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The Greenland Ice Sheet is a leading source of global sea level rise, due to surface meltwater runoff and glacier calving. However, given a scarcity of proglacial river gauge measurements, ice sheet runoff remains poorly quantified. This lack of in situ observations is particularly acute in Northwest Greenland, a remote area releasing significant runoff and where traditional river gauging is exceptionally challenging. Here, we demonstrate that georectified time-lapse camera images accurately retrieve stage fluctuations of the proglacial Minturn River, Inglefield Land, over a 3 year study period. Camera images discern the river’s wetted shoreline position, and a terrestrial LiDAR scanner (TLS) scan of riverbank microtopography enables georectification of these positions to vertical estimates of river stage. This non-contact approach captures seasonal, diurnal, and episodic runoff draining a large (∼2,800 km2) lobe of grounded ice at Inglefield Land with good accuracy relative to traditional in situ bubble-gauge measurements (r2 = 0.81, Root Mean Square Error (RMSE) ±0.185 m for image collection at 3-h frequency; r2 = 0.92, RMSE ±0.109 m for resampled average daily frequency). Furthermore, camera images effectively supplement other instrument data gaps during icy and/or low flow conditions, which challenge bubble-gauges and other contact-based instruments. This benefit alone extends the effective seasonal hydrological monitoring period by ∼2–4 weeks each year for the Minturn River. We conclude that low-cost, non-contact time-lapse camera methods offer good promise for monitoring proglacial meltwater runoff from the Greenland Ice Sheet and other harsh polar environments.
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1 INTRODUCTION
The Greenland Ice Sheet is a leading contributor to global sea-level rise due to surface meltwater runoff and marine glacier calving (King et al., 2018; Shepherd et al., 2020; van den Broeke et al., 2016). Surface mass balance (SMB) models estimate that surface meltwater runoff is becoming the primary contributor (50.3%) of all Greenland meltwater compared to dynamic losses (49.7%) from glacial calving and ice discharge from 1992–2018 (Shepherd et al., 2020). Calving mass losses are relatively well-constrained by satellite and airborne remote sensing of outlet glacier ice surface velocities and elevations (King et al., 2020). Surface meltwater runoff, however, is poorly constrained by observations, with in situ records of proglacial river discharge obtained almost exclusively from Southwest Greenland (e.g., Bartholomew et al., 2011, Bartholomew et al., 2012; Hasholt et al., 2013; Mankoff et al., 2020; Mikkelsen et al., 2016; Rennermalm et al., 2013; Russell, et al., 1995; Smith et al., 2015, 2021; Tedstone et al., 2013; Tedstone, 2017; van As et al., 2014; van As et al., 2017; van As et al., 2018; van As et al., 2020).
In principle, satellite remote sensing could be used to monitor proglacial river discharge elsewhere around the ice sheet (e.g., Durand et al., 2014; Gleason and Smith, 2014; Feng et al., 2021; Li et al., 2022), but such methods are less accurate and limited by the size of the river, satellite observational frequency, and lack of ground measurements for calibration and validation (Smith et al., 1995; Smith et al., 1996; Smith, 1997; Bjerklie et al., 2018; Li et al., 2022). Our knowledge of current and future ice sheet runoff is therefore predominantly derived from SMB models which do not account for flow routing and contain biases (e.g., Overeem et al., 2015; Smith et al., 2015; Smith et al., 2017; van As et al., 2018; Yang et al., 2019a; Mouginot et al., 2019). Such models benefit from in situ runoff observations for calibration and validation, yet such observations are challenging to obtain in remote, harsh Arctic environments (Gleason et al., 2015).
In general, comparative studies suggest most climate models tend to overestimate ice sheet runoff relative to SMB models (Overeem et al., 2015), the physical reasons for which are not well understood but may be related to water retention processes on the bare ice surface (Smith et al., 2017; Cooper et al., 2018; Yang et al., 2018; Cooper and Smith, 2019; Muthyala et al., 2022). However, this conclusion is based largely on proglacial discharge studies in SW Greenland, where virtually all supraglacial runoff enters moulins and the subglacial system, introducing substantial storages and/or delays between surface runoff generation and its delivery to the proglacial zone, which make direct comparisons of proglacial discharge and surface runoff models challenging (Smith et al., 2015; Smith et al., 2017). In contrast, the proglacial Minturn River in Inglefield Land, Northwest Greenland is well suited for validating climate/SMB models, as this area of the ice sheet generates runoff flowing entirely across the ice surface to the proglacial zone without interference from en- or sub-glacial flow pathways and/or storage (Yang et al., 2019b; Li et al., 2022).
Traditional river gauging requires installation of a bubble-gauge, pressure transducer, stilling well/float, or comparable sensor into the water to measure river stage (Rantz, 1982; Sauer, 2002; Sauer and Turnipseed, 2010). Such in-channel sensors are difficult to maintain in remote, icy environments due to cost, power, safety, and reliability constraints. In addition, in situ instruments often fail to capture important melt season features such as ice break-up and freeze-up (Beltaos and Prowse, 2009). To overcome such challenges, the use of time-lapse camera images to monitor changing proglacial river water levels and/or inundation area has been explored (Ashmore and Sauks, 2006; Gleason et al., 2015; Overeem et al., 2015; Smith et al., 2015). Some studies have also used short 15 s videos to calculate streamflow velocity. These studies show promising results for future camera-based discharge measurements; however, they are limited by significant power consumption that is poorly suited for remote polar environments (Stumpf et al., 2016; Eltner et al., 2020). Other studies have used time-lapse cameras to estimate river stage in settings outside of Greenland (Young et al., 2015; Leduc et al., 2018; Lin et al., 2018). Such studies show promising results of the reliability of time-lapse images to estimate river stage.
To estimate stage, time-lapse camera images should be georectified to provide absolute changes in water levels in meters rather than pixels. While river discharge is an important measurement, in this study we focus on river stage only. To convert stage to discharge, a rating curve using in situ gauges and streamflow rate measurement is required (Sauer, 2002). Subsequent discharge measurements acquired in a follow-up study are available from Esenther et al. (in review, 2023). Gleason et al. (2015) used photogrammetry and satellite data to correct their images. Alternatively, a Terrestrial LiDAR Scanner (TLS) survey could obtain a high precision, georeferenced digital elevation model (DEM) of the imaged river bank (e.g., Kociuba et al., 2014; Longoni et al., 2016). TLS surveys have previously been combined with time-lapse images for various purposes, such as for quantifying ice flow velocities and subsidence (e.g., James et al., 2016) and streamflow monitoring (e.g., Stumpf et al., 2016; Peña-Haro et al., 2021). However, to our knowledge TLS surveying has not previously been combined with time-lapse camera images to monitor river stage variations in remote polar environments. Such environments present numerous data collection challenges, and the high quality of TLS data presents exciting possibilities for future work.
Here, we demonstrate the utility of ground-based oblique time-lapse camera images, georectified using a TLS survey, to derive a 3-year (2019–2021) record of river stage at 3-h intervals at a single location on the Minturn River in Inglefield Land, Northwest Greenland (78.591°, −68.988°). First, we visually inspect the time-lapse image records to determine ice break-up and freeze-up dates for each melt season. Next, we use a semi-automated method to derive a unique wetted shoreline position in each of the 1,618 usable time-lapse camera images. We then use PyTrx, an open source, object-oriented toolset (How et al., 2020), for extracting physical measurements from monoscopic time-lapse images, to georectify the images to a high-resolution TLS survey DEM. Shoreline positions are then converted to georeferenced vertical estimates of river stage. Finally, we validate the derived stage time-series using independent stage measurements from a standard, in situ bubble-gauge. Using the bubble-gauge as ground-truth, we estimate errors in our camera-based approach, and conclude with a discussion of its opportunities and limitations for low-cost, non-contact river gauging in harsh polar environments.
2 STUDY SITE AND DATA COLLECTION
Time-lapse camera images were collected on the main stem of the Minturn River, a major proglacial river draining a ∼2,800 km2 supraglacial catchment draining a large grounded lobe of the Greenland Ice Sheet in Inglefield Land, Northwest Greenland (Figure 1). The Minturn River evacuates supraglacial runoff from cold-bedded, slow-moving ice that experiences extensive surface melting during summer (Yang et al., 2019b; Li et al., 2022). Absence of en- and subglacial flow processes ensures that virtually all ice-sheet runoff measured at our gauging station originates from surface mass balance processes operating on the ice surface. Selection of a gauging site on the Minturn River ∼15 km downstream of the ice edge enables collection of runoff from the proglacial zone’s largest river, fed by multiple coalescing proglacial streams, and an ice catchment sufficiently large for comparison with regional climate models. Selection of this downstream location on the Minturn River also ensured higher discharges (and thus larger stage variations) necessary for camera-based estimation of river stage changes. This site is uniquely well-suited for monitoring ice sheet surface meltwater runoff because the upstream supraglacial catchment contains virtually no moulins or crevasse fields due to regional compression and a gentle surface slope (Yang et al., 2019b; Li et al., 2022). This enables the survival of long, fully supraglacial streams that traverse entirely over the ice sheet surface to its edge without delays in proglacial discharge (in direct contrast to SW Greenland, where nearly all supraglacial streams enter moulins, Pitcher and Smith, 2019; Smith et al., 2015). From there, a well-defined system of incised bedrock-channel proglacial streams collect the ice sheet runoff and convey it overland through the Minturn River into the Nares Strait.
[image: Figure 1]FIGURE 1 | The Minturn River catchment drains ∼2,800 km2 of the NW Greenland Ice Sheet ablation zone. Red lines delineate the boundary of the Minturn River watershed derived from 10 m ArcticDEM, using the gauging location as the watershed outlet. Red dot indicates the location of our field site. Blue lines indicate river and tributaries of the Minturn River derived from 10 m Arctic DEM (see Li et al., 2022 for further details about the approach). Inset shows overall location of the study area in Greenland. Basemap: Google, Landsat, Copernicus.
2.1 Time-lapse camera
From July 8–11, 2019, we installed an instrument monitoring network on the Minturn River. The instruments used in this study include an in situ bubble-gauge (see Section 3.4) and two ruggedized time-lapse camera systems (Figure 2). The camera system was designed and built by the U.S. Army Corps of Engineers Cold Regions Research and Engineering Laboratory (CRREL) to routinely collect and telemeter images from this remote location using an Iridium satellite dial-up modem. The camera is a StarDot SD500B SC NetCam with a StarDot Technologies Megapixel Lens with 5-megapixel resolution (LEN-MV4510CS), mounted on a 1.5-m mast that is bolted and guy-wired into underlying rock. The lens has an adjustable focal length, which was adjusted in the field for optimal viewer geometry and focus. The camera installed on the west bank was used in this study and acquires one digital image every 3 h when there is sufficient ambient light for good picture exposure (controlled through the use of an integrated light sensor) and power. Power to the system is supplied by a battery and 90 W photovoltaic solar panel. The power consumption of the camera was not the only limiting factor in the frequency of images captured and transmitted. Image upload time, battery power, and ambient lighting all contribute to the frequency of images that can be captured and telemetered. The upload time to send the captured images to the server via Iridium satellite modem was the limiting factor. Upload of a single image could take over 1-h depending on satellite connection quality. The satellite modem is the largest power consumer at the study site. The camera was set to “Automatic” mode, meaning that the shutter speed, ISO and aperture were optimized for each image based on the lighting conditions. The images are transmitted to a file transfer protocol via the Iridium modem and time-stamped in Coordinated universal Time. The camera used in this study has an oblique field-of-view aimed directly across the river to image the right (east) bank of the river channel, from which the wetted shoreline position is clearly evident as a semi-horizontal line (Figure 3).
[image: Figure 2]FIGURE 2 | On-site photo of our Minturn River gauging station, including a bubble-gauge and both ruggedized StarDot SD500B SC NetCam time-lapse cameras. Photo taken 2022-08-20 by Cuyler Onclin.
[image: Figure 3]FIGURE 3 | Example time-lapse camera images of a fixed field-of-view across the river. The extent of the river at high flow is ∼46 m. The water edge (i.e., wetted shoreline position) is clearly evident despite varying illumination and flow conditions, including (A) typical illumination; (B) sun glint; (C) low illumination; (D) low flow; (E) ice breakup/flow onset; and (F) freeze-up/flow cessation. Images were acquired (A) 2021-07-22 03:00:00; (B) 2021-07-22 21:00:00; (C) 2021-07-29 00:00:00; (D) 2021-09-03 00:00:00; (E) 2021-06-08 00:00:00; (F) 2019-09-08 09:00:00 UTC 0.
2.2 Terrestrial LiDAR scanner
We conducted a Terrestrial LiDAR Scanner (TLS) survey July 10–11, 2019 to generate a high-precision DEM of the Minturn River field site and surrounding riverbanks. The TLS instrument was a Riegl VZ-400i, which has a reported instrument accuracy of 2 cm (RIEGL - Produktdetail, 2022). The TLS survey included 27 scan positions acquired over the 2 day period. To enable global registration, external 10 cm cylinder reflectors were placed within each scan scene and surveyed using a Septentrio Altus NR3 GNSS receiver and rapid-static survey techniques. All scan positions were registered together via reflector registration and multi-station adjustment techniques as per the Riegl RiSCAN Pro User Manual. The maximum scanner range at the pulse rate used was reported at 250 m. The raw point cloud density is variable across the area of interest. An “octree” filter was applied in order to grid the full resolution point cloud and generate a sub-sampled DEM with 2 cm resolution (point cloud density of 2,500 points/m2).
3 METHODS
We derive river stage from time-lapse camera images using a two-step approach: 1) develop a time series of wetted shoreline positions from oblique time-lapse camera images; and 2) georectify the oblique camera images to convert the derived shoreline positions into vertical units of river stage. These steps were implemented as follows:
3.1 Pre-processing
A total of 3,544 time-lapse camera images were acquired at 3-h intervals between July 12 and December 17 in 2019, between June 21 and December 31 in 2020, and between January 1 and September 17 in 2021. The 12 July 2019 start date commenced with camera installation. The 21 June 2020 and 1 January 2021 start dates occurred when the camera’s battery became sufficiently charged. The end dates occurred when the camera’s battery lost sufficient charge. Ice break-up and freeze-up processes were determined by visual inspection (except spring 2019). The ice break-up and freeze-up processes were actually extremely rapid and occurred in the 3-h interval between camera images. Out of the 3,544 images acquired, 1,783 (50.3%) were removed because they were acquired before/after the meltwater runoff season in the river channel. After filtering, 1,761 images collected from July 12 to 7 September 2019, from June 21 to 1 September 2020, and from June 8 to 5 September 2021 remained. Further visual inspection revealed that eleven (0.006%) images were dark and/or obscured by dust, rain or snow. These images were also removed from our image collection prior to analysis. An additional 41 images in 2020 and 91 in 2021 were missing due to telemetry receiving errors. In total, 1,618 high-quality images (455 in 2019, 533 in 2020, and 630 in 2021) remained for final analysis.
3.2 Water level detection
We used a semi-automated edge detection approach to delineate the wetted shoreline position in each camera image using open-source software packages (SciPy, SciKit-Image, Pandas, Numpy, MatPlotLib, and PyTrx) in a Python programming environment. In the time-lapse images, the water typically appears dark and land bright but, depending on illumination conditions, the reverse also occurs. Under most light conditions, the contrasting edge between land and water is readily apparent. A Canny edge detection method (Canny, 1986) was used to delineate the shoreline edge as part of a semi-automated procedure as follows: First, we applied a 3x3 Gaussian filter to smooth an RGB composite of each image. The Canny Edge Python package automatically generates a greyscale composite from an imported RGB image by averaging the three imported image bands (Figures 4A, D, G). Then we used a Canny edge detector (σ = 3) to generate an array of edge and non-edge pixels (Figures 4B, E, H). The row in each image containing the most edge values was then visually reviewed to confirm that the detected edge correctly located the wetted shoreline position on the side of the image where the edge detection was clearest (Figures 4C, F, I). Next, we applied a correction for the prevailing water edge slope across the field of view (a consistent ∼40 pixel height difference amounting to 1.9 m between the left and right sides of the image). We had to generate a line because the algorithm detected a number of edges that are not part of the water-land boundary. This semi-automated method retrieved shoreline positions for 72.3%, 63.0%, and 47.9% of images in 2019, 2020, and 2021, respectively. Shoreline positions from the remaining images were manually estimated by inspecting each image and identifying the row of the wetted shoreline position approximately in the middle columns of the image. Our semi-automated method yielded a time series of 1,618 shoreline positions over the study period.
[image: Figure 4]FIGURE 4 | Canny edge detection results under different lighting and flow conditions. The left column presents three greyscale images acquired 2019-07-12 (A), 2019-08-10 (D), 2019-09-04 (G). The middle column (B,E,H) presents the results of applying Canny edge detection to each image, the x-axis presenting the number of edge pixels identified for each row and the y-axis corresponding to the row (y-axis) of each camera image. The right column (C,F,I) presents the results of the Canny filtering, with a red horizontal line indicating the row containing the most Canny edge pixels to estimate wetted shoreline position.
3.3 Georectification
We georectified the 1,618 derived shoreline positions using PyTrx (How et al., 2020). The toolset was originally developed for measuring glacier velocities and feature geometries in Svalbard, but is here used to georectify our time-lapse image collection of the Minturn River (How et al., 2017, 2019). The CamEnv class in PyTrx is used to perform the georectification by inverse-projecting the images onto the TLS survey derived DEM. This requires detailed knowledge of the camera environment, namely, camera location and orientation, an intrinsic camera model (i.e., focal length, principal point, and skew), lens distortion coefficients, and ground control points (GCPs). PyTrx uses one image (i.e., a master) to estimate camera orientation (yaw, pitch, roll). All images are then co-registered to this master image, thereby accounting for shifts in the camera orientation. There was no evidence for camera shake in the images. The Applied Imagery Quick Terrain Reader (https://appliedimagery.com) was used to manually gather three GCPs and camera location with 2 cm position accuracy from our TLS DEM of the study site (Figure 5). PyTrx does not use GCPs in the calibration step itself, rather they are used in the georectification process. The camera angle makes it challenging to add more GCPs, and for the purpose of PyTrx’s georectification process, three GCPs are sufficient. PyTrx optimization routines were used to refine the projection model, based on the difference between the positions of the physical GCPs and the projected GCPs (for more details on PyTrx see How et al., 2020).
[image: Figure 5]FIGURE 5 | Georectifications of camera images were performed using a Terrestrial Lidar Scanner (TLS) DEM and PyTrx software. Corresponding ground control points (GCPs) from PyTrx georectification are marked on (A) a 2019-07-12 camera image; and (B) 2019-07-11 TLS DEM. White areas signify no data due to low laser returns, e.g., from the river surface and topographic shadowing. Successful GCP projection (excepting areas of no data), indicates accurate georectification with a resulting residual error of 11.63 pixels and vertical accuracy of ±0.37 m.
Projecting the camera image onto the DEM was challenging because the far bank is irregular. It is evenly sloped just above the waterline, then levels out, before sloping up again (Figure 5A). Despite that, we were able to project the camera image with a vertical accuracy of ±0.21 m. Even though the residuals between the actual and projected GCP positions were non-negligible, we were still able to derive accurate river stage from the camera images because the projection of the camera image in the vertical direction is most important for converting pixels to units of length (Section 4).
That the TLS survey was not conducted during minimum flow presented a challenge, in that we could not derive the topography of the lowest ∼75% of the riverbank. We therefore extrapolated the submerged topography using a linear regression model based on the exposed, georectified bank slope. Comparison of the resultant stage estimates in this extrapolated zone with our bubble-gauge validation data yields reasonably good correlation (r2 = 0.61), lending confidence to this procedure (Section 5). To further improve our confidence in the sensitivity of our results, we extended the extrapolation plane to the exposed, georectified bank slope. For the above water points, we compared the DEM-derived stage to the estimated planar stage with the following results by year: 2019: RMSE = 0.01 m, r2 = 0.99; 2020: RMSE = 0.01 m, r2 = 0.99; 2021: RMSE = 0.02 m, r2 = 0.99.
The end result is 1,618 estimates of water surface elevation (in meters), referenced to WGS84/UTM Zone 19N (horizontal), WGS84 Ellipsoid Height (vertical), EPSG code 32619 (https://epsg.io/32619).
3.4 Validation
We evaluated our Minturn River stage estimates derived from TLS georectified time-lapse camera images against simultaneously-collected stage measurements collected from an in situ bubble-gauge located near the time-lapse camera. The installed bubble-gauge is a Sutron® Compact Constant Flow Bubbler, a standard, high-quality instrument for measuring stage in rivers, streams, and lakes. The Compact CF Bubbler is housed within a vented galvanized pipe bolted to boulders on the left (west) bank of the Minturn River channel and programmed to record stage (in centimeters above the submerged sensor) every 15 min. It has a nominal accuracy of 0.05% and minimum error of 0.003 m, and its measurements are here treated as absolute ground-truth for the purpose of validating our camera-derived stage estimates. However, it is possible that the bubble-gauge orifice shifts during and/or between meltwater runoff seasons. At our Minturn River field site, the Compact CF Bubbler becomes exposed at low flow when there is still observable flow in the river channel. The compact bubbler only was able to measure water stage when submerged. Due to access to the site and the level of the river at the time of installation, the team was unable to get the exit orifice of the bubbler (where the stage measurement is made) to the bottom of the river channel. Therefore, when the river level was below the bubbler, the bubbler was simply measuring atmospheric pressure and not water level. The bubbler failed, likely on 29 July 2021, when the protective conduit was struck, shearing off the exit orifice. This was likely caused by a large upstream boulder impacting the conduit.
To compare the two datasets, we selected observations from the bubble-gauge (every 0.25 h) with the observation time nearest to the time-lapse camera image collection (every 3 h). Additionally, both bubble-gauge and time-lapse image data were resampled to derive a daily mean stage estimate to facilitate comparison with other runoff models. Daily data resampling also allows us to focus on seasonal changes, which are commonly used in climate/SMB models. We then compared the two river stage datasets using coefficient of determination (r2) and Root Mean Square Error (RMSE).
4 RESULTS
We find that georectified time-lapse camera imagery can accurately quantify river stage fluctuations in a harsh polar environment. Strong correlations exist between camera-derived and in situ Minturn River stage measurements, with r2 values of 0.82 (RMSE ±0.059 m), 0.73 (±0.065 m), and 0.76 (±0.079 m) for 2019, 2020, and 2021, respectively (Figure 6). Resampling both datasets to daily average stage values further improves correlations and reduces the RMSE to r2=0.95 (RMSE: ±0.100 m), 0.96 (±0.076 m), and 0.86 (±0.152 m), respectively. With yearly fluctuations of 6–10 m, our RMSEs are 0.02%–0.03% of the total range in observed water level. While camera-derived estimates do effectively capture diurnal fluctuations in river stage, they overestimate them relative to in situ bubble-gauge measurements (Figure 7). The bubble-gauge orifice may likely have shifted slightly on 29 July 2021, which partially accounts for less accurate measurements that year. However, due to safety considerations, the shift could not be accounted for in the field. Averaged over the 3-year study period, our approach yields river stage estimates with r2 = 0.81 (RMSE ±0.185 m) at 3-h frequency; and r2 = 0.92 (RMSE ±0.109 m) at daily frequency, relative to in situ validation measurements.
[image: Figure 6]FIGURE 6 | Correlations between Minturn River stage estimates as measured by an in situ bubble-gauge and TLS-georectified camera images acquired from 2019-2021. The top row (A–C) presents comparisons of the two datasets at 3-h intervals (A: r2 =0.82, RMSE ±0.059 m; B: r2 =0.73 ±0.065 m; C: r2 =0.76 ±0.079 m), and the bottom row (D–F) presents comparisons of the two datasets averaged to daily intervals (D: r2 =0.95, RMSE: ±0.100 m; E: r2 = 0.96 ±0.076 m; F: r2 =0.86 ±0.152 m). The worsening estimations (i.e., in 2021), can be partially explained by the shift in the bubble gauge orifice described in Section 4 and the abnormal 2021 hydrograph is more thoroughly discussed in Esenther et al. (in review, 2023).
[image: Figure 7]FIGURE 7 | Time series of Minturn River stage for 2019, 2020, and 2021. Each plot shows river stage as derived from TLS orthorectified camera imagery (in black), and a standard in situ bubble-gauge (in blue). The 2019 observations extend from July 12 (date of installation) to September 2 (freeze-up). The 2020 stage observations extend from June 21 (ice breakup) to September 1 (freeze-up). 2021 camera observations extend from June 8 (ice breakup) to September 5 (freeze-up). In all 3 years the non-contact camera installation acquired longer records with fewer data gaps than the standard in situ instrument. Points w and x in (A) and (B) indicate late season flood events. Points y and z in (C) indicate the peak (y) and trough (z) pattern. Red dashed lines show where the waterline was at time of TLS scan. Camera-based stage estimates below this line were extrapolated based on bank topography.
Camera-derived river stage retrievals successfully capture important characteristics of the Minturn River hydrological cycle (Figure 7). While the date of ice breakup/flow onset was missed in 2019 (due to July installation of the instrument cluster), it was successfully detected in 2020 (on June 21) and 2021 (on June 8). In all 3 years the camera retained sufficient power through the summer to observe flow cessation and ice freeze-up, which occurred on 2 September 2019, 1 September 2020, and 5 September 2021. The camera record extends stage measurements by ∼2–4 weeks for each year relative to the bubble-gauge, especially late in the season when flows were too low to be detected by the in situ sensor.
Overall, Minturn River stages were notably higher in 2019 and 2020 than 2021, indicating greater meltwater runoff from the ice sheet (Figures 7A, B vs. Figure 7C). In 2019 and 2020, high stages persisted throughout July, followed by an overall decline interrupted by a large late-season flood in August (w and x in Figures 7A, B). In 2020, this late season event yielded the highest stage of the year. In contrast, July flows in 2021 displayed a pronounced peak and trough pattern through early August (y and z in Figure 7C), followed by the customary decline but no late-season flood (Figure 7C).
5 DISCUSSION AND CONCLUSION
Time-lapse camera imagery georectified with high precision Terrestrial LiDAR Scanner (TLS) DEM offers a reliable, accurate, non-contact approach for monitoring river stage in remote, harsh polar environments. While the camera-based approach is less precise than traditional in situ methods, the combined TLS-camera method is sufficiently accurate, and provides a number of practical advantages, especially considering the challenges of maintaining traditional in situ instruments (e.g., bubble-gauge or pressure transducer). High-quality georectification afforded by a TLS survey, in particular, enables conversion of imaged wetted shoreline positions to absolute vertical river stage. This approach captures the timing of flow onset and cessation, and overall flow variations at interannual, seasonal, and diurnal scales. Advantages of this approach include installation ease and relatively low cost and maintenance requirements. Since the camera is not submerged, it is far simpler to service and avoids destruction from ice, which is particularly problematic for high-latitude river gauging.
Another advantage of camera-based imaging is its ability to capture water levels at lower flows than a traditional bubble-gauge. Remote proglacial rivers such as the Minturn River are typically fast-flowing and difficult to access, often preventing installation of a bubble-gauge in the very deepest part of the channel. At our Minturn River field site, the Compact CF Bubbler was exposed at low flow (i.e., yielding a value of 0 in Figure 7) when there is still significant flow in the river channel, leading to significant data gaps of ∼2–4 weeks per year. Time-lapse cameras, in contrast, can observe water levels at any stage and can also record the dates of annual ice break-up and freeze-up timing, an observation of scientific value for characterizing climatic trends (Smith, 2000; Beltaos and Prowse, 2009; Eltner et al., 2020; Magnusson et al., 2000; Yang et al., 2020).
Two notable scientific observations from this study are 1) significantly lower (∼-47%) overall Minturn River water levels in 2021, relative to 2019 and 2020; and 2) occurrence of episodic late-season floods in both 2019 and 2020, which peaked on August 30 and 21, respectively (Figure 7A-w, Figure 7B-x). Because raindrops were present on the camera lens during the latter, we suggest that at least one of these late-season runoff peaks may have been triggered by rainfall rather than glacial melt. However, interpretation of the meteorological and glaciological drivers of the observed stage hydrographs is beyond the scope of this paper and appears in Esenther et al., 2023.
Disadvantages of the combined TLS-camera approach presented here include occasional image obscuration due to darkness, dust, or precipitation, a finding consistent with previous studies reporting problems of dust, precipitation, shadowing, and/or animal interference (Ashmore and Sauks, 2006; Gleason et al., 2015; Leduc et al., 2018). Camera-derived stages are less accurate than in situ bubble-gauge measurements, especially at a shorter 3-h interval. While a TLS survey works well for georectification, it provides no data below the waterline, thus necessitating downward extrapolation of the bank slope to examine the channel during low flow conditions if conducted when the river channel is occupied by water. While this yielded reasonably good results in our particular study, its success is likely due to the near-vertical sheerness of the imaged bank (a relatively uncommon bank morphology). Future studies should thus target TLS surveys during winter (when the channel is dry) or lowest flows possible, in order to maximize coverage of the channel bathymetry. Additionally, while the semi-automated edge detection yielded promising results in our study, other approaches to correct for the prevailing water edge slope, such as locating scan lines parallel to the slope, projecting edge pixels directly onto the DEM, or projecting height contours from the DEM onto the image could improve the accuracy of the method.
These limitations aside, we conclude that time-lapse camera imaging and subsequent georectification using a TLS DEM offers a simple, non-contact method for effective river stage monitoring in remote polar environments, with r2 values of 0.81 (RMSE ±0.185 m) and r2 = 0.92 (RMSE ±0.109 m) for 3-hourly and daily observations, respectively. It is challenging to compare the accuracy of our study with others because previous studies were carried out in very different fluvial settings (e.g., Lin et al., 2018), did not evaluate river stage specifically (e.g., Stumpf et al., 2016), or did not compare to an external source of stage data (e.g., Young et al., 2015). Leduc et al. (2018) compared their camera-derived water levels with those recorded by a pressure transducer and found a r2 = 0.82 (R = 0.91), which is comparable to our results, although the small, boulder stream that they measured is much smaller than the Minturn River. Despite that, the accuracy of our results and other studies indicate that camera-based river stage has great potential for monitoring rivers in remote environments, especially when georectified using a high-quality TLS DEM.
While the focus of this study was to obtain measurements of river stage, this metric only provides relative changes in river flow. To convert these stage measurements to discharge, a rating curve would need to be produced. Traditional approaches to producing stage-discharge rating curves also require streamflow rate measurements (Sauer, 2002). But the oblique-looking terrestrial cameras may also be useful for this purpose (Stumpf et al., 2016). For the Greenland Ice Sheet, camera-based approaches may therefore be particularly valuable for testing and validation of climate/SMB models used to predict future ice sheet contributions to sea level rise, including from the Minturn River in Inglefield Land, a remote, little-studied, region of Northwest Greenland.
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