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The formation and expansion of Himalayan glacial lakes has implications for glacier dynamics, mass balance and glacial lake outburst floods (GLOFs). Subaerial and subaqueous calving is an important component of glacier mass loss but they have been difficult to track due to spatiotemporal resolution limitations in remote sensing data and few field observations. In this study, we used near-daily 3 m resolution PlanetScope imagery in conjunction with an uncrewed aerial vehicle (UAV) survey to quantify calving events and derive an empirical area–volume relationship to estimate calved glacier volume from planimetric iceberg areas. A calving event at Thulagi Glacier in 2017 was observed by satellite from before and during the event to nearly complete melting of the icebergs, and was observed in situ midway through the melting period, thus giving insights into the melting processes. In situ measurements of Thulagi Lake’s surface and water column indicate that daytime sunlight absorption heats mainly just the top metre of water, but this heat is efficiently mixed downwards through the top tens of metres due to forced convection by wind-blown icebergs; this heat then is retained by the lake and is available to melt the icebergs. Using satellite data, we assess seasonal glacier velocities, lake thermal regime and glacier surface elevation change for Thulagi, Lower Barun and Lhotse Shar glaciers and their associated lakes. The data reveal widely varying trends, likely signifying divergent future evolution. Glacier velocities derived from 1960/70s declassified Corona satellite imagery revealed evidence of glacier deceleration for Thulagi and Lhotse Shar glaciers, but acceleration at Lower Barun Glacier following lake development. We used published modelled ice thickness data to show that upon reaching their maximum extents, Imja, Lower Barun and Thulagi lakes will contain, respectively, about 90 × 106, 62 × 106 and 5 × 106 m3 of additional water compared to their 2018 volumes. Understanding lake–glacier interactions is essential to predict future glacier mass loss, lake formation and associated hazards.
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INTRODUCTION

Many ice-contact proglacial and supraglacial lakes are expanding across the central and eastern Himalaya in response to prevailing negative glacier mass balance conditions (Bolch et al., 2012; Brun et al., 2017a; Nie et al., 2017; Song et al., 2017). Proglacial lakes can form when supraglacial ponds begin to coalesce on low-gradient debris-covered glacier termini (Reynolds, 2000; Quincey et al., 2007; Benn et al., 2012). An enlarged supraglacial lake can initiate rapid calving retreat at ice cliffs (Sakai et al., 2009), expand across the width of the glacier and melt through to the glacier bed. This process can isolate the debris-covered glacier terminus, which typically remains as a stagnant (non-flowing) ice-cored moraine dam. The ice-cored moraine normally melts slowly due to the insulating debris cover (Pickard, 1983; Richardson and Reynolds, 2000b). Calving retreat of the active glacier on the up-valley side of the lake then may lead to lake expansion, until the valley floor intersects the lake level (Chinn et al., 2014), at which time the glacier physically detaches from the lake (Warren, 1991; Kirkbride, 1993; Sakai et al., 2009; Somos-Valenzuela et al., 2014; Haritashya et al., 2018). An ice-cored moraine of such a lake can erode thermally, thereby lowering and shrinking the lake. While the ice-cored moraine dam is in substantial direct contact with the lake, the system is metastable and some can be so unstable that a glacial lake outburst flood (GLOF) may occur due to dam breakup or overtopping and rapid erosional incision (Richardson and Reynolds, 2000a; ICIMOD, 2011; Rounce et al., 2017). GLOFs have large socioeconomic impacts in many regions of the world, including the Himalaya (Carrivick and Tweed, 2016), and are expected to increase in frequency in coming decades (Harrison et al., 2018), although GLOF reporting bias complicates historical trend analysis (Veh et al., 2019). Nonetheless, the physics and consequence of glacier-lake thermal and physical interactions are important to document and understand.

The glacial lake calving regime responds to lakebed topography at the calving front; water temperature, depth, their seasonal fluctuations and circulation patterns; air temperature, solar insolation, glacier debris cover and melting and glacier velocity and ice thickness at the calving front (Kirkbride and Warren, 1997; Rohl, 2006; Benn et al., 2007; Sakai et al., 2009). Calving can become an important component of mass loss for glaciers terminating into proglacial lakes (Sakai et al., 2009; Carrivick and Tweed, 2013; Maurer et al., 2016) and can decouple glacier mass loss from climate forcing due to heat absorption by the lake (Bolch et al., 2012). Glaciers typically exhibit high rates of mass loss close to the glacier terminus due to direct melting and thinning at the lower elevations, but for non-calving debris-covered glaciers the maximum ablation rates are commonly shifted up-glacier due to the influence of the thickest insulating debris near the terminus (Reznichenko et al., 2010; Benn et al., 2012). When calving into a proglacial lake is involved, mass loss is shifted dramatically to the calving front (Bolch et al., 2011; Thakuri et al., 2016; King et al., 2018). However, rates of mass loss are spatially variable on both calving and non-calving glaciers due to variable debris thickness and the distribution of supraglacial ponds and ice cliffs (Nicholson and Benn, 2013; Immerzeel et al., 2014; Buri et al., 2016; Miles et al., 2017; Watson et al., 2017b), and variations in microclimate parameters, such as due to radiative and climatic orography (Heynen et al., 2016). Recently, it was shown that Himalayan glaciers connecting with larger proglacial lakes are shrinking more rapidly than glaciers lacking them (Maurer et al., 2019). That finding is consistent with limnological control of glacier dynamics adding to or sometimes exceeding climatic control (Haritashya et al., 2018), as first conceived for Tasman Glacier and its lake (Kirkbride and Warren, 1997), which evolved much as predicted by Kirkbride and Warren (Chinn et al., 2014).

Observations of calving and the presence of icebergs in Himalayan glacial lakes have received little attention due to infrequent satellite observations capable of resolving the icebergs and difficult field access. However, icebergs and ice rafted debris hinder glacial lake classification when misclassified as glacier or land (Strozzi et al., 2012). Deriving the volume of floating ice could be used to infer subaerial or subaqueous calved volume, the latter of which cannot be discerned by differencing digital elevation models (DEMs). Multitemporal DEMs were used to derive iceberg volume change and an empirical relationship between iceberg area and volume for Greenland icebergs, allowing volume to be estimated using only a satellite-derived iceberg area (Enderlin and Hamilton, 2014; Sulak et al., 2017). A similar approach could be valuable for assessing calving events at Himalayan glacial lakes. Additionally, satellite-derived water temperatures were used to discriminate the hydrological connectivity of Himalayan supraglacial lakes and the available energy to melt additional glacier ice during lake expansion or drainage (Wessels et al., 2002). However, the time series of satellite-derived thermal data from the ASTER and Landsat programmes has not yet been exploited to explore water temperatures and seasonal variation affecting the lake–glacier interface.

In this study, we used optical and thermal satellite data and field surveys to quantify calving, thermal regime and calving events at the proglacial Thulagi Lake in Nepal. We then compare Thulagi to two rapidly expanding proglacial lakes at higher altitude (Imja and Lower Barun) (Figure 1). Our objectives are to: (1) quantify the areal evolution of icebergs at Thulagi Lake following multiple calving events in 2017; (2) assess the utility of deriving area-volume relationships for icebergs using DEMs of their above-surface topography and (3) investigate the role of calving and lake thermal regimes on glacier dynamics and future lake expansion.
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FIGURE 1. Location of the study glaciers and lakes in Nepal. (A–C) Elevations and hillshades are from the AW3D30 DEM. Debris-covered extents are shown from Kraaijenbrink et al. (2017). The inset has a Natural Earth shaded relief background.




STUDY SITES AND METHODS


Study Sites

Thulagi, Lower Barun and Imja glacial lakes are located at altitudes of ∼4045, 4538 and 5005 m a.s.l., with maximum observed depths of 76 m (October 2017), 205 m (October 2015) and 150 m (October 2014), respectively (Table 1) (Haritashya et al., 2018). ICIMOD (2011) classified all three lakes as Category 1 high priority lakes for extensive field investigation and mapping due to their high potential GLOF hazard. Rounce et al. (2017) classified Thulagi and Imja lakes as moderate hazards due to the lack of avalanche trajectories that could enter the lakes, whereas Lower Barun was classified as a high hazard. Along the glacier centreline, Thulagi Lake expanded by 203 m (2008–2018) compared to 614 m for Lower Barun and 729 m for Imja (Haritashya et al., 2018). Imja Lake was reportedly lowered by 3 m in 2016 to reduce its hazard but a corresponding change in lake area was unclear (Lala et al., 2018).


TABLE 1. Lake characteristics.
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Thulagi Lake Field Surveys

An uncrewed aerial vehicle (UAV) survey was flown at Thulagi Lake on 27 October 2017 using a DJI Phantom 4 Pro + operated from the lake shore. The UAV collected still images every 2 s with an oblique viewing angle, which were processed following a structure from motion with multi-view stereo (hereafter SfM) workflow to generate topography and an orthophoto (e.g. James and Robson, 2012; Westoby et al., 2012; Smith et al., 2015) (section ‘Structure-From-Motion Model Generation and Iceberg Volume’). Ground control points (G) were collected around the lake on lateral moraines and stable ground in October 2018 using Emlid Reach RS L1 Global Navigation Satellite System (GNSS) receivers (Figure 1A). GCPs were collected on large boulders that were occupied with a receiver for approximately 10 min at each point. A second receiver was used as a temporary base station.

The vertical water temperature profile was measured at Thulagi Lake using six temperature sensors on a rope that were set to log with a 10-min interval (28–30 October 2017). The rope was suspended by buoys at the lake surface and anchored by a rock on the lakebed, and contained one sensor slightly submerged (a few centimetres deep) near the lake surface and at depths of 1, 2, 5, 10 and 55 m (on the lakebed). Except for the sensor on the lakebed, the sensors (TinyTag TGC-0020) were rated to 15 m maximum depth with a manufacturer stated accuracy of ∼0.5°C. The temperature sensor on the lakebed (TinyTag Aquatic 2) was rated to 500 m maximum depth with an accuracy of 0.5°C. Temperature sensor calibration in a controlled temperature environment (4.5°C) indicated a relative accuracy (precision) of ± 0.04°C. A HOBO Onset MX2001 (accuracy ± 0.44°C) was used to measure the water temperature at ∼1 m depth in the outlet of Thulagi Lake.

The downwelling panchromatic light intensity in the water column, integrated over nearly a hemisphere, was measured using a Li-Cor sensor down to about four metres depth. The light field also must involve upwelling light, but this is a small fraction of the downwelling beam and was not measured. The measurements were recorded as a function of time, and depth was reconstructed based on the deployment geometry of the cable connected to the sensor and the known distance interval as the sensor was increasingly submerged to record light intensity. Several profiles were taken, but we use only the highest quality profile; the others were disturbed by the passage of clouds, the accidental movement of the kayak over the light sensor, instability of the deployment geometry and so on. With the best quality profile, the light sensor was deployed in such a way as to minimise the interference by the kayak, from which the sensor was deployed. The sky was slightly hazy but gave uniform incident solar radiation, with no dense clouds or clearings passing by during the measurements. The light field was first measured just above and just beneath the water surface. Then the sensor cable, to which we had applied length markings to provide submergence information, was extended by fixed increments to the best of our ability to maintain steady manual deployment and for kayak station keeping relative to the cable deployment point. The deployment methodology allowed the vertical depth of the sensor, hence the vertical profile of downwelling light intensity, to be reconstructed. The water was optically thick (deep), such that no bottom reflectance was sensed.



Iceberg Calving


Iceberg Delineation

The areal extent of glacier calving and icebergs were derived using 35 PlanetScope satellite images collected 16 April 2017–28 November 2017 with acquisition times ranging from 10:01 AM Nepal Time (NPT) to 11:12 AM (Supplementary Table S1). The imagery were acquired at ∼3.7 m resolution but delivered at 3 m resolution after orthorectification and processing to surface reflectance (Planet Team, 2019). Icebergs were semi-automatically classified in cloud-free satellite imagery using manually determined thresholds (t) applied to a normalised difference water index (NDWI) band ratio of near-infrared (NIR) and green 3 m resolution PlanetScope bands (Eq. 1) (Figure 2A).
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FIGURE 2. (A) Calved area of Thulagi Glacier shown on a PlanetScope satellite image (27 October 2017). Inset shows iceberg classification (white polygon) on an NDWI image. (B) Orthophoto generated from UAV flights on 27 October 2017. Inset shows the same icebergs as A. (C) Oblique view of the structure-from-motion model showing icebergs (white) and the calved area shifted up-glacier in order to estimate the calving event volume. (D) Height above lake level used to estimate the volume of the calved area.
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NDWIIceberg thresholds ranged from −0.23 to 0.01 and were determined through manual inspection of iceberg classification with NIR, blue and red band false colour composites. The thresholded band ratio image was masked to the lake boundary and was used to extract the area and number of icebergs in each image (e.g. Figure 2A). Manual adjustment of the iceberg polygons was required in several cases to remove areas of brash ice or of shadow at the calving front in some images. Uncertainty in the iceberg delineation was estimated using a ± 0.5 pixel boundary to account for systematic over- or under-estimation of iceberg area due to the use of variable band ratio thresholds. The relative precision of image-to-image area measurements is better than the absolute accuracy; hence, we also report the random uncertainty following Krumwiede et al. (2014).



Structure-From-Motion Model Generation and Iceberg Volume

Images from the UAV survey (n = 431) were processed in Agisoft Photoscan 1.3.5 following an SfM workflow with ‘high’ quality settings. Points with a reprojection error > 0.6 pixels and clear outliers were excluded from the sparse point clouds. Dense point clouds were used to generate a DEM and orthophoto at 0.5 and 0.2 m resolution, respectively. Seven GCPs within the UAV survey extent were used to georeference the model. GNSS data were processed using RTKLIB (RTKPOST v.2.4.3. Emlid b28) using precise global positioning system (GPS) and global navigation satellite system (GLONASS) ephemeris data. First, the temporary base station data were processed against the UNAVCO permanent base station at Lamjung (∼38 km away). Second, the mobile rover data were processed against the corrected temporary base station location to extract GCPs for use in the SfM model. The final model had a root-mean-square error (RMSE) of 0.56 m.

Icebergs were manually digitised in Photoscan using the generated orthophoto (Figure 2B). We could not use the spectral ratio above to delineate icebergs in the UAV imagery since the onboard camera only had RGB bands. The iceberg polygons were used to clip the dense point cloud, which was then rasterised at 0.5 m resolution in CloudCompare using the mean point elevation in each cell. Above-surface iceberg volumes were calculated using the iceberg elevation above the lake level, which was derived through inspection of the shoreline elevation in the SfM model. Two example iceberg profiles are shown in Supplementary Figure S1. The model RMSE (0.56 m) was used to derive upper and lower bounds of the lake level, which affects the relative iceberg height. Total iceberg volume was calculated assuming 91.7% of the iceberg lies beneath the water line (from an ice density of 917 kg m3).

Iceberg volumes at Lower Barun Lake were derived using a 2 m resolution DEM (15 January 2015) (Shean, 2017). The mean lake elevation respective to the DEM (4503.59 m ellipsoid), and one standard deviation (0.13 m) was calculated using a 0.3 km2 iceberg-free patch of the lake. The lake was frozen at the time of DEM acquisition, so we used a minimum elevation of 0.5 m above the lake surface to separate icebergs from the frozen and snow-covered lake surface. Icebergs were converted to polygons and manually edited where required. The total iceberg volume at Lower Barun was derived following the method applied at Thulagi Lake, but using ± 0.13 m as the lake level uncertainty, which was equal to one standard deviation of the mean lake surface elevation.



Calving Volume

The total area change at the glacier terminus due to two calving events was estimated using PlanetScope images from 16 April 2017 and 9 September 2017, which extended across both calving events (Figure 3). The glacier terminus, split into a lower ice ledge and the main glacier, was manually digitised in each image (Figure 2A). The post-calving terminus location was converted to points at 1 m intervals, which were shifted up-glacier using the summer velocity raster (section ‘Satellite Measurements of Glacier Velocity’) and a 146-day separation period to remove the effect of glacier displacement (mean of ∼7 m across the calving front). The calved area was then delineated as the area between the two terminus lines. Since pre- and post-calving DEMs were not available, we estimated the above lake height of the calved glacier using the SfM model (27 October 2017) (Figure 2D). The area of the calved glacier was manually translated up-glacier and the height values were used to calculate the above-lake volume (Figures 2C,D). Here we assume that the contemporary glacier surface was similar in morphology to the area that calved. The below-surface calved volume was estimated using lake bathymetry from Haritashya et al. (2018) within the calved area. Since the bathymetry survey did not extend fully into the calved area, we allocated depth values to NoData areas using the values of the nearest neighbour. The total calving volume was estimated as the sum of the above- and below-surface volumes for the area of calved terminus. We did not attempt to estimate the volume of the lower ledge since the height and below-surface characteristics were unknown. None of the glaciers are expected to have large sectors of their tongues in flotation except for thinned areas near the margins of the tongue (Haritashya et al., 2018) and some sections where thermal undercutting occurs (see section ‘Discussion’).


[image: image]

FIGURE 3. PlanetScope satellite image showing (A) the calving front of Thulagi Glacier on 16 April 2017, (B) 7 September 2017 and (C) post-calving (second event) 9 September 2017. (D) Area and number of icebergs on Thulagi Lake classified using PlanetScope imagery. (E) The relationship between planimetric iceberg area and total iceberg volume derived at Thulagi (n = 181) and Lower Barun (n = 389) lakes. (F) Conceptual diagram of glacier calving.




Satellite Measurements of Lake Temperature

ASTER L2 Surface Kinetic Temperature images collected 17 February 2001–27 October 2017 (10:38–11:09 NPT) were used to quantify seasonal lake temperature (Supplementary Table S2). The data are delivered at ∼100 m resolution; however, the thermal signature of each pixel is influenced by the neighbouring ∼2 pixels (Ramachandran et al., 2014). To calculate the mean lake temperature for each image, we applied an internal buffer of 150 m to the lake boundaries and used the remaining pixels in the lake interior to derive the lake temperature, excluding any pixels containing icebergs. We also used the thermal infrared bands of Landsat 5, 7 and 8, which generally had a slightly earlier acquisition time compared to ASTER (∼30 min earlier), to derive lake temperatures 2000–2018 using the Google Earth Engine (GEE)-based Landsat Land Surface Temperature tool (Parastatidis et al., 2017). The tool used a single channel algorithm applied to thermal infrared data and includes atmospheric and emissivity corrections, and the application of a cloud mask. We removed observations with a standard deviation greater than 2°C, which can signal thermal contamination from icebergs, including possible debris. The Landsat thermal observations are much more abundant than ASTER, although their spatial resolution is lower than ASTER and more model-dependent and perhaps less accurate due to having fewer bands (one band Landsat 5 and 7, two bands Landsat 8, five bands ASTER), and Landsat probably has a similar adjacency effect as ASTER.



Satellite Measurements of Glacier Velocity


Corona Pre-processing

Several studies have shown that subsets of declassified stereo Corona satellite imagery (<5 m spatial resolution, available from https://earthexplorer.usgs.gov/) can be processed using photogrammtery software packages without knowledge of the panoramic distortion model present in the imagery (Altmaier and Kany, 2002; Casana and Cothren, 2007; Watanabe et al., 2017). Here, we follow Casana and Cothren (2007) to process subsets of the imagery (∼4000 × 4000 pixels) for each glacier in Agisoft Metashape 1.5.1 by treating images as a frame camera. Ground control points were added using a Pléiades DEM and orthoimage of Imja/Lhotse Shar, and GoogleEarth for Thulagi and Lower Barun. Control point RMSE (XYZ) for the models was 5 m at Lhotse Shar, 12 m at Thulagi and 19 m at Lower Barun. We follow a similar method to that recently proposed by Cook and Dietze (2019) to align the Corona images by initially processing the images from different years in the same chunk during the image alignment step, which permits matching of stable ground but does not match the dynamic glacier surface. The images from the two time periods are then separated before processing the dense cloud, DEM and co-registered orthophotos. In the case of Thulagi and Lower Barun where suitable stereo imagery was not available for multiple time periods, we orthorectify images using a single DEM.



Feature Tracking

The ENVI software add-on Cosi-Corr (Leprince et al., 2007) was used to derive glacier velocity for pairs of Sentinel-2 (10 m resolution) and PlanetScope (3 m resolution) satellite images (2016–2018) applied to the near infrared bands (Table 2). We selected images to cover annual, summer and winter periods; however, the presence of snow and cloud cover dictated the image availability for the summer and winter comparisons. We used a correlation window of 64 to 16 pixels with a step size of four pixels for the Sentinel-2 imagery, 128 to 16 pixels with a step size of 4 pixels for the PlanetScope imagery and 64 to 16 (Thulagi and Lhotse Shar) and 128 to 32 (Lower Barun) pixels for Corona imagery. Post-processing of the data included a signal-to-noise threshold of > 0.95, a displacement direction filter to exclude pixels deviating more than 45° from the median direction within a circle of radius nine pixels, and a focal mean of 3 × 3 pixels was used to fill small gaps. Off-glacier displacement was calculated on slopes < 20° to estimate the velocity uncertainty in the Sentinel-2 and PlanetScope correlations (e.g. Quincey et al., 2009). Corona uncertainties were assessed using the mean off-glacier displacement in a manually defined 9 km2 area of stable ground adjacent to the glaciers, which was required to exclude areas of poor correlation due to image contrast and shadows.


TABLE 2. Glacier velocity data.
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Glacier and Lake Characteristics

Ice cliffs, supraglacial ponds, supraglacial streams, crevasses and lateral moraines of the three study glaciers were manually digitised using fine-resolution satellite imagery in Google Earth from 2015. The ice cliff and supraglacial ponds data of Watson et al. (2017a) for 2015 were combined and used for Imja and Lhotse Shar glaciers. Lake depth and glacier ice thickness at the calving front were derived for each glacier (Supplementary Figure S2). Here, the raw bathymetry data points of Haritashya et al. (2018) were used to derive the lake depth. Ice thickness was derived from the modelled ice thickness data of Farinotti et al. (2019), which is an ensemble of model outputs used to improve overall robustness (Farinotti et al., 2017). The ice thickness dataset was also used to identify glacier bed overdeepenings in conjunction with glacier surface topography from the ALOS World 3D–30 m (AW3D30) DEM. Mean lake expansion rates 2008–2018 (Haritashya et al., 2018) were used to approximate future lake expansion (e.g. Rounce et al., 2016), although the assumption of a constant expansion rate and uncertainties in modelled ice thickness data (e.g. Farinotti et al., 2019) mean that the predictions should be revised through time. Glacier mass balance was derived using the surface elevation change and uncertainty data of Brun et al. (2017b), which was gap-filled using the median elevation change in each 100 m elevation band (e.g. Ragettli et al., 2016).

We use the flotation thickness hf to determine how close the glacier termini are to flotation (Boyce et al., 2007):

[image: image]

where d is the water depth, ρw is the density of water (1000 kg m3) and ρi is the density of ice (917 kg m3) (e.g. Carrivick et al., 2017).



RESULTS


Thulagi Lake Iceberg Production and Evolution

We observed two iceberg production events in 2017. The first occurred 30 June–14 July 2017; however, the exact date is unknown due to cloud cover in the satellite imagery. This first event did not appear linked to subaerial glacier calving and an ice ledge appeared, suggesting flotation of subaqueous ice occured, probably from a submerged part of an ice ramp (Supplementary Figure S3b). The second event began with crevasse expansion at the glacier terminus, which was visible on 30 August 2017, and calving occurred 7–8 September 2017 (Figure 3). The total calved area was comprised of a lower ramp (17,100 m2) and the main icewall-fronted glacier terminus (6800 m2). We estimated the calved area of the glacier terminus to have an above-lake volume of 307,000 m3 and a submerged volume of 180,000 m3, suggesting that this sector of the glacier was grounded. The volume of the lower ledge could not be calculated; therefore, the total calved volume of 487,000 m3 is likely a lower bound.

The area and number of icebergs (n = 135) produced in the first calving event decreased over the summer, before increasing during the second event to an area of 32,600 m2 on 9 September 2017 (Figure 3D). Notably, the areal increase of icebergs associated with the second event was small, despite a large number of icebergs (n = 172 on 9 September 2017). The rate of iceberg shrinkage slowed throughout the year, but the iceberg area decreased until November 2017 when most icebergs had melted. Icebergs were wind-drifted across the lake over the study period and collected preferentially at the glacier terminus and the lake outlet, as observed by a compilation of positions of icebergs in the morning satellite imagery acquisitions (Supplementary Figure S4). Satellite imagery show that icebergs shifted back and forth across the length of the lake, but the period was not possible to rigorously estimate by satellite because the imaging times lacked coverage through the day and night (cf section ‘Lake Surface Temperature Depression Due to the September 2017 Calving Event’).



Iceberg Areas, Heights and Volumes

Icebergs in Thulagi Lake (27 October 2017) had a mean planimetric area of 55 m2 and a maximum area and height of 710 m2 and 4 m. By comparison, icebergs in Lower Barun Lake (15 January 2015) had a mean planimetric area of 270 m2 and a maximum area and height of 13,800 m2 and 11 m. The difference may relate to the differing thicknesses of the two glaciers, different ice wall heights and differing lake depths and ability to float icebergs. The iceberg heights imply submerged depths that extend 10–11 times deeper than their heights, so up to a maximum of around 40 m below-water roots for Thulagi’s biggest icebergs and 110 m for Lower Barun’s. These are both well within flotation over much of the lakes’ areas.

Icebergs displayed a similar area-volume relationship for both Thulagi and Lower Barun Lakes (Figure 3E). The total above-surface volume of Thulagi icebergs (27 October 2017) was 11,500 ± 5400 m3, which suggests a total iceberg volume of 139,000 ± 65,000 m3 assuming that 91.7% of the iceberg volume was below the waterline. The volumes of course would be lower if a lower iceberg mean density was adopted. Using the derived area–volume equations for either Thulagi or Lower Barun (Figure 3E), approximately 80% of the total iceberg volume was predicted using the planimetric iceberg areas from 27 October 2017. Approximately 70% of the iceberg volume at Lower Barun Lake was predicted using the same equations applied to the iceberg areas dataset from 15 January 2015.



Lake Temperature and Other Water Conditions


Satellite Surface Temperature Measurements

As expected, lake surface temperatures follow a seasonal cycle related to spring thawing of the lakes’ surfaces, a peak temperature during or shortly after the summer monsoon, followed by decreasing temperatures until the lakes freeze when approaching winter (Figures 4A,B). The warmest mean lake temperatures observed with ASTER and Landsat thermal imagery were 10.7 and 10.8°C for Thulagi Lake on 29 September 2015 and 30 September 2016; 4.2 and 7.2°C at Lower Barun Lake on 9 October 2004 and 30 September 2015 and 8.6 and 9.6°C for Imja Lake on 9 October 2004. When interpreting Figure 4, we should recall the RMSE evaluated for Landsat 8 surface temperatures of + −1.6–2 K (García-Santos et al., 2018) and ASTER (about + −0.8 K, Ramachandran et al., 2014), and the temperature bias of + 0.8 K for ASTER (Ramachandran et al., 2014). Considering these errors, it may be seen that Thulagi Lake well exceeds the 4°C density-maximum temperature of water, but for Lower Barun, it did not clearly ever exceed that temperature. Imja Lake might significantly exceed the 4° threshold in some September and early October measurements, but for the most part it also remains near or below 4°C. Satellite-based observations were sparse during the summer monsoon due to the presence of cloud cover but generally show a plateau or depression of temperatures during the monsoon (Figure 4B). Lake temperature comparisons between ASTER and Landsat thermal data had an RMSE (mean difference) of 1.1°C (Figure 4D), which is comparable to the RMSE of 1.52°C (between ASTER and Landsat sensors) found by Parastatidis et al. (2017) for land surfaces. ASTER might be more accurate as temperature is derived from five bands, instead of two for Landsat 8, but Landsat 8 gives a much better frequency of measurements.
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FIGURE 4. (A) Mean lake temperature derived from ASTER L2 Surface Kinetic Temperature data (n = 17, 14 and 21, for Imja, Lower Barun and Thulagi, respectively). Error bars indicate one standard deviation. (B) Mean lake temperature from Landsat thermal data (n = 300, 291 and 338, for Imja, Lower Barun and Thulagi, respectively). (C) Vertical temperature profile at Thulagi Lake (28–30 October 2017). (D) Comparison of coincident ASTER- and Landsat-derived lake temperatures (n = 24).


Satellite thermometry and imaging shows that Thulagi Lake is likely dimictic (two distinct convective mixings per year and intervening periods of thermally density stratified conditions)—with formation of lake ice in the winter, and surface temperatures exceeding 4°C in summer and early autumn. We infer that spring and autumn temperature-driven convective overturning likely occurs—in accordance with the lake classification by Lewis (1983). Calculations of lake overturning are complicated by the presence of a high suspended sediment load and forced convection driven by wind and iceberg drift (see Supplementary Figure S5). However, as considered below, the lake appears to be very well mixed in suspended load at least in the upper few metres and across the whole lake surface, so the 4°C maximum density of pure water still likely controls density stratification and lake overturning by thermal convection, but forced convection is a different matter. The depths, elevations and latitudes of Lower Barun and Imja Lake also place them firmly into a region where dominantly monomict behaviour (one overturning per year) and temperatures attaining a maximum of 4°C or less are expected (Lewis, 1983).



Lake Surface Temperature Depression Due to the September 2017 Calving Event

Supplementary Figure S6 is the same multi-year compiled lake surface data from Landsat 8 shown in Figure 4B for Thulagi Lake. As mentioned, there is a plateau of temperatures related to the monsoon. The 2017 data show what appears to be a strong temperature depression starting at the time of the September calving event, and cold-water conditions continued while iceberg melting was in progress. The thermal influence of icebergs is likely caused by iceberg generation of meltwater. A mechanism to cool the lake quickly: The meltwater does not initially mix, and 0°C water is buoyant relative to warmer underlying ambient lake water (up to 8°C if pure water, or up to almost 12°C if underlying lake water contains 500 mg/l suspended sediment). So the meltwater spreads over the lake quickly. However, thermal convection and forced convection must mix this water over the upper 30–40 m of the lake (section ‘Iceberg Areas, Heights and Volumes’).

The depression of temperatures by roughly 2°C in the first several days relative to the seasonal normal (running average in Supplementary Figure S6) represents a lot of rapidly lost energy which most likely went into melting of ice. If this temperature depression occurred throughout the upper 40 m—a volume of roughly 3.2 × 107 m3 of water—implies a thermal energy loss during those days of about 2.7 × 1014 J as calculated from the heat capacity of liquid water. When calculated as a volume of ice that must melt in order to drive that much cooling (the enthalpy of melting—rendered as per cubic metre of ice— is 3.06 × 108 J/m3), we find that about 880,000 m3 of ice must have melted in the first days of the calving event to drive temperatures that low, assuming the cooled water was mixed over the top 40 m of the lake. This is about double the lower limit of the amount of calved ice as calculated in Section ‘Thulagi Lake Iceberg Production and Evolution’. The numbers may be brought into alignment if mixing was not initially thorough through the upper 40 m. However, certainly by some weeks into the event, the upper 40 m would have become well mixed, and still temperatures were depressed by roughly 2°C. It is possible that the autumn was colder than normal, thus explaining the temperature depression. However, seeing the number of record-cold and near-record cold lake temperature measurements during that period, we think melting ice is the cause, and that the amount is roughly as estimated—880,000 m3. In turn, this implies that much of the ice came from the submerged ice ramp, as that volume was not determined in Section ‘Thulagi Lake Iceberg Production and Evolution’.



In situ Temperature Measurements and Weather Conditions of Thulagi Lake

During our bathymetry surveys, we visually observed icebergs drifting each afternoon at estimated speeds of a few hundred metres per hour as katabatic breezes blew up the valley. The afternoon winds generally brought clouds, falling temperatures and then rain or snow by midafternoon, when icebergs also converged near the upstream end of the lake. Each night icebergs tended to shift down the lake, converging by morning near the downstream end, completing a daily cycle.

We measured the temperature of the water column in Thulagi Lake for just over 48 h, 28–30 October 2017 using six thermistors at one site (Figure 4C). At that time, nightly lake ice was forming over part of the lake surface and melting by mid-morning. Icebergs were plying the lake surface as driven by daily reversing katabatic winds and the lake water currents (section ‘Thulagi Lake Iceberg Production and Evolution’), which also are mostly wind driven. Most of the large icebergs had surface elevations about 2–3 m above lake surface, implying depths extending to 20–30 m, and deeper for the very largest icebergs. Direct comparisons between satellite- and field-derived water temperatures were only available on 4th and 5th November at ∼10:30 NPT. The mean field-derived temperature (2.6°C) was 0.6°C lower than the satellite-derived temperature (3.2°C) but the measurements had overlapping error bars (Supplementary Figure S7).

The surface water had the largest thermal cycling, as one would expect from solar heating and nightly cooling. Convection—both free thermal convection and forced wind- and iceberg-drift-driven—was also clearly affecting the surface water and down to 10 m depth (Figure 4C). Thermal oscillations decreased in magnitude with depth down to 10 m. In general, the surface water was the coldest, and the deepest water the warmest during the period of measurement, implying an overall stable density stratification at that time in the year. However, with the daily cycle of solar heating, the surface warmed briefly to become the warmest measured. Since all the in situ measured temperatures were below 4°C, and since turbidity was nearly constant close to the surface both across the lake and with depth in the upper few metres [hence, the effect of suspended sediment on density was constant, section ‘In situ Light Level (Turbidity) Measurements of the Water Column’] (Supplementary Figure S8), we conclude that thermal convection must have been occurring in the upper metre during those warmest parts of the mid-day. Otherwise, all indications of convection must involve forced convection by either wind-driven currents and wind-driven iceberg ploughing of the water column.

At the lake bottom, the measured temperature at 55 m depth was steady and so was not mixing with shallow water. Clearly, there was a thermocline somewhere between 10 and 55 m depth, and we surmise that it was likely around 30–40 m deep, where forced convection by passing icebergs probably became minimal. Excluding only the bottom thermistor (55 m deep), the temperatures at all depths from near surface to 10 m almost converged for each of 3 days roughly mid-day. We believe this was due to nearly thorough mixing of at least the upper 10 m caused by a combination of daytime warming of the lake surface layer by solar heating, thermal convection and forced convection by wind-driven currents and drifting icebergs. A similar convergence did not occur at night, when instead the surface water plunged in temperature. However, the surface temperature showed short-term thermal oscillations that were sympathetic with measurements made at 1, 2 and 5 m, again indicating that convection was occurring in the upper water column during the night also. Such convection must be forced, not free thermally driven convection.



In situ Light Level (Turbidity) Measurements of the Water Column

Measurements of downwelling panchromatic light intensity show a monotonic log-linear (exponential) decrease in light intensity (Supplementary Figure S8). The implications are that: (a) The turbidity of the water column in the upper four metres is uniform, hence suggesting thorough mixing on time scales that are short compared to expected seasonally variable inputs, settling and stream discharge of suspended sediment. (b) Solar heating is primarily in the upper metre of the lake, and almost all the rest is absorbed in the next few metres. The measured local solar absorption rate in the visible wavelengths, recalculated for the sun at zenth, is a factor of two for every 71 cm increase of depth. (c) Since thermal conduction is not significant on time scales of days and distances of metres, we also infer any changes of temperature beneath of a few metres (Figure 4C) is due to convection, either forced or free, or due to uptake of heat by melting of passing icebergs.



Glacier Dynamics

Thulagi Glacier is heavily crevassed in the lower 500 m (Figure 5A). Ice cliffs are prevalent farther up-glacier and supraglacial ponds only have sporadic coverage. A network of supraglacial streams was present, which appear to transition englacially upon their termination. Lower Barun Glacier was comparable to Thulagi Glacier for the size of debris-covered area, supraglacial pond coverage and ice cliff density (Table 3). Thulagi and Lower Barun glaciers also had a similar mass balance of −0.21 ± 0.38 and −0.20 ± 0.31 m.w.e. a–1, respectively (2000–2016) (Table 1). Imja/Lhotse Shar Glacier had a three times larger debris-covered area (6 vs. 2 km2) and percentage pond coverage compared to Thulagi and Lower Barun Glaciers but a similar ice cliff density (Table 3). All three glaciers display high rates of surface lowering in their debris-covered areas (Figure 6).


[image: image]

FIGURE 5. Surface morphology of (A) Thulagi Glacier (inset is a terminus photo from October 2017) and (B) Lower Barun and Lhotse Shar/Imja glaciers. (C) Aerial photographs of the calving fronts of Lower Barun (left) and Lhotse Shar Glacier (right) taken October 2015.



TABLE 3. Glacier surface features in 2015.
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FIGURE 6. Centreline profiles (shown in Figure 1) for (A) Thulagi, (B) Lower Barun and (C) Lhotse Shar/Imja Lake. Lake bathymetry data are from Haritashya et al. (2018), surface elevation change data are from Brun et al. (2017b), ice thickness data are from Farinotti et al. (2019) and glacier topography from the AW3D30 DEM. Note that the exact nature of the lake–glacier interface is not known for the three lakes.


All glaciers in the current study exhibit active flow in their debris-covered ablation areas (Figure 7); however, velocities were lowest for Imja and Lower Barun Glaciers, and highest for Thulagi Glacier, which had increasing velocities with distance up-glacier. Thulagi Glacier displayed summer velocity acceleration within ∼1 km of the terminus and at ∼5 km, with summer velocities at the terminus of ∼0.07 m d–1 compared to 0.02 m d–1 in winter (Figure 7). There was not a clear seasonal trend on Lower Barun Glacier; however, winter velocities marginally exceeded summer velocities. On Imja Glacier, there was evidence of localised acceleration within 1 km of the glacier calving front with mean summer velocities of 0.04 m d–1 compared to 0.02 m d–1 in winter. Similar to Thulagi, higher summer velocities were observed at the transition from clean to debris-covered ice on Imja glacier. Velocity change from the 1960s to present day was most apparent on Lower Barun Glacier, where velocities in the vicinity of the present day calving front (< 3.5 km up-glacier) increased from ∼0.03 m d–1 (1962–64) to ∼0.08 m d–1 (2016–2018) (Figure 7B). On Thulagi and Lhotse Shar Glaciers, 1960s velocities were comparable to the present day summer velocities.
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FIGURE 7. Centreline glacier velocity for (A) Thulagi, (B) Lower Barun and (C) Lhotse Shar glaciers. Data are 150 m moving averages. Velocities for annual image pairs are coloured back, those spanning the melt season are red, those spanning winter are blue and those from Corona imagery (1960s) are dotted purple. Distances up-glacier are measured from the lake terminus corresponding to Figure 6.


Meltwater was observed emerging from Thulagi Glacier terminus over a lower ledge that appeared grounded on the lakebed and covered in fine sediment in September 2013 (Figure 8C). In contrast, the terminus had receded > 100 m by October 2017 and the ledge was replaced with an undercut terminus ∼10 m high (Figure 8D). Thulagi Lake had a mean depth of 58 m in the vicinity of the glacier calving front, compared to 145 m for Lower Barun and Imja lakes (Table 4). However, bathymetry data close to the calving front are lacking; hence, the exact nature of the glacier–lake transition zone is unknown.
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FIGURE 8. (A) Photograph of Thulagi Glacier terminus from a helicopter flight in May 2013 and (B) the same view from a textured SfM model (27 October 2017). Red dots indicate stable features for image registration. (C) Calving front and ice ledge in September 2013 (see also Supplementary Figure S3). (D) The calving front and portal in October 2017.



TABLE 4. Calving front characteristics that correspond to the lake and calving front zones shown in Supplementary Figure S2.

[image: Table 4]All three lakes are apt to continue expanding as their parent glaciers retreat and this is most rapid for Imja Lake, followed by Lower Barun and Thulagi (Figures 6, 9 and Table 1). Upon reaching the maximum modelled lake extents, Imja, Lower Barun and Thulagi lakes would contain an additional 90 × 106, 62 × 106 and 5 × 106 m3 of water, respectively, compared to their 2018 volumes. However, there are large unquantified uncertainties present in modelled ice thickness data used to determine these volumes, which would benefit from field-derived ice thickness observations.
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FIGURE 9. Projected glacial lake expansion for (a) Thulagi, (b) Lower Barun and (c) Imja, using mean expansion rates (2008–2019) (Haritashya et al., 2018) and modelled ice thickness data (Farinotti et al., 2019). Colour bands are 5-year intervals. Background: Sentinel-2 Nir, red, blue composites from 2018.




DISCUSSION


Glacier Calving and Iceberg Production

The presence of icebergs in Himalayan glacial lakes is problematic for automated lake classification relying on infrequent satellite overpasses (Bolch et al., 2008b; Strozzi et al., 2012). Previously, it was not possible to observe related calving events with any useful temporal resolution; however, with the availability of daily < 4 m resolution imagery from Planet Labs, the presence and persistence of icebergs can be quantified through time. Icebergs reveal insights into subaerial and subaqueous glacier calving and act to mix the water as they drift around the lake.

The first iceberg production event observed in this study at Thulagi Lake (30 June–14 July 2017) did not appear to be linked to subaerial glacier calving and appeared to be of subaqueous origin. The icebergs could have originated from calving of a submerged ice ramp extending from the terminus of Thulagi Glacier or dead ice on the lakebed, similar to observations at Imja Lake (Somos-Valenzuela et al., 2014) (Figure 3F). The appearance of a sediment-covered ice ledge over the monsoon of 2013 (Figure 8C) also indicates the presence of subaqueous ice. Sediment deposition as glacier meltwater enters the lake was the likely source of sediment observed to partly blanket the ledge, which was elevated to the surface when the submerged ice became detached, but still partially grounded. The second event was linked to crevasse development and undercutting at the glacier terminus (Figure 3). The total calved volume (16 April 2017–9 September 2017) was estimated as 487,000 m3; however, this is assumed to be a lower bound since it did not include the submerged ledge of ice. Nonetheless, using the empirical area-volume relationship (Figure 3E), the predicted iceberg volume on 9 September 2017 of 538,500 m3 suggests our estimate was reasonable. The thermal analysis of the lake surface temperature anomaly seemingly caused by this calving event suggests that a larger volume of submerged ice was involved (section ‘Lake Surface Temperature Depression due to the September 2017 Calving Event’).

The number and area of icebergs declined in the weeks and months following the 7–9 September calving event, and the rate of change slowed approaching winter (Figure 3), which corresponds with decreasing lake temperatures (Figure 4) and lower air temperatures and solar radiation receipt. Wind and water current drifting of icebergs was prevalent across the study period and was also observed in the field. Katabatic breezes—blowing upvalley and accompanied by intrusion of afternoon cloud cover and usually rain or snow, and anabatic breezes blowing downvalley and accompanied by night-time clearing of clouds—were an every-day occurrence during 2013 and 2017 field work at Thulagi Lake. Such breezes and wind-driven surface and deep return water currents and Ekman flow (Shulman and Bryson, 1961) are enough to move the icebergs completely down and across and back up the lake on a daily basis. The observed accumulation of icebergs at the outlet of the lake did not cause any channel blockages, though icebergs were seen to be breaking up and leaving the lake in small bergy bits through the outlet complex. The accumulation of icebergs at the glacier terminus likely contributed to localised cooling of the lake surface and made it more susceptible to night-time freezing here, which impedes thermo-erosional undercutting of the glacier. The seasonal variation in glacial lake temperature was captured using satellite data for all three lakes; however, in situ validation data are lacking and should be collected for comparison with satellite-derived temperature measurements. Coincident field-based and satellite temperature measurements (4–5 November 2017) revealed that field temperatures were 0.6°C lower than those from the satellite data, although the measurements had overlapping error bars.

The measured positive temperature bias of satellite vs. in situ measurements is consistent with previous calibrations/validations of ASTER kinetic surface temperatures (Tonooka and Palluconi, 2005) and our own ASTER thermal validations at an iceberg-choked lake and on melting snow and glacier clean-ice fields (Ramachandran et al., 2014). Validations of Landsat 8 temperatures have involved radiometrically very different types of surfaces (urban buildings, asphalt and orchards for instance) but have also shown biases and RMSEs similar to those of ASTER (García-Santos et al., 2018) and have revealed algorithm-dependent and humidity-dependent biases. Li and Jiang (2018) found a negative bias of about −0.49 K between Landsat 8 temperatures (cooler) compared to MODIS MOD11, which is roughly consistent with the Landsat 8/ASTER bias since ASTER temperatures were partly calibrated using MODIS (Arai, 1996). In general, the temperature dispersion we measured by satellite on Thulagi Lake in a given weekly period (same year and different years) exceeds the biases and RMS errors reported in these other studies; hence, they are tending to show actual temperature differences due presumably to: (i) weather variations on daily/weekly time frames and between years and (ii) variations in ice conditions on daily/weekly time frames and between years. We cannot definitively isolate weather vs. ice disturbances, but given that we observed the iceberg calving event in 2017, that seems the most likely explanation for anomalously cold lake temperatures and then recovery to ‘normal’ a few months later. The influence of calving on lake thermal regime is a desirable focus of future work and should include in situ monitoring of lake temperature.

Although the volume of calved ice is not easily or accurately discernible using optical imagery, empirical relationships between the area and volume of icebergs, similar to those derived for Greenland icebergs (Enderlin and Hamilton, 2014; Sulak et al., 2017), could be used to estimate the calved volume of glacier ice in the absence of DEMs. The derived area–volume relationships can be used to predict iceberg volume using satellite-derived area measurements (Figure 3), but should be explored for other glacial lakes that exhibit different calving regimes due to the inherent variability in iceberg morphology. Complexities also exist due to the autocorrelation of area and volume similar to relationships applied to derive glacial lake volume from area (e.g. Cook and Quincey, 2015; Haeberli, 2015). Nonetheless, empirical area–volume relationships could be particularly valuable for estimating the volume of subaqueous calving events (e.g. Somos-Valenzuela et al., 2014), which unlike glacier calving, cannot be resolved using DEMs of difference. Glacial lakes that are rapidly deepening and expanding, such as Lower Barun and Imja lakes in the Everest region of Nepal, could be expected to produce larger icebergs due to greater calving activity. By contrast, our observations at Thulagi Lake likely capture smaller icebergs associated with slower rates of lake expansion (ICIMOD, 2011; Rounce et al., 2016; Haritashya et al., 2018; Robson et al., 2018).



Lake Thermal Regime and Glacier Dynamics

Thulagi Lake is free-draining through an outlet complex; hence, the water level should be relatively stable, which promotes thermo-erosional undercutting of the glacier terminus and overhanging ice (Benn et al., 2007). Thermo-erosional undercutting promotes a tensional regime on the terminus of Thulagi Glacier, which is expressed through the prevalence of crevasses (Figure 5A). Since the glacier still terminates in Thulagi Lake and is actively flowing at the terminus, calving is likely to continue in spite of the current limited lake expansion. The glacier is grounded in water < 60 m deep and future lake expansion was expected to be limited (e.g. Robson et al., 2018). However, Thulagi Glacier retreated 200 m (2008–2018) (Table 1) and modelled ice thickness suggests that subsequent glacier retreat would continue to allow lake expansion for another ∼1 km up-valley (Figures 6A, 9). The lake level was reported to be dropping by 0.3–0.5 m a–1 (1996–2009), which was in excess of base level (moraine dam) lowering (ICIMOD, 2011). However, observations of a higher water level in 2013 compared to 2017 (Figure 8) suggested this had at least temporarily reversed.

Moraine dam degradation or engineering interventions will determine the future extent of each lake by changing the lake level. It is clear that Imja Lake has the largest potential to expand and is doing so at the fastest rate (Figure 9), which could increase the future hazard due to the potential for avalanches to directly impact the lake (Rounce et al., 2016, 2017). The role of engineering works to lower the lake level by 3 m is not clear and requires further investigation (Lala et al., 2018). Consideration of glacier flotation is critical when considering GLOF mitigation measures such as lake lowering, since loss of hydraulic support for the glacier terminus can lead to large calving events and displacement waves (Reynolds, 1998). None of the three study glaciers are in full flotation, though Lhotse Shar and Lower Barun likely have areas of the calving front in partial flotation (Haritashya et al., 2018) (Table 4).

Velocities on Lhotse Shar Glacier have recently increased close to the lake terminus, reflecting a more dynamic lake–glacier interaction (2013–2015 vs. 1999–2003) (King et al., 2018) and show evidence of seasonal variation similar to Thulagi Glacier (Figure 7). The seasonal speedup of Thulagi Glacier could be linked to the englacial termination of meltwater streams that route water to lubricate the bed (Figure 5), whereas the high lake depth (mean of 145 m, Table 4) adjacent to the terminus of Lhotse Shar Glacier likely induce meltwater intrusion from the lake under the glacier. The impact of the glacial lakes on glacier velocity is most apparent on Lower Barun Glacier, which has highest velocities close to the calving front, which is likely in partial flotation. The present day velocities also contrast with those derived from Corona imagery (1962–1964) where velocities have accelerated by ∼0.5 m d–1 after the formation of Lower Barun Lake (Figure 7B). Several studies have used Corona imagery for DEM generation to assess glacier surface elevation change (e.g. Bolch et al., 2008a; Lamsal et al., 2016). However, to our knowledge, none have utilised the archive to derive glacier velocities in the Himalaya. In this study, we have shown that even over large image separations (> 700 days), automated feature tracking is able to produce useable (but incomplete) velocity fields using Corona imagery. Further use of the archive would help reveal the onset of a general trend of glacier slowdown (e.g. Dehecq et al., 2019) in the context of accelerating glacier mass loss over the last 40 years (Maurer et al., 2019), and also the impact of lakes on glacier dynamics.



CONCLUSION

In this study, we have shown the utility of fine-resolution satellite imagery with a short revisit period for monitoring glacier calving events and capturing events of subaqueous origin. We derived iceberg topography using imagery from a UAV survey and show that empirical relationships between iceberg area and volume could be used to estimate the volume of calving events in the absence of corresponding DEMs, which could be particularly useful when investigating subaqueous calving. The equations should be evaluated for other glacial lakes with different calving regimes. Nonetheless, we show that the relationship derived at Thulagi Lake was able to predict 70% of the iceberg volume at Lower Barun Lake. We observed via satellite and with in situ measurements the effects of a large, discrete iceberg calving event on Thulagi Lake’s thermal structure, including the effects of iceberg drifting and the dynamic melting of icebergs and bergy bits as the lake interacted thermally with the calved ice. This event afforded new insights into glacial lake assisted melting of glaciers. We used published modelled ice thickness data to show that upon reaching their maximum extents, Imja, Lower Barun and Thulagi lakes would contain an estimated 90 × 106, 62 × 106 and 5 × 106 m3 of additional water, respectively, compared to their 2018 volumes. These maximum extents could be reached by 2040, 2060 and 2070 for Lower Barun, Lhotse Shar and Thulagi glaciers, respectively, due to the variable expansion rates. Understanding lake–glacier interactions is essential to predict future glacier mass loss, lake formation and associated outburst flood hazards. However, uncertainties exist in modelled ice thickness data, lake expansion rates and our understanding of moraine dam degradation that are all required to project lake evolution. Utilising declassified spy satellite data as presented in this study offers one means of deriving historic glacier velocities to assess lake–glacier interactions. Application of ice thickness models to the respective pre-lake DEMs derived from declassified stereo imagery could also offer insights into the reliability of the ice thickness estimates by making comparisons with observations of contemporary lake bathymetry. Further validation of in situ and satellite-derived lake temperatures is also a priority.
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