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ABSTRACT 

 
 
 

UNDERSTANDING THE DAILY TO DECADAL EVOLUTION OF MOUNTAIN 

GLACIERS IN ALASKA AND HIGH MOUNTAIN ASIA FROM SATELLITE 

REMOTE SENSING 

 

Glaciers are important components of mountain ecosystems, mountain hydrological 

systems, and the global water cycle. Improving our scientific understanding of the spatial and 

temporal variability in glacier changes and the physical processes that drive those changes will 

allow better prediction of future glacier evolution. In this dissertation, I explore ways in which 

satellite-based remote sensing products can be used to study mountain glaciers across a wide 

range of spatial and temporal scales, with a specific focus on Alaska and High Mountain Asia. 

The accumulation area ratio (AAR) of a glacier reflects its current state of equilibrium, 

or disequilibrium, with climate and its vulnerability to future climate change. In Chapter 1, I 

present an inventory of glacier-specific annual accumulation areas and equilibrium line altitudes 

(ELAs) for over 3,000 glaciers in Alaska and northwest Canada (88% of the regional glacier 

area) over the 2018–2022 period derived from Sentinel-2 satellite imagery. I find that the five-

year average AAR of the entire study area is 0.41, with an inter-annual range of 0.25–0.49. More 

than 1,000 glaciers, representing 8% of the investigated glacier area, were found to have 

effectively no accumulation area. Summer temperature and winter precipitation from ERA5-

Land were found to be effective predictors of inter-annual ELA variability across the entire 
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study area (R2=0.47). An analysis of future climate projections (SSP2-4.5) shows that ELAs will 

rise by 170 m on average by the end of the 21st century. Such changes would result in a loss of 

25% of the modern accumulation area, leaving more than 1,900 glaciers (22% of the investigated 

area) with no accumulation area. These results highlight the current state of Alaska glacier 

disequilibrium with modern climate, as well as their vulnerability to projected future warming. 

In High Mountain Asia, many glaciers have thick debris cover over the majority of their 

ablation zones, earning them the name ‘debris-covered glaciers’. Supraglacial lakes (SGLs) play 

an important role in debris-covered glacier (DCG) systems by enabling efficient interactions 

between the supraglacial, englacial, and subglacial environments. Developing a better 

understanding of the short-term and long-term development of these features is needed to 

constrain DCG evolution and the hazards posed to downstream communities, ecosystems, and 

infrastructure from rapid drainage. In Chapter 2, I present an analysis of supraglacial lakes on 

eight DCGs in the Khumbu region of Nepal by automating SGL identification in PlanetScope, 

Sentinel-2, and Landsat 5–9 satellite images. I identify a regular annual cycle in SGL area, with 

lakes covering approximately twice as much area during their maximum annual extent (in the 

pre-monsoon season) than their minimum annual extent (in the post-monsoon season). The high 

spatiotemporal resolution of PlanetScope imagery (∼ daily, 3 m) shows that this cycle is driven 

by the appearance and expansion of small lakes in the upper debris-covered regions of these 

glaciers throughout the winter. Decadal-scale expansion of large, near-terminus lakes was 

identified on four of the glaciers (Khumbu, Lhotse, Nuptse, and Ambulapcha), while the 

remaining four showed no significant increases over the study period. The seasonal variation in 



iv 

SGL area is of comparable or greater magnitude as decadal-scale changes, highlighting the 

importance of accounting for this seasonality when interpreting long-term records of SGL 

changes from sparse observations. The complex spatiotemporal patterns revealed in this analysis 

are not captured in existing regional-scale glacial lake databases, suggesting that more targeted 

efforts are needed to capture the true variability of SGLs on large scales. 

In Chapter 3, I expand these methods across a wider spatial extent by using the Landsat 

5, 7, 8, and 9 archive to delineate SGLs on debris-covered glaciers across all of High Mountain 

Asia at near-annual cadence from 1988–2023. I find that SGL area has increased throughout the 

study period, rising to 17.2 km2 (0.7% of the investigated debris-covered area) in 2023, 

compared to ~8 km2 (0.3% of debris-covered area) in 1988. SGL growth is most concentrated in 

the Himalaya and Nyainqêntanglha regions, which have also experienced the greatest rates of 

20th and 21st century mass loss. The 21st century SGL growth is concentrated almost entirely 

near the termini of these glaciers, indicating the possibility of continued growth and coalescence 

into large proglacial lakes. Areas of high SGL concentration are predominantly found in areas 

with lower surface gradients, low velocity, and thicker debris cover. Glaciers with high SGL 

concentrations are found to have steeper longitudinal gradients of thinning, with greater 

thinning rates further from the terminus resulting in lower surface slopes and more concave 

geometries throughout their entire debris-covered extents. However, the representative 

longitudinal thinning pattern of glaciers without substantial SGL formation have become more 

similar to this pattern in recent years, suggesting that more of these glaciers may be primed for 

SGL formation in the future. 
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1. INTRODUCTION 

Glaciers are key components of human-environmental systems across the world. 

Mountain glaciers (excluding those in Greenland and Antarctica) cover more than 700,000 km2 

of the Earth’s surface, with a total volume of 158,000 km3 (Farinotti and others, 2019; RGI 

Consortium, 2023). They promote ecological and environmental heterogeneity via their control 

on fluxes of water temperature, nutrients, and sediments (Lane and others, 2017; Cauvy-Fraunié 

and Dangles, 2019), are popular tourism destinations (Purdie and others, 2015), and provide 

avenues for natural recreation and exploration (Welling and others, 2015). They are also a 

source of fresh water for human consumption, crop irrigation, and hydroelectric power even 

during times of drought (Pritchard, 2019; Immerzeel and others, 2020), making them an 

important component of high-mountain environments which have been coined “the world’s 

water towers”.  

Mountain glaciers across the globe have been retreating and losing mass over the 20th 

and 21st centuries in response to climate change, and have become one of the iconic images of 

global warming (Zemp and others, 2019; Wouters and others, 2019; Ciracì and others, 2020; 

Hugonnet and others, 2021; Jakob and Gourmelen, 2023). Rates of mass loss have accelerated 

from ~50 gigatons per year (~1.4 mm sea level rise per decade) in the 1960–2000 period to ~250 

gigatons per year (~7 mm sea level rise per decade) in the 21st century (Zemp and others, 2019; 

Hugonnet and others, 2021). Glacier mass loss will continue in the coming decades (Hock and 

others, 2019; Rounce and others, 2023). Future mass loss rates and timing are dependent on the 
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specific carbon emissions scenario used for modeling, and may peak anywhere between 2035 at 

13 mm sea level rise per decade (assuming 1.5 °C of warming) or after 2100 at >22 mm sea level 

rise per decade (assuming 4 °C of warming) (Rounce and others, 2023). 

The impacts from glacier mass loss are felt on local to global scales. On global scales, 

melting glaciers contribute to sea level rise. Recent studies estimate that the water contained in 

mountain glaciers is equivalent to 32 cm of sea level rise (Farinotti and others, 2019). The mass 

loss and subsequent sea level rise contribution of mountain glaciers from 1900–2018 is of 

comparable or even slightly greater magnitude relative to that of the Antarctic and Greenland 

ice sheets, despite holding only a small fraction of their ice volume (Frederikse and others, 

2020). By the end of the 21st century, mountain glacier contribution to sea level rise is 

projected to be ~9–15 cm relative to 2015 (Rounce and others, 2023). Including ice sheet mass 

losses increases these estimations of sea level rise to ~13–25 cm under typical emissions 

scenarios, and as much as 42 cm if more “pessimistic” assumptions of Antarctica mass-balance 

feedbacks are made (Edwards and others, 2021). Even the best-case scenarios represent enough 

sea level rise to displace hundreds of millions of people living in coastal areas around the globe 

(Kulp and Strauss, 2019). 

On a more local scale, as glaciers melt, the magnitude and timing of their ecosystem 

services shift (e.g. downstream supply of cold water, sediments and nutrients) (Huss and others, 

2017; Milner and others, 2017). For example, with warmer temperatures, end-of-winter glacier 

ice and snow melt will transition to beginning earlier in the spring season, and earlier melt-out 

of snowpack will decrease late-summer and autumn streamflow contributions (Beamer and 
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others, 2017). Initially, as a glacier melts its net annual runoff will increase. However, over time 

as the glacier becomes smaller and holds less mass, the net annual runoff will begin decreasing 

until eventually the glacier disappears and no longer provides late-summer runoff (Huss and 

Hock, 2018). The timing of this transition from increasing glacier runoff to decreasing glacier 

runoff is referred to as “peak water”. Understanding these patterns at both the basin and global 

scale is important for knowing how to best adapt to the future water regimes, but is highly 

dependent on specific glacier geometry, regional climate, and the uncertainty of future climate 

(Zekollari and others, 2020; Rounce and others, 2023). Recent estimates show that “peak water” 

may have already passed in some regions (e.g. New Zealand and the Low Latitudes); in other 

regions, peak water is projected to pass at some point in the 21st century (from 2060–2080 in 

Alaska, 2025–2030 in South Asia East, 2035–2055 in Central Asia, and 2050–2075 in South Asia 

West) (Huss and Hock, 2018; Rounce and others, 2023). 

As glaciers retreat, cryosphere-related hazards are also expected to become more 

frequent (Stoffel and Huggel, 2012). Glacial lakes, dammed by terminal moraines after glaciers 

retreat or by ice in the case of complex branching and/or surging glaciers, can suddenly drain, 

releasing vast quantities of water into downstream systems which threaten human settlements, 

infrastructure, and fragile environments (Veh and others, 2020; Rick and others, 2022). Slope 

instabilities and related mass movements from recently deglaciated mountainsides, or from 

thawing permafrost, can cause direct damage to areas below them or initiate cascading 

downstream hazards (such as causing lakes to breach their dams and catastrophically drain) 

(Deline and others, 2021; Shugar and others, 2021). In rare cases, entire glaciers can suddenly 
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detach from their bed and result in massive ice-rock avalanches (Evans and others, 2009; Kääb 

and others, 2021). Accurately predicting the occurrence of these events is difficult (or 

impossible), but they represent a serious and growing risk to communities and infrastructure in 

the vicinity of these environments. 

Historically, glacier mass changes have been measured and monitored using primarily in-

situ methodologies which involve the interpolation or extrapolation of point measurements of 

glacier mass gain or loss across an entire glacier (Sass and others, 2017; O’Neel and others, 

2019). Geodetic methods (using digital elevation models captured at different points in time to 

measure the change in the glacier surface elevation) are often used in conjunction to account for 

limitations and systematic biases present in these in situ measurements (Huss, 2013; Klug and 

others, 2018; Zeller and others, 2023). For example, taking measurements within heavily 

crevassed ice falls is difficult (Colgan and others, 2016), lingering in areas prone to avalanching 

is unwise (Florentine and others, 2020), and accessing the glacier bed to measure basal melt is 

effectively impossible (Alexander and others, 2011), and these areas all experience mass change 

processes that are distinct from the locations where in situ measurements are made. These in 

situ measurements of single glaciers can then be extrapolated to the regional or mountain-range 

scale (often in tandem with remotely-sensed geodetic data) by using careful assumptions about 

topography and climate patterns (Huss, 2012).  

The rise in the availability of freely-available satellite-based remote sensing observations 

of the earth has ushered in a new era of measuring and observing glaciers and glacier changes at 

continental- to global-scales. Within the last five years, global-scale glacier-specific 
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measurements of ice thickness (Farinotti and others, 2019; Millan and others, 2022), ice flow 

velocity (Gardner and others, 2022; Millan and others, 2022), debris cover extent (Scherler and 

others, 2018; Herreid and Pellicciotti, 2020), debris-cover thickness (Rounce and others, 2021), 

glacial lake abundance (Shugar and others, 2020), and glacier mass change (Hugonnet and 

others, 2021) have been developed. The availability of such datasets has enabled vast 

improvements in the understanding of the physical drivers of glacier changes (Brun and others, 

2019), changes in glacier-related hazards (Furian and others, 2022), and more accurate modeling 

of global glacier evolution (Rounce and others, 2023).   

With that being said, there are still many aspects of glaciology which remain unknown 

and unstudied. These knowledge gaps include limitations in our understanding of descriptive 

understanding of their surface features/processes as well as the spatial and temporal variability 

of their physical, hydrologic, and climatological attributes. For example, the creation of a 

consistent and accurate delineation of the global extent of glaciers is an ongoing task (RGI 

Consortium, 2023), and the creation of a globally-accurate time-varying inventory from satellite 

observations has not been attempted. 

As glacier mass loss continues in the coming years and decades (Rounce and others, 

2023), there is an urgent need to continue to develop ways of utilizing satellite remote sensing 

products for studying mountain glaciers. Such techniques are needed to develop improved 

observational datasets, improve our understanding of glaciological processes, and to improve 

predictions of future changes in these mountain environments. 
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With these questions in mind, my dissertation is focused on utilizing satellite remote 

sensing tools to investigate mountain glaciers across a wide range of spatial and temporal scales. 

This research is split into three chapters. 

Chapter 1 is focused on glaciers in Alaska and northwest Canada. In this study, I use 

Sentinel-2 satellite imagery to investigate the spatial and temporal patterns of end-of-summer 

snow covered areas of ~3,000 glaciers across a five-year study period (2018–2022). I combine 

these observations with glacier topography, climate reanalysis products, and climate projections 

to investigate the glaciers’ vulnerability to future climate change.  

I show that more than 1,000 glaciers, representing 8% of the investigated glacier area, 

have effectively no accumulation area, meaning they are entirely out of equilibrium with modern 

climate and are guaranteed to be unable to survive in their present form. Based on future 

climate projections, glacier equilibrium line altitudes are expected to rise by 170 m on average 

by the end of the 21st century. Such changes would result in a loss of 25% of the modern 

accumulation area and leave more than 1,900 glaciers (22% of the investigated area) with no 

accumulation area. These results paint a picture of how glaciers in Alaska are out of equilibrium 

with modern climate, will continue to become even more out of equilibrium, and are certain to 

undergo major changes (retreat and mass loss) in the coming decades. 

Chapter 2 is focused on eight glaciers in the Sagarmāthā (Mount Everest) region of 

Nepal which have thick debris cover over the majority of their ablation zones (hence the name 

‘debris-covered glaciers’). I use PlanetScope imagery (~3 m imagery at ~daily cadence) to 

delineate the extent of supraglacial lakes (SGLs) on these glaciers at high spatial and temporal 
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resolution over the 2017–2022 time period. From this dataset, I investigate the short-term 

(seasonal-to-annual) patterns in SGL variability. I then use these observations as a validation 

dataset to optimize SGL identification in coarser-resolution Landsat and Sentinel-2 imagery, 

allowing an investigation into the decadal-scale trends in SGL evolution at coarser spatial scale 

(10 and 30 m). Direct field observations and uncrewed aerial system (UAS) surveys from May 

2023 provided additional insight into the local-scale topography of these glaciers. I identify a 

regular annual cycle in SGL area, with lakes covering approximately twice as much area during 

their maximum annual extent (in the pre-monsoon season) than their minimum annual extent 

(in the post-monsoon season). This cycle is driven by the appearance and expansion of small 

lakes in the upper debris-covered regions of these glaciers throughout the winter. These seasonal 

variations in SGL area are of comparable or greater magnitude as decadal-scale changes, 

highlighting the importance of accounting for this seasonality when interpreting long-term 

records of SGL changes from sparse observations. The complex spatiotemporal patterns revealed 

in this analysis are not captured in existing regional-scale glacial lake databases, suggesting that 

more targeted efforts are needed to capture the true variability of SGLs on large scales. 

In the final chapter, I apply the methodology developed for Chapter 2 across a wider 

spatial extent by using the Landsat 5, 7, 8, and 9 archive to delineate SGLs on debris-covered 

glaciers across all of High Mountain Asia at near-annual cadence from 1988–2023. Using this 

dataset, I investigate the spatial and temporal variability of SGLs across the region, finding that 

SGL area has increased throughout the study period, rising to 19.4 km2 (0.8% of the 

investigated debris-covered area) in 2023, compared to ~10 km2 (0.4% of debris-covered area) in 
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1988. This SGL growth is most concentrated in the Himalaya and Nyainqêntanglha regions as a 

result of these regions experiencing the greatest rates of mass loss in the 20th and 21st centuries. 

Furthermore, this 21st century SGL growth is concentrated almost entirely near the termini of 

these glaciers, indicating the possibility of continued growth and coalescence into large 

proglacial lakes. 

Each chapter is formatted as a manuscript for submission to a peer-reviewed journal, 

with self-contained introduction, study area, methodology, results, and discussion sections. 

Chapter 1 has been published in the Journal of Glaciology (Zeller and others, 2024a), Chapter 2 

has been published in The Cryosphere (Zeller and others, 2024b), and Chapter 3 is in 

preparation for submission to Geophysical Research Letters. Supplementary text, tables, and 

figures (where appropriate) for each chapter are provided in the appendices (Appendix A for 

Chapter 1, Appendix B for Chapter 2, Appendix C for Chapter 3). 
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CHAPTER 1: EQUILIBRIUM LINE ALTITUDES, 

ACCUMULATION AREAS, AND THE VULNERABILITY 

OF GLACIERS IN ALASKA1 

 

1.1. Introduction 

 Glaciers play an important role in a wide range of both human and ecological systems 

(O’Neel and others, 2015; Immerzeel and others, 2020). Global observations show that glaciers 

have lost mass throughout the 20th and 21st centuries, and mass loss from glaciers in Alaska 

and northwest Canada (the Randolph Glacier Inventory “Alaska region”; (RGI Consortium, 

2017)) outpaced any other region (Larsen and others, 2015; Zemp and others, 2019; Hugonnet 

and others, 2021). Global glacier mass loss will continue through the end of the century, and 

glaciers in the Alaska region are projected to provide the largest contribution to global sea level 

rise in the 21st century of any glacierized region on Earth (Rounce and others, 2023). 

Repeated, systematic observations of glacier mass balance provide critical information 

for understanding how glaciers respond to a changing climate (Zemp and others, 2009). 

However, fewer than 0.1% of glaciers in the Alaska region have consistent and long-term in situ 

 

1 Chapter 1 is published in the Journal of Glaciology as “Equilibrium line altitudes, accumulation 
areas, and the vulnerability of glaciers in Alaska” (Zeller and others, 2024a) 
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observations (U.S. Geological Survey Benchmark Glacier Program and others, 2016). Geodetic 

remote sensing methods offer a complementary approach to collecting direct measurements, 

providing insight into glacier mass balance across local to global scales. However, geodetic mass 

balance approaches are affected by a variety of potential biases related to limitations on glacier 

area change datasets (Florentine and others, 2023), different processing steps in the elevation 

data processing chain (Piermattei and others, 2023), and the time intervals over which they can 

be applied (Huss, 2013).  

The elevation of the boundary between the snow-covered and snow-free portions of a 

glacier is referred to as the transient snow line altitude (SLA). For glaciers with a distinct 

accumulation and ablation season (such as the Alaska region), the SLA at the end of the 

ablation season can be used as a proxy for the annual equilibrium line altitude (ELA) (Rabatel 

and others, 2012). The area which remains snow covered at the end of the ablation season 

represents the glacier’s accumulation area (AA), which can be used in conjunction with the total 

glacier area to calculate the glacier’s accumulation area ratio (AAR) (Cogley and others, 2010). 

Further, this snow covered area on a glacier surface is readily observable from space-based 

platforms by differentiating the areas of a glacier which are covered in snow from those which 

are ice or firn, because snow has higher reflectance across visible and near-infrared wavelengths 

(Gao and Liu, 2001). 

The ELA and AAR provide insight into the relationship between local climate and 

glacier mass balance on short (annual) time scales, as variations in the ELA and AA respond to 

changing patterns and magnitudes of snow accumulation and ablation. Remotely-sensed 
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observations of these variables can be used for translating long-term geodetic mass balance 

measurements to annual time steps (Davaze and others, 2020), investigating glacier 

vulnerability and disequilibrium (McGrath and others, 2017; Carturan and others, 2020; Lorrey 

and others, 2022), and calibrating glacier models (Geck and others, 2021). 

Many previous studies have explored approaches to extracting the SLA from optical 

satellite imagery, with a focus on identifying the snow-covered areas from Landsat imagery 

using methods that range from manual delineation to fully automated classification approaches. 

These studies have focused on glaciers in the Tropics (Rabatel and others, 2012), the European 

Alps (Rabatel and others, 2008; Rastner and others, 2019; Prieur and others, 2022) and High 

Mountain Asia (Racoviteanu and others, 2019; Guo and others, 2021), or a global sample of 

glaciers (Li, Wang, and others, 2022), but very few have utilized the higher spatial and temporal 

resolution of Sentinel-2 imagery (Kavan and Haagmans, 2021). 

These previous studies tend to be limited to a small sample size of glaciers (fewer than 

250), focus on regional-scale SLAs rather than glacier-specific SLAs, and/or have not made the 

derived datasets accessible for use in other studies. Additionally, few studies have explored SLA 

and snow cover extraction in the Alaska region, and those that have are focused on a small 

sample size or regional approximations of snow line variability from coarser-resolution MODIS 

imagery (Pelto, 2011; Shea and others, 2013). 

To evaluate the current state and future vulnerability of glaciers across the entire Alaska 

region, I create a high-resolution inventory of 2018–2022 end-of-summer AAs and ELAs for over 

3,000 glaciers (>76,000 km2) using an automated classification of Sentinel-2 imagery. Using this 
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dataset I assess the current state of Alaska glacier accumulation areas and investigate the 

climatic drivers of ELA variability. Lastly, I project how ELAs will change by the end of the 

century using an ensemble-mean of 13 global climate models and estimate the resulting loss of 

glacier accumulation area across the region. 

1.2. Study Area 

I derived AAs and ELAs for glaciers defined by the Randolph Glacier Inventory (RGI) 

version 6.0 (RGI Consortium, 2017). All glaciers in the Alaska region larger than 2 km2 were 

evaluated (Figure 1). This includes 3031 individual glaciers (11% of the 27,108 glaciers in the 

region) which together cover 76,569 km2 (>88% of the total glaciated area). Glaciers smaller 

than 2 km2 were excluded from this analysis as their smaller size increases the relative effects of 

misclassification, and local terrain and topography provide more dominant controls on their 

patterns of snow accumulation and ablation (Florentine and others, 2018). Glacier in the Brooks 

Range (of which 31 are larger than 2 km2) were excluded due to their short ablation seasons and 

limited mass turnover when compared to those at lower altitudes. 

The Randolph Glacier Inventory defines five subregions (“O2Regions”) that encompass 

the study area: the Alaska Peninsula, Alaska Range, West Chugach Mountains, Saint Elias 

Mountains, and North Coast Ranges. I further divided these into 16 smaller subregions 

(“O3Regions”), largely following the regions used by (Kienholz and others, 2015). Glaciers are 

clustered mainly along the coast of the Gulf of Alaska in a maritime climate. Further from the 
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coast, glaciers in the Alaska Range are generally smaller and experience a more interior climate 

with colder temperatures and less precipitation. 

 

Figure 1: The study area in Alaska and northwest Canada. Glaciers included in the study are mapped, 

with colors corresponding to their O3Region. The inset legend indicates the color, name, and labeled 

number of each O3Region. Red outlines and corresponding names indicate the O2Regions defined by the 

Randolph Glacier Inventory. Inset globe and rectangle show the global context of the area. This map, and 

all other figures, are presented in the Alaska Albers equal-area projection (EPSG:3338). 

 

1.3. Methods 

The snow cover distribution on glacier surfaces was delineated in all 2018–2022 Sentinel-

2 multispectral imagery during the May–November months using a random forest classifier. 

After preliminary filtering and infilling of data gaps, each glacier’s SLA was extracted for each 

observation by identifying the elevation band at which the glacier surface transitioned from 

majority snow-free (ablation zone) to majority snow-covered (accumulation zone). The 
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maximum SLA was identified from each annual time series of SLAs and taken to represent the 

ELA. This resulted in a ten-meter resolution annual accumulation area (AA) product for each 

glacier each year, along with the annual ELA. The five annual AA products for each glacier 

were then combined to produce a single average AA product, from which the five-year average 

ELA was calculated. Each of these steps is described in detail in the following sections. 

  

Figure 2: An example of a Sentinel-2 image from which the training data was collected, showing Wright 

Glacier (RGI60-01.02602) (a), with example snow, firn, and ice regions labeled in (b). Boxes in (a) 

indicate the extent of (b) (d) and (e). (c–e) shows the process of normalizing imagery by the snow-on 

mosaic. (c) shows the snow-on mosaic of Wright Glacier, (d) shows a subset of the original image, and (e) 

shows the effect of snow-on normalization. All images are displayed using the near-infrared, red, and 

green bands. 

1.3.1. Random forest classification 

A random forest classifier (Breiman, 2001) was created to classify Sentinel-2 top of 

atmosphere reflectance images of glaciers into six classes: snow, firn, ice, debris/rock, water, and 

shadow. I created a training dataset was created in Google Earth Engine (GEE) (Gorelick and 

others, 2017) from eight Sentinel-2 datatakes (the continuous image strip acquired by a single 

Sentinel-2 satellite, hereafter called images), with images selected to represent the full spatial 

and temporal range of the study area. Polygons of each class were manually digitized on each of 

these eight images (Figure 2). 20,000 pixels of each class were randomly chosen from each image 

and band values extracted, resulting in 160,000 point observations of each class (960,000 total). 
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In addition, a representative snow-on mosaic of the study region was created by 

combining all late-winter (between 19 February and 30 April) cloud-free Sentinel-2 imagery for 

2018–2022. Each image’s band reflectance was normalized relative to this snow-on mosaic, and 

these normalized band values were also used as inputs to the random forest classifier. This 

snow-on normalization was used as a way to provide a topographic correction for variable 

reflectances caused by variations in the solar incidence angle on the glacier’s surface (Figure 2). 

The normalized difference water index (NDWI) (Gao, 1996) and normalized difference snow 

index (NDSI) (Dozier, 1989) were calculated for each observation and included as features in the 

classification (Table A1). 

The random forest classifier was trained using the scikit-learn RandomForestClassifier() 

implementation (Pedregosa and others). Eight-fold cross validation was used for estimating the 

classifier’s accuracy and to tune hyperparameters (n_estimators and max_depth), with all 

observations from one of the Sentinel-2 images held out in each “fold” of the cross validation. A 

final classifier was trained on the entire training dataset using the optimized parameters 

(n_estimators=50, max_depth=15, min_samples_split=500, min_samples_leaf=100, 

max_features='sqrt'), and was imported to GEE. 

1.3.2. Snow cover identification 

The random forest was used to classify all available Sentinel-2 images of the study 

glaciers from 2018–2022 between May and November in GEE (n=1.4 million glacier images). 

Cloudy pixels were masked using the s2cloudless algorithm (Zupanc, 2017) with a cloud 

probability threshold of 20% (pixels with cloud probabilities higher than this were masked). 
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Areas with slopes greater than 25° were also masked to avoid misclassification of these areas due 

to the high solar incidence angles. Terrain shadows were physically modeled and masked out 

using the GEE TerrainShadow() function, with the Copernicus WorldDEM-30 (GLO-30 DEM) 

(European Space Agency and Airbus, 2022) and image-specific sun azimuth and incidence angles 

as inputs.  

Binary snow cover maps of each glacier were made for each observation date from the 

image classification results, distinguishing between accumulation (snow), ablation (firn, ice, 

debris, and water), and missing data (cloud and shadow) areas. A pixel-wise temporal filter was 

used to fill missing data and remove outliers in the surface classification by using the most 

frequently observed class in all other observations up to seven days before and 3 days after. If 

there were no usable observations in that period, then the pixels were left as no-data. Frequent 

misclassification of debris cover as clouds by the s2cloudless algorithm was observed, so the 

debris cover product from Herreid and Pellicciotti (2020) was used to fill in missing data gaps 

over these areas. Observations were then discarded if they had less than 30% coverage of the 

glacier surface before applying the filtering and infilling or less than 70% coverage after applying 

the filtering and infilling. 

1.3.3. SLA, ELA, and AAR extraction 

A time-varying digital elevation model (DEM) of each glacier was constructed by 

combining the GLO-30 DEM with glacier-specific elevation change products from Hugonnet and 

others (2021). The original GLO-30 DEM was taken to represent the 2013 glacier surface 

elevation, as it was constructed using data acquired during the 2010-12-01 to 2015-01-31 
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TanDEM-X mission (Rizzoli, Martone, Gonzalez, and others, 2017). X-band radar penetration 

into snow and ice may introduce uncertainty (less than 4 m penetration depth expected for wet 

snow) (Millan and others, 2015; Rizzoli, Martone, Rott, and others, 2017), but it is considered 

negligible for these purposes as I am most interested in relative differences in ELA across space 

and time rather than using the GLO-30 DEM for point measurements of surface elevation 

changes. DEMs for each year were constructed by applying the 2010–2014 and 2015–2019 glacier 

surface elevation change rates, with the 2015–2019 product extended for the years 2020–2022.  

The SLA was extracted for each glacier’s daily snow-cover products using a modification 

of the approach described in Rastner and others (2019). The glacier surface area was divided 

into elevation bands at 10-meter increments. The fractional snow cover of the observed pixels 

within each band was calculated, and bands with fewer than 50 observed pixels were removed. 

Bands with at least a 50% snow cover fraction were labeled accumulation bands, and those with 

less than 50% were labeled ablation bands. The lowest point with at least five consecutive 

accumulation bands was then taken to represent the SLA of the glacier at that time step. If no 

SLA was identified, then the lowest point with four consecutive bands, and then three 

consecutive bands was found. If there was still no SLA identified, then the SLA was assumed to 

be higher than the elevation range of the glacier, and the SLA is assigned the glacier’s maximum 

elevation. The glacier's AAR was also calculated at each time step as the ratio between the 

observed snow-covered area and the total observed area of the glacier. 

This resulted in a series of accumulation area maps of each glacier (referred to as 

“observations” below) with an SLA and AAR associated with each. For each glacier each year, 
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the observation with the maximum SLA was chosen to represent its annual accumulation area 

and ELA. But first, inaccurate observations were filtered out by identifying outliers in each 

glacier’s annual SLA and AAR time series. This works on the assumption that the trend in SLA 

and AAR over the course of a given melt season should be consistent (with SLA increasing and 

AAR decreasing). Widespread misclassification of the glacier surface in a single image (for 

instance from atmospheric noise, or clouds not being properly masked out) would result in the 

image's derived SLA and AAR being out of sync with the seasonal progression up to that point 

in time. 

For each observation, a linear regression was fit to the SLAs from all other observations 

in the preceding 60 days, and the expected SLA for the given date was predicted. If the 

observation of interest had an SLA which was more than 200 m higher than predicted by this 

linear regression, then the observation was flagged as an outlier and removed. I tested various 

thresholds and found 200 m to optimize the trade-off between omitting erroneous due to 

misclassification without excluding real-world changes in SLA. The same process was applied 

using the AARs, and observations with AARs which were more than 0.15 lower than predicted 

based on the linear regression were removed. Underestimations of SLA and over-estimations of 

AAR were never considered outliers, as these conditions are physically realistic effects of new 

snow accumulation. Similarly, observations from days after the observation of interest were not 

included in the linear regression because rapid decreases in SLA (and increases in AAR) at the 

onset of the accumulation season could result in these “true” end-of-summer observations being 

flagged as outliers. 
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After these filtering steps, the maximum SLA for each glacier in each year was found, 

and that observation was taken to represent the end-of-summer accumulation area product and 

annual ELA. If multiple observations had the same SLA, then the one with the smallest AAR 

was chosen. For glaciers larger than 500 km2 (n=22), additional manual selection was used to 

ensure the optimal end-of-summer observation was chosen. I refer to these products as each 

glacier’s “annual AA” products. 

1.3.4. Final formatting 

Each glacier’s annual AA products were combined to create an average accumulation 

area product (referred to as the “average AA” products) by taking the most frequent 

observation of each pixel (defaulting to accumulation area if the number of years of 

accumulation and ablation were equal). The ELA was then recalculated for these average AA 

products, to provide a baseline long-term (5-year average) ELA of each glacier. Remaining 

missing data gaps were then filled in each annual AA and average AA product. Missing data for 

elevations at or above the ELA were classified as accumulation areas, and those below the ELA 

were classified as ablation areas. The majority of these missing data pixels were located at 

higher elevation, north facing slopes which were in terrain shadows across the entire observation 

period, and were predominantly infilled as accumulation areas. Not accounting for these missing 

data gaps would lead to a systematic underestimation of accumulation area across the region. 

The AAR of each product was then recalculated, and these final infilled products were used for 

subsequent analyses. The RGI glacier outlines (derived predominantly from imagery over the 
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2004–2010 period) and total glacier area were used for all analyses, as there are no time-varying 

glacier extent datasets available for the entire study region. 

1.3.5. Climate data 

To investigate the climatic controls on glacier ELAs and generate future ELA 

projections, I utilized ERA5-Land (Copernicus Climate Change Service, 2019) reanalysis 

datasets to investigate the climatic controls on observed glacier ELAs and global climate models 

from CMIP6 (Eyring and others, 2016) to estimate end-of-century ELA changes. Average daily 

summer (June, July, August) temperature and total winter (January, February, March) 

precipitation of each of the 16 O3Regions were calculated from ERA5-Land daily values for 

2018–2022, and annual anomalies were calculated for each region in each year. A 13-model 

ensemble, selected for its representativeness over North America (Mahony and others, 2022), 

was used for CMIP6 analyses. Ensemble-mean values for the SSP2-4.5 scenario, considered the 

standard “middle of the road” scenario, were used (O’Neill and others, 2016). Average summer 

temperature and total winter precipitation was found for the 2013–2022 (modern) and 2090–

2099 (future) periods to calculate the projected end-of-century changes in each. 

1.4. Results 

1.4.1. Classification accuracy 

The random forest classifier showed highly accurate results in the cross-validation 

testing. Throughout the eight cross-validation folds, the median classification accuracy and F1 

scores across all classes was 93.1% (with ranges of 67.4–99.8% and 66.7–99.8%, respectively). 
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When considering just the performance in identifying snow, the median accuracy increases to 

99.5% (ranging from 90.1% to 99.9%) and the median F1 score increases to 98.6% (ranging from 

76.9% to 99.8%) (Figure 3). 

 

Figure 3: Confusion matrices showing the prediction results of the random forest classifier, as estimated 

from cross-validation. Top shows the average confusion matrix from the eight cross-validation folds, with 

the predicted class shown on the x-axis and true class on the y-axis. Squares are colored by the number of 

observations in each. Text inside each true positive square indicates the accuracy of that class (i.e. snow 

was correctly classified 95% of the time, firn 59%, etc…). Bottom shows the same confusion matrix 

collapsed down to just the snow class and all others. 

 

The US Geological Survey (USGS) collects seasonal and annual glaciological mass 

balance observations at three “Benchmark Glaciers” within the study area (U.S. Geological 

Survey Benchmark Glacier Program and others, 2016). Mass balance profiles are created from 

point observations of annual mass balance, and the ELA is calculated as the point at which the 

annual mass balance is zero. I used observations from these three glaciers (Wolverine Glacier, 
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Gulkana Glacier, and Lemon Creek Glacier) to validate the accuracy of the remotely-sensed 

ELA results (Figure 4). 

 

Figure 4: Comparison between glaciological ELAs and the derived ELAs (Remotely Sensed ELA) on 

three benchmark glaciers. (a) shows the ELAs derived from each plotted against each other, and (b) 

shows the magnitude of difference between the two (remotely-sensed minus in situ). Marker size in (a) 

indicates the number of days separating the observations, with smaller dots indicating larger time 

discrepancies (ranging from 5 days to 59 days). Note that there are two points for Lemon Creek at 1500 

m, indicating two years in which the ELA was above the elevation range of the glacier in both the 

remotely-sensed and in situ datasets. 

 

The mean absolute ELA error for all glaciers was 88 m (median absolute error of 44 m), 

with a mean bias of –4 m (median bias of –13 m). These errors were skewed by two outliers in 

the dataset on Gulkana and Lemon Creek glaciers. The outlier on Gulkana was caused by 

significant cloud cover which was misidentified as firn and ice, and the outlier on Lemon Creek 

was caused by no cloud-free imagery being available in the later summer months. Removing 
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these outliers results in a mean absolute error of 44 m and bias of –18 m (indicating the 

remotely sensed ELAs were on average 18 m lower than the glaciological ELAs). 

1.4.2. Spatial patterns 

The automated methods resulted in physically realistic patterns of glacier ELAs and 

AARs at both the individual glacier and regional scale. A clear relationship between 

continentality (the glaciers’ distance from the ocean) and ELAs was found, with glaciers with a 

geometric center nearer to the ocean having lower ELAs than more continental glaciers due to 

increased moisture availability and precipitation (Figure 5). For glaciers within 100 km of the 

ocean, each additional kilometer from the ocean leads to an increase in ELA of 8.6 m (with an 

intercept of 1027 m at the ocean). However for those glaciers further than 100 km from the 

ocean the trend is less clear. 

The total accumulation area of all study glaciers is 31,334 km2 (calculated form the five-

year average products), with a corresponding AAR of 0.41. The AAR of individual subregions 

varies substantially across the study area, ranging from 0.26 (in the Aleutian Range) to 0.49 (in 

the Wrangell Mountains) (Figure 6, Table A2). The glaciers with the highest AARs tend to be 

large tidewater glaciers (e.g. Hubbard Glacier, Yahtse Glacier, Taku Glacier), while smaller 

glaciers on the periphery of their mountain ranges have the lowest AARs.  
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Figure 5: The ELA of each glacier (indicated by the color), as calculated from the five-year (2018–2022) 

average AA products. Inset scatterplot shows the relationship between distance-from-ocean and ELA. 

Light colored dots are all glaciers with observable ELAs, and darker purple dots are glaciers with 

observable ELAs that are larger than 10 km2. Red line indicates the coastline that was used. 

 

 

Figure 6: The AAR of each glacier (indicated by the color), as calculated from the five-year average AA 

products. Inset plots show the total accumulation and ablation area of each O3Region (bottom, left axis), 

as well as the total AAR (top, right axis), with numbers and colors corresponding to Figure 1. 
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Our observed AARs are well correlated with coincident observations of glacier elevation 

change (Figure 7). The average of the 2018 and 2019 AARs of each O3Region was compared to 

the average 2015–2019 elevation change rate from Hugonnet and others (2021). Regions with 

lower AARs (less accumulation area) exhibited greater elevation change (mass loss) than regions 

with higher AARs (R2=0.54). I also note that regions with marine-terminating glaciers (regions 

8–15) display greater surface elevation loss (i.e. greater mass loss) than other regions with 

similar AARs (Kochtitzky and others, 2022). This is explainable by the increased glacier mass 

loss from frontal ablation of these glaciers (a process which is not captured by variations in 

accumulation area) in addition to surface mass balance (the process which variations in 

accumulation area does capture). Region 13 seems to not fit this pattern as well (Figure 7), 

which may be attributable to the Glacier Bay tidewater glaciers undergoing rapid retreat in the 

early 20th century and now being more or less stable (McNabb and Hock, 2014). 

 

Figure 7: Comparison between average AAR for 2018 and 2019 and the 2015–2019 elevation change rate 

in each O3Region. Markers are colored and labeled according to Figure 1, with their size corresponding to 

the total glacier area in each. Points with black borders indicate regions that contain marine-terminating 

glaciers, while those with grey borders do not. 
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1.4.3. Temporal patterns 

Substantial inter-annual variability in ELA was observed (Figure 8). The median 

difference between the maximum and minimum ELA of individual glaciers was 470 m 

(interquartile range of 330–650 m) across the five-year study period. The highest ELAs across 

the entire region were observed in 2019 with ELAs being 140 m higher than average across all 

glaciers, while the lowest ELAs were observed in 2021 at 90 m below the average. The 

particularly high ELAs in the North Coast Ranges in 2018 and 2019 match with observations on 

TAKU Glacier of ELAs which were 150 m higher than any other year of record (1948-2022), 

caused by exceptionally warm summer temperatures even at high elevations (Pelto, 2019). The 

range in observed ELAs resulted in substantial variability in AAR across the study region, with 

the median difference between the maximum and minimum glacier AAR being 0.46 

(interquartile range of 0.30–0.62), with the most pronounced variability found in the North 

Coast Ranges (Figure 8, Table A3). 

1.5. Discussion 

1.5.1. Methodology limitations 

The automated methodology that is presented here allows for annual glacier AARs and 

ELAs to be efficiently extracted across large regions at high spatial resolution. However, as with 

any approach that is applied at scale there are limitations. Although the five-day return interval 

for Sentinel-2 provides imagery at a higher frequency than Landsat missions, capturing the true 

end-of-summer snow cover distribution is still dependent on the availability of suitable cloud-
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free imagery prior to the date of maximum SLA. In particularly cloudy years, this can result in 

offsets of more than a month between the true glaciological mass balance minimum and the 

timing of the best available image (Figure 4). 

 

Figure 8: Interannual variability in the ELA of each glacier (a–e), presented as anomalies from each 

glacier’s average ELA in Figure 5. Red colors indicate higher-than average ELAs, blue colors indicate 

lower-than average ELAs. (f) shows the variability in AAR for each glacier across the five years of 

observations. 

 

The random forest classification approach which I implemented has high accuracy 

(Figure 3), but misclassification is still possible particularly in steeper terrain or when cloud 

cover is not properly identified. Areas with slopes greater than 25 degrees (largely ice falls and 

glacier headwalls) were masked out in the analysis to limit misclassification of these areas. In 

rare cases, this may make it impossible to identify the true ELA on glaciers if the ELA falls 
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within the elevation range of an extensive ice fall because too large of an area is masked out. 

Other machine learning approaches that are able to incorporate the wider spatial context of 

imagery, such as a convolution neural network, might be capable of improving the glacier 

surface facies classification. However, such an approach would require a much larger training 

data set and be more computationally expensive.  

Using the RGI glacier area dataset allows direct comparison between these findings and 

other studies, and facilitates the use of these AA, ELA, and AAR products in future studies. 

RGI outlines in the Alaska region are derived from satellite imagery primarily from 2004–2010, 

and glacier retreat in the intervening years means that non-glacierized areas are included in this 

analysis. This systematic over-estimation of glacier area causes the AARs to be smaller than if 

contemporaneous glacier extents were used, but the accumulation area and ELAs are not 

impacted. Roberts-Pierel and others (2022) analyzed glacier surface area changes over the 

majority (but not all) of the study region, and found that total glacier area in 2020 was ~94.5% 

of the 2006 glacier area (the approximate date of imagery from which the RGI glacier outlines 

were derived). This suggests that the modern-day AAR estimates which I present here may be 

over-estimated by ~5.5%, and the true modern region-wide AAR would be 0.43. 

Lastly, climate reanalysis products and future climate projections in mountainous regions 

have inherent limitations due to the scarcity of in situ data and complex topography (Zandler 

and others, 2019). The end-of-century ELAs that I present here are meant to represent a 

reasonable estimate of future changes in these regions, rather than absolute projections of 

glacier-specific AAR and ELA changes. 
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1.5.2. Benchmark Glaciers and regional variability 

One of the goals of the USGS Benchmark Glacier observations, and mass balance 

programs across the globe, is to provide detailed insight into the mass balances processes on the 

single glacier scale such that those observations can provide standards for comparison against 

other glaciers in the surrounding regions (Huss, 2012; O’Neel and others, 2019). The interannual 

variability in mass balance on benchmark glaciers is uniquely captured by seasonal in situ 

measurements, yet their geometry, location, or hypsometry can result in short-term and long-

term benchmark glacier mass balance changes that are atypical of the wider regional changes 

(Fountain and others, 2009; Zemp and others, 2009). 

The ELA and AAR products in this study provide an opportunity to investigate how 

well the interannual variability of site-specific benchmark glacier mass balance captures the 

wider regional mass balance by using the region’s AAR as a proxy for its annual mass balance. 

To do so, I compare the annual mass balance of each of the three benchmark glaciers to the 

annual AAR of their surrounding regions (Figure 9). The annual balances at Lemon Creek are 

strongly correlated (P<0.01) with the AAR of the O2Region and O3Region, with r2 values 

greater than 0.96 (Figure 9). The mass balance and regional AAR are less well correlated at 

Gulkana Glacier (r2=0.73 and P=0.07 for the O3Region, r2=0.58 and P=0.13 for the O2Region), 

while Wolverine Glacier is the least correlated (r2=0.33 and 0.19, P=0.32 and 0.49). 
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Figure 9: Relationship between glaciological mass balances of the three Benchmark Glaciers and the 

AAR of their O2Region (pink dots) and O3Region (purple squares), with each point representing a single 

year. r2 values are shown for a linear regression of each. Higher r2 values indicate that the benchmark 

glacier mass balance variations are more representative of the annual AAR variations of their surrounding 

regions. 

 

The higher correlation that I find for Lemon Creek may be due to the larger range of 

annual balances (2.7 m w.e.) and AAR (0.45) for this glacier and region over the five years of 

observation, as compared to Wolverine (1.0 m w.e. and 0.26) and Gulkana (1.3 m w.e. and 

0.27). Alternatively, it may be that there is greater intra-regional variability in mass balance in 

the regions surrounding Wolverine and Gulkana, or the five years may not provide a long 

enough temporal baseline for such an investigation. 

1.5.3. Climate and ELAs 

Winter precipitation and summer temperatures from ERA5-Land were used to 

investigate the climatic drivers of ELA variations at the regional scale (ELAs and climate 

variables were grouped by O3Region). Over the five-year study period, ELAs were found to be 

positively correlated (P<0.01) with summer temperatures (higher summer temperature led to 
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higher ELAs) and negatively correlated (P<0.01) with winter precipitation (increased winter 

precipitation led to lower ELAs) (Figure 10). Across the entire Alaska region each 1 °C increase 

in summer temperature was associated with a 62 m increase in ELA, while each 10% increase in 

winter precipitation was associated with a 24 m decrease in ELA. However, these relationships 

were not consistent across the entire study area. Coastal regions (O3Regions 8–16) and interior 

regions (O3Regions 3–7) showed contrasting patterns (Figure 9). Winter precipitation was found 

to be a stronger predictor of ELA variability in coastal regions while the linear relationship 

between ELA and summer temperature was not statistically significant (P=0.13). Conversely, 

for the interior regions summer temperature was a stronger predictor of ELA while the linear 

relationship between ELA and winter precipitation was not statistically significant (P=0.67). 

A multiple linear regression model, using winter precipitation and summer temperature, 

was fit to all subregions. This model (adjusted R2=0.46) found that each 1 °C increase in 

summer temperature resulted in an ELA rise of 85 m, and each 10% increase in winter 

precipitation resulted in ELA lowering 32 m.  

Changes in summer temperature and winter precipitation derived from CMIP-6 data 

were used to predict the magnitude of end-of-century ELA changes. A single model was used, 

rather than a region-specific or glacier-specific approach, because the goal was to investigate the 

realistic magnitude of ELA changes, rather than provide absolute predictions. A more robust 

approach might include climate projection downscaling or including multiple SSP scenarios, but 

is beyond the scope of this study. 
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Figure 10: The relationship between climate and ELA variability across the study area. Y-axis on each 

subplots is the annual variability in ELA of each O3Region. X-axis of the left column is the ERA5-Land 

derived summer temperature (scaled as difference from mean), and the X-axis of the right column is the 

ERA5-Land derived winter precipitation (scaled by percent difference from mean). Points are colored 

according to the year which they represent. The top row includes all subregions in the study area. Middle 

row includes only the coastal subregions (8–16). Bottom row includes only the interior subregions (3–7). 

 

The CMIP6 ensemble shows that summer temperature increases will range from +1.7 to 

+3.2 °C across the study region between the 2013-2022 and 2090-2099 periods. Winter 

precipitation is also projected to increase, ranging from +4% to +29% relative to modern 

precipitation. The resulting end-of-century projected ELA rise ranges from +86 to +249 meters 

relative to the present-day (Figure 11). The most extreme increases in ELA are projected to 

occur in the North Coast Ranges, due to the combination of the largest projected temperature 
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increase and smallest increase in winter precipitation. These findings are similar to those of 

McGrath and others (2017) which utilized a similar approach but with a much smaller sample 

size of in situ observations. The regional AAR which I find in this study is substantially lower 

than the range of possible AARs which they considered when estimating modern glacier ELAs, 

highlighting the novelty and value which my glacier-specific observation of accumulation areas 

and ELAs provides. 

 

Figure 11: Changes in summer temperature (left) and winter precipitation (center) between 2013–2022 

and 2090–2099 from a 13-member ensemble of CMIP6 global climate models under the “middle of the 

road” scenario SSP2-4.5. The resulting change in ELA, as calculated from the multilinear regression 

described above, is shown on the right. 

 

The projected ELA increases presented here are increases in the long-term-average ELA. 

Individual years are likely to have more extreme changes (both positive and negative). The 2019 

mass balance year highlights how anomalies of +300 m in some regions are realistic expectations 

for inter-annual ELA variability. Anomalies this large, on top of the projected increase in long-

term average ELA, could result in individual melt seasons with ELAs 500+ meters above what 

are seen today, with corresponding significant glacier mass losses in those years. 

1.5.4. Glacier disequilibrium and vulnerability 

I modeled the future changes in accumulation area for a range of ELA increases using a 

hypsometric approach which accounts for glacier area altitude distribution (Figure 12). For each 
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glacier, the modern ELA was incrementally increased and the resulting AA and AAR was 

calculated by assuming all surface area above the ELA would be in the accumulation zone and 

all surface area below the ELA would be in the ablation zone. The initial AAR conditions were 

calculated by applying the same hypsometric approach given the modern ELAs of each glacier, 

rather than using the average observed AAR, to remove the effects of snow cover below and 

exposed ice above the ELA. The ELA rise was calculated for each glacier by sampling the 

projected ELA rise shown in Figure 11 using each glacier’s geometric center point (provided by 

the RGI “CenLon” and “CenLat”). 

  

Figure 12: (a) The end-of-century AAR for each glacier calculated by applying the ELA rise in Figure 

11 to modern-day ELAs. (b) The percent of the modern-day accumulation area which would be lost with 

the projected ELA rise. 

 

Across the entire region, total accumulation area is projected to decrease to 75% of its 

modern extent by the end of the century, resulting in an AAR of 0.33 (compared to the modern 

hypsometric-derived AAR of 0.44) (Figure 12). Substantial differences are found between 
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individual regions, ranging from 12% to 73% loss of the modern AA in the Eastern Chugach 

Mountains and Central Coast Mountains respectively (Table A2), which matches well with the 

patterns of end-of-century mass loss projected by Rounce and others (2023). 

A substantial number of glaciers are already entirely within the ablation zone in the 

present day, which I define as not having an observable ELA or having an AAR of <10% in the 

five-year average products (Figure 13). A total of 1009 glaciers in this study currently lack an 

accumulation zone, with a cumulative surface area of over 6400 km2 (8% of the studied area). 

Without an accumulation zone, these glaciers should be assumed to be entirely out of 

equilibrium with the modern climate and unable to persist in their present form (Pelto, 2010). 

Under the projected end-of-century scenario of ELA rise, this will increase to 1944 glaciers and 

16500 km2 (22% of the studied area). The majority of these glaciers are small and on the 

periphery of their mountain ranges (Figure 13). However, there are numerous large glaciers that 

are almost entirely ablation zone today or are likely to be by the end of the century; for 

example: Marvine/Hayden Glacier (445 km2), the eastern tributary of Bering Glacier (534 km2), 

Tana Glacier (515 km2), Miles Glacier (420 km2), and the glaciers within the Yakutat Icefield 

(>1000 km2).  

The end-of-century decreases in AAR will push glaciers even further out of equilibrium 

with climate than they are in the modern day. The present-day regional AAR of 0.41 is well 

below the range of values that would be needed for glaciers larger than 1 km2 to be at 

equilibrium with climate (0.54–0.64) (Kern and László, 2010). Combining this range of AARs 

with the modern accumulation area of 31000 km2 would suggest that the present-day 
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accumulation area is capable of sustaining 49000–58000 km2 of total glacierized area, 

substantially less than the RGI-defined glacier extent of 76000 km2 of these study glaciers. 

Under the projected end-of-century ELA rise scenario the total sustainable glacier area drops to 

39000–46000 km2, suggesting a potential loss of up to 49% of the current glacier surface area. 

 

Figure 13: Identification of glaciers with no modern (2018–2022) accumulation area. Red indicates 

glaciers with no modern accumulation area. Orange indicates glaciers that would lose their accumulation 

area with the projected end-of-century ELA rise. 

 

These projections of area change are in line with the most drastic scenarios considered 

by McGrath and others (2017) over these same glaciers (a 225 m increase in ELA under the 

RCP 8.5 climate projection), despite using less extreme climate forcings. This is due to the 

differences in the initial AAR and ELA values used in each study while using the same glacier 

geometry. McGrath and others (2017) assumed that glaciers are near equilibrium with modern 

climate (using AARs ranging from 0.5-0.75) in order to derive glacier-specific ELAs. In contrast, 

my projections of glacier area change include the committed area loss due to modern-day 
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disequilibrium, highlighting the value of our glacier-specific observations to provide validation 

and to constrain model initialization in future studies. 

These projected glacier area losses will not occur immediately, but rather will take 

decades to be realized, with this response time controlled largely by glacier geometry. 

Furthermore, the modeled declines in AAR are based only on modern-day surface elevations and 

glacier area, and do not account for future glacier surface elevation changes or surface area 

changes. In reality, the altitude-mass-balance feedback will increase the glacier surface area 

below the ELA and amplify the magnitude of glacier area loss, while the reduced glacier area 

will diminish AAR losses (Huss and others, 2012; Trüssel and others, 2013; Sass and others, 

2017). 

1.6. Conclusions 

In this study I presented a detailed investigation of the modern and future state of 

glacier accumulation areas and equilibrium line altitudes for over 3000 glaciers which account 

for 88% of the glacier cover in the Alaska region. The automated methods which I developed 

using Sentinel-2 imagery could be applied in future year and to other glacier regions. 

Furthermore, the derived products have potential uses in applications beyond what is presented 

here, such as for validating and constraining glacier models, to understand spatial variability in 

snow accumulation and ablation across a range of spatial and temporal scales, and as a 

supplement to in situ and geodetic products. 
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I found that the total accumulation area ratio of these glaciers is 0.41, with an inter-

annual range of 0.25–0.49. The observed AAR is substantially smaller than the steady-state 

AAR of 0.54–0.64, indicating that, on a regional scale, glaciers are out of equilibrium with 

modern climate. Furthermore, more than 1000 glaciers were found to have effectively no modern 

accumulation area. I observed substantial year-to-year variations in ELA and AAR, with an 

average glacier-specific ELA range of 470 meters and AAR range of 0.46 across the five years. 

I found that the temporal variability in ELAs can be explained by inter-annual climate 

variability. Summer temperatures and winter precipitation derived from ERA5-Land were found 

to be good predictors of regional-scale ELA variability, with winter precipitation being a 

stronger predictor of ELAs in coastal regions while summer temperatures were more important 

for continental regions. An analysis of future climate projections indicated that ELAs will rise 

by an average of ~170 m (ranging from 85–250 m) under a middle-of-the-road greenhouse gas 

emission scenario, with the largest changes expected in the North Coast Ranges. I investigated 

the vulnerability of modern glaciers to these changes, and found that the projected ELA rise 

would result in a loss of 25% of the modern-day glacier accumulation area, while 1938 of the 

studied glaciers (22% of the investigated area) would be left with no functional accumulation 

area. In order to reach a new equilibrium with the projected end-of-century climate, up to 49% 

of the modern glacier surface area may be lost. 
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1.7. Data availability 

The derived snow cover products and metrics are publicly available at 

https://doi.org/10.5066/P1QHST6F (Zeller and others, 2024c). USGS Benchmark Glacier data 

are available at https://doi.org/10.5066/F7HD7SRF (U.S. Geological Survey Benchmark 

Glacier Program and others, 2016). Glacier elevation change products are available at 

https://doi.org/10.6096/13 (Hugonnet and others, 2021). All Sentinel-2 imagery, ERA5-Land 

reanalysis products, CMIP6 climate projections, and the Copernicus WorldDEM-30 are available 

and were accessed via the Google Earth Engine Data Catalog at 

https://developers.google.com/earth-engine/datasets/catalog. All code developed for this study 

is available through a public GitHub repository: https://github.com/lucas-zeller/Glacier-Snow-

Lines. 

  

https://doi.org/10.5066/P1QHST6F
https://doi.org/10.5066/F7HD7SRF
https://doi.org/10.6096/13
https://developers.google.com/earth-engine/datasets/catalog
https://github.com/lucas-zeller/Glacier-Snow-Lines
https://github.com/lucas-zeller/Glacier-Snow-Lines
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CHAPTER 2: SEASONAL TO DECADAL DYNAMICS OF 

SUPRAGLACIAL LAKES ON DEBRIS-COVERED 

GLACIERS IN THE KHUMBU REGION, NEPAL2 

 

2.1. Introduction 

The processes controlling the response of debris-covered glaciers (DCGs) to changing 

climatic conditions are distinct from those of clean-ice glaciers and tend to be less well studied 

and understood (Brun and others, 2019, 201; Miles and others, 2020). Supraglacial lakes (SGLs) 

on DCGs can increase ablation rates through increased radiation absorption, ice cliff calving, 

and efficient transfer of heat to the englacial and subglacial environments (Miles and others, 

2022). Further, rapid drainage of these lakes presents a potential hazard to downstream 

communities and infrastructure (Rounce and others, 2017; Miles and others, 2018), particularly 

in cases where smaller ponds coalesce into large terminal lakes capable of causing catastrophic 

glacier lake outburst floods (Watanabe and others, 2009). 

Understanding the evolution of SGLs on DCGs has been limited by difficulties associated 

with directly observing these features (Racoviteanu and others, 2022). The rugged topography 

 

2 Chapter 2 has been published as: Zeller L, McGrath D, McCoy SW and Jacquet J (2024) Seasonal to 
decadal dynamics of supraglacial lakes on debris-covered glaciers in the Khumbu region, Nepal. The 
Cryosphere 18(2), 525–541. doi:10.5194/tc-18-525-2024  
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of DCGs generally limits the scope of in situ investigations to single lakes and/or individual 

glaciers. Remote-sensing approaches to studying the glacier-wide spatial and temporal patterns 

in lake evolution have been limited by (1) the spatial resolution of freely available satellite 

imagery (e.g., Landsat and Sentinel-2) being large relative to the size of many SGLs and (2) the 

infrequent revisit period of satellites acquiring higher-spatial-resolution imagery preventing 

detailed assessment of the rapid temporal evolution of these lakes. 

Previous studies have found that SGLs tend to form in areas with low surface gradients 

and low glacier flow velocities (Reynolds, 2000). The temporal stability of individual lakes can 

vary widely, with some appearing stable on decadal scales, while others fill and drain annually, 

semi-annually, or seemingly randomly (Narama and others, 2017; Steiner and others, 2019). 

Seasonal to annual patterns in lake development have been observed, with links to ice velocity 

variations, water availability from precipitation and snow/ice melt, and the opening or 

collapsing of englacial conduits (Benn and others, 2001; Mertes and others, 2017; Watson, 

Quincey, and others, 2018). 

There are few existing studies which have investigated the seasonal variations in SGL 

lake areas on DCGs on glacier-wide scales. These studies have generally relied on coarser-

resolution Landsat imagery aggregated over decadal time periods (Miles and others, 2017; 

Narama and others, 2017) or have used a sensor integration approach with both optical and 

synthetic aperture radar (SAR) datasets (Wendleder and others, 2021). Further, the majority of 

these studies (including ours) have focused on DCGs in High Mountain Asia and particularly in 
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regions of the Himalayas and the Karakoram which are impacted by the Indian summer 

monsoon. 

These studies find that SGLs generally form in the early spring from the accumulation of 

rain and meltwater, grow in size through the pre-monsoon season (1 March–15 June), and then 

drain during the monsoon season (15 June–30 September). The frequent snow cover and frozen 

surfaces tend to make lake identification difficult during the winter, but SGLs are generally 

assumed to be stable or very slowly drain throughout the post-monsoon (1 October–30 

November) and winter (1 December–28 February) months (Miles and others, 2017; Watson, 

Quincey, and others, 2018). 

Despite these patterns in SGL area and drainage that have been observed over seasonal 

timescales, the majority of studies investigating SGL development on decadal timescales have 

not explicitly accounted for seasonality in lake areas (Watson and others, 2016; Steiner and 

others, 2019; Mohanty and Maiti, 2021). Rather, these studies tend to utilize a series of 

individual higher-resolution images that cover a wide range of years but are captured at 

irregular seasonal timing. Improving our understanding of the dynamics of short-term SGL 

variability would allow us to differentiate between the confounding effects of seasonal and long-

term trends in SGL area. Therefore, the goal of this study is to develop consistent observations 

of SGL evolution over daily to decadal timescales on eight glaciers in the Khumbu region of 

Nepal through the integration of PlanetScope satellite imagery (Planet Team, 2017), Sentinel-2 

and Landsat 5–9 imagery, and in situ field observations. 
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2.2. Study Area 

I investigated SGL dynamics on eight glaciers in the Khumbu region of Nepal (Figure 

14; Table B1). The glaciers in this region are characterized by ablation zones which have nearly 

continuous debris cover, slow ice flow velocities (< 10 m yr-1) (Gardner and others, 2022), and 

low-gradient surface slopes (< 5 degrees). Debris-covered areas range in elevation from 4800–

5300 m, with debris thickness tending to increase towards the glacier termini (Rounce and 

others, 2021). Five of the glaciers in this study have a southerly aspect and flow direction, two 

(Ambulapcha and Ama Dablam) flow north, and one (Imja) flows westward (Figure 14). Lhotse 

Shar and Imja flow into the rapidly expanding Imja Tsho, resulting in increased ice flow 

velocities compared to the other glaciers in this study (Watanabe and others, 2009). 

 

Figure 14: Sentinel-2 satellite image (13 November 2020) of the study area. The debris-covered areas of 

the eight glaciers are outlined in yellow. Letters adjacent to each glacier are shortened names 

(K=Khumbu, N=Nuptse, LN=Lhotse Nup, L=Lhotse, LS=Lhotse Shar, I=Imja, A=Ambulapcha, 

AD=Ama Dablam). Inset map shows the region's location within Nepal (indicated by the white star). 

The coordinate frame indicates the Easting/Northing range of the figure within UTM Zone 45N. 
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The climate in the Khumbu region is characterized by monsoonal summer seasons, 

during which the majority of the 587 ± 34 mm of annual precipitation falls, and cold and dry 

winter seasons (Perry and others, 2020). The limited winter precipitation leads to non-

continuous snow cover on the study glaciers' surfaces throughout the winter; however, cold air 

temperatures regularly result in frozen lake surfaces, particularly in the February–April time 

period. 

2.3. Methods 

In this study, I investigated the patterns of SGL development on timescales ranging from 

subseasonal to decadal. I achieved this by integrating multiple satellite remote-sensing imagery 

sources. Each source provides unique observations, while together they build upon each other to 

inform us on their relative strengths and limitations. My methodology is broadly broken into a 

two-step process built around identifying SGLs in PlanetScope, Landsat, and Sentinel-2 

imagery. I first developed a robust approach to delineating SGLs in high-temporal-resolution 

time series of PlanetScope imagery. From this dataset, I investigated the seasonal patterns in 

SGL variations over the 2017–2022 time period. I then used these high-spatial-resolution 

observations (3 m spatial resolution) as a validation dataset to optimize SGL identification in 

coarser-resolution Landsat and Sentinel-2 imagery, allowing us to investigate the decadal-scale 

trends in SGL evolution at coarser spatial scale (10 and 30 m). Direct field observations and 

uncrewed aerial system (UAS) surveys from May 2023 provided additional insight into the local-

scale topography of these glaciers. 
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The use of high-resolution PlanetScope imagery allowed us to identify supraglacial 

streams and very small lakes which may be more appropriately referred to as “ponds”. There is 

no clear consensus in previous literature on the differentiation between terming a supraglacial 

feature a “lake” versus a “pond”, and without in situ observations it is difficult to differentiate 

between a supraglacial “stream” which is flowing and stagnant ponded water. Therefore, in this 

paper I use the term “supraglacial lake” (SGL) to refer to any supraglacial hydrologic feature 

which I identify from satellite imagery. 

The area of investigation (AOI) was limited to the debris-covered tongue of each glacier. 

These outlines were created by manually adjusting the glacier extents from the Randolph 

Glacier Inventory Version 6.0 (RGI Consortium, 2017) to better match glacier margins in high-

resolution satellite imagery in Google Earth Pro (sourced from Maxar imagery). Areas of 

exposed glacier ice were also manually excluded, as they were frequently misclassified as water. 

For this analysis, I separated Lhotse Shar and Imja into two glaciers, although they are 

classified as a single glacier in the Randolph Glacier Inventory Version 6.0. The outlines used for 

these two glaciers excluded the rapidly expanding terminal lake Imja Tsho for the entire time 

period, as the focus of this study was solely on SGLs. 

2.3.1. SGL identification: Planet 

I developed a semi-automated workflow to identify lakes on DCGs in PlanetScope 

images (Figure 15). Images of the study area from the October 2017 to April 2022 time period 

were searched for and downloaded using the Planet Orders API (Planet Team, 2017). Areas of 
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cloud cover and terrain shadows were identified in each image and excluded from future 

analysis. See the Supplement for additional information on these steps. 

SGLs were identified by separately classifying water and frozen lakes and then applying 

a pixel-wise temporal smoothing algorithm to ensure a consistent evolution of the glacier 

surface. An initial classification of water (Figure 15b) was performed by using a spatially 

varying threshold on the normalized difference water index (NDWI) (Gao, 1996), calculated 

using the reflectances in the green and near-infrared (NIR) bands. 

 

Figure 15: Workflow diagram for delineating supraglacial lakes in PlanetScope imagery. The boxed items 

indicate intermediate products in the workflow, while unboxed, italicized labels indicate processing steps 

which are referred to in the text. 
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Each pixel was then classified as water if its NDWI was at least 0.10 greater than the 

mean NDWI of surrounding pixels within 150 m (not including off-glacier areas, cloud cover, and 

terrain shadows) and with a minimum NDWI threshold of −0.15 (these thresholds were 

empirically determined). A final shadow-masking step was also applied at this point, with pixels 

with average surface reflectance across visible (RGB) bands less than 0.02 excluded from being 

classified as water. 

An initial classification of frozen lake surfaces (Figure 15b) was performed using a 

similar spatially varying threshold on the NIR band. Each pixel was classified as frozen water 

(ice) if the NIR digital number was at least 1000 greater than the mean NIR of surrounding 

pixels within 150 m (not including off-glacier areas, cloud cover, and terrain shadows). In simple 

terms, areas of relatively high NDWI were initially classified as water, while areas of relatively 

high brightness in the NIR band were initially classified as lake ice. This initial ice classification 

does not differentiate between lake ice, glacier ice, and snow; however, I took precautions to 

avoid including glacier ice and snow in the final products. The study extent was delineated to 

purposefully exclude areas of the glaciers that were not completely debris-covered, reducing the 

possibility of glacier ice being misclassified as lake ice. Images with widespread snow cover were 

excluded. Additionally, in later steps I only allowed areas which were recently classified as water 

to be classified as frozen lakes, limiting the effects of mistakenly identifying snow drifts or 

exposed ice cliffs as SGLs. An ice flow correction was applied to each initial water and lake ice 

classification image to align them to a common date of 1 January 2020 (Figure 15c). This 

removes the effects of lake advection due to ice flow and allows multi-year tracking of individual 
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lakes. Glacier flow velocities were taken from 1985–2022 composite ITS_LIVE velocity mosaics 

(Gardner and others, 2022) resampled to PlanetScope resolution. 

Following initial lake identification, a series of filtering and smoothing approaches were 

applied to ensure a consistent temporal evolution of SGLs in these products and reduce noise 

caused by variable image quality, occasional snow and cloud cover, and inconsistent spectral 

response. See the Supplement for additional information on these steps. 

2.3.2. SGL identification: Landsat and Sentinel-2 

The Planet-derived SGL products were used as a training dataset for developing an 

optimized SGL identification approach for Landsat and Sentinel-2 imagery in this study area. 

All Landsat 5, 7, 8, and 9 and Sentinel-2 surface reflectance imagery, spanning the years 1988–

2022, was downloaded from Google Earth Engine (n = 1230 per glacier). The same debris-

covered AOIs were used for all images to facilitate a direct comparison between all satellite 

sources and across the entire 35-year time frame. Each image of each glacier was manually 

checked, and images with significant cloud cover, snow cover, or shadows over the majority of 

the glacier were discarded, resulting in an average of 940 images remaining for each glacier 

(Table B2). Shadowed areas in each image were masked using the Google Earth Engine 

ee.Terrain.hillShadow() function applied to the NASA Digital Elevation Model (NASADEM) 

(NASA JPL, 2020) with image-specific sun azimuth and elevation as input. Additional 

remaining shadows were removed by thresholding on surface reflectance values in the green 

band (using empirically determined values of 0.08 for Landsat images and 0.11 for Sentinel-2). 
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Persistent exposed glacier ice, which was frequently present in older Landsat imagery and 

misidentified as water, was masked as described in the Supplement. 

2.3.2.1. Validation dataset creation 

All Landsat 7, Landsat 8, and Sentinel-2 images with coincident Planet-derived lake 

extents were identified to be used as a training dataset. I defined suitable images as those which 

had at least three Planet-derived observations within the 9-day period centered on the 

Landsat/Sentinel-2 image date. For each of these training images, I resampled the corresponding 

Planet-derived lake extents to give a 30 m (Landsat) or 10 m (Sentinel-2) resolution product 

that indicated the percent of water cover within each Sentinel-2/Landsat pixel (Figure 16). For 

lake identification in Landsat and Sentinel-2 imagery, I focused on only unfrozen lakes, rather 

than also attempting to identify frozen lake surfaces as I did in PlanetScope imagery. Thus, the 

Planet-derived products used for the training dataset include only the lakes identified without 

employing the frozen lake identification (i.e., I used the temporally smoothed water product in 

Figure 15d). 

2.3.2.2. NDWI optimization and lake identification 

Using the Planet-derived training dataset, I identified the optimal NDWI threshold 

(calculated after scaling images to surface reflectance) to use for binary classification of SGLs in 

Landsat and Sentinel-2 imagery (Watson, King, and others, 2018). For each sensor (Landsat 7, 

Landsat 8, and Sentinel-2) a single NDWI threshold was identified that minimized the difference 

between Planet-derived and Landsat/Sentinel-derived total lake area across the entire training 
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dataset. There were no Landsat 5 images in the training dataset because the Landsat 5 mission 

ended in 2012. Landsat 9 images were included in the analysis, but there were insufficient 

images overlapping the PlanetScope validation dataset to reliably constrain an optimized NDWI 

threshold. Thus, the same NDWI threshold for Landsat 7 was used for Landsat 5 images, and 

the same threshold for Landsat 8 and 9, because the sensor band wavelength ranges are 

identical. 

 

Figure 16: An example of the process of creating a Landsat-scale training dataset from Planet-derived 

lake extents. (a) shows an example PlanetScope image of the terminus of Khumbu Glacier on 24 October 

2018, with the glacier extent outlined in black. (b) shows the lake extents in blue, from the automated 

PlanetScope workflow. (c) shows the Landsat pixel grid overlaid on the lake extents, for a subset of the 

glacier area. (d) shows the same area, resampled to Landsat pixel size and grid, colored by the percent of 

water cover within each pixel. (e) shows the full terminus area, resampled to the Landsat grid, colored by 

percent water coverage. (f) is a Landsat image from the same date (24 October 2018). 

 

These optimized NDWI thresholds (Table 1) were then used to identify SGLs on the 

glacier surfaces across all available imagery after removing shadowed areas and exposed glacier 

ice. No additional smoothing was applied to these products, due to the limited temporal 

resolution compared to PlanetScope imagery. 
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2.3.3. Field observations 

A field campaign was undertaken in May 2023 to collect in situ and drone-based 

observations of the study area. Perspective drone flights were flown on five glaciers (Lhotse 

Shar, Imja, Ambulapcha, Lhotse, and Lhotse Nup) to capture high-resolution videos and photos 

of the debris-covered surfaces using a DJI Mavic 2 Pro and DJI Mavic Air 2S. Additionally, grid 

surveys were flown near the termini of the Ambulapcha, Lhotse Nup, and Khumbu glaciers to 

create high-resolution structure from motion (SfM) and multi-view stereo (MVS) digital 

elevation models (DEMs) and orthomosaics. Grid surveys were flown ∼ 60–90 m above ground 

level, with nadir camera positioning and at least 70 % overlap between images. SfM processing 

was completed in Agisoft Metashape. Ground control points (GCPs) were placed and surveyed 

for all three grid surveys; however, there were no nearby operational base stations to use for 

post-processing of these points, so they were not used in model creation. Thus, model generation 

was based on UAV GPS locations. The model creation resulted in DEMs with 0.08 m pixel 

spacing and orthomosaics with 0.04 m pixel spacing. 

2.4. Validation 

A validation set for the Planet-derived lake extents was created by manually delineating 

SGLs in a total of 28 PlanetScope images of the Lhotse, Nuptse, and Ambulapcha glaciers 

(Figure B1:). For each glacier, a series of cloud-free images spanning a range of approximately 1 

year were selected, in order to capture the full annual cycle of SGL expansion and drainage. I 

used a ± 1 pixel (3 m) buffer for error estimation of these manual delineations (Gardelle and 
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others, 2011). Further, the total SGL area on seven glaciers which were manually mapped by 

Watson and others (2016) was compared to my results from concurrent months. While there is 

no overlap in the years investigated between this study and theirs (the latest imagery used in 

Watson and others (2016), was from 2015), it provides a valuable constraint on the expected 

magnitude of SGL area. 

2.5. Results 

2.5.1. Lake delineation accuracy 

2.5.1.1. Planet 

The Planet-derived SGL extents resulted in physically realistic, accurate delineations of 

SGLs at high spatiotemporal resolution (Figure 17, Figure 21). The mean absolute error in total 

SGL area was 0.039 km2 for Lhotse Glacier, 0.018 km2 for Nuptse Glacier, and 0.004 km2 for 

Ambulapcha Glacier. These are equal to errors of 0.8 %, 0.7 %, and 0.4 % of the total debris-

covered area (from my AOIs) of each glacier, respectively (25 %, 33 %, and 13 % of the total 

lake-covered area). During the months with highest temporal density of suitable imagery 

(September–February), these errors are significantly lower (0.2 %, 0.4 %, and 0.3 % of the debris-

covered area and 7.6 %, 19.1 %, and 8.3 % of the lake-covered area, respectively). A direct 

comparison between these products and those from Watson and others (2016), who derived SGL 

areas on these glaciers from high-resolution imagery over the 2000–2015 time period, is not 

possible, because there is no overlap in the observational years. However, my automated SGL 

areas from similar annual timing showed good agreement with theirs (Figure B1), with the 
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majority of their results falling within the inter-annual range of my values (average difference of 

17.3 % when discounting Imja and Lhotse Shar). The differences on Imja Glacier and Lhotse 

Shar Glacier (where I found smaller lake areas compared to Watson and others, (2016)) may be 

attributed to changes in subglacial hydrology as the proglacial lake Imja Tsho expands (Bolch 

and others, 2008). 

2.5.1.2. Landsat and Sentinel-2 

The optimized NDWI thresholds for lake identification were found to be 0.137 for 

Landsat 5 and 7, 0.188 for Landsat 8 and 9, and 0.250 for Sentinel-2 images (Table 1, Figure 

18). The optimized value for Sentinel-2 is similar to the value found by Watson and others 

(2018a) of 0.22. The optimized value they found for Landsat 8 is not directly comparable to my 

results because they used the modified NDWI (Xu, 2006) which uses a short wave infrared band 

in place of the near-infrared band when calculating NDWI. 

The median per-image glacier-wide error in SGL area, compared to the coincident 

Planet-derived lake area, was 37 % for Landsat and 34 % for Sentinel-2 (presented as a 

percentage of Planet-derived lake area), with values for individual glaciers ranging from 19 % 

(Lhotse) to 100 % (Imja) and 13 % (Ambulapcha) to 60 % (Imja), respectively (Table B3). 

Table 1: The optimized NDWI threshold that was found for each Landsat and Sentinel-2 sensor. 

Satellite Optimized NDWI 

Landsat 5 & 7 0.137 

Landsat 8 & 9 0.188 

Sentinel-2 0.250 
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Figure 17: A comparison between the SGL extents and frequency in Planet, Sentinel-2 and Landsat 

imagery on Lhotse Glacier. The colorscale corresponds to the frequency each pixel was classified as water, 

with darker colors being more frequent. Only Landsat images from the 2018-2022 time period were used, 

to provide a more direct comparison with Planet and Sentinel-2. The time series plot shows the trend in 

total lake area for each sensor. Each point represents water identified in a single image. Planet-derived 

lake areas are shown for both the full methodology which includes frozen lake area (cyan) and the area if 

frozen lake area is excluded (black). 

 

2.5.2. Short-term dynamics 

2.5.2.1. Seasonality in glacier-wide lake area 

A pronounced seasonal cycle in total SGL area was found in the Planet-derived lake 

datasets (Figure 19, Figure B1). On most glaciers, the maximum glacier-wide SGL area (both 

frozen and open water) occurred in March (during the pre-monsoon season), decreased 

throughout the monsoon with a minimum area occurring in September, and then increased 
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steadily throughout the post-monsoon and winter months (October–February) (Figure 19). For 

each glacier, the annual maximum SGL area is approximately twice the annual minimum (Table 

B4–Table B8), highlighting the magnitude of short-term variability these features can exhibit. 

While this cycle is most clearly seen in the high-temporal-resolution Planet-derived dataset, it is 

also apparent in Sentinel-2 and Landsat-derived time series, although frequent lake surface 

freezing in winter months (which was not classified in Landsat/Sentinel-2) obscures this trend in 

many years (Figure 17). 

 

Figure 18: (a) NDWI optimization results for each satellite. Each horizontal bar shows the range of 

NDWI values for Landsat and Sentinel-2 pixels in the validation dataset with the indicated percent water 

cover (aggregated in 5% bins). Dots indicate the mean, grey bars show the range containing 90% of all 

observations. Vertical lines and the shown number indicate the optimized NDWI value for each sensor, 

which minimized the net error over the validation dataset. (b) and (c) compare the SGL area identified in 

PlanetScope imagery and in Landsat/Sentienel-2 coincident imagery using the optimized thresholds, with 

each point representing a single image. (b) shows these values as the total lake area, while (c) scales them 

by the total glacier debris-covered area. Mean absolute error (MAE) is shown for Landsat (purple) and 

Sentinel-2 (orange) results on each plot. 
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Figure 19: Time series of total SGL area on each glacier from PlanetScope imagery. Each point indicates 

the total lake area identified from the automated methodology. Grey shaded areas indicate the monsoon 

season (15 June–30 September). Left axis of each plot shows lake area, while right axis shows the values 

scaled to a percent of the total debris-covered area. 

 

The wintertime increase in SGL area is not caused by an increase in the frozen SGL area 

(Figure B2). I find that the maximum frozen lake surface extent occurs in April, and minimal 

lake surface freezing occurs in the September–December time period during which unfrozen lake 

area is steadily increasing (Figure B2). 

A detailed investigation of the 5-year Planet-derived SGL inventory shows that the 

seasonal cycle in total SGL area (both frozen and unfrozen) is driven by the regular appearance 

and expansion of small lakes and supraglacial streams throughout the post-monsoon and winter 

months in the upper debris-covered regions further from the glacier termini (Figure 20, Figure 

B4, Figure B5), rather than seasonal growth and/or shrinking of the larger lakes in the study 
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region. Between October and February in each of the 5 years on Lhotse Glacier, lake area 

increase was greater in regions further from the terminus (Figure 20a). Similarly, the total 

number of lakes increases throughout these months each year, with this driven predominantly 

by the increasing number of small lakes (lakes between 45 and 450 m2, or less than half of a 

single Landsat pixel) (Figure 20c). Lastly, the relative contribution of smaller lakes to the total 

lake area increases between October and February each year (Figure 20b). For example, lakes 

which are smaller in size than a single Landsat pixel (900 m2) account for an average of 18% of 

total lake area on Lhotse Glacier in October but account for 34% of total lake area on average 

in February (Figure 20b). These same patterns are observed (to varying degrees) on most 

glaciers in this study area, particularly on the four glaciers with the greatest lake area 

(Khumbu, Nuptse, Lhotse, and Lhotse Shar) (Figure 20, Figure B5-Figure B12). 

2.5.2.2. Individual lake dynamics 

The high spatial and temporal resolution of PlanetScope imagery allows investigation of 

the pattern of individual lake filling and drainage events (Figure 21). Analysis of the pattern of 

individual lake dynamics reveals a complex system, where individual lakes may exhibit seasonal 

to multiannual patterns of surface area variations that greatly differ from the glacier-wide 

trends and even nearby lakes. 

A total of 2131 unique lakes greater than or equal to 45 m2 in area were identified in the 

Planet-derived lake inventory across the 5-year period, ranging in number from 48 to 619 across 

the eight glaciers (Table 2), with a total area of 1.57 km2. Of these lakes, only 36 were 

permanent (never completely draining across the entire study period), representing 1.7% of the  
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Figure 20: The October-February seasonality of SGLs on Lhotse Glacier, with each row showing a 

unique year. (a) shows the percent of the glacier area with SGL coverage (y-axis) as a function of the 

normalized distance form the terminus (x-axis). Each line showing the area in a single month. (b) shows 

the cumulative SGL area (y-axis) with increasing lake size (x-axis), in each month. The x-axis ticks are 

shown in 900 m2 increments (the size of a single Landsat pixel). Areas are normalized to a 0–1 scale to 

allow direct comparison between months and years. (c) shows the changes in the number of individual 

lakes within each image, binned into three different sizes. Blue are smaller in size than half of a Landsat 

pixel, orange are between one half and two Landsat pixels, and red are greater than two Landsat pixels. 
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lakes by count and 23.9% by area (at their maximum extents). These permanent lakes tend to 

be closer to the terminus of their respective glaciers, with an average normalized distance of 0.47 

(47% of the distance from the terminus to the upper debris-covered area) compared to 0.66 for 

all other lakes. 

Table 2: Observations of lake count and area on individual glaciers over the 2017–2022 Planet 

observational period. Note that the number of lakes on a glacier at a single point in time (i.e. Max. #) 

may be greater than the total number of lakes identified on the glacier over the entire time period (Lake 

#) if individual lakes merge together to create a single, larger lake. Total lake area, minimum lake area, 

and maximum lake area are provided in absolute area (m2) and as a percentage of the glacier's debris-

covered area. Annual minimum and maximum lake area and count for each glacier are provided in the 

supplementary material. 

Glacier 
Lake 

# 

Lake area 

(m2, %) 

Permanent lake 

# (%) 

Min. 

# 

Max. 

# 

Min. area 

(m2, %) 

Max. area 

(m2, %) 

Ama Dablam 121 115974 (5.2%) 3 (2.48%) 10 112 7641 (0.3%) 57555 (2.6%) 

Ambulapcha 48 61749 (6.8%) 0 (0%) 3 64 9081 (1.0%) 55755 (6.1%) 

Imja 62 17964 (1.8%) 0 (0%) 0 31 0 (0.0%) 6498 (0.6%) 

Khumbu 619 571734 (10.0%) 14 (2.26%) 88 690 162414 (2.8%) 436536 (7.6%) 

Lhotse 589 423054 (8.1%) 8 (1.36%) 51 442 54405 (1.0%) 276912 (5.3%) 

Lhotse Nup 123 64800 (4.1%) 1 (0.81%) 2 97 3465 (0.2%) 34578 (2.2%) 

Lhotse Shar 368 197910 (6.2%) 4 (1.09%) 27 318 22626 (0.7%) 171522 (5.3%) 

Nuptse 201 116073 (4.2%) 6 (2.99%) 22 138 32526 (1.2%) 84213 (3.0%) 
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Figure 21: Water frequency maps and time series of select individual lakes or groups of lakes. Locations 

of each (b-e) are indicated in the top-left overview map. Lake maps are colored by water frequency 

(darker colors indicating more frequent water). The time series show the total area in individual Planet 

images. Grey shaded areas indicate monsoon season (15 June-30 September). Year tick-marks indicate the 

start of each year. Red arrows indicate the glacier flow direction. 
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The recurrence frequency of the ephemeral (non-permanent) lakes varied substantially 

based on their size, with larger lakes reappearing more frequently. Lakes smaller than a single 

Landsat pixel (900 m2) appeared on average in 2.0 years out of the 5 years of Planet 

observations, while lakes larger than this threshold appeared in 4.5 years on average (calculated 

by separating years on 1 September). Only 355 (16.7%) of all lakes appeared in all 5 years, and 

the average size of these lakes was 3034 m2 compared to an average size of 277 m2 for all others. 

In some instances (on the Khumbu and Ambulapcha glaciers) the number of lakes 

identified at a single point in time was greater than the total number of lakes identified on the 

glacier across the entire study period (Table 2). This may happen if unconnected lakes expand 

and eventually coalesce into a single lake, resulting in a greater lake area but smaller number of 

lakes. 

I identified multiple lakes greater than 10000 m2 which experienced rapid drainage events 

(e.g., Figure 21), which all occur near the onset of the monsoon season (May–June). Drainage 

events similar to these have been previously documented in this region and can cause significant 

impacts and damage to downstream communities and infrastructure (Rounce and others, 2017; 

Miles and others, 2018). In fact, the lake which I observed to rapidly drain twice (in 2019 and 

2021) was also noted to be involved in the 2015 flood event documented by Rounce and others 

(Rounce and others, 2017). Further analysis of the Landsat archive reveals six additional 

instances of this lake filling and draining within the 2008–2016 time period (and none prior to 

2008), and the lake area increased each time that it refilled. 
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The total SGL area on Ambulapcha Glacier is dominated by two large lakes near the 

terminus that have distinct and contrasting seasonal patterns (Figure 21). The lake nearest to 

the terminus rapidly fills during the monsoon season each year and slowly drains throughout the 

post-monsoon, winter, and pre-monsoon seasons (Figure 21). In contrast, the second lake further 

from the terminus was consistently present over the duration of the PlanetScope observations, 

expanded throughout the 5-year period, and completely drained during the onset of the 

monsoon season in 2022 (Figure 21). 

These lakes were empty during the May 2023 field campaign, allowing detailed 

topographic mapping of the lake basins (Figure 22). Both lakes appeared to have drained 

englacially, as evidenced by the presence of small ponds and exposed ice at the bottom of each 

basin. I used UAV-derived DEMs of the basins to construct an area–volume scaling relationship 

for each by calculating the total surface area and volume with incrementally increasing water 

depths (0.2 m increments) to a maximum depth of 40 and 24 m (for the lower and upper lake, 

respectively). The volume of the pre-existing ponded areas in each basin was estimated 

according to the relationship presented by Watson and others (2018), which built on the 

findings of Cook and Quincey (2015). The results from the artificial filling of the two basins 

found that the area–volume relationships of each fall within the range of existing SGL 

observations (Watson, Quincey, and others, 2018) (Figure 22). 
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Figure 22: The area-volume scaling relationship for the two large lake basins on Ambulapcha Glacier 

(purple and orange lines). Black points show previous observations of SGL areas and volumes on Khumbu 

Glacier by Watson and others (2018b), and the black dashed line is the best-fit relationship presented in 

the study. (a) shows the area-volume relationship (in log-log scale). (b) shows the percent error that 

results from using the best-fit equation for estimating volume from an observed area. Grey shaded area 

shows the 37% mean error from all observations in Watson and others (2018). (c) shows the UAS-derived 

DEM (hillshade with elevation overlaid) and approximate extents of the two lake basins. 

 

2.5.3. Long-term trends 

Complex patterns and trends in SGL evolution over decadal timescales are revealed by 

the Landsat-derived products, with notable differences being observed between different glaciers, 

between different parts of individual glaciers, and through time. Over the 1988–2022 period, two 

of the eight glaciers (Khumbu and Ambulapcha) showed a statistically significant (P < 0.05) 

positive trend in glacier-wide SGL area in Landsat-derived observations, based on a linear 

regression of the average annual lake area (Figure 23, Figure B13, Table B9). Two glaciers 

(Imja and Lhotse Shar) showed a statistically significant negative trend, while the remaining 

four did not have a statistically significant trend. Limiting the time period to only 2013–2022 

(after the launch of Landsat 8), I find that only Khumbu has a statistically significant positive 
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trend in SGL area, while the seven other glaciers have no statistically significant trend (Figure 

23 and Figure B13). 

 

Figure 23: Long term trends in SGL area on four glaciers as derived from Landsat imagery. Light grey 

dots show the lake area in individual Landsat images, while larger colored dots show the mean SGL area 

within each calendar year. (a-d) shows the SGL area over the entire glacier surface, while (e-h) show the 

lake area only on the near-terminus area (defined as the lower 50% of the glacier). Dotted and dashed 

lines show the linear regression of the annual averages for the entire time period (dotted) and only the 

2013–2022 time period (dashed). Labeled slopes correspond to the 2013–2022 linear regression. All slopes 

and P-values are provided in Table B9. 

 

If I limit the area of investigation of each glacier to include only the lower half of the 

debris-covered area, where lake area shows less seasonal variation, then I find similar temporal 

trends. Three glaciers (Khumbu, Nuptse, and Ambulapcha) show an increasing trend over the 
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1988–2022 period, two (Imja and Lhotse Shar) show a decreasing trend, and the remaining three 

show no significant trend. In the more recent (2013–2022) period, three glaciers show a 

statistically significant increasing trend (Khumbu, Lhotse, and Ambulapcha), and one (Ama 

Dablam) shows a decreasing trend (Figure 23, Figure B13, Table B9). The remaining glaciers 

show no statistically significant trend over the 2013–22 period, although increasing lake area on 

Nuptse is significant at the P < 0.1 level. 

Looking at the decadal-scale changes in spatial distribution of SGLs better illustrates the 

contrasting patterns among the studied glaciers. The development and expansion of SGLs near 

the terminus of Khumbu Glacier is clearly visible, while at the same time there is a decrease in 

the frequency of lakes further up-glacier (Figure 24). Similarly complex patterns of SGL changes 

are apparent on all glaciers (Figure B14-Figure B20) and offer complementary data to the time 

series investigation. 

2.6. Discussion 

2.6.1. Comparison with previous SGL studies 

The results of this study highlight how the high temporal resolution of PlanetScope 

imagery can be leveraged to advance our understanding of supraglacial lake dynamics. Prior 

analyses of the seasonal cycle of SGLs (Miles and others, 2017; Narama and others, 2017) have 

largely relied on coarser-resolution Landsat imagery aggregated over decadal time periods in 

order to identify seasonal trends. While my results show a gradual increase in total lake areas 

throughout the winter leading up to the onset of the monsoon season, these analyses (neither of 
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which focus on the Khumbu region) have found that SGLs initially appear and fill in the pre-

monsoon months (March to April) and then drain throughout the monsoon. A study by 

Wendleder and others (2021) synthesized Sentinel-2, PlanetScope, and SAR datasets to 

construct a time series of SGL area over the summer months (April–September) on Baltoro 

Glacier (Pakistan). Similarly to the previous studies, Wendleder and others (2021) also found 

that lakes appeared and expanded rapidly in the spring months and drained throughout the 

summer. 

 

Figure 24: SGL frequency maps of Khumbu Glacier as derived from Landsat imagery. Each figure shows 

the water distribution aggregated within four-year intervals. Colors show the frequency with which each 

pixel was identified as water, with darker colors indicating more frequent water. 
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The differences between these previous studies and my findings showing wintertime lake 

expansion may be due to differences in regional climate causing different seasonal patterns of 

lake development, methodological differences (such as minimum lake size identifiable in Landsat 

images being 225 m2 if the image is pansharpened), or not including frozen lakes in their 

inventories. The debris-covered areas of the glaciers in this study region generally do not have 

continuous snow cover for the entire winter, making SGL identification possible during these 

months. A study by Taylor and others (2022) found wintertime (December to February) 

increases in SGL area on two of the three debris-covered glaciers they investigated on the 

Bhutan–Tibet border and attributed this to variations in efficiency of supraglacial drainage 

systems between different glaciers and between seasons. 

The seasonal variation in SGL area on individual glaciers that I find with the Planet-

derived products is of higher magnitude than decadal-scale trends in lake area change from the 

Landsat record. Many previous studies which use higher-resolution imagery to investigate SGLs 

on the same glaciers as this study have used a series of images that may cover a wide range of 

years (up to multiple decades) but are captured at irregular seasonal timings (Watson and 

others, 2016; Steiner and others, 2019; Mohanty and Maiti, 2021). These results suggest that 

such study designs are likely to be insufficient for differentiating between the regular annual 

cycle and the long-term evolution of SGLs described here without controlling for seasonality 

(i.e., using only images captured during the same month across all years). 

Watson and others (2016) investigated the dynamics of SGLs on seven of the eight 

glaciers in this study (all but Ambulapcha) by using high-resolution (0.5–2 m) imagery over the 
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2000–2015 time period, with approximately four images of each glacier used. There was no 

direct overlap between their observations and the PlanetScope-derived products (which are the 

closest in spatial resolution), but it provides an important opportunity to compare and validate 

the findings of each. The total area of SGLs identified on each glacier by Watson and others 

(2016) was similar in magnitude to my results when comparing images from similar times of 

year (Figure B1). The limited image sample size in their study made it difficult to differentiate 

between the impacts of long-term SGL evolution and seasonal to annual SGL evolution, 

although they identified substantial inter- and intra-annual variability in SGL area. For glaciers 

other than Khumbu Glacier, the main findings were based on a series of three images from 

October 2011, December 2013, and January 2015. They found that total lake area increased on 

each glacier over this image series with the largest increases occurring in zones further from the 

terminus and a trend towards smaller lakes accounting for a larger area (Watson and others, 

2016). These results are identical to the annual pattern of wintertime lake development which I 

observed in the PlanetScope-derived dataset, providing validation of these findings while 

confirming that the trends observed by Watson and others (2016) on these glaciers can likely be 

attributed to regular seasonal variations in SGL area rather than longer-term evolution of these 

glaciers. 

Watson and others (2018) presented in situ observations on SGLs near the terminus of 

Khumbu Glacier over the 2015–2016 year. They found that these lakes reached an annual 

maximum during the summer monsoon season, followed by continuous shrinkage throughout the 

following post-monsoon and winter months. These results largely supported the findings by 
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Miles and others (2017) and Narama and others (2017) (which investigated SGLs in different 

basins within High Mountain Asia) of the maximum SGL area occurring during the monsoon 

season and shrinking in the post-monsoon and winter months. My analysis showed a similar 

annual pattern of lake area in this same area of Khumbu Glacier (Figure 21b), where the 

maximum lake area is observed at the end of the monsoon season (September) each year, and 

the area decreases throughout the post-monsoon, winter, and pre-monsoon seasons. The 

discrepancy between the patterns seen in these lakes and the pattern of total glacier-wide SGL 

area increasing throughout the post-monsoon and winter seasons (Figure 21) shows that caution 

is warranted when extrapolating observations across the entire glacier, to other lakes, or to 

other glaciers, as individual lakes and/or portions of a glacier often have unique spatiotemporal 

patterns. 

The limited availability of cloud-free imagery in the monsoon months limits the ability 

to draw conclusions about the specific timing and rate of drainage from the automated SGL 

identification approach. An approach focused on manual lake delineation during the monsoon 

and pre-monsoon time periods or approaches using SAR data (Wendleder and others, 2021) 

would be more capable of answering these questions. 

These findings highlight how, while satellite remote-sensing platforms are capable of 

tracking changes in SGL area, they are not able to identify the specific processes which cause 

lakes to fill and drain. Detailed in situ observations such as those by Watson and others (2018) 

are needed to complement remotely sensed observations. 
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2.6.2. Winter lake expansion 

Our results showing an increase in total SGL area throughout the winter months are 

counter-intuitive, as the cold temperatures, limited precipitation, and minimal snow and ice 

melt would seemingly limit the availability of liquid water and suppress lake formation (Miles 

and others, 2017). I hypothesize that absorption of solar radiation and conduction to underlying 

ice in areas with thin debris cover (Rounce and others, 2021; Miles and others, 2022) may lead 

to meltwater production during winter months, while inefficient drainage systems result in this 

water pooling at the surface (Miles and others, 2020). This hypothesis is supported by the 

observation that wintertime lake appearance and expansion are most prominent in the upper 

debris-covered regions of the glaciers (Figure 21), where debris cover is thinnest, rather than at 

lower regions where thicker debris cover provides an insulating effect (Rounce and others, 2021). 

The inconsistent snow cover on the debris-covered tongues of these glaciers (particularly during 

the early winter months) would increase the potential solar radiation reaching their surface, 

particularly on the glaciers with more southerly aspects which also show the most consistent 

wintertime lake expansion (Figure 19). This phenomenon may not be observed on glaciers in 

other regions with more consistent wintertime snow cover or in regions with climates that are 

not dominated by the summer monsoon season. 

2.6.3. Long-term trends 

Our findings highlight many of the difficulties associated with monitoring the long-term 

evolution of SGLs. The seasonal variations in glacier-wide lake area are of a magnitude similar 

to or greater than the long-term changes (Figure 19, Figure 23, and Figure B13). The long-term 
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trends in lake area are variable depending on the time period and the specific area of the glacier 

investigated. I found that SGL area increased near the terminus on four of the glaciers 

investigated (Khumbu, Lhotse, Ambulapcha, and Nuptse) over the 2013–2022 time period (Fig. 

7, Table B9). This observed expansion and possible future coalescing of near-terminus lakes on 

these glaciers suggest that they should be closely monitored for future outburst flood risk (Benn 

and others, 2012). 

An efficient supraglacial stream network on the surface of Lhotse Shar, combined with a 

highly incised notch in the terminal moraine, as observed from field observations, has likely 

prevented large lakes from persisting on its surface. In contrast, Khumbu Glacier has a similarly 

efficient supraglacial stream network near its terminus, which also flows off the glacier through 

a deep notch in the terminal moraine, but has nevertheless developed many large SGLs that 

have been continuously expanding and coalescing in recent years (Naito and others, 2000). This 

contrasting behavior, compared to Lhotse Shar, may be due to a slightly lower surface gradient 

and greater number of ice cliffs on Khumbu Glacier. However, the presence of the outlet stream 

deeply incised into the moraine on Khumbu Glacier may help to limit future SGL expansion. 

The recent SGL expansion on Lhotse Glacier is unique within this study region. The 

lower section of the glacier, downstream from the area of lake expansion, is relatively steep (up 

to 5° near the terminus), has a well-established stream drainage network, and has little to no 

terminal moraine. The lake expansion has occurred predominantly in an area ∼ 2 km from the 

terminus, at a point where the surface gradient lowers to 2° and maintains that slope for ∼ 3 km 

up-glacier. The steep slope and lack of a well-defined terminal moraine suggests that Lhotse 
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Glacier may not follow the same evolutionary trajectory of terminal lake development as the 

nearby Imja Tsho. However, sudden drainage of the large SGLs englacially and through the 

existing supraglacial stream network remains possible (Rounce and others, 2017). 

Our long-term time series of SGLs on the Imja and Lhotse Shar glaciers show only a 

portion of the lakes that are present throughout the time period because a static glacier outline 

was used. These glaciers were significantly larger in the late 1980s and have been retreating 

rapidly due to the expansion of their proglacial lake (Imja Tsho). Their transition to lake-

terminating glaciers has likely inhibited the growth of supraglacial lakes due to increasing 

surface velocities. The expansion of Imja Tsho is certain to have further significant effects and 

feedback on the subglacial, englacial, and supraglacial hydrologic systems of the glacier 

(Watanabe and others, 2009), but those are not investigated in this paper. 

2.6.4. Methodological limitations 

The semi-automated approaches used for SGL delineation in Landsat, Sentinel, and 

PlanetScope imagery substantially increase the amount of data which can be efficiently analyzed 

relative to manual identification methods. However, it is important to understand the 

limitations of these automated methods in order to appropriately use the derived products. 

The geolocation accuracy of PlanetScope imagery can be poor (up to 10 m RMSE at the 

90th percentile), particularly in complex and steep terrain such as the Himalayas, resulting in 

multi-pixel misalignment between images or between individual bands within the same image. 

This can inhibit the ability to track spatial and temporal evolution of features as small as SGLs 
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and introduce substantial noise into the data. Differences in the sensors on individual satellites 

can further add noise. Taking advantage of the high temporal resolution of PlanetScope imagery 

allows the filtering out of much of the noise and increased confidence in the results. However, 

significant cloud cover during the pre-monsoon and monsoon seasons, in addition to consistently 

frozen lake surfaces in the February–April months, lowers the confidence of the results during 

those times (Figure B1, Figure B2). The decrease in total SGL area that I see on many glaciers 

between March and June each year is likely due to these cloud and ice limitations, rather than a 

true decrease in lake area. 

Higher geolocation accuracy of Landsat and Sentinel-2 images was observed compared to 

PlanetScope images relative to their spatial resolution, both between images and between bands 

in single images. This accuracy, combined with a high degree of consistency in the spectral 

quality of images, allows Landsat and Sentinel-2 to overcome many of the limitations inherent 

to using PlanetScope imagery. However, the lower spatial and temporal resolution (particularly 

for Landsat) means that smaller SGLs and short-term variations are difficult or impossible to 

identify. Additionally, identifying lakes with frozen surfaces is more difficult without the dense 

temporal resolution that was used for the Planet-derived dataset, further obscuring wintertime 

changes in lake area. 

2.6.5. Comparison with regional-scale databases 

A comparison between the SGL extents produced in this study with regional- or global-

scale glacier lake inventories (Wang and others, 2020; Shugar and others, 2020; Chen and 

others, 2021; Racoviteanu and others, 2021) suggests that existing datasets do not capture the 



74 

full behavior of SGLs through space and time (Figure 25). I found that three time-varying 

inventories (Wang and others, 2020; Shugar and others, 2020; Chen and others, 2021) 

considerably underestimated the extent of modern SGLs on these eight glaciers. The Shugar and 

others dataset, which used the full Landsat archive to map glacial lakes across the entire globe 

in 5-year time intervals, does not include any SGLs on these glaciers due to the minimum size 

threshold of 50000 m2 that was used. Additionally, two areas of glacial ice were misclassified as 

lakes in the 2020 product (not shown in Figure 25 because they are up-glacier from the study 

region). The Chen and others Hi-MAG dataset provides annual glacial lake outlines in the High 

Mountain Asia region for the 2008–2017 time period derived from Landsat imagery and using a 

8100 m2 minimum size threshold. On these glaciers a single lake was identified on Lhotse Glacier 

in 1 year, seven total lakes on Khumbu Glacier across 4 years, and no lakes on the other glaciers 

in this study area. The Wang and others dataset provides glacial lake outlines in the High 

Mountain Asia region for two timesteps (1990 and 2018) using manual delineation of Landsat 

imagery and a 5400 m2 minimum size threshold. Their 2018 data found five SGLs on Lhotse 

Glacier, two on Ama Dablam Glacier, and five on Khumbu Glacier (and no lakes on the others). 

In contrast, Racoviteanu and others (2021) used a spectral unmixing model on Landsat 8 

imagery to identify supraglacial ponds on debris-covered glaciers in the Himalayas during the 

post-monsoon season (September–November) in 2015. Their spectral unmixing approach allowed 

for identification of ponds that were smaller than a single Landsat pixel. The derived dataset 

shows a comparable magnitude (falling within the range of the PlanetScope-derived products) 

and spatial distribution of SGLs to my findings but only provides data for a single time step. 
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Figure 25: A comparison between the Planet-derived and Landsat-derived lake extents and publicly 

available regional-scale inventories. 

 

While the differences in SGL number and area of these datasets (Wang and others, 2020; 

Shugar and others, 2020; Chen and others, 2021) relative to my findings are due primarily to 

the minimum size threshold used (and the overall aims of their studies), these comparisons 
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highlight how our current understanding of SGL dynamics over regional or global scales is very 

limited. Studies which focus primarily on the unique spatial and temporal characteristics of 

SGLs (Racoviteanu and others, 2021) are needed to better characterize these features. 

2.7. Conclusions 

In this paper, I presented an automated approach to identifying SGLs on debris-covered 

glaciers from PlanetScope, Sentinel-2, and Landsat imagery. Lake identification in Landsat and 

Sentinel-2 was optimized using coincident Planet observations. These methods were used to map 

lake extents on eight glaciers in the Khumbu region of Nepal over the 1988–2022 time period. 

A regular annual cycle in SGL development was found, with the annual minimum in 

glacier-wide lake area occurring at the end of the monsoon season followed by a gradual increase 

throughout the winter season and a maximum in February and March, followed by drainage 

throughout the monsoon season. The magnitude of seasonal variations was considerable, with 

the annual maximum being approximately double the annual minimum. This annual cycle is 

driven by the appearance and gradual expansion of small lakes in the upper debris-covered 

regions of these glaciers throughout the winter months, while larger lakes near the glacier 

termini tended to be more stable or slowly drain during the winter. Over decadal timescales, 

near-terminus lakes were observed to be expanding and coalescing on four of the glaciers 

(Khumbu, Lhotse, Ambulapcha, and Nuptse), highlighting the need for continued observation to 

evaluate the evolving glacier lake outburst flood hazards they present. 
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The annual cycle in SGL area which I identified has important implications for 

interpreting prior observations of SGLs. The intra-annual timing of observations must be 

considered in order to differentiate long-term trends from seasonal variability. A comparison 

between my results and existing regional-scale glacier lake inventories showed that the complex 

spatiotemporal patterns are not fully captured in these datasets. These findings highlight the 

unique capabilities of satellite remote-sensing platforms to track changes in SGL area over time. 

However, detailed in situ observations are needed to complement these remotely sensed 

observations to better understand the processes controlling SGL evolution. 

2.8. Data availability 

All Sentinel-2 and Landsat imagery are available and were accessed via the Google Earth 

Engine Data Catalogue at https://developers.google.com/earth-engine/datasets/catalog (Google 

Earth Engine, 2024). Derived products (image-specific lake extents, DEMs, and orthomosaics) 

and analytical scripts are available via Zenodo (https://doi.org/10.5281/zenodo.10463250; Zeller 

and others, 2024b). 

 

  

https://developers.google.com/earth-engine/datasets/catalog
https://doi.org/10.5281/zenodo.10463250
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CHAPTER 3: 21ST CENTURY EXPANSION OF 

SUPRAGLACIAL LAKES IN HIGH MOUNTAIN ASIA3 

 

3.1. Introduction 

High Mountain Asia (HMA) in the geographic region encompassing the Tibetan Plateau 

and surrounding mountains, including the Tien Shan, Karakoram, Hindu Kush, Himalaya, and 

Nyainqêntanglha ranges (Figure 26). This vast region is host to the largest concentration of 

mountain glaciers outside of the polar regions, and serves as the headwaters for the major river 

systems in Asia (Pfeffer and others, 2014; Bolch and others, 2019; Farinotti and others, 2019). 

Spatial variability in recent glacier mass changes have been observed across the region, ranging 

from substantial mass loss in the Himalayas to near-zero mass change or even positive mass gain 

in the Karakoram and Kunlun Shan (Shean and others, 2020; Hugonnet and others, 2021). 

Changes in these glacial and hydrologic systems have important consequences for downstream 

communities, ecosystems, and infrastructure (Immerzeel and others, 2020; Li, Lu, and others, 

2022). 

Supraglacial debris (rock, dirt, and dust) is prevalent on HMA glaciers (Scherler and 

others, 2018; Herreid and Pellicciotti, 2020), and when this debris cover is continuous across 

 

3 Chapter 3 has been submitted for publication under the title “21st Century Expansion of 
Supraglacial Lakes in High Mountain Asia” 
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much of the ablation zone then the glacier is termed a ‘debris-covered glacier’ (DCGs) (Miles 

and others, 2020). Compared to clean-ice glaciers, the presence of debris cover causes significant 

and complex differences in glacier topography, hydrology, and evolution (Brun and others, 

2019), such as increased or decreased ablation rates depending on the supraglacial debris 

thickness (Rounce and others, 2021) and complex routing of meltwater through supraglacial 

features (Miles and others, 2020). Supraglacial lakes (SGLs) are an important part of the 

hydrologic systems of these glaciers. They can increase glacier ablation rates (Miles and others, 

2022), provide conduits between the supraglacial, englacial, and subglacial systems (Miles and 

others, 2019), regulate the timing and magnitude of glacier runoff (Irvine-Fynn and others, 

2017), and can pose a hazard to downstream communities by sudden drainage or coalescence 

into large, proglacial lakes (Watanabe and others, 2009; Rounce and others, 2017). 

Previous studies have shown that the characteristic lower surface slopes and slower flow 

velocities on DCGs enable the formation of SGLs, but these studies have generally focused on 

the single glacier or catchment scale and used variable methodologies for identifying and 

investigating the appearance of SGLs (Reynolds, 2000; Watson and others, 2016; Miles and 

others, 2017; Mertes and others, 2017; Narama and others, 2017; Steiner and others, 2019; 

Racoviteanu and others, 2021; Zeller and others, 2024b). Many regional- to global-scale glacial 

lake inventories exist which investigate lake variability at multiple timesteps, but these are 

focused primarily on proglacial lakes, rather than on supraglacial hydrology (Wang and others, 

2020; Shugar and others, 2020; Chen and others, 2021; Zhang and others, 2023). 
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Despite the important role of SGLs in these high mountain hydrologic systems, there 

exist substantial knowledge gaps regarding their spatial and temporal prevalence, as well as 

their decadal-scale evolution (Miles and others, 2020). These knowledge gaps can largely be 

attributed to the inaccessibility of these regions, the dynamic variability that SGLs exhibit over 

seasonal-, annual-, and decadal-scales, and the wide range of lake sizes relative to commonly 

used satellite remote sensing products (Racoviteanu and others, 2022). 

The goal of this study is to fill in these knowledge gaps in order to better understand the 

spatiotemporal dynamics of SGLs across HMA. To do so, I derive a 1988–2023 near-annual 

inventory of SGL extent across the entire HMA region at 30 m resolution derived from the 

Landsat archive. I leverage this dataset to investigate the spatial, temporal, and topographic 

patterns of SGL development to better understand these dynamic features. 

3.2. Study Area 

All glaciers within the Randolph Glacier Inventory (RGI) regions 13 (Central Asia), 14 

(South Asia West), and 15 (South Asia East) which were larger than 2 km2 and had complete 

debris cover near their terminus (500 m or more of debris spanning the glacier width) were 

included in this study, resulting in a total of 769 debris-covered glaciers. Glacier outlines from 

version 7 of the RGI (RGI Consortium, 2023), which were created in the GAMDAM inventory 

(Sakai, 2019) were used to define the glacier extents. I manually delineated the predominant 

debris-covered area within each glacier outline using high resolution ESRI and Google Earth 

imagery basemaps, cloud-free and snow-free Sentinel-2 imagery, and the debris-cover extents 
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from Herreid and Pellicciotti (2020) as references. I excluded narrow longitudinal bands of 

debris cover and debris-covered areas adjacent to exposed glacier ice from the analysis, as areas 

with mixed debris and ice can frequently be misclassified as water.  

 

Figure 26: The locations of glaciers included in this study (purple), and the extent of the 11 subregions 

used. Each subplot shows the time series SGL cover within each subregion, as a percentage of debris-

covered area. , as a percentage of debris-covered area. The grey shaded area indicates the range of 

estimates derived from the variable NDWI thresholds used. 

 

The 769 selected glaciers represent 10% of all glaciers larger than 2 km2, and the surface 

area of 18,700 km2 is 29% of total surface area of HMA glaciers larger than 2km2 (RGI 

Consortium, 2023). These glaciers contain a total of 2500 km2 of debris-covered area which is 

included in this study, which is 43% of total debris cover on glaciers >2km2 in the region 

(Herreid and Pellicciotti, 2020). Twenty-two of the study glaciers were identified as being lake-

terminating, with the terminal lakes having expanded into the RGI outlines in the later years of 
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the study. Unless specified otherwise, I do not include these 22 glaciers in the following analyses 

and instead focus on the 747 remaining, as the terminal lakes should not be considered part of 

the supraglacial hydrologic system which this study focuses on. 

I used 11 subregions defined by Kääb and others (2015) to present regional-scale 

aggregations and trends (Figure 26). These regions were renamed following Shean and others 

(2020). Slight adjustments were made to better cluster specific glacier regions, with 19 glaciers 

added to the Nyainqêntanglha region instead of their original Hengduan Shan/East Himalaya 

regions. 

3.3. Methods 

I identified SGL extent on the debris-covered regions of the 769 study glaciers at near-

annual timesteps using a fully-automated approach applied to the entire 1988–2023 Landsat 5, 

7, 8, and 9 archive. 

Usable areas in each Landsat Collection 2, Level 1 surface reflectance image were 

identified by masking out areas of terrain shadows and cloud cover in Google Earth Engine 

(GEE) (Gorelick and others, 2017). Terrain shadows were physically modeled using the GEE 

terrainShadow() algorithm, with the Copernicus WorldDEM-30 (GLO-30 DEM) (European 

Space Agency and Airbus, 2022) and image-specific sun azimuth and elevation angles as input. 

Clouds were identified using a combination of the Landsat-provided QA band (which identifies 

clouds using the CFMask algorithm) and the Automated Cloud Cover Assessment (ACCA) 

cloud masking approach (Irish, 2000; Zhu and others, 2015). I found that both cloud 
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identification approaches tended to overestimate cloud cover on debris-covered glacier surfaces 

in different ways. The CFMask routinely identified entire cloud-free and snow-free glaciers as 

cloud cover, while the ACCA approach misclassified light-colored debris as cloud cover. 

Therefore, I classified pixels as clouds if they were classified as cloud cover by both the CFMask 

and ACCA approaches. Areas of exposed glacier ice were identified using the approach described 

in Zeller and others (2024). These areas, with a buffer of 60 m, were also masked out, as they 

were frequently mis-classified as water. 

SGLs were identified in the remaining usable areas of each image using a thresholding 

approach on the normalized difference water index (NDWI). A range of thresholds from 0.13–

0.25, which have previously been identified as the optimal NDWI thresholds for identifying 

SGLs from satellite imagery (Watson and others, 2018; Zeller and others, 2024b) were used. 

Each of the following steps discussed below were repeated for each of the 13 thresholds, and the 

range of results used to provide an error estimate (described in greater detail below). 

The annual water frequency was calculated for each pixel each year by dividing the total 

number of water observations by the total number of usable observations. SGL extents were 

extracted from these annual water frequency maps using variable thresholds to account for 

spatial, seasonal, and inter-annual variability in lake appearance, lake surface freezing, and snow 

cover. Otsu’s method (Otsu, 1979) was used to find the optimal threshold to divide the glacier 

into “foreground” SGLs and the debris-covered “background”. A preliminary threshold was 

found for each glacier in each year after removing pixels with five or fewer usable observations 

or zero water observations (these pixels were classified as non-SGL). For years/glaciers where 
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the preliminary threshold was greater than or equal to 0.1 (classified as water in 10% or more of 

usable observations), this preliminary threshold was taken as the optimal threshold. For other 

years, the average threshold across all years for each glacier was used as the optimal threshold. 

In cases where this value was still less than 0.1, a global average of all optimal thresholds 

(~0.14) was used. 

Image availability was notably lower for the 1988 to 2003 years (eight usable 

observations per year per pixel on average, compared to 28 in 2004–2023), resulting in 

substantial variability in SGL identification relative to the later years with more frequent 

imagery. Therefore, I combined multiple years of observations for these earlier periods to 

increase the number of usable observations. The same processing steps were used to extract 

SGLs from these multi-year periods, and gave SGL extents for a single four-year timestep from 

1988–1991, two-year timesteps from 1992–2003, and annual SGL extents for the 2004–2023 

years. This resulted in an average of 16 usable images per glacier per interval from 1988–2003 

(Figure 27). 

A final SGL extent product was created by combining the results from each of the 13 

NDWI thresholds tested (0.13–0.25) by taking pixels which were identified as water in at least 

50% of these products. Similarly, maximum and minimum extent estimations were made by 

using pixels which were identified as water by at least 25% and 75% of the thresholds.  

Glacier centerlines were taken from the RGI v7.0, with some manual modifications to 

better fit the debris-covered geometry. I divided each glacier surface into segments that were 

500 m in length along their centerlines. For glaciers with complex branching geometries, unique 
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segments were created along each branch. These glacier segments were used to investigate the 

factors controlling the formation of SGLs. 

 

Figure 27: Average number of usable observations per glacier in each year (grey) and when binning the 

pre-2004 data across multiple years (red). 

3.4. Results 

Our inventory produced realistic and accurate SGL extents over the study region and 

study period (Figure 26, Figure 28). The total SGL area across the study region in 2023 was 

17.2 km2, representing 0.7% of total debris-covered area. A substantial increase in SGL extent 

was found, with the modern SGL area being approximately double the SGL area in both 1988–

92 (8.6 km2) and 2004 (7.5 km2) (Figure 29). In contrast, the SGL area remained relatively 

consistent in the 1988–2004 period, although with a substantial increase and subsequent 

decrease from 1996/1997 to 2004. 

The spatial and temporal SGL patterns were variable across the 11 subregions (Figure 

26, Figure 29). More than 40% of the modern (2023) SGL area is found in the Central Himalaya 

region (7.1 km2), which is more than twice that of the next-largest region (Karakoram). 

Additionally, SGLs within the Central Himalaya region increased in area more than any other 

region, nearly tripling in size relative to their 1988–1991 area of 2.5 km2. The Karakoram and 
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Tien Shan regions account for substantial portions of the modern SGL area (3.3 km2 and 2.1 

km2) but have shown relatively little increase over the 35-year study period (2.1 km2 and 1.9 

km2 in 1988–1991). 

  

Figure 28: Examples of the 2004–2023 frequency of SGL observations on select glaciers, along with 

Landsat images showing the glacier near the beginning and end of the period. Images are displayed using 

near-infrared, red, and green bands. Yellow dashed lines indicate the debris-covered area of each glacier 

which was used in this study. 

 

A notable southeast/northwest divergence in long-term trends was found, with the more 

southeastern regions (Spiti Lahaul, the Himalayas, and Nyainqêntanglha) showing consistently 

increasing SGL areas throughout the entire 35-year period. In contrast, the more northwestern 
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regions had more inconsistent trends with larger inter-annual variability and extended periods of 

decreasing SGL area (Figure 26), which matches with previous observations of divergent trends 

in glacial lake evolution in these regions (Gardelle and others, 2011).  

 
Figure 29: Trend of total SGL area across all glaciers, excluding the lake terminating glaciers. Each 

color indicates the SGL area within an individual subregion, with colors corresponding to Figure 26. 

 

Of the non-lake-terminating study glaciers, I found that only 111 had a region of 

substantial SGL concentration. I define “substantial” to be at least 5% SGL cover within a 500 

m along-centerline segment of the glacier averaged across multiple years (2005–2009, 2010–2014, 

2015–2019, or 2020–2023). 80 of these glaciers had a region of substantial SGL cover in the most 

recent (2020–2023) period, while 31 did so in one of the previous periods but no longer do. The 

remaining 636 have not had substantial SGL coverage at any point in the post-2004 period. 

This relatively small subset of glaciers (representing 14% by count of all studied glaciers 

and 33% by debris-covered area) contains approximately 67% of the modern total SGL area, 

and their relative contribution has been increasing in the 21st century (Figure 30b). These 

glaciers with substantial SGL cover are predominantly found in the Central Himalaya, Eastern 
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Himalaya, and Nyainqêntanglha mountain regions (Figure 29), which correspond with regions 

that have experienced the highest rates of glacier mass loss in HMA in the 21st century (Brun 

and others, 2017; Shean and others, 2020; Hugonnet and others, 2021).  

 
Figure 30: Locations of glaciers with an area of substantial SGL cover at some point in the 2005–2023 

period. Red dots indicate glaciers with substantial cover in the 2020–2023 period (n=80), and blue dots 

indicate glaciers which had substantial cover previously but no longer do (n=31). Gray dots show all 

other glaciers (n=636). Inset axes show the Everest (a) and Nyainqêntanglha (b) regions with the highest 

density of these glaciers. (c) shows the total SGL area on the 111 “substantial” glaciers through time. 

3.5. Discussion 

3.5.1. Comparison to existing glacier lake inventories 

I compared these SGL extents to five other inventories of glacial lakes which overlap 

either the entire study region (Wang and others, 2020; Shugar and others, 2020; Chen and 

others, 2021) or large portions (Racoviteanu and others, 2021; Zhang and others, 2023). These 

coincident inventories are variable in terms of the timeframes which they consider, the temporal 
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frequency with which they derived lake extents, the area they cover, and the methodologies 

which they used. Wang and others (2020) presented a glacial lake inventory across all of HMA 

at two timesteps, representing 1980 and 2018. Chen and others (2021) presented an inventory of 

glacial lakes across all of HMA at an annual timescale from 2008–2017. Zhang and others (2023) 

and Shugar and others (2020) presented glacier lake inventories for five timesteps (1990–2000, 

2000–2005, 2005–2010, 2010–2015, and 2015–2020), with Shugar and others deriving global-scale 

lake extents while Zhang and others derived glacial lakes in the Hindu Kush, Karakoram, 

Western Himalaya, Central Himalaya, Eastern Himalaya, and Nyainqêntanglha regions. 

Racoviteanu and others presented an inventory focused specifically on supraglacial lakes in the 

Himalaya regions at high spatial resolution (minimum lake size of 900 m2, compared to 3600–

50000 m2 in the other studies) but only a single timestep.  

 
Figure 31: Comparison between my results and other glacier lake inventories (Wang and others, 2020; 

Shugar and others, 2020; Chen and others, 2021; Racoviteanu and others, 2021; Zhang and others, 2023). 

Only non-lake-terminating glaciers are included, and each external dataset is subset to only the debris-

covered regions of the study glaciers. The inventories presented in Racoviteanu and others and Zhang and 

others do not overlap with the entire study region, and so I first subset my data to their respective 

regions prior to comparing. 
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I find that, relative to my results, the four multi-timestep inventories underestimate the 

extent of SGLs by approximately 30–90% (Figure 31). Three of those inventories capture the 

long-term increase in SGLs, while the Shugar and others (2020) inventory does not. These 

differences are due to the minimal mapping unit which was used in each of these studies 

(ranging from 4 to 55 Landsat pixels) which precludes the inclusion of the many SGLs which are 

smaller than this, and the greater focus of these inventories on identifying proglacial lake 

evolution. This highlights the value of inventories such as ours which shed light on the less well 

documented supraglacial hydrologic systems. In contrast, my results find a SGL area that is 

~50% smaller than Racoviteanu and others (2021) over coincident glaciers and years, which may 

be attributable to their approach identifying more smaller transient SGLs or misclassification of 

dark debris and crevassed areas as water. 

3.5.2. Near-terminus SGL expansion 

An investigation of the longitudinal distribution of SGLs (how far from the glacier 

terminus that lakes are found) shows that the decadal-scale SGL expansion has occurred almost 

entirely near glacier termini (Figure 32). Averaging over all glaciers in the 1990–1999 time 

period, the SGL prevalence was nearly constant along the glacier longitudinal profile, with SGLs 

covering ~0.2–0.3% of debris-covered area with a slight increase to ~0.5% near the glacier 

terminus. In later time periods the average SGL fraction has substantially increased in the lower 

debris-covered extents, rising to 2.1% near the glacier terminus in 2020–2023, a 400% increase. 

Further, the rate of expansion has increased in recent years, with near-terminus lake expansion 

rates of 0.11% per year in the 2010–2023 period compared to 0.02% per year for 1990–2009. 
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This pattern is consistent across the study area, with near-terminus lake expansion 

found within the majority of the eleven subregions, but most pronounced in the Himalayas, 

Spiti Lahaul, and Nyainqêntanglha regions (Figure C1). However, it is not consistent across 

every glacier. If I use only those glaciers that were identified to not have any region with 

substantial SGL appearance (n=636) (as in Figure 30), then I do not find a clear trend of near-

terminus lake expansion, but the pattern is clear and amplified for those with substantial lake 

development (n=111) (Figure 32). These findings highlight how the spatial and temporal trends 

of SGL expansion across HMA is driven by only a handful of glaciers, and how SGL 

development remains relatively uncommon, even on these glaciers that have substantial debris 

cover.  

 

Figure 32: Percent SGL cover (y-axis) as a function of distance from terminus (x-axis). 0 is the glacier 

terminus, and 1 is the upper limit of the investigated debris-covered area. Each line shows the mean value 

within each distance bin of all non-lake-terminating glaciers in the study, binned by the years indicated in 

the legend. Subplot (a) shows the trend for all glaciers in the study, while (b) and (c) show the trends for 

the 111 “substantial” and 636 non-substantial glaciers. 
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3.5.3. Drivers of SGL formation 

Our spatially and temporally consistent inventory of SGL locations allowed a detailed 

investigation into the factors controlling the location of SGLs formation. To do so, I compared 

the average along-centerline glacier surface slope (calculated from the GLO-30 DEM), ice flow 

velocity (from the 1985–2018 composite ITS_LIVE velocity mosaics (Gardner and others, 

2022)), and supraglacial debris thickness (Rounce and others, 2021) for each 500 m glacier 

segment in this study. I compared the distribution of each of these variables in segments which 

have substantial SGL cover (greater than or equal to 5%) with the segments that have no SGLs. 

I found that areas with lower slopes, lower glacier velocity, and thicker supraglacial debris cover 

are more likely to have substantial SGL cover (Figure 33). These findings support a wide range 

of previous work which have come to similar conclusions (Reynolds, 2000; Watson and others, 

2016; Miles and others, 2017; Mertes and others, 2017; Narama and others, 2017; Steiner and 

others, 2019; Racoviteanu and others, 2021; Zeller and others, 2024b) but confirm that these 

patterns hold true at the continental scale. Notably, I am considering only areas of glaciers 

which have been pre-selected as having significant debris-covered area, and are thus dominated 

by low slopes and slow velocities. The finding that these differences between SGL-bearing and 

non-SGL bearing glaciers are evident even within this select subpopulation of glaciers lends 

credence to the importance of even small variations of slope, velocity, and debris thickness for 

controlling the formation of SGLs.  
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Figure 33: Comparison of the slope, velocity, and debris thickness of the glacier segments which have 

substantial SGL cover (>5%) and all others. Bar plots show the relative frequency of each variable in 

each glacier population (scaled to the relative frequency), and the overlain smoothed plots are kernel 

density estimates of those distributions. Dashed lines and labels indicate the median value of each 

distribution. 

 

In addition to identifying these topographic signatures at the precise locations where 

SGL formation is common, I found distinct differences in the geometry of the entire debris-

covered regions of these glaciers. The 111 glaciers I identified with substantial SGL formation 

tend to have lower and more consistent slopes across their entire debris-covered areas compared 

to the other DCGs in this study, and thus more concave geometries (Figure 34). These 

geometries are in turn driven by differences in longitudinal thinning patterns. Both populations 

of DCGs (SGL-bearing and not) exhibit increased rates of thinning at greater distances from the 

terminus (Figure 34), but this pattern is more exaggerated on the DCGs with substantial SGL 

formation and has remained constant throughout the 21st century. This thinning pattern is 

conducive to SGL formation as it lowers the glacier slope, reduces driving stress and glacier 

velocities, and thus enhances SGL formation. In contrast, glaciers without SGL formation are 

found to have less exaggerated increases in thinning rates with distance from the terminus 

(Figure 34). The more consistent rates of thinning throughout maintains the higher slopes and 

velocities which inhibit SGL formation. However, the average thinning profiles of these non-
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SGL-bearing glaciers have shown substantial changes throughout the 21st century, with the 

thinning profiles in 2015–2020 more closely matching those of SGL-bearing glaciers, suggesting 

that these glaciers’ geometry are trending towards being more conducive to SGL formation in 

the future.  

 
Figure 34: (a) Normalized longitudinal elevation profiles for glaciers with and without substantial SGL 

formation and (b) the longitudinal slope of those glaciers. The central lines indicate the median value in 

each longitudinal band across all glaciers, and shaded areas indicate the interquartile range. (c) and (d) 

show the longitudinal thinning rates of these groups of glaciers. Lower thinning rates indicate a greater 

rate of surface elevation loss. Each colored line represents a 5-year interval, the black dashed line 

indicates the average 2000–2020 profile, and the light gray dashed line is the 2000–2020 line from the 

opposite plot, provided for reference. Data for each glacier is normalized by subtracting the glacier’s 2000-

2020 average thinning rate at the terminus prior to computing the average across all glaciers. 

3.6. Conclusions 

In this study I presented an automated methodology to delineate the extent of SGLs on 

769 of the largest debris-covered glaciers across all of High Mountain Asia from the entire 



95 

Landsat imagery archive (from 1988 to 2023). This inventory shows that the total SGL area has 

been increasing throughout the study period, but that there is substantial spatial and temporal 

variability in this expansion. The Himalaya and Nyainqêntanglha regions account for the 

majority of this increasing SGL area, corresponding to the greatest rates of 21st century glacier 

mass loss. This expansion of SGLs is concentrated near the termini of glaciers, raising the 

possibility of future expansion and coalescence into hazardous pro-glacial lakes. Furthermore, 

only 16% (111) of the studied glaciers account for 67% of the total SGL area, showing how 

widespread SGL formation is still a relatively rare phenomenon, even on these glaciers with the 

greatest magnitude of debris cover. Lower surface slopes, slow ice flow velocity, and thicker 

debris cover were found to be conducive to SGL formation. The typical longitudinal thinning 

pattern of glaciers with and without substantial SGL cover were distinct, with more exaggerated 

increases in thinning rates with greater distances from the terminus found for glaciers with 

substantial SGL cover. The longitudinal thinning pattern was more consistent throughout the 

entire debris-covered region for other glaciers, but in recent years have become more similar to 

those of the SGL-bearing glaciers, suggesting that SGL formation may become more frequent in 

the coming years. 

3.7. Data availability 

All Landsat imagery and the Copernicus WorldDEM-30 are available and were accessed 

via the Google Earth Engine Data Catalog at https://developers.google.com/earth-

engine/datasets/catalog. Glacier velocity data are available at 

https://developers.google.com/earth-engine/datasets/catalog
https://developers.google.com/earth-engine/datasets/catalog
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https://doi.org/10.5067/6II6VW8LLWJ7. Debris thickness data are available at 

https://doi.org/10.5067/8DQKWY03KJWT. Glacier elevation change products are available at 

https://doi.org/10.6096/13. All code developed for this study is available through a public 

GitHub repository: https://github.com/lucas-zeller/HMA_supraglacial_hydrology.

https://doi.org/10.5067/6II6VW8LLWJ7
https://doi.org/10.5067/8DQKWY03KJWT
https://doi.org/10.6096/13
https://github.com/lucas-zeller/HMA_supraglacial_hydrology
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CONCLUSIONS 

 

Glaciers are important components of mountain ecosystems, mountain hydrological 

systems, and the global water cycle. They are a dynamic part of the earth’s surface, and they 

exhibit variations across wide-ranging spatial and temporal scales. But because of their large 

sizes, ruggedness, and general inaccessibility there is much that we still do not understand about 

them. As the global climate continues to change and glaciers continue to retreat and lose mass, 

it is imperative that we continue to advance our knowledge and improve our ability to estimate 

future glaciological changes. 

With this dissertation, I have demonstrated novel approaches to using satellite-based 

remote sensing observations to study mountain glaciers. In chapter one, I developed an 

automated methodology to map the end-of-summer snow cover on over 3,000 glaciers in Alaska 

and northwest Canada from Sentinel-2 imagery. The fraction of the glacier surface which is 

snow-covered at the end of the summer melt season can be used as a proxy for the glacier’s 

“health”. Greater snow cover (at higher elevations) indicates the glacier is accumulating more 

mass over the course of a single year that can balance out ice melt at lower elevations, whereas 

less snow cover indicates that it has less accumulation and therefore may be out of balance with 

the magnitude of ice melt at lower elevations. From this dataset, I was able to illustrate how 

these glaciers exist in a state of disequilibrium with modern climate, and must continue to 

retreat and lose mass in order to reach a more stable geometry. The degree of disequilibrium 
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with both modern and future (end-of-century) climate is variable across the region, with the 

glaciers in the southernmost regions and smaller glaciers on the exterior of their mountain 

ranges expected to undergo the most extreme changes in the coming decades. 

In chapters two and three I shifted focus to debris-covered glaciers in High Mountain 

Asia (the mountain ranges surrounding the Tibetan Plateau). The processes controlling the 

mass balance and evolution of these glaciers are distinct from the more “typical” clean-ice 

glaciers that are found in Alaska. I investigated the supraglacial hydrology of these glaciers 

(supraglacial lakes or “SGLs”), as they represent an important and poorly constrained part of 

these glacial systems. I used high resolution PlanetScope imagery to show how there is a distinct 

and predictable cycle in the size and distribution of SGLs on eight well-studied glaciers in the 

Khumbu region of Nepal. The seasonal variability in SGL area which I found was of comparable 

magnitude to decadal-scale evolution of these features, showing how failing to account for this 

seasonality may cause misleading conclusions of how the supraglacial systems on these glaciers 

are changing. Furthermore, the high spatial and temporal resolution patterns of SGL formation 

which I found were poorly captured in existing regional-scale datasets, highlighting how there is 

limited understanding of the prevalence of these features across both space and time.  

I then showed how the high-resolution PlanetScope imagery could be used to inform 

best-approaches for utilizing coarser resolution (but freely accessible) Sentinel-2 and Landsat 

satellite imagery to identify SGLs on debris-covered glaciers. Using these approaches, I 

developed an automated methodology to delineate the extent of SGLs on 769 of the largest 

debris-covered glaciers across all of High Mountain Asia from the entire Landsat imagery 
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archive (from 1988 to 2023). This novel inventory shows that the total area of SGLs have been 

growing in recent years, but that there is substantial spatial and temporal variability in this 

expansion. The Himalaya and Nyainqêntanglha regions account for the majority of this 

increasing SGL area, corresponding to the greatest rates of 21st century glacier mass loss. This 

expansion of SGLs is concentrated near the termini of glaciers, raising the possibility of future 

expansion and coalescence into hazardous proglacial lakes. Furthermore, only 16% (111) of the 

studied glaciers account for 67% of the total SGL area, showing how widespread SGL formation 

is still a relatively rare phenomenon, even on these glaciers with the greatest magnitude of 

debris cover. I identified the topographic factors which are conducive to SGL formation, with 

low surface slopes, slow ice flow velocity, and thicker debris cover being important factors. By 

analyzing the longitudinal patterns of thinning, I showed how these conditions have become 

more common in recent years, suggesting that SGL formation may become more frequent in the 

coming years. 

Taken together, these studies show how improvements in the availability of satellite-

based remote sensing observations can be leveraged to advance our understanding of mountain 

glaciers at wide-ranging spatial and temporal scales. As earth observation datasets and 

computational power/techniques continue to improve, there will be ever increasing opportunities 

to use these tools to expand our understanding of the spatial and temporal characteristics of 

mountain glacier evolution. 

There is still a need to combine these remotely-sensed datasets with in situ observations 

in order to provide more in situ calibration and validation data to ensure that remotely-sensed 
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observations are accurate and trustworthy, as well as to investigate processes happening at 

smaller spatial and temporal scales which satellite observations cannot capture. This is 

particularly true of debris-covered glaciers and their hydrologic systems, as shown in the work I 

have presented here. Implementing field campaigns which investigate the changes that 

supraglacial lakes and streams undergo over daily-to-monthly timescales would provide much 

needed insight on how the seasonal evolution of these systems observed from PlanetScope 

imagery manifests in term of the magnitude of transient water storage and energy balances and 

transfers between the water and glacial ice. Increasing the number of SGL bathymetric surveys, 

and implementing repeated surveys of the same lakes, would improve our assessment of the risks 

of sudden drainage of these features and their potential to increase glacier melt rates.  

The continued development of remotely-sensed and in situ datasets that are both 

independent and complementary can facilitate integrated approaches to studying mountain 

glaciers and better prepare society for the effects of their changing landscapes over the coming 

decades. 
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APPENDIX A: SUPPLEMENT TO CHAPTER 1 

Table A1: The list of all features (bands) used in the random forest classifier. For each row, values from 

the top-of-atmosphere reflectance of the image, the value from the snow-on mosaic, and the image 

reflectance divided by the snow-on mosaic were used. 

Feature Description 

Coastal (raw, snow-on, normalized) Band 1 in Sentinel-2 TOA reflectance product 

Blue (raw, snow-on, normalized) Band 2 in Sentinel-2 TOA reflectance product 

Green (raw, snow-on, normalized) Band 3 in Sentinel-2 TOA reflectance product 

Red (raw, snow-on, normalized) Band 4 in Sentinel-2 TOA reflectance product 

Red_edge_1 (raw, snow-on, normalized) Band 5 in Sentinel-2 TOA reflectance product 

Red_edge_2 (raw, snow-on, normalized) Band 6 in Sentinel-2 TOA reflectance product 

Red_edge_3 (raw, snow-on, normalized) Band 7 in Sentinel-2 TOA reflectance product 

Red_edge_4 (raw, snow-on, normalized) Band 8a in Sentinel-2 TOA reflectance product 

NIR (raw, snow-on, normalized) Band 8 in Sentinel-2 TOA reflectance product 

Vapor (raw, snow-on, normalized) Band 9 in Sentinel-2 TOA reflectance product 

SWIR_1 (raw, snow-on, normalized) Band 11 in Sentinel-2 TOA reflectance product 

SWIR_2 (raw, snow-on, normalized) Band 12 in Sentinel-2 TOA reflectance product 

NDSI (raw, snow-on, normalized) Normalized difference snow index, calculated as the 

normalized difference between SWIR 1 and Green bands 

NDWI (raw, snow-on, normalized) Normalized difference water index, calculated as the 

normalized difference between the NIR and Green bands 
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Table A2: The modern and future ELA and AAR of each region within this study. Values for the entire 

study are (region ‘“All”), O2 subregions, and O3 subregions are included. Modern AAR values are 

provided both at the AAR found from two-dimensional average snow cover maps as well as the AAR 

found using the hypsometric method. 

Region Modern ELA 

(m) 

Modern AAR Modern AAR 

(hypsometric) 

Future ELA (m) Future AAR 

(hypsometric) 

All 1750 0.41 0.44 1936 0.33 

O2-02 1880 0.37 0.39 2025 0.28 

O2-03 1410 0.26 0.26 1560 0.14 

O2-04 1380 0.39 0.43 1521 0.3 

O2-05 2040 0.45 0.48 2160 0.42 

O2-06 1750 0.4 0.44 1968 0.24 

O3-01 1410 0.26 0.26 1560 0.14 

O3-02 1482 0.31 0.33 1658 0.14 

O3-03 1840 0.31 0.33 1998 0.23 

O3-04 1830 0.33 0.34 1966 0.27 

O3-05 2040 0.3 0.34 2166 0.25 

O3-06 2380 0.49 0.51 2522 0.41 

O3-07 2015 0.38 0.41 2137 0.21 

O3-08 1198 0.41 0.48 1330 0.3 

O3-09 1170 0.41 0.47 1301 0.3 

O3-10 1530 0.38 0.41 1667 0.31 

O3-11 1844 0.35 0.37 2000 0.3 

O3-12 2160 0.48 0.51 2262 0.45 

O3-13 1464 0.38 0.41 1640 0.29 

O3-14 1660 0.48 0.52 1882 0.27 

O3-15 1820 0.42 0.45 2064 0.22 

O3-16 1800 0.28 0.3 2030 0.08 
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Table A3: The ELA and AAR of each region in each of the five study years. 

Region ELA 

2018 

(m) 

AAR 

2018 

ELA 

2019 

(m) 

AAR 

2019 

ELA 

2020 

(m) 

AAR 

2020 

ELA 

2021 

(m) 

AAR 

2021 

ELA 

2022 

(m) 

AAR 

2022 

All 1800 0.37 1940 0.25 1660 0.45 1568 0.49 1660 0.47 

O2-02 1755 0.43 2140 0.24 1860 0.38 1860 0.39 1815 0.39 

O2-03 1375 0.25 1275 0.31 1430 0.23 1090 0.39 1370 0.26 

O2-04 1410 0.38 1496 0.27 1363 0.4 1320 0.45 1200 0.49 

O2-05 2010 0.42 2160 0.31 1966 0.49 1915 0.49 1932 0.51 

O2-06 1870 0.26 1960 0.15 1640 0.47 1480 0.58 1670 0.48 

O3-01 1375 0.25 1275 0.31 1430 0.23 1090 0.39 1370 0.26 

O3-02 1453 0.38 1540 0.27 1530 0.26 1440 0.38 1460 0.34 

O3-03 1700 0.39 2148 0.21 1940 0.28 1770 0.34 1759 0.36 

O3-04 1720 0.38 2073 0.22 1832 0.32 1760 0.36 1780 0.35 

O3-05 1900 0.39 2424 0.12 1930 0.38 2142 0.26 2005 0.33 

O3-06 2250 0.55 2686 0.31 2260 0.54 2390 0.5 2387 0.5 

O3-07 1910 0.55 2350 0.02 1965 0.42 2035 0.38 1960 0.5 

O3-08 1208 0.4 1262 0.32 1270 0.38 1030 0.51 1035 0.49 

O3-09 1170 0.42 1280 0.32 1220 0.38 1070 0.49 860 0.58 

O3-10 1581 0.36 1702 0.25 1460 0.41 1470 0.42 1391 0.47 

O3-11 1850 0.32 1928 0.24 1725 0.39 1788 0.37 1665 0.41 

O3-12 2134 0.45 2310 0.33 2071 0.52 2070 0.53 2086 0.53 

O3-13 1660 0.24 1834 0.12 1374 0.41 1160 0.56 1280 0.51 

O3-14 1762 0.34 1950 0.17 1580 0.55 1430 0.62 1640 0.53 

O3-15 1930 0.25 2010 0.2 1710 0.5 1570 0.59 1760 0.48 

O3-16 1920 0.17 1980 0.1 1680 0.39 1540 0.55 1760 0.32 
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APPENDIX B: SUPPLEMENT TO CHAPTER 2 

B1. Planet: Data access and cleanup 

Imagery covering the AOI was searched for and downloaded using the Planet Orders 

API (Planet Team 2017). For each glacier, I selected images that (1) captured the entire glacier 

extent, (2) had less than 15% cloud cover across the entire image, and (3) contained four-band 

(RGB and near-infrared (NIR)), ortho-rectified, surface-reflectance data (the 

“ortho_analytic_4b_sr” asset type). I additionally included pairs of images which were taken 

by the same satellite on the same day that, when combined, captured the entire glacier surface 

and each met criteria (2) and (3). A full list of all images meeting these criteria was compiled 

for the eight study glaciers. The ‘harmonize’ tool was used when ordering these images using the 

Planet Orders API. This tool brings the spectral response of each image in line with coincident 

Sentinel-2 imagery, ensuring a consistent spectral response across the multitude of individual 

sensors. 

This entire image collection was downloaded to a local computer for additional 

processing and lake identification. For each glacier, images were merged together (if needed) and 

then clipped to the AOI extent. Each image was then manually inspected to ensure suitable 

data quality. Images with considerable cloud cover or snow cover, anomalous spectral responses, 

or poor band coregistration were discarded. 

Areas of cloud cover and terrain shadows were identified in each image and excluded 

from future analysis. Cloud-covered areas were classified using the Planet-provided usable data 
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mask. I developed an approach to identify terrain shadows within PlanetScope images as dark, 

spatially-continuous areas (described in detail below). 

B2. Planet: Shadow masking 

A novel texture-based approach was developed to identify and mask out terrain 

shadowing in PlanetScope images. Shadows were identified on the glacier surface as large, 

continuous areas that were dark and had little spatial variation in brightness. These areas were 

identified using a multi-step process. First, areas of very high confidence shadow (shadow 

"seeds") were identified. These were identified if it met the following criteria:  

1. The average surface brightness in visible bands was less than 1000 (using the image 

digital numbers). 

2. At least 75% of on-glacier pixels within 99 meters had surface brightness less than 1000 

3. The standard deviation of surface brightness of pixels within 99 meters was less than 50 

These areas of shadow seeds were then iteratively expanded to include the continuous 

regions surrounding them with pixel brightness below the 1000 DN threshold in visible bands, 

with small voids and gaps filled. 

B3. Planet: Filtering and smoothing 

A pixel-wise temporal smoothing algorithm was applied to the initial water classification 

images to prevent individual pixels from rapidly switching between being classified as water and 

non-water. For each pixel, I collated the time series of all observations across the 2017–2022 
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period. Individual observations were assigned a value of 1 if the pixel was identified as water 

and 0 if it was not. A Gaussian filter was then applied to this time series, using a Gaussian 

kernel with a standard deviation of 14 days. For each point, if the resulting smoothed value was 

greater than or equal to 50% of the potential maximum value (the value it would be if all 

observations were initially classified as water) then that pixel in that image was given a 

“smoothed” classification of water. All other observations were classified as non-water. The 

products at the end of this smoothing process (Figure 15d, Temporally Smoothed Water) 

represent the spatiotemporal distribution of unfrozen SGLs.  

The temporally smoothed water products were then used to further constrain the 

classification of frozen lake surfaces (Figure 15d, Spatiotemporal Ice Masking). Each pixel which 

was initially classified as lake ice remained as a lake ice pixel only if it was also classified as 

water at any point within the preceding or following 60 days (resulting in the Filtered Ice 

product). This limited the misclassification of snow drifts and ice cliffs as SGLs. 

Finally, the filtered ice dataset was combined with the temporally smoothed water 

dataset, and the same Gaussian temporal smoothing was applied to this combined dataset, 

resulting in the final lake extent dataset. This provides the extent of all lakes, including frozen 

and unfrozen, within each image.   

B4. Landsat Glacier Ice Masking 

Continuously exposed areas of glacier ice in Landsat images were identified using 

thresholding on the normalized difference snow index (NDSI) and blue band surface reflectance. 
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As a first step, areas of snow/ice were identified as pixels with an NDSI value greater than 0.2 

and blue reflectance greater than 0.35. In order to avoid mis-classifying temporary snow cover, 

ice cliffs, or frozen lake surfaces as glacier ice I then applied a temporal smoothing to these 

products. For each Landsat image, pixels were given a final classification of glacier ice if that 

pixel was identified as ice using the aforementioned thresholds in greater than 60% of all 

Landsat images captured within the surrounding four years (two years before and after). These 

final glacier ice extents were then excluded from being classified as water. A final filtering step 

was also applied to remove occasional linear artifacts in Landsat 5 near-infrared bands. Pixels 

where the difference between the green and near infrared reflectance (green minus near-infrared) 

was greater than 0.2 were masked out and not included in the analysis. 

B5. Supplementary tables 

Table B1: Physical characteristics of each of the eight glaciers investigated. Note that all columns, other 

than “Total Glacier Size” refer to only the areas of investigation (AOI) used in this study. Ice flow 

velocities are given by the mean plus/minus one standard deviation. Note that Imja and Lhotse Shar (*) 

are considered a single glacier in RGI 6.0 (RGI Consortium, 2017). Debris thicknesses were taken from 

Rounce and others (2021), and flow velocities were taken from NASA ITS_LIVE velocity mosaics 

Glacier 
Debris-covered 

Area (km2, 
within AOI) 

Total Glacier 
Size (km2, RGI 

6.0) 

Glacier Length 
(km, within 

AOI) 

Average debris 
thickness (m, 
within AOI) 

Flow velocity (m 
yr-1, within AOI) 

Ama Dablam 2.23 4.82 3.87 1.04 0.76 ±0.96 

Ambulapcha 0.91 1.92 1.72 0.51 0.82 ±0.40 

Imja 1.01 14.27* 1.59 0.20 1.38 ±1.39 

Khumbu 5.74 19.10 8.09 0.82 1.53 ±2.97 

Lhotse 5.21 6.83 5.81 0.13 3.30 ±6.06 

Lhotse Nup 1.60 2.84 3.54 0.44 1.02 ±1.25 

Lhotse Shar 3.21 14.27* 3.41 0.43 3.35 ±4.40 

Nuptse 2.77 3.69 5.20 0.33 3.05 ±4.07 
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Table B2: Number of images for each glacier from each source, after manual filtering of images with 

cloud cover, snow cover, or poor image quality. 

Glacier Planet Landsat 5 Landsat 7 Landsat 8 Landsat 9 Sentinel-2 

Pre-filtering  324 394 204 20 288 

Ama Dablam 495 148 174 91 6 83 

Ambulapcha 467 139 169 98 10 95 

Imja 411 167 190 113 12 111 

Khumbu 306 174 0 104 9 108 

Lhotse 371 153 181 89 10 101 

Lhotse Nup 468 162 209 97 12 112 

Lhotse Shar 338 160 183 96 13 116 

Nuptse 422 160 173 92 9 115 

 

Table B3: Error statistics for Landsat and Sentinel-2 SGL identification on each glacier. Presented as 

the median per-image difference in SGL area across all validation imagery for each glacier (MAE, in m2), 

and then normalized by image-specific SGL (as %). Bias is computed by subtracting Landsat/Sentinel-2 

derived SGL area from PlanetScope-derived area. 

 Landsat 7 & 8 Sentinel-2  

Glacier MAE (m2 and %) Bias (m2 and %) MAE (m2 and %) Bias (m2 and %)   

Ama Dablam 4752 (49.7%) -207 (-1.3%) 2915 (26.3%) 648 (4.1%)   

Ambulapcha 1994 (21.2%) -572 (-4.3%) 2505 (13.0%) -1996 (-11.4%)   

Imja 940 (100.0%) -828 (-61.7%) 264 (59.9%) -233 (-23.2%)   

Khumbu 31797 (19.8%) -22950 (-14.2%) 48391 (30.7%) -48391 (-30.1%)   

Lhotse 11475 (19.2%) 4149 (+4.4%) 17441 (25.7%) -5562 (-6.1%)   

Lhotse Nup 3285 (55.1%) -3285 (-36.8%) 2223 (38.1%) -1371 (-19.7%)   

Lhotse Shar 11016 (36.8%) -10809 (-28.1%) 14422 (44.0%) -12512 (-31.5%)   

Nuptse 10143 (35.6%) -10143 (-30.8%) 11345 (40.1%) -11345 (-40.7%)   

Overall 5436 (36.8%) -2079 (-23.6%) 5796 (34.3%) -2618 (-21.6%)   
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Table B4: Lake number and area minimums (min.) and maximums (max.) for each glacier in 2018. 

Glacier 2018 min. (#) 2018 max. (#) 2018 min. (area) 2018 max (area) 

Ama Dablam 18 72 22563 57555 

Ambulapcha 4 35 9081 35658 

Imja 4 23 612 4464 

Khumbu 176 646 162414 268362 

Lhotse 82 402 74124 204399 

Lhotse Nup 17 65 9189 22626 

Lhotse Shar 44 272 26739 91449 

Nuptse 33 125 34047 59337 

 

Table B5: Lake number and area minimums (min.) and maximums (max.) for each glacier in 2019. 

Glacier 2019 min. (#) 2019 max. (#) 2019 min. (area) 2019 max (area) 

Ama Dablam 31 85 29016 54441 

Ambulapcha 6 42 17244 35739 

Imja 3 18 549 4455 

Khumbu 157 690 163863 363519 

Lhotse 86 399 128691 207162 

Lhotse Nup 18 67 10494 22554 

Lhotse Shar 43 285 28710 69687 

Nuptse 34 118 35406 48906 
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Table B6: Lake number and area minimums (min.) and maximums (max.) for each glacier in 2020. 

Glacier 2020 min. (#) 2020 max. (#) 2020 min. (area) 2020 max (area) 

Ama Dablam 30 92 14382 36279 

Ambulapcha 12 64 17262 55755 

Imja 1 31 855 6498 

Khumbu 165 572 183492 275481 

Lhotse 103 442 54405 172557 

Lhotse Nup 14 97 4131 29007 

Lhotse Shar 48 318 29547 97596 

Nuptse 30 138 33264 84213 

 

Table B7: Lake number and area minimums (min.) and maximums (max.) for each glacier in 2021. 

Glacier 2021 min. (#) 2021 max. (#) 2021 min. (area) 2021 max (area) 

Ama Dablam 10 73 7641 49788 

Ambulapcha 9 33 20304 36405 

Imja 0 18 0 2448 

Khumbu 115 405 164619 436536 

Lhotse 79 292 63693 276912 

Lhotse Nup 9 54 3465 14625 

Lhotse Shar 45 188 26190 171522 

Nuptse 22 112 32526 82215 
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Table B8: Lake number and area minimums (min.) and maximums (max.) for each glacier in 2022. 

Glacier 2022 min. (#) 2022 max. (#) 2022 min. (area) 2022 max (area) 

Ama Dablam 40 112 23940 51534 

Ambulapcha 18 44 27927 46323 

Imja 3 26 729 5076 

Khumbu 218 563 223605 306729 

Lhotse 120 340 94023 170064 

Lhotse Nup 29 82 7803 34578 

Lhotse Shar 64 242 22626 85770 

Nuptse 39 138 45765 66618 

 

 

 

Table B9: Long-term trends in SGL area on each glacier, as seen in Landsat-derived SGL products. 

Trends are presented as the lake area change per year from linear regression analysis of the entire 

timeframe (1988-2022) as well as only for the 2013-2022 period. Results are further broken down by 

glacier-wide lake area trends near-terminus (lower 50% by distance from terminus) trends. P-values are 

provided for each. 

Glacier 

Full Glacier 

1988–2022 

m2 yr-1 

(P-value) 

Full Glacier 

2013–2022 

m2 yr-1 

(P-value) 

Terminus only 

1988–2022 

m2 yr-1 

(P-value) 

Terminus only 

2013–2022 

m2 yr-1 

(P-value) 

Ama Dablam 128 (0.355) -1156 (0.117) 34 (0.587) -1143 (0.025) 

Ambulapcha 294 (0.000) 687 (0.204) 249 (0.000) 1135 (0.003) 

Imja -109 (0.004) 25 (0.500) -112 (0.001) 0 (1.000) 

Khumbu 2413 (0.000) 8348 (0.001) 2678 (0.000) 12745 (0.000) 

Lhotse -192 (0.740) 2212 (0.302) 382 (0.152) 5408 (0.002) 

Lhotse Nup -118 (0.107) -104 (0.757) -15 (0.587) -155 (0.340) 

Lhotse Shar -1971 (0.001) -1860 (0.194) -258 (0.025) -286 (0.538) 

Nuptse 155 (0.227) 674 (0.271) 329 (0.000) 1045 (0.084) 
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B6. Supplementary figures 

 

Figure B1: (a-c) A comparison of automated lake areas (black dots) to the manually-delineated 

validation images on Lhotse, Nuptse, and Ambulapcha Glaciers (red). (d-j) Comparison between 

automated lake areas and results from Watson and others (2016, purple). Comparisons with Watson and 

others are presented with results plotted by day of year (tick labels indicating the beginning of each 

month), as there was no temporal overlap between my observations and theirs. Grey shaded areas 

indicate monsoon months. Red and purple bars indicate error estimates from a ±1 pixel buffering. 
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Figure B2: Comparison of the timeseries of total lake area (black points) and the total area of lake 

surface which are frozen (red points) for each glacier across the five-year study period. 
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Figure B3: An example of the SGL changes in the upper region of Khumbu Glacier between November 

2017 and April 2018. Outlines show the automated SGL identification. 
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Figure B4: An example of the SGL changes in the upper region of Lhotse Glacier between November 

2017 and May 2018. Center outlines show the automated SGL identification, left outlines show the 

manual validation dataset outlines. 
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Figure B5: Seasonality in lake area and count on Ama Dablam Glacier, presented identically as Figure 

20. 
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Figure B6: Seasonality in lake area and count on Ambulapcha Glacier, presented identically as Figure 

20. 
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Figure B7: Seasonality in lake area and count on Imja Glacier, presented identically as Figure 20. 
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Figure B8: Seasonality in lake area and count on Khumbu Glacier, presented identically as Figure 20. 
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Figure B9: Seasonality in lake area and count on Lhotse Nup Glacier, presented identically as Figure 20. 
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Figure B10: Seasonality in lake area and count on Lhotse Shar Glacier, presented identically as Figure 

20. 
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Figure B11: Seasonality in lake area and count on Lhotse Glacier, presented identically as Figure 20. 
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Figure B12: Seasonality in lake area and count on Nuptse Glacier, presented identically as Figure 20. 
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Figure B13: Landsat-derived time series of SGL area of all 8 glaciers. 



138 

 

 

Figure B14: Repeat 4-year maps of SGLs on Ama Dablam Glacier, from Landsat imagery. 
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Figure B15: Repeat 4-year maps of SGLs on Ambulapcha Glacier, from Landsat imagery. 
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Figure B16: Repeat 4-year maps of SGLs on Imja Glacier, from Landsat imagery. 
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Figure B17: Repeat 4-year maps of SGLs on Lhotse Nup Glacier, from Landsat imagery. 
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Figure B18: Repeat 4-year maps of SGLs on Lhotse Shar Glacier, from Landsat imagery. 
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Figure B19: Repeat 4-year maps of SGLs on Lhotse Glacier, from Landsat imagery. 
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Figure B20: Repeat 4-year maps of SGLs on Nuptse Glacier, from Landsat imagery. 
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APPENDIX C: SUPPLEMENT TO CHAPTER 3 

 

Figure C1: Changing patterns of SGL distribution as a function of distance from the glacier termini, 

broken down into the 11 subregions used in Chapter 3. 
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