influenced by wind drift. Radar locations were geo-referenced using a GPS receiver or measured from known bridge stationing, were oriented parallel to steamflow lines to avoid the need for a cosine correction based on the angle of attack, and were tilted downward (from horizontal) at a nominal 56-degree incidence angle.




2.6. Discharge Algorithms


2.6.1. Conventional Methods


Conventional methods (stage-discharge ratings; current meters/ADVs/mid-section method; and ADCPs) are widely accepted as industry standards [2,3,4,5,6,7,8,9,10,11,63,79] and were used as validation of the velocity and stage radar results. If surface velocities are measured at 25 to 30 verticals from LEW to REW, the mean vertical velocity (uvertical) or depth-averaged velocity at a vertical in a cross section can be computed using Equation (4):


uvertical = uD × coefficient (typically ranging from 0.84 to 0.90)



(4)




where uvertical = mean vertical velocity at a given station in a cross section and uD = surface velocity. This equation assumes the vertical velocity profile can be characterized by a logarithmic or 1/6th or 1/7th power law [11,79]. The coefficient referenced in Equation (4) is needed to convert a surface velocity to a mean vertical velocity [3,4]; however, these coefficients are generally difficult to determine reliably and may vary with stage, depth, and stationing in the cross section. Experience has shown that the coefficient generally ranges from about 0.84 to about 0.90, depending on the shape of the vertical velocity curve [3] and the proximity of the vertical to channel walls where secondary currents may develop causing the maximum velocity to dip below the water surface [80,81,82,83,84,85,86]. In these instances, the velocity distribution is non-standard, and an alternative velocity distribution is needed to characterize the velocity profile and compute the mean vertical velocity, mean velocity, or discharge.




2.6.2. Probability Concept


The probability concept (radar-derived mean velocity and discharge) in many ways is similar to conventional, physically based methods, which rely on integrating depth and velocity data to compute the mean velocity and discharge. For example, velocity and depth are recorded at 25 to 30 verticals in a cross section using mechanical current meters and ADVs [3]; whereas, ADCPs record velocity and depth at tens to hundreds of verticals in a cross section. The probability concept relies on these same instruments to measure velocity and corresponding depth at a single vertical; however, only that vertical, which contains the most information content (umin = 0 and u = umax) in a cross section, is used.



Surface velocities derived from radars are translated to a mean velocity using a velocity distribution equation based on the probability concept [66,67,68,69,70,71,72,73,74,75,76], which was pioneered by C.-L. Chiu and is based on Shannon’s Information Entropy [87]. Equation (5) through Equation (10) offer a summary of the Chiu velocity distribution equation, and the workflow needed to compute a mean velocity. The velocity distribution at the y-axis in probability space is represented by Equation (5):


  u =    u  m a x    M    l n  [  1 +  (   e M  − 1  )    F  ( u )   ]   



(5)




where u = velocity as a function of depth at the y-axis; umax = maximum velocity at the y-axis; M = parameter of the probability distribution used to describe the velocity distribution; and     F  ( u )    =    ∫ 0 u  f  ( u )  d u ,   which represents the cumulative distribution function, or the probability of a randomly sampled point velocity that is less than or equal to u. At those cross sections where umax occurs below the water surface, the velocity distribution at the y-axis can be characterized by Equation (6):


  u =    u  m a x    M    l n  [  1 +  (   e M  − 1  )     y  D − h     e x p  (  1 −  y  D − h    )   ]   



(6)




where D = total distance from the channel bottom to the water surface at the y-axis, y = incremental distance from the channel bottom to water surface, h = distance from the water surface to the maximum velocity. The orthogonal coordinate system (Figure 2) is used to translate the velocity distribution from probability space to physical space and is used to describe the variables h, D, and y in Equation (6) through Equation (8). In those instances when umax occurs at the water surface, the velocity distribution at the y-axis can be characterized by Equation (7):


  u =    u  m a x    M    l n  [  1 +  (   e M  − 1  )     y D    e x p  (  1 −  y D   )   ]   



(7)







The probability distribution f(u) is resilient and is invariant with time and water level at a channel cross section and subsequently M and h/D are constant at a channel cross section [66,67,68,69,70,71,72,73]. In practice, Equation (6) is used only when there is a clear and observed velocity distribution where umax occurs below the water surface. In those instances, radar-derived surface velocities are used to estimate umax and assumes u is equal to uD, which is the velocity at which y equals D [71] and is represented by Equation (8):


   u  m a x   = u D × M × { l n    [  1 +  (   e M  − 1  )     1  1 −  h D    e x p  (  1 −  1  1 −  h D     )   ]  }    − 1    



(8)







The parameter ϕ ,  which is a function of M, can be computed using two methods. First, point velocities are measured along the y-axis beginning near the channel bed and extending to the water surface. An R-script was developed to compute umax, M(ϕ), and h/D by incorporating the depth and velocity data recorded by conventional instruments. The “nls” algorithm [88,89] is a nonlinear (weighted) least-squares estimator of the parameters umax, M(ϕ), and h/D. By default, Equations (6) and (7) are solved using a Gauss–Newton nonlinear least-squares method. A typical velocity profile located at the y-axis is illustrated in Figure 4 for the Tanana River at Nenana, Alaska. Second, historical pairs of mean and maximum velocities are plotted, where ϕ represents the slope of the pairs and is the preferred method for computing ϕ [74,75] and is represented by Equation (9):


  ϕ =    u  m e a n      u  m a x     =    e M     (   e M  − 1  )    −  1 M   



(9)







Discharge is computed using ϕ, umax and the cross-sectional area derived from a stage-area rating using Equation (10):


  Q = ϕ ×  u  m a x   × A  



(10)




where, Q = discharge; ϕ = umean/umax = function of M; umax = maximum velocity; A = cross-sectional area. The parameter ϕ generally ranges from 0.58 to 0.82 [69].






3. Results


During the siting and validation phase, channel hydraulics and cross-sectional area were measured to: (1) parameterize the PC algorithm, (2) validate the resiliency of ϕ and location of the y-axis, and (3) establish a stage-area rating. During the operational phase, a workflow was established to: (1) record, compute, and transmit a radar-derived discharge in real-time and (2) compare the findings against the stage-discharge, which served as validation [90].



3.1. Siting and Validation Phase


3.1.1. Velocity


Instantaneous surface, maximum, and mean velocities were measured using velocity radars and conventional measurements and represent a variety of hydraulic conditions from small, high-gradient mountain and urban streams to wide, low gradient large rivers (Table 4). Radar-derived surface velocities ranged from 0.45 to 2.96 m/s for the NF Shenandoah River and the Yellowstone River; maximum velocities ranged from 0.09 to 2.96 m/s for the Red River of the North and the Yellowstone River; and mean velocities ranged from 0.05 to 2.11 m/s for the Red River of the North and the Yellowstone River. The lowest maximum velocity (0.09 m/s) was measured at the Red River of the North and was expected given the low hydraulic gradient associated with the site. The highest maximum velocity (2.96 m/s) was reported at the Yellowstone River, which is a high-gradient mountain stream. Percent differences in the radar and conventional mean velocities ranged from −0.1% to −11% for the Red River of the North and the Tanana River, respectively. The composite average percent error and absolute percent error of the mean velocity for the 10 sites was biased low −1.1% and high 3.6%, respectively. A velocity radar was not available during the siting phase at Clear Creek. Subsequently, a surface velocity was not recorded concurrently with the hydroacoustic data. Similarly, the Red River of the North was ice affected, and a surface velocity was not possible during the siting visit.



Subsequent validation visits were conducted at each of the 10 USGS streamgages to collect event-based instantaneous measurements. Figure 5 summarizes the results of 36 site visits (10 siting and 26 validation) and demonstrates general agreement between radar and conventional mean velocities. The average and absolute percent error was computed for the Blackfoot River (−1.4% and 2.5%), Cherry Creek (1.1% and 5.6%), Clear Creek (2.1% and 6.9%), Gunnison River (4.9% and 4.9%), NF Shenandoah River (−8.0% and 8.0%), Red River of the North (−8.6% and 8.6%), Rio Grande (4.6% and 4.6%), Susquehanna River (−0.4% and 3.8%), Tanana River (−2.5% and 3.9%), and Yellowstone River (−0.7% and 0.7%). The composite average and absolute percent error of all 36 site visits was −0.3% and 5.1%. The data show strong agreement (correlation coefficient, R2, equal to 0.993) between instantaneous radar-derived and conventional mean velocities (Figure 5).




3.1.2. Values of ϕ and Location of the y-axis


The values of ϕ were computed for all 10 gages and were derived using vertical velocity profiles obtained during the siting phase. Values ranged from 0.522 to 0.783 (Table 4) for the Gunnison River and the Susquehanna River, respectively, and are generally consistent with the findings of other researchers [62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,86], who report ϕ values ranging from 0.58 to 0.82. In addition, ϕ was derived using historical pairs of the mean and maximum velocities for Cherry Creek (0.6896), Clear Creek (0.5752), Susquehanna River (0.8114), and Tanana River (0.7639). These values were obtained from site visits and the USGS National Water Information System: Web Interface NWISWeb [91], which is a database available to USGS cooperators and the general public. The ϕ values derived during the siting phase and historical pairs for Cherry Creek (0.678 and 0.6896), Clear Creek (0.573 and 0.5752), Susquehanna River (0.783 and 0.8114), and Tanana River (0.718 and 0.7639) resulted in percent differences equal to −1.7%, −0.3%, −3.5%, and −6.0% and exhibited strong agreement based on R2 values equal to 0.984, 0.957, 0.999, and 0.992, respectively. Figure 6a–d illustrates the variability of mean and maximum velocities for Cherry Creek (0.51 to 2.1 m/s and 0.74 to 3.2 m/s), Clear Creek (0.62 to 1.7 m/s and 1.1 to 2.8 m/s), Susquehanna River (0.56 to 2.0 m/s and 0.72 to 2.5 m/s), and Tanana River (1.0 to 2.1 m/s and 1.4 to 2.7 m/s) and the stability of ϕ with time and velocity.



The location of the y-axis at each radar gage was verified during each site visit using the methods described in Section 2.4.1. At no time or during no specific streamflow condition did the y-axis differ from the siting phase. In addition, previous research [66,67,68,69,70,71,72,73,74,75,76] indicates the location of the y-axis in stable reaches is resilient and does not vary with stage, velocity, discharge, changes in channel geometry, bed form and material, slope, or alignment.




3.1.3. Discharge


Radar-derived discharges (Table 5) ranged from 0.85 to 615 cubic meters per second (m3/s) at Cherry Creek and the Tanana River. Similarly, stage-discharges (Table 5) ranged from 0.84 to 690 m3/s at Cherry Creek and the Tanana River. Because radar-derived discharge is calculated as a linear function of velocity (Equation (10)), discharge biases were identical to the mean velocity findings, where the composite average percent error was biased low −1.1%, and the absolute percent error was biased high 3.6% (Table 5). Figure 7 summarizes the results of 36 site visits (10 siting and 26 validation), where the data show strong agreement between the radar-derived and conventional methods, as demonstrated by an R2 = 0.999.





3.2. Operational Phase


3.2.1. Velocity and Discharge


Radar-derived surface velocities (Table 6) and discharges (Table 7) ranged from 0.30 to 3.84 m/s at Cherry Creek and the Yellowstone River, respectively, and 0.17 to 4890 m3/s at Cherry Creek and the Susquehanna River, respectively. Similar to the radar gages, stage-discharges (Table 7) ranged from 0.12 to 4950 m3/s at Cherry Creek and the Susquehanna River. The lowest radar-derived surface velocity (0.30 m/s) and discharge (0.17 m3/s) was reported at Cherry Creek, which is an engineered urban channel with upstream streamflow regulation. The greatest radar-derived surface velocity (3.84 m/s) was reported at the Yellowstone River, a high-gradient mountain stream. The greatest radar-derived discharge (4890 m3/s) was recorded at the Susquehanna River, a large river system. The lowest stage-discharge (0.12 m3/s) was reported at Cherry Creek, and the highest stage-discharge (4950 m3/s) was reported for the Susquehanna River. These results support the contention that the velocity and stage radars captured a broad range of streamflow conditions.



The radar gages were operated continuously for various time periods ranging from 2 weeks to 19 months. Discharge time series and companion scatter plots for Cherry Creek, Rio Grande, Tanana River, and Gunnison River demonstrate the utility of applying the PC method to small, moderate, and large river systems by comparing radar-derived discharges to stage-discharges (Figure 8a–h). It is important to note that hindcasting was not conducted. Subsequently, continuous radar discharges share the same time stamp as stage-discharges and were transmitted contemporaneously to the USGS NWIS database [91]. The minimum, median, maximum, and the number of radar-derived discharges are summarized in Table 8. The general timing and magnitude of peak and low-streamflow recorded by the radars and stage-discharge ratings were similar for all 10 sites based on the goodness-of-fit (GOF) metrics; however, only Cherry Creek, Rio Grande, Tanana River, and Gunnison River are illustrated graphically, because they span the hydraulic extremes tested. Several radar-peak discharges for Cherry Creek and the Rio Grande are biased low when compared to the stage-discharge ratings, and the radar-derived discharge for the Tanana River is biased low. To assess the value of radars to measure velocity and stage and the probability concept to compute discharge, GOF metrics were compiled for each gage, including the mean absolute error (MAE), percent bias (PBIAS), log-transformed Nash–Sutcliffe efficiency (logNSE), Nash–Sutcliffe efficiency (NSE), and volumetric efficiency (VE). These metrics represent accepted standards for comparing truth to modeled data [92,93,94]. For this application, the radar-derived discharge represents the model, and the stage-discharge represents truth. Discharge was transmitted every 5 to 15 min for each radar gage resulting in data populations ranging from 448 to 151,161 samples. The entire record of each radar and conventional streamgage was analyzed for GOF, except for the Yellowstone River, where a split in streamflow occurred at discharges greater than approximately 113 m3/s. Although the conventional Yellowstone River streamgage measures the entire streamflow regime, the radar gage measures streamflow less than 113 m3/s. Subsequently, the record size was reduced from 7655 to 3099 samples. In general, model simulations can be considered satisfactory if the NSE exceeds 0.50 [93,94,95], PBIAS are within ±25% for streamflow [92,93,94], and VE approaches 1.0 [92,93,94]. The MAE and VE are most effective when used as an objective function for both low flows and high flows. The MAE ranged from 0.13 m3/s for Cherry Creek to 286 m3/s for the Susquehanna River. PBIAS ranged from 13.5% for the Blackfoot River to −13.9% for the NF Shenandoah River. The values for NSE varied from 0.59 for the Tanana River to 0.98 for the Gunnison River. The logNSE, which accounts for data bias, varied from 0.60 for the Tanana River to 0.99 for the Gunnison River. The VE ranged from 0.81 for Clear Creek to 0.94 for the Rio Grande. The scatter plots provide a measure of agreement and identify outliers between the radar-derived and stage-discharges. The data show strong agreement for Cherry Creek (R2 = 0.947), Rio Grande (R2 = 0.975), and the Gunnison River (R2 = 0.998) and moderate agreement for the Tanana River (R2 = 0.696).




3.2.2. Wind Drift


Wind can bias surface velocity measurements depending on site characteristics (e.g., incised river valley), hydraulics (e.g., low hydraulic gradient), and surface velocities (less than 0.15 m/s). A wind sensor was deployed at the Red River of the North and recorded wind magnitudes ranging from near zero to 15.2 m/s and variable wind direction [90]. The Red River of the North flows generally south to north at an azimuth of approximately 130 degrees. Winds originating from the north (220 degrees < wind direction < 40 degrees) would impede surface velocities and produce a low bias in discharge. Conversely, winds originating from the south (220 degrees > wind direction > 40 degrees) would promote greater than expected surface velocities and produce a high bias in discharge. Figure 9 illustrates the wind-corrected radar-derived discharge (blue line) relative to (1) the stage-discharge rating (red line), (2) instantaneous confirmation measurements (black dots), which were made during the radar deployment, (3) radar-derived discharge (orange line), and (4) wind speed (purple line). Using the wind-correction algorithm described in Section 2.4.4., the wind-corrected radar-derived discharge is an improvement when compared to the uncorrected radar-derived discharge.






4. Discussion


4.1. Velocity and Discharge Computations


The composite average and absolute percent error in the instantaneous radar-derived mean velocities and discharges as compared to conventional methods for all 36 site visits was −0.3% and 5.1%, respectively. The data show strong agreement between the mean velocities (R2 = 0.993) and discharges (R2 = 0.999). Subsequently, when radars are properly sited, and the PC algorithm is properly parameterized, the near-field remote sensing of mean velocity and discharge can be computed and telemetered in real-time. Parameter calibration and hindcasting is not necessary. Both the timing and magnitude of peak and low-streamflow compared favorably to stage-discharge time series. An ensemble approach, which relied on a suite of GOF metrics including MAE, PBIAS, logNSE, NSE, and VE, was used to assess the potential for radars to measure discharge within an acceptable range of uncertainty. The extensibility of near-field remote sensing is based on the contention that: (1) 10 radar gages operated for sufficiently long periods of time and (2) hydraulic extremes were captured by radar gages deployed in a variety of hydrologic basins. On the basis of data presented, Doppler velocity and pulsed stage radars coupled with the PC algorithm can be operationalized to deliver real-time velocity and discharge within acceptable uncertainties common to all streamgaging methods.



The range of radar-derived surface, maximum, and mean velocities were expected based on the hydraulic settings, which were gaged. Low velocities were common in rivers that have low hydraulic gradients such as the Red River of the North. High velocities were reported in engineered urban and high-gradient mountain streams such as Cherry Creek, Clear Creek, Blackfoot River, and Yellowstone River. Because radar-derived discharge is a function of ϕ, maximum velocity, and the cross-sectional area, errors in any of these parameters will introduce uncertainties in the computed discharge, and it is important to acknowledge those biases. Although the results indicate that ϕ is generally resilient and invariant to changes with time or hydraulic conditions, temporal variations in ϕ were nominal and percent differences between the siting and operational phases were minimal for Cherry Creek (0.678 and 0.6896, −1.7%), Clear Creek (0.573 and 0.5752, −0.3%), Susquehanna River (0.783 and 0.8114, −3.5%), and Tanana River (0.718 and 0.7639, −6.0%), respectively. For the Tanana River, the results indicate that the mean velocity and discharge can be computed in the absence of historical data to within an average percent error of about −6.0%. This assumes that the stage-area rating is stable, which must be periodically confirmed. Any deviation in the rating will affect the reported discharge. There is an operational advantage with radars relative to conventional methods, because a radar gage can be stood-up immediately after siting is complete, rather than waiting for a stage-discharge rating to be established. This has profound implications for ungaged basins, which lack historical stage and discharge measurements. Rather than wait months or years to develop a stage-discharge rating, real-time discharge can be delivered straight away using near-field remote sensing radars and the PC algorithm. The level of effort associated with radar gage operation and maintenance can be reduced to event-based visits only. Site visits would be justified prior to, during, and after extreme events to validate ϕ, the location of the y-axis (does its location vary with discharge), and the stage-area rating. This approach is consistent with conventional USGS methods, where periodic site visits are used to maintain stage-discharge ratings.



Based on the GOF metrics [92,93,94], the remote sensing of the mean velocity, stage, and discharge via radars is a reality. The PBIAS for each site was less than the ± 25% recommended for streamflow prediction; the logNSE and NSE exceeded the recommended value of 0.50; and the VE approaches a value of 1.0, indicating the predictive potential of radars to measure surface velocity and stage and to compute discharge using the probability concept. Cherry Creek (R2 = 0.947), Rio Grande (R2 = 0.975), and the Gunnison River (R2 = 0.998) demonstrate that radar gages are capable of measuring streamflow in real-time. Outliers exist at Cherry Creek and the Gunnison River at greater discharges and may be related to unsteady streamflow conditions. In general, the Tanana River exhibited the lowest GOF metrics, and the time-series comparisons and scatter plots (R2 = 0.696) support that contention. The Tanana River is dominated by large-scale, secondary currents that may bias surface velocities and subsequently discharge. This is reflected by the spikey nature of the time-series data illustrated in Figure 8e,f. Additional research is needed for large river systems, which may be influenced by environmental factors such as wind drift and hydraulic factors such as eddies, secondary flows, and macroturbulence. The Gunnison River and the Rio Grande are moderate-sized river systems and exhibited some of the highest logNSE, NSE, and VE values. It is important to note that hindcasting or model calibration was not conducted for any of the 10 radar gages. Rather, continuous, radar-derived velocity, stage, and discharge were transmitted contemporaneously to the USGS NWIS database [91] and shared the same time stamp as stage-discharge.




4.2. Uncertainty


4.2.1. Variability in ϕ


It was demonstrated that ϕ is relatively constant for a channel cross section regardless of discharge or other hydraulic factors (Figure 6a–d). When operationalizing a radar gage, it was assumed that the PC model (umax occurs at the water surface versus umax occurs at depth) selected during the siting phase was used to forecast streamflow during the operational phase. Additional research is needed to quantify the uncertainty in ϕ in the event that umax occurs at the surface for specific discharges, and if umax occurs at depth for other streamflow events at the same cross-section. Based on Table 1, Table 2 and Table 4, no correlation exists between the magnitude of ϕ and drainage area; rather, ϕ is a function of the velocity distribution measured at a cross-section of interest.




4.2.2. Variability in y-axis


As discussed in Section 3.1.2., the location of the y-axis at each radar gage was verified during each site visit using the methods described in Section 2.4.1. At no time or during no specific streamflow condition did the y-axis differ from the siting phase. For example, the location of the y-axis at the Susquehanna River was inferred from historical streamgaging records based on conventional 0.2D and 0.8D velocity measurements, which were used to compute the theoretical maximum velocity. The location of the y-axis at Cherry Creek, Clear Creek, and the Tanana River was confirmed in the field using mechanical current meters or hydroacoustics. Previous investigations indicate the location of the y-axis is stable [66,67,68,69,70,71,72,73,74,75,76,95]; however, additional research is needed to corroborate the uncertainty of the shifts in the y-axis as a function of discharge. As such, research is being conducted on the Gunnison River, where video images are being collected and processed for PIV. The camera and velocity radar footprint intersect, and the resulting velocity data will provide data to validate the y-axis variability.




4.2.3. Wind drift, Sample Duration and Frequency, and Minimum-Surface Velocities


Wind drift is caused by shear at the air–water interface and can serve as a source of error [51,62,96,97,98,99]. The coherent, continuous-wave radars that were deployed are capable of measuring surface scatterers; however, the energy transmitted by the radar is attenuated rapidly after it encounters the water surface. The effective depth at which the velocity is measured is a function of the scatterer wavelength or approximately 0.044 λ, where λ = the wavelength of the resonant water wave [96]. For λ = 0.75 cm, this depth is about 0.03 cm. The wind drift layer at this depth has not completely decayed, and the surface velocity requires correction or qualification to accurately estimate discharge. The results from the Red River of the North demonstrate the need to (1) implement theoretical correction such as the one described in Section 3.2.2, (2) qualify the data as excellent, good, fair, or poor depending on the magnitude of wind versus the surface velocity, or (3) develop an empirical relation to correct the wind-affected surface velocities as a function of other metrics such as a change in water level. Regardless, wind can be a prominent bias in radar-derived velocities and discharges.



The sample duration and frequency has an effect on the radar return and can be optimized in the field based on the quality of the radar spectrum. Typically, when deploying velocity radars and depending on variations in velocity with time, spot dwells should range from 30 s to 2 min to achieve stable measurements [59,62]. For example, the PBIAS, NSE, and logNSE reported for the Tanana River may be a function of the radar sample duration and frequency. The Tanana River is dominated by large-scale secondary currents that exhibit themselves as eddies on the water surface. If the eddies are sufficiently large, and the sample duration is small, the radar will sample the eddy-dominated velocities rather than the scatterers that ride on the surface of large-scale waves characteristic of ambient velocities. This effect may bias the velocities depending on the magnitude and direction of the eddy-dominated currents and deviate from truth. Similarly, the noise (data spikes) data observed in Figure 8a,c,e,g and Figure 9 may be a composite of each of these factors.



Various filters are being investigated to reduce the noise observed in some radar gages, which may be physically correct or may be associated with wind drift, sample duration, and temporal and spatial variability in surface velocities. Filters could include high- and low-pass filters, moving average, LOESS, Savitsky-Golay, and Kalman filters. The Savitsky-Golay filter has been incorporated in the USGS NWIS database [91] for Cherry Creek, Clear Creek, and the Tanana River; however, the filtered results are exploratory and were not included in this research.



Velocity radars operate best when surface velocities are greater than 0.15 m/s; particularly when surface-water scatterers (small waveforms) are ill-defined and wind drift is dominant.






5. Conclusions


To evaluate the efficacy of radars and algorithms used to measure and compute real-time discharge, 10 radar gages representing a wide range of hydraulic conditions were selected. The radars were deployed in near-field environments from fixed platforms on bridge decks. A range of hydrologic and hydraulic characteristics were considered in the study design and include basin variability (flashy-urban basins, high-gradient mountain streams, mixed use, and large rivers), drainage area (381 to 66,200 km2), top width (7 to 380 m), surface velocities (0.3 to 3.84 m/s), and discharge (0.12 to 4950 m3/s). Each of these characteristics has a profound effect on velocity and discharge magnitudes. To demonstrate the extensibility of near-field remote sensing, extremes in surface velocity and discharge were sought when siting a radar gage. All radar gages were collocated with an existing USGS streamgage, which served as truth, and were deployed for a sufficient period of time so that streamflow extremes could be captured and analyzed. Streamflow exceedances were computed and ranged from approximately 0% to 5.4%. These metrics indicate that the radar deployments are representative of the streamflow magnitudes and temporal variations, which were monitored at the collocated USGS streamgages.



The results show that Doppler velocity and stage-radar gages can produce continuous time series of mean velocity, stage, and discharges that: (1) compare favorably to stage-discharge streamgages and (2) can be computed in the absence of historical data. This assumes that the stage-area ratings developed for each site are stable or can be maintained. These methods offer an operational advantage relative to conventional methods, because unlike stage-discharge streamgages, they do not require months or years of rating development and maintenance. Rather, real-time data can be collected, computed, and transmitted immediately after the radars are deployed. This has profound implications for data analysis, delivery, and costs in settings such as ungaged basins, burn scars, flood-alert networks, and infrastructure design projects. Real-time discharge can be delivered using the PC algorithm and near-field remote sensing via radars. The level of effort associated with radar gage operation and maintenance can be reduced to event-based visits only, rather than recurring visits that are common with conventional streamgage maintenance. For example, a site visit would be conducted to validate ϕ, the location of the y-axis (does its location vary with discharge), and the stage-area rating during and after an extreme streamflow event.



Caution must be followed when deploying radars at sites where: (1) surface velocities are less than 0.15 m/s, (2) surface scatterers (small waveforms) are lacking, (3) wind is dominant, and (4) cross sections of interest are not compliant with traditional streamgaging methods. Although there is an operational advantage to near-field remote sensing, sources of uncertainty include gravity driven waves, wind drift, and sample duration, all of which can bias surface velocities and subsequently discharge.



During the siting phase, the composite average and absolute percent error in the instantaneous radar-derived mean velocities and discharges as compared to conventional methods for all 36 site visits was −0.3% and 5.1%, respectively. The data show strong agreement between the mean velocities (R2 = 0.993) and discharges (R2 = 0.999). During the operational phase, it is important to note the velocity, stage, and discharge time series represent two data streams—near-field remote sensing data and conventional data—that are independent and transmitted concurrently under the same time stamp. Hindcasting of the remote-sensing data was not conducted; rather, these two data streams represent independent, temporally equivalent, real-time products. The timing and magnitude of peak and low-streamflows measured by the velocity radar and reported in the USGS NWIS database [91] were comparable. The GOF metrics were compiled to demonstrate the comparability of the radar- and stage-discharge time series and included the number of samples, MAE, PBIAS, logNSE, NSE, and VE. Site operations for the 10 radar gages ranged from 2 weeks to 19 months, and the number of sample points per radar varied from 448 to 151,161. For the GOF parameters, MAE ranged from 0.13 to 286 m3/s; PBIAS ranged from 13.5% to -13.9%; NSE varied from 0.59 to 0.98; logNSE varied from 0.60 to 0.99; and VE ranged from 0.81 to 0.94. In general, this research answers the following questions: (1) radars can accurately measure surface velocities, (2) velocity and stage radars can be used to accurately compute mean velocities and discharges when compared to conventional methods that serve as truth, (3) near-field remote sensing can deliver real-time mean velocity, stage, and discharge operationally and in the absence of historical data, and (4) environmental and hydraulic factors must be considered when processing radar-derived surface velocities. The results support the contention that the probability concept coupled with velocity and stage radars are a viable technology that can be operationalized to deliver real-time velocity, stage, and discharge.
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Figure 1. Map illustrating the 10 velocity and stage radars deployed by the U.S. Geological Survey (USGS) in the (a) conterminous United States and (b) Alaska. Each was collocated with an existing USGS streamgage. The blue line represents the river reach, and the red dots represent the radar gage and USGS streamgage location. 
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Figure 2. Location of the y-axis and maximum velocity and maximum surface velocity in a channel cross section defined by the x-h orthogonal coordinate system [66], when (a) h0 and (b) h30. (y = incremental distance from the channel bottom to water surface; D = total distance from the channel bottom to the water surface at the y-axis; y-axis = the vertical in a cross section that contains the maximum velocity; h = distance from the water surface to the maximum velocity, umax; h = orthogonal trajectory of x; x = dimensionless coordinate related to velocity and h; ξ0 is the value of ξ in the point (or points) where the velocity u = 0; Bi = top-half width of channel). 
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Figure 3. Photographs of typical radar deployments from (a) bridge along Clear Creek near Lawson, Colorado, and (b) cable stays in Waldo Canyon, Colorado, USA. 
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Figure 4. Typical velocity distribution profile measured using an acoustic Doppler current profiler (ADCP) in July 2018 for the Tanana River at Nenana, Alaska, USA. The dots represent the mean velocities derived from the binned ADCP velocities recorded during the stationary bed test at the y-axis, the red line represents the nonlinear curve fit based on Equation (6), and the gray lines represent the 95% confidence interval. 
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Figure 5. Line of agreement of conventional mean velocity (mechanical current meters or hydroacoustics) versus radar-derived mean velocity for 10 velocity and stage radars deployed by the U.S. Geological Survey (USGS) and collocated with USGS streamgages in the United States. 
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Figure 6. Historical pairs of mean (umean) and maximum (umax) velocities obtained during site visits at (a) Cherry Creek at Denver, Colorado, (b) Clear Creek at Lawson, Colorado, (c) Susquehanna River at Bloomsburg, Pennsylvania, and (d) Tanana River at Nenana, Alaska, where velocity radars were deployed by the U.S. Geological Survey (USGS) and collocated with USGS streamgages in the United States. (R2 = correlation coefficient, dim; m/s, meters per second; y = mean velocity = umean, in m/s; x = maximum velocity = umax, m/s; 0.6896, 0.5752, 0.8114, 0.7639 = slope = ϕ = umean/umax). 
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Figure 7. Conventionally measured discharge versus radar-derived discharge for 10 velocity and stage radars deployed by the U.S. Geological Survey (USGS) and collocated with USGS streamgages in the United States. These data were collected during siting and validation visits (m3/s = cubic meters per second). 
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Figure 8. Continuous time series (a,c,e,g) and scatter plots (b,d,f,h) of radar-derived discharge and stage-discharge (conventional discharge) recorded concurrently during the operational period for (a,b) Cherry Creek at Denver, Colorado, (c,d) Rio Grande at Embudo, New Mexico, (e,f) Tanana River at Nenana, Alaska, and (g,h) Gunnison River near Grand Junction, Colorado. The velocity radars were deployed by the U.S. Geological Survey and collocated with existing USGS streamgages in the United States. (yellow line = radar-derived discharge; blue line = stage-discharge; red line = line of agreement; black dots = radar-derived and conventional discharges). 
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Figure 9. Time series of radar-derived discharge, without wind-drift correction (orange line), with wind-drift correction (blue line) relative to stage-discharge (red line) and confirmation measurements (black dots) and wind speed (purple line) recorded concurrently during the operational period for the Red River of the North at Grand Forks, North Dakota. 
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Table 1. U.S. Geological Survey (USGS) streamgages with radar gages used in this study in the United States. Note: Streamgage identification numbers will be omitted from subsequent tables. (DA = basin drainage area; km2 = square kilometers; mtn = mountain).
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USGS Streamgage

	
USGS Streamgage Identification Number

	
Setting

	
DA

(km2)

	
Radar Deployment Period




	
Start

	
End

	
Duration (Months)






	
Blackfoot River near Bonner, Montana

	
12340000

	
High-gradient

mtn stream

	
5930

	
May 2013

	
Aug 2013

	
4




	
Cherry Creek at Denver, Colorado

	
06713500

	
Urban

	
1060

	
Aug 2017

	
Apr 2019

	
19




	
Clear Creek near Lawson, Colorado

	
06716500

	
High-gradient

mtn stream

	
381

	
Apr 2019

	
Sep 2019

	
6




	
Gunnison River near Grand Junction, Colorado

	
09152500

	
Mixed

	
20,500

	
Aug 2018

	
Aug 2019

	
12




	
NF Shenandoah River near Strasburg, Virginia

	
01634000

	
Mixed

	
1990

	
Feb 2015

	
Jan 2016

	
11




	
Red River of the North at Grand Forks, North Dakota

	
05082500

	
Agricultural

	
66,100

	
Apr 2013

	
May 2013

	
< 1




	
Rio Grande at Embed, New Mexico

	
08279500

	
Desert

	
19,300

	
Apr 2014

	
Sep 2015

	
17




	
Susquehanna River at Bloomsburg, Pennsylvania

	
01538700

	
Mixed

	
27,400

	
Apr 2011

	
May 2011

	
< 1




	
Tanana River at Nenana, Alaska

	
15515500

	
Forest

	
66,200

	
May 2018

	
Oct 2019

	
18




	
Yellowstone River near Livingston, Montanan

	
06192500

	
High-gradient

mtn stream

	
9200

	
May 2013

	
Aug 2013

	
4
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Table 2. Minimum and maximum river top widths and hydraulic depths measured during radar gage deployments in the United States based on periodic measurements with conventional methods. (m = meters; min = minimum; max = maximum).
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USGS Streamgage

	
Number

of Visits

	
Top Width (m)

	
Hydraulic Depth (m)




	
min

	
max

	
min

	
max






	
Blackfoot River near Bonner, Montana

	
2

	
44

	
58

	
0.52

	
2.1




	
Cherry Creek at Denver, Colorado

	
6

	
7.3

	
13

	
0.19

	
0.82




	
Clear Creek near Lawson, Colorado

	
8

	
7.0

	
19

	
0.34

	
0.88




	
Gunnison River near Grand Junction, Colorado

	
1

	
49

	
85

	
0.09

	
2.9




	
NF Shenandoah River near Strasburg, Virginia

	
1

	
56

	
67

	
0.40

	
1.9




	
Red River of the North at Grand Forks, North Dakota

	
2

	
87

	
160

	
5.5

	
7.0




	
Rio Grande at Embed, New Mexico

	
2

	
20

	
37

	
0.61

	
0.85




	
Susquehanna River at Bloomsburg, Pennsylvania

	
6

	
320

	
340

	
2.7

	
5.2




	
Tanana River at Nenana, Alaska

	
7

	
38

	
380

	
1.3

	
3.7




	
Yellowstone River near Livingston, Montana

	
1

	
40

	
104

	
0.98

	
1.9
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Table 3. Minimum, median, and maximum stage-discharge measured during the operational phase of the radar gage deployments. Streamflow exceedance represents the magnitude of the peak streamflow measured while the radar was deployed. Streamflow exceedances were calculated as the percentage of the daily streamflow recorded at a continuous USGS streamgage during the radar deployment relative to the maximum discharge recorded for the historical period of record. (m3/s = cubic meters per second; min = minimum; med = median; max = maximum).






Table 3. Minimum, median, and maximum stage-discharge measured during the operational phase of the radar gage deployments. Streamflow exceedance represents the magnitude of the peak streamflow measured while the radar was deployed. Streamflow exceedances were calculated as the percentage of the daily streamflow recorded at a continuous USGS streamgage during the radar deployment relative to the maximum discharge recorded for the historical period of record. (m3/s = cubic meters per second; min = minimum; med = median; max = maximum).





	
USGS Streamgage

	
Stage-Discharge (m3/s)

	
Streamflow

Exceedance




	
min

	
med

	
max

	
% exceeded






	
Blackfoot River near Bonner, Montana

	
17.8

	
52.6

	
168

	
5.10




	
Cherry Creek at Denver, Colorado

	
0.12

	
0.79

	
41.6

	
0.00




	
Clear Creek near Lawson, Colorado

	
1.19

	
6.41

	
32.1

	
0.48




	
Gunnison River near Grand Junction, Colorado

	
13.2

	
32.4

	
486

	
0.67




	
NF Shenandoah River near Strasburg, Virginia

	
2.10

	
11.2

	
190

	
0.46




	
Red River of the North at Grand Forks, North Dakota

	
308

	
875

	
1,240

	
0.40




	
Rio Grande at Embudo, New Mexico

	
7.65

	
17.1

	
117

	
3.00




	
Susquehanna River at Bloomsburg, Pennsylvania

	
1,250

	
1,970

	
4,950

	
0.00




	
Tanana River at Nenana, Alaska

	
452

	
1,410

	
2,850

	
0.48




	
Yellowstone River near Livingston, Montana

	
57.1

	
78.1

	
113

	
5.40
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Table 4. Probability-concept-based and conventional-based metrics and velocities measured during the siting phase at 10 U.S. Geological Survey streamgages in the United States. (PC = probability concept; Conv = Conventional; M = parameter characterizing the velocity distribution and is dimensionless, dim; ϕ = a function of M equal to the ratio of the mean velocity to the maximum velocity; uD = surface velocity in meters per second, m/s; umax = maximum velocity; y-axis = vertical depth in a cross section that contains the maximum velocity in meters, m; umean = mean velocity = ϕ × umax or stage-discharge/area;% error = percent error = (PC discharge – Conventional Discharge)/Conventional Discharge × 100; na = data not available).






Table 4. Probability-concept-based and conventional-based metrics and velocities measured during the siting phase at 10 U.S. Geological Survey streamgages in the United States. (PC = probability concept; Conv = Conventional; M = parameter characterizing the velocity distribution and is dimensionless, dim; ϕ = a function of M equal to the ratio of the mean velocity to the maximum velocity; uD = surface velocity in meters per second, m/s; umax = maximum velocity; y-axis = vertical depth in a cross section that contains the maximum velocity in meters, m; umean = mean velocity = ϕ × umax or stage-discharge/area;% error = percent error = (PC discharge – Conventional Discharge)/Conventional Discharge × 100; na = data not available).





	
USGS Streamgage

	
Date

Collected

	
PC Metrics

	
PC

	
Conv

	
%

error in umean




	
M

(dim)

	
ϕ

(dim)

	
uD

(m/s)

	
umax

(m/s)

	
Water Depth at y-axis

(m)

	
umean

(m/s)

	
umean

(m/s)






	
Blackfoot River near Bonner, Montana

	
05-20-2013

	
2.10

	
0.664

	
2.70

	
2.70

	
2.57

	
1.79

	
1.78

	
1.1




	
Cherry Creek at Denver, Colorado

	
08-25-2017

	
2.32

	
0.678

	
0.75

	
0.75

	
0.26

	
0.51

	
0.50

	
1.2




	
Clear Creek near Lawson, Colorado

	
04-19-2019

	
0.883

	
0.573

	
na

	
1.09

	
0.43

	
0.62

	
0.61

	
2.3




	
Gunnison River near Grand Junction, Colorado

	
03-27-2019

	
0.266

	
0.522

	
1.12

	
1.02

	
1.55

	
0.53

	
0.51

	
4.9




	
NF Shenandoah River near Strasburg, Virginia

	
12-04-2014

	
1.03

	
0.584

	
0.45

	
0.49

	
0.77

	
0.29

	
0.31

	
−8.0




	
Red River of the North at Grand Forks, North Dakota

	
02-05-2004

	
0.60

	
0.550

	
na

	
0.09

	
6.34

	
0.05

	
0.05

	
−0.1




	
Rio Grande at Embudo, New Mexico

	
03-21-2014

	
1.49

	
0.620

	
1.45

	
1.45

	
0.70

	
0.90

	
0.87

	
3.2




	
Susquehanna River at Bloomsburg, Pennsylvania

	
06-27-2002

	
4.35

	
0.783

	
0.73

	
0.73

	
1.83

	
0.57

	
0.59

	
−4.0




	
Tanana River at Nenana, Alaska

	
05-07-2015

	
2.98

	
0.718

	
1.41

	
1.41

	
2.84

	
1.01

	
1.14

	
−11




	
Yellowstone River near Livingston, Montana

	
05-22-2013

	
2.92

	
0.715

	
2.96

	
2.96

	
2.86

	
2.11

	
2.13

	
−0.7




	

	
Average percent error

	
−1.1




	
Absolute average percent error

	
3.6
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Table 5. Probability concept (PC)-based and stage-discharge measured during the siting phase of the velocity-radar installation at 10 USGS streamgages in the United States. (m3/s = cubic meters per second; ADCP = acoustic Doppler current profiler; FT = FlowTracker velocimeter;% error = percent error = (PC discharge – Conventional Discharge)/Conventional Discharge × 100).






Table 5. Probability concept (PC)-based and stage-discharge measured during the siting phase of the velocity-radar installation at 10 USGS streamgages in the United States. (m3/s = cubic meters per second; ADCP = acoustic Doppler current profiler; FT = FlowTracker velocimeter;% error = percent error = (PC discharge – Conventional Discharge)/Conventional Discharge × 100).





	
USGS Streamgage

	
Date Collected

	
Method

	
Discharge (m3/s)

	
%

Error in

Discharge




	
PC

	
Conventional






	
Blackfoot River near Bonner, Montana

	
05-20-2013

	
ADCP

	
144

	
142

	
1.1




	
Cherry Creek at Denver, Colorado

	
08-25-2017

	
FT

	
0.85

	
0.84

	
1.2




	
Clear Creek near Lawson, Colorado

	
04-19-2019

	
FT

	
1.43

	
1.39

	
2.3




	
Gunnison River near Grand Junction, Colorado

	
03-27-2019

	
ADCP

	
30.5

	
29.1

	
4.9




	
NF Shenandoah River near Strasburg, Virginia

	
12-04-2014

	
ADCP

	
11.7

	
12.7

	
−8.0




	
Red River of the North at Grand Forks, North Dakota

	
02-05-2004

	
ADCP

	
12.6

	
12.6

	
−0.1




	
Rio Grande at Embudo, New Mexico

	
03-21-2014

	
ADCP

	
19.3

	
18.7

	
3.2




	
Susquehanna River at Bloomsburg, Pennsylvania

	
06-27-2002

	
AA

	
292

	
306

	
−4.0




	
Tanana River at Nenana, Alaska

	
05-07-2015

	
ADCP

	
615

	
690

	
−11




	
Yellowstone River near Livingston, Montana

	
05-22-2013

	
ADCP

	
208

	
209

	
−0.7




	

	

	

	
Average percent error

	
−1.1




	

	

	
Absolute average percent error

	
3.6
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Table 6. Radar-derived surface velocities recorded during the operational phase at 10 U.S. Geological Survey streamgages in the United States. (m/s = meters per second; min = minimum; med=median; max = maximum).






Table 6. Radar-derived surface velocities recorded during the operational phase at 10 U.S. Geological Survey streamgages in the United States. (m/s = meters per second; min = minimum; med=median; max = maximum).





	
USGS Streamgage

	
Radar-Derived Surface Velocity (m/s)




	
min

	
med

	
Max






	
Blackfoot River near Bonner, Montana

	
0.66

	
2.03

	
3.01




	
Cherry Creek at Denver, Colorado

	
0.30

	
0.62

	
3.33




	
Clear Creek near Lawson, Colorado

	
0.84

	
1.85

	
3.78




	
Gunnison River near Grand Junction, Colorado

	
0.99

	
1.16

	
3.37




	
NF Shenandoah River near Strasburg, Virginia

	
0.41

	
0.66

	
1.76




	
Red River of the North at Grand Forks, North Dakota

	
0.55

	
1.19

	
1.78




	
Rio Grande at Embudo, New Mexico

	
0.51

	
0.92

	
2.88




	
Susquehanna River at Bloomsburg, Pennsylvania

	
0.64

	
1.62

	
2.53




	
Tanana River at Nenana, Alaska

	
0.70

	
1.81

	
3.02




	
Yellowstone River near Livingston, Montana

	
1.39

	
2.49

	
3.84
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Table 7. Radar-derived discharge and stage-discharge recorded during the operational phase at 10 U.S. Geological Survey streamgages in the United States. (m3/s = cubic meters per second; min = minimum; med=median; max = maximum).






Table 7. Radar-derived discharge and stage-discharge recorded during the operational phase at 10 U.S. Geological Survey streamgages in the United States. (m3/s = cubic meters per second; min = minimum; med=median; max = maximum).





	
USGS Streamgage

	
Radar-Derived Discharge (m3/s)

	
Stage-Discharge (m3/s)




	
min

	
med

	
max

	
min

	
med

	
max






	
Blackfoot River near Bonner, Montana

	
14.3

	
63.5

	
177

	
17.8

	
52.6

	
168




	
Cherry Creek at Denver, Colorado

	
0.17

	
0.73

	
38.6

	
0.12

	
0.79

	
41.6




	
Clear Creek near Lawson, Colorado

	
1.40

	
6.98

	
38.2

	
1.19

	
6.41

	
32.1




	
Gunnison River near Grand Junction, Colorado

	
21.0

	
31.1

	
450

	
13.2

	
32.4

	
486




	
NF Shenandoah River near Strasburg, Virginia

	
2.87

	
9.69

	
167

	
2.10

	
11.2

	
190




	
Red River of the North at Grand Forks, North Dakota

	
213

	
916

	
1470

	
308

	
875

	
1250




	
Rio Grande at Embudo, New Mexico

	
5.77

	
16.8

	
138

	
7.65

	
17.1

	
117




	
Susquehanna River at Bloomsburg, Pennsylvania

	
603

	
1780

	
4890

	
1250

	
1970

	
4950




	
Tanana River at Nenana, Alaska

	
381

	
1280

	
2640

	
452

	
1410

	
2850




	
Yellowstone River near Livingston, Montana

	
53.3

	
71.9

	
102

	
57.1

	
78.1

	
113
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Table 8. Goodness-of-fit statistics between operationally measured stage-discharge (Table 7) and radar-derived discharge based on the probability concept at 10 USGS streamgages in the United States. (n = number of samples; MAE = mean absolute error; PBIAS = percent bias, dimensionless; NSE = Nash-Sutcliffe Efficiency, dimensionless; logNSE = log-transformed Nash-Sutcliffe Efficiency, dimensionless; VE = Volumetric Efficiency, dimensionless; 1= number of samples were reduced from the complete discharge time series prior to the goodness-of-fit analysis to account for a split in streamflow caused by an island).






Table 8. Goodness-of-fit statistics between operationally measured stage-discharge (Table 7) and radar-derived discharge based on the probability concept at 10 USGS streamgages in the United States. (n = number of samples; MAE = mean absolute error; PBIAS = percent bias, dimensionless; NSE = Nash-Sutcliffe Efficiency, dimensionless; logNSE = log-transformed Nash-Sutcliffe Efficiency, dimensionless; VE = Volumetric Efficiency, dimensionless; 1= number of samples were reduced from the complete discharge time series prior to the goodness-of-fit analysis to account for a split in streamflow caused by an island).





	USGS streamgage
	n
	MAE

(m3/s)
	PBIAS
	NSE
	(log)

NSE
	VE





	Blackfoot River near Bonner, Montana
	7499
	9.12
	13.5
	0.95
	0.88
	0.86



	Cherry Creek at Denver, Colorado
	151,161
	0.13
	−9.2
	0.91
	0.90
	0.86



	Clear Creek near Lawson, Colorado
	13,222
	1.91
	12
	0.85
	0.96
	0.81



	Gunnison River near Grand Junction, Colorado
	34,628
	7.85
	−8.6
	0.98
	0.99
	0.90



	NF Shenandoah River near Strasburg, Virginia
	29,563
	2.53
	−13.9
	0.95
	0.97
	0.85



	Red River of the North at Grand Forks, North Dakota
	1558
	122
	−3.0
	0.71
	0.70
	0.86



	Rio Grande at Embudo, New Mexico
	41,219
	1.13
	−2.9
	0.97
	0.97
	0.94



	Susquehanna River at Bloomsburg, Pennsylvania
	448
	286
	−10.6
	0.79
	0.61
	0.87



	Tanana River at Nenana, Alaska
	28,047
	247
	−10.6
	0.59
	0.60
	0.82



	Yellowstone River near Livingston, Montana
	3099 1
	6.17
	−7.8
	0.79
	0.81
	0.92
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