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Abstract. In the Everest region, Nepal, ground-based mon-
itoring programmes were started on the debris-free Mera
Glacier (27.7◦ N, 86.9◦ E; 5.1 km2, 6420 to 4940 m a.s.l.) in
2007 and on the small Pokalde Glacier (27.9◦ N, 86.8◦ E;
0.1 km2, 5690 to 5430 m a.s.l.,∼ 25 km north of Mera
Glacier) in 2009. These glaciers lie on the southern flank of
the central Himalaya under the direct influence of the Indian
monsoon and receive more than 80 % of their annual precip-
itation in summer (June to September). Despite a large inter-
annual variability with glacier-wide mass balances rang-
ing from −0.67± 0.28 m w.e. in 2011–2012 (Equilibrium-
line altitude (ELA) at ∼ 5800 m a.s.l.) to+0.46± 0.28 m
w.e. in 2010–2011 (ELA at∼ 5340 m a.s.l.), Mera Glacier
has been shrinking at a moderate mass balance rate of
−0.08± 0.28 m w.e. yr−1 since 2007. Ice fluxes measured at
two distinct transverse cross sections at∼ 5350 m a.s.l. and
∼ 5520 m a.s.l. confirm that the mean state of this glacier
over the last one or two decades corresponds to a lim-
ited mass loss, in agreement with remotely-sensed region-
wide mass balances of the Everest area. Seasonal mass bal-
ance measurements show that ablation and accumulation
are concomitant in summer which in turn is the key sea-
son controlling the annual glacier-wide mass balance. Un-
expectedly, ablation occurs at all elevations in winter due to
wind erosion and sublimation, with remobilised snow poten-

tially being sublimated in the atmosphere. Between 2009 and
2012, the small Pokalde Glacier lost mass more rapidly than
Mera Glacier with respective mean glacier-wide mass bal-
ances of−0.72 and−0.23± 0.28 m w.e. yr−1. Low-elevation
glaciers, such as Pokalde Glacier, have been usually pre-
ferred for in-situ observations in Nepal and more generally
in the Himalayas, which may explain why compilations of
ground-based mass balances are biased toward negative val-
ues compared with the regional mean under the present-day
climate.

1 Introduction

Since the erroneous statement in the 2007 Intergovernmen-
tal Panel on Climate Change (IPCC) Fourth Assessment Re-
port that Himalayan glaciers could disappear in the com-
ing decades if the Earth keeps warming at the current rate
(Cogley et al., 2010), these glaciers have drawn the atten-
tion of a growing number of scientists (e.g. Bolch et al.,
2012; Kääb et al., 2012). Almost every study stresses that
major gaps remain in our knowledge of the behaviour of
Himalayan glaciers mainly due to “insufficient numbers of
in-situ measurements, for which remote sensing only partly
substitutes” (Bolch et al., 2012). This paucity of appropriate
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glacier data is of particular concern while considering that
Himalayan glaciers have significant social and economic im-
pacts on densely populated regions through water resources
(e.g. Kehrwald et al., 2008; Immerzeel et al., 2010; Kaser
et al., 2010; Kääb et al., 2012; Nepal et al., 2012; Neil et
al., 2013; Gardelle et al., 2013) or glacial hazards (e.g. Ba-
jracharya and Mool, 2009).

Karakoram-Himalayan glaciers cover the largest glacier-
ized area on Earth outside the polar regions (∼ 40 800 km2;
Bolch et al., 2012). They experience contrasting precipita-
tion regimes, with a decreasing influence of the westerlies
from west to east, and a simultaneous increasing influence
of the Indian and Asian monsoons, allowing two striking
gradients to emerge: an east-to-west rainfall gradient along
the Himalayan foreland, and a south-to-north gradient across
the Himalayan range due to topography and relief (Burbank
et al., 2003; Bookhagen and Burbank, 2006, 2010). This
complex climate diversity results in a contrasting pattern
of glacier change throughout the range, mainly revealed by
studies using remote-sensing data (e.g. Fujita and Nuimura,
2011; Scherler et al., 2011; Bolch et al., 2012; Kääb et al.,
2012; Gardelle et al., 2013; Gardner et al., 2013). Ground-
based observations everywhere along the entire range are
not possible, but in-situ measurements are needed to confirm
remotely-sensed observations and quantify important vari-
ables not measurable from space such as annual and sea-
sonal mass balances, mass balance gradients and snow/ice
melt factors for degree-day models.

Our present study contributes to fill this data gap and
presents results from extensive mass balance and dynamics
measurements conducted in the Everest region (central Hi-
malaya, Nepal), on Mera Glacier since 2007 (Hinku-Hunku
valley), and on Pokalde Glacier since 2009 (Khumbu val-
ley). Recently, Vincent et al. (2013) provided an exhaus-
tive compilation of all in-situ mass balance series avail-
able in western Himalaya (Northern India), showing that
these series are short-term (< 10 yr usually), discontinu-
ous and not representative of the mass balance of this
large region. In central Himalaya and Nepal especially, the
situation is similar even though the Japanese conducted
some pioneering surveys in the 1970s on AX010 Glacier
(∼ 0.4 km2, Shorong Himal,∼ 30 km southwest of Mera
Glacier), on Yala Glacier (∼ 1.9 km2, Langtang Himal –
central Nepal) and on Rikha Samba Glacier (∼ 4.6 km2,
Lower Mustang – western Nepal) (e.g. Ageta et al., 1980;
Ageta and Higuchi, 1984; Fujita and Nuimura, 2011). Fu-
jita et al. (2001a) reported systematic negative glacier-
wide mass balances for AX010 Glacier between 1978–1999
(−0.6 m w.e. yr−1 for 1978–1991; −1.0 m w.e. yr−1 for
1991–1996 and−0.8 m w.e. yr−1 for 1996–1999) based on
long-term surface-elevation change observations and 4 yr
of glaciological annual mass balance observations (1995–
1999). Fujita and Nuimura (2011) extended this study until
2010 relying on additional geodetic observations conducted
in 2008–2010 and using an energy-mass balance model with

downscaled gridded climate datasets. They also included
Yala and Rikha Samba glaciers in their study and con-
cluded that glaciers have been experiencing negative area-
averaged mass balances for the last three decades (from
∼ −0.75 m w.e. yr−1 for Yala and AX010 glaciers to∼ −0.5
m w.e. yr−1 for Rikha Samba Glacier located in a drier cli-
mate). Kadota et al. (2000) followed by Nuimura et al. (2011)
also measured surface lowering of Khumbu Glacier between
1978 and 1995 and then again in 2004. They observed no sig-
nificant elevation change near the terminus over the whole
studied period, a remarkable acceleration of surface lower-
ing after 1995 in the middle part of the debris-covered area
(present elevation change rate of∼ 2 m yr−1) and a tem-
porally consistent lowering rate in the uppermost part of
this area (∼ 0.6 m yr−1). Even though Japanese glaciologists
have intermittently observed the changes of the surface el-
evation of various Nepalese glaciers by geodetic surveys,
only four years of annual mass balances are available on
AX010 Glacier (1995–1999), making the 5 yr Mera Glacier
series presented here the longest continuous series of mea-
sured annual mass balance in Nepal. Decadal mass balances
measured using the geodetic method are important but they
do not replace seasonal mass balance measurements that
are needed to analyze the climatic causes of mass balance
changes. Since 2011, annual in-situ mass balance surveys on
Yala and Rikha Samba glaciers have been conducted by ICI-
MOD (International Centre for Integrated Mountain Devel-
opment, Kathmandu, Nepal) and partner institutes.

Remote-sensing studies in Nepal also indicate that glacier
mass balances are negative on average. Bolch et al. (2011)
reported a mass balance of−0.32± 0.08 m w.e. yr−1 be-
tween 1970 and 2007 over 62 km2 of glaciers in the Everest
area, while for a larger group of glaciers covering 183 km2

in the same area, Nuimura et al. (2012) measured a mass
balance of−0.40± 0.25 m w.e. yr−1 over 1992–2008. Re-
cently, Gardelle et al. (2013) found a region-wide mass
balance of−0.26± 0.13 m w.e. yr−1 over 2000–2011 for
a 1461 km2 glacierized area, in agreement with the value
(−0.30± 0.09 m w.e. yr−1) reported by Kääb et al. (2012) for
East Nepal and Bhutan for 2003–2008.

Apart from the geographical description of the glaciers
and the study area, the aim of this contribution is to present
5 yr of mass balance, annual surface velocity and thick-
ness measurements of Mera Glacier, and to compare to the
seasonal mass balances of Pokalde Glacier. The measure-
ments presented in this study will allow a better assessment
and understanding of glacier mass balance in this part of
Nepal. Indeed, Mera Glacier is planned to become a bench-
mark glacier for process-understanding in this part of the
Himalayan range, following the basic concepts of interna-
tional climate-related glacier monitoring (“tier-2” level de-
scribed in Haeberli et al., 2002; or Paul et al., 2007). This
glacier is likely to be included into theGLACIOCLIM net-
work whose aim is to select a limited number of glaciers
representative of various climates of the world in order
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Table 1. List of geographical and topographical characteristics of
Mera Glacier. ELA0 and AAR0 are the calculated equilibrium-
line altitude and accumulation-area ratio values respectively for a
zero glacier-wide balance given the 2012 hypsography. Mean an-
nual temperature at ELA0 is derived from the AWS located at
5360 m a.s.l. applying a standard lapse rate of−0.0065◦C m−1.

General features

Country – Region Nepal – Everest region
Mountain range Central Himalaya
Drainage system Dudh Koshi basin – Ganges river
Climate Indian monsoon zone

Glacier characteristics

Latitude/Longitude 27.7◦ N/86.9◦ E
Max./Min. elevation 6420/∼ 4940 m a.s.l.
Total glacierized area 5.1 km2

Mean orientation North

Measurement information

Total number of ablation stakes 28 to 45 (between 5000 and 5550 m a.s.l.)
Total number of pits/drilling sites 5 (between 5650 and 6350 m a.s.l.)
Measurements frequency 2/year: Apr and Nov since 2013

Mass balance information

ELA0 ∼ 5550 m a.s.l.
AAR0 ∼ 0.59
Mean annual temperature at ELA0 ∼ −2.6◦C

to better understand the climate-glacier relationship (http:
//www-lgge.obs.ujf-grenoble.fr/ServiceObs/index.htm).

2 Site description

Mera Glacier (27.7◦ N, 86.9◦ E, 5.1 km2) is a debris-free
glacier straddling Hinku valley and Hunku valley (Dudh
Koshi basin, Everest region, central Himalaya), and has been
monitored since 2007 (Figs. 1 and 2). Mera Peak is popu-
lar among the climbers because of its gentle slopes (mean
slope of∼ 16◦) and its 5 to 7 day access from Lukla air-
port. From the summit at 6420 m a.s.l., the glacier flows
north and divides into two main branches at 5800 m a.s.l.
The main branch flows north and then west down to its
snout at 4940 m a.s.l. while the second branch is northeast
orientated with its lowest elevation at 5260 m a.s.l. These
two branches are referred as Mera and Naulek, respectively
(Fig. 2). Naulek is also part of the glacierized complex cov-
ering the northern slopes of Naulek Peak located∼ 3.5 km
southeast of Mera Peak. Table 1 gives a list of geographical
and topographical characteristics of Mera Glacier as well as
some basic mass balance information calculated according to
mass balance data of this study (see Sect. 5.1). Mera Peak is
one of the most southern mountains of the region, and thus
occupies a frontal position against the Indian monsoon flux
(e.g. Bookhagen and Burbank, 2006).

Pokalde Glacier (27.9◦ N, 86.8◦ E; 0.1 km2) is located
∼ 25 km north of Mera Glacier, in Khumbu valley (Fig. 1).
Due to its interior position in the range, this glacier is effi-

ciently sheltered from the wet summer monsoon influx lead-
ing to a drier climate than on Mera Glacier (Bookhagen and
Burbank, 2006). This north-oriented glacier flows from 5690
to 5430 m a.s.l., is accessible from Ev-K2-CNR Pyramid per-
manent research observatory, and has been monitored since
2009 (Fig. 3).

3 Climatic setting

Figure 4 shows the mean annual cycle of monthly precip-
itation and monthly air temperature (years 2003 to 2012)
recorded at four meteorological stations operated by Ev-K2-
CNR in Lukla (2660 m a.s.l.), Namche Bazar (3570 m a.s.l.),
Pheriche (4260 m a.s.l.) and Pyramid (5035 m a.s.l.) (Fig. 1).
Precipitation sensors at these locations are tipping buckets
usually used for rainfall measurements, and may under-catch
part of the solid precipitation. Therefore, precipitation at the
two highest stations (Pyramid and Pheriche) is likely under-
estimated. This dataset has gaps (listed in Fig. 4 caption) but
is sufficient to describe annual local climate cycles. Using
the ten-year 2003–2012 dataset, the mean annual cycle of
monthly air temperature (or precipitation) has been obtained
by averaging all the monthly temperature available for each
month of the year (i.e. all records from the January months
between 2003 and 2012 were averaged together to give the
monthly temperature of January in Fig. 4). When data were
missing during more than 10 days in a month, the corre-
sponding monthly record was not considered for the averag-
ing. It is noteworthy to say that the resulting mean annual cy-
cle of monthly temperature or precipitation is different from
the real mean cycle for the 2003–2012 period because of nu-
merous and random gaps in the dataset, but it allows us to
discuss the local climate. Both air temperature and precipita-
tion present a pronounced seasonality, with more than 80 %
of the annual precipitation falling during summer (June to
September). Average monthly temperatures have an annual
amplitude of approximately 12◦C at every meteorological
station.

The station data demonstrate that the region is clearly un-
der the influence of the Indian monsoon system (e.g. Webster
et al., 1998; Wang, 2006). During the Indian summer mon-
soon, moisture originating from the Bay of Bengal moves
to the north and northwest and initiates heavy orographic
rainfall when colliding with the mountain front of eastern
and central Himalaya (e.g. Bookhagen and Burbank, 2006).
In winter, the overall monsoon-related circulation weak-
ens allowing the westerly upper-tropospheric synoptic-scale
waves, dry over Nepal, to be dominant (e.g. Wang, 2006).
The central Himalaya is characterised by a two-step topog-
raphy triggering two rainfall peaks, the outer peak occur-
ring along the southern Himalayan foothills (∼ 900 m a.s.l.)
and the inner peak along the southern flanks of the Greater
Himalaya (∼ 2100 m a.s.l.) (Bookhagen and Burbank, 2006,
2010; Shrestha et al., 2012). The glaciers surveyed in this
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Fig. 1. Map of the high Dudh Koshi basin (in grey in the inset map of Nepal and with limits represented by the dashed black line in the
main map) where Mera and Pokalde glaciers are located (inside the red squares). Meteorological stations and main summits are indicated by
dots and triangles respectively. Glacierized areas from the Randolph Glacier Inventory v2.0 (Arendt et al., 2012) are represented in blue. The
dotted line locates the footprint of the SPOT5-HRG image. In orange, a kinematic DGPS survey performed in April 2011 along the trail of
the Everest Base Camp.

study are located just beyond this inner rainfall peak, and
are submitted to a strong south-to-north negative gradient of
precipitation. This is illustrated by the decreasing amount of
precipitation received by meteorological stations that are lo-
cated higher in elevation and closer to the Tibetan Plateau
(Figs. 1 and 4).

4 Methodology

4.1 Mass balance

Since 2007 and 2009, annual mass balance measurements
have been carried out on Mera and Pokalde glaciers respec-
tively. For practical reasons, measurements are performed
each year in November on Mera Glacier or between the
end of October and the beginning of December on Pokalde
Glacier. It would have been more appropriate to systemati-
cally carry out field trips at the end of the melt season (i.e.
beginning of October), but considering that neither ablation

nor accumulation are significant between mid-October and
mid-December on Nepalese glaciers (see Sect. 5.2), select-
ing this period for field measurements does not have signif-
icant impact on the determination of annual and seasonal
mass balances. Extra stake readings have been performed
in April 2009 and April 2013 on Mera Glacier, and every
2 to 5 months on Pokalde Glacier. The direct glaciological
method is used for these measurements (Cuffey and Pater-
son, 2010).

In the ablation area, annual mass balance is determined
from bamboo stakes inserted up to 10 m deep in the ice. In
the mass balance calculations, ice density is assumed to be
900 kg m−3, and in the presence of snow, its density is mea-
sured in the field. Snow densities are not very spatially or
temporally variable with average values of 370 kg m−3 (stan-
dard deviation of 30 kg m−3) below 5600 m a.s.l. The num-
ber of ablation stakes has progressively increased on Mera
Glacier from 28 in 2007 to 45 stakes in 2012, and all stakes
are located between 5000 and 5550 m a.s.l. (Fig. 2). Five
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Fig. 2. Map of Mera Glacier, showing the network of ablation
stakes (grey circles and one peculiar stake highlighted in red, see
text for details), the accumulation measurement sites (blue squares)
and the Mera automatic weather station (AWS – black star). From
the Mera central summit (red triangle), Mera Glacier flows toward
the north and splits into two main branches, referred as Mera and
Naulek branches respectively. Background: Pleiades-1A image of
25 November 2012 (CNES 2012/Distribution Astrium).

stakes have been inserted on Pokalde Glacier in 2009 be-
tween 5500 and 5600 m a.s.l. (Fig. 3).

In the accumulation area above 5600 m a.s.l., 6 cores (5 on
Mera Glacier, 1 on Pokalde Glacier) are drilled to measure
the annual net accumulation from snow layering (stratigra-
phy) and density measurements. Snow densities ranged from
a mean of 380 kg m−3 (standard deviation of 30 kg m−3)

at 5700–5800 m a.s.l. to 450 kg m−3 (standard deviation of
10 kg m−3) at∼ 6330 m a.s.l. Recco avalanche reflectors sys-
tematically tied to 3 m long bamboo accumulation stakes and
blue-coloured chalk powder spread out over a 2 m2 surface
mark an annual horizon. This horizon is then located easily
the following year thanks to the Recco detector, and the pre-
vious annual surface is identified while drilling. During years
of high accumulation, ablation stakes at∼ 5500 m a.s.l. also
serve as accumulation stakes and conversely, when ablation
is strong, accumulation stakes are used to measure ablation.

Fig. 3. Maps of Pokalde Glacier, showing the network of abla-
tion stakes (grey circles), the accumulation measurement site (blue
square). Background: SPOT5 image of 4 January 2011 (CNES
2011/Distribution Astrium).

Stakes are sometimes lost, buried under snow or broken
by wind or climbers but our observation network allowed
for a minimum of 17 point mass balance measurements in
2011–2012 (reading of 14 ablation stakes and 3 accumulation
measurements performed) to a maximum of 31 in 2008–2009
(reading of 27 ablation stakes and 4 accumulation measure-
ments performed). Ablation measured at stakes located on
Naulek Glacier outside the Naulek branch of Mera Glacier
are consistent with ablation measured at the Naulek branch
stakes (inserted on similar slopes with same aspect, Fig. 2).
Those stakes have thus been included in the mass balance
calculations to increase the number of ablation measure-
ments especially during years where this number was low
(i.e. 2009–2010 and 2010–2011).

The annual glacier-wide mass balanceBa is calculated ac-
cording to:

Ba =
1

s

∫
s

bads (in m w.e.) (1)

whereBa is the point surface mass balance obtained from the
corresponding stake readings or net accumulation measure-
ments andS is the glacier area. The hypsography of every
glacier is extracted from digital elevation models (DEMs) de-
rived from Pleiades stereo-images of 25 November 2012 for
Mera Glacier and from SPOT5-HRS stereo-images of 4 Jan-
uary 2011 for Pokalde Glacier (see Sect. 4.4). The glaciers
were delineated by visual inspection of the images with the
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Fig. 4. Mean annual cycle of monthly precipitation (P , histograms) and monthly air temperature (T , red line) during 2003–2012 at four
meteorological stations operated by Ev-K2-CNR: Lukla (2660 m a.s.l.), Namche Bazar (3570 m a.s.l.), Pheriche (4260 m a.s.l.) and Pyramid
(5035 m a.s.l.).T andP are the mean annual temperature and the cumulative annual precipitation respectively. The data gaps for Lukla station
are April to September 2004, July, September and October 2006, June to September 2008, March to September 2010, August, September
and December 2011, January to March 2012 (only for precipitation) April, May and October to December 2012. The data gaps for Namche
Bazar station are April to June 2004, September and October 2006, September and October 2007, June to October 2009, March to September
2010, April, May and October to December 2012. The data gaps for Pheriche station are April to June 2004, June to October 2008 (only for
precipitation), January to April and June 2009, April and May 2011, November 2011 to June 2012. The data gaps for Pyramid station are
April to June 2004, May to September 2006 (only for precipitation), November 2008, May to October 2009 (only for precipitation), June and
July 2010 (only for precipitation) October to December 2010, January and June 2011, November and December 2011 (only for temperature),
January and October to December 2012.

aid of field photographs. Using a single map over the whole
measuring period to deriveBa means that we obtain here
the reference-surface glacier-wide balance (Harrison et al.,
2005).

On the small Pokalde Glacier, mass balance was obtained
for every 10 m altitudinal range using a single linear fit of all
available in-situBa measurements (ablation and accumula-
tion) versus elevation. Every 10 m altitudinal range area was
then multiplied by its corresponding mass balance, summed
over the entire glacier and finally divided by the glacier
areaS to get the glacier-wide mass balance (Eq. 1). On the
larger Mera Glacier,Ba was calculated in a similar way but
using distinct linear interpolations for the ablation and ac-
cumulation zones. In the ablation zone, Mera and Naulek
branches were also considered separately because they have
fairly distinct mass balance gradients. We consider that the
single measurement performed at∼ 6330 m a.s.l. is repre-
sentative of the uppermost net accumulation in the drainage
basins of both Mera and Naulek branches. Figure 5 displays
for every surveyed year the regression lines that have been
used to derive the glacier-wide mass balance. Each year, the
equilibrium-line altitude (ELA) is deduced as the altitude
at which the regression line crosses the zero mass balance
value.

Accuracy of this overall specific annual mass balance de-
pends on various factors related to (i) the measurements
themselves (such as the errors in stake readings or density
measurements), and to (ii) the density and representativeness
of stakes or accumulation measurement sites (i.e. the sam-
pling error). As in Thibert et al. (2008), on Mera Glacier, we
conducted an uncertainty analysis separating the error related
to the measurements (standard deviation of 0.08 m w.e. yr−1)

and the sampling error (standard deviation ranging from 0.21
to 0.29 m w.e. yr−1, according to the number of measure-
ment sites from 31 (2008–2009) to 17 (2011–2012), respec-
tively). Averaging those errors over the glacier surface and
over the studied period, we obtained a mean overall uncer-
tainty of ±0.28 m w.e. yr−1 for the glacier-wide mass bal-
ance. Zemp et al. (2009) provided also an interesting discus-
sion examining the mass balance error, and concluded that
the confidence interval for the global mass-balance dataset
is in the magnitude of two standard errors of the reported
annual mass-balance data, i.e. between 0.25 to 0.5 m w.e. As
recommended by Thibert et al. (2008) or Zemp et al. (2013),
to check the representativeness of our stake network and de-
tect potential systematic biases, in the future, we will validate
mass balances derived from annual field observations with
decadal volume changes assessed from geodetic methods.

The Cryosphere, 7, 1769–1786, 2013 www.the-cryosphere.net/7/1769/2013/
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Fig. 5. Five first panels: five years of annual point mass balance (dots) as a function of altitude derived from field measurements (stakes,
drillings or pits) on Mera Glacier. Measurements were performed on 17 November 2007, 6 November 2008, 5 November 2009, 11 November
2010, 10 November 2011 and 23 November 2012± 4 days. Dark blue is used for the Mera branch, light blue for Naulek. The measurement
on Mera in 2008–2009 and 2009–2010 displayed as a blue square highlighted with a red contour refer to the same stake facing northeast.
Also shown are the linear regression lines used to derive the annual glacier-wide mass balanceBa (point mass-balance measurements above
(below) 5600 m a.s.l. are used to derive the mass balance gradient over the accumulation (ablation) area except in 2011–2012). In 2010–2011,
there were not enough measurements on Naulek branch to derive a significant regression line, and therefore the mean vertical mass balance
gradient obtained over the four other years on Naulek was used instead, i.e. 0.85 m w.e. (100 m)−1. In 2011–2012, point mass balance data
measured at 5790 and 5670 m a.s.l. were exceptionally negative and thus used to derive the linear regression line over the ablation area, the
upper regression line being chosen equal to the mean vertical mass balance gradient obtained over the four previous years in the accumulation
area, i.e. 0.06 m w.e. (100 m)−1. Ba and ELA for every year are displayed on the corresponding panel. Bottom right panel: hypsometry of
Mera Glacier showing the respective areas of Naulek (light blue) and Mera (dark blue) branches.

Despite the relatively large error bars, year-to-year relative
differences are instructive for climatic purposes because an-
nual values refer to the same map, to the same area-elevation
distribution function and to the same measurement network.

4.2 Surface velocity

Annual surface ice velocities have been measured every
year in November on Mera Glacier by determining the dis-
placement of 47 stakes (45 ablation stakes and 2 accumula-
tion stakes) using a Differential Global Positioning System
(DGPS) (Topcon devices, dual frequency, 1 s acquisition fre-

quency,∼ 30 s acquisition time at every stake). These mea-
surements have been performed relative to a fixed reference
point outside the glacier on firm rocks (Fig. 1). The accuracy
of DGPS measurements depends on the number of operating
satellites, their geometrical configuration in the sky, the dis-
tance to the DGPS base station and the acquisition frequency
and duration; maximum uncertainty is±0.1 m for horizon-
tal and vertical components, the horizontal uncertainty being
usually lower. The accuracy inx (easting),y (northing) and
z (elevation) of each stake position is estimated at±0.2 m
depending thus mainly on the size of the hole in which the
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stake has been set up. As a consequence the surface ice ve-
locities measured from stake displacements have an accuracy
of ±0.3 m yr−1.

4.3 Glacier thickness

Ground penetrating radar measurements have been con-
ducted in November 2009 and November 2012 on Mera
Glacier in order to determine ice thickness on 2 transverse
cross sections at 5350 and 5520 m a.s.l. as well as close to the
top of the glacier at 6350 m a.s.l. The radar system is made
up of a transmitter and a receiver, each of which is outfitted
with a similar kind of antenna (Hubbard and Glasser, 2005).
In our study, we used the pulse radar transmitter (Icefield In-
struments, Canada) based on the Narod transmitter (Narod
and Clarke, 1994). The radar survey was carried out at a
frequency of 4.2 MHz with antenna length of 10 m. Trans-
mitter and receiver were put in snow sledges, separated by a
fixed distance of 20 m and moved together along the profiles
with a measurement every 10 m. The positions of the receiver
and the transmitter are known through DGPS measurements,
with an accuracy of±0.1 m. The speed of electromagnetic
wave propagation in ice has been assumed to be 167 m µs−1

(Hubbard and Glasser, 2005).
The surface of the bedrock was constructed as an envelope

of all ellipse functions, which give all the possible reflection
positions between sending and receiving antennae. Reflec-
tions are not considered to come from the point perpendic-
ular beneath the antennae but from the bedrock point near-
est to the instrument. Estimates of bedrock depths were then
migrated and interpolated to reconstruct the glacier/bedrock
interface in two dimensions. In this way, we account for the
bed slope. See Azam at al. (2012) for details of the method-
ology and an example of a radargram acquired on Chhota
Shigri Glacier (India) using the same device.

4.4 Digital elevation models

A 4 m DEM of Mera Glacier was derived from a stereo-
pair of high resolution (0.7 m) Pleiades-1A images acquired
25 November 2012. Pleiades-1A is the first member of a
new family of high resolution satellite from the French
Space Agency (CNES) and was launched on 17 December
2011 (http://smsc.cnes.fr/PLEIADES/). To our knowledge,
we present here the first DEM derived from Pleiades-1A im-
agery over a glaciated region. Given the lack of accurate field
ground control points (GCPs), GCPs were generated from
SPOT5 images and a SPOT5 DEM that were first corrected
using DGPS measurements performed in the Khumbu valley.

Our reference dataset is a 40 m DEM and a co-registered
5 m ortho-image computed without GCPs by the French
Mapping Institute (IGN, National Institute of Geographic
and Forest Information) from SPOT5-HRS images acquired
4 January 2011 (Korona et al., 2009; Gardelle et al., 2013).
This regional (120 km by 120 km) but relatively coarse

dataset is used as reference to ortho-rectify a 2.5 m SPOT5-
HRG image (60 km by 60 km, see footprint in Fig. 1) ac-
quired 29 October 2009. A sub-pixel co-registration was
achieved using the Cosi-Corr software (Leprince et al.,
2007). Approximately 3600 kinematic DGPS measurements,
acquired along the trails of the Everest base camp (Khumbu
Valley, see location in Fig. 1) in April 2011, were overlaid
on the SPOT5-HRG image and the image was shifted west-
ward by 10 m so that the trails, clearly visible on the 2.5 m
image, matched the location of the DGPS tracks. The 10 m
westward shift was also applied to the SPOT5-HRS 40 m
DEM. After this horizontal co-registration, the vertical dif-
ference between the SPOT5-HRS DEM and the altitude of
the kinematic DGPS points was computed. As the difference
was very close to zero (mean= 0.7 m, median= 0.1 m; stan-
dard deviation= 7.6 m; N = 3590), the SPOT5-HRS DEM
was not shifted vertically.

The 2.5 m SPOT5-HRG ortho-image and the 40 m SPOT5-
HRS DEM, now both co-registered to the DGPS data, were
used to identify 25 GCPs for Pleiades raw images. This set
of GCPs was then ingested in the© PCI Geomatica software
(version 2013) to compute the DEM. The root-mean-square
(RMS) residuals for those 25 GCPs were 1.36 m and 1.24 m
for the Easting and Northing map projection coordinates,
about twice the pixel size of the Pleiades images and half the
pixel size of the SPOT5-HRG image. The accuracy of the
final 4 m DEM was checked against DGPS measurements
performed on Mera Glacier between 20 and 27 November
2012, within a few days of the acquisition of the Pleiades-1A
stereo pair. Horizontal and vertical precision of the DGPS
measurements on Mera Glacier are estimated to 0.1 m. For a
total of 445 points, the mean and median of the elevation dif-
ference between the Pleiades DEM and the DGPS are iden-
tical, at−0.93 m, and the standard deviation is 1.02 m. The
0.93 m mean vertical shift was added to all altitudes in the
Pleiades DEM.

5 Results

5.1 Annual and cumulative glacier-wide mass balance

The annual glacier-wide mass balancesBa for Mera and
Pokalde glaciers are reported in Table 2, for the pe-
riods 2007–2012 and 2009–2012 respectively. Figure 6
displays the annual and cumulative mass balances for
these glaciers. On Mera Glacier, the inter-annual vari-
ability is large (standard deviation of±0.51 m w.e. yr−1)

with 2 positive years (2007–2008 and 2010–2011), 2
negative years (2008–2009 and 2011–2012) and a bal-
anced year (2008–2009). Mera Glacier experienced bal-
anced or slightly negative mass balance conditions be-
tween 2007 and 2012 (meanBa= −0.08± 0.28 m w.e. yr−1)

while the mass loss for Pokalde Glacier was more pro-
nounced (meanBa= −0.72± 0.28 m w.e. yr−1 compared to
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−0.23± 0.28 m w.e. yr−1 for Mera Glacier between 2009
and 2012). Over the period 2009–2012, the cumulative
mass balance difference between both glaciers is 1.46 m w.e.,
with Pokalde Glacier losing mass more rapidly than Mera
Glacier. On Mera Glacier the ELA varied from a minimum
of 5335 m a.s.l. in 2010–2011 (Ba= 0.46± 0.28 m w.e.;
AAR = 0.89) to a maximum of 5800 m a.s.l. in 2011–2012
(Ba= −0.67± 0.28 m w.e.; AAR= 0.29).

5.2 Seasonal glacier-wide mass balance

On 23–25 April 2009, stake readings were performed on
Mera Glacier from the snout to 5800 m a.s.l. to assess both
winter and summer mass balances for the year 2008–2009
(Figs. 6 and 7a). In 2008–2009, the annual mass balance
(−0.10± 0.28 m w.e.) reveals that the glacier was close to
steady state and some features of winter and summer mass
balances can be pointed out. As expected, this Nepalese
glacier is a summer-accumulation type glacier (Ageta and
Fujita, 1996). In summer 2009, it experienced ablation be-
low 5500 m a.s.l. and significant accumulation above result-
ing in positive summer mass balance (Fig. 6). Unexpectedly,
ablation is non-negligible in winter between November 2008
and April 2009 at every elevation, which leads to negative
winter mass balance (Fig. 6). Figure 7a gives the point mass
balance as a function of elevation for the year 2008–2009,
and also for the winter (6 November 2008–24 April 2009)
and the summer (24 April 2009–5 November 2009) seasons.
In winter, the glacier lost mass at every elevation, even in
its highest parts, due to the combined effect of wind erosion
and sublimation. The 2008–2009 glacier-wide winter mass
balance is−0.20 m w.e. In summer, the point mass balance
as a function of elevation is very similar to the annual mass
balance gradient, which means that the annual glacier-wide
mass balance is almost exclusively controlled by the summer
climatic conditions (Fig. 7a).

Additional stake readings were also performed on 16–21
April 2013, showing that the glacier-wide 2012–2013 win-
ter mass balance (23 November 2012–18 April 2013) is not
significantly different from zero (Fig. 6). Indeed point winter
mass balance is very close to zero at all elevations (Fig. 7b)
confirming that summer is the key season for the annual
glacier mass balance. Snow occasionally deposited in winter
is systematically blown away after some days, due to strong
westerly winds (jet stream) that occur above 5000 m a.s.l. in
this region (Wang, 2006). Snow accumulated in summer is
likely to be less remobilized because it is often protected
by a melt crust. At 6330 m a.s.l., since November 2008, we
were unable to locate the blue horizon marker systematically
spread over a 2 m2 area a few tenths of centimetres below
the surface, and covered by dense snow in the previous year.
However, we were able to recover the Recco reflector tied to
a bamboo stake inserted deep enough to remain on-site. We
assume that the snow surface at high elevations is systemati-
cally remobilized by wind, and then mostly sublimated in the

Fig. 6. Annual (dark blue and green large histograms) and cumula-
tive (line with big blue dots and line with big green triangles) mass
balances of Mera Glacier and Pokalde Glacier respectively. Also
shown are the winter (November to April) and summer (April to
November) mass balances for 2008–2009 and 2012–2013 (narrow
cyan histograms – only Mera Glacier is represented) and the cor-
responding cumulative mass balances (dashed line with small blue
dots for Mera Glacier and dashed line with small green triangles for
Pokalde Glacier).

atmosphere or partly deposited again in wind-protected areas
(eastern slopes). In November, during field trips, we some-
times experienced wind storms able to remobilize as much
as 10 to 20 cm of surface snow in a few days. At the end
of the winter (April), melting starts to occur in the lowest
part of the ablation zone, and thus ablation is still greater in
this part of the glacier than at higher elevations (Fig. 7a). In
April 2013, we could not even find the blue horizons at the
three accumulation measurement sites at∼ 5800 m a.s.l., but
accumulation stakes and Recco reflectors were still in place.
During the 2012–2013 winter, ablation through wind erosion
and sublimation was compensated by accumulation, leading
to a mass balance of approximately zero at all elevations.

To ensure that 2008–2009 or 2012–2013 were not excep-
tional years and that other Nepalese glaciers also experience
ablation or near-zero mass balance in winter, we analysed the
regular measurements (typically every 2 to 5 months) avail-
able at the three lowest ablation stakes on Pokalde Glacier.
Figure 8 shows the cumulative point mass balance recorded
at these three stakes between November 2009 and September
2013. Ablation is obviously higher during the summer in this
ablation zone but is also significant during the four winters
surveyed here, with winter mass balances ranging from−0.1
to −0.5 m w.e. at 5505 m a.s.l.

5.3 Mass-balance gradients

Figure 5 displays the annual point mass balances as a func-
tion of altitude for every year on Mera Glacier as well as the
regression lines used to derive the mass-balance gradients
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Table 2.Annual and 5 yr mean glacier-wide mass balancesBa, ELA, AAR and mass balance gradients db/dz for Mera and Pokalde glaciers,
as well as some meteorological variables recorded at Pyramid Observatory (5035 m a.s.l.). On Mera Glacier, mass balance gradients are
distinguished between Mera and Naulek branches (referred as Mera and Naulek subscripts). The standard deviation (STD) is also displayed
for every variable. The error range forBa is ±0.28 m w.e. Also shown is the cumulative centred mass balance (cum. centredBa= annualBa
– mean value ofBa over 2009–2012, the mean 2009–2012 value for Mera Glacier is−0.23 m w.e. yr−1). When there are data gaps, meteo-
rological variables at Pyramid have been reconstructed at monthly time-step over the 2003–2012 period, applying a regression equation with
the corresponding variable recorded at Pheriche (4260 m a.s.l.) when available or otherwise at Namche Bazar (3570 m a.s.l.). Precipitation
data are missing in 2008–2009.

2007–08 2008–09 2009–10 2010–11 2011–12 Mean STD

Mera Glacier

Ba (m w.e.) 0.39 −0.10 −0.48 0.46 −0.67 −0.08 0.51
ELA (m) 5425 5585 5680 5335 5800 5566 188
AAR 0.74 0.55 0.42 0.89 0.29 0.58 0.24
db/dzMera (m w.e. (100 m)−1) 0.48 0.41 0.46 0.58 0.32 0.45 0.10
db/dzNaulek (m w.e. (100 m)−1) 0.97 0.74 0.97 – 0.72 0.85 0.14
Cum. centredBa (m w.e.) −0.25 0.69 −0.44 – –

Pokalde Glacier

Ba (m w.e.) −0.92 −0.11a −1.12 −0.72 0.54
ELA (m) 5625 – > glacier – –
AAR 0.13 – 0 – –
db/dz (m w.e. (100 m)−1) 1.65 – 1.37 1.51 –
Cum. centredBa (m w.e.) −0.20 0.61 −0.40 – –

Meteorological conditions at Pyramid (5035 m a.s.l.)

Annual temperature (◦C) −2.6 −1.7 −2.3 −2.9 −2.8 −2.5 0.5
Summerb temperature (◦C) 2.4 2.7 0.7 2.4 3.1 2.3 0.9
Winterc temperature (◦C) −5.2 −4.0 −3.9 −5.5 −5.8 −4.9 0.9
Annual precipitation (mm) 391 – 343 447 374 389 44
Summerb precipitation (mm) 372 – 295 409 330 352 50
Winterc precipitation (mm) 19 – 48 38 44 37 13

a Calculated by the difference between 2010–2012 and 2011–2012 glacier-wide mass balances [Ba (2010–2011)= Ba (2010–2012) –
Ba(2011–2012)], due to a lack of measurements in October 2011 where heavy snow falls had covered the stakes. The 2010–2012 mass balance
has been calculated following the method described in Sect. 4.1.;
b Summer= monsoon months (June to September);
c Winter= non-monsoon months (October to May)

(db/dz) for the accumulation area, and the ablation zones
of Mera and Naulek branches. Annual db/dz on Naulek and
Mera branches, and for Pokalde Glacier are also reported in
Table 2. The mass-balance gradient on Mera branch is always
lower than the one on Naulek branch, with respective mean
values of 0.45 and 0.85 m w.e. (100 m)−1. Mass balance gra-
dients are consistent from year to year, with standard devia-
tions for Mera and Naulek branches of 0.10 and 0.14 m w.e.
(100 m)−1, respectively. We believe that the systematic dif-
ference observed between Mera and Naulek branches comes
from their orientation. Indeed, Naulek has a northeastern
aspect, while Mera has an overall northerly aspect, with
some elevations (5400–5500 m a.s.l.) facing northeast and
the lowest elevations (below 5350 m a.s.l.) facing west. This
variable aspect along Mera branch probably explains the
larger scatter of point mass balance data around the regres-
sion line on Mera branch than on Naulek branch. In some
cases, stakes on the northeast orientated part of Mera branch
experience a net mass balance similar to that observed on
Naulek branch (see in particular one point mass balance
measurement of Mera above the Naulek regression line, in

2008–2009 and 2009–2010; highlighted with a red square
in Fig. 5). The vertical mass balance gradient difference ob-
served between both branches also partly explains why the
terminus of Naulek (5260 m a.s.l.) is located at higher eleva-
tion than the terminus of Mera (4940 m a.s.l.).

Pokalde Glacier has a northwest aspect but its mass-
balance gradient (1.51 m w.e. (100 m)−1, Table 2) is double
to triple that observed on both branches of Mera Glacier.
Three reasons may explain this difference: (i) the glacier is
much smaller than Mera Glacier, and thus likely experiences
enhanced long-wave radiation and heat advection from the
surrounding terrain that contribute to enhanced melting (e.g.
Olyphant, 1986; Wagnon et al., 2009); (ii) it is located inside
the mountain range and thus submitted to a much drier cli-
mate than Mera Glacier. The 5500–5630 m a.s.l. area where
measurements are performed is often partly covered by snow,
and partly by exposed ice enhancing short-wave radiation ab-
sorption. The fact that the altitudinal range considered here
often encompasses the snow-ice transition zone explains why
the mass-balance gradient is steepened; (iii) the vertical mass
balance gradient of Pokalde Glacier is likely to be more
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Fig. 7. (a)Point mass balance as a function of elevation, for the entire 2008–2009 year (red dots), for the winter season (blue dots) and for
the summer season (green dots). Plain and open dots refer to Mera and Naulek branches, respectively.(b) Same as(a) but only for the winter
season 2012–2013.

Fig. 8. Cumulative point mass balance recorded at the three lowest
stakes (5505 – triangles, 5531 – squares and 5557 m a.s.l. – dots)
between November 2009 and September 2013 on Pokalde Glacier
(lines). Grey areas highlight the main winter season (from Novem-
ber to April).

uncertain than that on Mera Glacier due to its narrow eleva-
tion range and the reduced number of stakes (only 130 m al-
titude difference between the lowest and the highest stakes).
Differences in aridity and size between Mera and Pokalde
glaciers are also responsible for the altitudinal mass-balance
difference observed on stakes. For instance, the ablation mea-
sured at 5550 m a.s.l. on Pokalde Glacier is equivalent to the
ablation measured 200 m lower on Mera Glacier.

5.4 Mean annual surface velocities

Mean annual surface velocity measurements are located on
the map of Mera Glacier (Fig. 9). Over the period 2007–
2012, no velocity change was detectable, in agreement with
balanced conditions over this relatively short time period.

Measured surface velocities are low, and vary with elevation:
5 m yr−1 at 6330 m a.s.l., 14 m yr−1 at 5780 m a.s.l., 6 m yr−1

at 5550, and 1 m yr−1 below 5350 m a.s.l. on Mera branch.
On Naulek, velocities remain low at around 3 m yr−1 (be-
low 5550 m a.s.l.). These low velocities are coherent with the
reduced slope (mean slope= 16◦) and low thickness of this
glacier (see Sect. 5.5) as well as the limited net accumulation
measured on the glacier (from a minimum of 0.38 m w.e. in
2011–2012 to a maximum of 0.98 m w.e. in 2010–2011 at
6330 m a.s.l.). Additionally, the glacier may be cold-based,
which helps explain the low surface velocities. We do not
have any firm confirmation of this feature but in 2010, we
performed a shallow drilling at 6350 m a.s.l. and measured
an ice temperature of−5.7◦C below the active layer at 20 m
deep. Given that the glacier is only 55 m thick at this eleva-
tion (see Sect. 5.5) and that the basal flux does not probably
exceed 0.1W m−2 (Zhang et al., 2013 estimate a value of
0.02 W m−2 below East Rongbuk Glacier in Everest area),
the glacier is likely to be entirely cold at this elevation.

5.5 Ice thicknesses and cross section areas

The cross section obtained from GPR measurements at
5350 m a.s.l. (referred hereafter as CS_5350) performed in
November 2009 shows a maximum ice thickness larger than
100 m on the left side of the glacier (Fig. 10). Given that the
ice flow velocities in this region are much higher than veloci-
ties measured on the right side (Fig. 9), this area corresponds
to the main ice stream. The cross section area at 5350 m a.s.l.
is 42 400 m2. The cross section obtained from GPR mea-
surements at 5520 m a.s.l. (referred hereafter as CS_5520)
reveals an irregular profile with a valley between two main
subglacial ridges. The maximum thickness is close to 95 m
at the centre of the valley (Fig. 10). The ice thickness re-
mains unknown on the last 200 m of the left side of this cross
section due to the crevasses and dangerous access. Interpo-
lating linearly to fill this gap between the last measurement
point and the glacier margin, the cross section at 5520 m a.s.l.
is estimated at 61 600 m2. Two additional short profiles about
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Fig. 9. Map of Mera Glacier showing mean annual surface velocities measured during the period 2007–2012 (green vectors). All DGPS
measurements have been averaged, and the number of measuring years used to obtain annual velocities varies from 1 (1 single year of
measurements) to 5 (the full period), depending on the survival time of the stakes. The blue line is the glacier outline, and the dark blue
short segments are GPR survey cross sections that have been measured in the field in November 2009 (CS_5520 and CS_5350 at 5520 and
5350 m a.s.l. respectively) and in November 2012 (at 6350 m a.s.l.). The dashed part of CS_5520 on the left bank of the glacier corresponds
to the unsurveyed interpolated part of the section. Transparent blue and pink areas are the areas feeding CS_5350 and CS_5520 respectively
(with a mixed purple colour when these areas are overlapping). Background: 25 November 2012 Pleiades-1A image (CNES 2012/Distribution
Astrium).

100 m long (transverse and longitudinal cross sections) car-
ried out at 6350 m a.s.l. show an ice thickness of about 55 m.
The accuracy of the calculated ice thickness is determined, in
part, by the accuracy of the measurement of the time delays
and the antenna spacing. Thanks to clear reflections, inter-
face geometry was generally easy to determine on all pro-

files. Additional errors may arise because the smooth enve-
lope of the reflection ellipses is only a minimal profile for
a narrow, deep valley-shape bed topography, with the result
that the ellipse equation will be governed by an arrival from a
reflector located toward the side and thus not directly beneath
the point of observation. Further errors may be introduced by
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Fig. 10. Ice depths and surface topographies of the two main cross
sections CS_5350 and CS_5520 at 5350 and 5520 m a.s.l. The ver-
tical line at∼ 300 m on CS_5350 represents a discontinuity in the
surveyed profile (visible on Fig. 9).

assuming that all reflection points lie in the plane of the pro-
file rather than an ellipsoid. The overall uncertainty on ice
thickness is estimated at±15 m. Given that the uncertainty
on ice surface coordinates is low (±0.1 m), the uncertainty
on cross section areas mainly arises from the uncertainty on
ice thickness and corresponds to±6400 m2 at 5350 m a.s.l.
and±9200 m2 at 5520 m a.s.l.

5.6 Ice fluxes

The ice fluxQ (m3 of ice per year) through the cross sections
at 5350 m a.s.l. and 5520 m a.s.l. can be inferred using two
distinct methods. First they were calculated using the kine-
matic method consisting in multiplying the cross sectional
areaSc (m2) with the depth-averaged horizontal ice velocity
U (m yr−1).

Q = USc (2)

The depth-averaged horizontal ice velocity was derived from
the mean surface ice velocity obtained by averaging the sur-
face velocities available along each cross section (Sect. 5.4
and Fig. 9). Nye (1965) gives ratios of depth-averaged hori-
zontal ice velocity to mean surface ice velocity varying from
0.8 (no sliding) to 1 (maximum sliding). The error range of
the ice fluxes obtained with this method combines the error
range for the cross-section areas and the above-mentioned
ratio assumed to vary from 0.8 to 1.

We also calculated ice fluxes using annual surface mass
balances measured during 2007–2012. Although the dy-
namic changes are neglected here, this method allows us to
estimate the ice fluxes for each section from mass-balance
data according to the following equation:

Q =
1

0.9

zmax∑
z

bisi (3)

whereQ is the ice flux (converted into m3 of ice per year
using an ice density of 900 kg m−3, hence the factor 1/0.9) at
a given elevation,z, andbi is the annual mass balance of the
altitudinal rangei of map areasi . The altitudinal ranges taken
into account in the calculation are the areas contributing ice
to the cross section and thus located betweenz and the alti-
tude of the glacier topzmax. In case of Mera Glacier, the up-
per areas only feeding the Mera branch and contributing ice
to the two sections have been taken into account as shown in
Fig. 9. We assume here that on each point of the glacier above
this altitude,z, the surface elevation has remained unchanged
from one year to the next. The uncertainties on ice fluxes re-
sulting from surface mass balance are directly derived from
the mass-balance uncertainties (see Sect. 4.1) assumed to be
±0.28 m w.e. at every elevation of the areas contributing ice
to each cross section and also from the uncertainties in delin-
eating accurately these areas.

The ice fluxes calculated with both methods at each cross
section are given in Table 3. Both methods have been de-
scribed in details in Azam et al. (2012) and a comparison
between methods allowed them to assess the state of bal-
ance of Chhota Shigri Glacier (western Himalaya) over the
one or two decades prior to their measurements. In case
of Mera Glacier, the mean values of ice fluxes at CS_5350
and CS_5520 inferred from 5 yr of annual mass-balance
data are higher than the respective values obtained with
the kinematic method (0.56× 106 vs. 0.18× 106 m3 ice yr−1

at 5350 m a.s.l. and 0.73× 106 vs. 0.38× 106 m3 ice yr−1

at 5520 m a.s.l.). The flux difference between both sections
(∼ 0.2× 106 m3 ice yr−1) is approximately the same regard-
less of the method used here which gives confidence in
the results. Moreover, the fact that fluxes obtained with
the kinematic method are smaller than the mean flux de-
rived from the 2007–2012 mass-balance data suggests that
the mean mass-balance state of Mera Glacier over the last
one or two decades corresponds to an averaged mass bal-
ance more negative than the observed 2007–2012 mean
(−0.08± 0.28 m w.e. yr−1). This kinematic flux is signifi-
cantly higher than the flux inferred from the 2009–2010 mass
balance data (−0.48± 0.28 m w.e. yr−1; Table 3) suggest-
ing that the mean decadal mass-balance state of this glacier
ranges between−0.48 and−0.08 m w.e. yr−1.

5.7 Comparison of annual and seasonal mass balances
with meteorological conditions

To evaluate the climatic influences on glacier mass balance,
we compared annual or seasonal air temperature and pre-
cipitation records from Pyramid Observatory (5035 m a.s.l.;
Fig. 1) with mass balance data (Table 2). First we had to
reconstruct a complete series of monthly temperature and
precipitation at Pyramid between November 2007 and Oc-
tober 2012 using data recorded in Khumbu valley. Data gaps
in the Pyramid meteorological records were filled by apply-
ing a regression equation with the corresponding variable
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Table 3. Ice fluxesQ (106 m3 ice yr−1), inferred from the kinematic method and from the annual mass balance data at each cross section
surveyed in the field, i.e. at mean elevations of 5350 m a.s.l. and 5520 m a.s.l. respectively. For the sake of comparison the glacier-wide annual
mass balances for the 5 surveyed years are also given (in parenthesis).

Ice fluxesQ kinematic inferred at each cross section from annual mass-balance data
(106 m3 ice yr−1)

Years 2007–08 2008–09 2009–10 2010–11 2011–12 Mean
(annual mass balance, m w.e.) (0.39) (−0.10) (−0.48) (0.46) (−0.67) (−0.08)

Cross section at 5350 m a.s.l. 0.18± 0.06 1.40± 0.56 0.62± 0.56 −0.02± 0.56 1.34± 0.56 −0.55± 0.56 0.56± 0.56
Cross section at 5520 m a.s.l. 0.38± 0.11 1.53± 0.53 0.83± 0.53 0.27± 0.53 1.33± 0.53 −0.31± 0.53 0.73± 0.53

recorded at Pheriche (4260 m a.s.l.) when available or other-
wise at Namche Bazar (3570 m a.s.l.). At monthly time-step
and over the whole 2003–2012 period, the Pyramid record is
well-correlated with the Pheriche and Namche Bazar records
for temperature (r2 = 0.95 and 0.83 respectively) and for pre-
cipitation (r2 = 0.81 and 0.86 respectively). We preferred not
to reconstruct precipitation in 2008–2009 because there were
too many gaps at all stations. In total only 13 % and 8 %
of data have been reconstructed for temperature and precip-
itation respectively, suggesting that this reconstruction has a
limited impact on the analysis.

We do not find any clear relationships between meteoro-
logical variables and mass balance data, at either seasonal or
annual seasonal scales (Table 2). At most, it seems that neg-
ative mass balances are related to a deficit in precipitation
during the monsoon, but this result needs to be confirmed
with longer time-series.

6 Discussion and conclusion

6.1 Seasonal mass balance

Seasonal mass balance measurements on Mera and Pokalde
glaciers confirm that ablation and accumulation are
concomitant in summer which in turn is the key season con-
trolling the annual glacier mass balance (Figs. 6–7). But, un-
expectedly, these measurements also show that ablation can
occur at any elevation in winter due to wind erosion and
sublimation, with the majority of remobilized snow poten-
tially sublimated in the atmosphere. This effect has been pre-
viously observed in other regions, as Pomeroy and Essery
(1999) report that sublimation fluxes during blowing snow
have been estimated to return 10–50 % of seasonal snow to
the atmosphere in North American prairie and arctic envi-
ronments. Blowing snow sublimation is also a key process
controlling the spatial variability of the snow cover of the
dry Andes of Chile, amounting to 18 % of the total ablation
at high elevations (2600–5630 m a.s.l.) (Gascoin et al., 2013).
In the Himalayas, this effect has not been quantified yet but
meteorological conditions encountered at very high eleva-
tions in winter (low temperatures and humidity, high wind

speeds) are similar to those of arctic environments, or even
windier, leading to significant in-transit sublimation.

Known as “summer-accumulation type glaciers” (e.g.
Ageta and Higuchi, 1984), Nepalese glaciers might also be
referred as “winter-ablation type glaciers” even though fur-
ther observations are needed to confirm it. This striking fea-
ture may have significant impact on mountain hydrology. In-
deed, one of the largest unknowns for assessments of wa-
ter resources and for the understanding of high altitude hy-
drology remains the accurate quantification of the spatial
distribution of precipitation in mountain regions (e.g. Im-
merzeel et al., 2012). Addressing this issue in Nepal and
more generally in the monsoon-influenced Himalaya will not
be achieved without implementing snow transport models
(e.g. Vionnet et al., 2013) to better understand the redistri-
bution and the sublimation of the snow by the wind at glacier
elevations.

6.2 Mass-balance gradients

The mass balance gradients reported on Mera Glacier (from
0.45 to 0.85 m w.e. (100 m)−1 depending on the orientation)
are roughly similar to the gradients observed in the Alps
or on other mid-latitude glaciers (e.g. Rabatel et al., 2005;
Zemp et al., 2009; Shea et al., 2013) or in western Himalaya
on Chhota Shigri Glacier (Wagnon et al., 2007). Consid-
ered together with the value measured on Pokalde Glacier
(1.51 m w.e. (100 m)−1), these gradients from both glaciers
of our study are comparable to values reported previously
on Yala Glacier (0.81 m–1.3 m w.e. (100 m)−1, 1996) (Fu-
jita et al., 1998); AX010 Glacier (0.81–0.9 m w.e. (100 m)−1,
1996–1999) (Fujita et al., 2001a) and Rikha Samba Glacier
(0.64 m w.e. (100 m)−1, 1999) (Fujita et al., 2001b). Con-
sequently, the mass-balance gradients of Nepalese glaciers
can vary at least threefold, from 0.5 m w.e. (100 m)−1 to
1.5 m w.e. (100 m)−1 depending on the location (which
drives the local climate and especially the amount of precip-
itation received by the glacier), the size and the aspect of the
glacier.

In the Himalayan region, snow and glacier melt models
based on ablation gradient usually use a single value for
mass balance gradient (e.g. Racoviteanu et al., 2013) and
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they could be significantly improved by applying various gra-
dients according to aspect, size, and climatic setting of the
glaciers. Mass balance gradients over debris-covered glaciers
also need to be investigated, and process-based studies on
Changri Nup Glacier, located a few km northwest of Pokalde
Glacier, were initiated in 2010 (Lejeune et al., 2013).

6.3 Recent mass-balance conditions

Over the period 2007–2012, the glacier-wide mass
balance of Mera Glacier was slightly negative at
−0.08± 0.28 m w.e. yr−1. Pokalde Glacier lost mass
more rapidly than Mera Glacier with a mean glacier-wide
mass balance of−0.72± 0.28 m w.e. yr−1 compared to
−0.23± 0.28 m w.e. yr−1 for Mera Glacier over the common
2009–2012 period (Table 2). The very negative mass balance
observed on Pokalde Glacier is probably due to the lower
elevation and the smaller area of its accumulation area. Such
glaciers located at lower altitudes are often smaller and
easier to access and therefore usually preferred for in-situ
observations. Consequently, compilations of ground-based
mass balances are very likely biased toward negative values
compared with the regional mean under the present-day
climate (Fujita and Nuimura, 2011; Gardner et al., 2013).
Our comparison between Mera and Pokalde glaciers seems
to confirm this fact. Low-elevation glaciers like Pokalde
Glacier are sometimes reduced to a single ablation zone,
with the ELA above their upper reaches like in 2011–2012
(Table 2). These glaciers are no longer in equilibrium with
the present climate and would disappear in the near future if
climatic conditions similar to 2011–2012 prevail.

Even though the periods do not properly match, these val-
ues for Mera Glacier are not statistically different from the
values recently reported by Gardelle et al. (2013) between
1999 and 2010 over 1461 km2 of glacierized area in Everest
region (−0.26± 0.13 m w.e. yr−1). Moreover, the ice fluxes
obtained by the kinematic method allow us to infer the state
of balance of Mera Glacier over the last one or two decades
(Azam et al., 2012). The kinematic fluxes through CS_5520
and CS_5350 are lower than the fluxes obtained with a
mass balance of−0.08± 0.28 m w.e. yr−1 (= mean annual
mass balance from 2007 to 2012) and higher than the fluxes
obtained with a mass balance of−0.48± 0.28 m w.e. yr−1

(= 2009–2010 mass balance) (Table 3). Consequently, mean
decadal mass-balance conditions of Mera Glacier are com-
prised between both above-mentioned values in agreement
again with Gardelle et al. (2013). If conditions observed be-
tween 2007 and 2012 prevail in the future, the glacier might
accelerate in the coming years as suggested by the fact that
cross section ice fluxes inferred from the mean 2007–2012
mass balance data are significantly higher than kinematic ice
fluxes. In the map showing the glacier-elevation changes of
this region (Gardelle et al., 2013; their Fig. 4), it is notable
that Mera Glacier, probably due to its more southerly and
wetter position, shrinks less rapidly than glaciers located fur-

ther north in the mountain range. This feature is confirmed by
our observations of more negative mass balances for Pokalde
Glacier than for Mera Glacier.

Between 2009 and 2012, both glaciers show a similar cu-
mulative centred mass balance (= annual value – mean value
over the three years for every glacier) revealing that inter-
annual mass balance fluctuations are very similar between
both glaciers, regardless of their size and their position inside
the mountain range (Fig. 6 and Table 2). This striking consis-
tency, which has been previously observed in other mountain
ranges over longer time periods (e.g. Vincent et al., 2005;
Huss et al., 2010), indicates that the mass balances of both
study glaciers respond to a common regional climatic signal.

6.4 Unclear link between meteorological and mass
balance variability

As seen in Sect. 5.7, no clear relationship between temper-
ature or precipitation and annual or seasonal mass balance
data could be found, except a weak link between glacier mass
loss and a deficit in monsoon precipitation (Table 2). Mölg
et al. (2013) demonstrated quantitatively that monsoon on-
set (i.e. June mainly) strongly affects the ablation season of
glaciers in Tibet, with late monsoon onset causing negative
mass balances because of lower accumulation and enhanced
ablation due to an increased absorption of short-wave incom-
ing radiation. But so far no clear relationship between the
monsoon onset and annual mass balances could be retrieved
from our too-short dataset.

We attempted to reconstruct meteorological data at hourly
time-step in order to discriminate snow and rain at Pyra-
mid and to extrapolate this to glacier elevations using a tem-
perature lapse rate derived from monsoon data at Pyramid
and Pheriche (−5.75◦C km−1) and a rain-snow temperature
threshold assumed to be 1◦C. This analysis showed that in
some years (2010–2011 and 2011–2012), up to 28 % of the
total monsoon precipitation may fall as rain at 5500 m a.s.l.
with probably significant impacts on the surface energy bal-
ance of glaciers and consequently on mass balance in the ab-
lation area. But again, our reconstructed climatic dataset at
hourly time-step was not accurate or long enough to clearly
understand the drivers of the large mass-balance inter-annual
variability between 2007 and 2012. Since the annual glacier-
wide mass balance is mainly controlled by summer abla-
tion and accumulation conditions, this inter-annual variabil-
ity depends mainly on the Indian monsoon variability. It is
likely that moderately negative mass balances of central Hi-
malayan glaciers over the last decade are due to the weak-
ening of the Indian monsoon (Bollasina et al., 2011) or a
delay of the monsoon onset (Mölg et al., 2012) or a com-
bination of both. Both phenomena may lead to higher at-
mospheric temperatures (and thus snowfall replaced by rain-
fall at glacier elevations), lower precipitation (Yao et al.,
2012) and an increase in the available energy for ablation
primarily through changes in absorbed short-wave radiation.
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A thorough climatic analysis including data from the sur-
face energy balance station located at 5360 m a.s.l. on Mera
Glacier and run since 2011 (Fig. 1) and an in-depth com-
parison with meteorological records available from nearby
stations is still required and will be conducted in the future.

In conclusion, our observations on Mera Glacier, com-
bined with findings from recent remote-sensing studies in
the Everest area (Bolch et al., 2011; Nuimura et al., 2012;
Gardelle et al., 2013), confirm that glaciers in this region
may slightly lose mass. Though our observation period is
relatively short, the rate of observed specific mass loss is
significantly lower than the global glacier mass wastage
(−0.42± 0.05 m w.e. yr−1 over 2003–2009 when glaciers at
the periphery of Greenland and Antarctica are excluded) re-
ported by Gardner et al. (2013), and is three to four times
lower than that observed for glaciers in the European Alps,
whose mean mass balance over the last decade is around
−1 m w.e. yr−1 (Huss, 2012), Long-term monitoring of Mera
and Pokalde glaciers is required to study a poorly-known
and seemingly complex relationship between glaciers and
climate in eastern Nepal. This programme, planned for the
coming years, will include winter and summer mass balance
measurements, surveys of thickness changes and energy bal-
ance studies on Mera Glacier and on other debris-covered
glaciers in the region.
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