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The glaciers of the North Cascades have experienced mass loss and terminus retreat due to climate change. The meltwater from these glaciers provides a flux of cold glacier meltwater into the river systems, which supports salmon spawning during the late summer dry season. The Nooksack Indian Tribe monitors the outlet flow of the Sholes Glacier within the North Cascades range with the goal of understanding the health of the glacier and the ability of the Tribe to continue to harvest sustainable populations of salmon. This study compares the UAV derived glacier ablation with the discharge data collected by the Tribe. We surveyed the Sholes Glacier twice throughout the 2020 melt season and, using Structure-from-Motion technology, generated high resolution multispectral orthomosaics and Digital Elevation Models (DEMs) of the glacier on each of the survey dates. The DEMs were differenced to reveal the surface height change of the glacier. The spectral data of the orthomosaics were used to conduct IsoData unsupervised classification. This process divided the survey area into Snow, Ice, and Rock classes that were then used to attribute the surface height changes of the DEMs to either snow or ice melt. The analysis revealed the glacier lost an average thickness of −0.132 m per day (m d−1) with snow and ice losing thickness at similar rates, −0.130 m d−1 and −0.132 m d−1 respectively. DEM differencing reveals that a total of −550,161 ± 45,206 m3 water equivalent (w.e.) was discharged into Wells Creek between the survey dates whereas the stream gauge station measured a total discharge of 350,023 m3. This study demonstrates the ability to spectrally classify the UAV data and derive discharge measurements while evaluating the small-scale spatial variability of glacier melt. Assessing ablation in small alpine glaciers is of great importance to downstream communities, like the Nooksack Indian Tribe who seek to understand the magnitude and timing of glacier melt in order to better protect their salmon populations. With this paper, we provide a baseline for future glacier monitoring and the potential to connect the snow surface properties with the rate of snow melt into a warming future.
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INTRODUCTION
The North Cascades is the most heavily glaciated region in the contiguous United States, providing water to support the regional agricultural and hydroelectric industries. The meltwater from the glaciers in this area create the cold-water ecological habitat that fish and other riparian species depend upon. Increasing air temperatures have had great effects on glaciers across the cryosphere, including in the North Cascades where all 47 of the monitored glaciers have experienced terminus retreat as of 1991 (Pelto and Riedel, 2001). This decrease in size is associated with a 25% reduction in the late summer streamflow that salmon depend on for prosperous spawning (Riedel and Larrabee, 2016).
Mount Baker, a heavily glaciated stratovolcano within the North Cascades range, is of particular importance to both human and salmon populations downstream. The Sholes Glacier is located on the northeast flank of Mount Baker within the Indigenous territory of the Nooksack Indian Tribe. The meltwater from this glacier feeds into the North Fork Nooksack River where glacier runoff typically contributes over 25% of summer discharge (Bach, 2002) and as much as 60–90% during especially hot and dry summers, such as in 2015 (Pelto, 2016; Grah, 2019). The addition of glacier melt into the watershed supports the rich agricultural land downstream in Whatcom County and provides an influx of cold glacier melt water in the late summer dry season that sustains salmon habitat, which are of particular importance to the Nooksack and Lummi Tribes. The Sholes Glacier has experienced terminus recession of approximately 1,400 m since the end of the Little Ice Age in the late 1890’s (Grah, 2019).
Many glaciers are physically inaccessible for mass balance field studies and if accessible, require considerable time and specialized glacier travel skills. Satellite remote sensing of glacier mass balance and surface properties can ease the logistical challenge of glacier travel, and if publicly available, lessen the cost to researchers. However, satellite images are often thwarted by sensor spatial and temporal resolution, as well as shadows of steep surrounding mountains causing satellite imagery to be an inadequate tool in examining small, high alpine glaciers (Gaffey and Bhardwaj, 2020). Satellite coverage in many areas of the cryosphere is limited in repeat pass over rates and when the satellite does pass over the region, there is high likelihood of clouds, reducing the number of usable satellite images (Wigmore and Mark, 2017). Additionally, the few satellites that offer stereo images can be difficult to acquire (Bhattacharya et al., 2021) and do not offer sufficient temporal resolution to assess the rapid elevation changes caused by climate change.
With the recent advances in Uncrewed Aerial Vehicle (UAV) technology and the reduction in the price of this technology, there is huge potential for improving the spatial and temporal resolution of ablation data with limited field effort or cost. The availability and affordability of UAV technology has spurred interest in the field of glacier dynamics, with numerous studies applying UAV derived data to assess glacier dynamics at high spatial resolutions. Researchers have employed UAVs as tools to assess glacier calving (Ryan et al., 2015; van Dongen et al., 2021), track glacier motion (Immerzeel et al., 2014; Che et al., 2020), and measure mass loss (Bash et al., 2018; Fugazza et al., 2018; Bash and Moorman, 2020) in remote regions. The majority of UAV-based cryosphere studies have been focused in Antarctica (Westoby et al., 2015; Westoby et al., 2016; Florinsky and Bliakharskii, 2019), the polar regions (Ewertowski et al., 2016; Tonkin et al., 2016; Bernard et al., 2017a; Bernard et al., 2017b; Cimoli et al., 2017), the European Alps (Mauro et al., 2015; Boesch et al., 2016; De Michele et al., 2016; Fugazza et al., 2018; Rossini et al., 2018; Vivero and Lambiel, 2019), and High Mountain Asia (Immerzeel et al., 2014; Brun et al., 2016; Kraaijenbrink et al., 2016; Vincent et al., 2016; Brun et al., 2018). However, to the authors knowledge, no previous peer reviewed studies have utilized the UAV to assess glacier dynamics in the Pacific Northwest.
The use of Structure-from-Motion (SfM) technology in reconstructing glacier surfaces has been extensively validated (e.g., Bash et al., 2020). UAV-based measurements of snow depth change have even been shown to exceed the accuracy of traditional in situ methods (Fernandes et al., 2018). Additionally, photogrammetric approaches have outperformed systematic in situ methods of measuring snow depth when assessing small scale spatial variability (Redpath et al., 2018). Monitoring the rapid retreat of small mountain glaciers has been greatly enhanced by the use of UAVs, allowing researchers to capture the heterogeneity of glacier change that would not be possible through the analysis of satellite imagery (Wigmore and Mark, 2017). While the abilities of SfM have been tested thoroughly elsewhere in the world, they have never been tested in the Mount Baker region where there is an associated long-term glacier discharge dataset to draw comparisons. The Sholes Glacier is unique in that it is the only glacier in the North Fork Nooksack River watershed that has been studied in detail over a relatively long period of time using both glaciological and hydrological methods, allowing for validation and comparison of methodologies.
The Nooksack Indian Tribe, located in Deming, WA within the Nooksack River watershed, has been monitoring the mass balance and outlet flow of the Sholes Glacier weekly during the late summer snow and ice melt season since 2012. The Tribe is interested in understanding the glacier’s health and behavior to assess the Tribe’s ability to continue to harvest sustainable populations of salmon. The Tribe measures the glacier discharge as well as snow and ice depth changes throughout the melt season. The natural weir at the toe of the glacier makes this specific glacier an ideal study site for mass balance work and glacier runoff observations (Supplementary Image S1).
There is movement in the scientific community towards developing more co-produced science that incorporates local communities and Tribal Nations who have a vested interest in understanding the vulnerability of their ecosystems to climate change (e.g., Lemos et al., 2012; Wynecoop et al., 2019; Turnhout et al., 2020; Oshun et al., 2021). The Nooksack Indian Tribe has generously shared their 2020 season data for this study in the interest of scientific collaboration.
Here we compare the glacier mass balance assessment of the Nooksack Indian Tribe with a SfM UAV-based approach. This study shows that the UAV can be used to derive glacier ablation and estimate the volume of water moving from the glacier into the Nooksack River. Additionally, we present the use of multispectral imagery collected from a UAV to differentiate snow and ice area of the glacier surface.
MATERIALS AND METHODS
Study Area
The Sholes Glacier is located on the northeast flank of Mount Baker in the Mount Baker Wilderness area of the Mount Baker-Snoqualmie National Forest, Washington, United States (-121.7700032°W, 48.8141614°N). The glacier resides in a temperate maritime climate associated with mild year-round temperatures, high winter precipitation, and low summer precipitation. The glacier is predominantly fed by direct accumulation and wind drifting with minimal loss due to calving or avalanching events (Pelto, 2018). The glacier has a northern aspect and spans 0.56 km2, descending from an elevation of 1,900 to 1,600 m above sea level. The glacier melt drains out of two streams at the toe of the glacier, Wells Creek and Sholes Creek, both of which feed into the North Fork Nooksack River.
The Nooksack River watershed is primarily rainwater and snowmelt dominated for the majority of the year. During the mid to late summer months, the area is quite dry, and the river system is supplemented by the flow of cold snow and glacier meltwater from May through September, which contributes over 25% of daily discharge to the watershed (Bach, 2002) and as high as 60–90% during particularly hot dry periods in the summer, such as in 2015 (Grah, 2019; Pelto, 2016).
UAV Surveys
The Sholes Glacier was surveyed twice throughout the melt season with permission from the U.S. Forest Service, once on August 17, 2020 and again on September 5, 2020. The surveys were conducted using a DJI Phantom 3 Standard quadcopter equipped with the inherent, off-the-shelf DJI camera, as well as an additional MAPIR Survey3 three-band multispectral camera. The DJI camera was set to capture images every 2 s with ISO set at 100 and shutter speed set at 1/8,000 s. The MAPIR camera captures imagery in the red (660 nm), green (550 nm), and near-infrared (850 nm) wavelengths (www.mapir.camera). This camera captured RAW (12 bit) and JPG (24 bit) images every 2 s with an ISO set at 100 and a 1/2000 shutter speed. Prior to take off for each survey flight, an image of the MAPIR camera calibration panel was taken to later convert the MAPIR imagery to reflectance values.
The UAV was powered with DJI LiPo 4S 15.2 V batteries. Only 4 batteries were available on the August 17 flight, while 6 batteries were available on the September 5 flight. Each battery provided approximately 20 min of flight time. Therefore, there is slightly more coverage on the September 5 flight compared to the August 17 flight.
Prior to each flight, 13 ground control points (GCPs) were laid out over the glacier. The GCP coordinates were acquired with an EMLID Reach RS2 RTK GNSS receiver, or rover, and corrected with another stationary receiver, or base, both of which logged continuously throughout the survey. The base receiver was stationed adjacent to the glacier, within 1 km of the rover, where it could have a clear view of the sky. Data logs of the base station were post-processed against the rover in the open-source RTKLIB software in kinematic mode (Takasu and Yasuda, 2009).
The UAV flight plan was created and executed in DroneDeploy. The glacier was flown in six flight segments with 75% sidelap and 75% frontlap at an above ground altitude of 73 m. The flights were completed between 12:00 and 16:00 Pacific Time. Both surveys were conducted following the same flight line angle to minimize shadow differences between the flights (Fernandes et al., 2018). Due to the large survey area and the constraint of flight time per battery, the six flight segments were conducted from three different launch locations located progressively towards the glacier terminus.
Image Processing
The DJI and MAPIR images were refined to only include in-survey images. Images acquired during take-off, landing, and transit were removed from the analysis. The raw MAPIR survey images were processed and calibrated to reflectance using the MAPIR Camera Control software and the calibration target images that were captured pre-flight. The resulting MAPIR images represent the calibrated surface reflectance values and were used in the rest of the imagery processing steps.
The DJI and MAPIR images were processed separately. The images for each camera were grouped by their take-off location and the altitudes were adjusted with an open-source Python script to represent meters above sea level based on the launch elevation and the flight altitude (Agisoft, 2017). The flights were then loaded into Agisoft Metashape software where the Image Quality, or sharpness, was estimated and blurry images, defined as those with a quality below 0.5, were removed from the rest of the analysis to improve photogrammetric processing following the guidelines in the Agisoft Metashape Professional Edition User Manual (Agisoft, 2021). Each flight subsection was aligned separately with high accuracy, 500,000 key point limit, and 0 tie point limit. All points with a reprojection error greater than 0.5 pixels and any obvious outlier points were removed from the sparse point cloud.
The GCPs and ground validation points (GVPs) were manually marked in at least 6 images where the target was most visible. The target coordinates were loaded, and the sparse point cloud was updated. The camera positions were optimized before constructing the dense point cloud with high quality and aggressive depth filtering. The DEM was constructed based on the dense point cloud and the orthomosaic was constructed based on the DEM.
Through the process described above, an orthomosaic and a DEM for both the DJI and the MAPIR camera were produced for each survey date. The MAPIR orthomosaic was used for conducting snow and ice classification and the DJI DEM was used to calculate the surface height change between survey dates. The DJI images had a higher spatial resolution than the MAPIR images and therefore produced a smoother and more accurate elevation model.
MAPIR Image Classification
The MAPIR orthomosaics, composed of red (660 nm), green (550 nm), and near-infrared (850 nm) bands, were used to conduct IsoData unsupervised classification of the glacier surface spectral properties on both August 17, 2020 and September 5, 2020 in ENVI version 5.6 (Exelis Visual Information Solutions, Boulder, Colorado). The default ENVI parameters were used except for the number of classes, which was changed to a maximum of 50 classes, and the maximum iterations, which was increased to 10. The resulting spectral classes were then refined to represent the following three information classes: Snow, Ice, and Rock.
The accuracy of the classified images was assessed by assigning a minimum of 100 check points randomly stratified across the three information classes. These ground truth check points were then manually classified into Rock, Ice, and Snow using the MAPIR and DJI orthomosaics as references. The resulting ground truth points were compared to the IsoData classification to generate a confusion matrix. The confusion matrix demonstrates the accuracy of the classification with respect to user and producer accuracy. Here, user accuracy refers to how reliable the classification map is, for example, how often a check point location classified as Ice on the map is actually ice. Producer accuracy here, tells us how accurate our classification is, for example, how often ice will be classified as Ice in the map.
The classified images from each survey date were then clipped into image sections that were ice for both survey dates (Ice-to-Ice), snow for both survey dates (Snow-to-Snow), and sections that transitioned from snow to ice between the survey dates (Snow-to-Ice). These classifications were used to differentiate the DEM surface height changes that should be attributed to Snow-to-Snow melt, Ice-to-Ice melt, or a transition from Snow-to-Ice.
Ablation Assessment
The late summer snowpack in the North Cascades region is highly homogenous and isothermal over the large scale. This allows us to calculate the water equivalent of snow and ice volume loss using constant density measurements. The snow density value used for our calculation of Snow-to-Snow areas was 600 kg m−3 (Pelto and Riedel, 2001) and the ice density value used for our calculation of Ice-to-Ice areas was 850 kg m−3 (Huss, 2013). The water equivalent of the Snow-to-Ice classified areas that transitioned from snow to ice between the survey dates were calculated using a density of 725 kg m−3, the average of the snow and ice densities.
The difference between the DEMs was clipped to only include areas of negative height change. The areas that resulted in a positive height change were examined separately and proved to be a result of shadow, cliff, and edge effects (Supplementary Figure S1). These areas were removed from the analysis. To mitigate any other possible edge effects that could create errors in the surface height changes, all survey edges were clipped out of the analysis.
Ablation measurements were calculated for the entire surveyed glacier area and also for a subsection of the glacier, the Wells Creek drainage area. Since only one of the two outlet creeks from the glacier is gauged, to compare the UAV derived discharge to the measured stream discharge we must separate the glacier area that drains into the gauged Wells Creek from the glacier area that drains into the ungauged Sholes Creek. This delineation was conducted based on the glacier surface topography that is observed in the UAV imagery and in the field. The medial moraine of the glacier divides the two drainage areas and can be followed from the terminus of the glacier to the ablation area using the stratigraphy of the glacier as a guide (Supplementary Figure S2).
Discharge Measurements
The Nooksack Indian Tribe has an established monitoring system for measuring the discharge of the Sholes Glacier. At the beginning of the melt season, they install a Solonist Levelogger 5 accompanied with a Solonist Barologger 5 to record water level, water temperature, air temperature, and barometric pressure at 30-min intervals. Additionally, the Tribe visits the monitoring site weekly to measure stream velocity with a Xylem Flowprobe which was integrated over the cross-sectional area to determine discharge. A discharge rating curve was then developed for each creek in order to model continuous discharge over the field season from late July through mid-September (Grah and Beaulieu, 2013).
These data were compiled and trimmed to include only the measurements acquired between the two UAV surveys. This dataset was then integrated to calculate the total discharge in cubic kilometers that the glacier released over the course of the survey period.
RESULTS
Positional Accuracy
The accuracy of the SfM image processing was assessed based on 8 GCPs and 4 ground validation points (GVPs) for the August 17, 2020 flight and 9 GCPs and 4 GVPs for the September 5, 2020 flight. The August 17, 2020 flight covered a smaller area, 0.8 km2, than the September 5, 2020 flight, 1.0 km2, and had a higher positional accuracy based on the GCPs and GVPs. The GVPs used during the September 5, 2020 flight had a total positional error more than 3 times greater than that of the August 17, 2020 flight, 60.5 and 16.1 cm respectively (Table 1). Based on these accuracy assessments, the DEMs used for the rest of this study were resampled using the nearest neighbor method to 1 m pixels to compensate for any lateral positional error. The vertical error for the August 17, 2020 flight was 9.15 cm and the vertical error for the September 5, 2020 flight was 10.20 cm. Propagating the vertical errors through to the differenced DEM results in an error of 0.19 m, which was used through the rest of the calculations.
TABLE 1 | Control point errors where X represents Longitude, Y represents Latitude, and Z represents Altitude. Ground control points (GCPs) were used in the aligning of the orthomosaic while the ground validation points (GVPs) were omitted and used to assess the reconstruction accuracy.
[image: Table 1]Glacier Surface Changes
From August 17, 2020 to September 5, 2020, DEM differencing revealed that the Sholes Glacier lost an average thickness of 2.5 ± 0.19 m (Table 2). The majority of the pixels resided within the 0 to -5 m range, with only crevasse openings and edge effects extending beyond -5 m. Since these pixels do not represent mass loss, they were removed from the analysis to more accurately capture the ablation. The Snow-to-Snow class covered the largest area (0.193 km2) and had the greatest total volume lost (−477,226 ± 37,054 m3) when compared to Snow-to-Ice (−362,263 ± 27,601 m3) and Ice-to-Ice (−217,359 ± 16,612 m3) (Table 2).
TABLE 2 | Surface height differences between the DEMs of the Sholes Glacier on August 17, 2020 and September 5, 2020. The surface height changes are separated into three surface type classes based on the IsoData unsupervised classification. Statistics were calculated based on each surface type class.
[image: Table 2]Snow-covered area declined from 75.5 to 43% with ice-covered area increasing by 0.16 km2 over the 19 days between survey flights (Figure 1). Snow-covered areas and ice-covered areas lost surface thickness at similar rates, −0.130 m d−1 and −0.132 m d−1, respectively.
[image: Figure 1]FIGURE 1 | (A) Displays Mount Baker with an inset showing the location of the mountain within Washington state in the contiguous United States and a callout box highlighting the Sholes Glacier. (B) The Sholes Glacier (-121.7700032°W, 48.8141614°N) as seen in the true color DJI orthomosaic from the September 5, 2020 UAV survey. IsoData classification of the Sholes Glacier on (C) August 17, 2020 where the total glacier extent is 0.484 km2 with 75.5% of the glacier snow-covered and 24.5% of the glacier ice-covered. (D) Shows the IsoData classification of the Sholes Glacier on September 5, 2020 where the total glacier extent is 0.471 km2 with 43.0% of the glacier snow-covered and 57.1% of the glacier ice-covered.
For areas that remained snow covered between the two survey dates (Snow-to-Snow), the surface height loss of 2.47 ± 0.19 m is equal to 1.48 ± 0.11 m water equivalent (m w.e.) whereas for areas that remained ice covered between the two survey dates (Ice-to-Ice), the surface height loss of 2.51 ± 0.19 m is equal to 2.14 ± 0.16 m w. e.
Glacier surface height change appeared relatively uniform across the extent of the glacier with the most extreme height changes occurring in the lower section of the glacier near the terminus (Figure 2). This section of the glacier is associated with a much steeper slope, faster moving ice, and more crevassing. The opening of crevasses and the collapsing of a snow or ice cave in this lower section resulted in DEM surface height differences greater than 14 m.
[image: Figure 2]FIGURE 2 | Surface elevation change of the Sholes Glacier between August 17, 2020 and September 5, 2020. The DEMs for each survey date were differenced to reveal the surface elevation change.
IsoData Classification
The IsoData classification generated 9 unique spectral classes that were combined into the 3 information classes: Rock, Ice, and Snow. Accuracy assessment performed on each survey revealed that the spectral classification of the August 17, 2020 and the September 5, 2020 imagery had overall accuracies of 79.7 and 78.1% respectively (Table 3). The Rock class had the worst user accuracy (51.5% on August 17 and 58.5% on September 5) yet the highest producer accuracy (96% on August 17 and 100% on September 5) for both survey dates, meaning that the classification overpredicted rock and only 51.5 or 58.5% of the places classified as Rock were really rock (Table 3). The Snow class had the best user accuracy for both survey dates (90.6% on August 17 and 87.8% on September 5) (Table 3). Kappa values for the August 17, 2020 and the September 5, 2020 surveys were 0.665 and 0.664 respectively (Table 3).
TABLE 3 | Confusion matrix for the MAPIR IsoData classification of the Sholes Glacier on August 17, 2020. User data for the 177 and 137 stratified random ground truth points were manually classified using the DJI and MAPIR orthomosaics as references.
[image: Table 3]Glacier Discharge
Wells Creek discharge data collected by the Nooksack Indian Tribe revealed an average discharge rate of 0.203 m3 s−1 between August 17, 2020 and September 5, 2020 (Table 4). The discharge remained within the 0.05–0.45 m3 s−1 for all days in this time period except on August 21, 2020 when there was a spike in discharge up to 0.7 m3 s−1, which could be due to a regional surface temperature increase observed on August 16, 2020, according to the Global Historical Climatology Network-Daily database (Menne et al., 2012; version 3). The hydrology of the lower Sholes glacier includes small moulins and englacial conduits, which may serve as reservoirs for meltwater leading to the discharge spike observed 4 days later. The residence time of supraglacial and englacial meltwater on the Sholes has not yet been exhaustively studied.
TABLE 4 | Wells Creek discharge data from August 17, 2020 through September 5, 2020, shared by the Nooksack Indian Tribe in the interest of scientific collaboration.
[image: Table 4]Based on the UAV results, the majority, 0.342 km2, of the 0.424 km2 glacier drains into Wells Creek. DEM differencing reveals that this drainage basin area lost an average surface height of −2.33 ± 0.19 m for a total of −550,161 ± 45,206 m3 w.e. discharged into Wells Creek between the survey dates (Table 5). In comparison, the Wells Creek stream gauge station measured a total discharge of 350,023 m3 between the survey dates (Table 4). The two measurements differ by 200,138 m3.
TABLE 5 | Surface height differences between the DEMs of the Wells Creek drainage basin portion of the Sholes Glacier on August 17, 2020 and September 5, 2020. The surface height changes are separated into three surface type classes based on the IsoData unsupervised classification. Statistics were calculated based on each surface type class.
[image: Table 5]DISCUSSION
This paper demonstrates the application of low-cost UAV survey equipment to resolutely map short time scale glacier dynamics. The total cost of the UAV set up was less than $2,000 USD and did not require complicated rigging or modification. While the MAPIR camera is not designed for calculating research level spectral indices, the spectral capabilities are more than sufficient to conduct spectral classification. The ability to divide the survey area into Snow, Rock, and Ice using IsoData unsupervised classification greatly aided in our ability to analyze the glacier ablation based on surface type. This classification approach could be useful in a variety of UAV applications, including in the classification of supraglacial lakes or sea ice melt ponds (Tschudi et al., 2008).
The summer snow melt of a glacier is a dynamic process where the snowline does not necessarily move linearly up the glacier in elevation. On the Sholes Glacier in particular, there are patches above the snowline that reveal ice much earlier in the season and patches below the snowline that remain snow covered until much later in the season. Therefore, manually digitizing the snow- and ice-covered extent would likely misrepresent the contributions of snow and ice melt to the total discharge. In this way, the IsoData unsupervised classification enabled us to parse out snow versus ice more accurately and interpret their respective surface height changes.
Though the IsoData unsupervised classification performed effectively when classifying spectrally distinct features, such as snow and rock, the performance decreased when classifying more spectrally similar surfaces like ice and rock. This causes issues in sections of the Sholes Glacier where the ice is covered by debris and gets classified as Rock in the process. Since the areas classified as Rock were not included in the analysis, the contribution of ice melt was likely underestimated. Previous studies have also encountered this issue when attempting to spectrally distinguish between debris covered glacier features and the surrounding rock faces (Kraaijenbrink et al., 2016). This misclassification could potentially be reduced in future studies by the addition of a thermal sensor on the UAV that could distinguish debris on top of ice from the surrounding rock, allowing the approach to be applied to studying rock glaciers or debris covered glaciers more effectively (Brun et al., 2016; Vincent et al., 2016; Wigmore and Mark, 2017; Vivero and Lambiel, 2019; Che et al., 2020).
This study did not venture to conduct ground validation across the entire glacier extent and instead sought to assess the glacier as a whole. In this regard, we were able to compare the total surface height changes measured with the UAV to the total glacier discharge measured by one of the glacier outlet creeks. The UAV derived discharge overestimated the measured stream discharge by 200,138 m3. This discrepancy is likely due to the manual digitization of the Wells Creek drainage basin, as described in the methods. Processes like sublimation, snow compaction, and meltwater drainage to groundwater should also be considered as potential sources of error. Additionally, the Snow-to-Ice class assumes that only the wet, intermediary snow melted and that after it melted away, no underlying ice melted. While we attempted to compensate for this by using a density halfway in between that of snow and ice, there could have been a larger portion of snow rather than ice that melted away and contributed to our overestimation of water equivalent. Future studies should gauge the secondary outlet stream, Sholes Creek, in addition to the Wells Creek, to capture all of the glacier discharge.
Due to the remote and rigorous terrain of the field site, we were only able to set up 13 ground control targets over the glacier, all of which had to be restricted to low angle, snow-covered regions of the glacier for the targets to be placed safely and effectively. Placing GCPs evenly across the snow-covered and snow-free areas of the glacier would have improved lateral and vertical accuracy of the data (Gindraux et al., 2017), however there was no way to safely place GCPs in the heavily crevassed areas of the glacier. The approach still produced a sufficiently low RMSE in the orthomosaics and DEMs (Table 1) to be able to compare between the two survey dates. Additionally, the lateral error in the orthomosaics and DEMs was accounted for by resampling the products to a pixel size that exceeds the positional error in the imagery. In the future, the surveys could be set up to correspond with more traditional times of data collection at the snow maximum and minimum. However, our goal was to test the methodology in reference to the Nooksack Tribe’s discharge data, which is collected through the late summer season.
CONCLUSION
The development and application of UAV research to cryosphere science is creating new opportunities for increased spatial and temporal monitoring of glacier mass balance and surface properties. Many areas of the cryosphere are changing so rapidly that frequent temporal revisit is necessary to document and understand them (Rossini et al., 2018). The increasing affordability of UAVs provides a distinct advantage over satellite remote sensing and traditional field surveys by allowing researchers to exert greater control over the collected data without being limited by the availability and affordability of satellite data or the manual labor required for field campaigns.
With the addition of a multispectral camera mounted on the UAV there is great potential to connect the observed rates of snowmelt to the influence of light absorbing impurities. In particular, there is great interest to connect the spectral properties of snow algae to the measured snow melt in sensitive ecosystems (Khan et al., 2021). Additionally, there is potential to collect albedo measurements of glacier surfaces at unprecedented spatial resolution and over previously inaccessible glacier areas by mounting upwelling and downwelling solar radiation sensors on the UAV (Ryan et al., 2017).
The approach presented in this study could also be used to assess the impacts of short but intense warming events on snow and ice melt, such as the 2021 Pacific Northwest heatwaves. The ability to assess snow and ice ablation in small alpine glaciers is of great importance to downstream communities, such as the Nooksack Indian Tribe. The Tribe seeks to understand the magnitude and timing of the influx of glacier melt into the Nooksack River so that they can better protect their essential salmon populations. With this study we have demonstrated the feasibility of using the UAV in the North Cascades region to assess glacier ablation and the addition of UAV data to the Tribe’s established dataset could substantially enhance the overall understanding of the glacier’s health. By surveying with the UAV at the snow maximum and minimum we can obtain robust mass balance measurements while also capturing any influence of light absorbing impurities that will influence the glacier’s long-term stability and, therefore, the Tribe’s ability to harvest salmon. With this paper, we provide a baseline for future glacier monitoring and the potential to connect the snow surface properties with the rate of snow melt into a warming future.
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