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Abstract 6 

The dynamics of supraglacial pond development in the Everest region are not well 7 

constrained at a glacier scale, despite their known importance for meltwater storage, 8 

promoting ablation, and transmitting thermal energy englacially during drainage events. 9 

Here, we use fine-resolution (~ 0.5 - 2 m) satellite imagery to reveal the spatiotemporal 10 

dynamics of 9,340 supraglacial ponds across nine glaciers in the Everest region, ~2000 - 11 

2015. Six of our nine study glaciers displayed a net increase in ponded area over their 12 

observation periods. However, large inter- and intra-annual changes in ponded area were 13 

observed of up to 17 % (Khumbu Glacier), and 52 % (Ama Dablam) respectively. 14 

Additionally, two of the fastest expanding lakes (Spillway and Rongbuk) partially drained 15 

over our study period. The Khumbu Glacier is developing a chain of connected ponds in the 16 

lower ablation area, which is indicative of a trajectory towards large lake development. We 17 

show that use of medium-resolution imagery (e.g. 30 m Landsat) is likely to lead to large 18 

classification omissions of supraglacial ponds, on the order of 15 – 88 % of ponded area, and 19 

77 – 99 % of the total number of ponds. Fine-resolution imagery is therefore required if the 20 

full spectrum of ponds that exist on the surface of debris-covered glaciers are to be analysed.  21 

1. Introduction 22 

The increased storage of meltwater in supraglacial, proglacial and ice-marginal settings is 23 

symptomatic of deglaciation and is a globally observed trend (Carrivick and Tweed, 2013). 24 

Glacial lake development across the central Himalaya (India, Nepal, Bhutan, Tibet (China)) 25 
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(e.g. Komori, 2008; Gardelle et al., 2011; Nie et al., 2013; Veettil et al., 2015; Wang et al., 1 

2015; Zhang et al., 2015) corresponds with warming temperatures and a trend of negative 2 

glacier mass balance (Kääb et al., 2012). The negative mass balance is well known to be 3 

modulated by the variable thickness of debris cover that promotes glacier surface lowering in 4 

conjunction with a relatively stable terminus position (Bolch et al., 2011). These mass 5 

balance trends and glacier characteristics are well documented in the Everest region (e.g. 6 

Bolch et al., 2008; Bolch et al., 2011; Benn et al., 2012; Ye et al., 2015), where surface 7 

lowering and increasing glacier stagnation has been highlighted to promote increased 8 

supraglacial pond formation and their potential coalescence into larger lakes where a low 9 

glacier surface gradient exists (Watanabe et al., 1994; Richardson and Reynolds, 2000; 10 

Quincey et al., 2007; Rohl, 2008; Thompson et al., 2012).  11 

Glacier-scale observations of the links between areas of high downwasting and the location 12 

of ice cliffs and ponds, further reveal their importance for debris-covered glacier ablation 13 

(e.g. Immerzeel et al., 2014; Pellicciotti et al., 2015).  Local-scale measurements and 14 

modelling of ice cliff retreat (e.g. Reid and Brock, 2014; Steiner et al., 2015) and pond 15 

energy balance (e.g. Sakai et al., 2000; Miles et al., 2016) have greatly improved process-16 

based undertsanding in recent years. These ponds also play an important part in the glacier 17 

ablation budget, through the transmission of thermal energy to subaqueous ice and to adjacent 18 

ice cliffs (Sakai et al., 2000; Benn et al., 2001; Rohl, 2006; Miles et al., 2016). It may be 19 

hypothesised that ponds dynamics will be associated with patterns of glacier surface lowering 20 

and ice cliff calving. However, this hypothesis remains to be tested because quantitative 21 

measurements have hitherto been spatially limited to individual pond basins (e.g. Benn et al., 22 

2001).  23 

Studies focussing specifically on surface water storage in the Everest region have been 24 

regionally aggregated (e.g. Gardelle et al., 2011), glacier or lake specific (e.g. Bolch et al., 25 

2008b; Thompson et al. 2012), or covering one point in time (e.g. Salerno et al., 2012) (Table 26 
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1). Whilst these approaches are merited, they are often limited by data availability, which has 1 

historically tended towards coarser-resolution imagery, and data suitability, which cannot be 2 

determined without ground-truth or fine-resolution imagery. In the Everest region and across 3 

the Himalaya previous studies have generally utilised 30 m resolution multi-spectral Landsat 4 

imagery, owing to the large temporal archive and simple band ratio application to delineate 5 

water bodies  (e.g. Gardelle et al., 2011; Nie et al., 2013; Bhardwaj et al., 2015; Liu et al., 6 

2015; Wang et al., 2015). ASTER (Advanced Spaceborne Thermal Emission and Reflection 7 

Radiometer) imagery (15 m resolution) is also popular for glacier-scale applications (e.g. 8 

Wessels et al., 2002; Bolch et al., 2008b; Thompson et al., 2012), although the archive is 9 

shorter (2000 – present day). Both sensors are limited by their spatial resolution, meaning 10 

associated studies have not been able to focus on detailed changes in ponds through time. 11 

This paper aims to present the first fine-resolution spatio-temporal analysis of supraglacial 12 

pond dynamics to address this shortcoming. We analyse Google Earth, Quickbird, GeoEye 13 

and WorldView imagery (0.7 – 2 m) covering nine glaciers in the Everest region of the 14 

central Himalaya. Our objectives are to: (1) characterise the spatial evolution of supraglacial 15 

ponds on an individual glacier scale; (2) quantify short-term seasonal and inter-annual change 16 

in supraglacial pond area in the region; (3) evaluate the implications of using medium-17 

resolution satellite imagery (e.g. 15 – 30 m) to delineate the full spectrum of pond sizes that 18 

exist on Himalayan debris-covered glaciers. 19 

Table 1. Remote sensing studies of supraglacial water storage in the Everest region 20 
Reference Date 

range 
Coverage 
overlap with 
this study 

Imagery 
(resolution) 

Notes 

Iwata et al. 
(2000) 

1978 - 
1995 

Khumbu 
Glacier 

SPOT  
(not specified) 

A sketch map made with SPOT 
imagery was compared to that 
of a field survey in 1978 
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Wessels et 
al. (2002) 

2000 Ngozumpa, 
Khumbu and 
Rongbuk 
glaciers 

ASTER (15 m) Band ratios were used to 
delineate water for a single time 
period. Turbid lakes were found 
in hydrologically connected 
regions 

Bolch et al. 
(2008) 

1962 - 
2005 

Khumbu, 
Lhotse and 
Imja glaciers 

Corona, 
Landsat, 
topographic 
maps, Iknos, 
ASTER  
(2 – 79 m) 

Normalised Difference Water 
Index (NDWI) and/ or manual 
delineation was used to classify 
water bodies. 

Gardelle et 
al. (2011) 

1990 - 
2009 

All glaciers Landsat  
(30 m) 

A decision tree was used to 
classify lakes incorporating the 
NDWI. A minimum lake size of 
3,600 m2 was used. Area change 
was not reported for individual 
glaciers, other than a brief 
comparison with Bolch et al. 
(2008). An association between 
negative mass balance and lake 
expansion is presented 

Salerno et 
al. (2012) 

2008 All except 
Rongbuk 
Glacier 

AVNIR-2  
(10 m) 

Water bodies were manually 
digitised for a single time period 

Thompson 
et al. (2012) 

1984 - 
2010 

Ngozumpa 
Glacier 

Aerial 
photographs  
(< 1 m), 
ASTER (15 m) 

A multi-temporal analysis of the 
expansion of Spillway Lake was 
conducted using satellite 
imagery and field surveys 

Nie et al. 
(2013) 

1990 - 
2010 

All glaciers Landsat (30 m) OBIA was combined with 
NDWI-based water detection. 
Ponded area change was not 
reported for individual glaciers. 

Zhang et al. 
(2015) 

1990 - 
2010 

All glaciers Landsat (30 m) Water bodies were manually 
digitised with a minimum lake 
size threshold of 2,700 m2. 
Ponded area change was not 
reported for individual glaciers. 

Note: studies reporting the expansion of Imja lake are not included  

2. Study region 1 

Annual precipitation in the Everest region is dominated by the Indian summer monsoon and 2 

the majority of rainfall (~ 80 %) occurs between June – September (Bookhagen and Burbank, 3 

2006; Wagnon et al., 2013). Both the northerly draining Rongbuk catchment and the 4 

southerly draining Dudh Koshi catchment display a trend of warming temperatures (Yang et 5 

al., 2006; Shrestha and Aryal, 2011), which in conjunction with a potentially delayed (Mölg 6 
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et al., 2012) and/ or weakening monsoon will reduce glacier accumulation (Salerno et al., 1 

2015). Decreasing monsoonal precipitation is likely implicated in reduced glacier driving 2 

stresses, causing terminus stagnation and the subsequent development of supraglacial ponds 3 

and lakes in the region (Quincey et al., 2009; Salerno et al., 2015). The decadal response of 4 

large debris-covered glaciers to climate change suggests negative mass balance conditions 5 

will prevail in coming decades, irrespective of any slowdown to contemporary warming 6 

(Rowan et al., 2015). 7 

The Everest region is characterised by glaciers that are heavily debris-covered in their lower 8 

reach (Fig. 1). The debris is sourced from rock fall avalanches and from moraine ridge 9 

collapses, and typically increases in thickness towards glacier termini (Nakawo et al., 1986). 10 

The glaciers are low gradient in the debris-covered area (Quincey et al., 2007), stagnating 11 

(Quincey et al., 2009; Dehecq et al., 2015), and are widely losing mass (Bolch et al., 2008a; 12 

Bolch et al., 2011; Ye et al., 2015). Supraglacial ponds are prevalent features on the low 13 

gradient and hummocky topography of debris-covered glacier ablation zones. They vary in 14 

size, shape and turbidity (Fig. 2) as well as situation; some are surrounded by large, calving 15 

ice-cliffs whereas others sit in debris-lined hollows. The distinction between what may be 16 

described as a pond vs a lake is not well-defined (either theoretically or physically) so herein 17 

we refer to all surface water as ponds, unless specifically named otherwise (e.g. Spillway 18 

Lake on the Ngozumpa Glacier). Regardless of their size, the upper surface freezes over 19 

during the winter period (December – February), although a partially frozen surface may be 20 

present up to several months earlier.  21 
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 1 

Two column fit 2 

Figure 1. Location of the nine study glaciers within the central Himalaya (inset). Selected 3 

mountain peaks are shown. 4 

K – Khumbu Glacier, N- Ngozumpa Glacier, R- Rongbuk Glacier, Nu – Nuptse Glacier, LN 5 

– Lhotse Nup Glacier, L –Lhotse Glacier, LS- Lhotse Shar Glacier, I – Imja Glacier, AD – 6 

Ama Dablam Glacier 7 

 8 

Nine debris-covered glaciers in the Everest region spanning Nepal (8) and Tibet (1) were 9 

selected for supraglacial pond analysis (Fig. 1). These nine glaciers drain the Dudh Koshi and 10 

Rongbuk catchments respectively. The Rongbuk, Ngozumpa, and Khumbu glaciers are the 11 

longest in the study area with debris-covered lengths of ~15 km, ~11 km, and ~11 km, 12 

respectively; the shortest is Imja Glacier at ~2 km. The glaciers predominantly flow in a 13 

southerly direction with the exceptions of Rongbuk and Ama Dablam Glaciers (northerly 14 

flowing), and Imja Glacier (westerly flowing). 15 
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 1 

Two column fit 2 

Figure 2. Examples of the sizes, shapes, and sediment concentrations of supraglacial ponds 3 

on the Khumbu Glacier. Approximate scales are shown for individual ponds. (a) Looking 4 

south over across a turbid elongated pond, (b) a turbid and partially frozen irregular shaped 5 

pond with adjacent ice cliffs, (c) a completely frozen pond with a more regular shoreline, and 6 

(d) a clear and stable pond with a smooth shoreline. 7 

3. Data sources 8 

This study used 16 time periods of fine-resolution imagery (Table 2), comprising nine from 9 

Google Earth (< 2 m spatial resolution), and seven from WorldView 1 & 2, GeoEye, and 10 

QuickBird 2 sensors (0.5 – 0.6 m spatial resolution). This imagery incorporated post-11 
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monsoon/winter periods (termed winter herein) (late September – February), and pre-1 

monsoon/monsoonal periods (termed summer herein) (March – mid September). True-colour 2 

orthorectified Google Earth images were accessed using Google Earth Pro. WorldView, 3 

GeoEye and Quickbird scenes were orthorectified in ERDAS Imagine using rational 4 

polynomial coefficients and the 30 m Shuttle Radar Topography Mission (SRTM) Digital 5 

Elevation Model (DEM). Glacier outlines were obtained from the South Asia – East 6 

Randolph Glacier Inventory 5.0 (Pfeffer et al., 2014). These outlines were modified manually 7 

to reflect the debris-covered area of each study glacier, and only supraglacial ponds falling 8 

within this masked area were included in the study. 9 

Table 2. Spatial and temporal coverage of imagery used in this study. 10 

Image ID/ description 
and spatial resolution 

Image date K N R Nu LN L LS I AD 

Google Earth. 
Supplementary image 
with Spillway Lake 
coverage. MS.  

07/06/2015  **        

103001003D7AFE00/ 
WV02 sensor. PMS. 
0.52 – 2.11 

02/02/2015 *  *       

Google Earth. MS 24/01/2015     * * * *  

Google Earth. MS 13/01/2014 *   *     * 

Google Earth. MS 08/12/2013     * * * *  

ArcGIS Basemap. 
WV02. MS. 0.50 m 

10/07/2013 **         

Google Earth. MS 23/05/2013     *     

1050410000E0AE00/ 

GE01. P. 0.50 m  

23/12/2012  *        

103001001C5E7600/ 

WV02. PMS. 0.51 - 
2.05 m 

11/10/2012   *       

101001000E521A00/ 

QB02. PMS. 0.67 – 
2.67 m 

19/10/2011 *  * * * * * * * 

102001001745CD00/ 

WV01. P. 0.52 m 

17/10/2011  *        
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Google Earth. MS 09/06/2010  **        

Google Earth. MS 03/11/2009 * *       * 

Google Earth. MS 24/05/2009 **        ** 

10100100013F4E00/ 

QB02. PMS. 0.62 – 
2.49 m 

20/09/2002    * * * *   

Google Earth. MS 18/12/2000         * 

WV = WorldView, GE = GeoEye, and QB = QuickBird sensors. MS = multi 
spectral, P = panchromatic, PMS = panchromatic and multi spectral. Spatial 
resolution (panchromatic – multi spectral) 

Image date ddmmyyyy. ‘*’ & ‘**’ indicate glacier coverage for non-monsoonal 
(winter), and pre-monsoon/ monsoonal images (summer) respectively 

K – Khumbu Glacier, N- Ngozumpa Glacier, R- Rongbuk Glacier, Nu – Nuptse 
Glacier, LN – Lhotse Nup Glacier, L –Lhotse Glacier, LS- Lhotse Shar Glacier, I 
– Imja Glacier, AD – Ama Dablam Glacier 

Methods 1 

4.1 Supraglacial pond classification 2 

A total of 9,340 ponds were classified in this study either semi-automatically using an object-3 

based classification (46 %), or manually digitised in Google Earth (54 %).  4 

4.1.1 Object Based Image Analysis (OBIA) 5 

For satellite image classifications OBIA offers several advantages over pixel-based 6 

approaches. First, it has the ability to detect edges at multiple scales, providing a set of 7 

connected curves delineating the boundaries of surface ponds (and other spectrally 8 

discontinuous features) regardless of their size. Secondly, in doing this, OBIA also makes use 9 

of non-spectral metrics (e.g. image texture) to classify segments, which generally leads to a 10 

more refined output than can be achieved using pixel-based approaches. Thirdly, because 11 

OBIA leads to the derivation of homogeneous polygons, there is minimal noise in the 12 

segmented image, in contrast to often-used ratios such as the Normalised Difference Water 13 

Index (Liu et al., 2015). In a Himalayan context, OBIA has previously been applied to 14 

Landsat imagery for glacial lake detection (e.g. Nie et al., 2013; Liu et al., 2015) and glacier 15 

extent mapping (Nie et al., 2010). We applied it to the panchromatic band of each 16 
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WorldView, GeoEye, and QuickBird image using ENVI 5.2, to effectively delineate the 1 

edges of supraglacial ponds (Fig. 3). For this analysis the original panchromatic images were 2 

resampled to a common resolution of 0.7 m. 3 

 4 

Two column fit 5 

Figure 3. The workflow of using panchromatic DigitalGlobe imagery to classify supraglacial 6 

ponds. (a) A subset of the original WorldView 1 panchromatic band, (b) Object-based edge 7 

segmentation on the panchromatic band to delineate surface water, (c) classified supraglacial 8 

pond output following manual inspection and correction, and (d) supraglacial ponds on the 9 

Ngozumpa glacier (11th Oct 2011). Satellite image courtesy of the DigitalGlobe Foundation. 10 

 11 
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Errors in the OBIA approach can arise from under- or over-segmentation of the image, which 1 

is sensitive to image-specific scale and merge thresholds. For an under-segmented image, 2 

pond boundaries contain adjacent terrain, which cannot be retrospectively removed without 3 

manual boundary editing, whereas an over-segmented image represents individual objects 4 

with several or more polygons, which can be merged manually (Liu and Xia, 2010).  We 5 

opted to over-segment each image and then manually inspect each classified pond, editing 6 

and merging polygons where required. Segmentation in ENVI involved scale and merge 7 

thresholds of ~15 to 25 and ~70 to 80 respectively. Manual merging was generally only 8 

necessary where a pond featured partial coverage of floating ice. Pond boundaries were 9 

spectrally distinct from the surrounding debris-cover so misclassification was minimal (Fig. 10 

3). Multi-spectral imagery was available for most time periods (Table 2) and was cross-11 

referenced with the panchromatic imagery to check pond boundaries. The final pond 12 

boundaries were exported to ArcGIS for analysis. This methodology was chosen to avoid the 13 

reliance on user-defined thresholds and hence provide the highest possible classification 14 

accuracies, rather than develop a semi-automatic classification technique. 15 

4.1.2 Manual digitisation 16 

Eight periods of Google Earth imagery (< 2 m spatial resolution) increased the temporal 17 

resolution and spread of our dataset (Table 2). A supplementary ninth image, which did not 18 

have full coverage of the Ngozumpa Glacier, was used to quantify the size of Spillway Lake 19 

in Jun-15. As we were unable to use the OBIA approach on the Google Earth imagery we 20 

digitised the surface ponds by hand in Google Earth Pro and imported the polygons into 21 

ArcGIS for further analysis. All digitisation was undertaken by one operator to ensure 22 

consistency and ponds in each image were checked for accuracy by revisiting on independent 23 

days until no further edits were required.  24 
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4.1.3 Uncertainty 1 

Differential GPS (dGPS) points were taken on the boundaries of four stable ponds on the 2 

Khumbu Glacier in Oct/Nov 2015 to check against our most recent pond inventory (February 3 

2015). The ponds were clear, on a stagnant and vegetated zone of the glacier (Inoue, 1980; 4 

Quincey et al., 2009), and were observed to be stable over our study period. dGPS points 5 

showed good agreement with classified pond boundaries and generally fell on or within a one 6 

pixel margin of the boundary (Supplementary Fig. 1). 7 

Uncertainty in classified ponded area was calculated by assuming ± 1 pixel in the perimeter 8 

of each pond following Gardelle et al. (2011). Although pixel resolution is not explicitly 9 

stated in Google Earth imagery, we assumed it to be 1 m for uncertainty estimation based on 10 

our field observations compared to the size of features that could be discriminated in the 11 

imagery.  12 

In order to assess the uncertainty of the OBIA outputs relative to manual digitisation, one 13 

operator manually digitised 50 additional ponds on a panchromatic (0.7 m resolution) image 14 

(Supplementary Table 1). The areas of digitised polygons were compared to OBIA derived 15 

polygons and the area uncertainty when using a ± 1 pixel boundary (i.e. the uncertainty 16 

assumed in this study). The area difference between OBIA and manual classification methods 17 

ranged from 0.3 to 16 % with a mean of 6 %, whereas the assumed uncertainty using a ± 1 18 

pixel buffer ranged from 6 to 69 % with a mean of 25 %. Therefore the uncertainty bounds 19 

used in our study are well above the actual uncertainty expected during pond classification.  20 

4.2 Pond and glacier characteristics 21 

Ponded area change with distance up-glacier was calculated using 500 m distance bins from 22 

the terminus of each glacier, accounting for curvature along a centreline. Mean pond 23 

circularity was calculated using Eq. (1), since some studies have assumed circular ponds 24 

when assessing theoretical error (e.g. Salerno et al., 2012). 25 
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(1) Circularity = (P2) / (4ヾ A) 1 
 2 

Where P and A are pond perimeter (m) and area (m2) respectively. 3 

The transition between active and inactive ice was approximated for each glacier using the 4 

velocity map outputs of Bolch et al. (2008b), Quincey et al. (2009), Haritashya et al. (2015), 5 

and Dehecq et al. (2015), unless this transition occurred up-glacier of the study mask. 6 

4.2.1 Pond area bins 7 

The areas of individual ponds were classified into 300 m2 bins and used to derive cumulative 8 

area distributions for each glacier. 300 m2 bins were chosen to allow scaling to reflect the 9 

Landsat pixel size and were used to estimate potential area uncertainties when using coarser-10 

resolution imagery.  11 

4.2.2 Pond frequency 12 

Pond frequency was derived by summing pond area pixels in each image and then 13 

normalising the score to derive percentage occurrence over respective images. Pond 14 

frequency reveals areas of likely continual pond development, in contrast to areas where 15 

ponds were ephemeral. An important distinction exists between ponds that persist over two or 16 

more images, those that drain, and those that drain and subsequently refill between time 17 

periods. However, the imagery used in this study is of insufficient temporal resolution to 18 

report such trends reliably, which would ideally require field-based observations. 19 

Additionally, a pond-scale analysis was not the aim of this study. For this reason we take 20 

pond frequency to represent a pixel that was classified as water for one or more time periods.  21 

4. Results  22 

5.1 Study region ponded area change 23 

Overall change in ponded area across the study glaciers displayed a heterogeneous spatial 24 

pattern (Fig. 4). Considering the largest glaciers (Ngozumpa, Rongbuk, and Khumbu) 25 



14 
 
without their respective terminus lakes, the Ngozumpa Glacier displayed a net loss in ponded 1 

area of 29,864 m2 (Nov-09 – Dec-12), the Rongbuk Glacier gained 1,664 m2 (Oct-11 – Feb-2 

15), and the Khumbu Glacier gained 99,889 m2 (Nov-09 – Feb-15). The smaller study 3 

glaciers (Nuptse, Lhotse Nup, Lhotse, Lhotse Shar, and Imja) all featured a ponded area 4 

minimum in Oct-11, followed by an increase in surface water storage thereafter. Our analysis 5 

showed that without exception there were more ponds evident during summer periods than 6 

during the preceding winter (and an according increase in ponded area) (Table 3, Fig. 4). An 7 

exceptional increase in ponded area was observed on Khumbu and Ama Dablam glaciers in 8 

May-09. 9 

 10 

Two column fit 11 

 12 

Figure 4. Overall supraglacial water storage change within the masked study glacier areas. 13 

Error bars are derived from a ± 1 pixel uncertainty for classified ponds. Capped purple bars 14 

for the Rongbuk and Ngozumpa glaciers represent the area changes of Rongbuk and Spillway 15 

lakes respectively. Hashed blue columns represent summer images. K – Khumbu Glacier, N- 16 
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Ngozumpa Glacier, R- Rongbuk Glacier, Nu – Nuptse Glacier, LN – Lhotse Nup Glacier, L –1 

Lhotse Glacier, LS- Lhotse Shar Glacier, I – Imja Glacier, AD – Ama Dablam Glacier 2 

 3 

 4 

 5 

 6 

Table 3. Supraglacial pond inventory characteristics and area change.  7 

Glacier ID Debris-
covered area 
(km2) 

Image date 

(dd/mm/yyyy) 

Supraglacial ponds 

   Number  Area (m2) Mean 
circularity1 

K 7.1 02/02/2015 362 228,391 3.6 

13/01/2014 285 183,723 1.7 

10/07/2013 301 193,562 2.0 

19/10/2011 259 183,980 3.4 

03/11/2009 185 12,502 1.8 

24/05/2009 471 206,590 2.9 

N 16.3 07/06/2015  *272,982  

  23/12/2012 770 579,152 

*246,761 

3.0 

17/10/2011 563 607,356 

*289,671 

3.5 

09/06/2010 1022 733,641 

*300,602 

1.6 

03/11/2009 545 643,582 

*281,327 

1.7 

R 11.4 02/02/2015 333 632,019 

*409,659 

3.4 

11/10/2012 352 665,805 

*469,186 

2.8 

19/10/2011 420 717,806 

*497,110 

3.0 

Nu 3.9 13/01/2014 131 63,788 1.5 

19/10/2011 163 47,080 2.6 

20/09/2002 132 53,332 3.1 



16 
 

LN 1.5 24/01/2015 145 32,392 2.0 

08/12/2013 77 18,812 1.7 

19/10/2011 63 16,760 2.6 

20/09/2002 66 21,271 2.8 

L 6.3 24/01/2015 722 161,709 1.8 

08/12/2013 344 134,564 1.6 

19/10/2011 211 86,699 2.7 

20/09/2002 207 105,192 2.7 

LS 4.7 24/01/2015 355 78,397 1.8 

08/12/2013 174 82,748 1.8 

19/10/2011 144 56,297 2.5 

20/09/2002 164 74,899 2.7 

I 1.5 24/01/2015 52 13,767 1.9 

08/12/2013 25 13,585 1.6 

19/10/2011 39 10,186 2.9 

AD 2.6 13/01/2014 52 40,124 1.6 

19/10/2011 53 35,607 2.8 

03/11/2009 39 46,171 1.6 

24/05/2009 76 96,547 1.5 

18/12/2000 38 24,517 1.4 

K – Khumbu Glacier, N- Ngozumpa Glacier, R- Rongbuk Glacier, Nu – Nuptse 
Glacier, LN – Lhotse Nup Glacier, L –Lhotse Glacier, LS- Lhotse Shar Glacier, I – 
Imja Glacier, AD – Ama Dablam Glacier 

1. A circle would have a score of 1. Examples are given in Supplementary Fig. 1. 

*Contributing area of terminal lakes (Ngozumpa Glacier: Spillway Lake; Rongbuk 
Glacier: Rongbuk Lake) 

 1 

The large supraglacial lakes on the termini of the Ngozumpa and Rongbuk glaciers, termed 2 

Spillway Lake and Rongbuk Lake respectively, were both dynamic over the study period 3 

(Fig. 4, Table 3) but did not reflect historic trends of expansion (Ye et al., 2009; Thompson et 4 

al., 2012). The area of Rongbuk Lake consistently declined (losing 87,451 m2, Oct-11 – Feb-5 

15), whereas Spillway Lake expanded over the period Nov-09 to Jun-10, but displayed an 6 

overall net loss 34,566 m2 (Nov-09 - Dec-12).  The supplementary Google Earth image from 7 

Jun-15 revealed contemporary expansion of Spillway Lake by 26,221 m2 from Dec-12, 8 

reducing the net loss to 8,345 m2 (Nov-09 – Jun-15). The size of Spillway Lake and adjacent 9 
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ponds was 272,982 m2 in Nov-09. This is in agreement with the value of ~258,000 m2 1 

(December 2009) reported by Thompson et al. (2012) from a dGPS survey of the lake edge, 2 

which also included several additional smaller ponds.  3 

5.2 Spatial characteristics 4 

5.2.1 Glacier-scale pond dynamics 5 

We divided our dataset into the three large glaciers (Fig. 5a), and the six smaller glaciers 6 

(Fig. 5b) to evaluate ponded area trends up-glacier. Figure 5 reveals areas of pond drainage, 7 

growth, or stability. As these trends are reported across distance bins they do not reveal 8 

individual pond dynamics, but instead highlight areas of dynamic pond activity.  9 
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Two column full page fit 1 

Figure 5. Two-period moving average of ponded area with distance up-glacier, aggregated to 2 

500 m bins. (a) The three largest study glaciers with Spillway and Rongbuk lakes shown inset 3 

for respective glaciers. (b) The smaller study glaciers. Vertical dashed line indicates the 4 

approximate transitions from active to inactive ice. This boundary is split on Lhotse Shar 5 

Glacier (see Fig. 7c) 6 

 7 

For the large glaciers (Fig. 5a), areas of greatest pond area often persisted through each 8 

image, whilst the magnitude of the total area changed. The relationship between ponded area 9 

and distance from the terminus is thus non-monotonic and displays regular variation. This 10 

relationship is most pronounced for the Khumbu Glacier, with peaks in ponded area 11 

approximately every 2 km moving up-glacier. Ponded area on the Khumbu increased over 12 

much of the glacier through time, but especially in the lower 7 km.  Relative to winter images 13 

(grey scale), summer images (blue scale) featured increased ponded area through time in the 14 

upper 6 km of the Khumbu, in contrast to a decreased area near the terminus (0.5 – 4 km), 15 

although only two summer time periods were available for comparison  (Fig. 5a).  16 

Spillway and Rongbuk lakes migrated up-glacier over the observation period and their overall 17 

size diminished (Fig. 5a, Table 3). Up-glacier expansion of Spillway Lake (Fig. 6b) was 18 

coincident with locations of ice cliffs and lake deepening identified by Thompson et al. 19 

(2012, cf. their Fig. 6c). Pond variability was low immediately up-glacier of both lakes, 20 

although this variability extended notably further on the Rongbuk Glacier before reaching an 21 

increase in ponded area at ~ 8.0 km (Fig. 5a).  22 
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 1 

Two column fit 2 

Figure 6. Ponded area change for the Khumbu (a), Ngozumpa (b), and Rongbuk (c) glaciers, 3 

between the earliest and latest non-summer image. (a-1) Pond expansion, (a-2) pond 4 

expansion along the easterly margin, (b-1) up-glacier expansion and partial drainage of 5 

Spillway Lake, (b-2) mid-glacier pond drainage, (c-1) extensive drainage below Rongbuk 6 

Lake, and (c-2) up-glacier expansion of  Rongbuk Lake. Arrows indicate ice flow direction. 7 

Satellite images courtesy of the DigitalGlobe Foundation. 8 

 9 

Surface water storage on the smaller glaciers in the region (Fig. 5b) was much more variable.  10 

In recent years the greatest expansion in ponded area was in the regions of 2.5 to 4.0 km 11 

(Nuptse), 2.5 to 4.0 km (Lhotse Nup), 4.5 to 6.5 (Lhotse), and 1.5 to 2.5 km (Ama Dablam). 12 

Imja Glacier showed a small increase in ponded area between 1.0 to 1.5 km up-glacier. The 13 
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two most recent images for Lhotse Shar (Dec-13, Jan-15) revealed greatest pond expansion 1 

2.0 to 4.5 km up-glacier, although ponded area in Dec-13 was higher than that of Jan-15. 2 

5.2.2 Glacier-scale pond frequency 3 

Increased hydrological connectivity is apparent in the lower 0.5 to 4 km of the Khumbu 4 

Glacier, which notably extends up the eastern margin (Fig. 7b). In this zone of high pond 5 

frequency (bounded by the black rectangle in Fig. 7b), ponded area increased by 33,593 m2 6 

(66 %) (2009 – 2015).  On the Khumbu Glacier, this connectivity between larger ponds was 7 

often by narrow inlets not easily identifiable on the imagery (Fig. 6a), but their existence was 8 

confirmed by field observations in Oct/Nov 2015.  9 

 10 

Two column fit 11 
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Figure 7. Pond frequency normalised to the respective number of images used. Dashed lines 1 

indicate the approximate transition between active and inactive ice. A zoomed in view of 2 

Spillway and Rongbuk Lakes is shown in Supplementary Figure 2 for clarity. 3 

 4 

The smaller study glaciers (Fig. 7c) generally featured several distinct areas of high pond 5 

frequency (e.g. near the Nuptse terminus) but no evidence of increasing surface connectivity 6 

between pond basins. Lhotse Shar and Imja glaciers were an exception, where a large 7 

supraglacial lake (Imja Lake) is already established on the lower debris-covered area. Up-8 

glacier of this lake there are discrete areas of high pond persistence along the full length of 9 

the debris-covered zone. 10 

Spillway and Rongbuk lakes persisted over our study period (Fig 7a, d), although areas of 11 

drainage and growth were apparent at both locations (Fig. 6b, c). Drainage was especially 12 

pronounced on the lower terminus of the Rongbuk Glacier where a large pond drained over 13 

our study period (Nov-09 – Dec-12) (Fig. 6c).  On the Ngozumpa Glacier drainage events 14 

were widespread above Spillway Lake (Fig. 6b).  15 

5.3 Cumulative pond area 16 

Cumulative area distributions of supraglacial ponds revealed inter- and intra-annual 17 

variability across all of our study glaciers. Smaller ponds accounted for a proportionally 18 

greater area on summer images, relative to winter images (e.g. Fig. 8a, b, i). At a glacier 19 

scale, evidence of a recent trajectory towards smaller pond distributions was clear on several 20 

glaciers including Khumbu, Lhotse Nup, Lhotse, and Lhotse Shar (Fig. 8a, e, f, g). 21 
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Figure 8. Cumulative pond area distribution for post-monsoon/Winter (PMW) images (grey 1 

scale) and pre-monsoon/ monsoon (PMM) (blue scale) time periods. The terminal lakes on 2 

the Ngozumpa and Rongbuk glaciers are not shown here for clarity. 3 

 4 

The percentage of ponded area smaller than one (900 m2) and four (< 3600 m2) Landsat 5 

pixels was glacier dependent, reflecting contrasting pond-size distributions (Fig. 9a). A mean 6 

across all glaciers revealed ponds < 900 m2 accounted for 15 to 40 % of total ponded area and 7 

those < 3600 m2 accounted for 43 to 88 %. When investigating the numbers of ponds, these 8 

statistics are notably higher at 77 to 89 %, and 93 to 99 % respectively (Fig. 9b). These 9 

statistics revealed potential omissions when using coarser-resolution (e.g. 30 m Landsat) 10 

imagery for supraglacial pond delineation. For a theoretical four-pixel ASTER imagery 11 

threshold (900 m2), potential pond omissions for the larger glaciers in our study region 12 

(Khumbu, Ngozumpa, and Rongbuk) were in range of 17 to 19% of the overall ponded area 13 

(Fig. 9a). However, on smaller glaciers with smaller pond size distributions, this was up to 40 14 

% (Lhotse Nup Glacier). The vertical dashed lines on Figure 8 provide a visual representation 15 

of potential omissions, which are variable by glacier, year, and season. 16 

 17 

Two column fit 18 
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Figure 9. Proportion of (a) pond areas and (b) pond frequency, falling below a 900 m2 / 3600 1 

m2 threshold for each study glacier. Values represent a mean across all time periods and error 2 

bars show standard deviation. 3 

 4 

Our analysis revealed a trajectory towards large lake development for the Khumbu Glacier, 5 

with smaller ponds becoming more prevalent, in conjunction with an increase in the size of 6 

the largest pond observed, excluding Oct-11 (Fig. 8a). Spillway and Rongbuk lakes featured a 7 

stall in growth from historic trends (Ye et al., 2009; Thompson et al., 2012) and a decrease in 8 

overall area due to prominent drainage events. 9 

5. Discussion 10 

6.1 Trends in supraglacial pond development 11 

Utilising an unprecedented spatiotemporal archive of fine-resolution satellite imagery, our 12 

results demonstrate a heterogeneous pattern of supraglacial pond and thus of temporary water 13 

storage dynamics in the Everest region glaciers.   14 

Inter- and intra-annual pond change revealed in this study likely reflects a combination of 15 

meltwater generation (Gardelle et al., 2011), englacial inputs and drainages (Gulley and 16 

Benn, 2007), and precipitation inputs (Liu et al., 2015). Our detection of substantial year-to-17 

year variations suggests that caution should be applied in studies using only a few images 18 

with a large temporal interval, since it is not known how representative a chosen image is 19 

over the respective timescale. Other studies have generally selected autumn and winter 20 

images for analysis of Himalayan glacier surfaces since low cloud cover often persists, and 21 

lake area changes are expected to be minimal at that time owing to negligible precipitation 22 

inputs (Gardelle et al., 2011; Thompson et al., 2012; Wang and Zhang, 2014; Liu et al., 23 

2015). Our results demonstrated the magnitude of changes expected during the summer 24 

period for the Khumbu, Ngozumpa and Ama Dablam glaciers (Fig. 4). These summer 25 
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dynamics have not previously been reported at a glacier-scale. The substantial summer pond 1 

growth we observed reveals the responsiveness of ponds to seasonal controls on precipitation 2 

and surface hydrology. The summer season features enhanced precipitation, pond ablation, 3 

meltwater generation, and increased pond connectivity with the englacial drainage system 4 

(Sakai et al., 2000; Wang et al., 2012; Miles et al., 2016).  Pond development therefore 5 

proceeds alongside sporadic drainage events.   6 

The area of supraglacial ponds is widely used as a proxy for their potential importance for 7 

water storage and glacier ablation (e.g. Gardelle et al., 2011; Liu et al., 2015; Wang et al., 8 

2015; Zhang et al., 2015), however, volumetric estimates are required to assess true water 9 

storage dynamics. The compiled area-volume relationship dataset of Cook and Quincey 10 

(2015) features only two data points below a pond area of 10,000 m2, hence pond bathymetry 11 

for the size of supraglacial ponds commonly encountered on our study glaciers is urgently 12 

required (Fig. 8). Nevertheless we present a first-order estimate of the volumetric 13 

contributions and temporal dynamics of supraglacial ponds for our study glaciers in 14 

Supplementary Table 2. 15 

6.1.1 Glacier-scale ponded area patterns 16 

Of the three largest glaciers, the Rongbuk featured a lower and less pronounced up-glacier 17 

ponded area distribution (Fig 5a). We attribute this to an extensive supraglacial drainage 18 

stream, which extends the full length of the upper glacier before reaching Rongbuk Lake. The 19 

stream is likely able to efficiently drain a large proportion of meltwater generated from the 20 

extensive surface lowering identified by Ye et al. (2015). The active ice boundary 21 

approximated from Quincey et al. (2009) is also expected to have receded further up-glacier 22 

reflecting reduced glacier accumulation (Yang et al., 2006), allowing enhanced ponding in 23 

the 8 to 10 km zone (Fig 5a). The Khumbu Glacier also features a supraglacial drainage 24 

network between 6 to 8 km up-glacier, which may explain the lower pond presence here, 25 

since repeated hydrofracturing in this area, which has compressional ice flow, allows 26 
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supraglacial water drainage englacially (Benn et al., 2009). No extensive supraglacial 1 

drainage network exists on the Ngozumpa Glacier to explain similar zones of subdued 2 

ponded area. However, we note lower ponded area at ~ 13 km up-glacier, coinciding with the 3 

confluence of a tributary glacier (Fig. 5a, 6b). 4 

Other factors contributing to ponded area dynamics exist: the prevalence of a low surface 5 

gradient (< 2°) across our study glaciers is well known (e.g. Quincey et al., 2007; Bolch et al., 6 

2008a); similar debris-covered glaciers exhibit a non-linear mass-balance profile with 7 

elevation (Pellicciotti et al., 2015);  and inactive ice is common across much or all of the 8 

debris-covered zones (e.g. Fig. 5 dashed vertical line), promoting pond expansion and 9 

coalescence (Bolch et al., 2008b; Quincey et al., 2009; Haritashya et al., 2015; Dehecq et al., 10 

2015). Velocity fields created with fine-resolution imagery (e.g. Kraaijenbrink et al., 2016) 11 

have not yet been derived for glaciers in our study region, but would allow an association 12 

between glacier flow dynamics, surface lowering, and pond development, comparable to the 13 

imagery resolution used in this study. Internal pond feedbacks also act to enhance growth 14 

through the absorption and transmission of solar radiation to the underlying ice (Sakai et al., 15 

2000), and through ice cliff calving events at ponds of sufficient size  (Sakai et al., 2009). 16 

'The Khumbu and Ngozumpa glaciers (in particular the latter) featured repeat pond presence 17 

at similar locations through time (Fig. 5a, 7a, b). Glacier flow is expected to cause englacial 18 

conduit reorganisation and efficient drainage (Quincey et al., 2007), hence low pond 19 

frequencies would be expected in areas of active flow up-glacier, which supports our results. 20 

We did not conduct a pond-by-pond analysis in this study or an analysis of potential pond 21 

advection down glacier, although we expected this to be minimal over our study period. 22 

However, we suggest that the continued development of this fine-resolution dataset could 23 

reveal drainage and refill cycles of ponds at discrete locations, determined by glacier flow 24 

characteristics, and perhaps also influenced by basal topography of the glacier, similar to the 25 

topographic coupling observed on large ice sheets (e.g. Lampkin and VanderBerg, 2011). 26 
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Within inactive ice zones, drainage events (e.g. Fig. 6b) reveal ponds are actively melting 1 

down at their base and intercepting englacial conduits or exploiting relic crevasse traces 2 

(Gulley and Benn, 2007). This is not apparent at Spillway and Rongbuk lakes, which have 3 

generally, although not entirely, displayed stability overall, with small areas of drainage and 4 

expansion. Spillway Lake is known to have a variable thickness of sediment on the lake bed, 5 

and contemporary expansion is concentrated around ice cliffs and regions of thin basal debris 6 

coverage (Thompson et al., 2012). The large drainage event down-glacier of Rongbuk Lake 7 

(Fig 6c) was likely caused by interception with a supraglacial drainage channel close to the 8 

western pond margin. 9 

Smaller glaciers in the region do not show a clear trend in the spatial distribution of ponded 10 

area, likely because although surface lowering is prevalent across the debris-covered zones, 11 

large ponds have not yet become established (Bolch et al., 2011) (Fig. 7c). However, a 12 

transitional trend towards smaller ponds is apparent (Fig. 5b), suggesting that smaller basins 13 

are becoming created and/or activated, concurrent with ongoing surface lowering. Potential 14 

overdeepenings in this region highlighted by Linsbauer et al. (2016) suggest that future 15 

glacial lakes could develop if supraglacial ponds begin to coalesce. Our results demonstrate a 16 

non-linear trend of ponded area increase in the region and an increasing importance of 17 

smaller ponds becoming established. Since our findings are expected to be applicable across 18 

Himalayan debris-covered glaciers in negative mass balance regimes, previously unreported 19 

smaller ponds will help understand the coupling between ponded area, local-scale 20 

topographic change, and a size-dependant influence of ponds on surface lowering. 21 

6.1.2 Seasonal variation in supraglacial pond development 22 

The temporal resolution available for several of our study glaciers revealed higher total 23 

ponded area during the summer season compared to preceding and succeeding winters (Fig. 24 

4), and a transition towards smaller ponds accounting for proportionally greater area (Fig.8). 25 

Increased thermal energy stored and transmitted by ponds to the underlying ice during the 26 
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summer season increases meltwater generation and hence pond expansion (Sakai et al., 2000; 1 

Wang et al., 2012; Miles et al., 2016), in association with high precipitation during this 2 

season (Bookhagen and Burbank, 2006; Wagnon et al., 2013). The seasonal impact of this 3 

meltwater generation at a glacier-scale depends predominately on the presence of outlets 4 

from ponds restricting expansion, and the role of sporadic drainage events transporting water 5 

englacially.  6 

Our data suggest that ponds attain their maximum size during the summer period, increasing 7 

the likelihood of drainage through hydrofracture and the expansion of englacial conduits by 8 

warm pond water (Benn et al., 2009). Hence total ponded area is reduced approaching the 9 

winter period.  The transition towards smaller ponds and a higher number of ponds during the 10 

summer season (Fig. 8, Table 3) suggests smaller basins become active, but exist as transient 11 

features, similarly draining approaching the winter period. Future studies tracking the 12 

development of individual ponds at similarly high temporal and spatial resolution, coupled 13 

with pond-scale energy balance modelling (e.g. Miles et al., 2016) is required to refine 14 

understanding of debris-covered glacier surface hydrology and the importance for ablation at 15 

a glacier-scale. 16 

6.2 Lake development trajectory 17 

The development of large glacial lakes in the region raises concerns about future GLOF risk 18 

(Benn et al., 2012), and rapid glacier mass loss and glacier retreat if a calving front develops 19 

(e.g. Imja Lake) (Somos-Valenzuela et al., 2014). Recent expansion of supraglacial ponds on 20 

the eastern margin of the Khumbu Glacier (Fig. 6a, 7b) suggests it may be entering a 21 

transitional phase towards large glacial lake development in the lower ablation area. This 22 

development was proposed by Naito’s et al. (2000) modelling study, and a large 23 

overdeepened basin on the lower ablation area was modelled by Linsbauer et al. (2016). We 24 

identified a winter image trajectory towards smaller ponds contributing greater total ponded 25 

area (Fig. 5a), larger ponds overall (Fig. 8a), and an increase in ponded area in the lower 26 
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ablation zone of the Khumbu Glacier (Fig. 5a). This pattern suggests firstly that small basins 1 

are becoming occupied with meltwater as surface lowering prevails, promoting the 2 

development of a reverse glacier surface gradient (Bolch et al., 2011), and secondly that these 3 

ponds are now persisting in some cases and coalescing into a connected chain of ponds. The 4 

outlet pond on the Khumbu Glacier represents the hydrological base level at the eastern 5 

lateral moraine, and was observed in the field and on satellite imagery to have high sediment 6 

build up on the bed. This sedimentation and subsequent insulation of any remaining ice 7 

below promotes a stable base level, which is conducive to the connection and expansion of 8 

ponds up-glacier, following trends of Imja, Spillway, and Rongbuk lakes.  However, in the 9 

case of the Khubmu Glacier, across-glacier expansion is restricted by a vegetated stable zone 10 

to the west. 11 

Thompson et al. (2012) revealed an exponential growth rate of Spillway Lake since 2001, 12 

from lake inception in the 1980s. Rongbuk Lake began development 1990s but has shown 13 

similar rapid expansion (Chen et al., 2014). However, in our study, both lakes decreased in 14 

area (Spillway Lake: net loss of 8,345 m2 Nov-09 to Jun-15, Rongbuk lake: net loss of 87,451 15 

m2 Oct-11 to Feb-15) despite expanding up-glacier (Fig. 5a insets). We propose that although 16 

these lakes are continuing to expand up-glacier through ice cliff retreat and basal melt, they 17 

have stalled due to supraglacial drainage channel evolution and a likely lowering of the 18 

hydrological base level. Thompson et al. (2012) identified that a connection made between 19 

2001 and 2009 between Spillway Lake and a second smaller lake closer to an easterly 20 

draining supraglacial channel, had the potential to re-route the drainage of Spillway Lake and 21 

lower the hydrological base level, causing a likely stall in the lake expansion. However, our 22 

Dec-2012 image revealed that this channel did not develop and that drainage is still 23 

predominantly through the western moraine. If this western channel incised and subsequently 24 

lowered the base level, this could explain the lake drainage observed in this study as the lake 25 
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level adjusts (e.g. Fig. 6b). Contemporary expansion to Jun-15 (Table 3) suggests this 1 

channel has now stabilised and up-glacier expansion of Spillway Lake is likely to continue. 2 

6.3 Uncertainties in pond detection and delineation 3 

Previous studies reporting supra- and pro-glacial lake dynamics in the Everest region have 4 

utilised the long temporal archive of Landsat imagery (e.g. Gardelle et al., 2011; Nie et al., 5 

2013; Bhardwaj et al., 2015; Liu et al., 2015; Wang et al., 2015). Landsat features a relatively 6 

short revisit period (16 days), hence cloud free images are usually available outside of the 7 

monsoon season. Other multi-temporal studies have used a range of fine-to-coarse resolution 8 

imagery, often in combination (Table 1).  9 

Decadal trends across the Himalaya were presented by Gardelle et al. (2011) and Nie et al. 10 

(2013) using Landsat imagery from three and four time periods, using a four and nine 30 m 11 

pixel minimum detection threshold,  respectively. Whilst our results are broadly in agreement 12 

with observed increasing water storage trends in the Everest region, we highlight notable 13 

short-term variability and suggest that Landsat imagery is not appropriate for glacier-scale 14 

pond monitoring in the Himalaya.  15 

The irregular shape (mean circularity index values of 1.4 to 3.5, Table 3) and size distribution 16 

of ponds (Fig. 2, 8) does not lend to alignment with a 30 m pixel (Fig. 10), since a large 17 

proportion of ponded area is accounted for by small ponds. Firstly, this suggests that 18 

approximating ponds as circular objects for purposes of uncertainty estimation is not 19 

appropriate, since pond circularity is highly variable but rarely approaching the ideal value of 20 

one (Table 3). Secondly, this study revealed that ponds < 900 m2 accounted for 15 to 40 % of 21 

total ponded area and those < 3600 m2 accounted for 43 to 88 % (Fig. 9). When quantifying 22 

the numbers of ponds present, these statistics were 77 to 89 % and 93 to 99 % respectively. 23 

Although the total number of ponds is less important than overall area, the distribution of 24 

smaller ponds indicates where debris-cover is likely to be thin, and so integration with energy 25 

balance models and surface lowering maps would be beneficial. These statistics represent 26 
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potential pond omissions using thresholds of 900 m2 and 3,600 m2, which represent the area 1 

of four ASTER pixels (15 m) or one Landsat pixel (30 m), and four Landsat pixels 2 

respectively. Since the application of this imagery usually relies on a variable NDWI 3 

threshold, our error estimates represent the upper bounds. Nonetheless, a broad threshold is 4 

often used to capture mixed pixels containing majority water (e.g. Gardelle et al., 2011), 5 

hence ponded area could equally be systematically overestimated if pond distributions tend 6 

towards smaller ponds on the order of one 30 m pixel (Fig. 10c). We show an idealised 7 

theoretical variation in ponded area with variable threshold in Supplementary Fig. 3.  8 

 9 

One column fit 10 

Figure 10. Hypothetical pond classification scenarios using Landsat imagery. Classifications 11 

are dependent on a user-determined threshold which assigns ponds to a raster grid based on 12 

the strength of their spectral signature within each pixel. (a) The pond is larger than one pixel 13 

but covers a small proportion of three adjacent pixels, (b) The pond is aligned at the centre of 14 

four pixels but does not dominate any, and (c) the pond is smaller than one pixel but 15 

dominates the spectral signature and is classified as one pixel in size. 16 

 17 
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This study has also shown that pond size-area distributions are not static (Fig. 8), hence 1 

revealing the potential for an inter-annual and seasonal bias when using multi-temporal 2 

Landsat images for supraglacial pond delineation. The small size and shallow nature of 3 

supraglacial ponds (Cook and Quincey, 2015) means area fluctuations can be large, which 4 

requires a small pixel size (< 10 m) for adequate detection of seasonal trends (Strozzi et al., 5 

2012). Supraglacial pond delineation with coarser resolution imagery is also hindered by 6 

pond turbidity and frozen ponds (Bhatt, 2007; Racoviteanu et al., 2008). On the Khumbu 7 

Glacier we observed a large number of frozen or partially frozen surfaces upon 8 

commencement of a field campaign (11th Oct 2015). For this reason, we suggest a transition 9 

towards finer-resolution imagery is advantageous for multi-temporal monitoring of 10 

supraglacial ponds. However, we acknowledge that Landsat imagery will continue to be a 11 

valuable asset when monitoring larger glacial lakes where the edge effects of pixel resolution 12 

are substantially lower. 13 

6. Conclusion and future work 14 

This study presents the first extensive application of fine-resolution satellite imagery to 15 

undertake a multi-temporal, multi-glacier analysis of supraglacial pond dynamics. Inter- and 16 

intra-annual changes in glacier-scale ponded area were up to 17 % and 52 % respectively, 17 

reflecting drainage events, pond expansion and coalescence, and melt season pond expansion. 18 

Additionally, despite the prevalence of a negative mass balance regime, a net increase in 19 

ponded area was only apparent on six of our nine study glaciers. This short-term variability 20 

may sit within decadal scale regional increases (e.g. Gardelle et al., 2011), but nevertheless 21 

indicates that stagnating, low gradient, and thinning debris-covered glaciers in the Himalaya 22 

do not linearly accrue ponded area through time without notable inter- and intra-annual  23 

variability. An evolutionary trajectory towards smaller ponds accounting for larger 24 

proportional area was discovered for several glaciers including: Khumbu, Nuptse, Lhotse 25 

Nup, Lhotse, and Lhotse Shar. Therefore, pond size distribution appears intrinsically linked 26 
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to the evolution of debris-covered glaciers under negative mass balance and is likely to have 1 

consequent implications for the positive-feedback enhancement of melt, in and around the 2 

pond environment (Sakai et al., 2000).  3 

Spillway and Rongbuk lakes, previously thought to be expanding exponentially, featured a 4 

halt in growth during our study period due to notable drainage events. These drainages were 5 

likely caused by (i) lowering of the hydrological base level, and (ii) interception with a 6 

supraglacial drainage network, respectively. However, both lakes are actively growing up-7 

glacier and so will likely continue to expand once supraglacial drainage channels have 8 

stabilised, as evidenced for the Ngozumpa Glacier. The formation and persistence of a chain 9 

of ponds on the lower ablation area of the Khumbu Glacier is indicative of a transitional 10 

phase towards large lake development in association with a stable hydrological base level, 11 

and should be monitored over coming years. 12 

We have shown that fine-resolution imagery is necessary to represent the full spectrum of 13 

supraglacial pond sizes that exist on debris-covered glaciers in the Everest region of the 14 

central Himalaya. Medium-resolution imagery (e.g. 30 m Landsat) is likely to lead to large 15 

omissions of supraglacial water storage on the order of 15 to 88 % of total ponded area, and 16 

77 to 99 % of the total number of ponds. Nonetheless, medium-resolution Landsat imagery 17 

will remain valuable for large glacial lake monitoring, but small changes in water level (e.g. 18 

inter-annual) are likely to be missed (Strozzi et al., 2012). Inter-annual and seasonal biases 19 

would also be expected when using medium-resolution satellite imagery, since cumulative 20 

pond-size distributions were found to vary inter- and intra-annually, and were glacier 21 

specific.  22 
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Supplementary information 18 

Supplementary Figure 1. Field validation of supraglacial pond boundaries 19 

Differential GPS points were collected around the boundary of four stable supraglacial ponds 20 

during a field campaign in Oct/Nov 2015 (Supplementary Fig. 1). Point locations were 21 

determined by boundary accessibility and were collected using a Leica GS10 sensor with 22 

sub-centimetre accuracy. 23 
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 1 

Supplementary Figure 1. Differential GPS points taken around the boundaries of four 2 

supraglacial ponds, known to be relatively stable in area size, and their comparison with pond 3 

boundaries classified from an earlier satellite image. 4 

Supplementary Figure 2 5 

Expanded views of Spillway and Rongbuk Lakes from Figure 7 showing drainage events 6 

over the study period. 7 

 8 

 9 

 10 

 11 

 12 

 13 
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1 
Supplementary Figure 2. A zoomed in view of Spillway and Rongbuk Lakes from Fig. 7 2 

showing pond frequency normalised to the respective number of images used. 3 

Supplementary Figure 3. Determining the effect of pixel resolution on supraglacial pond 4 
delineation 5 

Direct pond-by-pond comparisons between Landsat and fine-resolution imagery are difficult 6 

since acquisition dates rarely align and owing to the variable user-defined thresholds used to 7 

classify ponds, which can lead to more or fewer pixels been classified a water. In this study 8 

we determined and idealised theoretical underestimation of ponded area and number of ponds 9 

(Supplementary Fig. 3) by applying a one (900 m2) and four pixel (3600 m2) threshold. In 10 

reality, ponds approaching 3600 m2 would be classified as water since water would dominate 11 

the spectral signature of the pixel, however, the specific threshold is scene and user 12 

dependent.  13 

Studies may opt to implement a broad threshold to account for mixed pixels, which are 14 

majority but not exclusively water (e.g. Gardelle et al., 2011). This will generally lead to 15 
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pond size overestimation (e.g. Fig. 10). Alternatively, opting for a higher threshold of ‘purer’ 1 

pixels will underestimate ponded area since shoreline pixels also containing debris-cover for 2 

example, will be excluded. 3 

Since our inventory was collected at extremely fine resolution we can effectively treat it as a 4 

ground truth and hence assess the implications of threshold choice on overall ponded area by 5 

aggregating the ponds to coarser resolutions. This is not fully representative of a real-world 6 

Landsat analysis scenario where the true distribution and area of water pixels would not be 7 

known beforehand. It also does not consider spectral ‘noise’, such as surrounding debris 8 

cover, which would change the spectral signature of a pixel since the surrounding terrain was 9 

simply treated as a zero.  10 

Method: 11 

Pond polygons were converted to a raster grid at 2 m resolution (Supplementary Fig. 3a) and 12 

then aggregated by summation to a 30 m raster grid (Supplementary Fig. 3b). This creates a 13 

scale of 0 – 225, which is the maximum number of 2 m pixels (4 m2) that could be contained 14 

within a new 30 m pixel (900 m2). 15 

For increasing percentage coverage of the original 4 m2 pixels within the new 900 m2 pixel, 16 

we then assessed this threshold against the true ponded area. Here, a threshold of 35 % is 17 

required to account for 100 % of ponded area at a glacier scale (Supplementary Fig. 3c). 18 

 19 
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 1 

Supplementary Figure 3.  Idealised aggregation of a ‘true’ pond distribution to 30 m pixels to 2 

test the implications of a variable threshold on classification error. i.e. the proportion of a 30 3 

m pixel covered by water before the whole pixel is counted as water (e.g. Fig. 10). The 4 

threshold considers the dominance of fine-resolution 2 m (area = 4 m2) pixels within a new 30 5 

m (area = 900 m2) pixel. The maximum possible score is 225 (900 / 4), where the new pixel 6 

was 100 % covered by original pond pixels.  100 % of the true total ponded area is accounted 7 

for at a pixel threshold of 35 %. 8 

 9 

Supplementary Table 1. Comparing Object based and manual pond delineation 10 

To estimate the methodological uncertainty arising from an object based pond classification 11 

vs manual classification, one operator manually digitised 50 ponds and their respective areas 12 

were compared to those derived using the objected based method. This was carried out in 13 

ArcGIS using freehand digitising and without reference to multispectral imagery or the object 14 

based polygons (i.e. blind), and hence represents a worst case scenario. The resulting 15 

uncertainties were consistently lower than the actual uncertainty assumed in this study using 16 

a ± 1 pixel buffer (Supplementary Table 1). 17 

 18 

Pond Object Manually Difference Assumed object based 
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ID based 

area (m2) 
digitised 
area (m2) 

(%) method uncertainty (%)* 

1 1875.0 1737.9 7.6 16.4 

2 1198.0 1101.6 8.4 19.5 

3 139.9 138.0 1.4 40.7 

4 1589.9 1442.0 9.8 21.4 

5 4258.1 4398.3 3.2 13.2 

6 363.1 311.2 15.4 34.4 

7 2439.4 2391.7 2.0 10.3 

8 204.2 195.1 4.5 26.9 

9 5334.8 5395.3 1.1 6.3 

10 510.1 460.5 10.2 25.7 

11 4954.9 5071.4 2.3 8.7 

12 1371.1 1454.9 5.9 16.9 

13 188.2 170.0 10.1 40.0 

14 863.9 946.8 9.2 24.5 

15 401.7 374.6 7.0 26.0 

16 199.4 219.7 9.7 35.1 

17 409.0 366.5 11.0 28.2 

18 1489.4 1494.3 0.3 11.0 

19 1788.3 1844.7 3.1 13.3 

20 108.6 104.1 4.3 39.2 

21 653.7 648.4 0.8 13.2 

22 1007.9 972.6 3.6 15.5 

23 88.2 75.1 16.1 45.9 

24 4808.4 4742.2 1.4 7.8 

25 1616.8 1609.7 0.4 11.0 

26 658.6 611.8 7.4 20.1 

27 106.3 103.4 2.8 30.9 

28 545.4 491.3 10.4 26.9 

29 87.2 86.3 1.1 41.1 

30 459.1 412.0 10.8 27.6 

31 505.9 468.6 7.6 26.0 

32 6846.5 7041.4 2.8 9.2 

33 68.6 59.4 14.3 50.2 

34 1278.4 1291.9 1.0 11.0 

35 4840.1 4702.5 2.9 9.5 

36 145.0 129.6 11.3 38.4 

37 91.6 78.9 14.9 50.0 

38 561.1 556.3 0.8 21.5 

39 545.4 523.9 4.0 20.6 

40 258.0 288.3 11.1 31.1 

41 305.3 292.7 4.2 21.5 

42 59.8 61.6 3.0 69.1 

43 799.6 890.7 10.8 28.5 

44 241.8 238.2 1.5 22.4 

45 2582.4 2723.2 5.3 12.7 

46 318.8 343.8 7.5 25.5 

47 108.3 98.4 9.5 37.5 
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48 219.1 255.9 15.5 43.0 

49 275.9 253.8 8.3 29.1 

50 2080.0 2063.3 0.8 8.5 

* Based on a ± 1 pixel buffer used in our study 

 1 

Supplementary Table 2. First-order estimate of ponded area volume 2 

A first-order estimate of supraglacial pond water storage was derived using the area-volume 3 
scaling relationship of Cook and Quincey (2015) applied to individual supraglacial ponds:  4 

V = 3×10-7 A1.3315 5 

Where V is the pond volume (m3 ×106) and A is the pond area (m2). 6 

The compiled data set of Cook and Quincey (2015) displayed a strong correlation between 7 
area and volume (R2 = 0.97). However, data points predominantly comprise larger glacial 8 
lakes (> 10,000 m2), with only two data points below this size. Hence the uncertainty in this 9 
relationship for smaller ponds is likely to be large, highlighting the urgent requirement for 10 
supraglacial pond bathymetry data for smaller ponds. 11 

Cook and Quincey (2015) demonstrate that expanding supraglacial ponds are not well 12 
predicted using the existing relationships, hence we expect our estimates to be an 13 
overestimate of water storage. For example, using lake area and bathymetry data Thompson 14 
et al. (2012) state the area of Spillway Lake in 2009 to be ~ 300,000 m2 with a volume of at 15 
least 2.2 million m3. Using the formula of Cook and Quincey (2015) this volume is 5.9 16 
million m3. 17 

 18 
Glacier Date Total 

supraglacial 
pond area (m2) 

Total supraglacial pond volume 
estimated from Cook and Quincey 

(2015) (m3 ×106)  
Khumbu 02/02/2015 228,391 1.06 

13/01/2014 183,723 0.82 
10/07/2013 193,562 0.83 
19/10/2011 183,980 1.03 
03/11/2009 12,502 0.57 
24/05/2009 206,590 0.93 

Ngozumpa 23/12/2012 579,152* 4.82* 
17/10/2011 607,356* 6.13* 
09/06/2010 733,641* 6.80* 

03/11/2009 643,582* 6.22* 

Rongbuk 02/02/2015 632,019* 9.96* 

11/10/2012 665,805* 10.91* 

19/10/2011 717,806* 12.82* 

Nuptse 13/01/2014 63,788 0.24 

19/10/2011 47,080 0.20 
20/09/2002 53,332 0.24 

Lhotse Nup 24/01/2015 32,392 0.09 
08/12/2013 18,812 0.04 
19/10/2011 16,760 0.05 
20/09/2002 21,271 0.07 
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Lhotse 24/01/2015 161,709 0.60 

08/12/2013 134,564 0.50 
19/10/2011 86,699 0.32 
20/09/2002 105,192 0.46 

Lhotse Shar 24/01/2015 78,397 0.23 
08/12/2013 82,748 0.36 
19/10/2011 56,297 0.25 
20/09/2002 74,899 0.41 

Imja 24/01/2015 13,767 0.13 
08/12/2013 13,585 0.08 
19/10/2011 10,186 0.05 

Ama Dablam 13/01/2014 40,124 0.16 
19/10/2011 35,607 0.16 
03/11/2009 46,171 0.22 
24/05/2009 96,547 0.68 
18/12/2000 24,517 0.09 

*Includes Spillway and Rongbuk Lakes respectively 
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