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Abstract: The depiction of glaciers’ dynamics in the high altitudes of Himalaya and the hydrological
fluxes therein is often limited. Although sparse seasonal (snow/ice) melt data may be available, dense
precipitation networks are not available everywhere, and especially in the highest area, and the
assessment of accumulation processes and mass balance may be difficult. Hydrological fluxes are
little measured in the high altitudes, and few studies are available covering flow modeling and flow
partitioning. Here, we investigate the snow accumulation, ice melt, and mass balance of West Khangri
Nup (WKN) glacier (0.23 km2, mean altitude 5494 m asl), which is a part of the Khumbu glacier in the
Everest region, where information of precipitation and hydro-glaciological dynamics in the highest
altitudes was made available recently in fulfillment of several research projects. Weather, glaciological,
snow pits, hydrologic, and isotopic data gathered during field campaigns (2010–2014) on the glacier
and at the EVK2CNR Pyramid site were used to (i) set up the Poli-Hydro glacio-hydrological model to
describe ice and snow melt and hydrological flows from the glacier, and (ii) investigate seasonal snow
dynamics on this high region of the glacier. Coupling ice ablation data and Poli-Hydro simulation for
ca. 5 years (January 2010–June 2014), we estimate that the WKN depleted ca. −10.46 m of ice water
equivalent per year m IWE year−1 (i.e., annually ca. −2.32 meter of water equivalent per year m
WE year−1). Then, using snowpack density and isotopic (δ18O) profiles on the WKN, we demonstrate
that the local snowpack is recent (Fall–Winter 2013–2014) and that significant snow accumulation did
not occur recently, so this area has not been a significant one of accumulation recently. Analysis of
recent snow cover from LANDSAT images also confirms snow dynamics as depicted. Our study
presents original data and results, and it complements present studies covering glaciers’ mass balance
as well as an investigation of accumulation zones in the Everest region and the Himalayas, which is
also potentially helpful in the assessment of future dynamics under ongoing climate change.

Keywords: Himalayan water towers; climate change; glaciers’ evolution; mass balance

1. Introduction

Evidence of global change as set out by the last assessment reports of the International Panel on
Climate Change (IPCC) [1,2] indicates a large present and expected impact on the highest altitude
areas. Future snow and ice cover worldwide are projected to shrink down, and water resources will be
largely modified therein [3–11].
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Hindu Kush, Karakorum, and Himalaya (HKKH) host large glaciers that in the last 50 years
underwent climate change, subsequent shrinking, and large increase of debris coverage [12–21].

Information about glaciers in these remote regions is often based on satellite data, which routinely
document the retreat or advance of ice-covered areas [22,23], while volume changes are less easy to
quantify [24] and often require local assessment [25]. Estimation of mass balance also requires local
information. Air temperature (and maybe solar radiation) is (are) necessary to estimate ablation [26],
and precipitation provides accumulation estimates [27,28] for mass balance. Air temperature shows
greater variation with altitude than horizontally, and vertical lapse rates can be used, while precipitation
is more erratic and can change within short distances, and with altitude [6,8,29]. Further, snowfall
should be separated from rainfall. Long-term weather measurements in the highest glacierized areas
are seldom available [8,30], and an assessment of hydro-climatic trends is possible only at relatively
low altitudes [31].

Uncertainty in the assessment of glaciers’ mass balance in the Himalayas may result from the
lack of in situ high-altitude precipitation (and snowfall in the accumulation areas) assessment [8],
which is often tackled with proxies, such as lapse rate-based interpolation [29], gridded products (e.g.,
APHRODITE [32]), remote sensing estimates [21,33], and even “reverse hydrology” exercises [34–36].
In less monitored areas, scarce knowledge of precipitation regime in the high altitude may further
hamper hydrological modeling and water budget closure [37].

In addition, rarely available high altitude hydrological measurements may complement mass
balance assessment and hydrological conjectures [6,8,38], otherwise requiring some ad hoc and at times
questionable hypotheses on stream flow dynamics [39].

Among others, snowpack sampling, including isotopic profiling [24,40,41], is a valuable tool
for the purpose of estimating potential mass inputs on high altitude glaciers. Stable isotope ratios
of oxygen (18O/16O, expressed as δ18O) in precipitation relate to air temperature at water vapor
condensation [42], so the value of δ18O in snow or ice is a good proxy for air temperature variations in
time, and the reconstruction of seasonal temperature variations may help in establishing the timeline
of snow deposition.

In Nepal, agriculture practiced by 90% of the active population is highly water dependent, and
there is a large need of adaptation in water allocation strategies against climate change, even at high
altitudes [43–47]. Moreover, the use of water for small run of river hydropower plants, albeit low in
percentage (about 3% of total energy production) is increasing [48,49], and may indeed be impacted
by forthcoming water shortage [50]. Accordingly, accurate knowledge of present and perspective
cryospheric fate and hydrology is necessary.

In this study, we investigated the state of the bare West Khangri Nup (WKN) glacier [51,52], which
is a representative ice body in the Everest region, to increase knowledge of the glaciers’ condition
in this area and the Himalayas in general. Recently in this area, continued investigation of weather
(e.g., [31]), and glacio-hydrological dynamics (e.g., [8,37]) provided important data for the investigation
of climate-driven mass balance in the high altitudes, on which we rely here.

To do so, we exploited data from field campaigns (2010–2014), high altitude in situ weather and
hydrological data, and glacio-hydrological modeling to investigate the snow accumulation, ice melt,
mass balance, and hydrology of the WKN glacier (0.23 km2, mean altitude 5494 m asl), covering the
northwest part of the Khumbu glacier in the Everest region. West Khangri Nup glacier is representative
of bare, high-altitude Himalayan glaciers, and it is nested within the Dudh Koshi (milk river) basin
of Nepal, at the toe of Mt. Everest. The glaciers therein have experienced a negative mass balance
in the last three decades [8,18,53,54], and accordingly, investigation of their recent and prospective
dynamics is warranted [55]. We could build here upon unexploited data from recent field campaigns
that provide information of glacial dynamics of the West Khangri Nup glacier, namely (i) hydrological
fluxes at a flow station capturing flows from a part of the WKN during 2012–2013 (5332 m asl), (ii) ice
and snow melt and depth at 12 stakes (on bare ice, 5402–5601 m asl) measured during 2010–2014,
(iii) snow pit data (5601 m asl), including snow depth, density, and isotopic values (δ18O) in 2014, and
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(iv) weather data at two EVK2CNR stations (Pyramid, 5050 m asl; Khangri Nup, 5601 m asl). The data
gathered were used to (i) set up the Poli-Hydro glacio-hydrological model able to describe ice and snow
melt, glacier mass balance, and hydrological flows from the glacier, and (ii) investigate seasonal snow
dynamics on this high, possibly accumulation zone.

The present results come from activities carried out within the SHARE-Paprika project (2010–2013)
and the Khumbu Hydrology project (2014–2015), which were funded by the EVK2CNR committee of
Italy, managing the Nepal Climate Observatory-Pyramid in the Khumbu valley [56].

The manuscript is organized as follows. In the “Case study area” section, we describe the
West Khangri Nup glacier, and climate therein. In the “Database” section, we describe the database,
including historical weather data, and newly gathered hydrological, glaciological, and isotopic data,
while in the “Methods” section, we report on the methodology and models used here. In the “Results”
section, we provide the outputs of our modeling effort. In the “Discussion” section, we benchmark
our results against available studies in the literature, we deepen into the present, and possibly future
behavior of the West Khangri Nup glaciers, and we highlight the limitations of the study as well as
future outlooks. Then, we draw some conclusions, and we outline possible future efforts.

2. Case Study Area

The WKN glacier (Figure 1) covers the south part of Khangri glacier, nested in the west part of the
Khumbu, on the southern slopes of Mt. Everest, which ranges from 5330 to 5838 m asl (1.06 km2 in
area). The glacier is part of the Sagarmatha (Everest) National Park SNP, which is the world’s highest
protected area; it is visited every year by tourists and climbers to Everest and other peaks [57–59].
While the Khumbu and Khangri glaciers are heavily debris covered, the West Khangri Nup is debris
free. This glacier is a relatively well-studied one, and it is somewhat representative of debris-free
glaciers in the Everest area; given the relatively easy access from the Pyramid site nearby, it was
possible to carry out a number of seasonal surveys therein.Water 2020, 12, 433 4 of 23 
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ablation stakes and the results of snow pit survey carried out during the field campaigns (2010–2014, see also 
Tables 1 and 2). The contributing area at the hydrometric station is also reported. 

3. Database 
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As a topographic layer for simulations, we used the ASTER GDEM, Vers. 2 tiles for the Khumbu area 
(https://asterweb.jpl.nasa.gov/gdem.asp), with a vertical and horizontal accuracy of approximately 17 m and 
30 m, respectively. 

Meteorological information for Poli-Hydro model setup was gathered from two automatic weather 
stations (AWSs reported in Table 1), namely Pyramid Station (5035 m asl) and Khangri Nup (5601 m asl), 
which are property of the EVK2CNR committee. These stations provide measurements of temperature T, 
precipitation P (Pyramid only), solar radiation R, and snow depth HS (Pyramid only). In addition, fresh snow 
density ρn was measured at Pyramid AWS in May–June 2014. We used the so-obtained values of ρn to estimate 
new snow density here.   

Table 1. Data available. T is temperature, P is precipitation, S is snow height, R solar radiation, Q is flow rate, 
Mi is ice melt, Ms is snow melt, ρs is snowpack density, and ρn is new snow density, measured during May–June 
2014. AWS: automatic weather stations. 

Station. Variable Alt (m asl) Lat (°N) Lon (°E) Resolution  Period 

AWS Khangri Nup T, R 5601 86.7647 27.9819 hourly 2010–2014 
AWS Pyramid T, R, P, HS, ρn 5035 86.8132 27.9590 hourly 2010–2014 (ρn MJ 2014) 
Khangri hydro Q 5332 86.7832 27.9781 hourly 2012–2013 

Snow pit HS, ρs, δ18O 5601 27.9819 86.7647 one day 4 May 2014 
Stakes Ms, Mi, S 5402–5601 - - various 2010–2014 

3.2. Field Data of Ice and Snow Ablation, Snow Accumulation, and Isotopic Content 

During the period 2010–2014, some field surveys were performed in fulfillment of the SHARE-Paprika 
and SHARE-Dudh Koshi River projects upon the Khangri and Khumbu glacier [8,21,67], including on the West 
Khangri Nup. Ice melt and snow melt/depth were measured at seven positions, using plastic and bamboo 

Figure 1. Case study area. West Khangri Nup glacier, Sagarmatha National Park, Nepal.
The hydro-meteorological stations set up and used for this study are reported. We also report
the position of the ice/snow ablation stakes and the results of snow pit survey carried out during the
field campaigns (2010–2014, see also Tables 1 and 2). The contributing area at the hydrometric station is
also reported.

The glaciers in the area, and the WKN, are identified as the temperate summer-accumulation type,
mostly fed by summer precipitation, i.e., the South Asian monsoon [18,60]. Bolch et al. [53] assessed
the mass balance of Khumbu and Khangri glaciers (1970–2007), nearby −0.28 and −0.27 m of water
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equivalent per year m WE year−1, respectively, with a lowering of debris surface of the Khumbu glacier
of ca. −0.38 m WE year−1, similarly to average mass loss of the 30 reference glaciers worldwide during
1976–2005 (−0.32 m WE year−1, [61]). Thakuri et al. [18] estimated glaciers’ area loss in SNP since the
early 1960s, with Khumbu and Khangri having lost −6.5%, and −7.5%, respectively. Li et al. [23] used
five pairs of X-band bistatic TerraSAR-X/TanDEM-X images during 2011–2012 to assess glaciers’ depth
changes in the Mount Everest region, finding on average −0.38 ± 0.04 m ice water equivalent per year
m IWE year−1(ice water equivalent per year), however heterogeneously distributed. WKN here lost
nearby −1 m IWE year−1 (Figure 7 in [23]).

The climate zone at this altitude is Polar Tundra (ET [62,63]), with dry/cold winters, warm
summers, and monsoonal precipitation mostly. Four seasons may be identified for precipitation [64,65].
The pre-monsoon season (March to May) displays dry weather, high temperatures, and limited
cloud cover. Monsoon onsets in June, and rainfall occurs almost every day, with 90% of annual
rainfall occurring in June to September [31]. In the post-monsoon season (October to November),
rainfall is scarce. Winter (December to February) is generally dry, with occasional precipitation [33,66].
The annual precipitation at the Pyramid station (5035 m asl, 4 km southeast of the glacier) averages
446 mm year−1, with a mean annual temperature of −2.45 ◦C [31]. In spring before monsoon, snow
thaw starts, and to a lesser extent, ice melt starts as well. Ablation peaks are during the summer
(monsoon) season, and a large share of summer flows is expected to derive from ice and snow melt,
with snowfall at the highest altitudes providing possibly positive mass balance (i.e., accumulation).
After the monsoon, river flow slowly decreases, with little snow/ice melting still occurring, and the
least flows are observed during winter.

3. Database

3.1. Topographic and Meteorological Data

As a topographic layer for simulations, we used the ASTER GDEM, Vers. 2 tiles for the Khumbu
area (https://asterweb.jpl.nasa.gov/gdem.asp), with a vertical and horizontal accuracy of approximately
17 m and 30 m, respectively.

Meteorological information for Poli-Hydro model setup was gathered from two automatic weather
stations (AWSs reported in Table 1), namely Pyramid Station (5035 m asl) and Khangri Nup (5601 m asl),
which are property of the EVK2CNR committee. These stations provide measurements of temperature
T, precipitation P (Pyramid only), solar radiation R, and snow depth HS (Pyramid only). In addition,
fresh snow density ρn was measured at Pyramid AWS in May–June 2014. We used the so-obtained
values of ρn to estimate new snow density here.

Table 1. Data available. T is temperature, P is precipitation, S is snow height, R solar radiation, Q is
flow rate, Mi is ice melt, Ms is snow melt, ρs is snowpack density, and ρn is new snow density, measured
during May–June 2014. AWS: automatic weather stations.

Station. Variable Alt (m asl) Lat (◦N) Lon (◦E) Resolution Period

AWS Khangri Nup T, R 5601 86.7647 27.9819 hourly 2010–2014
AWS Pyramid T, R, P, HS, ρn 5035 86.8132 27.9590 hourly 2010–2014 (ρn MJ 2014)
Khangri hydro Q 5332 86.7832 27.9781 hourly 2012–2013

Snow pit HS, ρs, δ18O 5601 27.9819 86.7647 one day 4 May 2014
Stakes Ms, Mi, S 5402–5601 - - various 2010–2014

3.2. Field Data of Ice and Snow Ablation, Snow Accumulation, and Isotopic Content

During the period 2010–2014, some field surveys were performed in fulfillment of the
SHARE-Paprika and SHARE-Dudh Koshi River projects upon the Khangri and Khumbu glacier [8,21,67],
including on the West Khangri Nup. Ice melt and snow melt/depth were measured at seven positions,
using plastic and bamboo sticks (hereon, ice/snow stakes). The full detail of the stakes and chronology
of measurements is reported in Table 2.

https://asterweb.jpl.nasa.gov/gdem.asp
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Table 2. Detail of snow and ice stakes on the West Khangri Nup glacier, 2010–2014. Mi is ice melt, Ms is
snow melt, HS is snowpack depth.

Stakes Variable Period Altitude (m asl) Lat (◦N) Long (◦E)

S1 Ms April–August 2010 5601 27.9820 86.7645
S2 Ms April–August 2010 5601 27.9820 86.7645
S3 Ms April–August 2010 5498 27.9808 86.7715
S5 Ms May–November 2012 5493 27.9805 86.7736
S6 Ms May–November 2012 5462 27.9827 86.7733
S7 Ms May–November 2012 5443 27.9817 86.7754
S3 Mi May–November 2012 5498 27.9808 86.7715
S5 Mi May–November 2012 5493 27.9805 86.7736
S6 Mi May–November 2012 5462 27.9827 86.7733
S7 Mi May–November 2012 5443 27.9817 86.7754

CW1 Mi May–November 2012 5402 27.9806 86.7733
CW1 HS 4 May 2014 5402 27.9806 86.7733

In addition, a snow pit was performed on the western, expectedly accumulation area of the West
Khangri Nup, near the EVK2-CNR weather station (5601 m asl, 4 May 2014, Figure 1). The snow pit
was 1.70 m deep, and we reached ice underneath; snow cores were taken approximately every 15 cm
(avoiding few small ice lenses, for a total of 11 points) to estimate snow density ρs and snow water
equivalent SWE. In the same snow pit, we measured δ18O in melted snow for the same measured
snow profile (11 measurements, each repeated twice, 22 samples overall). Snow samples were taken
with a horizontal snow sampler (ca. 6 cm in diameter) for snow density assessment. For isotopic
measurements, snow samples were taken using a cylindrical sampler (ca. 2.5 cm diameter, ca. 50 cm3

volume) and hermetically sealed with screw caps for subsequent analysis.
After the period of investigation reported here (January 2010–June 2014), other surveys were carried

out in the area, focusing mostly on measuring of ice melt on the Khumbu glacier on debris-covered
areas, where a number of stakes were positioned during May 2014, and subsequently monitored
(see [8], where the position, measurement period, and ice melt for these stakes are reported fully).
Stake CW1 reported here for the year 2014 (gray square in Figure 2 below, snow depth measured in
May 2014) is the same stake as that reported in Soncini et al. ([8], Figure 1, CW1), where ice melt
was measured subsequently (May–October 2014, not reported here). Otherwise, the measurements
reported here cover a different period and refer to a different set of ice stakes than in [8].

3.3. Hydrometric Station

The discharge outlet of (part of) the West Khangri Nup glaciers was measured using a hydrometric
station, placed at 5332 m asl, installed in May 2012 (Figure 1) within the framework of the
SHARE-Paprika, which was specifically designed to quantify the glacier’s outlet from this very
high-altitude area. The station comprised of a (triangular) weir, built by carving a plastic (expedition)
drum, equipped with a piezometric pressure gage, measuring the weir water table every 15 min.
Using salt tracer measurements carried out during May 2012, and weir geometry, an outflow curve
was calibrated that was able to provide discharge flow estimation. The hydrometric station was placed
ca. 300 m east of the WKN, to capture outflow from the southeastern part of the glacier. Given the
topography of the area, it was deemed unfeasible to capture flow from the whole glacier, if not moving
much downstream, thereby including flows from a much larger catchment (and other glaciers) and
thus missing the target of specifically capturing the outlet of the WKN glacier.

The contributing catchment (in Figure 1) was measured with an in situ walking survey using a
portable GPS and subsequently validated using the available DEM; it comprises ca. 0.35 km2, of which
ca. 0.23 km2 of ice.
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4. Methods

4.1. Poli-Hydro Model

To simulate the mass balance and hydrological outlet from the WKN glacier, we used here the
Poli-Hydro model, a physically based, semi-distributed glacio-hydrological model that was already
validated previously [7,68] and able to reproduce a hydrological cycle in high-altitude areas as shown
here. The model, and the underlying approach to mimic the hydrological cycle within high-altitude,
topographically complex catchments is described well elsewhere (e.g., [68]), and we only provide here
a broad description. Poli-Hydro tracks the water budget into soil between two consecutive periods
(here, hourly simulation is pursued), taking as input liquid precipitation (rainfall) R, and ice/snow
melt, Mi/Ms. The latter are calculated using a hybrid degree day model (already adopted in the area,
see [8]), considering temperature T and (locally measured, spatially topographically corrected) solar
radiation R. Given the high altitude, lack of vegetation, and shallow soils here, and after a preliminary
analysis, evapotranspiration from soil was neglected (e.g., [3]). Hydrological flows occur according to
two mechanisms, namely sub-superficial/groundwater flow and overland flow, the latter occurring
after soil saturation. The flow discharges from each cell (30 m resolution) of the model are routed to
the outlet section through a semi-distributed flow routing algorithm based on an instantaneous unit
hydrograph (IUH) [69]. The model uses two systems (groundwater, overland) of linear reservoirs in
series (ng and ns). Each of such reservoirs possesses a time constant, or lag time (i.e., lg, ls), to be tuned
against flow data. Tuning of the Poli-hydro model parameters was pursued against observed flow data
from the WKN hydro station during 2012 (calibration) and 2013 (validation).

4.2. Ice and Snow Ablation, and Accumulation

Ablation as modeled here depends upon temperature and solar radiation, while accumulation
clearly depends upon precipitation. Temperature data (hourly scale) were taken from the WKN station
and spatially distributed according to a lapse rate [8]. However, the vertical extent of the glacier is
roughly 200 m, limiting T variation. Radiation data (hourly) came from the WKN station, and they
were topographically distributed on the glacier by accounting for shading.

Precipitation data (hourly) were taken from the Pyramid station, and no lapse rate was applied,
again given very little vertical jump to the glacier and substantially unchanged precipitation in the
area above 5000 m asl or so [31].

The ablation of (bare) ice and snow was modeled with a mixed (radiation plus temperature)
degree-day approach (as done e.g., in [26]), namely

Mi,s = TMFi,s(T − Tth) + RMFi,s(1− ai,s)R i f T ≥ Tth ; Mi,s = 0 i f T < Tth (1)

Therein, Mi,s (mmh−1) is the melting of either ice or snow within a cell, while TMFi,s (mmh−1 ◦C−1)
and RMFi,s (mmh−1 W−1 m2) are the temperature and radiation melt factors for either ice or snow,
ai,s (.) is the ice/snow albedo. The albedo for clean ice and snow was set to 0.26, and 0.75, as from
Vuillermoz et al. [70]. Tth is an air temperature threshold (−5 ◦C here as from data analysis, see [71]).
The snow height (HS) data collected at Pyramid during 2003–2012 were used to initially calibrate
the snow melt factors, TMFs and RMFs. Subsequently, the values of these parameters were slightly
adjusted by the simulation of snow melt with Poli-Hydro at the (closest cell to the) snow melt stakes
(S1–S7) for the measured periods (i.e., 2012, Table 2).

Ice melt parameters TMFi and RMFi were tuned by iteratively running the Poli-Hydro model
to obtain an optimal fitting of modeled ice melt to observations at the (closest cell to) stakes (S3–S7,
CW1) in the measured periods (i.e., 2010 and 2012, Table 2). Initial values were set taking the results
of Soncini et al. [8]. Snow depth data taken during 2014 at stations Khangri and CW1 were used for
validation of the snow melt module.
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Snow accumulation was simulated by snow deposition (according to snow precipitation), and
subsequent settling according to Martinec’s [72] approach, i.e., with snow settling driven by a power
law with exponent m [68]. The m exponent was assessed by simulating snow compaction (i.e., dynamics
of HS in time, in the absence of snow melting) at the Pyramid station. Daily snowfall was converted into
a water equivalent using fresh snow density measured at Pyramid during May–June 2014 as reported
(on average, ρn = 180 kg m−3). Given the topographic setting of the glacier, covering a relatively flat
area, avalanche feeding is not largely affecting ice cover, so the Poli-Hydro avalanche module [6,8] was
disabled. The Poli-Hydro model can use a Poli-Ice module that is able to track the ice flow velocity and
ice area/volume changes over long periods. Here, given the short period of simulation of interest, we
did not simulate ice flow. Soncini et al. [8] used measured superficial velocities from a number of
stakes on the Khumbu basin to calibrate the Poli-Ice module, and they reported for the West Khangri
Nup an estimated flow velocity of ca. Vice = 15 m year−1 ca. (Figure 4c in [8]). Accordingly, given the
short period of simulation here (ca. 4 years), movements would be estimated in the order of ca. 60 m
or so, which is comparable with pixels’ size, and likely scarcely significant. In addition, given that we
were mostly interested here in the mass balance and hydrology of the WKN, we would not enable the
ice flow module. Much for the same reason, we did not consider snow to ice transition, requiring a
longer period than our simulation here (i.e., 5–10 years or more, see [73]).

We pursued the Poli-Hydro simulation of WKN snow during 2010–2014 (until June). Initial
conditions of snow cover on the WKN were set according to the results of Soncini et al. [8].

4.3. δ18O Isotopes

The 18O/16O ratio of melted snow was determined after the equilibration of water with CO2
with a known content of 18O (C16O2 + H2

18O = C16O18O + H2
16O) using an isotope ratio mass

spectrometer (Isoprime, Manchester, UK) interfaced with an on-line automatic system that allows
CO2/H2O equilibration (Multiflow, Isoprime, Manchester, UK), as described e.g., by Epstein and
Mayeda [74]. The 18O/16O ratio was expressed as delta per thousand (δ18O%�) as the deviation of
the isotope ratio of the sample from the international reference standard (i.e., Vienna Standard Mean
Ocean Water, IAEA-International Atomic Energy Agency, Vienna, Austria) on a scale normalized by
assigning the consensus value of −55.5%� to SLAP (Standard Light Antarctic Precipitation, water,
IAEA). Analytical uncertainty (1 standard deviation) of δ18O values was < 0.2%�.

5. Results

5.1. Ice and Snow Ablation

Figure 2 reports the results of our snow/ice melt simulation exercise, namely the simulated values
of Mi,s and HS at our stakes for specific periods, in a scatter plot format. Figure 3 displays simulation of
the snowpack (HS) at the (cell containing the) EVK2CNR WKN weather station, at 5601 m asl, during
2010–2014 (until 30 June). Therein reported are precipitation, with partition between snow and liquid
phase, temperature, and simulated snow depth, and snow water equivalent SWE. Table 3 reports
the ablation model parameters (Equation (1)). For ice, model calibration is carried out according to
the procedure explained in Section 4.2, i.e., running the Poli-Hydro model, to best match ice melt at
some stakes during 2012. Given the few points available (i.e., 5 cumulated ice melt values in 2012),
we pursued calibration only based upon the minimization of the Bias% (i.e., percentage error in mean
values estimation, reported in Table 4). Given the relatively small vertical extent of the stakes over the
glacier (5402–5498 m asl) and of the glacier itself (5330–5601 m asl), we assumed that a small as possible
mean error indicates on average an acceptable depiction of the melt process over the glaciers’ area.

The two parameters assessed are RMFi = 0.005 mmh−1 W−1 m2, and TMFi = 0.006 mm h−1 ◦C−1.
Bias% is −2.4% for calibration. Similar to ice melt, calibration of the snow melt model was carried out
by Bias% minimization against the observed Ms, and we obtained RMFs = 0.007 mm h−1 W−1 m2 and
TMFs = 0.05 mm h−1 ◦C−1. Then, validation of the snow melt module was completed by comparing
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the HS values simulated at the WKN station against those observed in May 2014, i.e., when the snow
pit was dug, and snow depth was duly measured. We obtained Bias% = −3.71/+11.94% in calibration
and validation (on snow depth HS), respectively. In Table 4, we report the adaptation statistics for
ice and snow melt in calibration and validation. Namely, we provide (i) mean estimation error, or
percentage bias Bias%, which indicates the accuracy in estimation of the mean value (i.e., in assessment
of water volume), (ii) NSE (Nash–Sutcliffe efficiency), giving the degree of explained variance of the
process (ranging between 0–1), and (iii) RMSE (random mean square error) in mm WE, giving an idea
of the magnitude of the noise in estimation. We also report in Table 4 the results of a mixed validation
exercise, i.e., by combining ice melt and snow melt, or in other words, the total available melting water.
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Table 3. Poli-Hydro model parameters, calibration methods, and values.

Parameter Description Calibration Method Value

TMFS (mm ◦C−1 h−1) Thermal melt factor snow Snow depth/SWE data 0.05
RMFS (mm (W/m2) −1 h−1) Radiation melt factor snow Snow depth/SWE data 0.007

TMFI (mm ◦C−1 h−1) Thermal melt factor clean ice Ice melt data 0.05
RMFI (mm (W/m2) −1 h−1) Radiation melt factor clean ice Ice melt data 0.006

Tth (◦C) Threshold temperature for snow/ice melting Snow/Ice melt data −5
M (.) Snow compaction exponent Snow depth 0.15

K (mm day−1) Saturated conductivity Stream flow data 4
K (.) Ground flow exponent Stream flow data 3
ns (.) Reservoirs overland Literature 4
ng (.) Reservoirs ground Literature 3
lts (h) Reservoir overland Stream flow data 12
ltg (h) Reservoir ground Stream flow data 20
αice (.) Albedo ice Ref. [69] 0.26
αsnow(.) Albedo snow Ref. [69] 0.75

Figure 3 displays snowpack dynamics along our 5 years (until June 2014). In three years out
of five (2010, 2012, 2014) during summer, snowpack was entirely depleted, i.e., no accumulation
seemingly occurred at the station at 5601 m asl. This is confirmed possibly by the considerable ice melt
as measured on the same stakes. For instance, at stake S6 (5462 m asl), ca. 25 mm of Ms were observed
during May–November 2012, with an observed cumulated ice melting Mi during the same period of ca.
3000 mm (i.e., 3 m), likely indicating a lack of snow cover, leading to considerable ice melt. Similarly,
for stake S7 (5498 m asl), one has ca. Ms = 30 mm during May–November 2012, with an observed
cumulated Mi in that period of ca. 4000 mm (i.e., 4 m) of ice melt. This is mirrored in Figure 3, where
HS and SWE during summer–fall 2012 decrease largely, especially toward September and October.

5.2. Hydrological Fluxes

Figure 4 reports the results of Poli-Hydro, in terms of hydrological modeling, at the daily scale (we
aggregated here hourly values for better readability), during the simulation period (2010–June 2014).
The hydrometric station data were periodically downloaded by personnel of the Pyramid lab, which
we kindly acknowledge, and the readings were acceptable during summer 2012, with subsequent
freezing, and during most 2013. Occasionally, very high or very low values were provided at the
original 15-minute resolution, which we discarded. Given the high altitude and complex geometric
setting of the station, the estimated flows seemed reasonable. After winter 2013, the station would not
work anymore, and measurements were discontinued. We decide to use the data for calibration (2012)
and validation (2013), and we could use here several observations, so we calculated standard objective
scores, such as Bias% and NSE (see [7] for a discussion on the use of such metrics for high-altitude
catchments). In Table 4, these scores are reported for the different time resolutions (hourly, daily,
monthly). At the daily scale, more significant for hydrological assessment, Bias% is +0.85% and −11.90%
for calibration and validation, and NSE is 0.456 and 0.466, respectively, and increasing monthly (Table 4).
The acceptably low bias in flow simulation seemingly indicates that overall (in one year), the amount
of simulated melt is acceptably matching the observed flows in the hydro station.

The measured total precipitation at the Pyramid site was 209.3 mm on average (2010–2014) in
the dry season (JFMAM+OND), and 431.8 mm on average (2010–2013) in the monsoon season (JJAS),
i.e., with a share of ca. 65% of the yearly precipitation (662.4 mm year−1, 2010–2013) falling during
monsoonal summer, and runoff as modeled here is consistent thereby.

Figure 4 also reports the contribution of (three) different processes (i.e., ice melt, snowmelt, and
liquid precipitation plus base flow) to the outflows from the glacier.

Such flow components are simulated by the model at the hourly scale (and subsequently aggregated
at the daily scale, as reported in Figure 4), and occur in a given day, while the simulated stream flows
and their timing depend upon the response time of the catchment (Table 3) and integrates contributions
from different days, so direct comparison is qualitative.
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During the period 2010–2013 (with complete simulations yearly), the WKN flow average is
estimated as E[Q] = 28.70 l s−1, and the mean contributions are E[Qi] = 20.75 l s−1, i.e., 72%,
E[Qs] = 5.81 l s−1, i.e., 20%, and E[Qrb] = 2.14 l s−1, or 8%, for ice, snow melt, and rainfall + base flow,
respectively. However, ice melt reaches nearly 100% of share during most of the thaw season, i.e., from
May to October.

While flow recession in fall mostly ends abruptly, fall 2010 displays a slightly longer period
of melt than the following years, which is likely given by higher temperatures as visible. Here,
simulations with longer past records may help in highlighting (long-term) impacts of weather upon
hydrological dynamics.
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Figure 4. West Khangri Nup hydro station (5332 m asl). Observed (2012–2013) and simulated
discharge 2010–2014 (30 June) using Poli-Hydro. We report the simulated daily contributions to flow,
i.e., ice/snow melting, rainfall, and base flow, together with the precipitation input of snowfall/rainfall
and air temperature.

Table 4. West Khangri Nup. Statistics of modeled ice melt, snow melt, and snow depth, calibration
(ice melt and snow melt), validation (snow depth), and mixed (ice melt + snow melt, i.e., total melt
available). See Figure 2 for observed and estimated values and dates. Hydro station. Statistics observed
and modeled by Poli-Hydro, calibration and validation period. NSE: Nash–Sutcliffe efficiency.

Ice/Snow Melt Bias%/NSE/RMSE Calib. Bias%/NSE/RMSE Valid. (HS)

Ice melt Bias% (%) −2.40 -
Ice melt NSE (.) 0.64 -

Ice melt RMSE (mm WE) 501.4 -
Snow melt Bias%(%) −3.71 -
Snow melt NSE (.) 0.38 -

Snow melt RMSE (mm WE) 13.02 -
Snow depth Bias% (%) - 11.94

Snow depth NSE (.) - 0.71
Snow depth RMSE (mm WE) - 23.3

Snow melt + Ice melt Bias% (%) - −7.10
Snow melt + Ice melt NSE (.) - 0.63

Snow melt + Ice melt RMSE (mm WE) - 272.1

Khangri Hydro Calibration (2012) Validation (2013)

Area (km2) 0.35 0.35
Ice covered area (km2) 0.23 0.23

Qobs (l s−1) Year 35.17 23.78
Qmod (l s−1) Year 35.47 20.95

Bias (%) Year 0.85% −11.90%
NSE (.) Hourly 0.341 0.312
NSE (.) Daily 0.456 0.466

NSE (.) Monthly 0.793 0.745
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5.3. Snow Pit and δ18O

Figure 5 demonstrates the findings concerning the snow pit measurements at WKN EV2CNR
station (5601 m asl) on 4 May 2014. Therein, we report (top-left) the measured snow density at 15 points
along the vertical profile, together with the modeled counterpart from Poli-Hydro. In addition, we
report the measured δ18O values. Of the 11 sampled points, the two first displayed some disturbances,
which was likely due to their proximity to the upper layer and the atmosphere, so we only considered
the nine deepest samples, reported in Figure 5. At each depth, we report the average of the two taken
samples; however, these were substantially homogeneous.Water 2020, 12, 433 12 of 23 
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Figure 5. West Khangri Nup EV2CNR station (5601 m asl) snow pit on 4 May 2014. Top-left:
Observed and Poli-Hydro simulated snow depth. Measured mass density and δ18O profile. Top-right:
Poli-Hydro simulated snow depth and observed snow layers in the snow pit. Bottom-right: Precipitation
partitioning and temperature during the 4 May 2014 snow pack accumulation period (explained in
Section 5.3).

We report in the same figure (top-right) the simulated snow depth at the pit (cell) and a curve
linking each layer to the corresponding date of deposition, which was back-calculated using Poli-Hydro
(taking the snow layer at the intermediate depth of the 11 density samples on the snow pit date).

In the bottom-right panel, we report the daily (measured, West Khangri Nup station) temperature,
daily measured (Pyramid) precipitation, and partition (by Poli-Hydro) into liquid/solid, at the same
dates above.

First, one gathers the snowpack as present on 4 May 2014 according to our modeling originates
not earlier than December 2012–January 2013, i.e., the snow pack should not be older than one and
a half years. During January–October 2013, snowpack increased (blue line) until May 2013, and
subsequently melted until October 2013. The sole remaining part of the snowpack at October 2013 is
the one deposited in February 2013, everything else having melted away ever after. As from the T/P
chart, during January–May 2013, the temperature was below freezing, and precipitation was solid
(snowfall), thus leading to snow accumulation. After June 2013, the temperature rose mostly above
zero, and precipitation was liquid, with subsequent snow melting until October 2013.
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After that date, snowfall occurs toward fall 2013, and snow accumulated above the remaining
substrate (from February 2013) as reported. Ever since, snow mostly accumulated, and T was always
below zero daily, with sporadic melting hourly starting in April. As a result, the snow pit in 4 May 2014
found ca. 1.70 m of snow pack, resulting mostly from accumulation during winter 2014 and with
(possibly) little contribution from 2013 as reported. The simulated snow density profile (blue line top
left) is consistent with such results. In fact, ρs increases regularly moving down the snow profile, until
a sudden break is seen at ca. 10 cm from the ground, where old snow is modeled to have survived the
past winter (2013). The measured snow density profile seemingly displays a consistent behavior with
an increasing trend with depth, albeit with some scatter. The isotopic profile indicates a decrease of
δ18O content from ca. 160 cm to ca. 100 cm, subsequently increasing until 50 cm or so, with some scatter
at the bottom. In Figure 6, we provide the correspondence between the estimated dates of deposition
of the snow layers, corresponding simulated and observed snow density, and the measured δ18O,
together with observed temperature, and a trend line for the latter to aid seasonal trend assessment.
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Figure 6. West Khangri Nup EV2CNR station (5601 m asl). Poli-Hydro estimated dates of deposition of
the snow layers identified in the snow pit on 4 May 2014, the corresponding simulated and observed
snow density of the layer, and the measured isotopic content (δ18O). Observed temperature also
reported. Binomial interpolation of temperature provided to aid general trend assessment.

From Figure 6, the oldest snow layers (i.e., those with the oldest date of deposition, which are
in the left part of the chart) have the highest simulated snow density and highest observed density
generally. Further, the measured δ18O for a certain layer displays a variability consistent with the
behavior of temperature during the period (date) of deposition of the layer itself. For instance, the
lowest values of the measured δ18O appear during the end of November 2013 to half February 2014,
i.e., when T is the lowest (down to −12 ◦C or so on average). Subsequently, during March 2014, with
increasing temperature, δ18O increases as well.

5.4. Accumulation and Mass Balance on West Khangri Nup Glacier

We applied here Poli-Hydro for assessment of the spatially distributed mass balance over the glacier,
the results of which we report in Figure 7 for the simulation period 2010–2014 (30 June). Daily (jth day)
cumulated mass balance over a period ∆T is here defined in each cell k as i.e., the cumulated budget of
snowfall precipitation (+), and snow and ice melt (−), with units of m of water equivalent (m WE).

MBk(∆T) =
∆T∑
j=1

SWEn,k, j −Ms,k, j −Mi,k, j (2)

Visibly, mass balance is negative everywhere, oscillating between −14.8 m WE (and −3.29 m
WE year−1) at the lowest altitudes to −6.89 m WE (−1.53 m WE year−1) in the highest parts
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(i.e., the southernmost shaded area, with the largest slopes). On average, there is −10.45 m WE
(−2.32 m WE year−1).

When considering ice only, the mass balance (meter of ice water equivalent melt, m IWE) ranges
from −14.99 m IWE (and −3.33 m IWE year−1) to −7.08 m IWE (−1.57 m IWE year−1) with an average
of −10.77 m IWE (−2.37 m IWE year−1), clearly indicating a very small contribution of snow cover to
mass balance overall, as snow cover does not persist to the end of the hydrologic year. During the
simulation period, in spite of the observed snow persistence in some years, in no area (cell) snow cover
persisted constantly, and ice melting occurred in all cells in the simulation.
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6. Discussion

6.1. Isotopic Measurements on the West Khangri Nup Glacier

The Poli-Hydro model seems reasonably well capable of capturing mass balance, at least within the
ablation zone of the glacier, as already witnessed in other recent studies [10,75], which is consistent with
field evidence from our 2014 snow pit. Our measured δ18O profile demonstrates that the deposition of
our snow profile, reaching bare ice below, occurred during a single period of cold weather, i.e., during
the winter season (2013–2014), as also confirmed by model snow dating and the density profile.

Among others, Tian et al. [76] provided a comprehensive study of the (complex) behavior of
δ18O patterns in precipitation within a 1500 km southwest to northeast transect of the Tibetan Plateau.
They demonstrated that strong monsoonal activity in the southern Tibetan Plateau results in high
precipitation rates and more depleted isotopes (and less correlation with temperature), which is
described as an “amount effect”. Moving toward the northeast, the monsoon effect is diminished, and
yet a reduced correlation of δ18O with temperature is observed, but at the monthly scale. Northern
of the Tibetan Plateau where monsoon attenuates, δ18O in precipitation shows stronger temperature
dependence, which is well visible at the monthly scale (Figure 5 in [76]).
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Ginot et al. [40] analyzed a shallow (19.8 m) firn–ice core extracted at the summit of Mera
Peak at 6376 m asl in the southern flank of the Nepalese Himalaya range, 30 km south of WKN
here. Among others, they analyzed δ18O content for a period of 11 years (2000–2010). They found
anti-correlated patterns of δ18O against seasonal temperatures, which they attributed to seasonal cycles,
with the depleted (i.e., low values) phase corresponding to the (warmer) monsoon season, and the
enriched peaks to (colder) inter-monsoon periods. They suggested that since precipitation is reduced
during inter-monsoon seasons at high altitude, part of the enriched events may be missing from the
record due to wind erosion of the snow, resulting into a reduced seasonal amplitude.

Pang et al. [41] analyzed several ice cores from the Dasuopu (DSP) Glacier (ca. 110 km northwest
of WKN, three cores in 1997) and the East Rongbuk (ER) Glacier (ca. 20 km north of WKN, one
core in 2002), in the central Himalayas. Among others, they analyzed patterns of δ18O against
seasonal (monthly) temperature and precipitation records. They found remarkable discrepancy in
precipitation seasonality between the two sites and subsequent complex isotopic interpretation. On the
ER glacier, precipitation from the summer monsoon seems dominating due to topographic blocking of
the moisture from westerlies by Mount Everest, resulting in a negative correlation between the ER
δ18O and precipitation, according to the “amount effect” [76]. At the DSP site, winter precipitation
associated with westerlies is more important, and the δ18O record may be primarily controlled by
westerlies, thus resulting in correlation between the thermal cycles and isotopic record.

Here as reported, measured precipitation at the Pyramid site (snowfall plus rainfall) provided
209.3 mm on average (2010–2014) in the dry season (JFMAM + OND) and 431.8 mm on average
(2010–2013) in the monsoon season (JJAS), thus displaying a share of ca. 65% of the yearly precipitation
(662.4 mm year −1, 2010–2013) falling during monsoonal summer.

Accordingly, here monsoonal precipitation has a relatively low share when compared to other
areas (see e.g., Table 1 in [76], with monsoonal share reaching as high as 93%). In addition, given the
high altitude here, a large share of such precipitation occurs under solid form, with relatively low
intensity (max observed value, 9 mm day−1), and therefore occurrence of an “amount effect” seems
less likely here. As a benchmark, Tian et al. [76] studied δ18O in Tuotuohe station, at 4533 m asl, an
altitude comparable with our Pyramid station here. Thereby, they estimated an annual precipitation
(rainfall) of ca. 262 mm (93% MJJASO), and they found consistent dependence of the seasonal δ18O
vs T (Figures 3 and 5, in [76]). Here, the measured δ18O in snow follows reasonably well seasonal T,
and the δ18O profile in Figure 5 may be well related to the temperature pattern in one accumulation
(winter) season.

Based upon the briefly depicted complexity of snow sample chemical analysis [77], isotopic
response to temperature patterns, as driven by seasonal precipitation, and the uncertainty in isotopic
distribution assessment thereby, our results in this sense seem reasonably consistent.

6.2. Accumulation and Mass Balance

From Figure 2 to Figure 6, here we demonstrated that (i) recently (2010–2014) at the highest
altitudes of the West Khangri Nup glacier, snow cover is mostly depleted during the summer season [78],
and no significant accumulation may occur, as demonstrated by density and isotopic profile, and
(ii) Poli-Hydro may be used to depict reasonably well snow accumulation patterns on the glacier, ice
melting at stakes, and hydrological budget from the glacier area.

From Figure 2, snow melt is simulated less well, as witnessed by a low value of NSE = 0.38 in
Table 4. Knowingly, snow melt is largely variable in space, and simulation is complex (e.g., [3]). Notice
that in Figure 2 for scale, snowpack values (CW1, Khangri, squares) are to be multiplied by 10 and
ice melt values (S3, S5, S6, S7, CW1, diamonds) are to be multiplied by 100, while snow melt (S1–S7,
circles) is reported in actual values. Accordingly, on average, snowpack in winter (almost entirely
melting at the end of the season) is ca. 10-fold smaller than ice melt, and noise in snow melt and
snowpack estimation affects mass balance by two/one order of magnitude less than ice melt.
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As a benchmark for our simulated mass balance, Vuillermoz et al. [69] used meteorological and
solar radiation data from the West Khangri Nup AWS station during 2010–2012 to assess the glacier
ablation rate and albedo. They carried out energy budget to estimate ice melt therein into about
−4.50 m IWE, i.e., ca. −1.50 m IWE year−1. Here at the AWS station, we estimated −9.08 m IWE, or
−2.02 m IWE year−1.

Vincent et al. [51] pursued ice melt measurements for the debris-free West Khangri Nup here, and
the debris covered tongue nearby. On WKN, eight ablation stakes were placed upon October 28–29
2010, ranging from 5390 to 5600 m asl, and annual local surface mass balance was assessed until 2015.
They report a value of MB variable with altitude, ranging from −3.5 m WE year−1 at 5400 m asl to ca.
−0.25 m WE year−1 at 5600 m asl, ca. linearly increasing (Figure 7 in [51]). Considering the average
altitude of the WKN as calculated here (5494 m asl) and the proposed linear trend, one would have on
average MBav = −1.97 m WE year−1 against MBav = −2.32 m WE year−1 from our calculation.

Sherpa et al. [52] monitored the WKN glacier during 2010–2015 using eight bamboo sticks to
measure ice/snow melt, and meteorological data to assist glacier wide mass balance (in one year,
starting in November) based on the glaciological method (i.e., linear interpolation of mass balance
with altitude). They estimated a spatially averaged value of MBav = −1.24 ± 0.27 m IWE year−1.
They validated such value by geodetic mass balance, estimating changes in altitude between two sets
of satellite stereo images in 2009 (SPOT5, two images) and 2015 (Plèiades, three images). Thereby, they
found MBav = −1.11 ± 0.20 m IWE year−1.

The authors also report their estimated altitude of the equilibrium line altitude (ELA) i.e., an (ideal)
altitude at which yearly snow accumulation equates yearly total melt, SWEn = Ms + Mi as given
in Equation (2) for three years during 2013–2015 (see Table 3 in [52]). ELA altitude averages there
ELAav = 5594 m asl (ranging from 5570 m asl in 2014–2015 to 5620 m asl in 2013–2014).

These altitude values were obtained by the linear regression of MB against altitudes (glaciological
method) and taking ELA as the altitude with MBELA = 0.

Here, as reported, we used a different method to assess distributed (i.e., cell wise) mass balance.
Notice that in our method, snow and ice melt Ms,i indeed are calculated in each cell using Equation (1),
i.e., as a locally tuned function of temperature and (topographically corrected) local solar radiation.
Accordingly, MB is not a simple (i.e., linear) function of altitude (see Figure 7, where different values of
MB occur at the same altitude, also depending upon shading), and consequently, a single altitude for
ELA cannot be assessed for benchmark.

However, we can qualitatively compare our results here against those in Sherpa et al. [52] by
looking at Figure 3 here. Therein, we report the observed temperature and precipitation estimated (by
Poli-Hydro) snow depth at the AWS station, at 5601 m asl, during 2010–2014 (until 30 June). Visibly,
during 2013, snow cover as simulated by Poli-Hydro is not entirely depleted in the post-monsoon
season, so likely avoiding ice melting underneath. Accordingly, we can indicatively take that the ELA
in that period would be lower than 6000 m asl or so. During summer 2013, Sherpa et al. [52] estimated
an ELA = 5595 m asl (Table 3 in [52], ELA 12/13).

During 2014, instead, snow cover by Poli-Hydro is depleted already in July, and albeit we had to
stop our simulation thereby, ice melt would likely start due to a lack of snow cover. Therefore, the
ELA in that period would be higher than 6000 m asl or so. In 2014, Sherpa et al. [52] estimated an
ELA = 5620 m asl (Table 3 in [52], ELA 13/14). Thus, in 2014, the ELA was likely slightly higher than in
2013, and our results are therefore consistent, at least qualitatively, with their findings. King et al. [54]
used imagery from several satellites to quantify mass loss (from elevation changes) during 2000–2015
for 32 glaciers in the Everest region. For the WKN glacier, they report a lowering of the glaciers surface
(i.e., a proxy of mass loss) of −1 to −2 m year−1 (Figure 2 in [54]). They also report that the Khumbu
glacier (including WKN here) generally has large accumulation above 7000 m asl.

To further validate our findings, we studied recently available remote sensing information for the
covered period (2010–2014, not reported here for shortness), the results of which we briefly illustrate
here. Among the theoretically available possible images, which were much reduced by cloud cover (and
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scan line noise for LANDSAT 7), we could use a number (65) of images from LANDSAT 7 (54 images)
and LANDSAT 8 (11 images). We used such images to assess the minimum altitude of snow cover in
the surroundings of the WKN glacier as a proxy of snow line altitude. Notice also that altitude is not
the only driver of snow cover, so at one date the snowline altitude may change spatially. On the white
WKN glacier, it is difficult to separate snow/ice in the images, so we stopped the classification of snow
altitude at 5330 m asl, the lowest altitude of the glacier. We subsequently compared the least snow
altitude simulated by the Poly-Hydro model on the WKN glacier only. This analysis demonstrated that
when LANDSAT satellites would provide a low snow altitude (e.g., during winters), correspondingly,
Poli-Hydro would provide the lowest snow altitude at ca. 5330 m (i.e., the lowest altitude in the
simulation), indicating that the glaciers would be covered in snow. When the snow line according to
LANDSAT would lift (i.e., in summers), reaching ca. 5330 m asl (i.e., the glacier’s toe), accordingly, the
model would indicate increasing snow altitude (i.e., the glacier would also start being snow-depleted).
Exceptions may occur due to snowfall events also in summer; however, the results seem broadly
concordant and indicate that we basically captured the main features of the snow cover dynamics on
the glacier.

From our simulation, snowline altitude was higher than 5330 m asl (i.e., the glacier was snow free,
at least partly) for 272 consecutive days in 2010, and 183, 184, and 171 days, in 2011, 2012, and 2013,
respectively. In 2014 until July we estimated 66 days of bare ice. The ice-free period would start in
between mid-March and mid-April, changing with the year.

6.3. Hydrological Flows

Here, flow discharges from a small contributing area (0.35 km2), including a part of the WKN
glacier (0.23 km2) are available during 2012 and 2013, which constitute a precious source to assess
water outputs integrated over such a glacier area, and thus the mass budget therein.

As a benchmark, Soncini et al. [8] studied hydrological fluxes at Pherice, where a hydrometric
station is operating on the Dudh Koshi river downstream of the WKN here (151 km2, 62 km2 covered
with ice). They tuned the Poli-Hydro model during 2012, and subsequently validated its performance
during 2013–2014 obtaining (daily scale) Bias% = −4.39%/+11.94%, respectively (+0.855/−11.90% here),
and NSE = 0.93/0.69, respectively (here, 0.46/0.47). However, prior to proper hydrological modeling,
the authors of that study had to accurately explore precipitation dependence upon altitude in the area,
which is largely uncertain as reported.

Direct (i.e., overland flow) ice contribution to stream flows during 2012–2014 was estimated into
55%, and snow contribution is estimated into 19%, which is consistent with the results from the WKN
reported here, laid upstream of Pheriche, and featuring therefore a larger ice-covered area, and ice
melt flow component.

Mimeau et al. [67] also studied hydrological flow components in the Dudh Koshi river closed
at Pheriche. During 2012–2015, they estimated an ice flow contribution ranging from 41% to 71%
(average 58%, Figure 7 in [67]), and snow contribution ranging from 23% to 47% (average 31%, Figure 7
in [67]); however, this was dependent largely on the year (2012–2013, 2013–2014, 2014–2015), ice/snow
melt parameterization, uncertainly estimated ice/snow-covered areas, and different definitions of the
flow components.

Savéan et al. [37] studied the water budget of the Dudh Koshi river at Rabuwa Bazar (3720 km2,
ca. 390 km2 ice covered), much downstream of Pheriche here, using five years of hydrological data
(2001–2005) from the Department of Hydrology and Meteorology (DHM) of Nepal. They assessed the
main terms of water budget, especially the mean annual volume of precipitation (~1150 mm year−1)
and the mean annual volume of flow (~2300 mm year−1), concluding that the runoff coefficient is
always greater than 1.5, and on average 2.1 from February 2001 to May 2004, thus providing an
unbalanced water budget by approximately 1200 mm year−1. They obtained an acceptable performance
using the Hydrological Distributed Snow Model (HDSM) with back-estimated precipitation from
hydrological flows (reverse hydrology, e.g., [34]). Albeit such an approach may be questionable, clearly,
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knowledge of stream flows may help in evaluating the accuracy of precipitation measurements in
poorly monitored, high-altitude areas as shown here.

Bocchiola (unpublished data) was able to reproduce fairly well (Bias% = 0.54%, NSE = 0.69) the
hydrology of the Dudh Koshi river, which was closed much downstream at Rabuwa Bazar, during
1964–2013, by properly accounting for precipitation vertical lapse rates, changing from monsoon
(May to October) to dry season (November to April), as suggested, e.g., in [31], based upon ground
observations. However, the hydrology of these high areas remains complex.

Ragettli et al. [38] studied the flow components of the upper Langtang basin (350 km2, ca. 95 km2

ice cover) in Nepal using one year of flow measurements from two stations at the toe of Lirung glacier
(ca. 3700–4000 m asl). Using a multi-parameter (13 parameters) tuning procedure against ground and
remote sensing data, they obtain a best-case NSE = 0.87, while they suggest that the hydrology of
such high-elevation watersheds of the Hindu Kush-Himalaya region (HKH) is still little known due
to a lack of missing data of precipitation and runoff, as well as poor knowledge of the undergoing
physical processes.

In view of the considerable altitude of the WKN catchment and of the objective complexity of
installing and managing hydrometric stations in this area, the results of the Poli-Hydro modeling
exercise here seem acceptable, and they provide a depiction of flow dynamics, and origin for the area,
while indirectly validating the calculated mass balances therein.

Here, given the very high altitude of the catchment, we highlighted a large contribution of snow
and especially ice melting, decreasing with mean catchment altitude (see [8] for a discussion of flow
contribution in the area); so, validation of the ice melt contribution is likely better achieved, because in
practice, very little water is coming from other sources (i.e., uncertain rainfall over the catchment, as
occurring further downstream).

Clearly, the proposed results of this high-flow measuring station represent a somewhat extreme
hydrological application and may display some inconsistencies. Mainly during the summer season of
2012, malfunctioning of the sensor may have occurred. In addition, given the position of the hydro
station, right below the glacier, sediment transport was occurring, so the drum hosting the station
might have been filled with sediment. The personnel of the Pyramid would visit the station regularly
during the warmer season and clean up the station whenever possible. Accordingly, periods of less
proper functioning may depend upon this circumstance. Doubts upon the flow component may surely
persist of course, but our results seem acceptably consistent.

6.4. Limitations and Outlooks

The West Khangri Nup is a small, debris-free glacier that is likely not representative of the full
spectrum of glaciers of the Himalayas. Recent evidences (see e.g., [79]) suggest that debris-covered
glaciers in the Himalayas appear to have thinning rates similar to debris-free glaciers, in spite of the
well-known insulating effect of debris cover on ice beneath [80], which is a phenomenon called “debris
cover anomaly”. Among others, Brun et al. [79] used data from an unmanned aerial vehicle (UAV),
and from satellites to quantify ice loss (i.e., using stereophotogrammetry) from the debris-covered
Khangri Nup, north of the WKN here, during 2015–2017. Based on their results, they hypothesize
that the debris-cover anomaly could be a result of (i) lower emergence velocities (upward ice flux),
(ii) reduced ablation, and (iii) formation of ice cliffs and supraglacial ponds, which may contribute
disproportionately to the average tongue ablation over debris-covered glaciers., and lead to thinning
rates comparable to those observed on clean ice glaciers. In this sense, the local investigation
of debris-free/covered ablation in the Khangri area is of large interest, as well as assessment of
flow/emergence velocities, which might be studied henceforth.

Accordingly, knowledge of this specific glacier may aid in increasing knowledge of the glaciers’
condition, down wasting dynamics in this area, and the Himalayas in general, providing a benchmark
for other scientists in the area [81].
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Our modeling exercise has clearly limitations inherent to complex conditions for field studies.
Our ice ablation model of WKN glacier was set up using some stakes on the ground, and it was
operated for two years only. The use of ice stakes, notwithstanding complex operation in the high
altitudes, remains a most accurate method for assessing ice ablation, but longer series may be required
for more accurate melt assessment and model tuning. However, the WKN is small and flat enough
that the chosen stakes may be thought of as representative of the overall behavior of the glacier.

We could use temperature and radiation data directly from the WKN station, which made such
variables representative of the investigated area, and even precipitation was taken at Pyramid, which is
relatively close, and at a relatively similar altitude. In addition, snow depth HS dynamics was assessed
based upon measurements at the Pyramid site (and fresh snow density was also assessed from samples
therein during summer 2014, as reported).

Such circumstances clearly helped in providing a representative modeling of the area. The vertical
extent of the glacier we studied covers ca. 200 m, so we would not expect very large changes of
precipitation with altitude. Still, the interpolation method may carry some bearing upon the mass
budget. However, we were able to constrain the uncertainty coming from interpolation over long
distances, or large vertical jumps, often affecting model results. We hopefully reduced uncertainty in
precipitation (amount, liquid/solid partition), as witnessed by acceptably low bias in water budget
assessment, and thus in mass balance estimation.

The digging of a snow pit and subsequent assessment of snow density stratification and isotopic
profile helped largely to assess accumulation patterns in the transient accumulation zone.

Hydrological flow data for this calibration/validation exercise were available for a short period,
which is typical of high-altitude basins, and here specifically from a rather peculiar installation, and
yet they were precious for the validation of mass balance, and to highlight flow components from the
different sources.

Improvement may come from the use of more precipitation/snow gauges in the area, maybe at the
Khangri AWS site, and in general within the Khumbu area, at as high as possible sites. Snow cover
dynamics is very erratic in space [3], and denser networks are needed to get a better picture, also in
view of the potentially large noise in snow melt simulation, as reported here in Figure 2.

Our ice/snow melt modeling approach is simple and yet dependable enough, and it includes the
use of radiation, which is very important in this area. The hourly depiction of melt processes helped in
sketching sub-daily cycles of freeze/thaw, clear/cloudy sky, etc., which is also very important in the
Khumbu area, where large thermal excursion occurs every day, and rapid cloud/precipitation dynamics
is observed. An energy-based melt model (e.g., [82]) may help in capturing ablation dynamics even
better, and it may be developed henceforward.

One may pursue model sensitivity analysis for tuning ice/snow melt, snowpack dynamics, and
hydrological parameters; however, these are mostly constrained here against measurements, so no
large degree of freedom is left (see e.g., [7] for a discussion about unconstrained/ill-posed modeling in
high altitude areas). Certainly, new field data may improve parameterization.

Little can be said about changes in ablation as related to global warming here, given that the
simulated series of stream flow is very short in this sense. However, Poly-Hydro could be used
henceforth to investigate the prospective behavior of this specific glacier under future climate change
(e.g., [8], for a similar exercise covering the Khumbu glacier).

7. Conclusions

We exploited here a rather complete, mostly unexploited dataset, including weather, glaciological,
hydrological, and isotopic data gathered during recent field campaigns (2010–2014) to thoroughly
investigate the present state of the bare WKN glacier, which is a relatively little, and yet representative
ice body nested in the Khumbu glacier of the Everest region [79]. We demonstrated that (i) significant
snow accumulation is not retained recently, (ii) the last measured snowpack was recent (fall–winter
2013–2014), (iii) large, widespread ice losses occurred on the glacier recently, and (iv) most of the
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hydrological contribution from this area comes from ice melt, and glaciers depletion may imply a large
reduction of glacier runoff in this basin (e.g., [6–8]).

The Poli-Hydro model simulated well enough ice melt, which is the dominant source of glacier
runoff, while resulting in lower accuracy in the simulation of snow melt, which is largely variable
in space.

However, given the small share of runoff as given by snow melt in this specific site, runoff

simulation seems to not be significantly affected. However, further efforts should be made to improve
this aspect. Cumulated snow pack (HS) was simulated well here, making us confident about our
results concerning seasonal snow depletion.

Our study displays an original dataset and results, contributing to the assessment of glaciers mass
balance and to the investigation of accumulation zones in the Everest region and the Himalayas in
general. It is very necessary to assess the present and potential future dynamics and hydrological
contribution therein.
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