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This study assesses changes in glacier area, velocity, and geodetic mass balance for

the glaciers in the Manaslu region of Nepal, a previously undocumented region of the

Himalayas. We studied changes between 1970 (for select glaciers), 2000, 2005, and

2013 using freely available Landsat satellite imagery, the SRTM Digital Elevation Model

(DEM) and a DEM based on Worldview imagery. Our results show a complex pattern of

mass changes across the region, with glaciers lowering on average by 0.25± 0.08m a−1

between 2000 and 2013 which equates to a geodetic mass balance of −0.21 ± 0.16m

w.e.a−1. Over approximately the same time period (1999 to 2013) the glaciers underwent

a 16.0% decrease in mean surface velocity over their debris-covered tongues as well as

a reduction in glacier area of 8.2%. The rates of glacier change appear to vary between

the different time periods, with glacier losses increasing in most cases. The glaciers on

Manaslu itself underwent a change in surface elevation of −0.46 ± 0.03m a−1 between

1970 and 2000 and −0.99 ± 0.08m a−1 between 2000 and 2013. Rates of glacier area

change for the same glaciers increased from−0.36 km2 a−1 between 1970 and 2001

to −2.28 km2 a−1 between 2005 and 2013. Glacier change varies across the region

and seems to relate to a combination of glacier hypsometry, glacier elevation range and

the presence and distribution of supraglacial debris. Lower-elevation, debris-free glaciers

with bottom-heavy hypsometries are losing most mass. As the glaciers in the Manaslu

region continue to stagnate, an accumulation and thickening of the debris-cover is likely,

thereby insulating the glacier and further complicating future glacier responses to climate.

Keywords: Himalayas, debris-covered glacier, geodetic mass balance, glacier area change, velocity, corona

INTRODUCTION

High Mountain Asia contains the largest concentration of glacier ice outside of the polar areas.
Glacial meltwater has many implications for the regional population such as irrigation and
hydroelectric power production (Immerzeel et al., 2010; Bolch et al., 2012), as well as hazards such
as glacial lake outburst floods (GLOFs) that have killedmore than 6,300 people in Central Asia since
the 1500s (Richardson and Reynolds, 2000; Bolch et al., 2008; Schwanghart et al., 2014; Carrivick
and Tweed, 2016).

Existing in-situ glacier mass balance data in the Himalayas is extremely limited and biased
toward accessible small to medium sized and debris-free glaciers (Bolch et al., 2012; Gardelle et al.,
2013). A high level of uncertainty therefore exists when interpreting regional trends in Himalayan
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FIGURE 5 | Change in surface elevation for glaciers in the Manaslu region between 2000 and 2013. Changes are shown for the northern glaciers (A) and southern

glaciers (B). The glacier outlines shown are from 2013. Background: Landsat 8 (26th December 2013).

FIGURE 6 | Mean annual change in surface elevation between 1970 and 2013 for Thulagi, Punggeon and Hinang Glaciers. The glacier outlines (shown in blue) are

from 1970.

A supraglacial lake formed on the rockfall deposit in 2011 and
drained about 6 months later. The influence of this lake on
the glacier ablation can be seen in Figure 11F; where the area

formerly filled by the lake shows higher thinning rates than

the surrounding glacier terrain. We speculate that there are

numerous small scale supraglacial ponds and ice-cliffs across the

Manaslu region that although important for governing glacier
mass balance, are undetectable without finer-scale imagery.

Spatial Variation in Glacier Velocity
As outlined above, the spatial variability of glacier surface
velocities between individual glaciers appears to broadly relate
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FIGURE 7 | The hypsometry of the glaciers on the Tibetan Plateau (northern glaciers) is more top-heavy than that of the glaciers in the Himalayas (southern glaciers).

Note that the elevation ranges have been normalized in order to compare northern and southern glaciers.

to the altitudinal range and hypsometric class of the glaciers.
There is also considerable variation in velocity within individual
glaciers.

An interesting example of complex glacier change is Himal
Chuli Glacier (Figure 11). Himal Chuli Glacier exhibits a
noticeable increase in surface velocity as the glacier flows out
of the bend, with higher velocities especially apparent toward
the center of the glacier. The increase in glacier velocity and
associated glacier elevation change decrease are likely due to
vertical emergence caused by compression and a steeper gradient
in the bend in the valley (Hooke, 2005). A similar effect has been
observed on Lirung Glacier in the Langtang valley (Immerzeel
et al., 2014).

Variation in Debris-Cover Ice-Flux
As discussed above, supraglacial debris is an important factor
in controlling the magnitude of glacier thinning and mass
loss. Glacier velocity is an important parameter, responsible for
transporting mass from the accumulation areas to the ablation
areas and therefore maintaining the flux of supraglacial debris
into the ablation area. The glacier velocity varies throughout the
region from stagnant (∼0m a−1) to very active flow (>40m
a−1). Figure 8 shows transverse velocity profiles at the boundary
between the clean ice and the debris-covered. In three out of
four cases, the amount of ice being transported into the debris-
covered ice has decreased. Ongoing glacier stagnation and a
reduction in velocity will allow more supraglacial debris to
accumulate from slope processes and debris-flows (Anderson and
Mackintosh, 2012), while debris thickness also increases with
glacier thinning due to englacial debris melting out. Additionally,
over half of the debris-covered glaciers underwent an increase
in debris-covered area, which can be associated with negative
glacier mass balances (Kirkbride and Deline, 2013; Herreid et al.,
2017). The combination of both these processes will exacerbate
glacial stagnation and further weaken the relationship between
climate and changes in glacier area and mass balance. On the
other hand, when the glacier velocity increases, as is the case with

Thulagi glacier, the rate of debris-thickness change is expected to
decrease, while additionally, an increased velocity can augment
the fracturing and lead tomore exposed ice on the debris-covered
surface, leading to increased mass losses.

Thulagi Glacier and GLOF Risk
Dona Lake expanded from 0.50 km2 in 1970 to 0.93 km2 in 2013.
During this time the glacier downwasted at a mean rate of 0.49±
0.03m a−1, the highest rates in theManaslu region. Between 1970
and 2001 Thulagi Glacier terminated in Dona Lake, however
by 2005 the glacier appears to have retreated onto land. While
moraine subsidence between 1996 and 2009 occurred at a rate
of ∼1m a−1, lake surface elevations lowered by 0.3 to −0.5m
a−1 between 1996 and 2009 (Mool, 2011). This implies that the
lake discharge through the old moraine is greater than the water
added to the lake from the melting of the glacier. With the glacier
now terminating on land it seems unlikely that lake will continue
to expand, even with increasing glacier melt rates.

In addition to losing mass, Thulagi glacier exhibits complex
patterns in velocity. The glacier velocity decelerated between
1993 and 1999 by 16.7%, followed by an acceleration in velocity
of 29.7% between 1999 and 2013. A similar trend is seen in
the glacier hypsometry. Between 1970 (HI = −1.18) and 2000
(HI = −1.37) Thulagi glacier become more top heavy, while
between 2000 and 2013 Thulagi glacier become less top heavy
(HI=−1.25).

Analytical Uncertainties
We calculated the DEM differencing uncertainties in terms of
stochastic error and systematic error. The stochastic error was
based on the standard error and the mean elevation difference
on stable terrain. Magnusson et al. (2016) showed how standard
methods for quantifying DEM differencing uncertainties neglect
the spatial dependence of DEM errors, and as such typically
overestimate uncertainties. It should therefore be noted that our
uncertainty analysis is conservative.
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FIGURE 8 | Annual surface velocities for the glaciers in the Manaslu Region for the year 2013/2014. (A–D) Show transverse velocity profiles at the boundary where

the clean ice meets the debris-covered ice (transects shown as red lines) for (A) G084459E28695N (Ponkar glacier), (B) G084549E28515N (Thulagi glacier)

(C) G084695E28384N (Himal Chuli glacier), and (D) G084759E28427N (Bhauda Himal glacier). Background: Landsat 8 (26th December 2013). The markings (i–iv)

relate to the longitudinal profiles shown in Figure 9.

Even with our conservative error estimation, 64% of our
surface elevation change results are significantly different from
zero, as well as eight of the 10 regional averages. Fifty-eight

percent of our geodetic mass balance results however were
significant, with only the regional average from 1970 to 2013
being larger than the associated error bars. As stated by Gardelle
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FIGURE 9 | Velocity profiles from G084350E28675N (i), G084456E28737N W (ii), G084456E28737NE (iii), and G084684E28407N (iv) from 1993/1994, 1999/2000,

and 2013/2013. The locations of these glaciers are shown in Figure 8.

et al. (2013), the largest component of the uncertainty is
the estimation of the SRTM penetration. Values range from
1 to 10m (Gardelle et al., 2013; Kääb et al., 2015; Berthier
et al., 2016) which is considerably greater than the stochastic
error. Additionally sources of error include the assumed

constant density of 850 kg m−3 across the entire glacier (Huss,

2013).
In the absence of a more rigorous method, we estimated

uncertainties for our velocity results based on ± one standard
deviation. This assumes that no displacements have occurred

on non-glacier terrain. Rockfalls and movements are common
in the High Himalayas meaning our uncertainty estimates are
most likely overestimated. Nevertheless, 94% of our velocity
measurements are significant, in addition to all three regional
averages.

Comparison with Other Work
Our findings add to the consensus of strong yet spatially variable
glacier mass losses across the Himalayas. In recent years, studies
looking at geodetic mass balances of Himalayan glaciers have
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FIGURE 10 | A comparison of ice velocities at Hinang Glacier (G084689E28511N) between 1999/2000 and 2013/2014. Despite no detectable changes in the extent

of terminus (shown in a white dashed line), the terminus velocities have decreased. Background: Landsat 8 (26th December 2013).

become more common (Gardelle et al., 2013; Pellicciotti et al.,
2015; Bhattacharya et al., 2016; Ragettli et al., 2016; Brun et al.,
2017). Due to the differing climatic regimes across the Himalayas,
we restrict our comparisons to the Central Himalayas and the
Everest Region. Our results are comparable to surface elevation
change rates in the Everest Region of −0.32 ± 0.08m a−1

between 1970 and 2007 (Bolch et al., 2011) and −0.28 ± 0.42m
a−1 between 1974 and 2006 in the Langtang Himal (Ragettli
et al., 2016). This is very comparable to our result of −0.36 ±
0.03m a−1 between 1970 and 2013. Both our results and the
findings of Bolch et al. (2012) indicate increases in the rate of
mass loss between 2000 and 2013 relative to other time periods.

When looking at shorter time periods, Kääb et al. (2012) found
a mean annual surface elevation change of −0.21 ± 0.05m a−1

over the entire Hindu Kush Himalaya Region between 2003 and
2008, with some regions losing as much as −0.66m a−1. Brun
et al. (2017) found mean annual geodetic mass balances between
2000 and 2016 of −0.33 ± 0.20 and −0.34 ± 0.09m w.e. a−1 for
East and West Nepal, respectively. The losses we found between
2000 and 2013 of −0.25 ± 0.08m a−1 therefore compares well
with these regional averages. Our results of geodetic mass balance
for the southern glaciers between 2000 and 2013 (−0.27± 0.09m
w.e. a−1) are less negative than the results found by Gardelle
et al. (2013) for western Nepal (−0.32 ± 0.13m w.e.a−1) but is

in line with the result from the Everest region (−0.26 ± 0.13m
w.e.a−1) over roughly the same time period. Bolch et al. (2011)
found a more negative mass balance of −0.79 ± 0.52m w.e.a−1

between 2002 and 2009 in the Everest Region. Our geodetic mass
balance between 2005 and 2013 (−0.74± 0.55mw.e.a−1) is more
comparable to their findings.

Our estimate of the ELA based on the median glacier elevation
of 5748m is in broad agreement with the estimate of∼5600m for
the ELA in the central Himalayas reported by (Bolch et al., 2012)
and for Western Nepal of 5590± 138m by Gardelle et al. (2013).

Quincey et al. (2009) found that the debris-covered glaciers
in the Everest region flowed at ∼20m a−1, which is slower than
our mean result of 27 ± 8.2m a−1 in 2013. Kääb (2005) found
that the debris-covered glaciers in Bhutan were flowing at higher
rates of between 20 and 50m a−1. There is less work concerning
changes in glacier velocity over time, and the work that does
exist often find contradictory results of how glacier velocity has
varied. Heid and Kääb (2012b) observed reductions in glacier
velocity in areas with negative mass balances, including a 43%
reduction in velocity in their nearest study site to the Manaslu
region, the Pamir Mountains between 2001 and 2010. Haritashya
et al. (2015) found reductions in glacier velocity of Khumbu
glacier between 2003 and 2008 of between 10 and 20% while
Bhattacharya et al. (2016) found a 6.7% decrease from 1996 to
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FIGURE 11 | A large rockfall hit Himal Chuli Glacier in 2002 (visible on B). The rockfall deposit has since been transported downglacier. The surface velocity increases

as the glacier flows out of the bend (C). The glacier is flowing toward the south-east. A large lake formed in 2011 (D) which drained the following year €.

Nevertheless, the location of the lake correlates with an area of increased elevation loss (F). The satellite imagery in (D) is RapidEye imagery, (E) is Sentinel 2, the

remaining satellite images are Landsat imagery.

2013 in the Indian Himalaya. The reduction we measured in
this study of 15.0% between 1999 and 2013 is in line with these
values.

CONCLUSION

This study presents varied and complex glacier changes in the
Manaslu region of Nepal. Twelve percent of glaciers had an

area change of <1% between 2001 and 2013 while 52% of

glaciers had an increase in the area of debris-cover over this
time period. Changes in glacier area, geodetic mass balance
and velocity change are all negative at a regional scale yet

glaciers with large accumulation areas or high elevations are
approximately in balance. Rates of change are becoming more
negative over the last decade compared to longer timescales. The

effect of debris-covered ice is seen in different areas to both
exacerbate and dampen rates of glacier elevation change. We

have seen some evidence from our study area of the importance
of supraglacial lakes, although with higher resolution satellite

imagery we speculate that many smaller supraglacial ponds
and ice cliffs could be observed and correlated with surface
elevation changes. The ice-flux entering the debris-zone has

reduced between 1999/2000 and 2013/2014. We suggest that
glacier stagnation and debris melt-out allow supraglacial debris
to accumulate, thereby further insulating the underlying ice
and dampening the glacier area or elevation change. Given the
suitability of Landsat 8 and Sentinel 2 data for large-scale velocity
mapping (Fahnestock et al., 2015; Kääb et al., 2016), future work
should investigate seasonal changes to glacier velocity. Research
is also needed to study how debris-composition and the presence
of supraglacial ponds and exposed ice influences glacier mass
balance over short- and long-term time scales.
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