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The southern Beaufort coastline in Canada experiences significant storm surge events that are thought to play an important role in coastal erosion and influence permafrost dynamics. Unfortunately, many of these events have not been documented with tide gauge records. In this paper, we evaluate coastal driftwood accumulations as a proxy for estimating maximum storm surge heights and the history of these events. We use historical air photos and data derived from Unoccupied Aerial Vehicle (UAV) imagery to resurvey four coastal stranded driftwood study sites that were first appraised in 1985–86 and assess two new regional sites in the Mackenzie Delta. Maximum storm surge heights were found to be similar to observations carried out in the 1980s, however, we refine the elevations with more accuracy and reference these to a vertical datum appropriate for incorporating into sea level hazard assessments. Detailed mapping, historical air photo comparisons and the UAV acquired imagery at a site close to Tuktoyaktuk demonstrate that the highest storm surge at this site (1.98 m CGVD2013) occurred in association with a severe storm in 1970. This event shifted driftwood and floated material slightly upslope from an older event thought to occur in 1944 that reached 1.85 m (CGVD2013) elevation. The quality and accuracy of the high-resolution Digital Surface Model (DSM) and orthophoto derived from Structure from Motion (SfM) processing of the UAV photographs allowed mapping of four distinct stratigraphic units within the driftwood piles. Based on variations in anthropogenic debris composition, weathering characteristics and history of movement on aerial photographs, we conclude that no storm surge events at Tuktoyaktuk have exceeded ∼1.3 m (CGVD2013) since 1970. While there has been some speculation that ongoing climate change may lead to more frequent large magnitude storm surges along the Beaufort coast, our study and available tide gauge measurements, suggest that while moderate elevation storm surges may be more frequent in the past several decades, they have not approached the magnitude of the 1970 event.
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INTRODUCTION
As recognized in many papers in this special issue on dynamic coastal permafrost systems, the effects of storm surges and associated thermomechanical degradation of ice bonded permafrost are critical processes affecting coastal erosion in the Arctic (i.e., Lim et al., 2020; Thomas et al., 2020). Storm surges can generate elevated water levels that can reach the base of eroding coastal bluffs and they are often associated with storms which can create enhanced wave action. As a result, deep erosional niches can form in cliff sections, creating mechanical instability that can induce subsequent cliff failure and accelerate permafrost degradation (Henry and Heaps, 1976; Dallimore et al., 1996; Kobayashi et al., 1999). Wave action associated with storm surges can also cause nearshore erosion, and flooding caused by storm surges can be a geohazard as well as an environmental concern.
In the past 30 years, the Beaufort coast has experienced warming air and water temperatures (Screen and Simmonds, 2010; Cohen et al., 2014; Graham et al., 2017), and longer and more extensive ice-free conditions (Serreze et al., 2007; Comiso et al., 2008; Overeem et al., 2011; Meredith et al., 2019). These conditions result in more extensive and longer open water conditions that can enable an increased frequency and severity of storm surges (Manson and Solomon, 2007; Vermaire et al., 2013; Greenan et al., 2018). However, time series assessments of storm surges in the Arctic based on instrument records are limited. For instance, there is only one long-standing tide station along the Canadian Beaufort coast and it has significant gaps in its recording period (Shaw et al., 1998; Manson and Solomon, 2007).
The objective of this paper is to examine historical storm surge heights based on indirect estimates of stranded driftwood elevations at sites along the southern Beaufort coast in Canada. To determine elevations of the driftwood, we use modern surveying techniques based on imagery taken from an Unoccupied Aerial Vehicle (UAV) that are processed using Structure from Motion (SfM) photogrammetry techniques, complimented with high precision Real Time Kinematic Global Navigation Satellite System (RTK-GNSS) surveys. Storm surge heights are determined by mapping the uppermost elevation of wood within debris lines and driftwood piles and referencing these heights to a geodetic vertical datum. To validate that driftwood positions are a reliable indicator of water levels during storm surge events, the heights of mobilized wood are compared with tide gauge measurements before and after recent storm surge events. Given concerns that storm surges may be higher in the present climate regime than in the past, historical air photos are also appraised to investigate if the highest debris was emplaced by surge events from the past or in association with more recent events. We further investigate if these heights exceed determinations based on similar field studies done in 1985 and 1986 (Harper et al., 1988). Finally, we assess the utility of radiocarbon dating as a basis to document the age of a highly weathered driftwood line that was found partially embedded in the tundra canopy.
BACKGROUND
The coast of the Canadian Beaufort, in the vicinity of the Tuktoyaktuk Coastlands (Tuktoyaktuk Peninsula, Richards Island and the Mackenzie Delta) typically has a very shallow offshore gradient with complex coastlines with eroding headland areas, lagoons and embayments (Figure 1). This ice-rich lowland area has experienced rising sea-levels since glacial times (Hill et al., 1985) with current estimates of relative sea-level rise based on tide gauge measurements at Tuktoyaktuk varying from 2.5 mm per year (Greenan et al., 2018) to 2.75 mm per year [National Oceanic and Atmospheric Administration (NOAA), 2021]. Glacial isostatic adjustment makes up a portion of this change with estimates of approximately 1 mm per year of subsidence (James et al., 2014). Unfortunately, the short and intermittent instrument record does not provide for high certainty in either value. In general, the southern Beaufort coast is prone to storm surges that are typically generated from storms with wind directions from the north and northwest (Henry and Heaps, 1976; Hill et al., 1991; Manson and Solomon, 2007; Kokelj et al., 2012). Some researchers highlight that climate change is leading to an increase in sea-level, decreased seasonal sea ice extent, and allude to a possible increase in the frequency and severity of storms producing storm surges (Manson and Solomon, 2007; Vermaire et al., 2013; Greenan et al., 2018).
[image: Figure 1]FIGURE 1 | Map showing the location of study sites. Elevations of the upper driftwood found at each site by Harper et al. (1988) are written in gray and those by this study in black. All elevations are reported in meters and in reference to the CGVD2013 vertical datum. The inset graph indicates the elevations and total accumulated error bars in measurements from this study at each site (dark boxes) alongside Harper et al. (1988) estimated total error of 0.38 m in surge elevations (lighter grey boxes).
Coastal areas in this region are dominated by unconsolidated ice-rich permafrost that can be susceptible to periods of rapid erosion during storm surges (Dallimore et al., 1996; Kobayashi et al., 1999). Event driven erosion processes involve removal of the mantle of thawed sediment that typically forms in the early summer, exposing ice bonded permafrost in the cliff section. Wave action during storm surges can then form erosional niches that can be significantly elevated above mean sea level and reach up to 10 m back in the cliff section (Dallimore et al., 1996; Kobayashi et al., 1999). Mechanical failure of the overlying permafrost often occurs shortly after the niche formation causing rapid permafrost degradation and sediment transport to the beach area. Episodic erosional events contribute to shoreline recession, at times exceeding 10 m in a single year, or more than four orders of magnitude greater than the long-term annual average (Dallimore et al., 1996). The eroded material can result in high flux rates of organic carbon and nutrients that may result in increased greenhouse gas release to the sea and atmosphere (Fritz et al., 2017; Couture et al., 2018; Lapham et al., 2020).
Storm surges are also important as they influence a number of environmental processes. Due to the low-lying nature of the terrain along the Beaufort coast, storm surges can flood saline waters in low elevation coastal lakes and on flat lying terrestrial areas. The emplacement of saline water can result in die off of the tundra vegetation and change the aquatic and soil geochemistry (Hill et al., 2001; Emmerton et al., 2008; Pisaric et al., 2011; Lapka, 2013; Lantz et al., 2015). Storm surges have impacted large areas in the past 30 years with inundation events in the Mackenzie Delta extending up to 30 km inland (Lapka, 2013). Consequently, the terrestrial ecosystem may get significantly affected (Lantz et al., 2015). Substantial decreases in moose and waterfowl numbers have been observed by the Inuvialuit who live along the coast, impacting subsistence hunting and their traditional use of the land (Kokelj et al., 2012). However, some researchers have highlighted that in some settings, storm surges can also generate beneficial ecosystem responses (for example, Murphy et al., 2021 and references within).
Storm surges additionally pose a risk to low lying coastal settlements as they can damage infrastructure and valued cultural/archaeological sites as well as pose a hazard to residents (Reimnitz and Maurer, 1978; Kokelj et al., 2012; O’Rourke, 2017; Irrgang et al., 2019). The Hamlet of Tuktoyaktuk is particularly vulnerable (Henry, 1984; Couture et al., 2002; Forbes et al., 2005; Andrachuk and Smit, 2012), however, inland communities in the Mackenzie Delta (Akalvik, Inuvik, Tsiigehtchic) have also observed changes in water levels and saline conditions during storm surge events (Marsh and Schmidt, 1993; Kokelj et al., 2012). Storm surge hazard assessments for communities and infrastructure along the coast typically involve model simulation of the flooding extent and depth, using high resolution Digital Elevation Models (DEMs) such as those rendered by LiDAR surveys (Annis et al., 2020; Forbes et al., 2005 and, 2013; Hopkinson et al., 2011; Whalen et al., 2009). It is important to note, however, that in order to achieve reliable modeling results, accurate knowledge of past storm surge heights is needed as well as the historical frequency of these events. Strategies to protect coastal communities from flooding and enhanced erosion during storm surge events can include shore protection infrastructure as well as nature-based, non-structural countermeasures (Shah, 1982; Kavik-Axys Inc., 2010; Carter and Smith, 2011; Bridges et al., 2013; Lantuit et al., 2013; Liew et al., 2020).
Previous Field Observations of Storm Surges on the Southern Beaufort Coast
The earliest written observations of the height of a notable storm surge along the southern Beaufort coast were made in 1944 by residents living along the coast (Reimnitz and Maurer, 1978; Harper et al., 1988). Captain Larsen, of the RCMP vessel St. Roch, also arrived in Tuktoyaktuk harbor at the start of the storm on September 7, 1944 after returning from the first west to east navigation of the Northwest Passage (Larsen, 1948). Captain Larsen mentions the physical effects of storm surge erosion highlighting that “huge chunks of soil had been torn from the banks of the island, revealing old blue ice”. While there was some discrepancy between observers regarding the height of the storm surge, most estimates agree with Larsen, suggesting that this event may have reached 3 m above mean sea level along the Canadian and also parts of the Alaskan Beaufort coast (Reimnitz and Maurer, 1978). Of note, the 3.0 m storm surge elevation value is used in hazard assessments for this coastal area (GNWT Department of Municipal and Community Affairs, 2014). Anecdotal accounts also confirm that another major storm surge event reaching a similar estimated height, occurred between September 13 and 16, 1970. Despite the fact that the Canadian Hydrographic Service (CHS) had established a tide station in Tuktoyaktuk in 1961, the station was not operational during this storm. As a consequence, no definitive measurement could be made of its elevation. Indeed, the intermittent operation of the tide gauge at Tuktoyaktuk is problematic in terms of assessing storm surge events in along the southern Beaufort coast. The station has not been occupied during several notable storms. For instance, no record is available of a significant storm surge that occurred between September 24–26, 1999 with widespread flooding of the outer Mackenzie Delta (Pisaric et al., 2011; Kokelj et al., 2012; Lapka, 2013; Lantz et al., 2015). Table 1 shows the highest recorded storm surges at the Tuktoyaktuk tide gauge (Station 6485); the highest of which was measured at 2.23 m (Chart Datum (CD)) on October 4th, 1963. During 2018 and 2019, four separate events had observed elevations between 1.9 and 1.97 m (CD).
TABLE 1 | Highest water levels recorded at the Tuktoyaktuk tide gauge (Station 6485) between November 1, 1961 to December 31, 2020.
[image: Table 1]Recognizing the inadequacies of the instrument record, past research efforts (Forbes and Frobel, 1985; Harper et al., 1988; Reimnitz and Maurer, 1978; 1979) have assessed maximum storm events by examining indirect indicators of the surge elevation. This has included measuring the height of the driftwood debris which is common in the area. Despite an absence of trees along the coast, driftwood from the Mackenzie River drainage accumulates in coastal embayments and forms large driftwood debris piles, and at other locations continuous lines of floated debris. These driftwood piles form in different coastal settings with accumulations up to 9 ha in size (Figure 2). During storm surges, floating debris typically repositions itself within the piles and lines. In some instances, the lower portions of the debris are mobilized back into the water and subsequently moved to new locations.
[image: Figure 2]FIGURE 2 | Examples of large driftwood accumulations along the southern Beaufort coast: large pile (9 ha) at Canyanek Inlet (A), Two distinct driftwood lines with the highest elevation consisting of older woody debris partially buried within the soil and vegetation at Mason Bay (B) and an inland site in the Mackenzie Delta with wood transported over 9 km from the coast (C).
Reimnitz and Maurer (1978 and 1979) completed the first published surveys of driftwood accumulations as an indicator of storm surge heights along the Beaufort coast in Alaska. They conducted airborne surveys of numerous driftwood lines and measured their elevations using traditional rod and level surveying techniques. As inferred for the Canadian coast, the highest debris were thought to have been deposited during the 1970 storm surge event. However, older rotting logs underneath the fresh logs at similar elevations appeared to have been emplaced by earlier events. Driftwood elevations were recorded to be 1.4–3.4 m above mean sea level (MSL) with a high variability depending on the coastal position. The maximum driftwood elevation of 3.4 m was only noted at one site.
In 1984, Forbes and Frobel (1985) examined driftwood accumulation sites along the Yukon and Northwest Territories coast with maximum wood debris height surveys conducted using rod and level surveying. The highest elevation from these surveys was recorded at Komakuk Beach (3.7 m MSL). However, it was noted that this measurement could have been influenced by possible wave run up or ice push. Near Tuktoyaktuk in a sheltered bay, a height was recorded at 2.4 m MSL (Forbes and Frobel, 1985).
More extensive work on mapping driftwood line locations and their heights was conducted in 1985 and 1986 (Harper et al., 1988). This research measured driftwood elevations at 24 locations in the Mackenzie Delta, Richards Island and the Tuktoyaktuk Peninsula. This work also used rod and level surveying to obtain measurements of heights relative to the tide height. The corresponding recorded tide heights measured at the Tuktoyaktuk tide gauge were used to adjust measured heights to MSL. The authors noted that the possible errors in their measurements could be 0.38 m, but they indicate were likely less than 0.1 m given that multiple sources of errors may be offsetting. As also observed by Forbes and Frobel (1985), a maximum storm surge elevation of 2.37 m above MSL was documented for the Tuktoyaktuk sites. This study did not ascertain if the 1970 storm was responsible for the highest driftwood elevation. The authors did note, however, that the upper floated driftwood was likely older than the 1944 event as these deposits contained no anthropogenic debris (i.e., processed lumber and plastics) and thus may have predated settlement in the area.
METHODS
Field Sites
In light of the effects of ongoing climate change along the coast, a major goal of the present study was to re-assess storm surge elevations examined by Harper et al. (1988) and Forbes and Frobel (1985) to determine if any significant changes had occurred since their surveys were conducted in the 1980s. We also sought to assess UAV surveying techniques and determine maximum storm surge elevations relative to an orthometric datum. Rather than revisiting all of the sites previously surveyed, we chose four representative sites (see Figure 1): Tuktoyaktuk Harbour, Mallik Bay, Mason Bay, and Canyanek Inlet. Wave run up and ice push can increase the uncertainty in using driftwood as a proxy for maximum water levels, thus we focused mainly on protected embayment sites where the effects of these processes would be mitigated. Sites chosen had mixed debris of various sizes (tree stems and twigs) and care was taken to avoid areas where material seemed unevenly displaced. All sites contained driftwood that was clearly viewable from air. The tundra vegetation cover at the sites was sufficiently sparse to ensure that elevation determinations were of the ground surface next to woody debris. Two additional sites were selected in the outer Mackenzie Delta in an effort to assess spatial variability. The locations of the study sites, one site inland and another in the outer Mackenzie Delta, are shown on Figure 1, with descriptions of each site provided in Table 2.
TABLE 2 | Summary of driftwood research sites reported on in this paper.
[image: Table 2]Unoccupied Aerial Vehicle and Structure from Motion Surveying
Recent developments in UAVs, miniaturization of sensors, photogrammetric techniques and robotic automation have allowed the collection of systematic, high resolution aerial photographs to be rendered into a single mosaiced aerial image and a Digital Surface Model (DSM). A DSM refers to data that represents the elevation of the Earth incorporating those features on it—including vegetation and/or buildings. These outputs contain finite details that make them appropriate for detailed flood mapping and assessments (Hashemi-Beni et al., 2018; Annis et al., 2020). In mostly sparsely vegetated environments, the accuracy of the DSM is similar to result obtained by LiDAR surveys, but often with greater spatial resolution (Hashemi-Beni et al., 2018; Annis et al., 2020). The Mackenzie Delta, in particular, has seen several studies that have demonstrated the application of SfM processing from UAV photographs including the monitoring of coastal erosion (Lim et al., 2020), thermokarst activity (Van der Sluijs et al., 2018) and vegetation change (Fraser et al., 2016).
UAV surveys were conducted between July 8th and 14th, 2019 with the exception of the site at the Tuktoyaktuk Harbor that was also surveyed on August 14, 2018 and July 30, 2019. At each surveyed site, a DJI Phantom 4 UAV was autonomously flown in a gridded or “lawnmower” pattern at a constant altitude. Flight planning and control was achieved using the app, Pix4D Capture. All survey sites had flights that were programed to be at 50 m altitude and with 75% overlap in photos in both the along and side track directions. Images were processed using Pix4D Mapper Pro 3.2.23 software. Additional GNSS information was incorporated into the processing to improve the absolute accuracy of the model using high contrast targets placed on the ground during the surveys. The positions of these ground control points (GCPs), were identified in the images and the recorded coordinates digitally assigned to these positions. The final SfM products were saved in GeoTIFF format in Universal Transverse Mercator (UTM) Zone 8N projection and with 3 cm spatial resolution.
Driftwood debris heights were derived by comparing the orthophotos and DSM to identify the highest floated woody debris, multiple pixels identified as the ground and not tundra vegetation were then queried to determine the ground elevation values next to the wood. At each site, the positions of five of the highest pieces of driftwood were used to derive an averaged value.
Global Navigation Satellite System Surveying
Although SfM processing produces high-resolution outputs, these surveys alone are not accurately referenced to an established datum. To tie heights to a vertical datum requires separate GNSS measurements from the UAV’s GNSS system. To achieve this, the locations of the GCPs were measured using RTK-GNSS surveying. During surveys, a Spectra Precision SP80 GNSS kit was used. Base station locations were recorded for a minimum of 1 hours and more than 15 days later, post processed using the Natural Resources Canada online Canadian Spatial Reference System-Precise Point Positioning (PPP) application (Natural Resources Canada, 2020) to derive a final solution. The vertical elevations were outputted using a Canadian Geodetic Vertical Datum of 2013 (CGVD2013) vertical datum, a NAD83 CSRS reference frame and a 2010 Epoch. RTK rover measurements were all taken for a minimum of 2 minutes at a sampling rate of once every second. The recorded positions were only retained if the 2 min measurements showed a standard deviation of 3 cm or better in vertical values.
The GCPs measurements, in addition to being used to position the SfM model, were used to assess the quality of the accuracy of the models. Five to eleven GCPs were used in each survey as this number is considered robust enough to derive acceptable accuracy (Coveney and Roberts, 2017). Placement of the GCPs was focused on ensuring that at least one was placed at the minimum elevation (next to the water) and the maximum elevation of the survey area. The remaining GCPs were distributed evenly in the outer extents of the survey area but in locations that were certain to provide full varying view geometries in the photos. All UAV surveys, when in close proximity to the ocean, had a GNSS measurement at the current water level to compare with the measurement of the tide gauge in Tuktoyaktuk.
Global Navigation Satellite System and Tide Gauge Offset
Harper et al. (1988) and Forbes and Frobel (1985) measured the height of logs within driftwood accumulations relative to chart datum and they then corrected these values to MSL by applying an offset. The use of MSL is in reference to a tide gauge station’s observed mean water level over several years at that location. Unfortunately, the measurements determined by the Tuktoyaktuk tide gauge are vulnerable to the possibility that the reference datum may have changed during its operation. In 1991, the station was decommissioned and remained mostly nonoperational until 2003. The holding benchmark, that helps to ensure consistency of the reference elevations, was also changed in 1996 and 2003. As a result, it is difficult to ascertain if the same datum has been used during the history of operation of the station (Permanent Service for Mean Sea Level (PSMSL), 2021). Another concern in regard to reference elevations is the realization that the sea surface elevation is affected by global variations in gravity and thereby varies spatially. This concern can be overcome by considering elevations using orthometric datum heights. Orthometric heights, are based on a geoid model, and were established to help deal with the fact that MSL is not a level surface. The orthometric and local reference of MSL, although close in height, are different depending on location. As a result, the MSL determinations by Harper et al. (1988) and Frobes and Forbel (1985) require a mathematical offset and ideally an empirical check to allow conversion to an orthometric height.
Particular attention in this study was made to determine the offset of the Tuktoyaktuk tide gauge measurement recorded in chart datum to the orthometric elevation determination—referenced as the CGVD2013 datum. This determination allows for previous research elevations to be converted to an orthometric datum and thereby avoid confusion regarding MSL. With the heights measured in reference to the CGVD2013 datum, the elevations can be used with remote sensed elevation data commonly recorded in orthometric heights to help plan and engineer coastal management activities to protect communities and infrastructure from flooding and erosion. These measurements also help to calibrate storm surge return period predictions (Kim et al., 2021).
Figure 3 displays how an offset of 0.497 m between the recorded MSL values determined in Harper et al. (1988) and Forbes and Forbel (1985) research and CGVD2013 were derived. The value for the chart datum to MSL difference (Zo) is noted in a Harper unpublished report that states “…elevations are with respect to mean sea level (MSL), which is 0.3 m above chart datum for the Tuktoyaktuk tide gauge” (Harper, 1985) rather than the currently recognized offset of 0.35 m (Permanent Service for Mean Sea Level (PSMSL) 2021). This difference is possibly accounted for by a rising sea-level (Greenan et al., 2018; National Oceanic and Atmospheric Administration, 2020). The following equation was used to establish the offset of measured MSL values and CGVD2013:
[image: image]
where HmsltoCGVD2013 is the height of the Mean Sea Level (MSL) found in literature in reference to CGVD2013, HCD is the height of chart datum relative to the M039008 benchmark, Zo is the height of MSL relative to chart datum, and HCGVD2013 is the height of the benchmark relative to the CGVD2013 datum.
[image: Figure 3]FIGURE 3 | The derivation of Mean Sea Level (MSL) found in Harper et al. (1988) referenced to CGVD2013 requires consideration of the height of the holding benchmark relative to the tide gauge chart datum and the CGVD2013 datum. Values shown are in meters and derived from the following sources: 1Natural Resources Canada 2021 (Accessed January 22, 2021), 2Permanent Service for Mean Sea Level (PSMSL) (Accessed January 22, 2021).
To assess if these calculations apply empirically, on July 9, 2019, a 17-min occupation of water level was taken directly at the CHS Tuktoyaktuk tide gauge station and within 15 m of the continuously tracking GNSS station (TUKT RACS-CHS-M039007). The GNSS receiver was setup using a tripod with its leg points supported with small sections of plywood to prevent any movement due to the gravel substrate. During the acquisition, winds were calm. The positional logging of the receiver measuring the water level was set to record at an interval of every second (1 Hz). The recordings of the water level receiver were then post-processed using the continuously tracking GNSS station as the reference station. This station ordinarily records its position in 1-hour intervals, however, during the days of the surveys, the station was arranged to record at every second (1 Hz). Results of this method showed a standard deviation of position less than 1 mm. After applying the offset equation given above, the measured CGVD2013 value yielded a GNSS measurement that was 2 cm less than the tide gauge measurement. Using these determinations at Tuktoyaktuk, rather than individual measurements at our other study sites, reduced concerns that might be caused by spatial variability in the offset between tide and GNSS datum, as well as wind, tide and geometric effects.
Verification of Structure from Motion Methodology Based on 2019 Storm Surge Event
To verify if driftwood heights are an accurate representation of water level, the Tuktoyaktuk harbor site was photographed before and after two of the four largest storm surges recorded at the Tuktoyaktuk tide station with a maximum elevation measuring 1.97 m (CD) (Table 1). Comparison of the SfM model surveyed on August 14, 2018 with a model surveyed on July 30, 2019 found that the highest driftwood debris that were mobilized after the surge events were displaced to an elevation approximately 4 cm lower than measured at the tide gauge. This is not unreasonable and expected as the smaller pieces of driftwood typically range in diameter from 5 to 12 cm and their draft when floated would ground them at an elevation lower than the water level. The difference in water and driftwood elevation was considered an acceptable verification of the methodology used in this study.
Evaluation of Historical Aerial Photos
Harper et al. (1988), found that high level driftwood accumulations at sheltered sites contained no man-made debris such as cut wood, or plastics. In fact, according to Harper’s unpublished report (Harper, 1985) on the fieldwork conducted in 1985, the highest driftwood at two of the protected sites were speculated to be older than 50 years. Fortunately, repeat aerial photography of the Tuktoyaktuk area has been regularly undertaken. To establish if the driftwood and debris at the Tuktoyaktuk site were mobilized to their current positions during the 1970 event, we evaluated air photos available from Natural Resources Canada’s National Air Photo Library (NAPL) taken before (1968: Roll A20919 Photo 0062 Scale: 1:6,000) and after the storm surge event (1972: Roll A22961 Photo 0133 Scale: 1:12,000). The images were georeferenced, to enable comparison, by finding eight identifiable features found in the UAV-SfM orthophoto mosaic. Spatial resolution of the georeferenced photos was 11 and 7 cm for 1968 and 1972, respectively.
RESULTS
Digital Surface Model Construction and Surface Properties
The SfM modelling produced high resolution and accurate data that were representative of the study sites providing DSM quality sufficient to accurately measure the maximum elevations of the ground next to the driftwood debris (Figures 4A,B). In comparison to historical vertical aerial photographs, the SfM orthophotos were of high fidelity with excellent colour, dynamic range and radiometric resolution (Figures 5, 6). This allowed assessment of colour change within the driftwood that were attributed to weathering effects of wood mobilized during different storm events. Individual tree stems, smaller branches, and floating debris could be discreetly identified, and their corresponding elevations accurately determined.
[image: Figure 4]FIGURE 4 | Examples of typical datasets used for analyses at driftwood study sites. Figures (A,B) were derived from 2018 drone surveys and SfM processing for the Tuktoyaktuk Harbor site. Figure A is an orthophoto and B is a Digital Surface Model (DSM). The color scale in elevation values in the DSM image range from 0 m (CGVD2013) in blue to 3.0 m in red. For comparison, panchromatic air photos from 1968 to 1972 (C,D) respectively are shown. The orange box in A displays the extent of Figure 5. The inset map in the bottom left corner shows the location of this driftwood accumulation in relationship to the Tuktoyaktuk harbor.
[image: Figure 5]FIGURE 5 | Air photos and orthophoto from (A) 1968, (B) 1972, and (C) 2018 of the upper most driftwood within the Tuktoyaktuk Harbor site show the displacement of wood before and after the 1970 storm surge. The dashed arrows, highlight how individualized pieces of wood can be tracked moving upward (down and right in image) through the driftwood accumulation and have remained in place in 2018. Areas of newly deposited driftwood are shown with the solid arrows in the 1972 image. The extent of these figures are marked as an orange box in Figure 4. Figure D displays the location of radiocarbon dating samples taken from the upper most driftwood. Marked locations correspond to samples shown in Table 4.
[image: Figure 6]FIGURE 6 | The layers of differing ages of wood and anthropogenic debris at the Tuktoyaktuk Harbor site are visible from the air. The youngest material fronts the pile (1), whereas the second portion consists of large amounts of lumber and plywood with limited amounts of plastic items (2). Above this is the third layer with homogenously similar weathered wood and contains the rare true dimensional lumber pieces (3 and upper right photo (B)). The upper most location consists of only sparsely distributed heavily weathered driftwood that is embedded into the tundra surface (4 and upper left photo (A)).
The accuracy of SfM modelled data is predominately controlled by the density of 3D points found through the process of matching identifiable features in the UAV images. Table 3 displays point density values for the different surveyed areas. Point density for most sites was high (>500/m2). Areas within the survey site containing ponded water and tall (∼2 m) or dense vegetation produced lower densities. These are features known to be difficult for the SfM processing to resolve. However, the driftwood itself, which was the target of our study, yielded high point densities. Survey sites that contained higher point densities in turn resulted in higher reported positional accuracy.
TABLE 3 | Reported results for each surveyed site.
[image: Table 3]The best modelled accuracy was found in the Mason and Mallik Bay survey sites, with greater than 1 cm vertical accuracy. Here the imagery was dominated by driftwood with short vegetation and bare ground. The Canyanek Inlet site, which had the lowest point density (234 points/m2), contained somewhat denser and relatively taller tundra vegetation than the other sites and therefore yielded a vertical SfM model accuracy of only 4 cm.
The largest source of potential error is caused by the occupation of a GNSS base station. Because of the remoteness of sites and the reliance on using a helicopter to get to sites, the amount of available time on the ground for occupying and recording the GNSS station was limited. Consequently, the standard deviation of the vertical measurements detailed in the PPP solution reports for each of the base stations varied from 4 to 6 cm. The exception is the measurement at Mason Bay where the shortest occupation time of just over an hour and poor satellite geometries resulted in a reported precision of 24 cm within 95% of the measured values.
To further confirm the accuracy of each of the SfM models, pixels in the orthophotos that were identified as the water’s edge were queried for the associated elevation from the DSM. The average of ten heights was noted. These values were then compared to the elevation recorded at the Tuktoyaktuk tide gauge during the time of the survey (corrected for the datum offset). This procedure allowed assessment of the model based on a reference to the tide gauge. The differences in these values are reported in Table 3. Differences do occur of up to 10 cm at Mason Bay but 3–5 cm elsewhere. These differences can be explained by the contributing errors associated with RTK-GNSS rover measurements and the base station PPP post processed recordings.
Driftwood Elevations
With the GNSS and tide gauge offset determined, the maximum driftwood elevation extracted from the SfM models at each site can be reported in orthometric CGVD2013 and compared with the MSL datum used in previous studies. These values can be seen in Figure 1 and Table 3. The driftwood elevations ranged between 1.24 and 2.34 m (CGVD2013) and differed from Harper’s elevations only between 4 and 10 cm. The inset graph in Figure 1 displays the total error from the various survey components in this study as compared to Harper’s estimated error of 0.38 for each site. Of importance to the Hamlet of Tuktoyaktuk, the elevation of the driftwood in the nearby sheltered harbor site was found to be 1.98 m (CGVD2013), 9 cm higher than Harper’s measurements after conversion from chart datum to CGVD2013. This difference and those of the other three surveyed locations likely reflects the natural variability of driftwood elevations and the difference in survey techniques between studies. The previously published values were derived by walking through the sites, identifying the upper limit floated debris, measuring up to seven positions, and averaging their heights. Given the low-lying nature of the area, identifying the highest driftwood is challenging, as the difference in heights is difficult to discern from the ground. The UAV derived models, on the other hand, afford desktop analysis of the entire site and the identification of woody debris that might have otherwise been missed or assumed to be lower in the field.
Comparison of the observed water level in the SfM data with the observed tide gauge value ranged from 1 to 10 cm. The largest difference occurred at Mason Bay likely due to our shorter (just over an hour) occupation and associated low reported precision of the GNSS base station. Combined accuracy from the SfM modelling and the RTK GNSS suggests that measurements derived from our data ranged (excluding Mason Bay) between 2 and 9 cm depending on site location.
Radiocarbon Dating
As observed by earlier researchers, we also found that the highest-level wood debris visibly appeared to be quite old as it was fragile from weathering processes and in some cases partly embedded into the tundra soil and vegetation. This debris, despite its condition, was intact and easily recognized to consist of tree stems and branches. No cut lumber or manufactured debris was found. To assist in the interpretation of the age of this debris, seven samples of wood material were collected from the accumulation pile at the Tuktoyaktuk Harbor survey site in 2019 and submitted for radiocarbon dating. All samples were collected from the visibly oldest driftwood selected from areas within 0.15 m vertically of the highest elevation debris line found in a DSM produced from the 2018 UAV-SfM survey. The location of each sample was recorded using the RTK-GNSS system. Samples consisted of cut sections producing tree stem/branch “cookies” of 5–10 cm diameter. Dating of the outermost portion of the driftwood was performed at the A.E. Lalonde AMS Laboratory (University of Ottawa) with calibration accomplished using the program OxCal v4.3 (Ramsey, 2009) and the IntCal13 calibration curve (Reimer et al., 2013).
The results of the radiocarbon dating of the samples taken at the locations shown in Figure 5D are in Table 4. As is typically found in organic samples dated since the Industrial Revolution, large error bars were assigned to the calibrated age determinations (ie. +/- 210–257 years). However, the minimum age determinations for the driftwood ranged from 1915 to 1938 (cal AD). It should be noted that these age determinations are for when the trees that these wood pieces were derived from died, rather than the date of a particular storm surge. It is well known that floated wood accumulating in coastal driftwood accumulations has long transit times from its source to where it is emplaced along the Beaufort coast (Eggertsson, 1994; Sander et al., 2021).
TABLE 4 | Radiocarbon sample dating results of the tree stem/branch “cookies” taken at the Tuktoyaktuk Harbor site. The locations of the numbered samples can be found in Figure 5D. Reported dates in the table are from the A.E. Lalonde AMS laboratory analysis report.
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Regional Variability
Maximum driftwood elevations for the four study sites that were co-located with the Harper et al. (1988) study were all within 10 cm of their determined elevations (see Table 2) attesting to the rigor of their field surveying. The highest driftwood elevations were found at Mallik Bay (2.47 m CGVD2013) and Tuktoyaktuk (1.98 m CGVD2013). However, since the Mallik Bay site has a westerly fetch of ∼4.5 km, it may have experienced storm wave action that somewhat elevated the wood debris positions. Conversely, the Tuktoyaktuk site is sheltered behind Tuktoyaktuk island and within an isolated bay (see inset map in Figure 4). Each of the resurveyed sites contained visual layering of different aged driftwood that changed in character with elevation. As shown on the oblique photo in Figure 6, the stratified appearance of the driftwood was evident both from the air and on the ground. The layering was mapped in detail at the Tuktoyaktuk site where the youngest layer close to the water (0–0.5 m CGVD2013) consisted mainly of tree stems, twigs, and branches, with embedded plastics, lumber and other manufactured debris throughout. The wood debris was very fresh looking and had not experienced significant weathering. The next layer (∼0.5–1.1 m CGVD2013) contained weathered driftwood with significant amounts of lumber and plywood, but much less plastic debris. Wood in this layer was stacked on top of one another deeper than that of the entire accumulation. The third recognizable layer (∼1.1–1.3 m CGVD2013) consisted of smaller wood debris that was notably more weathered (grey color with some decomposition on the surface of wood debris). Manufactured debris in this layer was notably sparser and consisted solely of sawn logs and cut lumber of true dimensions (see Figure 6) which we assume pre-date ∼1969 when lumber mills in western Canada reduced their cutting dimensions. The driftwood in the uppermost layer (∼1.3–1.98 m CGVD2013) was extensively weathered and contained no manufactured debris. Driftwood here was found partially buried in the tundra soil and often beginning to become overgrown with the low tundra vegetation (see Figure 6).
Further insights into the stratigraphy of driftwood developed by storm surges were revealed by comparing the August 2018 with the July 2019 orthophotos. Between these dates, three significant storm surges were recorded at the Tuktoyaktuk tide gauge varying from 1.10 to 1.17 m (CGVD2013) (see Table 1). Mobilized wood within the accumulations changed position consistent with the layered stratigraphy. The two lowermost layers from 0 to 0.1 m were extensively modified. The lowest elevation driftwood (<∼0.8 m) was completely removed and the remaining upper portion of this layer extensively reoriented. The next stratigraphic later from 1.1 to 1.3 m (CGVD2013) elevation was only partly modified with the mainly small shifts in positions laterally and upward in elevation. No change was detected in the wood debris above 1.3 m (CGVD2013) elevation nor in the positions of wood in the uppermost layer from the 1972 aerial photos to present. The larger diameter driftwood above the 1.3 m (CGVD2013) mark may be stabilized by their partial emplacement in the sediment and/or surrounding low tundra vegetation consisting largely of grasses (see Figure 6), however, no observations were made of either emplaced pieces of wood debris to have moved or new wood deposited above this elevation. This stratigraphic approach to evaluating the driftwood accumulations seems to be consistent with the summary of historical storm surge elevations measured on the tide gauge at Tuktoyaktuk. While the recording interval of the Tuktoyaktuk tide gauge is intermittent, the largest recorded storm events since 1970 have not exceeded 1.3 m (CGVD2013). The general conclusion from both the stratigraphic studies and the historical record is therefore that modest magnitude storm surges reaching this elevation are arguably more frequent in the present climate and sea ice regime along the southern Canadian Beaufort coast, but higher magnitude events have not occurred since 1970. This does not preclude that more frequent and severe storm surges may be more likely in the future as suggested by some authors (Manson and Solomon, 2007; Kokelj et al., 2012; Vermaire et al., 2013; Greenan et al., 2018). However, it does highlight the importance of continuing and even expanding tide gauge and weather observations as a basis to improve the instrument record. Future projections of storm frequency and intensities are based on historical observational data for which the Arctic is limited both temporarily and spatially. This lack of available data reduces the confidence in extreme high-water event occurrence predictions (Greenan et al., 2018).
The two Mackenzie Delta driftwood accumulations that had not been previously studied, had a different character than the sites described above. While recent storm surge hindcast modeling by Kim et al. (2021) suggested that a storm surge would produce water levels 1 m higher in this region as compared to surge heights in Tuktoyaktuk, we found that the driftwood elevations were lower for the inland site (1.35 m CGVD2013) and higher for the outer Delta site (2.25 m CGVD2013). While nearby Shallow Bay may experience more intense storm surges because of the orientation of the embayment relative to the storm winds from the northwest, the height of the driftwood levels inland away from the open ocean is much diminished. Given the proximity of these sites to channels of the Mackenzie River, there is potential that driftwood accumulations could have been influenced by high water levels during the freshet which can cause extensive flooding in the outer delta area (Yang et al., 2015). As the woody debris on the flanks of the inland pingo site had a discernable stratigraphy and was at a higher elevation on the northwest side versus the southeast side, this seems consistent with storm surge inundation from the northwest rather than the effects from the freshet. However, the inland driftwood site (site 5 on Figure 1) contained abundant manufactured debris of various ages and no discernible stratigraphy within the driftwood. While the orientation of the driftwood accumulations also suggested emplacement by storm surge influence from the northwest, the mixed debris and lack of stratigraphy may indicate some mobilization and reworking of the debris pile by flooding during the freshet. Of note however, if the accumulation resulted from a storm surge, overland flooding may have extended approximately 50 km overland.
The discussion above highlights some of the challenges of estimating storm surge elevations based upon displaced wood debris heights and concerns that secondary movement subsequent to the storm surge emplacement may have occurred. We concur with others who have noted that it is important to carefully consider the unique coastal setting of each site including the potential for wave run-up and ice push, human activity, seasonal river flooding, the abundance and character of driftwood (buoyance and draft), as well as the distance the debris has travelled (Reimnitz and Maurer, 1979; Harper et al., 1988). However, it is reassuring that Kim et al. (2021) note that there is general agreement in the driftwood elevation measurements taken by Harper et al. (1988) and their hindcast modelling of a storm surge event that occurred on August 23, 1986 in the Mackenzie Delta and Beaufort coast.
Interpretation of Extreme Storm Surge Events at Tuktoyaktuk
One important practical goal of this study was to provide accurate information on the elevation and the return period of large magnitude storm surges pertinent to assessing storm geohazards in the Hamlet of Tuktoyaktuk. This small, low-lying community has experienced prolonged coastal erosion and periodic flooding during storm surges throughout its history. As mentioned previously, many researchers have highlighted that recent climate change is likely to cause increased magnitude and frequency of these storm surges (Manson and Solomon, 2007; Kokelj et al., 2012; Vermaire et al., 2013; Greenan et al., 2018). Current estimates of sea-level rise at Tuktoyaktuk vary between 2.5 and 2.75 mm per year (Greenan et al., 2018; National Oceanic and Atmospheric Administration, 2020) which would suggest an increased risk of higher elevation storm surges over time.
We found that the highest driftwood at the Tuktoyaktuk Harbor site, and each of the sites co-located with the Harper et al. (1988) sites, was very old with weathered but intact wood, and partially embedded in the tundra. This wood, although weathered, was still identifiable as natural and having not been milled or altered with an axe or saw. Harper et al. (1988) was not able to constrain the age of the event that emplaced these pieces of wood, suggesting that the highest-level wood debris could be due to the 1970 or possibly the 1944 storm surge. We assessed aerial photographs from 1968 to 1972 to consider the timing. As shown in Figures 4, 5, comparison of the geo-referenced photos and the 2018 DSM confirmed that the wood at the highest elevation 1.85 m (CGVD2013) was present in 1968 (see Figure 4C). At least one storm surge prior to this date had reached this elevation. However, it is apparent in the 1972 aerial photograph (Figures 4D; Figure 5C) that some of this driftwood was re-oriented and moved 8 m further upslope with an associated vertical movement up to 13 cm in elevation. We can also confirm that the age of the upper debris is not necessarily indicative of the age of the surge. The 1970 event simply floated and raised the highest-level wood that was long in place before it was mobilized to their post surge positions. We therefore attribute the reported storm surge in 1970, which reached 1.98 m (CGVD2013), as the highest elevation storm surge recorded in the driftwood debris in this area.
As no suitable aerial photographs prior to 1968 were available to document the older storm surge, we sampled seven representative driftwood pieces to attempt to constrain the ages of the high elevation driftwood using radiocarbon dating (as summarized in Table 4). Interpretation of the dating results is problematic because the young age of the organic carbon yields large error bars in the AMS dating method. However, it is clear that the wood is indeed old with upper bounds of the calibrated ages all being older than 1938. Using this date as the minimum age of the wood and given that the resident time of the floating driftwood before they were deposited in the driftwood accumulation could be significant (see references and discussion within Murphy et al., 2021), we conclude that it is likely, that the emplaced driftwood at 1.85 m (CGVD2013) was moved to their positions in the 1968 air photo by the 1944 storm surge reported by residents and Captain Larsen. However, the elevation was substantially less than the reported ∼3 m elevation estimates made at the time. The 1970 storm surge then moved these already deposited driftwood pieces into their present locations. In summary, over the past 75 years there have been only two historical storm surges that reached ∼2 m (CGVD2013) elevation and both of these occurred before 1971.
Another consideration that motivated this study was the possibility that the highest driftwood found within the accumulations along the Beaufort coast may have been emplaced by other extreme high-water events. Considering that the area is within an active seismic setting, Leonard et al. (2012) speculated that there is potential for large tsunamigenic earthquakes along the southern Beaufort coast. Empirical modelling by Leonard et al. (2014), found that a large thrust earthquake (Mw 8.4), could result in a tsunami run-up of ≥3 m along the coast of the Tuktoyaktuk Peninsula. In addition, recent marine geology and multibeam studies have also shown that the upper slope of the Beaufort Sea, ∼120 km north of Tuktoyaktuk, is a site where numerous large submarine mass failures have occurred in the past (Mosher, 2009; Cameron and King, 2019; Paull et al., 2021; Riedel et al., 2021). Some of these events appear to be within the last 1,000 years (Cameron and King, 2019; Paull et al., 2021) and potentially of sufficient size to trigger a tsunami.
As discussed above, the air photos before and after the 1970 storm surge allow definitive determination that the highest driftwood occurrences at the Tuktoyaktuk harbor site were deposited by a 1970 storm surge and that the older driftwood at a similar elevation most likely was emplaced from a storm surge in 1944. Both the 1970 and 1944 events were coincident with storms, with no observed ground shaking from an earthquake. However, given the observed wood decomposition and incorporation within the tundra cover (see difference between Figures 5B,C), it is plausible that earlier events could be recorded with woody debris that are now buried. An observation along the Beaufort coast in Alaska (Reimnitz and Maurer, 1979) of woody debris estimated to be 70–200 years old found at an elevation 1–2 m above the 1970 storm surge driftwood debris support this possibility.
CONCLUSION
In this study, we use UAV and SfM methods to revisit four coastal driftwood accumulation study sites that were first appraised in 1985–86 by Harper et al. (1988) and add two new sites in the Mackenzie Delta to consider if extreme storm surge magnitudes along the southern Beaufort coast are more substantive in today’s climate setting than in the past. This assessment provides a basis for the determination of the height and return period for maximum storm surge events and also assessment of the stratigraphic record preserved from more recent moderate elevation storm surges. We establish the elevations in a vertical datum (CGVD2013) that is relevant for modern hazard assessment in the Tuktoyaktuk and Mackenzie Delta area.
Maximum driftwood elevations showed spatial variability across surveyed sites. The site nearest the community of Tuktoyaktuk measured a maximum elevation of 1.98 m (CGVD2013). At this same site, UAV/SfM observations before and after recent storm events (between August 2018 to July 2019) discern four distinct stratigraphic units of different debris composition and weathering characteristics within the driftwood (0–0.5 m; 0.5–1.1 m; 1.1–1.3 m; 1.3–1.98 m CGVD2013). Air photos, taken shortly before and after the storm surge in 1970, confirm that the existing upper driftwood was mobilized and set in its current positions by this event. However, this event mobilized driftwood that was already in place at 1.85 m. Based on a 1938 minimum radiocarbon age determined on wood sampled from this elevation, we conclude that this previous event may have been associated with a 1944 storm surge, which was previously reported on from anecdotal observations.
No storm surges of a magnitude approaching that of the 1944 and 1970 events have occurred to 2021. Tide gauge records and our stratigraphic studies of driftwood debris indicate that more frequent, moderate elevation storm surges that reach elevations of ∼1.3 m (CGVD2013) have prevailed in the last decade as compared to those recorded in past decades.
This research demonstrates the utility of the SfM/UAV method for high resolution and accurate determinations of ground surface elevations associated with debris grounded by historical storm surges. While our study was in the local Mackenzie Delta area, the widespread occurrence of ground debris along the Yukon and Alaskan coast offers the opportunity to extend this technique to the surrounding region or to document the regional variability in storm surge elevations after a future event. While the SfM/UAV technique is gaining widespread use in the geosciences, our experience suggests that this technique may be appropriate for wide range of periglacial process studies. We presently are assessing the utility of the SfM/UAV method for permafrost subsidence, uplift, and creep studies. In terms of coastal risk assessment, our work demonstrates the importance of continuous long-term tide gauge and GNSS monitoring as a basis for understanding the frequency and magnitude of future storm surge events. Given the importance of these events and their regional variability, a distributed monitoring network along the Canadian and Alaskan Beaufort coast would be highly valued.
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Coastal setting

Large driftwood accumulation in
sheltered embayment on east side of
Tuktoyaktuk Harbour. Thought to be the
site best suited to assess local storm
surge history as it affects the community
just 3 km to the west. Higher fideity
historical air photos are available for
comparing field observations with
historical surges
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driftwood. Atjust over 8 hain size, itis the
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et al. (2021) and measured values
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