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SCIENCE FOR SOCIETY Meltwater from Himalayan glaciers sustains the flow of rivers that are heavily de-
pended on by downstream communities across the densely populated region of Southeast Asia. Himalayan
glaciers are shrinking in response to a changing climate, andmeasurements of glaciermass loss are vital for
the calibration ofmodels used for predicting the future variability ofmeltwater runoff. Here, weproduced the
longest possible time series of glacier mass-change measurements from satellite archives and found that
the rate of ice loss from glaciers close to Mt. Everest has consistently increased since the early 1960s. We
show how glacial lakes in the region have amplified ice loss and illustrate how ice loss has begun to occur at
extreme altitudes, where large volumes of ice thatwere formerly less susceptible tomelt are stored. The rate
of ice loss across the Himalaya is likely to increase in the coming decades in response to further warming,
which could be amplified at high altitude.
SUMMARY
The accurate quantification of current and past Himalayan glacier mass budgets is vital if we are to under-
stand the evolution of the Asian water tower, which provides water to the planet’s most populous region.
In this work, we generated a geodetic time series spanning six decades over 79 glaciers surrounding Mt.
Everest and found consistent acceleration of glacier mass loss between the 1960s (�0.23 ± 0.12 mwe a�1)
and the modern era (�0.38 ± 0.11 mwe a�1 from 2009 to 2018). Glacier mass loss has varied depending on
glacier terminus type and surface characteristics, and glacier thinning is now occurring at extreme altitudes
(>6,000 masl). Our time series also captures the first documented surge of a glacier in the Mt. Everest region.
These multi-decadal observations of glacier mass loss form a baseline dataset against which physically
based glacier evolutionmodels could be calibrated before they are used for predicting futuremeltwater yield.
INTRODUCTION

Glacier meltwater originating from the Hindu Kush Himalaya

sustains the flow of some of south Asia’s largest rivers, on

which more than 230 million people living in the mountains

and hills of the region and, to a lesser extent, people living

in the lowlands depend for their water supply.1,2 In the face

of climate change, the contribution of these glaciers to river

flow will become increasingly important as drought intensity

and duration increase in the coming decades.3–5 However,

glaciers in the Himalaya are shrinking,6 and their contribution

to downstream river flow will become unsustainable in the

future.7,8 The accurate quantification of the current and histor-

ical rate of glacier melt is vital if the timing and magnitude of
608 One Earth 3, 608–620, November 20, 2020 ª 2020 The Author(s)
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future meltwater yield are to be constrained by the projections

of glacier evolution models.

The mass loss of individual glaciers can be monitored by field

measurements of glacier accumulation and ablation, the differ-

ence between which determines a glacier’s mass balance.9,10

In situ measurements of glacier mass balance take place at a

few benchmark glaciers across high-mountain Asia (HMA),6,11

but such measurements are logistically difficult, and the applica-

tion of this method is not possible at a regional scale. The use of

laser altimetry data, interferometric synthetic aperture radar

(InSAR) data, and stereo satellite imagery to generate digital

elevation models (DEMs), which can be analyzed to derive the

rates of glacier surface elevation change, is therefore the most

practical way to examine geodetic glacier mass balance over
. Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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broad regions.12,13 Remote-sensing studies of glacier surface

elevation change have been conducted across the Himalaya.6

The most comprehensive information on rates of glacier mass

loss in the Himalaya since 2000 is provided by Shean et al.14 Gla-

ciers in the eastern Himalaya have lost ice at the fastest rate over

the last two decades, but glaciers in the central and western Hi-

malaya also show more ice loss than elsewhere in HMA.14

Recent studies have teamed declassified Hexagon KH-9 spy

satellite imagery with modern satellite data to show that regional

patterns of icemass loss have persisted for several decades and

also that rates of ice loss have increased since the early

1970s.6,15–17 Although large-scale studies have undoubtedly

provided valuable insights into the overall behavior of Himalayan

glaciers, the analyses of ice-loss data over broad regional and

temporal scales could mask substantial variability and the asso-

ciated drivers of exacerbated, or diminished, glacier recession.

The incorporation of high-resolution (�2–8 m) Corona KH-4

spy satellite data, alongside Hexagon KH-9 images and contem-

porary (post-2000) satellite data, presents the opportunity to

study glacier change in improved detail at a sub-regional level

across several decades. The suitability of stereo Corona KH-4

data for generating DEMs for the study of glacier surface eleva-

tion change has been shown by Bolch et al.18 More recently,

Mukherjee et al.19 combined Corona KH-4 data from 1971 with

the shuttle radar topographic mission (SRTM) DEM and Cartosat

imagery to highlight an increased rate of glacier mass loss in

Lahaul-Spiti (western Himalaya) since around 2000.

The potential for the detailed long-term study of glacier

behavior is perhaps greater in the Mt. Everest region than else-

where in the Himalaya, mainly because of the need for accurate

topographic information to aid early mountaineering expedi-

tions. The topography of Mt. Everest, also known by its official

names of Sagarmatha and Qomolangma in Nepal and China,

respectively, and its surrounding valleys have been surveyed

repeatedly by a variety of methods since the mid-1920s, and

glacier extent has been recorded at numerous points prior to

the modern satellite era, although not all of these early surveys

are suited to quantifying glacier change. The 1955 photographic

surveys and associated topographic map of Erwin Schneider

provide the earliest region-wide record of glacier extent around

Mt. Everest. The Schneider Alpine Club map is based on exten-

sive field survey data on the southern (Nepali) side of the main

orographic divide, which was complemented with later aerial

photography to cover the wider area.20 The multi-temporal na-

ture of the source data of the Schneider map inhibits its use for

the derivation of accurate rates of glacier surface elevation

change, but it provides an important snapshot of glacier condi-

tions before the declassified satellite imagery era. In 1984, Na-

tional Geographic conducted an airborne photographic survey

of the Mt. Everest region, including glaciers flowing north of

Mt. Everest onto the Tibetan Plateau, by using a Wild RC-10

camera.21 In 1992, the Survey Department of Nepal conducted

another aerial photography survey of the country by using a

Wild RC-30 camera.22 Some studies have combined DEMs

generated from declassified data, the mentioned aerial imagery,

or topographic maps with contemporary imagery over a subset

area to examine glacier change over broad periods.18,23,24 Other

studies have examined glacier change at the regional

scale,15,25,26 but their use of contemporary optical imagery or In-
SAR data limited their study period to the post-2000 era. So far,

no one study has combined the various sources of geodetic data

covering Mt. Everest to study glacier change at decadal time

steps over the wider region.

In thiswork,wesignificantly extend theworkbyBolch et al.18,27

to produce the longest possible geodetic time series of glacier

surface elevation change in the Everest region on both the north

and south sides of the main orographic divide and glaciers to the

east ofMt. Everest.We have compiled geodetic datasets derived

fromdeclassifiedCoronaKH-4 (1962),CoronaKH-4B (1969), and

HexagonKH-9 (1976) imagery, aerial photographic surveys (1984

and 1992), and satellite imagery acquired by the Advanced

Spaceborne Thermal Emission and Reflection Radiometer (AS-

TER; 2001), Cartosat (2009 and 2018), and PlanetScope (2017)

sensors over the regional extent of the National Geographic sur-

vey from1984 (Figures 1 and 2), whichwe slightly extend to cover

glacier extent fully (e.g., Kangshung and Barun Glaciers). We

complement this time series with data from a 2019 high-resolu-

tion light detection and ranging (LiDAR) survey of the Khumbu

Glacier, including the Western Cwm,28 to examine high-altitude

glacier change, where surface conditions often hinder medium-

resolution remotely sensed data. We also used the modeled

ice-thickness data29 to compare the distribution of thinning

through the elevation range of Mt. Everest’s glaciers with their

altitudinal distribution of ice volume. To compare ice-loss rates

in the region with those elsewhere in the Himalaya (Figure S1

and Table S1), we converted glacier surface elevation change

to ice-mass change in order to derive estimates of geodetic

glacier mass balance. Our region of study for the time series of

DEMs covers 212 glaciers with a total area of 419 km2 (in 2018)

ranging from 4,750 to >8,000 masl (Figure 1). We derived ice-

loss estimates for 79 (>1 km2) of these glaciers (369 km2 [88%

of glacier area]) and describe the methodology in detail in the

Experimental Procedures.

Using these data, we examine the rate of ice loss over nearly

60 years across seven quasi-decadal time steps. We highlight

sources of variability in rates of glacier mass loss, namely the

presence of glacier debris mantles or proglacial lakes and the in-

fluence of topography and glacier hypsometry on glacier thin-

ning. We also provide evidence of surge behavior of a glacier

close to Mt. Everest, which has not been documented else-

where. This time series of mass-balance estimates provides a

benchmark of unprecedented detail against which physically

based models of glacier evolution can be calibrated to predict

future glacier behavior and meltwater yield.

RESULTS

Glacier Surface Elevation Change around Mt. Everest
Over our study period, the heavy debris cover on the surface of

the ablation zone of most of the Mt. Everest region’s largest gla-

ciers prevented the substantial retreat of glacier termini, aside

from those glaciers that have developed large proglacial lakes

(Figure 2) and clean-ice glaciers to the north of the main

orographic divide. Glacier area in our study area was 440 ±

10 km2 in 1962 versus 419 ± 4 km2 in 2018. However, the differ-

encing of DEMs in our time series reveals considerable glacier

surface lowering, and thereby glacier thinning, across the Mt.

Everest region over the last six decades (Figure 3). Substantial
One Earth 3, 608–620, November 20, 2020 609



Figure 1. The Glacial Setting of the Mt. Ever-

est Region

The extent of the 1984 National Geographic map is

covered by the higher-resolution WorldView imag-

ery, and the wider region is covered by a Landsat

OLI scene from 2015. A.P. refers to aerial photog-

raphy, and Imja Tsho (the focus area for Figure 2) is

marked by the blue box. Glacier extent is modified

from the Randolph Glacier Inventory (RGI) V6.0.30
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thinning is evident across each glacier within our study area over

the full study period regardless of size, aspect, surface cover

type, or elevation range. The greatest ice losses have occurred

from Barun Glacier, Rongbuk East Glacier, and Lhotse Shar

and Imja Glaciers (which merge to form one ice body and are

hereafter referred to as Lhotse Shar/Imja Glacier). The differenc-

ing of DEMs shows that individual parts of each of these glaciers

have thinned by >100 m between 1962 and 2018. Barun Glacier

thinned by an exceptional 150 m between 1962 and 2018 in its

central ablation zone. The lake-terminating Lhotse Shar/Imja

Glacier and clean-ice Rongbuk East Glacier thinnedmost at their

termini. The region-wide mean rate of glacier surface elevation
610 One Earth 3, 608–620, November 20, 2020
change over the full study period (1962–

2018) was �0.39 ± 0.13 m a�1.

The rate of surface elevation change has

increased over glacier surfaces toward the

present day (Figure 3). We calculated the

mean rate of elevation change over the

full extent of individual glaciers, took a re-

gion-wide mean of those values, and

determined that between 1962 and 1969,

glacier surfaces lowered at a mean

rate of �0.28 ± 0.15 m a�1. This

rate increased to a mean of �0.41 ±

0.18 m a�1 between 1984 and 2000, and

from 2009 to 2018 the mean rate was

�0.52 ± 0.15m a�1. Glacier thinning varied

spatially as well as temporally.

The maximum thinning rate (�2.12 ±

0.09 m a�1) occurred over the termini of

lake-terminating glaciers between 2009

and 2018 (Figure 4E). The minimum rate

of thinning over glacier ablation zones

occurred at the termini of heavily debris-

covered, land-terminating glaciers (e.g.,

Khumbu Glacier; Figure 4B). Thinning

rates of�1m a�1 were widespread around

the termini of clean-ice glaciers and in the

middle reaches of debris-covered glacier

ablation zones (Figures 4A and 4B).

The difference in surface elevation be-

tween the 2019 LiDAR DEM of Khumbu

Glacier30 and the 1984 DEM derived from

aerial photographs shows that thinning

(10–15 m) has occurred at elevations of

up to 5,700 m on the southern side of the

main orographic divide (Figure 5B). The

thinning within the narrow trunk of the
Khumbu icefall and at its broad base has occurred despite the

high ice flux from the Western Cwm,31 which is located above

6,000 masl. On the northern side of the main orographic divide,

the difference in surface elevation between the 1984 DEM and

2018Cartosat DEM suggests that a similarmagnitude of thinning

has occurred at up to 5,900 m in the main tributaries of Rongbuk

Glacier and up to 6,300 masl on Rongbuk East Glacier (Fig-

ure 5A). The highest thinning rate we measured over land-termi-

nating glaciers occurred at slightly lower elevations (5,300–5,500

masl). However, according to modeled estimates of glacier

thickness29 (Figure 4), which offer a good impression of the pro-

file of distributed ice thickness but are subject to substantial



Figure 2. Evolution of Lhotse Shar/Imja Glacier and Imja Tsho from 1962 to 2018

Example orthoimages covering Lhotse Shar/Imja Glacier and Imja Tsho Lake from the different image sources.
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uncertainties, particularly over debris-covered glaciers,32 �55%

of the total glacier volume is situated above 5,700 masl in the Mt.

Everest region. Contemporary thinning therefore continues to

expand into an elevation range where a large amount of ice is

stored (Figure 4).

A single example of glacier surface elevation gain is evident in

our elevation-change datasets covering the periods 1962–1969,

1969–1976, 1976–1984, and 1984–2001 (Figure 6). Glacier

RGI60-15.09839, which we refer to as Kangchungtse Glacier

because of its situation beneath Kangchungtse (7,678 masl),

showed surface elevation gain (�20 m) in the lower reaches of

its wide accumulation zone (Figure 6A) and around its terminal

position in the late 1960s and early 1970s (up to 40m) (Figure 6D).

Between 1976 and 1984, this elevation gain became focused

around the terminus of the glacier, which advanced �400 m

over the same period (Figure 6B). At the same time, the surface

of the broad accumulation zone lowered (�20m). The thickening

at lower elevations (up to 90 m) and the advance (850 m) of the

glacier were most pronounced between 1984 and 1992 and

from 1992 to 2001 (Figure 6D), when an extensive network of cre-

vasses developed throughout the debris-covered portion of the

glacier tongue (Figure S2). Glacier surface velocities, extracted
from the ITS_LIVE dataset,33,34 show that enhanced ice flow

occurred in two zones along the glacier as it advanced (Fig-

ure 6D). In 1988, surface velocities of �40 m a�1 were evident

where the glacier narrows from its broad accumulation zone to-

ward its tongue andwere approximately twice as high as the flow

rate measured in this part of the glacier when the advance

ceased (in 2002). Between 1989 and 2001, ice surface velocities

subsided higher up the glacier but increased within�2 km of the

glacier’s terminus (Figure 6D).Maximumflow rates reached 30m

a�1 here in 1999, six times the rate of flow measured once the

surge had ended in the same area of the glacier. After 2001,

slight (�25 m) elevation gain was evident within �250 m of the

glacier’s terminus, but most of the glacier’s 4.5-km-long tongue

thinned slightly (�15 m). Terminus proximal flow rates were

<10 m a�1, similar to those measured in 1988. There is little ev-

idence of pervasive ice buildup in the glacier’s broad accumula-

tion zone in our data since 2001.

Geodetic Glacier Mass Balance
Akin to the changes in surface elevation, glaciers around Mt.

Everest showed persistent and accelerating loss of ice mass

since the 1960s. Between 1962 and 1969, the mean mass
One Earth 3, 608–620, November 20, 2020 611



Figure 3. Glacier Surface Elevation Change (dh) in the Mt. Everest Region over Different Time Periods over the Extent of the 1984 National

Geographic Map

1969–1984 (A), 1984–2001 (B), 2000–2018 (C), and the entire study period, 1962–2018 (D).
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Figure 4. Glacier-Type-Dependent Thinning Regimes in

the Mt. Everest Region

The distribution of glacier volume throughout the elevation range

of glaciers in the Mt. Everest region (data from Farinotti et al.29).

Note the variable scaling of the ice volume on the x axis. The

evolution of thinning rates for (A) clean-ice, (B) stagnant debris-

covered, (E) lake-terminating, and (F) active debris-covered

glaciers is shown. Stagnant and active debris-covered glaciers

were distinguished with the ITS_LIVE ice surface velocity data-

set,31 whereby substantial (>10 m a�1) ice flow was evident

within 1 km of glacier termini. Examples of total glacier surface

elevation change (dh) are shown for the clean-ice East Rongbuk

Glacier (C), debris-covered and partially stagnant Khumbu

Glacier (D), lake-terminating Lhotse Shar/Imja Glacier, (G) and

actively flowing, debris-covered Kangshung Glacier (H) over the

periods 1962–2017 and 1962–2018.
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Figure 5. High-Altitude Thinning of Glaciers

in the Mt. Everest Region

(A) Difference in the surface elevation between the

DEM derived from 1984 aerial photography and the

2018 Cartosat DEM over the upper reaches of

Rongbuk and Rongbuk East Glaciers.

(B) Difference in surface elevation between the DEM

derived from 1984 aerial photography and the 2019

LiDAR-derived DEM of the Khumbu icefall and the

Western Cwm. The background is a hillshade of the

composite WorldView DEM (Experimental Proced-

ures). EBC marks Everest Base Camp on Khumbu

Glacier.
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balance of all glaciers in the Mt. Everest region was�0.23 ± 0.13

meter water equivalent (mwe) a�1. The rate of mass loss

increased to �0.31 ± 0.15 mwe a�1 between 1976 and 1984

and is now (2009–2018)�0.38 ± 0.13mwe a�1 (Figure 7A). Nega-

tive mass balance was pervasive across the region regardless of

glacier aspect or terminus type. Barun Glacier displayed the

greatest ice loss, the rate of which peaked from 2001 to 2009

at �0.63 ± 0.12 mwe a�1. Khumbu and Rongbuk East Glaciers,

which form part of the main climbing routes up Mt. Everest on

either side of the main orographic divide, lost ice mass at

mean rates of �0.30 ± 0.12 and �0.23 ± 0.12 mwe a�1, respec-

tively, over the full (1962–2018) study period. The contemporary

(2009–2018) rates of ice loss from these glaciers (�0.48 ± 0.11

and �0.35 ± 0.11 mwe a�1, respectively) are much higher than

their mean rates of ice loss over the full study period.

Glacier-Type-Dependent Variability in Mass Loss
As with other glacierized regions in the Himalaya, glaciers at Mt.

Everest display variable surface characteristics and terminus

types because of the extensive debris cover, presence of large

proglacial lakes, and extreme topography in the region. We

divided our mass-balance datasets into categories of different

terminus types and levels of debris cover to examine the influ-

ence of glacier characteristics on rates of mass loss. We classi-

fied glaciers as lake terminating when clear contact was evident

between glacier termini and a proglacial lake in our generated or-

thophotos (n=3; LhotseShar/Imja, KangshungNorth, andHunku

Glaciers). We divided our land-terminating glacier mass-balance
614 One Earth 3, 608–620, November 20, 2020
sample into debris-covered glaciers (n =

57) and clean-ice glaciers (n = 19) on the

basis of an 18% debris-coverage

threshold.35 Consistent differences in the

rate of mass loss from these different

glacier types are evident in our results,

particularly in our more contemporary da-

tasets (Figure 7C). Between 1962 and

1969, clean-ice (�0.17 ± 0.11 mwe a�1),

debris-covered (�0.25 ± 0.11 mwe a�1),

and lake-terminating (�0.22 ± 0.11 mwe

a�1) glaciers lost ice at comparable rates.

Between 1969 and 1976, rates of ice

mass loss from all glaciers increased

slightly (Figure 7B), but the range between

rates of ice loss from glaciers of different

levels of surface cover and terminus types
remained small (�0.22 ± 0.11 to�0.29 ± 0.11 mwe a�1). Howev-

er, since the late 1970s, the rate of icemass loss from lake-termi-

nating glaciers increased markedly in comparison with that of

other glacier types in the Everest region. Between 1976 and

1984, rates of icemass losswere�40%higher for lake-terminat-

ing glaciers (�0.41 ± 0.14mwe a�1) than for land-terminating gla-

ciers (�0.30±0.14mwea�1). Lake-terminating glaciers lost ice at

a rate (�0.51 ± 0.13mwe a�1) that was�70%greater than that of

land-terminating glaciers (�0.30 ± 0.13 mwe a�1) between 1984

and 2001, at a rate that was �40% greater than that of land-ter-

minating glaciers from2001 to 2009 (�0.45 ±0.12 versus�0.32±

0.12 mwe a�1), and at a rate that was 23% greater than that of

land-terminating glaciers between 2009 and 2018 (�0.44 ± 0.12

versus �0.38 ± 0.12 mwe a�1; Table S2). Similarly, the rate of

ice loss of debris-covered glaciers remained elevated above

that of clean-ice glaciers throughout our study period. The great-

est difference (�47%) in rates of ice loss from clean-ice and

debris-covered glaciers occurred between 1962 and 1969,

although rates of ice loss were generally lower in this period. Be-

tween the start of the 1970s and 2018, the rate of ice loss of

debris-covered glaciers was consistently �30% higher than

that of clean-ice glaciers in the Mt. Everest region.

DISCUSSION

Evolution of Glacier Mass Changes
Glaciers across the Himalaya have been retreating and losing

mass for several decades.6,16,36 The current (2009–2018) rate



Figure 6. The Surge of Kangchungtse Glacier

Glacier surface elevation from 1969–1976 (A), 1976–

1984 (B), and 1984–2001 (C) and along the center-

line marked in (B) over each time period (D). Also

shown are measurements of glacier surface velocity

from Dehecq et al.33 along the same centerline

profiles between 1988 and 2002.
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of ice mass loss in the Mt. Everest region (�0.38 ± 0.11mwe a�1)

is comparable with that elsewhere in the Himalaya14 and is not

significantly lower than the global mean rate of glacier mass

loss (�0.47 ± 0.20 mwe a�1)37 despite the extreme elevation of

the region’s glaciers. Our results suggest that ice loss from gla-

ciers in the Mt. Everest region predates even the spy satellite era

and that rates of ice loss have consistently increased since the

early 1960s (Figure 7A). A general increase in rates of ice loss

elsewhere in the Himalaya has been shown across two broad

time steps starting in the mid-1970s.15,16 Our results build on

these observations and offer a detailed record of the evolution

of glacier mass loss in the central Himalaya.

A time series of temperature measurements compiled from

meteorological stations across the Himalaya38 shows that

gradual temperature increases, amounting to an overall increase

of �1�C, occurred on the southern slopes of the central Hima-

laya, over the eastern Tibetan Plateau, and on the wider Hindu

Kush Himalaya throughout the duration of our study period.

These meteorological observations suggest a slight increase in

temperature (�0.3�C above the 1961–1990 mean) between the

mid-1930s and 1950s (prior to our study period), which could

have initiated ice loss in the Mt. Everest region.

Reasons for Heterogenous Loss of Ice Mass
Although glacier mass loss has primarily occurred in the Hima-

laya in response to rising air temperatures,15 the substantial in-
On
ter-regional variability in rates of ice

loss6,13,14 suggests that factors other

than rising air temperatures are exacer-

bating rates of ice loss. King et al.16 exam-

ined the impact of factors such as glacier

debris cover and proglacial lake develop-

ment on rates of glacier mass loss else-

where in the Himalaya, although not in

the Mt. Everest region, over two broad

study periods between 1974 and 2015. In

concurrence with King et al.,16 our results

show that glaciers that have developed

large proglacial lakes have lost ice mass

at the greatest rate in the Mt. Everest re-

gion (Figure 7B) and that glaciers with sub-

stantial debris cover have lost ice mass at

a comparable, and perhaps slightly

increased, rate to that of clean-ice glaciers

over multi-decadal time periods (Fig-

ure 7B). Further to King et al.,16 our results

show that the elevated rates of mass loss

from lake-terminating glaciers could

persist for several decades, during which

time the rates of glacier terminus retreat
and glacier surface velocities could increase.39,40 After this

phase of enhanced flow and ice loss, the rates at which lake-ter-

minating glaciers lose mass diminish to a level comparable to

that of land-terminating glaciers (Figure 7C), presumably

because their termini retreat to the periphery of their proglacial

lake.41

An additional consideration that is often not corrected for in

the derivation of lake-terminating glacier mass balance is the

portion of subaqueous ice that is lost during glacier recession,

which is not captured in DEMs that represent the lake surface.18

This missing ice volume can be captured only by detailed lake

bathymetry surveys, which are scarce in the Himalaya. Imja

Tsho is the best studied glacial lake in the Mt. Everest region,

so we were able to adjust the ice loss for Lhotse Shar/Imja

Glacier by using the bathymetry data of Haritashya et al.42 The

addition of the volume of Imja Tsho (78.4 3 106 m3) to the ice-

loss budget of Lhotse Shar/Imja Glacier increases its rate

of mass loss from �0.48 ± 0.12 to �0.59 ± 0.12 mwe a�1 (a

23% increase) over the period of 1962–2018. Our adjustment

for subaqueous ice loss is slightly higher than the 17% increase

estimated by Bolch et al.27 for the same glacier between 1970

and 2007 and most likely reflects the retreat of the glacier into

deeper water between the two study periods. Given the scarcity

of bathymetric data across the region, estimates of geodetic

mass balance for lake-terminating glaciers should clearly be

considered minimum estimates, and ice mass loss from this
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Figure 7. Estimates of Geodetic Glacier Mass Balance over the Mt.

Everest Region for Different Time Periods

Estimates of geodetic mass balance for (A) different time periods across the

whole region, (B) glaciers of different surface and terminus characteristics, and

(C) individual glaciers. The uncertainty associated with estimates of geodetic

mass balance for each time period is shown by semi-transparent shading.

Note that we do not present region-wide results including the year 1992

because of incomplete coverage for this year and that the y axis is scaled

differently for each panel.
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type of glacier might be considerably higher than previously

reported.

The comparable and perhaps even slightly higher rate of mass

loss of debris-covered glaciers than of clean-ice glaciers dis-

agrees with the assertion that the protection of underlying ice

by a thick debris layer43,44 could limit ice loss at the debris-

covered-glacier scale. Comparable ice loss has now been

measured from debris-covered and clean-ice glaciers over

broad spatial35 and temporal15,16 scales, and we show that the

phenomenon has persisted unchanged for several decades in

the central Himalaya. Such findings reinforce the idea that abla-
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tion hotspots at the surface of debris-covered glaciers, such as

supraglacial ponds and ice cliffs,45–47 contribute a substantial

portion of a glacier’s ablation budget and show that their evolu-

tion in time and space should be studied in detail. Similarly, the

temporal resolution of our data expands on the work of earlier

studies18,23 that used some of the same datasets we examined

to reveal ice loss from Mt. Everest. Our results closely match

those of Bolch et al.,27 who also examined Corona imagery,

over the 1970–2007 period (Figure S1 and Table S1). Our results

incorporating data derived from the 1992 aerial photography sur-

vey and 2001 ASTER data suggest slightly higher mass loss over

the period across the millennium (�0.34 ± 0.13 mwe a�1 from

1992 to 2001) than Nuimura et al.23 (�0.26 ± 0.13 mwe a�1

from 1992 to 2008), although the study periods are not identical

and the estimates of mass balance arewell within the uncertainty

of each study. Our estimates of mass balance compare well with

those of other studies that analyzed alternative contemporary

datasets (Figure S1 and Table S1).

Glacier Surging in the Central Himalaya
The contrasting thinning and thickening patterns along the length

of Kangchungtse Glacier are typical of surge-type glacier

behavior, whereby ice mass is redistributed in the down-glacier

direction over a relatively short-lived (several years) period of

elevated ice flow after what is typically a prolonged period (de-

cades) of ice-mass buildup (the quiescent phase), mainly in their

higher reaches, when surface velocities are subdued in compar-

ison with their active surge phase.48 Despite the length of our

time series of observations, we are not able to resolve the length

of the quiescent phase of Kangchungtse Glacier, and therefore

the duration of its full surge cycle remains unknown. Given the

prevalence of ice loss and glacier retreat elsewhere in the region,

it is unlikely that the advance and thickening of Kangchungtse

Glacier can be attributed to the influence of the local climate

on glacier extent. The time series of velocity data provided by

the ITS_LIVE dataset (Figure 6) and the terminus advance

evident in the orthoimages we generated (Figure S2) suggest

that the active phase of the surge cycle of Kangchungtse Glacier

occurred between 1976 and 2001. This 25 year active phase is

longer than that of most surge-type glaciers found elsewhere

in HMA, such as in the Karakoram and Eastern Pamir,49,50 Tien

Shan,51 the central Tibetan Plateau,52 and the central Hima-

laya.53 The peak active-phase velocities we measured (Figure 6)

are also well below those of surge-type glaciers elsewhere

in HMA.

Surge-type glaciers predominantly exist in clusters54 and are

prevalent where specific climatic envelopes and glacier attri-

butes allow for surge behavior. Sevestre and Benn54 highlight

the central Himalaya as an area where surge-type glaciers could

occur but show no record of glacier surging in the region. Lovell

et al.53 then documented the surge of Sabche Glacier in Manaslu

National Park in central Nepal, and our observations of the

behavior of Kangchungtse Glacier reinforce Sevestre and

Benn’s suggestion54 that glacier surging can occur in the central

Himalaya. The limited observations of glacier surging in the cen-

tral Himalaya could suggest that the region sits on the edge of

the climatic envelope suggested by Sevestre and Benn,54 and

long-term warming15 could make surge-type behavior less likely

in the future. In addition to climatic conditions and glacier
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geometry attributes, basal topography and geology can promote

surging. Lovell et al.53 suggested that the position of an over-

deepening and confining valley geometry could control the surg-

ing behavior of Sabche Glacier, and the spatially restricted na-

ture of enhanced ice flow during the early part of the active

phase of the surge of Kangchungtse Glacier (Figure 6D) could

hint at the impact of glacier bed and valley topography on glacier

surging in the Mt. Everest region. Surge-type glacier behavior

might therefore not be widespread elsewhere in the central Hi-

malaya unless specific topographic conditions promote unsta-

ble glacier flow.

Future Glacier Evolution and Its Implications
Our spatially and temporally comprehensive observations of

glacier mass change in the Mt. Everest region over the last six

decades show the impact of climate change on the cryosphere

in the central Himalaya. We have documented how the rate of

mass loss has increased from the glaciers around Mt. Everest

since the 1960s. The increase in mass loss has occurred

because thinning rates are accelerating in glacier ablation zones,

large proglacial lakes are expanding, and ice losses are occur-

ring at higher elevation ranges. Given the projected temperature

increases under all representative concentration pathway (RCP)

scenarios in the central Himalaya,55 which might be amplified at

higher altitudes,56 it seems highly likely that rates of ice loss will

further increase from glaciers in the Mt. Everest region in the

coming decades. Repeat observations of high-altitude glacier

change, specifically at and above current glacier equilibrium-

line altitudes, will become increasingly important in understand-

ing glacier response to even more substantial climatic forcing.

Remotely sensed imagery of moderate spatial or radiometric

resolution fails to reliably capture surface conditions in glacier

accumulation zones, but we have shown the suitability of high-

altitude LiDAR data in the derivation of rates of glacier surface

elevation change at high altitude. The repeated acquisition of

such data would allow for the accurate assessment of high-alti-

tude glacier change, which is currently only loosely constrained.

Amplified glacier mass loss will affect communities down-

stream through increased pressure on water resources and

through the development of glacier hazards during deglaciation.

Glacial lake outburst floods (GLOFs) have occurred historically57

and recently58,59 in the Himalaya, and glacier recession will fuel

the expansion of current and the formation of new glacial lakes.

The expansion of lakes up valley, toward terrain more prone to

avalanching and mass movements,60 could increase the likeli-

hood of GLOF occurrence, although GLOF events have shown

no significant increase in the region in recent decades.59 Greater

glacier mass loss will also affect the much relied-upon seasonal-

ity of both local61 and regional7 river flow, as well as limit the

longevity of Himalayan glaciers as a sustainable component of

the Asian water tower. Within the Khumbu Valley, glacial melt

provides�65% of the water used by the local community during

the pre-monsoon dry season,61 and continued glacier melt and

snowpack decline will clearly increase water stress within the

Mt. Everest region before the initiation of the monsoon each

year. Further afield, the contribution of glacial meltwater origi-

nating in the Himalaya to the flow of some of Asia’s largest rivers,

such as the Ganges, Indus, and Brahmaputra, will become

increasingly important toward the end of the 21st century,7,8
particularly during years of drought.4 Huss and Hock7 and

Rounce et al.8 suggest substantial shifts in the annual timing of

peak glacier runoff under different RCPs for these rivers, which,

in combination with a high population density downstream, will

increase water stress once glacier meltwater yields begin to

decline. The continued assessment of glacier change in the

Mt. Everest region, and Himalaya as a whole, is clearly vital if

we are to understand—and both local and distal communities

are to adapt to—the impacts of climate change on the region. Ul-

timately, our time series of geodetic observations provides a

benchmark dataset against which physically based glacier

models should be calibrated before they are used for predicting

such future glacier behavior and meltwater yield in decades

to come.
EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources should be directed to and will

be fulfilled by the Lead Contact, Owen King (ogak1@st-andrews.ac.uk).

Materials Availability

TheDEMdifference data and glacier outlines generated for this study are avail-

able through PURE (https://doi.org/10.17630/b453ff7d-7cd0-45cf-b31e-

50847227b60c) or upon request from the Lead Contact.

Data and Code Availability

The datasets generated during this study are available in PURE, the official

data repository of the University of St Andrews (https://doi.org/10.17630/

b453ff7d-7cd0-45cf-b31e-50847227b60c).

Data Acquisition

We have assembled a time series of geodetic data spanning 56 years over Mt.

Everest and its surrounding glaciated valleys. Our study area extends that of

the 1988 National Geographic Map of Mt. Everest, which covers an area of

945 km2. The map area covers 212 glaciers, of which we derive estimates of

elevation change and geodetic mass balance for 79 (88% of the total glacier

area), considering a minimum size threshold of 1 km2. The 1988 National

Geographic map area only partially covers Kangshung and Barun Glaciers

to the east of Mt. Everest (Figure 1). In these two cases, we used complemen-

tary PlanetScope imagery to extend the study area’s boundary slightly to in-

crease coverage of the glacier area (Table 1). The geodetic time series is based

on DEMs generated from declassified spy satellite imagery acquired by

Corona KH-4 (1962), Corona KH-4B (1969), and Hexagon KH-9 (1976) satel-

lites; aerial photograph surveys (1984 and 1992); and satellite imagery ac-

quired by contemporary sensors such as ASTER (2001), Cartosat (2009), Plan-

etScope (2017), and Cartosat 2 (2018), as well as a high-altitude LiDAR survey

conducted over Khumbu Glacier in 2019.28

We referred to a master DEM and associated orthoimage to fix the geoloca-

tion of all DEMs in our time series. This control dataset is a composite gener-

ated fromWorldView-1 and -2 imagery (0.5 m ground resolution) acquired be-

tween January 31, 2012, and February 28, 2017, from which ground control

points (>15 for all time periods) were collected during DEM generation for

each time period. Any remnant shifts between DEMs from different epochs

were removed by a three-step DEM co-registration approach.62

We derived glacier surface elevation change (dh) by differencing the DEMs

from each time period. We considered values outside of the range ±150 m in

elevation change data to be outliers and applied a secondary filtering step by

using an elevation-dependent sigmoid function63 to remove anomalous data

caused by low image quality. We filled the resulting data gaps (Table S3) in

two stages. First, for small data gaps, we used a mean value from surrounding

cells within a 43 4 window. Larger data gaps were filled with values of the me-

dian elevation change within the closest 100 m elevation band.64 To estimate

geodetic glacier mass balance, we converted elevation change to ice volume

change by considering the pixel size of dh grids (30 m) and then to ice mass

change by using an average ice density estimate of 850 ±60 kgm3.65 Estimates
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Table 1. Data Sources Used for Generating the Geodetic Time Series of Glacier Surface Elevation Change

Sensor and Scene ID Date of Acquisition Image Resolution Area Covered

Corona KH-4 December 15, 1962 7.6 m whole region

Corona KH-4A December 18, 1969 5.2 m whole region

Corona KH-4B November 20, 1970 4 m whole region

Hexagon KH-9 January 3, 1976 7.6 m whole region

Aerial photography 1984 (Washburn set)

Wild RC-10

December 20, 1984 0.5 m whole region

Aerial photography 1992 (Nepali set)

Wild RC-30

November 19, 1992 2.5 m south of orographic

divide

ASTER December 8, 2001 15 m whole region

Cartsosat October 29, 2009 2.5 m whole region

PlanetScope November 7–19, 2017 3–4 m Kangshung Glacier

Cartosat 2 December 15, 2018 2.5 m whole region

LiDAR May 2019 – Khumbu Glacier
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of mass balance were derived over glacier areas manually modified with ortho

images fromeachepoch as a reference and theRGI V 6.0 as abaseline dataset.

We also used our dh data to modify glacier outlines in areas where debris-

covered ice could have beenmistaken for off-glacier terrain but where ice thin-

ning was still occurring, for example, at the terminus of Khumbu Glacier.

The acquisition dates of all the images we used in DEM generation—aside

from the 1976 Hexagon imagery, which was acquired toward the end of the

winter season—were from the same season (Table 1). We therefore consider

that the glacier surfaces represented by the 1976 Hexagon DEM are actually

more representative of the end-of-ablation-season surface from 1975 and

use this date in our calculations of elevation change. We do not consider sea-

sonality corrections for other datasets.

The differencing of DEMs derived from optical imagery, such as our time se-

ries, over the lake-terminating potion of a glacier only yields elevation change

data between the lake level and the surface of the glacier; this potentially large

amount of ice below thewater line is not accounted for in themass-loss budget

of the glacier. Considering the full depth of Imja Tsho at the date of the survey

(2015) and the area of the lake at the different epochs within our time series, we

used the bathymetric data of Haritashya et al.42 to correct the mass-loss

budget of Lhotse Shar/Imja Glacier. The magnitude of the adjustment of

geodetic mass-balance estimates ranges from 0.02 to 0.16 mwe a�1 for

different time periods (Figure S3) and depends largely on the depth profile of

Imja Tsho in the up-glacier direction.
Estimation of Uncertainty

We consider the uncertainty associated with estimates of geodetic mass bal-

ance to be a combination of the uncertainty associated with elevation change

(ðEDhÞ, the uncertainty associated with a changing glacier area ðEDAÞ, the un-

certainty associated with volume-to-mass conversion ðEDmÞ, and the influence

of spatially nonuniform glacier area on the distribution of uncertainty.66,67 We

estimate (ðEDhÞ through

EDh =
sstableffiffiffiffi

N
p ; (Equation 1)

where N is the effective number of observations and sstable is the standard de-

viation of the mean elevation change of off-glacier stable terrain. N is calcu-

lated through

N =
Ntot:PS

2d
; (Equation 2)

where Ntot is the total number of dh data points, PS is the pixel size of the dh

grids (30 m), and d is the distance of spatial autocorrelation. We used an auto-

correlation value (d) of 600 m here (20 pixels),27 although this value most likely

varies between datasets. The uncertainty associated with EDm is taken as 7%

of the mass-loss estimate,65 and the uncertainty associated with a changing

glacier area67 is taken to be
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EDA =

�
dA

A

�2

: (Equation 3)

EDh, EDm, and EDA are summed quadratically:

sDm =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

Dh +EDm +E2
DA

q
: (Equation 4)

sDm is weighted depending on glacier hypsometry (Figure S4) to better repre-

sent the spatial heterogeneity of uncertainty, where higher uncertainty is

commonly associated with steeper terrain high in glacier accumulation

zones.66
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